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Language is only the instrument of science, and words are but signs of ideas.

PREFACE

Laymen interested in astronomy are,
quite naturally, fascinated by unimagin-
ably huge scales of time and the distances
which can be found on each step of this
science discipline. But professional as-
tronomers also are so attracted by their
research that they devote most of their
time and thoughts to studies of cosmic
phenomena. After a more careful look one
quickly realizes that “large” and “small”
have only a relative meaning in astron-
omy. Extremely distant, dense, or fast-
moving objects may appear rather un-
usual from the viewpoint of our every-
day limited experience but this does not
exclude their possible existence. On the
contrary, the non-existence of certain the-
oreticaly predicted objects or phenomena
would be even more puzzling. But we
wish to stress still another, more subtle
mystery which one meets when proper-
ties of seemingly different and unrelated
objects are explored in greater detail. It
is scaling. An appropriate change of the
scale by many orders of magnitude can
bring us from one type of object to an-
other. This fact has been extensively in-
vestigated in the cosmological context of
the large-scale structure of the Universe
which is created by thousands of galaxies.

Our present text is focused on several
selected astrophysical topics. Similari-
ties and differences among powerful active
galactic nuclei, as for example quasars,
are discussed. Later, these extragalac-

SAMUEL JOHNSON

PREDMLUVA

Nezasvéceni zajemci o astronomii byvaji,
vcelku pochopitelné, uneseni nepredstavi-
telné obrovskymi skalami casu a délek,
s nimiz se lze v tomto védnim oboru setkat
na kazdém kroku. Avsak i profesionalni
astronomové jsou svym badanim natolik
zaujati, ze vétsinu svého Casu a myslenek
vénuji studiu vesmirnych déju. Pii pozor-
néjsim pohledu si rychle uvédomime, Ze
yvelké“ a  malé“ maji v astronomii pou-
ze relativni vyznam. Nesmirné vzdalené,
husté nebo rychle se pohybujici objekty se
mohou zdat zna¢né neobvyklymi z hledis-
ka nas$i kazdodenni, omezené zkusSenosti,
avsak to nijak nevylucuje jejich moZnou
existenci. Ukazuje se, Ze naopak neprti-
tomnost urcitych teoreticky predpovéze-
nych objekta ¢i jevu by znamenala mno-
hem vétsi zahadu. Chceme vsak zdtraznit
jesté jinou, jemnéjsi pozoruhodnost, na
niz narazime pri podrobnéjsim zkoumani
zdanlivé odlisnych a spolu nesouvisejicich
objekti. Jde o skalovani. Vhodna zména
meéritka o mnoho radu nas muze privést
od jednoho druhu objektt k docela jiné-
mu. Tato skutecnost se rozsahle rozebira
v kosmologickych souvislostech velkoroz-
mérové struktury vesmiru, jiz tvori tisice
galaxii.

V nasem textu se zamérime na néko-
lik vybranych oblasti astrofyziky. Probe-
reme podobnosti a odlisnosti mezi mo-
hutnymi aktivnimi galaktickymi objekty,
jakymi jsou naptiklad kvazary. V dal-



tic objects are contrasted to objects on
much smaller stellar scales, e.g. pulsars,
with which they share some properties.
Our subject belongs by tradition to the
sphere of high-energy astrophysics but we
wish to emphasize the importance of ex-
ploration within the context of all avail-
able evidence. It has been realized dur-
ing recent decades of astrophysical re-
search that neglect of information from
some wavebands often causes dangerously
misleading conclusions about the object
under investigation. The traditional divi-
sion according to characteristic energy or
wavelength is not always useful and mean-
ingful. In other words, fictitious bound-
aries of high- and low-energy astronomy
are often rather smooth. Even those ob-
jects and effects which belong to the do-
main of high energy by their nature must
also be studied at low energy if our un-
derstanding is to be as complete as pos-
sible. In this context, analogies between
emission-line spectra of active galactic nu-
clei and gaseous nebulae in the Galaxy are
particularly evident, indicating that phys-
ical processes in these otherwise distinct
objects are related.

The text starts by discussing active
galactic nuclei. The authors support the
opinion that observational evidence is pri-
mary in astrophysics, as in other branches
of physics. Relevant observational facts
are thus discussed in the introductory
part. Subsequent sections are devoted to
more theoretical considerations, in partic-
ular the accretion process (Part I1) and its
applications at different scales, magneto-
hydrodynamic effects and various electro-
magnetic processes with particles (Part
IIT). The remarkable phenomenon of cos-
mic jets is the subject of Part IV.

i

sim porovname tyto extragalaktické zdro-
je s objekty na mnohem mensich, hvézd-
nych skalach, napt. pulzary, jez s nimi sdi-
leji nékteré spolecné vlastnosti. Nase téma
se tradi¢né radi do astrofyziky vysokych
energii, ale my bychom si prali zdtraznit
vyznam vyzkumu ve spoleéném kontextu
vsech dostupnych tdaju. Jednim z vysled-
ku poslednich desetileti astrofyzikalniho
vyzkumu je poznani, jak nebezpeéné za-
vadéjicl zavéry mohou o studovaném ob-
jektu vzniknout, kdyz se nedba na infor-
mace z nékterého oboru vlnovych délek.
Tradic¢ni rozdélovani podle charakteristic-
ké energie nebo vinové délky neni vzdy
uzitecné a smysluplné. Vyjadreno jinymi
slovy, pomyslné hranice, vymezujici as-
tronomii vysokych energii od astronomie
nizkych energii, byvaji mnohdy velice ne-
zietelné, a 1 ty objekty a jevy, jez svou
podstatou nalezi do vysokoenergetického
oboru, je tfeba studovat téz v oblasti niz-
kych energii, méa-li byt nase porozuméni
co nejuplnéjsi. V této souvislosti je ob-
zv]ast patrna podobnost emisnich spekter
aktivnich galaktickych jader a plynnych
mlhovin uvnitt Galaxie, svédcici o pribuz-
nych fyzikalnich podminkach v téchto ji-
nak zcela rozli¢nych objektech.

Predlozeny text zac¢iné diskuzi o aktiv-
nich galaktickych jadrech. Autofi zasta-
vaji nazor, ze poznatky z pozorovani jsou
zakladem astrofyziky, tak jako je tomu i
v ostatnich ¢astech fyziky. Z toho diavodu
je prislusnym pozorovacim skutecnostem
vénovana uvodni ¢ast. Nasledujici ¢asti se
vénuji teoretictéjsim tvaham, jmenovité
akre¢nimu procesu (Cést I1) a jeho apli-
kacim na rozli¢nych skalach, magnetohyd-
rodynamickym jevum a rtznym elektro-
magnetickym ¢asticovym procestim (Cast
IIT). Pozoruhodné kosmické vytrysky jsou
namétem Céasti TV.



These notes have been based on lec-
tures for undergraduate students of as-
tronomy and astrophysics at the Astro-
nomical Institute of Charles University
Prague. The level of explanations stands
in between elementary physics textbooks
and more advanced treatments on spe-
We would

like to help our readers accomplish a step

cialized astrophysical topics.

to this higher level of professional ar-
Basic pro-
cesses which involve high energy parti-

ticles and communications.

cles in the cosmic environment are de-
scribed and explained. Applications to
both extragalactic, presumably very dis-
tant and massive cosmic sources, and to
stellar-mass objects in the Galaxy are dis-
cussed. The aim of these lectures is to
provide an introduction to the subject
rather than a complete treatment of the
problem. Knowledge of the introductory
physics courses at the university level is
our only assumption.

Numerous important topics have not
been included in the text and the inter-
ested reader is referred to the relevant lit-
erature. We have supplemented the con-
tents with references to more specialized
topics, and the bibliography which is rec-
ommended for further reading. However,
this text is not a review article and we
have not intended to give a complete list
of literature. Instead only selected contri-
butions that make location of other works
easier are presented. Besides these, some
older discovery works with particular rel-
evance for the history are also mentioned.

Researchers in this field use a lot
of specialized terminology and acronyms
which are uncommon in other areas of
physics and for which no translation to

il

Zakladem téchto skript byly prednas-
ky, uréené studentim astronomie a as-
trofyziky na Astronomickém tustavu Uni-
verzity Karlovy v Praze. Uroven vykladu
jsme zvolili na pomezi zakladnich ucebnic
fyziky a pokrocilejsich pojednani na tz-
ce zamérena astrofyzikalni témata. Chté-
li bychom nasim ¢tenarum usnadnit krok
k této vyssi trovni odbornych ¢lanku a
sdéleni. Ve skriptech jsou popsany a vy-
ci vysokoenergetické ¢astice v kosmickém
prostredi. Zkoumané procesy se uplatnuji
jak v extragalaktickych, patrné nesmirné
vzdalenych a hmotnych kosmickych zdro-
jich, tak i v nékterych objektech se stelar-
nimi hmotnostmi uvnitt Galaxie. Cilem
prednasek je tvod do tématu, nikoli je-
ho vycerpavajici prehled. Jedinym nasim
predpokladem je znalost Gvodniho kursu
fyziky na univerzitni Grovni.

Cetnd, byf dilezitd témata nejson
v textu uvedena a c¢tenar s hlubsim za-
jmem o studovanou problematiku by se
mél obratit na prislusnou literaturu. Ob-
sah jsme doplnili citacemi praci na specia-
lizované naméty a bibliografii doporucené
literatury. Tento text vsak nema byt pre-
hledovym ¢lankem, a neméli jsme proto
v umyslu sestavit aplny seznam literatu-
ry. Namisto toho uvadime pouze vybra-
né prispévky, které usnadnuji vyhledani
dalsich praci. Kromé nich jsou zminény
téz nékteré starsi objevitelské prace, kte-
ré jsou obzvlasté zajimavé z historického

hlediska.

Odbornici pouzivaji v tomto oboru
specializované nazvoslovi a zkratky, které
nejsou obvyklé v ostatnich oblastech fyzi-
ky a pro néz nebyl dosud zaveden rovno-



the Czech language has been adopted.
For this reason, the English and the Czech
versions of the text are both presented
and an enthusiast can learn physics and
the relevant terminology simultaneously.
Textual parts of the two versions are as-
sumed to express equivalent ideas though
they need not always be completely iden-
tical from the grammatical viewpoint.
Should we force the language the text
would be unacceptably rigid and unnat-
ural. Nevertheless, it is the language of
mathematics which appears common to
all. The reader will surely appreciate, as
the author did, that the uniform look of
all formulae accompanies the entire vol-
ume!

The author acknowledges support dur-
ing work on this text from the Grant
Agency of Charles University in Prague
(ref. 229/1996) and from Wenner-Gren

Center Foundation in Goteborg.

v

cenny preklad do ceského jazyka. Z toho-
to diivodu uvadime text v ceské i anglic-
ké podobé, takze se zajemce muze poucit
o fyzice 1 patfi¢né terminologii zaroven.
Textova cast ma v obou verzich vyjadfo-
vat stejné myslenky, i kdyz z gramatic-
kého hlediska nemusi byt tyto dvé formy
vzdy zcela presné totozné. Text by byl ne-
prijatelné tuhy a nepfirozeny, kdybychom
se snazili jazyk znasilhovat. Nicméné, ja-
zyk matematiky je pravé tim, jenz se jevi
véem spolecny. Ctenaii nepochybné ocent,
tak jako to ocenil i autor, Ze pouze jedina
podoba veskerych vzorct doprovazi cely
tento spis!

Autor dékuje Grantové agenture Uni-
verzity Karlovy v Praze (ref. 229/1996)
and Wennerové-Grenové nadaci v Gote-
borgu za podporu béhem prace na tomto
textu.
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Part I/Cast 1

Active galactic nuclei/Aktivni

galakticka jadra

“We actually made a map of the country, on the scale of a mile to mile!” “Have

you used it much?” I enquired.

“It has never been spread out, yet,” said Mein

Herr: “the farmers objected: they said it would cover the whole country, and shut

out the sunlight! So we now use the country itself, as its own map, and I assure

you it does nearly as well.”

Extragalactic astronomy does not have
as long history as other, more conven-
tional branches of this discipline. This
fact is naturally related to the neces-
sity of more advanced observational tech-
niques and instruments. FExtragalactic
research stems from famous findings of
V. Slipher, E. Hubble, H. D. Curtis and
other astronomers!) who discovered that
dim nebulae are actually distant galax-
ies similar to our own, and that they are
moving away from us at very high speed.
Nowadays, the attention of extragalactic
astronomers is attracted by active galax-
ies and similar objects with various ex-
treme properties. These objects promise
to reveal a lot of new information about
the origin and evolution of galaxies and
the Universe as whole.

First, we briefly summarize the most
important observational evidence of the
astronomy of active galaxies. Theoreti-
cal models which attempt to explain the
facts are only mentioned and they will be
treated more deeply in subsequent parts.

LEwis CARROLL

Extragalakticka astronomie nema tak
to védni discipliny. Tato skutecnost je
prirozené dana potrebou pokrocilejsich
pozorovacich postupt a pristroju. Extra-
galakticky vyzkum vyrusta z proslulych
objevu V. Sliphera, E. Hubbla, H. D.
Curtise a Cetnych dal$ich astronomi,!!
ktefi zjistili, Ze slabé mlhoviny jsou ve
skutecnosti dalekymi galaxiemi, vzdaluji-
cimi se od nas vysokou rychlosti. Znac¢nou
pozornost astronomt, zabyvajicich se ex-
tragalaktickou astronomii, dnes pritahuji
zejména aktivni galaxie a jim podobné ob-
jekty s rozlicnymi extrémnimi vlastnost-
mi. Je tomu tak proto, Ze tyto objekty
slibuji poodhalit fadu novych poznatku
o vzniku a vyvoji galaxii i o vesmiru jako
celku.

Nejprve strucné shrneme nejdulezité;-
$i pozorovatelské poznatky z astronomie
aktivnich galaxii. O teoretickych mode-
lech, které se snazi fakta vysvétlit, se zde
jenom zminime, a podrobnéji je probere-
me v ¢astech nasledujich.

! Mihalas, D., & Binney, J. 1981, Galactic Astronomy (W. H. Freeman and Company, San Francisco).



1 Classification/T¥idéni

Astronomical literature defines several
classes of active galactic nuclei (AGN)
and related objects. Here we do not
present a historical account of obser-
vational results and models connected
with these objects but we suggest that
the reader should find and read some
of the discovery works,[? early scien-
tific contributions,’! enlightening review
articles)  and unconventional viewsl’]

which reflect the evolution of our ideas.

From the observer’s viewpoint, AGNs
are distinguished by their optical mor-
phology, spectrum, luminosity (radiative
power) and temporal variability. It
should be stressed, however, that no strict
distinction between active galaxies and
Even the
most frequent quiet galaxies show some

“normal” galaxies exists.l"]

indistinct features of enhanced activity.
And there is the very interesting, yet un-
solved question of the changes in activity
during galaxy evolution: What portion of
galaxies has undergone a stage of intense
activity?

Nevertheless, we will now stick to cur-
rently accepted, provisional criteria and
list the main conditions which should be

1 CLASSIFICATION/TRIDENT

V astronomické literature se zavadi néko-
lik tfid aktivnich galaktickych jader. Ne-
uvadime zde historicky prehled jednot-
livych pozorovacich vysledki a modela
spojenych s témito objekty, ale doporucu-
jeme ctenari vyhledat a precist si nékte-
ré z objevitelskych praci,l?! ranych odbor-
nych piispévki, poucnych prehledovych
&lankt, a nekonvenénich pohled,!” kte-
ré odrazejl vyvoj nasich nazort.

7 hlediska pozorovatele se aktivni ga-
lakticka jadra odlisuji podle svého optic-
kého vzhledu, spektra, luminozity (zari-
vého vykonu) a ¢asové proménnosti. Je
ovSsem potireba zduraznit, Ze neexistuje
zadné jednoznacné rozliseni galaxii ak-
tivnich a galaxii ,normalnich“.[®l Rovnéz
klidné galaxie, jichz je vétsina, vykazu-
ji alespon nékteré, méné zietelné rysy
zvysené aktivity. A tak se nabizi velmi
zajimava, dosud nerozresena otazka zmén
galaktické ¢innosti v priabéhu vyvoje: Ja-
ky dil vSech galaxii prosel tidobim silné
aktivity?

Nyni se ovsem pridrzime bézné priji-
manych, prozatimnich kriterii a sepiseme
si hlavni podminky, které by mél dany ex-

? Hazard, C., Mackey, M. B., & Shimmins, A. J. 1963, «Investigation of the radio source 3C 273 by the

method of lunar occultations», Nature 197, 1037,

Schmidt, M. 1963, «3C 273: A star-like object with a large redshifty, Nature 197, 1040;
Seyfert, C. K. 1943, «Nuclear emission in spiral nebulaes, ApJ 97, 28.
3 Douglas, K. N., Robinson, 1., Schild, A, et al. (eds.) 1969, Quasars and High-Energy Astronomy (Gordon

and Breach, Science Publishers, New York).

4 Blandford, R. D. 1987, «Astrophysical Black Holes», in Three Hundred Years of Gravitation, Hawking,
S. W., & Tsrael, W. (eds.) (Cambridge University Press, Cambridge), p. 277;

Courvoisier, T. J.-L., & Robson, E. I. 1991, «The Quasar 3C 273», Scientific American 264, No. 6, 24;
Sciama, D. W. 1966, «Quasars and cosmology», New Scientist, January 6, 16.

> Arp, H. 1987, Quasars, Redshifts and Controversies (Interstellar Media, Berkley).

6 Sérsic, J. L. 1982, Ertragalactic Astronomy (D. Reidel Publishing Company, Dordrecht).



PART I/CAST 1

fulfilled in order to include the given ex-
tragalactic object in the category of active
galactic nuclei and related objects:[7]

e Radiation of the object is strongly dom-
inated by its compact nucleus.

e Strong nuclear continuum emission.

e Nuclear emission lines are excited by a
non-stellar continuum radiation, or some
other process in addition.

e Continuum and emission lines are evi-
dently variable.

Bolometric luminosity (total radiative
power output) falls typically in the range
Lyo &~ (10*2-10%") erg/s (1 erg/s =
1077 W). The given upper limit cor-
responds to the conversion of two so-
lar masses per year into radiation en-
ergy, or, equivalently, to the energy out-
put of about 107 young, hot O-type
stars contained in a volume of about
1075 pc®. These objects produce Ly, ~
(10°?-10%*) erg/s in strong emission lines,
mainly in hydrogen lines (with the excep-
tion of BL Lacertae objects; see below).

For the purposes of classification, ac-
tive galaxies are usually grouped into sev-

tragalakticky objekt splnovat, aby byl za-
fazen mezi aktivni galakticka jadra ¢i po-
dobné objekty:["]

e K zareni objektu prispiva zejména jeho
kompaktni, hutné jadro.

o Vyznamné je zareni jadra v kontinuu.

e Emisni c¢ary jadra jsou vybuzeny za-
fenim kontinua, které nema charakter
hvézdného zareni, nebo jesté néjakym ji-
nym procesem.

e Kontinuum a emisni c¢ary jsou zjevné
promeénné.

Bolometrickd luminozita (celkovy za-
fivy vykon) se béZné pohybuje v rozsa-
hu Lpo &~ (10*2-10%7) erg/s. (1 erg/s =
1077 W). Uvedené horn{ mez odpovida
prfeméné dvou slunecnich hmotnosti na
energil zareni rocné, ¢i jinak vyjadreno,
energetickému vykonu pfiblizné 107 mla-
dych, horkych hvézd typu O, obsazenych
v objemu asi 107° pc®. V silnych emisnich
carach, predevsim v carach vodiku (s vy-
jimkou objektu typu BL Lacertae; viz ni-
ze), vydavaji tyto objekty Ly, A (10%9-
10*) erg/s.

Za tucelem tridéni se aktivni galaxie
obvykle sdruzuji do né&kolika skupin:[®]

7 Antonucci, R. 1993, «Unified models for active galactic nuclei and quasarsy, ARA&A 31, 473;

Miller, J. S. (ed.) 1985, Astrophysics of Active Galazies and Quasistellar Objects, Proceedings of the 7th
Santa Cruz Workshop (Oxford University Press, Oxford);

Swarup, G., & Kapahi, V. K. (eds.) 1986, Quasars, Proceedings of the TAU Symposium No. 119 (D. Reidel
Publishing Company, Dordrecht);

Osterbrock, D. E., & Miller, J. S. (eds.) 1989, Active Galactic Nuelei, Proceedings of the TAU Symposium
No. 134 (Kluwer Academic Publishers, Dordrecht);

Urry, C. M., & Padovani, P. 1995, «Unified schemes for radio-loud active galactic nuclein, PASP 107,
803;

Weedman, D. W. 1986, Quasar Astronomy (Cambridge University Press, Cambridge);

Woltjer, L. 1990, «Phenomenology of active galactic nuclein, in Active Galactic Nuclei, T. J.-L. Courvoi-
sier, & M. Mayor (eds.) (Springer-Verlag, Berlin), p. 1.



eral categories:[®]

e Radio Galaxies (R(G's). These galax-
ies are usually identified with luminous
ellipticals.’l " They are often associ-
ated with large radio-emitting structures
which extend up to distances of the or-
der of (10-1000) kpc from the core. Ex-
tended radio structures!'® have typically
a form of two well-separated lobes with a
compact sourcel'l  between them. The
compact source coincides with an active
galactic nucleus or a quasar (we will talk

about quasars later on).

Radio galaxies are further subclassi-
fied as Weak Radio Galavies (WRG's)
(Liacn, S 10 W/Hz) and Power-
ful Radio Galaxies (PRGs) (L1acm =
10% W/Hz), respectively.'l  The spec-
trum of WRGs has a power-law form
in the radio band. It is usually steep
(ay 2 0.4);111 PRGs have a flat spectrum
(s £ 0.4) around 1 GHz. WRGs fre-
quently have a complex structure of radio-
emission regions, while PRGs are usually
associated with double radio-sources.

1 CLASSIFICATION/TRIDENT

o Radiové galaxie. Tyto galaxie se ob-
vykle ztotoznuji se zarivymi elipticky-
mi galaxiemi.[’l Byvaji spojeny s rozleh-
lymi atvary, vyzarujicimi radiové zare-
ni a dosahujicimi az do vzdalenosti ra-
du (10-1000) kpc od jadra. Rozsahlé ra-
diové strukturyl' maji obvykle podobu
dvou vzdédlenych lalok s kompaktnim
zdrojem!™ uprostied. Kompaktni zdroj
se ztotoznuje s aktivnim jadrem galaxie
¢i kvazarem (o téch bude feé pozdéji).

Radiové galaxie se dale rozdélu-
ji na slabé radiové galaxie (Lyicn, <
10 W/Hz) a mohuiné rddiové galaxie
(Liacn, = 10% W/Hz).[M] Spektrum
slabych radiovych galaxii ma v radio-
vém oboru mocninny prubéh a obvykle
je tzv. strmé (o, 2 0,4);1'%1  Mohutné
radiové galaxie mivaji ploché spektrum
(s £ 0,4) kolem 1 GHz. Slabé radiové
galaxie mivaji mnohdy slozitou strukturu
oblasti radiového zareni, zatimco mohut-
né radiové galaxie byvaji spojeny s dvoji-
tymi radiovymi zdroji.

8 Miller, J. S. (ed.) 1985, Astrophysics of Active Galaries and Quasi-Stellar Objects, Proceedings of the
7th Santa Cruz Workshop (Oxford University Press, Oxford);
Wiita, P. J. 1985, «Active galactic nuclei I. Observations and fundamental interpretations», Physics

Reports 123, No. 3.

9 Sparks, W. B. 1984, «The properties of radio ellipticals», MNRAS 207, 445.
10 Begelman, M. C., Blandford, R. D., & Rees, M. J. 1984, «Theory of extragalactic radio sources»,

Rev.Mod.Phys. 56, 255;

Heeschen, D. S., & Wade, C. M. (eds.) 1982, Ezxtragalactic Radio Sources, Proceedings of the TAU Sym-
posium No. 97 (D. Reidel Publishing Company, Dordrecht);

Miley, G. 1980, «The structure of extended radio sourcesy, ARA&A 18, 165.

11 Kellerman, K. I., & Paulini-Toth, I. I. K. 1981, «Compact radio soures», ARA&A 19, 373.
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Galaxies with a bright compact nu-
cleus are designated as N-galazies.['6]
A number of strong radio galaxies belong
to this type.

Fanaroff and Riley!'”l have introduced
morphological classification of extended
radio sources. For this purpose, they em-
ployed ratio gsep of the separation between
the two most intense spots which are de-
tected in radio lobes to the overall size
of the source: g, < 0.5 corresponds to
the so-called edge-darkened sources, FR [
type; gsep = 0.5 corresponds to the edge-
brightened sources, FR II type (Table 1).

Jet-like structures emanating from ac-
tive galactic nuclei are observed quite fre-
quently, and, indeed, jets power all ex-
tended radio sources. Jets are, by ob-
servational definition, narrow elongated
features which extend from some galactic
nuclei and presumably transport material
outwards (see Fig. 1; more on jets cf. page
172). The place of the most intense emis-
sion from their radio lobes, the hot spot, is
probably the location where the jet breaks
down and interacts strongly with the in-
tergalactic environment.'”!  The differ-

Galaxie s vyraznym kompaktnim jad-
rem se oznacuji jako galaxie typu N.['
K tomuto typu nalezi rada silnych radio-

vych galaxii.

Fanaroff a Riley['™ zavedli morfologic-
ké tridéni rozsahlych radiovych zdroju.
Vyuzili k tomu Gc¢elu pomér vzdalenosti
Jsep ezl dvéma nejintenzivnéjsimi skvr-
nami, pozorovanymi v protilehlych radio-
vych lalocich, k celkové velikosti zdroje:
Gsep S 0,5 odpovida tzv. okrajové ztem-
nélym zdrojum, typ FR I; ¢sep = 0,5 pak
zdrojum okrajové zjasnénym, typ FR II

(tabulka 1).

Mnohdy se pozoruji utvary vyhliZejici
jako vytrysky, které vystupuji z aktivnich
galaktickych jader, a pravé tyto vytrysky
napajeji vsechny rozsahlé radiové zdroje.
V souhlase s pozorovatelskou definici se za
vytrysky povazuji uzké protahlé atvary,
vystupujici z jader nékterych galaxii a od-
nasejici patrné latku smérem ven (viz obr.
1; podrobnéji se bude o vytryscich hovorit
na str. 172). Misto nejintenzivnéjsi emi-
se, vychazejici z jejich radiovych laloku —
horkd skvrna, je patrné mistem, kde se vy-
trysk brzdi a silné interaguje s intergalak-

12'An index with the luminosity symbol identifies the radiation frequency to which it is related. Exact
value of the frequency is usually determined by the instrument which has been used for observation (cf.
p. 28).

13 Power-law spectra are characterized by the spectral index a,. It is defined in the chapter on spectra
of active galaxies (p. 15) and discussed theoretically in chapter about radiative processes (p. 146).

1 Tndex u znaku luminozity urcuje frekvenci zafenf, k niz se luminozita vztahuje. Piesna hodnota frekven-
ce je obvykle uréena pfistrojem, jenz byl k pozorovani pouzit (viz str. 28).

15 Mocninné spektra se charakterizuji spektralnim indexem o,. Ten je zaveden v kapitole vénované
spektru aktivnich galaxif (str. 15) a teoreticky diskutovan v kapitole o zaFivych procesech (str. 146).

16 Morgan, W. W., & Mayall, N. V. 1957, «A spectral classification of galaxiess, PASP 69, 291.

17 Fanaroff, B., & Riley, J. M. 1974, «The morphology of extragalactic radio sources of high and low
luminosity», MNRAS 167, 31P.

18 Bridle, A. H., & Perley, R. A. 1984, «Extragalactic Radio Jets», ARA&A 22, 319, © Annual Reviews

Inc.
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Figure 1: Radio maps of the jet asoci- Obrazek 1: Radiove mapy vytrysku aso-

ated with the weak radio galaxy M 84.
Isocurves of equal radio intensity are
shown. The whole is object in the left
panel (a), a detail of the central region in
the right panel (b). Optical counterpart
of the galaxy coincides with the radio core
which is evident in the central part of the
object. Notice the complicated structure
and unequal brightness of the two jets.
Measurements for this picture were car-
ried out at frequency 4.9 GHz using the
Very Large Array, the system of radiotele-
scopes in New Mexico. Reproduced, with
permission, from ref. [18].

ciovanych se slabou radiovou galaxii M 84.
Vidime na nich izocary stejné radiove in-
tenzity. Cely objekt je v levém panelu
(a), detail centralni oblasti v pravém (b).
Opticky protéjsek této galaxie je totozny
s radiové zaricim jadrem, které je patrné
ve stredni casti objektu. Povsimnéme si
slozité stavby a nestejné jasnosti obou vy-
tryskii. Méreni potrebna pro tento snimek
byla provadéna na frekvenci 4.9 GHz po-
moci soustavy radioteleskopit Very Large
Array v Novém Mexiku. Reprodukovano
se svolenim z prace [18].
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Edge brightened
(FR II-type)

Edge darkened
(FR I-type)

Symmetrical

Double source
with hot spots

Asymmetrical

Bright, one-sided jet Edge darkened jet

Symmetrical

25 W 24 W .
Lizsvue > 107 5= Lissmn, 2 107 = Lirsvme S 10777 =

Table 1:  Morphology of extended radio
sources according to Fanaroff and Riley.
Notice the differences in radio luminosity
represented here by the value of Lirsmuy:
high power sources tend to be edge bright-
ened.

ence between the two FR types is usu-
ally attributed to a subsonic motion of
the jet head in the FR I objects in con-
trast to a supersonic motion in the FR II
objects; supersonic motion leads to strong
radiation due to formation of shock waves
where the jet interacts with an intergalac-
tic material. Strong cosmological evolu-
tion of these objects has been detected
(i.e. their evolution in the course of cos-
mological expansion; see Table 4 for local
space-density of different objects and its
evolution with the redshift) although one
has to remember that it is very difficult to
distinguish between the source evolution
and purely cosmological effects.[2°]

e Quasars (QS0s). Quasars can be de-

Tabulka 1: Morfologie rozsahlych radio-
vych zdroji podle Fanaroffa a Rileyho.
Povsimnéme si rozdilu v radiové luminozi-
té, reprezentované zde hodnotou Li7svu,:
vysoce vykonné zdroje mivaji zjasnéné
okraje.

tickym prostiedim.[) Rozdil mezi obéma
typy FR se obvykle pripisuje podzvuko-
vému pohybu hlavy vytrysku u objektu
FR I na rozdil od nadzvukového pohybu
v pripadé FR II; nadzvukovy pohyb da-
va vzniknout silnému zareni v duasledku
tvorby razovych vin v misté interakce vy-
trysku s intergalaktickou latkou. U teéch-
to zdroju byl prokazan vyznamny kosmo-
logicky vyvoj (t.j. jejich vyvoj v prubé-
hu kosmologického rozpinani; viz tabul-
ka 4, jez ukazuje mistni prostorovou hus-
totu ruznych objektu a jeji vyvoj s Cer-
venym posuvem), i kdyz musime pamato-
vat na to, zZe je velmi obtizné odlisit vyvoj
zdrojti od &isté kosmologickych efekt.[2’]

o Kvazary (kvazi-stelarni objekty). Kvaza-

19 Meisenheimer, K., & Roser, H.-J. (eds.) 1989, Hot Spots in Extragalactic Radio Sources, Lecture Notes

in Physics 327 (Springer-Verlag, Berlin);

Rose, W. K., Beall, J. H., Guillorg, J., & Kainer, S. 1987, «Radiation from relativistic beams interacting

with interstellar gasy, ApJ 314, 95;

Swarup, G., Sinha, R. P., & Hilldrup, K. 1984, «Hot spots and radio lobes of quasarsy, MNRAS 208, 813.
20 Peacock, J. A. 1985, «The high redshift evolution of radio galaxies and quasarsy, MNRAS 217, 601.



fined as ‘quasi-stellar’ extragalactic ob-
jects (angular size < 1”) which are op-
tically selected by broad emission lines
(line-widths correspond to gas thermal ve-
locities vy, 2 3000 km/s). About 10%
of quasars are ‘radio load” (QSRs or ra-

dio quasars, [VL(V)]s auz/[VL(V)]250 nm =
1072), the remaining 90% are ‘radio

quiet’ (rqQSO0s or QQs).
lute value, QSRs have an energy out-
put of Lsgu, = 102 W/Hz. The spec-
tra of radio-quiet QSOs show a bump
in the near UV (&~ 300 nm). Sev-
eral percent of rqQQSOs have very broad

In abso-

absorption-lines in their optical spectra
(Broad Absorption-Line Quasars, BALQ-
SOs), in distinction to Narrow Line
Quasars, NLQSOs, which are also de-
tected (more about absorption lines in
quasars, cf. page 24). Most quasars have
a very low optical polarization (II <

1%).[24]

Host galaxies have been detected
around many quasars. Basic properties of
these galaxies still have to be determined
but it appears that they can be of vari-
ous morphological types and they can be
either very luminous or quite normal.[??]
There are also examples when a quasar
has apparently no observable galaxy as-
sociated with it.[?*] These observations,
when confirmed, will call for a modifica-
tion of the traditional view of active galac-
tic nuclei as objects residing inside a cer-
tain evolutionary type of galaxy.

1 CLASSIFICATION/TRIDENT

ry se definuji jakozto ,hvézdam podob-
né' extragalaktické objekty (thlovy roz-
mér < 17), které lze opticky rozlisit
podle Sirokych emisnich car (Sitky car
odpovidaji termalnim rychlostem plynu
veh 2 3000 km/s). Priblizné 10% kva-
zari je ,radiové hlasitych® (tzv. kvazi-
stelarni radiové zdroje ¢i radiové kvazary,
[ L(v)]s g/ [V L(V)]250 om R 107%), zby-
vajicich 90 % jsou ,radiové tiché‘ kvazary.
V absolutni hodnoté je energeticky vykon
rédiovych kvazart Lsgp, = 10%° W/Hz.
Spektra radiové tichych kvazara vykazuji
zesileni v blizkém ultrafialovém (UV) obo-
ru (A 300 nm). Nékolik procent radiové
tichych kvazarta ma v optickém spektru
velmi Siroké absorpcni ¢ary; zaznamena-
vame vsak 1 kvazary s tzkymi absorpcni-
mi ¢arami (podrobnéji o absorpénich ¢a-
rach kvazaru viz strana 24). Polarizace
optického zareni kvazaru byva vétsinou
nepatrné (I < 1%).12

Kolem rady kvazart byly zjistény hos-
titelské galaxie. Zakladni vlastnosti téch-
to galaxii je teprve treba stanovit, ale jiz
nyni se ukazuje, Ze mohou byt rozlicnych
morfologickych typtu a mohou byt jak vel-
mi zafivé, tak i docela b&zné.??! Byly za-
znamenany 1 takové pripady, kdy kvazar
zjevneé neni asociovan s zadnou pozorova-
telnou galaxii.l*®! Pokud se tato pozorova-
ni potvrdi, bude tfeba pozménit tradi¢ni
pohled na aktivni galakticka jadra jakozto
objekty spocivajici uvniti urcitého vyvo-
jového typu galaxii.

21 Aller, H. D., Aller, M. F., Latimer, G. E., & Hodge, P. E. 1985, «Spectra and linear polarization of
extragalactic variable sources at centimetre wavelengths», ApJS 59, 513;
Angel, J. R. P.; & Stockman, H. S. 1980, «Optical and infrared polarization of active extragalactic

objectsy, ARA&A 18, 321;

Antonnuci, R. R. J. 1984, «Optical spectropolarimetry of radio galaxies», ApJ 278, 499;
Carswell, R. 1984, «Quasar polarization properties», Nature 310, 186;
Impey, C. D., & Tapia, S. 1990, «Optical polarization properties of quasarsy, ApJ 354, 124.
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mp Stars Galaxies QSOs

16 200
18 500
20 1000
22 2000

Table 2:  Counts of different objects per
square degree of the sky at high galac-

tic latitude for different bolometric mag-
nitudes mp (Based on ref. [24].)

One should note that spectral prop-
erties are crucial not only for the
study of quasars but even for their
2] Among stellar-like im-
ages brighter than 20™ quasars form only

about 2 % (see Table 2).

identification.!

e BL Lac objects. This type of quasar
has many extreme properties:[?l  They
are highly variable in radio, optical and
X-ray spectral regions. No broad opti-
cal emission-lines. Optical polarization
can be strong and variable (5% < 11 <
40%). In the class of active galactic
nuclei, only BL Lac objects and broad-
absorption-line QSOs show an apprecia-
ble value of polarization; these objects are
therefore sometimes designated as highly
polarized quasars (HPQs). Characteris-
tic time-scales for the variability can be
< 1 day. BL Lac objects appear to be
associated with elliptical galaxies. Their

2 2% 1072
40 1
400 25
3000 100
Tabulka 2: Pocty ruznych objekti na

ctverecny stupen oblohy ve vysoké galak-
tické vysce v zavislosti na bolometrické
magnitudé mp (Podle préace [24].)

Je treba dodat, ze spektralni vlast-
nosti jsou zasadni nejenom pro stu-
dium kvazaru, nybrz i pro jejich samotné
rozpoznani.? Mezi hvézdam podobnymi
obrazy jasnéjsimi nez 20™ tvori kvazary
pouze asi 2 % (viz tabulka 2).

o Objekty typu BL Lac. Tento typ kvaza-
rit ma mnoho mimoradnych vlastnosti:[?”!
Jsou vysoce proménné ve spektralnich
oborech radiového, optického a rentgeno-
vého (X) zareni. Nevykazuji siroké optické
emisni ¢ary. Optické zareni téchto objek-
ta byva silné a proménlivé polarizovano
(5% S 1 < 40%). Ve tiidé aktivnich ga-
laxii pouze objekty typu BL Lac a kva-
zary s Sirokymi absorpénimi carami vyka-
zuji vyznamnéjsi hodnotu polarizace; pro-
to se tyto objekty nékdy oznacuji termi-
nem vysoce polarizované kvazary. Obvyk-
1é ¢asové skaly proménnosti byvaji < 1
den. Zda se, ze objekty BL Lac souviseji

22 Smith, E. P., Heckmann, T. M., & Bothum, G. D. 1986, «On the nature of QSO host galaxiess, ApJ

306, 64.

23 Bahcall, J. N., Flynn, C., Gould, A., & Kirhakos, S. 1994, « HST images of nearby luminous quasars»,

ApJ 435, L11.

24 Warren, S. J., & Hewett, P. S. 1990, «The detection of high-redshift quasars», Rep.Prog.Phys. 53,

1095.
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luminosity has a maximum in the far in-
frared (IR) region (around 2pm) where
vL(v) 2 10*" erg/s. They are strong X-
ray sources.

e Optically wviolent wvariables (OVVs).
Roughly the same characteristics as BL
Lac’s but with broad optical-emission
lines in addition.

e Blazars. A unifying term for BL Lac’s,
OVVs, and HPQs. For their lower power
and weaker emission lines, BL Lac objects
are considered separately by some authors

while OVVs and HPQs appear as identi-

cal categories.[?]

o Seyfert I galaxies (Sy 1). Mostly spi-
ral galaxies that resemble low luminos-
ity rqQSOs (My = —23). Their spec-
tra contain permitted emission lines with
broad wings (corresponding to velocities
~ 5000 km/s), and narrower forbidden
lines. They are also flat spectrum radio
sources with a quasi-thermal bump in the

UV.

o Seyfert 2 galaxies (Sy 2). Analogous to
Sy 1 but with equally wide permitted and
forbidden lines without broad wings. It
has been suggested that the difference be-
tween Sy 1 and Sy 2 is due to different
view-angles of an observer. An alternative
explanation assumes that Sy 2 galaxies

1 CLASSIFICATION/TRIDENT

s eliptickymi galaxiemi. Jejich luminozita
ma vrchol v dalekém infracerveném obo-
ru (kolem 2um), kde vL(v) 2 1047 erg/s.
Jsou to silné rentgenové zdroje.

o Prudce promeénné optické zdroje. Mohou
byt popsany piiblizné stejné jako objekty
BL Lac, avsak navic maji siroké optické
emisni ¢ary.

e Blazary. Spole¢né oznaceni pro objekty
BL Lac, prudce proménné optické zdro-
je a vysoce polarizované kvazary. Nékte-
i1 autori fadi objekty BL Lac samostatné
z duvodu nizsiho vykonu a slabsich emis-
nich ¢ar, zatimco t¥ida prudce promén-
nych zdroju se jevi totozna s tfidou vy-
soce polarizovanych kvazart.[?l

o Seyfertovy galaxie 1. typu (Sy 1). Ve-
smés spiralni galaxie, pripominajici ma-
lo zafivé, radiové tiché kvazary (My 2
—23). Jejich spektra obsahuji dovolené
emisni ¢ary s Sirokymi kiidly (odpovida-
jicimi rychlostem ~ 5000 km/s) a uzsi za-
kazané ¢ary. Jsou to rovnéz radiové zdro-
je s plochym spektrem a kvazi-termalnim
vrcholem v oboru UV.

o Seyfertovy galaxie 2. typu (Sy 2). Jsou
podobné typu Sy 1, ale jejich dovolené a
zakazané cary maji stejnou $itku a jsou
bez sirokych ktidel. Bylo navrzeno, Ze roz-
dilnost typt Sy 1 a Sy 2 ma svou pri¢inu
v ruznych thlech pozorovatelova pohledu.
Druhé mozné vysvétleni predpoklada, ze

25 Burbidge, G. & Hewitt, A. 1987, «An updated list of BL Lac objects, and their relation to galaxies

and quasistellar objects», AJ 92, 1;

Maraschi, L., Maccacaro, T., & Ulrich, M.-H. (eds.) 1989, BL Lac Objects, Lecture Notes in Physics 334

(Springer-Verlag, Berlin).

26 Tmpey, C. D., & Neugebauer, G. 1988, «Energy distribution in blazars», AJ 95, 307;
Moore, R. L., & Stockman, H. S. 1984, « A comparison of the properties of highly polarized QSOs versus

low-polarized QSOs», ApJ 279, 465.
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have their nucleus in an inactive, “turned
off” phase (perhaps due to a diminishing
accretion rate; for a theoretical discussion
of the accretion process see Part II). The
spectrum of certain strongly variable Sy 1
galaxies at minimum emission resembles
that of Sy 2. Typically, the bolometric
luminosity of Sy 2 galaxies is lower than
that of Sy 1 by a factor of one hundred.
Type 2 is more frequent than type 1 with
a ratio about 2 : 1.

The division of Seyfert galaxies into
two types can be extended to other
AGN using the broad and the narrow
Balmer lines. One defines Spectral type
= 1 4 [(Narrow line fluz)/( Total flux in
lines)]®*. In this way, Sy 1 galaxies with
narrow hydrogen lines as intense as 10—
20 % of broad lines are classified as type
Sy 1.5. LINERs (see below) and NLGs
with faint broad H a wings are identified
as a type Sy 1.8-Sy 1.9.[%7]

o Low ionization nuclear emission regions
(LINERs). Contrasted to Seyfert galax-
ies, LINERs have strong lines of low ion-
ization of some species, for example OT,
STI, etc. (perhaps due to shocks). The
strong O 111 A 43631281 line present in the
spectrum of LINERs indicates the kinetic
temperature about 40,000 K which ap-
pears to be inconsistent with a photoion-
ization model when other observed emis-
sion lines are taken into account. The
typical widths of the emission lines cor-
respond to velocities (200-400) km/s. By
their broad emission lines, LINERs resem-
ble very faint Sy 1 galaxies, but the nar-

11

galaxie Sy 2 maji jadro v neaktivnim, ,,vy-
pnutém® stavu (snad v dusledku snizené
miry akrece; teoretickd diskuze akrec¢ni-
ho procesu viz Cést II). Spektrum urci-
tych silné proménnych galaxii Sy 1 se totiz
v minimu jejich vyzafovani podoba spek-
tru typu Sy 2. Obvykla bolometricka lu-
minozita galaxii Sy 2 byva stokrat nizsi
nez luminozita Sy 1. Typ 2 se vyskytuje
castéji nez typ 1 v poméru asi 2 : 1.

Rozdélovani Seyfertovych galaxii do
dvou druhtt muzeme rozsitit na ostat-
ni aktivni galaktickd jadra pomoci siro-
kych a tzkych Balmerovych car. Zavadi
se Spektrdlni typ = 1 + [(Tok v uzkych
cardch)/(Celkovy édarovy tok)]®*. Timto
zpusobem jsou galaxie Sy 1 s tzkymi vo-
dikovymi ¢arami, jejichZ intenzita dosa-
huje 10-20 % &irokych car, zarazeny jako
typ Sy 1,5. Jaderné oblasti s nizkou ioni-
zaci (viz niZe) a galaxie vykazujici slabé
cary Ha s Sirokymi kiidly patii k typu
Sy 1,8-Sy 1,9.17

o Jadra s nizkym stupném ionizace. Na
rozdil od Seyfertovych galaxii vykazuji ty-
to jaderné oblasti silné ¢ary s nizkou ioni-
zacl nékterych prvku, ktera je patrné zpu-
sobena razovymi vlnami. Jedna se napf.
0 01, ST aj. Silné ara O TIT A 4363129 jez
byva casto ve spektru téchto zdroju pii-
tomna, vypovida o kinetické teploté pii-
blizné 40000 K. To se zda byt v nesou-
ladu s fotoionizacnim modelem, pokud se
vezmou v uvahu ostatni pozorované emis-
ni ¢ary. Obvyklé sitky emisnich ¢ar odpo-
vidaji rychlostem (200-400) km/s. Svymi
sirokymi emisnimi ¢arami pripominaji ja-
derné oblasti s nizkou ionizaci velmi slabé

2T Woltjer, L. 1990, « Phenomenology of active galactic nuclein, in Active Galactic Nuclei, R. D. Blandford,

H. Netzer & L. Woltjer (Springer-Verlag, Berlin), p. 1.



12 1 CLASSIFICATION/TRIDENT
Object Emission lines Associated galaxy ~ Evolution
Broad Narrow Type Luminosity
PRG SW SW E S S
WRG W W E S— W
QSR S SW E S S
QQ S SW S— S
BL Lac 0 oW E S— \WY
ovv S— W
Sy 1 SW SW Sa-Sbe My < —-20 W
Sy 2 0 SW Sa-Sbec My < —20
LINERs 0 SW E-Sbc My < —20
Nucl. HI 0 SW Sb-Sc¢ My < —20
Starburst 0 S All My < =20
Luminous IR Gal. 0S S S
Table 3:  Observational classification of Tabulka 3: Pozorovatelské tridéni aktiv-

active galactic nuclei and related objects.
Adapted from ref. [27]. (Notation in the
table. Spectral lines: S — strong, W —
weak, 0 — absent; Luminosity: S — less
than giant ellipticals.)

nich galaktickych jader a objekti jim po-
dobnych. Podle préce [27]. (Oznaceni v ta-
bulce. Spektralni ¢ary: S — silné, W —
slabé, 0 — zadné; Luminozita: S — méné
nez velké eliptické galaxie.)

Table 4:

Object Luminosity Density {GpC_S}
Spiral Galaxies My < =20 5 x 106
My < =22 3 x 10°
My < =23 3 x 10°
Elliptical Galaxies My < =20 1 % 10°
(incl. SO) My < =22 1 x 10°
My < =23 1 x 10*
Rich Clusters of Gal. 3 x 10°
Radio Galaxies Liach, > 1025 W Hz ™! 3 x 103
Lisch, > 10 W Hz! 10
Radio Quasars Liscn, > 102 W Hz ™! 3
Radio-Quiet Quasars My < —23 100
My < =25 1
Sy 1 My < =20 4 % 10*
Sy 2 My < =20 1 x10°
BL Lac Liach, > 103> W Hz™! 80
Luminous IR Gal. L > 10" Loy 300

Local space-density of some
types of objects. Adapted from ref. [27].

Tabulka 4: Mistni prostorova hustota né-
kterych druhii objekti. Podle préace [27].
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row lines have a much lower degree of ion-
ization. LINERs are the least luminous
and at the same time the most common

AGN.

o Nuclear HII regions. Regions of ion-
ized hydrogen are present in nuclei of
many normal inactive galaxies. Proba-
bly caused by an intense radiation of hot
stars.

o Starburst galaxies. These galaxies show
a very intense rate of star formation.
They contain young stars, strong IR radi-
ation is also present.[?] The effect may be
induced by the merging of nearby galax-
ies. The class of starburst galaxies over-
laps with the following category of galax-
ies selected by their high infrared bright-

ness.

o Luminous infrared galaxies. This is a
class of galaxies particularly luminous in
the far infrared (FIR) region (Lpigp =~
10% erg/s) with infrared line emissions.
Most of them have been revealed by the
Infrared Astronomical Satellite (IRAS)
operating in the (10-100) pwm range, and
for this reason they are often referred
to by rather specialized technical term:
‘Strong TRAS galaxies’. Intense IR emis-
sion may be due to the dust radiation
which is initiated by an AGN (e.g. a

13

galaxie Sy 1, ale stupen ionizace tzkych
car je mnohem nizsi. Nalezi k nejméné za-
Fivym a soucasné nejbéznéjsim aktivnim
galaktickym jadram.

o Jadern€ oblasti HII. Oblasti ionizované-
ho vodiku jsou pfitomny v jadrech fady
béznych neaktivnich galaxii. Pravdépo-
dobnou pric¢inou je intenzivni zareni hor-

kych hvézd.

o Galazie s bourlivou tvorbou hvézd. Jsou
to galaxie s velmi intenzivnim vznikem
hvézd. Obsahuji mladé hvézdy, rovnéz je
pritomno silné infracervené zareni. Cely
jev muze byt vybuzen splyvanim blizkych
galaxii.’ T¥{da galaxii s bouflivou tvor-
bou hvézd se prekryva s nasledujici sku-
pinou galaxii, vybranych na zakladé jejich
znacné infracervené jasnosti.

o Zdrive infracervenée galaxie. Jedna se
o tFidu galaxii, které jsou neobvykle zarivé
ve vzdalené infracervené oblasti (Lpmi =~
10% erg/s) a vykazuji infracervené &4~
rové emise. Vétsina jich byla odhale-
na Infracervenym astronomickym sateli-
tem (IRAS), ktery pracoval v oboru (10—
100) wm, a z tohoto duvodu se ¢casto
oznacuji dosti specializovanym technic-
kym terminem: ,Silné galaxie IRASu‘. In-
tenzivni infra¢ervena emise muze byt zpu-
sobena zarenim prachu, které je vybuze-

28 This symbol denotes a radiative transition of a twice ionized oxygen atom which emits a photon at
wavelength A = 436.3 nm.

29 Uvedeny symbol oznacuje zafivy prechod dvojnisobné ionizovaného atomu kysliku, pii némz se vyzaii
foton s vlnovou délkou A = 436, 3 nm.

30 Norman, C., & Scoville, N. 1988, «The evolution of starburts galaxies to active galaxies», ApJ 332,
124;

Terlevich, R. T., & Melnick, J. 1985, « Warmers: the missing link between Starburst and Seyfert galaxiesy,
MNRAS 213, 841;

Terlevich, R. T., Tenorio-Tagle, G., Franco, J., & Melnick, J. 1992, « The starburst model for active galactic
nuclei: the broad-line region as supernova remnants evolving in a high-density medium», MNRAS 255,

713.
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quasar surrounded by a dust or dust-
molecular envelope). Intense stellar for-
mation in the galaxy is an alternative
option.[?!]

Our Galaxy is not considered as an
active galaxy, although there is some en-
hanced activity observed in its nucleus.
This activity manifests itself by rather
strong emission at radio to X-ray wave-
lengths and rapid streams of gas within
the innermost region with the size of a
fraction of parsec. The central region is
usually referred to as the Sagittarius A
source. (Numerous astronomical litera-
ture deals with the object Sagittarius A*,
or Sgr A* for short, which denotes an in-
tense compact nuclear source within the
central Galactic region.)®¥  Tts activity
resembles a low-luminosity version of an

AGN.[33]

OBSERVATIONS. .. /POZOROVANI. ..

no aktivnim jadrem galaxie (napf. kva-
zar obklopeny prachovou nebo pracho-
molekularni obalkou). Jinou moZnosti je
intenzivni tvorba hvézd v galaxii.l>!]

Nase Galaxie se za aktivni galaxii ne-
povazuje, i kdyz jeji jadro vykazuje urci-
tou zvysenou miru aktivity. Projevuje se
pomeérné silnym zafenim od vlnovych dé-
lek radiovych po rentgenové. Rovnéz se
pozoruji rychlé proudy plynu v nejvniti-
néjsi oblasti s rozmérem zlomku parseku.
Tuto Gstredni oblast obvykle oznacujeme
jako zdroj Sagittarius A. (V astronomic-
ké literature se téz casto hovori o objektu
Sagittarius A*, ¢i zkracené Sgr A*, coz je
vyrazny kompaktni jaderny zdroj uvnitt
centralni oblasti Galaxie.)2 Jeho aktivi-
ta pripomina malo zafivou podobu aktiv-
niho galaktického jadra.l”!

31 van den Broek, A. C., van Driel, W., de Jong, T., et al. 1991, «A study of southern extreme IRAS
galaxies. I1. Radio continuum observations», A&AS 91, 61;
van den Broek, A.C., de Jong, T., & Brink, K. 1987, «Near-infrared radiation of actively star-forming

galaxiesn, A&A 246, 313;

van Driel, W., van den Broek, A. C., & de Jong, T. 1991, «A study of southern extreme TRAS galaxies.

I. Optical observationsy, A&AS 90, 55.

32 Riegler, G. R., & Blandford, R. D. (eds.) 1984, The Galactic Center (American Institute of Physics,

New York);

Zylka, R., Mezger, P. G., Ward-Thompson, D., et al. 1995, «Anatomy of the Sagittarius A complexy,

A&LA 297, 83.

33 Genzel, R., & Townes, C. H. A. 1987, «Physical conditions, dynamics, and mass distribution in the

center of the Galaxy», ARA&A 25, 377;

Mezger, P. G., Duschl, W. J., & Zylka, R. 1996, « The Galactic center: a laboratory for AGN7», A&A Rev.

7, 289;

Narayan, R., Yi, 1., & Mahadevan, R. 1995, « Explaining the spectrum of Sagittarius A* with a model of

an accreting black hole», Nature 374, 623;

Sandqist, Aa., & Genzel, R. 1993, « The galactic centres, in Central Activity in Galaxies, Lecture Notes
in Physics 413, Sandqist, Aa., & Ray, T. P. (eds.) (Springer-Verlag, Berlin), p. 1.
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Range Wavelength Fnergy Frequency Temperature
m]  [keV]  [MHy] K]
~-ray < 107M =103
Hard X-ray ~ 10710 ~ 100 ~ 108
Soft X-ray <1078 =1 =108
Far UV = 1078 <1 < 106
Ultraviolet ~ 1077 ~ 0.1 ~ 10°
Near IR ~ 1076 ~ 10*
IR ~ 107° ~ 10°
Far IR ~ 10~ ~ 100
Millimetre ~ 1073 ~ 10° ~ 10
Microwave ~ 107! ~ 10° ~ 1
Short wave ~ 10? ~ 1
Medium wave =~ 103 ~ 0.1
Long wave ~ 10* ~ 0.01

Table 5:

netic radiation.

Tabulka 5: Spektrum elektromagnetické-
ho zareni.

The spectrum of electromag-

2 Observational facts/Poznatky z pozorovani

2.1 Continuum emission/Zareni v kontinuu

In order to explore the continuum Pii studiu zafen{ v kontinuul®¥ je vyhodné

34]

radiationl in a restricted range of zavést spektrdlni index oy, kterym v ome-

wavelengths one conveniently introduces
the spectral indexr «s; which roughly
characterizes the form of the spectrum,
F(v) oc v,
tinnum. We measure the total energy
emitted at frequency v by vF(v). The
quantity vF(v) is proportional to the lu-
minosity per decade of frequency.

This is a power-law con-

zeném rozsahu vlnovych délek charakteri-
zujeme priblizny prubéh spektra, F(v) o
v~. Hovofime pak o kontinuu mocnin-
ného typu. Celkovou energii vyzarenou na
frekvenci v méfime pomoci v F(v). Velidi-
na vF(v) je tmérné luminozité na dekadu
frekvence.

3% Bregman, J. N. 1990, «Continuum radiation from active galactic nuclei», A&A Rev. 2, 125;
Curvoisier, T. J.-L., & Blecha, A. (eds.) 1994, Multi-wavelength continuum emission of AGN, Proceedings
of the TAU Symposium No. 159 (Kluwer Academic Publishers, Dordrecht);

O’Dell, S. L. 1986, «The optical continuum emission of active galactic nuclei», PASP 98, 130.
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Nuclear
sources
log[v F]
%nded sources
Radio FIR Optical UV Soft X Hard X
log v
Figure 2: A sketch of the generic con- Obrazek 2: Nacrtek generického spektra

tinuum spectrum of active galactic nuclei.
Spectral index «, ranges roughly from 0
to 2. Radio power output of extended ra-
dio sources associated with radio galax-
ies and radio quasars can exceed the out-
put of their nuclei. Ranges insufficiently
covered by contemporary observations are
designated by a thin line.

v kontinuu aktivnich galaktickych jader.
Spektralni index «y se pohybuje v roz-
mezi priblizné od 0 do 2. Radiovy vykon
rozsahlych radiovych zdroji asociovanych
s radiovymi galaxiemi a radiovymi kva-
zary nékdy prevysuje vvkon jejich jadra.
Oblasti nedostatecné pokryté soudobymi
pozorovanimi jsou vyznaceny tenkou ca-
rou.
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Flat spectrum sources often have their
radio, near-IR, optical, UV and X-ray
fluxes strongly variable (cf. Table 5 for de-
nomination of spectral domains). Fig. 2
shows a sketch of the typical AGN con-
tinuum spectrum. Notice the flat spec-
trum (spectral index 1 $ a; S 1.4) in
the far-infrared and optical regions. A flat
spectrum is typical for radio-load sources,
while for radio-quiet objects the spectrum
tends to be steeper, 1.4 < a, < 1.8.
At the energy of 10 keV the spectrum
of radio-load sources flattens further to
0.5 < as, S 0.7.

An important feature, superimposed
onto the power-law continuum of active
nuclei is the Big Bump which spans from
~ 1 um (UV) to the soft X-ray range. It
has been realized that:

o The flux emitted in the Big Bump is too
large to be powered by photoionization
due to radiation with a power-law spec-
trum. One should therefore consider an-
other independent source, which can also
be of an external origin, i.e. outside the
object itself.1?]

e The spectral shape of radiation from the
Big Bump can be partially fitted by the
Planck function (thermal radiation pre-
sumably originates in a disk-like structure
— an accretion disk) plus continuum con-
tributions from the broad line region (see

below).

It is certainly encouraging that the Big

17

Zdroje s plochym tvarem spektra ma-
ji ¢asto velmi proménny radiovy, infracer-
veny, opticky, ultrafialovy a rentgenovy
tok (oznaceni spektralnich oboru viz ta-
bulka 5). Obr. 2 ukazuje nacrtek typic-
kého spektra aktivnich galaktickych ja-
der v kontinuu. PovSimnéme si plochého
spektra (spektralni index 1 < o, < 1,4)
ve vzdalené infracervené a optické oblas-
ti. Ploché spektrum je typické pro radiove
hlasité zdroje, zatimco radiové tiché ob-
jekty ho majispise strmé, 1,4 < o < 1, 8.
V oblasti energii 10 keV se spektrum ra-
diové hlasitych zdroju stava jesté plossim
0,55 s 0,7,

Vyraznym utvarem, ktery se prekla-
da pfes mocninné kontinuum aktivnich ja-
der, je tzv. velky hrbol, sahajici od &~ 1 um
(UV) po obor mékkého rentgenového za-
feni. Zjistilo se, ze:

e Tok vyzareny ve velkém hrbolu je pri-
li$ velky na to, aby mohl byt napajen fo-
tolonizaci, vyvolanou zarenim s mocnin-
nym spektrem. Je tudiz treba uvazovat
dalsi nezavisly zdroj, ktery mize byt rov-
néz externiho puvodu, tzn. mimo samotny
objekt.’]

e Spektralni prubéh zareni velkého hrbo-
lu lze ¢astecné priblizit Planckovou funk-
ci (dle predpokladi vznika termalni zare-
ni v diskovitém ttvaru — akrecnim dis-
ku) s ptispévky ke kontinuu, pochazejici-
mi z oblasti Sirokych ¢ar (viz nize).

Nepochybné je povzbuzujici, ze velky

35 Davidson, K., & Netzer, H. 1979, «The emission lines of quasars and similar objects», Rev.Mod.Phys.

51, 715;

Rieke, G. H., & Lebofsky, M. J. 1979, «Infrared emission of extragalactic sourcesy, ARA&A 17, 477.
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Bump in the spectrum can be understood
as a contribution of an accretion disk or a
torus which emits thermal radiation, as
discussed in the following chapters (see
Part 11).) But to date one should bear
in mind that observational evidence in-
dicating this geometrical configuration is
still only indirect.

2.2 Emission lines/Emisni ¢ary

Much of our knowledge about active
galactic nuclei is deduced from emission
lines,?l analogously to the situation in
other fields of astrophysics. We will dis-
cuss emission properties which suggest
that illumination of a gaseous medium by
strong radiation plays the major role in
forming emission lines. As already men-
tioned, there are two systems of emission
lines which can be characterized by full-
width at half-maximum (FWHM). Emis-

sion is routinely studied with respect to:

Over twenty broad
lines and a similar number of narrow lines
have been detected in AGN. Their intensi-
ties and intensity ratios provide informa-

o [ine intensities.

tion about electron densities and temper-
atures, and the degree of ionization and
excitation of chemical species.

o Line variability. Continuum and line

OBSERVATIONS. .. /POZOROVANI. ..

hrbol ve spektru je mozné chapat jako
prispévek od termalniho zareni akrecni-
ho disku nebo toru, jak se o tom hovori
v nasledujicich kapitolach (viz Céast I1).1¢
Avsak je tfeba mit na paméti, ze dosavad-
ni poznatky z pozorovani, svédéici o tom-
to geometrickém usporadani, jsou zatim
pouze nepiimé.

Velka cast nasich znalosti o aktivnich jad-
rech galaxii se odvozuje z emisnich &ar, 7]
podobné jako je tomu i v ostatnich as-
trofyzikalnich oborech. Probereme emisni
vlastnosti, jeZ naznacuji, ze hlavni roli pri
tvorbé emisnich ¢ar hraje ozafovani plyn-
ného prostredi silnym zarenim. Jak bylo
jiz. uvedeno, existuji dvé soustavy emis-
nich ¢ar, jez lze rozlisit podle tzv. plné
sitky v poloviné jejich maximalni vysky.
U emise se obvykle zjistuje:

o Intenzita car. U aktivnich jader bylo za-
znamenano pres dvacet sirokych ¢ar a po-
dobny pocet tzkych car. Jejich intenzi-
ty a poméry intenzit poskytuji informa-
ci o elektronovych hustotach a teplotach,
a o stupni ionizace a excitace chemickych
prvka.

e Proménnost car. Proménnost kontinua

36 Czerny, B., & Elvis, M. 1987, «Constraints on quasar accretion disks from the optical /UV /soft X-ray

big bump», ApJ 321, 305;

Malkan, M. A. 1983, «UV excess of luminous quasars II: evidence for massive accretion disks», ApJ 268,

582.

37 Davidson, K., & Netzer, H. 1979, « The emission lines of quasars and similar objects», Rev.Mod.Phys.

51, 715;

Netzer, H. 1990, « AGN emission linesy, in Active Galactic Nuclei, R. D. Blandford, H. Netzer, & L.

Woltjer (Springer-Verlag, Berlin), p. 57.
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variability are often correlated with a cer-
tain lag (which tends to be longer in
more luminous objects). This fact offers a
tool for studying gas distributions in the
nuclei. "]

o Line profiles. Two classes of lines, nar-
row [about (200-1000) km/s)] lines and
broad [about (2000-10,000) km/s] lines,
are probably formed in distinct regions of
the source. The width of lines is deter-
mined by the random motion of gas par-
ticles in nuclei and, besides that, it is af-
fected by orbital motion of radiating mat-
ter and gravitational effects (cf. page 80).

The main physical processes which in-
fluence ionization are radiative and colli-

sional processes.[*?]

The broad line region (BLR) emits the
broad component of the permitted lines.
It has a size of (10-100) light-days in Sy 1
galaxies and a few light-years in quasars.
Spectral diagnostics provides a tool for es-
timating the electron temperature T, and
electron density n. but current results are
still rather imperfect. An approximate es-
timate of the temperature is 7, ~ 10* K.
The electron density is 2 10° cm™ (the
lower limit comes from the lack of any
strong, broad component in the forbid-
den lines; the value corresponds to the
critical density of [O111] A5007).[41 On
the other hand, presence of the broad
semi-forbidden lines CTIT1] A 1909 implies
ne S 10%° em~3.
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a car byvaji mnohdy s urcitym zpozdé-
nim navzajem sladény (zpozdéni se poné-
kud prodluzuje se zativosti objektt). Tato
skuteénost se nabizi jako nastroj ke studiu
rozloZeni plynu v jadrech.?®]

o Profil ¢ar. Ve zdroji patrné existuji roz-
dilné oblasti, v nichZz vznikaji dvé tridy
¢ar, uzké [asi (200-1000) km/s] a Siroké
[asi (2000-10000) km/s]. Siika car je ur-
covana nahodnym pohybem ¢astic plynu
v jadrech a kromé toho je ovlivnéna obéz-
nym pohybem zafici hmoty a gravitacnim
cervenym posuvem (viz strana 80).

Hlavnimi fyzikalnimi procesy, které
ovliviiuji ionizaci, jsou procesy zarivé a

srazkové. 39

Oblast sirokych car vyzatuje sirokou
slozku dovolenych car. Jeji rozmér cini
(10-100) svételnych dni u galaxii typu
Sy 1, a nékolik svételnych let u kvazaru.
Spektralni studie nam poskytuji nastroj
ke stanoveni elektronové teploty T, a elek-
tronové hustoty n., avsak soudobé vysled-
ky jsou dosud znac¢né nedokonalé. Pribliz-
ny odhad teploty dava T, ~ 10* K. Elek-
tronova hustota je 2 10® ¢cm™ (spodni
mez je dana nepritomnosti jakychkoli vy-
raznych Sirokych slozek zakazanych car;
uvedenad hodnota odpovida kritické hus-
toté [O111] A5007).[4] Na druhé strané
pritomnost Sirokych polozakazanych car
C1] A1909 svédéf o ne < 1095 em ™.

38 Mushotzky, R. 1982, «The X-ray spectrum and time variability of narrow emission-line galaxies», ApJ

256, 92;

Peterson, B. M. 1988, « Emission-line variability in Seyfert galaxiess, PASP 100, 18.
39 Osterbrock, D. E. 1989, Astrophysics of Gaseous Nebulae and Active Galactic Nuclei (University

Science Books, Mill Valey, CA);

1988, «The physics of gaseous nebulaen, PASP 100, 412.
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Now, we describe various indicators Popiseme nyni ruzné ukazatele, s je-
that have been used to explore the BLR. jichz pomoci je oblast sirokych car
However, details of its structure and ori- postupné prozkoumavana. Podrobnosti

[42]

gin still remain largely unknown. stavby této oblasti a jejiho puvodu vsak

dosud ziistavaji z vétsl Casti neznamy.[*

40 Atomic transitions are realised with different probabilities, inversely proportional to the lifetime of the
relevant terms. Brackets denote forbidden transitions which are not possible due to selection rules for
orbital and spin-angular momentum in the first-order approximation of the quantum theory. Forbidden
radiative transitions are not ruled out completely because selection rules are only approximate, but their
probability is much lower (by eight orders, for example) in comparison to allowed ones. One can also
improve the approximation, e.g. by including spin-orbital interaction in atoms, and in this way derive
further selection rules which have different regions of validity. Transitions are sometimes called semi-
forbidden (or intercombination, in accordance with the terminology of laboratory spectroscopy) if they
can be accommodated only when spin-orbital interaction is considered. Semi-forbidden transitions are
denoted by a single right bracket (e.g. Ci] A 1909). Probability of semi-forbidden transitions is usually
in between transitions allowed and forbidden. Forbidden and semi-forbidden transitions are particularly
important in cosmic environments because of their low densities: emissions with low intensities under
laboratory conditions may become noticeable even dominant.

41 Prechody se v atomech uskutec¢iuji s rozdilnymi pravdépodobnostmi, jez jsou nepifmo tmérné zivotni
dobé prislusného excitovaného stavu. Hranatymi zdvorkami se oznacuji zakazané prechody, které nejsou
mozné do prvniho fadu pfiblizeni kvantové teorie v diisledku poruseni vybérovych pravidel pro orbitalni
a spinovy moment hybnosti. Zakazané prechody nejsou naprosto vylouceny, protoze vybérova pravidla
plati pouze pfiblizné, maji ovéem mnohem mens{ pravdépodobnost (tFeba o osm Fadi) ve srovnani s po-
volenymi prechody. Aproximaci lze vylepSovat, napf. zapoctenim spin-orbitalni interakce v atomech, a
tak odvozovat dalsi vybérova pravidla s ruznymi oblastmi platnosti. Prechody, které lze popsat az po
zapocteni spin-orbitélni interakce, se nékdy nazyvaji polozakizané (nebo interkombinaéni, v souhlase
s terminologii laboratorn{ spektroskopie) a oznacuji se samostatnou pravou hranatou zévorkou (napf.
C] A1909). Pravdépodobnost polozakdzanych prechodi byva mezi pravdépodobnosti prechodti povo-
lenych a zakazanych. Zakézané a polozakizané prechody maji v kosmickém prostiedi zvlastni dilezitost
z dtivodu jeho nizké hustoty, pfi niz se za obvyklych podminek mélo vyrazné emise mohou stat patrnymi
nebo mohou dokonce dominovat.

42 Collin-Souffrin, S., & Lasota, J.-P. 1989, «The broad-line region of active galactic nuclei revisited»,
PASP 100, 1041;

Netzer, H. 1991, «BLR models and the L-M relation for AGNs», in Variability of Active Galazies, Duschl,
W. J., Wagner, S. J., & Camenzind, M. (eds.) (Springer-Verlag, Berlin), p. 107;

Osterbrock, D. E., & Mathews, W. G. 1986, « Emission-line regions of active galaxies and QSOs», ARA&A
24, 171;

Pérez, E., Robinson, A., de la Fuente, L. 1992, « The response of the broad emission-line region to ionizing
continuum variations — III. An atlas of transfer functionsy, MNRAS 256, 103;

Roos, N. 1992, «Gas clouds from tidally disrupted stars in active galactic nuclei», ApJ 385, 108;
Scoville, N.,; & Norman, C. 1988, «Broad emission-lines from the mass-loss envelopes of giant stars in
active galactic nuclein, ApJ 332, 742;

Terlevich, R. T., Tenorio-Tagle, G., Franco, J., & Melnick, J. 1992, « The starburst model for active galactic
nuclei: the broad-line region as supernova remnants evolving in a high-density medium», MNRAS 255,
713;

Zurek, W. H., Siemiginowska, A., & Colgate, S. A. 1992, «Star-disk collisions in active galactic nuclei
and the origin of the broad line regiony, in Testing the AGN Paradigm, Holt, S. S., Neff, S. G., & Urry,
C. M. (eds.) (American Istitute of Physics, New York), p. 564.
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Figure 3: A simplified sketch of the uni-
fied model of active galaxies with its in-
dividual constituents, as described in the
text (not to the scale). Arrows indicate
different lines of observer’s view and the
corresponding typological classification of
the object. Distances are given in the
units of Mg cm; the values should be con-
sidered as indicative only. Material which
is attracted by a central black hole forms
a torus before it is accreted. The most in-
tense ultraviolet and X-radiation emerges
from its inner part. The outer regions
obscure much of the radiation for edge-
on observers so that the spectrum of the
object depends on the view-angle. Some
material is accelerated along the symme-
try axis and it escapes in the form of a
jet. Jets are believed to be intrinsically
double-sided but incoming radiation from
the receding jet is reduced by a large fac-
tor (see the text). Not all objects show
observable jets, however.
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BLRG

QSR/

NLRG

Sy 1,
rqQSO

Obrazek 3:
ceného modelu aktivnich galaxii s jeho
jednotlivymi slozkami, jak jsou popsany
v textu (obrdzek nezachovava méritko).
Sipky vyznacuji rizné sméry pozorovate-
lova pohledu a tomu odpovidajici typolo-

BALQSO

Zjednoduseny nacrt sjedno-

gické zarazeni objektu. Vzdalenosti jsou
uvedeny v jednotkach Mg cm; hodnoty je
vsak treba povazovat pouze za orientac-
ni. Latka pritahovana tustredni cernou di-
rou vytvari torus predtim, nez je definitiv-
né pohlcena. Nejpronikavéjsi ultrafialové
a rentgenové zareni vychazi z jeho vnitrni
casti. Pozorovateli, hledicimu na objekt ze
strany, zastinuji vnéjsi oblasti toru znac-
nou cast zareni, takze spektrum objektu
zavisi na tihlu pohledu. Cést materialu je
urychlovana podél osy soumérnosti a uni-
ka v podobé vytrysku. O vytryscich se
predpoklada, Ze jsou oboustranné, ale za-
reni prichazejici od vzdalujiciho se vytrys-
ku je velmi zeslabeno (viz text). Ovsem ne
vsechny objekty maji pozorovatelné vy-
trysky.
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o The presence of the MgIl A2800 line
implies that the emitting gas is optically
thick in the Lyman continuum. Each pho-
ton from the Lyman continuum which is
absorbed by the gas gets transformed into
radiation of a lower energy and into a Ly «
line photon.

o We define the covering factor f. as
the fractional area of the sky subtended
by the gas as viewed from the source.
[It can be expressed by the relation
fe = (Number of the Ly« line pho-
tons)/(Number of the Lyman continuum
photons + Number of the Ly « line pho-
tons).] Typically, f. ~ 0.1.

e lonization state of the BLR medium can
be characterized by the ionization param-
eter, = = (Radiation pressure)/(electron
gas pressure ):*%]

—_—

where v is the Rydberg frequency, L(v)
is the luminosity at frequency v > vg, and
7 1s the typical distance between the BLR
gas (we assume hydrogen) and the source
of ionizing photons. The observed ratio
of metallic (in astronomical terminology)
lines C111]/C1V yields = & 0.01, and con-

sequently, assuming n. ~ 10'° cm™3,

e Photoionization calculations suggest
the column density N. =~ (10*2-
10**) ecm™2. The values of N. and ne
imply the size of the emitting element
Fo 2 102 cm < T

OBSERVATIONS. .. /POZOROVANI. ..

e Pritomnost cary MgIl A2800 sveddcl
o tom, Ze zarici plyn je opticky tlusty
v Lymanové kontinuu. Kazdy foton Ly-
manova kontinua, ktery je plynem pohl-
cen, se preméni na zareni s nizsi energii a
foton cary Ly a.

o Zavadime tzv. faktor pokryti f. jakoz-
to tu cast oblohy, ktera je pri pohledu
ze zdroje pokryta plynem. [To lze vy-
jadrit vztahem f. = (Pocet fotoni cdry
Ly a)/(Pocet fotoni Lymanova kontinua
+ Poéet fotoni ¢iry Ly «).] Obvykle byva
fe~0,1.

e Stav ionizovaného prostredi v oblacich
sirokych car lze popsat pomoci ionizac-

ntho parametru, = = (Tlak ionizujiciho

zdveni) [( Tlak elektronového plynu):H°)

1 o]
S — Lv)d 2.1
Arr2en kT, /1/0 (v) dv, (2.1)

kde vy je Rydbergova frekvence, L(v) je
luminozita na frekvenci v > vy, a T je
typicka vzdalenost plynu tvoriciho oblast
Sirokych ¢ar (predpokladame vodik) od
zdroje ionizujiciho zareni. Z pozorovaného
pomeéru kovovych (v astronomické termi-
nologii) ¢ar CII]/C1V plyne = ~ 0,01, a

tedy za predpokladu n. ~ 101° cm=2,

e Vypocty fotoionizace vedou ke sloupco-
vé€ hustoté N, ~ (10*2-10%*) cm™2. Z hod-
noty N. a n. plyne rozmér vyzarujicitho
elementu 7. ~ 102 cm < 7.

43 Krolik, J. H., McKee, C. F., & Tarter, C. B. 1981, « Two-phase models of quasar emission-line regions»,

ApJ 249, 422.
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One should note that slightly differ-
ent definitions of the ionization param-
eter have been introduced in the litera-
ture in addition to =. For example, = =
(lonizing photon density)/(electron den-
sity):144]

< [(v)
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Je treba poznamenat, ze se v litera-
ture namisto = zavadéji i nepatrné od-
lisné definice ioniza¢niho parametru. Na-
pifklad = = (Hustota ionizujicich foto-
nit )/ (elektronovd hustota):*4

—_ 1
=~
i’

~ =2
47T Ccn,

o The ratio of the emitting volume to the
total volume, f; (the filling factor), reads

A

NeT

Since both ff <« 1 and 7, < T, radia-
tion from BLR is usually interpreted as
a collective emission of a large number of
small clouds that fill only a small frac-
tion of the total volume. The gaseous
clouds are accelerated and photoionized
by a non-thermal continuum source (but
mechanisms for this process are under dis-
cussion). Photoionization explains why
we observe high ionization species such as
C*3 and N*™* while the temperature does
not exceed about 2 x 10* K.

The Narrow line region (NLR) emits
a narrow component of the Balmer lines
and the forbidden lines. It is much larger
then BLR. Its temperature and density
can be estimated independently from sev-
eral line-intensity ratios. For temperature
one obtains T, ~ 10* K. Typical densi-
ties are (10°-10°) cm™>. NLR can be re-
solved in nearby Seyferts, and its diame-

ter is about (100-300) pc. In QSOs we

hv

—_—
—
—

dv =~

[N

e Pomér objemu zarici oblasti k celkové-
mu objemu, f¢ (tzv. faktor vyplnéni), ¢ini

~107% < 1. (2.2)

Nebot jak fr <« 1, tak i 7. < 7, povazuje
se zareni z oblasti Sirokych car za souhrn-
nou emisi velkého poc¢tu malych oblaku,
které jenom z malé casti vyplnuji celkovy
objem. Plynné oblaky se urychluji a fo-
tolonizuji zdrojem netermalniho kontinua
(avsak zpusob tohoto procesu je predmé-
tem diskuze). Fotoionizace je schopna vy-
svétlit, pro¢ pozorujeme vysoce ionizova-
né prvky, jako jsou C*? a NT* zatimco
teplota nepievysuje asi 2 x 10* K.

Oblast uzkych éar vyzatuje tzkou sloz-
ku Balmerovych ¢ar a zakazanych car.
Rozmeérem je mnohem vétsi nez oblast $i-
rokych car. Jeji teplotu a hustotu lze od-
hadnout nezavisle pomoci nékolika pomé-
ri intenzit car. Pro teplotu se dostava
T. ~ 10* K. Hustota obvykle dosahuje
hodnoty (10°-10°) em™>. V blizkych Se-
yfertovych galaxiich lze oblast tzkych car
rozlisit a jeji prumér je priblizné (100-

44 Collin-Souffrin, S. 1993, «Observations and their implications for the inner parsec of AGNy, in Central
Activity in Galaries, Lecture Notes in Physics 413, Sandqist, Aa., & Ray, T. P. (eds.) (Springer-Verlag,
Berlin), p. 97.
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expect dimensions of the order of a few
kpc. The difference in densities explains
why forbidden lines are present in emis-
sion spectra of NLR while they are miss-
ing in the spectra of BLR.!

Source of excitation for the emission
lines in active nuclei can be:

e Photoionization due to an intense non-
stellar radiation*?l (probably requires a

black hole model).

e Shock wave excitation,[*”] acting espe-

cially in NLR and in galactic nuclei with
only weak activity (LINERs).

o Warming due to the burst of star forma-

tion (no need for a massive central object
in this model).1*!

e Presence of fast particles or radio waves
(which is considered as an additional pos-
sibility).

OBSERVATIONS. .. /POZOROVANI. ..

300) pc. U kvazart se ocekavaji rozméry
nékolika kpc. Rozdilnost hustot vysvétlu-
je, pro¢ ve spektru oblasti tzkych ¢ar po-
zorujeme zakazané cary, avsak nevidime

je ve spektru oblasti Sirokych &ar.[*]

Zdrojem vybuzeni emisnich ¢ar v ak-
tivnich jadrech mohou byt:

e Fotoionizace zpusobena silnym zafenim
nehvézdného pivodul*® (patrné vyzaduje
model s ¢ernou dirou).

o Vybuzeni rdzovou vinou,*™ piisobici ze-
2

jména v oblasti tzkych car a u slabé ak-
tivnich jader (nizce ionizované jaderné ob-
lasti).

e Zahrivani zpusobené prudkou tvorbou
hvézd (v tomto modelu neni potieba
hmotného tstiedniho télesa).[s]

e Piitomnost rychlijch castic nebo radio-
vych vln (coz se povazuje za doplikovou
moznost).

»

2.3 Absorption lines/Absorp¢ni ¢ary

Ve spektrech kvazarti se pozoruji cetné
absorpéni ¢ary.*! Mnohdy byvaji tzké,

Numerous absorption lines are observed

[49]

in the spectra of quasars. These lines

45 Whittle, M. 1985, «The narrow line region of active galaxies — III. Profile comparisonss, MNRAS
216, 817.

46 Davidson, K., & Netzer, H. 1979, «The emission lines of quasars and similar objects», Rev.Mod.Phys.
51, 715;

O’Dell, S. L., Scott, H. A., & Stein, W. A. 1987, «The origin of the photoionizing continuum of active
galactic nuclei and quasars,» ApJ 313, 164.

47 Dyson, J. E., & Perry, J. J. 1985, «Shock formation of broad emission-line regions in QSOs and active
galactic nuclei», MNRAS 213, 665.

48 Terlevich, R. T., & Melnick, J. 1985, «Warmers: the missing link between Starburst and Seyfert
galaxiesy, MNRAS 213, 841;

Terlevich, R. T., Tenorio-Tagle, G., Franco, J., & Melnick, J. 1992, « The starburst model for active galactic
nuclei: the broad-line region as supernova remnants evolving in a high-density medium», MNRAS 255,

713.
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are often narrow with sharp profiles so
that relevant wavelengths can be mea-
sured accurately. On the other hand,
slightly less than 10 % of quasars belong
to a subclass of Broad Absorption-Line
Quasarsi®  with wide (2 10* km/s)
absorptions adjacent to high ionization
emissions of, e.g., CIV, NV, and O VL
Absorption lines are an important tool in
studying both active galactic nuclei and
the intergalactic medium.

Absorption lines are often grouped
into line systems, characterized by a com-
mon redshift. Three main types of line
systems can be distinguished:

o Metal line systems. Absorbing matter
which produces these line systems is ei-
ther ejected from AGN (this explanation
meets energetic problems in some cases)
or it can be completely unrelated in the
form of some intervening material located
along our line of sight. The latter inter-
pretation is supported by the fact that ab-
sorption lines are particularly numerous
in high-redshift quasars. In some cases,
metallic absorptions are related to an-
other line system which is referred to as
the Ly a forest.

o The Lya forest is a rich complex of ab-
sorption lines. Since discovery in early

25

s ostrym profilem, takze lze presné sta-
novit prislusnou vlnovou délku. Na dru-
hé strané necelych 10% kvazari nale-
71 do podskupiny kvazart se Sirokymi
absorpénimi ¢arami, jejichz giroké (2
10* km/s) absorpce pfiléhaji k emisim vy-
soce ionizovanych stavi, jako jsou napr.
C1v, NV, nebo O VI. Absorp¢ni ¢ary jsou
dulezitym nastrojem jak pri studiu aktiv-
nich galaktickych jader, tak 1 intergalak-
tického prostiedi.

Absorpéni ¢ary byvaji mnohdy sdru-
zeny do carovych systémau, vyznacujicich
se spolecnym cervenym posuvem. Rozli-
suji se tii hlavni typy ¢arovych systému:

o Soustavy kovovych car. Pohlcujici hmo-
ta, kterd tyto soustavy vytvari, je z ak-
tivniho jadra bud vyvrZena (v nékterych
pripadech vede toto vysvétleni k energe-
tickym rozportum), nebo s nim vibec ni-
jak nesouvisi a jedna se o néjaky zastinuji-
ci material umistény podél naseho sméru
pohledu. Toto druhé vysvétleni je podpo-
feno skuteénosti, Ze absorpéni cary jsou
obzvlasté cetné u kvazaru s velkym cerve-
nym posuvem. V nékterych pripadech ma-
ji kovové absorpce vztah k dalsimu systé-
mu ¢ar, oznacovanému jako les ¢ary Ly a.

o . Les® cary Lya je bohata soustava
absorpc¢nich ¢ar. Od svého objevu po-

49 Blades, J. C., Turnshek, D. A., & Norman, C. A. (eds.) 1988, QSO Absorption Lines (Cambridge

University Press, Cambridge);

Perry, J. J. 1993, «Activity in galactic nuclein, in Central Activity in Galazies, Lecture Notes in Physics
413, Sandqist, Aa., & Ray, T. P. (eds.) (Springer-Verlag, Berlin), p. 25;
Swarup, G., Saikia, D. J., Beltrametti, M., et al. 1986, «Absorption lines and the radio structure of

quasarsy, MNRAS 220, 1;

Ulrich, M.-H. 1988, «Far ultraviolet absorption lines in active galaxiesy, MNRAS 230, 121;
Weyman, R. J., Carswell, R. F.; & Smith, M. C. 1981, «Absorption lines in the spectra of quasistellar

objectsy, ARA&A 19, 41.

50 Turnshek, D. A. 1984, «Properties of the broad absorption-line QSOs», ApJ 280, 51.
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1970s°11 it has been a subject of nu-
521 The Ly« absorption
lines are found exclusively bluewards of
the Ly a line in the AGN emission spec-
trum, which leads to the conclusion that

they are produced by intergalactic clouds.

merous studies.!

Strong lines redwards of the Ly« emis-
sion can usually be identified with some
particular redshift system — for example,
the UV doublet C1V A 1548, 1550, which
is redshifted to the optical range in high-
redshift quasars. The problem of metallic
contaminations of the Ly a forest absorp-
tions has acquired rather lively attention
because it relates to chemical abundances

in very distant regions.[>’]

e Broad absorption lines have already
been mentioned.  They are observed
in BALQSOs, bluewards strong emission
lines. We thus expect these absorptions
to take place close to the quasar.

Many astronomers believe that the
above-given and other rich observational
evidence can be comprehended within a
unified scheme of active galactic nuclei,
which is illustrated in Fig. 3. This ap-
proach assumes analogous physical pro-
cesses and geometrical configuration in
different types of active galaxies and at-
tempts to attribute as many features as
possible to their orientation with respect

(541 An intense source

to the observer.
of illumination and a distribution of the
obscuring material are the main ingredi-

ents of the model. It remains to be seen

OBSERVATIONS. .. /POZOROVANI. ..

51 byla pred-

Catkem sedmdeséatych letl
métem Cetnych studii.P? Absorpéni &ary
Ly a nachazime vyluéné na modré stra-
né cary Ly a v emisnim spektru aktiv-
nich galaktickych jader, coz vede k za-
véru, ze vznikaji uvnitt intergalaktickych
oblakti. Vyrazné ¢ary na cervené strané
emise Ly « lze obvykle ztotoznit s nékte-
rou ze soustav ¢ar posunutych do cerve-
né casti spektra — napriklad dublet C TV
AA 1548, 1550, jenz je u kvazaru s velkym
cervenym posuvem presunut az do optické
oblasti. Problém kovovych primési v ab-
sorpcnim lesu Ly a ziskal pomérné zivou
pozornost, protoze je ve vztahu k otazce
chemickych primési pfitomnych v od nas
velmi vzdalenych oblastech.”’]

o Siroké absorpcni édry uz byly zminény
diive. Ty se pozoruji u kvazart s Siroky-
mi absorpénimi ¢arami na modré strané
car emisnich. Proto ocekavame, Ze tyto
absorpce nastavaji blizko u kvazaru.

Rada astronomii se domniva, Ze vy-
se uvedené i1 cetné dalsi observacni di-
kazy lze pochopit v ramci sjednocené-
ho popisu aktivnich galaktickych jader,
jenz je nacrtnut na obr. 3. Tento pfi-
stup predpoklada pusobnost obdobnych
fyzikalnich procesu a geometricky podob-
nou stavbu u ruznych typu aktivnich ga-
laxii, pripisujic jejich vlastnosti orientaci
vi& pozorovateli.’ Intenzivni ozafujici
zdroj a vhodné rozlozeni zastinujici lat-
ky jsou hlavnimi slozkami uvedeného mo-
delu. Teprve budoucnost ukaze, zda bu-
de tento obraz Gspésny, a do jaké miry.l]

51 Lynds, R. 1971, «The absorption-line spectrum of 4C 05.34», ApJ 164, L73.
52 Qargent, W. L. W., & Steidel, C. C. 1989, «A survey of Lyman-limit absorption in the spectra of 59

high-redshift QSO», ApJS 69, 703.

33 Artymowicz, P. 1993, «Metallicity in quasar/AGN environment: A consequence of usual or unusual

star formation?», PASP 105, 1032;

Cowie, L. L., Songaila, A., Kim, T.-S., & Hu, E. M. 1995, «The metallicity and internal structure of the

Lyman-alpha forest clouds», AJ 109, 1522.
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whether this picture will be successful and
to what degree.[®] We will discuss theo-
retical implication of this view a number
of times in subsequent chapters.
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Jeho teoretické dusledky budeme vicekrat
diskutovat v nasledujicich kapitolach.

2.4 Surveys of AGN/Prehlidky aktivnich galaktickych jader

One class of extragalactic objects with ac-
tive nuclei, Seyfert galaxies, was described
in the late 1940s.1°¢!  Some extreme ex-
amples of unusually active galaxies have
been known even much longer. For ex-
ample, a jet of the large elliptical galaxy
M 87 (NGC 4486) was already studied
at the turn of the century.’”] Later, ac-
tive galactic nuclei have been identified
by optical identifications of radio and X-
ray sources (positional precision of about
1 arcsec is usually needed for a reason-
ably trustworthy indentification). Our ex-
ample, the galaxy M 87 mentioned above
has been associated with an intense radio
source which is known as Vir A. Extensive
searches have been carried out in different
regions of wavelength, redshift, luminos-
ity, etc. during recent decades.l®®! A few
examples:

o Radio surveys: In an unending strug-

Jedna ze tiid extragalaktickych objekta
s aktivnimi jadry, Seyfertovy galaxie, by-
la popséana koncem &tyticatych let.56] Ne-
které extrémni priklady neobvykle aktiv-
nich galaxii jsou znamy jesté mnohem dé-
le. Napriklad vytrysk z velké eliptické ga-
laxie M 87 byl studovan jiz na prelomu
stoleti.P”l Pozdéji se aktivni jadra gala-
xii vyhledavala metodou optického zto-
toznéni radiovych a rentgenovych zdroju
(k pfimérené duvéryhodné identifikaci je
obvykle treba presnosti v urceni polohy
asi na 1 thlovou vtefinu). Nas piiklad,
vyse zminéna galaxie M 87, tak byla zto-
toznéna se silnym radiovym zdrojem zna-
mym pod oznacenim Vir A. V poslednich
desetiletich se provadéji rozsahlé prehlid-
ky v rozlicnych oblastech vlnovych délek,
Cervenych posuvil, luminozit, atd.’® Né-

kolik prikladu:

o Radiové prehlidky: V nekoncicim tusi-

>4 Antonucci, R. 1993, «Unified models for active galactic nuclei and quasars», ARA&A 31, 473;
Lawrence, A. 1987, «Classification of active galaxies and the prospect of a unified phenomenology», PASP

99, 309;

Rawlings, S., & Saunders, R. 1991, « Evidence for a common central engine mechanism in all extragalactic

radio sources», Nature 349, 138;

Urry, C. M., & Padovani, P. 1995, «Unified schemes for radio-loud active galactic nuclein, PASP 107,

803.

55 Falcke, H., Gopal-Krishna, & Biermann, P. L. 1995, «Unified schemes for active galaxies: a clue from
the missing Fanaroff-Riley type I quasar populations, A&A 298, 395.

%6 Geyfert, C. K. 1943, «Nuclear emission in spiral nebulae», ApJ 97, 28.

T Curtis, H. D. 1918, «Descriptions of 762 nebulae and clusters photographed with the Crossley reflectory,

Publ.Lick.Obs. 13, 9.

58 Soifer, B. T. (ed.) 1993, Sky surveys: protostars to protogalaries (Astronomical Society of the Pacific,

San Francisco).
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gle for better resolution of radio images,
radioastronomers have probably reached
a technically reasonable maximum size
of a separate radio antenna.
tirely steerable Effelsberg radiotelescope
near Bonn (Germany) operates a dish of

An en-

diameter 100 m, and a fixed radiotele-
scope in Arecibo (Puerto Rico) reaches
300 m. Resolution can be improved effec-
tively by linking radiotelescopes in inter-
ferometric arrays [like the Very Large Ar-
ray (VLA) in New Mexico or the British
Multi-Element Radio-Linked Interferome-
try Network (MERLIN)]. On a continen-
tal and even intercontinental scale, the
method of Very Long Baseline Interferom-
etry (VLBI) has been developed and there
are even plans to increase the base by in-
cluding radiotelescopes on a satellite.!
Nowadays the best resolution of radio
maps reaches 107 arcsec. The best linear
resolution is about 0.1 pc.[5]

Important examples of extensive ra-
dioastronomical sky surveys are the
Cambridge catalogues 3C (at frequency
159 MHz), 3C RR and the more sensi-
tive 4C (both at 178 MHz), Parkes Pks
(408 MHz) and PksF (2700 MHz) surveys
(southern sky), Bologna B2 (408 MHz),
and MPIfR/NRAO survey (5 GHz).[!]

o /R surveys: IRAS catalogue at wave-
lengths 12, 25, 60 and 100 pm.*2 Pre-
IRAS extragalactic surveys are not as
rich.[6%]
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li o lepsi rozliSeni radiovych obrazu jiz
radioastronomové pravdépodobné dosah-
li z technického hlediska hranice rozum-
ného rozméru samostatné radiové anté-
ny. Plné ovladatelny Effelsbergsky radio-
teleskop pobliZz Bonnu (Némecko) je vy-
baven talitem o praméru 100 m a pevny
radioteleskop v Arecibo (Portoriko) do-
sahuje 300 m. Rozlisovaci schopnost lze
dale efektivné zlepsovat propojenim ra-
dioteleskopt do interferometrickych sou-
stav [jako je naptiklad systém zvany Very
Large Array v Novém Mexiku nebo brit-
sky Multi Element Radio Linked Interfe-
rometry Network]. Na kontinentéalni a do-
konce interkontinentalni skale byla vyvi-
nuta metoda interferometrie s velmi dlou-
hou zéakladnou a existuji dokonce plany
k zapojeni radioteleskopt umisténych na
5] Nejlepsi soudoba rozliSovaci
schopnost réddiovych map dosahuje 107°

uhlové vteriny. Nejlepsi linearni rozliseni
[60]

satelitu.!

¢ini asi 0,1 pe.

Dalezitymi priklady rozsahlych ra-
dioastronomickych prehlidek oblohy jsou
Cambridgeské katalogy 3C' (na frekvenci
159 MHz), 3C RR a citlivéjsi 4C (oba na
178 MHz), prehlidky PKS (408 MHz) a
PKSF (2700 MHz) z Parkesu (jiZzni oblo-
ha), B2 (408 MHz) z Bologne, a ptehlidka
MPIfR/NRAO (5 GHz).[!]

o Infracervené prehlidky: Katalog sateli-
tu IRAS na vlnovych délkach 12, 25, 60
a 100 um.[%? Extragalaktické piehlidky
z éry pred IRASem nejsou zdaleka tak
bohaté.[5

59 Robertson, J. G., & Tango, W. J. (eds.) 1994, Very High Angular Resolution Imaging, Proceedings of
the TAU Symposium No. 158 (Kluwer Academic Publishers, Dordrecht);

Rohlfs, K. 1990, Tools of Radio Astronomy (Springer-Verlag, Berlin).

60 Junor, W., & Biretta, J. A. 1995, «The Radio Jet in 3C274 at 0.01 pc Resolution», AJ 109, 500.

61 Fricke, K., & Witzel, A. 1982, «Extragalactic Radio Sourcess, in Landolt-Bérnstein, VI, 2c, Schaifers,
K., & Voigt, H. H. (eds.) (Springer-Verlag, Berlin), p. 315.
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o Optical surveys: Although quasars were
originally discovered as optical counter-
parts of extragalactic radio objects, most
of them are radio quiet.®  Optical sur-
veys are therefore important,l®®! and they
are carried out in many different ways, us-
ing low dispersion spectroscopy, color se-
lection, variability studies, etc.[¢!

o X-ray and ~-ray surveys: Due to a
strong atmospheric absorption acting in
this waveband, X-ray surveys must be
carried out mostly from cosmic satellites.
The situation for 4-rays is analogous.[®7]
Table 6 summarizes some more important
missions; many more satellites carried X-

and ~-ray detectors onboard, however.[%8]
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o Optické prehlidky: Prestoze puvod-
né byly kvazary objeveny jako optic-
ké protéjsky k extragalaktickym radio-
vym zdrojum, vétsina jich je radiove
klidnych.[4 Optické prehlidky maji pro-
to svou dilezitost.[® Provadéji se fadou
ruznych metod, pouzivajice spektrosko-
pii s nizkou disperzi, vybér podle barvy,
studium proménnosti atd.[!

o Prehlidky v oboru rentgenovém a ~:
V dusledku vyrazné atmostérické absorp-
ce, uplathujici se v tomto pasmu vlno-
vych délek, je treba konat rentgenovské
prehlidky prevazné z paluby kosmickych
sateliti. Situace v oblasti zareni v je
obdobna.[’"l Tabulka 6 shrnuje nékteré
vyznamnéjs$i druzicové experimenty; de-
tektory citlivé v oblasti rentgenového a ~
zareni nesla ovsem na palubé rada dalsich
satelit(.[%8]

52 Miley, G. K., & De Grijp, R. 1985, «IRAS observations of active galaxies — a review», STSCI preprint

65;

Neugebauer, G. 1986, «Quasars measured by the IRAS», ApJ 308, 815;
Neugebauer, G., Soifer, B. T., Miley, G., et al. 1984, «IRAS observations of radio-quiet and radio-load

quasarsy, ApJ 278, L83;

Soifer, B. T., Houck, J. R., & Neugebauer, G. 1987, « The IRAS view of the extragalactic sky», ARA&A

25, 187;

Spinoglio, L., Persi, P., Ferrari-Toniolo, M., et al. 1985, «IRAS and near-infrared observations of the

Seyfert galaxies...», A&A 153, 5b;

Telesco, C. M. 1988, « Enhanced star formation and infrared emission in the centers of galaxiesy, ARA&A

26, 343;
see also proceedings of the IRAS symposia.

63 Rieke, G. H., & Lebofsky, M. J. 1979, «Infrared emission of extragalactic sources», ARA&A 17, 477;
Sparks, W. B., Hough, J. H., Axon, D. J., & Bailey, J. 1986, «Infrared photometry of the nuclei of
early-type radio galaxiesy, MNRAS 218, 429.

54 Sandage, A. 1965, «The existence of a major new constituent of the Universe: The quasi-stellar gala-
xiesn, ApJ 141, 1560.

65 Schmidt, M., & Green, R. F. 1983, «Quasar evolution derived from the Palomar bright survey and
other complete quasar surveysy, ApJ 269, 352.

56 Boyle, B. J., Fong, R., Shanks, T., & Peterson, B. A. 1990, «A catalogue of faint, UV-excess objects»,
MNRAS 243, 1;

Smith, M. C. 1980, «Quasars: observed properties of optically selected objects at large redshiftsy, Vistas
in Astronomy 22, 321;

Smith, P. S., Balonek, T. J., Elston, R., & Heckert, P. A. 1987, «Optical and near-infrared observations
of BL. Lacertae objects and active quasars», ApJS 64, 459.
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Results of surveys and statistical in-
terpretations of data have been tradition-
ally presented in the form of astronomical
catalogues.[®®l Nowadays, most data that
have been collected are after a short pe-
riod available electronically by means of
computer networks after a short period.

It is always crucial for interpretation
of data (and difficult for observers) to es-
timate the statistical completeness of the
survey — otherwise no meaningful con-
clusions can be drawn from it. Statisti-
cal studies employ several techniques that
try to distinguish evolutionary and cos-
mological effects; we summarize a few
well-known examples from the many that
have been proposed during the last three
decades:[™]

e Source counts, N(F'), i.e. numbers N
of sources (radio sources are usually con-
sidered) whose radiation-flux density ex-
ceeds F', detected at a given frequency in
a given area of sky. For a static Euclidean
universe N(F) oc F=3/2, In the Friedman-
nian universe with no evolution of sources
there should be fewer faint sources de-
tected. In reality fainter sources are more
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Vysledky prehlidek a statistické zpra-
covani dat se tradicné uvadéji v podobé
astronomickych katalogii.l® V dnesni do-
bé je vétsina ziskanych udaji po kratké
dobé dostupna elektronicky pomoci poci-
tacovych siti.

Pro interpretaci dat je vidy zasadni (a
pro pozorovatele obtizné) stanovit statis-
tickou Uplnost prehlidky — jinak z ni ne-
lze vyvozovat zadné rozumné zavéry. Sta-
tistické studie vyuzivaji nékolik postupt,
jimiz se snazi rozli$it vyvojové jevy od
kosmologickych; z celé fady postupti, kte-
ré byly navrzeny v prubéhu poslednich tri
desetileti, shrneme nékolik dobfe znamych
piiklad:[™

o Pocty zdroji, N(F'), tj. pocty N zdroju
(vétsinou se berou do vahy radiové zdro-
je) zaznamenané na dané frekvenci v dané
casti oblohy, jejichz hustota zarivého toku
prevysuje F. Ve statickém eukleidovském
vesmiru je N(F) o F~%/2, Ve friedman-
novském modelu vesmiru se zdroji, které
se nijak nevyvijeji, by se mélo zazname-
nat méné slabych zdroju. Ve skutecnosti

67 Bassani, L. & Dean, A. J. 1986, « Gamma-ray observations and relativistic jets in active galactic nucleiy,

A&A 161, 85.

8 Charles, P., & Steward, F. 1995, Exploring the X-ray Universe (Cambridge University Press, Cam-

bridge);

Davies, J. K. 1988, Satellite Astronomy: The Principles and Practise of Astronomy from Space (Ellis

Horwood Ltd., Chichester);

Matthews, J. M. (ed.) 1994, High Energy Astrophysics (World Scientific, Singapore).
59 Hewitt, A., & Burbidge, G. 1987, «A new optical catalog of quasi-stellar sources», ApJS 63, 1;
Véron-Cetty, M.-P., & Véron, P. 1993, «A catalogue of quasars and active nuclei (6th edition)», European

Southern Observatory, Scientific Report No. 13.

"0 Chincarini, G., lovino, A., Maccacaro, T., & Maccagni, D. 1993, Observational Cosmology (Astrono-

mical Society of the Pacific, San Francisco);

Peebles, P. J. E. 1993, Principles of Physical Cosmology (Princeton University Press, Princeton);
Sandage, A. 1961, « The ability of the 200-inch telescope to discriminate between selected world modelsy,

ApJ 133, 355.
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Satellite Period Range [keV]  Observations, discoveries, goals
SAS-1 (Uhuru) 1970-1974  2-20 X-ray binaries
ANS 1974-1977  1-10 X-ray bursters
OGO programme 1966— > 25 x 10°  ~-rays from the galactic plane
Vela programme 1969 150-1500 Extra-solar system nature
of y-ray bursts
Ariel 1970-1980 2-9 X-ray variability of Seyferts, Fe XXXV
(6.7 keV) line in supernova remnants
HEAO-1 1977-1979  0.25-60 Mapping the diffuse X-ray background,
10-10* hard X-ray sources, v-ray background
HEAO-2 (Finstein) 1978-1981 0.25-4 Images of extended sources
EXOSAT 1983-1986  1.5-80 Quasi-periodic X-ray sources
Astro-C (Glinga) 1987-1991  1.5-30 Improved resolution of X-ray
1.5-400 and v-ray burst observations
ROSAT (Roentgen  1990— 0.1-2 All sky survey, series of
Satellite) pointed observations
ASTRO-D (ASCA) 1993- 0.5-12 High-resolution X-ray emission lines
ASTRO-E 2000— 0.4-300 Detailed spectroscopy of X-ray sources
in cosmological distances
AXAF 1998- 0.1-10 Follow up of Finstein; high
resolution at (6-7) keV (iron lines)
XMM 1998-2008 0.2-12 X-ray spectra in detail
XTE (X-ray 1995-1997 2-250 Time variability with spectral
Timing Explorer) resolution (psec—months)
SAX 1992-1995  0.1-200
CGRO (Compton 1991-1993 800-3 x 10* Numerous X- and v-ray experiments
Gamma-Ray (e.g. BATSE — Burst & Transient
Observatory) Source Experiment, EGRET — En-
ergetic Gamma Ray Experiment, etc.)
INTEGRAL (Inter- 2001-2003 20-10* Spectroscopy and accurate
national ~-ray (12" FWHM) positioning

Astrophysics Lab.)

Table 6:  List of selected X-ray and ~-ray Tabulka 6: Seznam vybranych satelitii
satellites. pro obor zareni rentgenového a ~.
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common up to a certain value of redshift.

o The test on mean value, (V/V,,), can
be used in a minimum-flux limited survey
of extragalactic objects with known red-
shifts. Here, V' is the comoving volume to
the redshift of the source; V), is the co-
moving volume out to the maximum dis-
tance at which the source would still be
included within the survey.

o ‘Largest angular size — redshift’ relation,
LAS(z). This test studies an upper limit
on observed angular sizes of extragalac-
tic sources as a function of redshift. As-
suming a particular cosmological model,
this relation is affected by the luminosity—
size dependence of the sources; nearby
sources appear to be larger and less lu-
minous. Large-redshift sources may also
appear smaller due to a higher density
of the cosmological environment in the
past. Finally, a more-dense microwave
background in distances corresponding to
large values of redshift might efficiently
“cool” weak radio sources (i.e. decrease
their energy content) through the inverse

Compton scattering (see p. 168).[71]

e On the basis of our knowledge about
the ultraviolet Big Bump in the contin-
uum radiation and other evidence from
spectra and variability of active galax-
ies, the accretion disk model seems to be
well-founded. However, uncertainties re-
main. For example the maximum possi-
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se slabé zdroje jevi Cetnéjsi az do urcité
hodnoty ¢erveného posuvu.

o Test stiedni hodnoty, (V/V,,), se pouZi-
va v prehlidkach extragalaktickych objek-
ti se znamym cervenym posuvem. Pre-
hlidky jsou pritom omezeny nejmensi
hodnotou toku. V' zde oznacuje souputuji-
ci objem oblasti, jiz vymezuji objekty da-
ného cerveného posuvu; V,, je souputuji-
ci objem vymezeny nejvétsi vzdalenosti,
v niz by objekt byl jesté zahrnut do pre-
hlidky.

o Zavislost ,nejuetsi uhlovy rozmér — cer-
veny posuv’. Tento test zkouma horni mez
pozorovanych tthlovych rozméru extraga-
laktickych zdroju jako funkci cerveného
posuvu. Predpokladajice uréity kosmolo-
gicky model, tento vztah je ovlivnén za-
vislosti luminozity zdroju na jejich veli-
kosti; blizké zdroje se zdaji byt rozmér-
néjsi a méné zarivé. Zdroje s velkym cer-
venym posuvem se mohou jevit mensi ta-
ké z duvodu vyssi hustoty kosmologické-
ho prostredi v minulosti. Nakonec i hustsi
mikrovlnné pozadi ve vzdalenostech od-
povidajicich velkym hodnotam cerveného
posuvu by mohlo ¢inné ,ochlazovat* sla-
bé radiové zdroje (t.j. sniZovat jejich ener-
geticky obsah) prostrednictvim inverzni-
ho Comptonova rozptylu (viz str. 168).[71

o Na zakladé nasich znalosti o velkém
ultrafialovém hrbolu, pritomném v zare-
ni kontinua, a téz v souhlase s dalsi-
mi poznatky o spektrech a proménnos-
ti aktivnich galaxii, se zda byt model
akreéniho disku dobfe oduvodnény. Ne-
jistoty vsak pretrvavaji. Kupiikladu nej-

I Kellerman, K. I. 1993, «The cosmological deceleration parameter estimated from the angular-
size /redshift relation for compact radio sources», Nature 361, 134.
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ble luminosity, as determined by release of
the gravitational binding energy, reaches
Laisc ~ 10% erg/s [see equation (4.34)
below] for a disk with Lgigx &~ 0.1 Lgaa
and M =~ 10® M. On the other hand,
the typical energy emitted in Ha and H 3
is much higher, about 10** erg/s. The
model thus requires an additional source
of heating. Several possibilities for illumi-
nating sources have been proposed. They
employ reflection of the disk radiation by
the clouds above the disk or on the sur-
face of a disk with non-negligible geomet-
rical thickness. Another possibility is sug-
gested by general relativity which predicts
the bending of light trajectories near the
black hole: even a thin disk can be self-
illuminated. It is important to realize
that these models are testable. One can
compute ratios of line intensities, line pro-
files and equivalent widths (EW) of lines,
and compare them with observed values.

The Baldwin effect: The correlation
between the equivalent width of CIV
A 1549 emission and the continuum lumi-
nosity Lis49. This relation was confirmed
for several other lines, e.g. for the Ly«
emission EW(Ly a) o< Liyjs. The correla-
tion is more pronounced in radio-selected
samples and less pronounced in optically-
selected ones. However, present spectral
resolution does not allow a definitive an-
swer about a physical cause of the Bald-
win effect. One should also bear in mind
that the above conclusions may become
different once self-consistent models of ac-
cretion disks become available.
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vétsi mozna luminozita, dana uvolnova-
nou gravitacni vazbovou energii, dosahu-
je Lask &~ 10" erg/s [viz rovnice (4.34)
uvedend nize| v pripadé disku s Lgig ~
0,1 Lgqqa a M ~ 10® M. Na druhé strané
typickd hodnota energie, vyzarené v ca-
rach Ha a H 3, je mnohem vétsi, kolem
10*? erg/s. Model tedy vyZzaduje doda-
tecny zdroj ohfevu. Bylo navrzeno néko-
lik moznych ozarujicich zdrojiu. Uvazuje
se napriklad odraz zareni disku na obla-
cich nachazejicich se nad nim, ¢i na po-
vrchu disku s nezanedbatelnou geometric-
kou tloustkou. Dal$i moznost nabizi obec-
na teorie relativity, kterd predpovida za-
hnuté drahy svételnych paprska pobliz
cerné diry: dokonce i tenky disk muze sam
sebe ozafovat. Dulezité je uvédomit si, ze
tyto modely lze ovérovat. Je mozné po-
¢itat pomeéry intenzit Car, jejich profily a
ekvivalentni $ifky, a ty dale porovnavat
s pozorovanymi hodnotami.

Baldwiniv jev: Vztah mezi ekvivalent-
ni sitkou emise CIV A 1549 a luminozitou
v kontinuu Lis49. Tento vztah se potvr-
dil i pro nékolik dalsich ¢ar, napr. u emise
Ly a je EW(Ly a) o< Liys. Uvedend zé-
vislost je vyraznéjsi v pripadé radiové vy-
branych soubort objekti a méné vyraz-
ny u souboru vybranych opticky. Rozli-
sovaci schopnost soudobych spekter viak
nedovoluje s konecnou platnosti vysveétlit
fyzikalni priciny Baldwinova jevu. Je tre-
ba mit téz na paméti, ze vyse predvedené
zavéry mohou dopadnout odlisné, jakmile
budou dostupné selfkonzistentni modely
akrecnich disku.
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2.5 Characteristic scales/Charakteristické skaly

Typical numbers characterising a given
class of objects often help to restrict theo-
retical explanations or even rule out some
models. In later discussion we will verify
that observed luminosities of active galac-
tic nuclei require masses of the central ob-
ject typically about 10® My, assuming the
accretion model which is currently pre-
ferred for various reasons. We will also see
that the model requires this central object
to be very compact — typically a black
hole.["? The gravitational radius and cor-
responding characteristic time-scale for a
non-rotating black hole, a terminal form
of a massive compact object, are

_2GM

[

Ry

where

~ 107°Ms [pc],

Typicka ¢isla, charakterizujici danou t1i-
du objektu, pomahaji omezit mozna te-
orickd vysvétleni ¢i dokonce vyloucit né-
které z modeltu. V pozdéjsim rozboru jes-
té ovéiime, Ze pozorované luminozity ak-
tivnich galaktickych jader vyzaduji pro
ustredni objekt typickou hmotnost fadu
10® My, mé-li platit akreéni model, je-
muz se z rady duvodu dava dnes pred-
nost. Uvidime téz, ze tento model vyza-
duje, aby ustifedni objekt byl velice kom-
paktni — typicky éerna dira.["? Gravitaé-
ni polomér a odpovidajici charakteristicka
casova skala nerotujici cerné diry, konec-
né podoby velmi hmotného kompaktniho
objektu, ¢ini

_2GM

g
CS

/ ~ 10°Ms 3], (2.3)

kde

M

My = ——

The range of masses 10° My, < M <
10 M, is considered in models of differ-
ent objects (the lower value appears ap-
propriate for the Sgr A*, for example).

Variability of active galactic nuclei on
short time-scales is often detected in UV,
optical and X-ray ranges. Scales are usu-
ally shorter at higher frequencies of ra-
diation, a typical frequency being in the
range (1072-107%) Hz.["®l Nowadays, for
understandable reasons, attention is fo-
cused to the shortest time-scales:

108 My~

V modelech rozli¢nych objekti se uvazu-
ji hmotnosti v rozmezi 106 My, < M <
10'? My, (dolni hodnota se zda byt odpo-
vidajici naptiklad pro Sgr A*).

V ultrafialovém, optickém a rentge-
novém oboru se ¢asto pozoruje promeén-
nost aktivnich galaktickych jader na krat-
kych casovych skalach. Ty byvaji kratsi
na vyssich frekvencich zareni, s typickou
frekvenci v rozmezi (1073-107%) Hz.["]
V posledni dobé se z pochopitelnych dii-
vodu soustfeduje pozornost na nejkratsi
casové skaly:

72 Rees, M. J. 1978, «Accretion and the quasar phenomenon», Physica Scripta 17, 193;
—— 1984, «Black hole models for active galactic nuclein, ARA&A 22, 471.
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o Quasi-periodic oscillations have been
observed in several cases. This term
indicates that in the Fourier spectrum
of radiation flux there is excessive power
around certain frequencies, although the
incoming signal is not strictly periodic (no
periodically variable active galactic nuclei

have been discovered up to now).l™!

o Featureless X-ray variability at frequen-
cies w &~ (1072-107%) Hz has a complex
behavior (w = 27v). The power spectrum
of the variable signal can be represented

by a power-law in the form F(w) o w™?*

with 1 < a, < 2.171

Large radio-sources must be over 10®
years old. Otherwise they could not reach
observed sizes of & (10?-10%) kpc in the
course of their existence. The typical
time-scale for radiation losses of electrons
is given by the ‘cooling time’ (10.16) pro-
viding they radiate due to electron syn-
chrotron emission (see p. 146):
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o V nékterych pripadech byly pozoro-
vany kvazi-periodické oscilace™ Tim-
to terminem se oznacuje skutecnost, Ze
v okoli urc¢itych frekvenci je ve Fouriero-
vé spektru zarivého toku nadbytek ener-
gie, 1 kdyzZ prichazejici signal neni dokona-
le periodicky (zadné periodicky promén-
né aktivni galaktické jadro nebylo dosud
objeveno).[”]

o T'zv. rentgenova promeénnost bez vyraz-
nych rysu, jez se projevuje na frekvencich
w ~ (1072-107%) Hz, ma slozity pribéh
(w = 27v). Frekvenéni spektrum promén-
ného signalu lze popsat mocninnym prii-
béhem F(w) x w ™ s 1 S as S 9 176]

Velké radiové zdroje jsou zfejmé vi-
ce nez 10% let staréd. Jinak by nemohly
béhem své existence dosdhnout pozoro-
vanych rozmért & (10?-10%) kpc. Pokud
tyto zdroje zari synchrotronové (viz str.
146), je casova skala pro radia¢ni ztraty
elektronu dana tzv. ,ochlazovacim casem®

(10.16):

™ Duschl, W. J., Wagner, S. J., & Camenzind, M. (eds.) 1991, Variability of Active Galaries (Springer-

Verlag, Berlin);

Heeschen, D. S. 1984, «Flickering of extragalactic radio sources», AJ 89, 1111;

Heeschen, D. S.) Krichbaum, Th., Schalinski, C. J., & Witzel, A. 1987, « Rapid variability of extragalactic
radio sourcesy, AJ 94, 1493;

Miller, H. R., & Wiita, P. J. (eds.) 1991, Variability of Active Galactic Nuclei (Cambridge University
Press, Cambridge);

Valtaoja, E., & Valtonen, M. (eds.) 1992, Variability of Blazars (Cambridge University Press, Cambridge);
Winkler, H., Glass, I. S., van Wyk, F. et al. 1992, «Variability studies of Seyfert galaxies — I. Broad-band
optical photometry», MNRAS 257, 659;

Zamorani, G., Giommi, P., Maccacaro, T., & Tananbaum, H. 1984, «X-ray variability of quasars», ApJ
278, 28.

7 Papadakis, I. E., & Lawrence, A. 1995, «A detailed X-ray variability study of the Seyfert galaxy NGC
4051», MNRAS 272, 161.

7> Madejski, G. M., Done, C., Turner, T. J., et al. 1993, «Solving the mystery of the X-ray periodicity in
the Seyfert galaxy NGC 6814», Nature 365, 626.

76 Abramowicz, M. A., Bao, G., Lanza, A., & Zhang, X.-H. 1991, «X-ray variability power spectra of
active galactic nuclein, A&A 245, 454;

Mushotzky, R. F., Done, C., Pounds, K. A. 1993, «X-ray spectra and time variability of active galactic
nuclein, ARA&LA 31, 717.
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teool = 6 x 108 (

[Werit o (magnetic field intensity) x (elec-
tron energy)?]. With B, ~ 107¢ G
and wee &~ 101° Hz we obtain feoq =
3 x 10% yr. However, the values of B, =~
(107*-107%) G, werie & 10'° Hz and t.00 ~
(10°-10*) yr appear more frequent, re-
quiring thus a continuous input of energy
from the active nucleus.

A note: Radiation-flux density is de-
fined by integration of intensity in a given
direction n over the solid angle:

F =

Radiation intensity /(v) is given in units
of ergem™?s™! Hz™! sterad™'. F(v) is

conveniently measured in units of Jansky:

1G
By
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2 11 MHz\
: [s].
Werit

[Werit ¢ (intenzité magnetického pole) x
(energie elektroni)?]. S By ~ 107° G a
Werit ~ 10'° Hz dostaneme t.oo =~ 3 x 108
let. Aviak hodnoty B; =~ (107*-107%) G,
Werit & 10" Hz a teoor & (10°-10%) let se
objevuji castéji a vyzaduji soustavné do-
plhovani energie z aktivniho jadra.

Poznamka: Hustota zarivého toku je
definovana integraci intenzity v daném
sméru n pres prostorovy thel:

/]ndw;

Intenzita zafeni [(v) se udava v jednot-
kach erg cm™? s7! Hz ™! sterad™*. F(v) je
vyhodné mérit v jednotce Jansky:

1Jy =107 erg ecm™?s~! Hz ™',

Well-identified extensive radio surveys
reach a typical sensitivity of a few Janskys
while deep samples can be carried down to
about 1 mJy.

Rozsahlé radiové prehlidky s dobrym
rozliSenim dosahuji typické citlivosti né-
kolika Janskych, zatimco podrobné vzor-
ky lze ziskavat az do citlivosti kolem
1 mJy.
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The accretion process/Akreéni

proces

In the beginning of a science, scientists may be very proud of hundreds of laws.

But, as the laws proliferate, they become unhappy with this state of affairs; they

begin to search for underlying principles.

Accretion of material by a star or a com-
pact object has been studied since the
late 1930s. First, astrophysicists investi-
gated axially symmetric accretion onto a
star moving through a cloud of interstellar
[l For example, the possibility
of terrestrial climatic effects being due to

medium.

density variations of the medium in the
solar neighbourhood was investigated. In
the 1950s, the theory of spherical accre-
tion of gas was developed.[" This line
of research has continued with more com-
plicated studies of gas transport between
individual components in binary systems,
and led to the idea of accretion disks in
the late 1960s.[7] [80]

Nowadays, accretion onto a compact
object plays a crucial role in our under-
standing of mechanisms generating the

RubpoLF CARNAP

Zachycovani latky hvézdou nebo kom-
paktnim objektem se studuje od kon-
ce tricatych let tohoto stoleti. Nejpr-
ve se astrofyzikové zabyvali osové sou-
mérnou akreci na hvézdu, letici obla-
kem mezihvézdné 1atky.l" Zkoumali na-
priklad mozné vlivy zmén hustoty pro-
stfedi v okoli Slunce na pozemské podne-
bi. V padesatych letech byla rozvinuta te-
orie sférické akrece.l” Tento vyzkum pak
pokracoval slozitéjsim problémem preno-
su plynu mezi jednotlivymi slozkami dvoj-
hvézdnych soustav a koncem sedesatych

let tohoto stoleti vedl k myslence akrec¢-
nich diska. [ [81]

Dnes hraje akrece na kompaktni ob-
jekty zakladni roli v nasem chapani me-
chanismu, s jejichZ pomoci se uvolnuje ob-

" Hoyle, F., &, Lyttleton, R. A. 1939, «The evolution of starsy, Proc.Camb.Phil.Soc. 35, 592;
Dodd, K. N., & McCrea, W. H. 1952, «On the effect of interstellar matter on the motion of a stary,

MNRAS 112, 205.

8 Bondi, H. 1952, «On spherically symmetric accretion», MNRAS 112, 195.

™ Pringle, J. E., & Rees, M. J. 1972, «Accretion disc models for compact X-ray sources», A&A 21, 1.;
Shakura, N. I.; & Sunyaev, R. A. 1973, «Black holes in binary systems. Observational appearancey, A&A
24, 337.

80 “Disk” will be rather frequent word in this text. Spelling of this word is different in British English
(“disc”) and in American English (“disk”). (In computer technology, “disk” is always used.) We choose
one of the two options and attempt to be consistent throughout the text.

81 Slovo ,,disk“ budeme v tomto textu nachazet pomérné casto. V britské anglicting se toto slovo hlaskuje
jinak (,disc“) nez v americké anglictiné (,disk“). (V poécitacové technice se uziva vidy ,disk“.) Zvolili
jsme tedy jednu ze dvou moznosti a pokusili se byt konzistentni v celém textu.
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vast amounts of energy in active galac-
tic nuclei and some types of Galactic ob-
jects producing X- and ~-rays. We con-
centrate on a brief description of this pic-
ture, though, in the case of more distant
extragalactic objects, alternative mod-
els (especially those assuming a dense
star-cluster and star burst activity being
present in the core) are also viable.[s?]
One should note that the accretion pro-
cess is an important factor not only in
the physics of active galactic nuclei but
also in other astronomical objects which
operate on completely different time- and
length-scales, e.g. close binaries. Accre-
tion in a stellar system has direct ob-
servational support and it is much bet-
ter understood than in the case of ex-
tragalactic objects. However, contempo-
rary high-resolution techniques have al-
ready been successful in providing the ev-
idence for disk-like motions of material in
active galactic nuclei.®  We will men-
tion manifestations of the accretion pro-
cess in both galactic and extragalactic ob-
jects. The latter are less understood and
we will thus focus on them in greater de-
tail.

rovské mnozstvi energie v aktivnich jad-
rech galaxii a v nékterych druzich objekta
uvnitt Galaxie, vydavajicich rentgenové a
~ zareni. Zamérime se na strucny popis
tohoto obrazu, prestoze v pripadé vzda-
lenéjsich extragalaktickych objektu zts-
tavajl alternativni modely (predevsim ty,
jez predpokladaji prfitomnost husté hvéz-
dokupy a bouflivou tvorbu hvézd v jad-
fe) i nadale Zivotaschopné.[®2 Je vsak tie-
ba poznamenat, ze akrecni proces pred-
stavuje dulezity ¢initel nejenom ve fy-
zice aktivnich galaktickych jader, nybrz
rovnéz v ostatnich astronomickych objek-
tech, které pracuji na docela jinych caso-
vych a rozmérovych skalach, napr. v tés-
nych dvojhvézdach. V soucasnosti je akre-
ce ve stelarnich systémech prostudovana
mnohem lépe, nez je tomu v pripadé ex-
tragalaktickych objektu. Presto soudobé
metody s vysokym rozlisenim nam jiz po-
skytly dikazy o tom, Ze pohybujici se lat-
ka vytvari v aktivnich jadrech diskovité
ttvary.[*! Zminime se o projevech akreé-
niho procesu jak v galaktickych, tak 1
v extragalaktickych objektech. Extraga-
laktické zdroje jsou probadany méné, a
tak se na né zamérime podrobnéji.

3 Astrophysical fluids/Astrofyzikalni tekutiny

3.1 General considerations/Obecné tvahy

The following section is devoted to basic
principles and results of non-relativistic

Nasledujici kapitola se vénuje zakladnim
principum a vysledkum nerelativistické

82 Shlosman, I., Begelman, M. C., & Frank, J. 1990, «The fuelling of active galactic nuclei», Nature 345,

679.

83 Miyoshi, M., Moran, J., Herrnstein, J., et al. 1995, «Evidence for a black hole from high rotation
velocities in a sub-parsec region of NGC 4258y, Nature 373, 127.
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fluid dynamics in astrophysics. Relativis-
tic treatment will be mentioned later (see

p. 140).

A trivial order-of-magnitude esti-
mate of the gravitational potential energy
which can in principle be released in the
course of accretion of a test mass m onto
a spherical body with mass M and radius

R, gives

GMm
R,

AEwacc —

)
+
:

Typical values for a neutron star (1) and
for a super-massive black hole (i) have
Let
us compare AF,.. with the energy which
could be extracted from the same mass m

been used in numerical estimates.

by nuclear fusion reactions. Hydrogen-to-
helium burning, the most important case
from the astrophysical viewpoint, gives

1020 M m 10 km
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dynamiky tekutin v astrofyzice. O relati-
vistickém zpracovani tohoto problému se
zminime pozdé&ji (viz str. 140).

Jednoduchy tadovy odhad gravitacni
potencialni energie, jez se v principu muze
uvolnit v prabéhu akrece testovaci hmot-
nosti m na sférické téleso s hmotnosti M
a polomérem R, dava

Mois R Lorel; (3.1)
m —4 pc
107 10%@ Mo IOR*p [erg].

V ciselnych vyjadrienich jsme pouzili hod-
noty typické pro neutronovou hvézdu (f)
a pro velmi hmotnou dernou diru (i).
Porovnejme AF,.. s energii, ktera by se
mohla uvolnit z téze hmotnosti m reakce-
mi jaderného slucovani. Spalovani vodiku
na hélium, coz je z astrofyzikalniho hle-

vvvvvv

1
~ 5 x 1018 ~ 0.1 AF,.
AFE. .. = Am 2 le [ere] . (3.2)
~ 1077 ferg] A 0.1 A

Energy potentially releasable by accretion
is very sensitive to a dimension-less com-
pactness parameler,

Order-of-magnitude estimates of parame-
ter e:

e Neutron stars — R, ~ 10 km, ¢ ~ 0.1

~
~o

e White dwarfs — R, 10* km, ¢ ~

107*. As an example we mention binary
systems consisting of a white dwarf which

Energie, potencialné uvolnitelna akreci,
zavisi velmi citlivé na bezrozmérném pa-
rametru kompaktnosti,

2GM

R.c?’

(3.3)

Rédové odhady parametru e:

e Neutronové hvézdy — R, ~ 10 km, ¢ ~

0,1

e Bili trpaslici — R, ~ 10* km, ¢ ~ 107%.
Jako priklad uvedme dvojhvézdné sousta-
vy tvorené bilym trpaslikem, ktery zachy-
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accretes matter from a close, usually main
sequence companion. These are called
cataclysmic variables.[84]

e Solar-type stars — R, &~ 10° km,
e ~ 107%. For example standard main-
sequence stars in a binary system (symbi-
otic stars) belong to this category.

e Black holes — R, ~ R, = 2GM/c* ~
3(M/Mg) km, ¢ 2 0.1. Black holes have
no rigid surface. Under suitable condi-
tions which will be discusssed later, R.
coincides with the last, innermost stable
orbit below which material falls freely into
the black hole. In the case of a non-
rotating, Schwarzschild black hole, R, =
3Ry, €= Fa.

Another dimensionless quantity is also
designated as the compactness parameter
in the theory of accretion onto compact
objects.[®]

diation luminosity L of the object:

It takes into account the ra-

[QF
Il

(The Thomson cross-section for electrons
is 1 = 6.65246 x 10725 cm?.)[8¢]

L=t

R.mecd

cuje hmotu blizké hvézdy, obvykle z hlav-
ni posloupnosti; tyto systémy se nazyvaji
kataklyzmatické proménné hvézdy.[4

e Hvézdy slune¢niho typu — R, =
10°% km, ¢ &~ 107°. Do této kategorie néle-
71 napt. bézné hvézdy hlavni posloupnosti
(symbiotické hvézdy).

o Cerné diry — R. =~ R, = 2GM/c* ~
3(M/Mgy) km, & 20, 1. Cerné diry nemaji
zadny pevny povrch. Za vhodnych podmi-
nek, o nichz bude fe¢ pozdéji, je R, totoz-
né s posledni, vnitini stabilni drahou, pod
niz uz latka pouze volné pada k cerné di-
fe. V pripadé nerotujici, Schwarzschildovy
cerné diry je R, =3 Ry, e = .

Pod parametrem kompaktnosti se
v teorii akrece na kompaktni objekty
nékdy rozumi jina, rovnéz bezrozmérna
veli¢ina.l® Ta bere v avahu téZ lumino-
zitu daného objektu:

(3.4)

Thomsontv (éinny priutez elektronu ¢ini
yp
Er = 6,65246 x 1072° cm?. )7

8 King, A. R. 1983, «Cataclysmic variables and related systems», in Proceedings of the IAU Colloquium
No. 72 (D. Reidel Publishing Company, Dordrecht), p. 181;
Lewin, W. H. G., & van den Heuvel, E. P. J. (eds.) 1983, Accretion-Driven Stellar X-ray Sources, (Cam-

bridge University Press, Cambridge);

Mauche, C. W. (ed.) 1990, Accretion-Powered Compact Binaries, (Cambridge University Press, Cam-

bridge);

Livio, M. 1994, «Topics in the theory of cataclysmic variables and X-ray binaries», in Interacting Bina-
ries, Nussbaumer, H., & Orr, A. (eds.) (Springer-Verlag, Berlin), p. 135;
Sahade, J., McCluskey, G. E. Jr., & Kondo, Y. (eds.) 1993, The Realm of Interacting Binary Stars,

(Kluwer Academic Plushers, Dordrecht).

85 Cavaliere, A., & Morrison, P. 1980, «Extreme nonthermal radiation from active galactic nuclein, ApJ

238, L64.

85 For an authoritative list of various physical constants, cf. an updated Review of Particle Properties;

Phys.Rev.D (1994) 50, No. 3.

87 Smérodatny prehled riiznych fyzikalnich konstant je mozno nalézt v nejnovéjsim Review of Particle

Properties; Phys.Rev.D (1994) 50, No. 3.
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Equation (3.1) poses only an upper
limit for the energy liberated in the accre-
tion process. The actual value depends
on the details of the physical situation.
There are several factors that determine
the efficiency of the accretion process.

For a fixed value of the compactness
parameter ¢ the energy release depends
on the accretion rate, M. This is a cru-
cial parameter which controls the accre-
tion process and, under certain circum-
stances, determines maximum possible lu-
minosity of the object. Consider steady,
spherically symmetric accretion. Assume
that material is accreted under the in-
fluence of (i) the gravity of the accret-
ing body which attracts material inwards,
and (ii) the radiation field in the out-
ward direction (radiation outpours from
the center presumably due to accretion).
Assume further that the accreted matter
consists exclusively of fully ionized hy-
drogen and the radiation acts on elec-
trons through Thomson scattering. (The
Thomson cross-section for protons is neg-
ligible because its value is reduced by fac-
tor (me/myp)? & 1072 with respect to that
for electrons — for more details see p.
146.) This approximation turns out to
be adequate for most cases of plasma in
cosmic environments. Electrostatic forces
bind electrons to protons. The resulting
inward force on electron-proton pairs is

(GMmp —

The expression (3.5) vanishes for a lim-
iting value of the luminosity . = Lgqq
which is called the Eddington luminosity:

L=t

dre
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Rovnice (3.1) poskytuje pouze horni
mez energie uvolnéné v akreénim proce-
su. Skutecna hodnota zalezi na podrob-
nostech dané fyzikalni situace. U¢innost
procesu akrece urcuje nékolik ¢initelt.

P#i pevné hodnoté parametru kom-
paktnosti ¢ zalezi uvolhovani energie na
mire akrece, M. Je to urcujici parame-
tr, ktery 1idi akre¢ni proces a urcuje, za
jistych podminek, nejvétsi moznou lumi-
nozitu objektu. Uvazme ustalenou, sféric-
ky symetrickou akreci. Predpokladejme,
ze se latka akreuje za pusobeni (i) gra-
vitace akreujiciho télesa, ktera pritahuje
material smérem dovnit¥, a (ii) pole za-
feni smétujictho ven (zafeni vychazi po-
dle predpokladu z centra prave v dasledku
akrece). Predpokladejme dale, Ze akreova-
ny material sestava vyluéné z ionizované-
ho vodiku a Ze zareni pusobi na elektro-
ny prostrednictvim Thomsonova rozpty-
lu. (Thomsontuv Géinny prutez protona je
zanedbatelny, protoze jeho velikost je sni-
zena Cinitelem (me/mp)* & 1072 vzhle-
dem k hodnoté platné pro elektrony —
o tom podrobnéji viz str. 146.) Toto pri-
blizeni je pro plazma v kosmickych pod-
minkach vétsinou dostatecné dobré. Elek-
trostatické sily vazou elektrony k proto-
num. Vysledna sila, ktera ptisobi smérem
dovnitt na dvojice elektron-proton, je tu-
diz rovna

) :_2 (3.5)

Vyraz (3.5) vymizi pii mezni hodnoté lu-
minozity L = Lgqq, jez se nazyva Fddin-
gtonovou luminozitou:
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Lgaqa = =

=T

The value of Lggq does not depend on ra-
dius. The Eddington luminosity imposes
an upper limit on the steady accretion
rate.

Now we introduce accretion luminos-
ity. It will denote the value of luminosity
which is presumably due to accretion pro-

ArGMmye

~ 10% —

lerg/s]. (3.6)
©

Hodnota Lggqq nezavisi na polomeéru.
Eddingtonova luminozita urcuje horni
mez miry ustalené akrece.

Nyni zavedeme akreéni luminozitu.
Ta bude oznacovat hodnotu zarivosti za
predpokladu, Ze je vyvolana pouze proce-

cess: sem akrece:
GMM . M 10k
Lacc = . ~ 1036]\416 ﬁ@ R*m [erg/s], (37)
where kde
- M
Meg= —
07 1016 g5t

is a characteristic accretion rate for close
binary systems involving neutron stars.
Comparing equations (3.6) and (3.7) one
concludes that the Eddington luminos-
ity restricts the accretion rate on neutron
stars to the value < 10'® g/s.

Let us emphasize, however, that the
Eddington luminosity provides only a
very crude estimate when the geometry
of the system is not strictly spherical or
effects of general relativity are taken into
account.®®!  Also, a small abundance of
heavy elements or the presence of shocks
invalidates assumptions under which Lggq
restricts the maximum radiative power
81 Uncer-
tainties in approximations that we have

output of a steady source.l

adopted are often parametrized by intro-
ducing the dimensionless efficiency coef-

ficient, (:

je charakteristickda mira akrece v tés-
nych dvojhvézdnych soustavach obsahuji-
cich neutronové hvézdy. Porovnanim rov-
nic (3.6) a (3.7) lze uzavtit, Ze Eddingto-
nova luminozita omezuje miru akrece na
neutronové hvézdy hodnotou < 10'® g/s.

Zdaraznéme vsak, ze Eddingtonova
luminozita poskytuje pouze velmi hruby
odhad v pripadech, kdy geometrie sousta-
vy neni presné sférickd nebo se priberou
v ivahu vlivy obecné teorie relativity.!®®]
Také mala primés tézkych prvkia nebo pri-
tomnost razovych vln mohou byt pfici-
nou, ze Lgqq jiz nadéle neurcuje nejvétsi
z4Fivy vykon zdroje v ustéleném stavu.[®]
Nejistoty v zavedenych aproximacich se
Casto parametrizuji pomoci bezrozmérné-

ho koeficientu ucinnosti, (:
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The last relation (%) holds for black
holes; ( measures how efficiently grav-
itational binding energy gets converted
into radiation.[?®! Typically, one sets ¢ &

0.1.0911

In active galactic nuclei we often meet
very large luminosities, L. 2 10*7 erg/s.
With ( ~ 0.1 the accretion rate from the
last equation reaches a2 20 Mg, yr~! and,
considering the Eddington limit, masses
of the order ~ 10° My, are required for the
central body.

Now let us define several characteristic
temperatures which describe conditions in
the source. These are, in usual notation:

e Radiation temperature

43

& (M (3.8)

Posledni vztah (x) plati pro cerné diry; ¢
poméruje, s jakou tcinnosti se gravitacni
vazebné energie pfeménuje na zareni.[??

Obvykle se klade ¢ =~ 0, 1.1

U aktivnich galaktickych jader cas-
to potkdvame velmi vysoké luminozity,
Lace 2 10*7 erg/s. Pti ( ~ 0,1 dosahuje
mira akrece z posledni rovnice ~~ 20 M
rocné a s uvazenim Eddingtonovy meze
jsou u ustredniho télesa potfeba hmotnos-
ti fadu ~ 10° M.

Zavedme nyni nékolik charakteristic-
kych teplot, které popisuji podminky ve
zdroji. V obvyklém znaceni to jsou:

e Zariva teplota

Trad = hU /.

e Black-body temperature of the Planck
radiation,

o

e For each accreted proton-electron pair,

e Teplota cerného télesa vydavajiciho
Planckovo zareni,

1/4
47TR3§) '

e Uvolnéna potencialni energie na jednu

88 Abramowicz, M., Jaroszynski, M., & Sikora, M. 1978, «Relativistic accreting disks», A&A 63, 221.
89 Spruit, H. C. 1987, «Stationary shocks in accretion disks», A&A 184, 173.

90 Gravitational binding energy of a test particle at a given location near a gravitating object is the
minimum energy which is necessary to transfer that particle to infinite distance from the object. It is
determined directly by potential energy in the Newtonian theory of gravity.

91 McCray, R. 1979, «Spherical accretion onto supermassive black holes», in Active Galactic Nuclei,
Hazard, C., & Mitton, S. (eds.) (Cambridge University Press, Cambridge).

92 Gravitacni vazebn4 energie testovaci ¢astice, nachazejici se na daném misté pobliz gravitujiciho objektu,
Je rovna nejmensi energii, kterou je nutno vynalozit k premisténi této castice do nekonecné vzdalenosti
od objektu. V newtonovské teorii gravitace je dana pfimo potencialni energii.
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the potential energy release is GM (m, +
me)/ R = GMmy/R.. If this energy gets
completely converted to thermal energy,
2 X %thh, the corresponding temperature
is

th

The opacity of material (i.e. absorption
property with respect to radiation ) de-
pends on its physical conditions. (i) Op-
tically thick flows in thermal equilibrium
satisfy Traa & Tp. (ii) Optically thin flows
(when radiation escapes from the source
with no further interaction with the inter-
vening material) correspond to Trag ~ Tip.
In a general case, one can expect

akreovanou dvojici proton-elektron pred-
stavuje GM (mp + me)/ Re = GMm,/R..
Pokud se tato energie zcela preméni na
termalni energii, 2 X %thh, bude odpovi-
dajici teplota

GMm,
3kR.

Opacita latky (t.j. vlastnosti pti pohl-
9] z4visi na jejim fyzikal-
nim stavu. (i) Opticky tlusté toky v ter-

covani zéreni )[

malni rovnovéaze spliuji Traa ~ Tp. (ii)
Opticky tenké toky (u nichZ zareni uni-
kad od zdroje bez dalsi interakce s okol-
nim prostiedim) odpovidaji Traa &~ Tin.
V obecném pripadé je mozno ocekavat

Ty & Traa < Tin. (3.9)

Naturally, a non-Maxwellian distributions
of radiating particles, e.g. electrons in a
magnetic field, cannot be characterized by
a single value of temperature.

Let us now consider accretion onto a
compact object. Choosing a solar-mass
neutron star as a typical example we ob-
tain

Ten ~ 5.5 x 10" K,

Nemaxwellovské rozdéleni vyzatujicich
Castic, napf. elektronu v magnetickém
poli, nelze prirozené popsat jedinou hod-
notou teploty.

Uvazme nyni akreci na kompaktni ob-
jekt. Jako typicky priklad vybereme neu-
tronovou hvézdu a obdrzime

kT = 50 MeV;,

I 1/4
T, = ( fdd ) ~10"K, kT, ~1keV.

4w R3¢

It follows that compact objects could be
identified as X-ray and v-ray sources with
expected energies of emitted photons in
the range

Odtud plyne, ze kompaktni objekty by
mohly byt ztotoZnény se zdroji zareni
rentgenového a v pri ocekavanych hodno-
tach energie vyzarenych fotont v rozsahu

93 Mihalas, D. 1978, Stellar Atmospheres (W. H. Freeman and Company, San Francisco).
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1 keV < Av < 50 MeV.

For analogous reasons, accreting white
dwarfs can be optical, UV, and X-ray
sources!”!  with

7. obdobnych divodu mohou byt akreujici
bili trpaslici zdroji zareni optického, UV
a rentgenového, Y pricemsz

6 eV < hv <100 keV.

Extensive astronomical literature is
devoted to the two regimes of stationary
accretion — spherical accretion and disk
accretion, and we will touch both subjects
later (p. 50). One should bear in mind,
however, that the dynamics of the flow
affects all characteristics of accretion sig-
nificantly. Not less important is the influ-
ence of magnetic fields (p. 115).

Rozsahla astronomicka literatura se
vénuje dvéma zpusobtm ustalené akrece
— sférické akreci a diskové akreci, a my
se v pozdéjsim vykladu dotkneme obou
téchto témat (str. 50). Je oviem treba
mit na paméti, ze dynamika toku vsechny
akreéni charakteristiky vyznamné ovliv-
nuje. Neméné dulezity je vliv magnetic-

kych poli (str. 115).

3.2 Basic equations of fluid dynamics/Zakladni rovnice dy-

namiky tekutin

We will now describe the medium as a
continuous fluid with velocity v, temper-
ature T and density p. We assume that
the characteristic length-scales are much
greater than the mean free path, £. Oth-
erwise, the hydrodynamic approximation
is not valid and one has to describe the
medium by methods of the kinetic theory.
First, we summarize the basic equations
of fluid dynamics in standard notation.[*]

e Continuity equation (mass conserva-
tion):

Budeme nyni prostiedi popisovat jakoZto
spojitou tekutinu, popsanou pomoci rych-
losti v, teploty T a hustoty p. Predpo-
kladame, ze charakteristické délkové ska-
ly jsou mnohem vétsi nez stfedni volna
draha, £. V opac¢ném pripadé hydrodyna-
mické priblizeni neplati a prostredi je tie-
ba popisovat metodami kinetické teorie.
Nejprve shrneme zakladni rovnice dyna-
miky tekutin v obvyklém znaceni.[*”

e Rovnice kontinuity (zachovani hmot-
nosti):

9 Lewin, W., & van den Heuvel, E. P. J. (eds.) 1983, Accretion-Driven Stellar X-ray Sources (Cambridge

University Press, Cambridge).

9 Spitzer, L. 1962, The Physics of Fully Ionized Gases (Wiley-Interscience, New York);
Zahn, J.-P. & Zinn-Justin, J. (eds.) 1993, Astrophysical Fluid Dynamics (North-Holland, Amsterdam).



46 3 ASTROPHYSICAL FLUIDS/ASTROFYZIKALNI TEKUTINY

dp
ot

e The first law of thermodynamics and
the equation of state:

ﬂg:Tds—Pd(l),
n

(P is pressure, S is entropy density, n =
p/m is the particle number density).

e We will often assume, for the sake of
simplicity, that hydrogen described by the
ideal equation of state is involved in the
process:

P

Here, my ~ my, is the mass of the hydro-
gen atom, p is the mean-molecular-weight
of hydrogen in units of my (g = 1 for
neutral hydrogen, u = Y, for fully ionized
hydrogen).

e The Euler equation (conservation of
momentum):

v
P ot

f denotes external force density. For ex-
ample f = —pg in the case of gravity.
(Other important possibilities are viscos-
ity forces or the Lorentz force due to mag-
netic fields acting on long length-scales.)

o The energy equation:

_pkT

prmy

+ pv.Vou

— + V.(pv)=0. (3.10)

e Prvni termodynamicky zakon a stavova
rovnice:

P =P(p,5) (3.11)

(P je tlak, S hustota entropie, n = p/m
je ¢iselné hustota ¢astic).

e Casto budeme z divodu jednoduchosti
predpokladat, Ze se procesu ucastni vodik
popsany idealni stavovou rovnici:

(3.12)

Zde my ~ m, znaci hmotnost vodikové-
ho atomu, p je stredni molekulova vaha
vodiku v jednotkach my (¢ = 1 v pripa-
dé neutrélniho vodiku, p = Y% v pfipadé
pIné ionizovaného vodiku).

e Fulerova rovnice (zachovani hybnosti):

VP 4+ f (3.13)

[ oznacuje hustotu vnéjsi sily. Napriklad
f = —pg v ptipadé gravitacni sily. (Jinou
duleZitou moznosti jsou viskozni sily nebo
Lorentzova sila od magnetického pole, jez
pusobi na velkych délkovych skalach.)

e Rovnice pro energii:
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d 1.2 1.2
— (5 pve + pw) +V. (5 pv°+pw+P ) v| =fw—-V.F.— V.gq; (3.14)
at v . .
Internal energy Pl;scs)iil“e Radl?ﬁ;?jnssgi heat

pw has a meaning of thermal energy per
unit volume, e.g.

w

for a monoatomic gas. The radiation flux
vector is defined by intensity,

pw ma vyznam termalni energie v jedno-
tce objemu, napf.

3 kT
2 pmy

u jednoatomarntho plynu. Vektor zarivé-
ho toku je definovan intenzitou,

F. .= /dl//dwn](z/,n,r),

where [ is determined by the balance of
radiative losses. A simplified textbook
example which illustrates how F.,q can
be determined:*®! V.F,.4 = 4x [ n(v)dv
for an optically thin gas with n(v) be-
ing given by the thermal brehmstrahlung
(o ple/Z), or the blackbody flux F.q =
—('%%5,)T°VT for the Rosseland ap-
proximation of an optically thick medium
(7 is the Rosseland opacity, i.e. frequency-
independent mean value of opacity). Fi-
nally, g is the conductive flux of heat
which measures the transport of thermal
energy (the kinetic theory suggests rela-
tion @ o< T°/?°VT for L < T/ |VT |).

Let us now comment on the terminol-
ogy of special solutions to the set of equa-

tions (3.10)—(3.14).

o Steady flow: The temporal derivatives
in equations (3.10)—(3.14) are set equal to
zero, i.e. /0t = 0. No change of the sta-

kde I je urceno rovnovahou zarivych
ztrat. Zjednoduseny ucebnicovy priklad,
ktery ilustruje mozny postup pri stano-
veni Foq:% V.F,..4 = An [n(v)dv pro
opticky tenky plyn, v némz je n(v) déano
termalnim brzdnym zéfenim (o p*T/2),
nebo tok od dcerného télesa Fo,q =
—('%%5,)T*VT v Rosselandové pribliZze-
ni opticky tlustého prostiedi (3 je Rosse-
landova opacita, t.j. stfedni, na frekvenci
nezavisla hodnota opacity). Koneéné q je
vodivostni tok tepla, jenz poméruje pre-
nos termalni energie (kineticka teorie nam
poskytuje vatah g o< 7°/?VT za podmin-
ky L < T/ |VT ).

Uvedme nyni poznamku k nazvoslovi
specialnich Teseni soustavy rovnic (3.10)-

(3.14).

o Ustdleny tok: Casové derivace v rovni-
cich (3.10)—(3.14) se pokladaji rovny nu-
le, t.j. /0t = 0. Stav tekutiny se s Casem

96 Mihalas, D. 1978, Stellar Atmospheres (W. H. Freeman and Company, San Francisco).
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tus of the fluid with time.

o Adiabatic flow: If there are no losses
due to radiation and no thermal conduc-
tion then steady equations accompanied
by the perfect gas law (3.12) have a solu-
tion

p_lT3/2 = const,

and the entropy is conserved along the
flow-line,

v.VS=0.

If the gas were not monoatomic we would
obtain

Pp™" = const,

where v (# 5/3) is the polytropic index.
Equation (3.17) also remains unchanged
in the framework of general relativity.

o [sentropic flow: If the above constant is
the same for all low lines — i.e. the en-
tropy is constant throughout the medium,

dS =0in (3.11).

o [sothermal flow: Some physical pro-
cess which keeps the gas temperature con-
stant and substitutes T' = const in equa-
tion (3.14) is assumed. This case can be
formally considered as an isentropic flow

with v = 1.

o Hydrostatic equilibrium: A static case
with v = 0 and equation (3.13) in the
form

vP=f.

This approximation can describe stellar

nikterak neméni.

o Adiabaticky tok: Nejsou-li zadné ztraty
zarenim ani vedenim tepla, pak ustalené
rovnice doplnéné stavovou rovnici idealni-
ho plynu (3.12) maji feseni

Pp~®% = const, (3.15)

a entropie se zachovava podél proudocary,

(3.16)

Kdyby plyn nebyl jednoatoméarni, obdrze-
li bychom

(3.17)

kde v (# 5/3) je polytropicky index. Rov-
nice (3.17) plati v nezménéném tvaru téz
v ramci obecné teorie relativity.

o [zentropicky tok: Je-li vyse uvedena
konstanta pro vSechny proudocary stejna
— tzn. entropie prostredi je vsude kon-

stantni, dS =0 v (3.11).

o [zotermalni tok: Predpoklada se ptisob-
nost néjakého fyzikalniho procesu, ktery
udrzuje stalou teplotu plynu, a dosadi se
T = const do rovnice (3.14). Tento pfi-
pad lze brat formalné jako izentropicky
tok s v = 1.

o Hydrostatickd rovnovdha: Staticky stav
s v = 0 a rovnici (3.13) ve tvaru tvaru

(3.18)

Timto priblizenim se mohou popisovat
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and planetary atmospheres in radiative
equilibrium.

o Sound waves: Perturbations of the hy-
drostatic equilibrium which are described

by
P=P+6P,

with VP = f. The bar denotes back-
ground equilibrium values of the rele-
vant quantities. Hydrodynamic equations
are linearised by neglecting all quanti-
ties of the second order in perturbations
le.g. (6P)* — 0]. Linearised equations
(3.10)—(3.14) yield the wave equations for
perturbations.[®”]  For example, the den-

sity satisfies

0%6p
ot?

where the sound speed is
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hvézdné nebo planetarni atmosféry v za-
Fivé rovnovaze.

o Zvukové wvlny: Poruchy hydrostatické
rovnovahy, které jsou popsany

p=p+op, v = dv,

s VP = f. Pruh oznacuje pozado-
vé rovnovazné hodnoty prislusnych veli-
¢in. Hydrodynamické rovnice se lineari-
zuji tim, Ze se zanedbaji vSechny veli-
¢iny druhého fadu v poruchéach [napti-
klad (6P)* — 0]. Linearizované rovnice
(3.10)—(3.14) vedou na vInové rovnice pro
poruchy.™ Kupiikladu hustota splituje

= 2V?(4p), (3.19)

kde rychlost zvuku je

_ |42 (3.20)
Cs = 0 . .

In particular

adiabatic __
- =

5P
3p
o Supersonic flow/subsonic flow: In a su-
personic flow, |v| > ¢ and the fluid can-
not respond against the stream. Pres-
sure gradients have very little effect on the
flow. In subsonic flow, |v]| < ¢, as a first
approximation the fluid adjusts itself to
the hydrostatic equilibrium.

Specialné

isothermal __
< =

==

o Nadzvukovy tok/podzvukovy tok: V nad-
zvukovych tocich je |v| > ¢ a tekutina
neni schopna reagovat proti proudu. Gra-
dienty tlaku maji na tok nepatrny vliv.
Pti podzvukovém proudéni je |v| < ¢ a
tekutina sama pusobi k ustaveni hydro-
statické rovnovahy v prvnim pribliZeni.

97 Landau, L. D., & Lifshitz, E. M. 1959, Fluid Mechanics (Pergamon Press, Oxford).
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4 Steady accretion/Ustélena akrece

Any astronomical object attracts and, un-
der certain circumstancies, accretes ma-
terial from its neighbourhood. Relevant
time-scales of the accretion process (e.g.
orbital period around the central mass,
characteristic interval for radiation energy
losses, or evolution of boundary condi-
tions) are often much shorter than the in-
terval of time during which the the system
is observed. One can thus adopt the sta-
tionary (steady state)l®®] approximation.
We will assume that this approximation
is valid in the following chapter.

Galactic nuclei are surrounded by a
gas which originates from stars in the
galaxy or which is captured from inter-
galactic clouds. The material can also be
generated near the nucleus by tidal dis-
ruptions, collisions and intense irradiation
of stars near the nucleus. Alternatively,
processes of pair creation in strong elec-
tromagnetic and gravitational fields ap-
pear particularly important near compact
objects. In stellar binary systems it is a
companion star which provides the mate-
rial for accretion.

The type of accretion flow can be char-
acterized by the angular momentum of ac-
creted matter. First, we describe a spher-
ically symmetric mode of accretion which
is adequate only in the case of negligible
angular momentum. Then we come to the
axisymmetric mode: (i) The Bondi accre-
tion onto an object moving through an

Kazdy astronomicky objekt pritahuje a
za urcitych podminek i zachycuje (akreu-
je) latku, kterd se nachézi v jeho blizkos-
ti. Casové $kaly akre¢niho procesu (napfi-
klad perioda keplerovského obézného po-
hybu a typicka doba pro ztraty energie za-
fenim nebo vyvoj okrajovych podminek)
byvaji mnohdy mnohem kratsi nez caso-
vy interval, po ktery systém sledujeme.
Lze tudiz prijmout priblizeni stacionar-
niho (ustaleného)l®! stavu. V nasleduji-
ci kapitole budeme predpokladat platnost
tohoto pribliZeni.

Jadra galaxii byvaji mnohdy obklope-
na plynem, ktery pochazi z hvézd gala-
xie nebo je zachycovan z mezigalaktickych
oblaki. Material se také muze uvolnovat
slapovym rozrusovanim hveézd, jejich sraz-
kami a intenzivnim zarenim hvézd v bliz-
kosti jadra. Alternativni moznosti, ktera
se jevi zvlasté dulezita v blizkosti kom-
paktnich objekta, je vznik paru castic
v silnych elektromagnetickych a gravitac-
nich polich. V dvojhvézdnych soustavach
pochéazi akreovany material z doprovodné
slozky.

Druh akre¢niho toku lze charakterizo-
vat hodnotou momentu hybnosti zachy-
cované hmoty. Nejprve popiseme sféricky
symetricky méd, ktery je adekvatni v pri-
padé zanedbatelné malého momentu hyb-
nosti. Poté se vénujeme osové symetrické-
mu moédu: (i) Bondiho akreci na téleso po-
hybujici se mezihvézdnym oblakem a (ii)

98 The term ‘steady state’ has a second, special meaning in cosmology where the steady-state universe
denotes a particular cosmological model developed by H. Bondi, T. Gold and F. Hoyle in 1948.

99V kosmologii mé termin ‘stacionarni’ jesté druhy, zvlastni vyznam. Pojem staciondrni vesmir totiz
oznacuje urcity kosmologicky model vytvoteny H. Bondim, T. Goldem a F. Hoylem v roce 1948.
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interstellar cloud, and (ii) the disk accre-
tion which assumes that matter, before
being captured by a central object, forms
a disk or a torus. The non-axisymmetric,
quasi-stationary case is briefly mentioned
in the paragraph on twisted disks. Time-
dependent flows have been treated only
recently (mostly by numerical modelling)
and this subject is not included in our
present text.

51

diskové akreci, pri niz akreovana hmota
vytvari disk ¢i torus, jesté pred tim nez
je zachycena ustfednim objektem. Pripad
kvazistacionarni akrece postradajici oso-
vou symetrii je kratce zminén v odstav-
ci o zkroucenych discich. Casové zévis-
1é akrecni toky jsou predmétem vyzkumu
z pomérné nedavné doby (vétsinou se jed-
na o numerické modelovani), a do naseho
textu jsme je proto nezahrnuli.

4.1 Spherically symmetric accretion/Sféricky symetricka akrece

Let us assume that the angular momen-
tum of accreted matter is negligible and
that the particle velocity has a non-
vanishing component only in the radial
direction, v, = v < 0 (v > 0 corresponds
to an analogous problem of the stellar
wind). We consider the problem within
the framework of the Newtonian theory
of gravity. Spherically symmetric Newto-
nian accretion is the simplest, physically
interesting case of accretion.

The continuity equation (3.10) is now

1 d

Thus
2 —
rpv = const,

where M has an obvious interpretation as
a change in the mass of the central object
with time. In the Euler equation, density
of the external force f has only the radial
component

Predpokladejme, Ze moment hybnosti za-
chycované hmoty je zanedbatelny a Ze
rychlost ¢astic ma nenulovou slozku pouze
v radialnim sméru, v, = v < 0 (v > 0 od-
povida obdobnému problému s tzv. hvézd-
nym vétrem.) Problém budeme uvazo-
vat v ramci newtonovské teorie gravitace.
Stéricky symetricka newtonovska akrece
predstavuje nejjednodussi, fyzikalné zaji-
mavy pripad akrece.

Rovnice kontinuity (3.10) nabyva nyni

tvaru
(rzpv) = 0. (4.1)

Tudiz
Arr?pv = — M, (4.2)

kde M mé zfejmy vyznam ¢asové zmény
hmotnosti tstfedniho objektu. V Eulero-
vé rovnici ma hustota vnéjsi sily f pouze
radialni slozku
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GMp

r2

and equation (3.13) acquires the form

dv

“ar

Lap
p dr

Assuming a polytropic equation of state
(3.17) with 1 < v < % and the perfect
gas relation (3.12), the temperature as a
function of P(r) and p(r) reads

T

Now we will manipulate the Euler equa-
tion (4.4). We substitute

P

dr

from the definition of the sound speed,
and

Ldp _
pdr_

from the continuity equation (4.1) to the
Euler equation. We thus obtain

- S

v el
dr  vridr

1 c?
1S
2( v2)

The solutions of this equation can be
qualitatively classified according to their

dv c? d(

or in another form

dv?

dr

behaviour at the sonic point at which the
medium flows with the speed of sound.
Radial coordinate of the sonic point is

_ pmgP

=c
* dr

1 d

vr? dr

vr2) +

_GM
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—frs (4.3)
a rovnice (3.13) nabyva tvaru
GM

o= 0. (4.4)

Za predpokladu polytropické stavové rov-
nice (3.17) s 1 < v < % a vztahu pro
idealni plyn (3.12), je teplota v zavisloti
na P(r) and p(r) dana

o (4.5)

Nyni upravime Eulerovu rovnici (4.4).
7. definice rychlosti zvuku

2d/’

a z rovnice kontinuity (4.1)

G

dosadime do Eulerovy rovnice. Obdrzime
tedy

GM

2

0,

7

neboli v jiném tvaru

2c2r
1——=—=1. 4.6
r? l GM] (4.6)
Reseni této rovnice lze kvalitativné cha-
rakterizovat v zavislosti na jejich chovani
ve zvukovém bodu, kde prostredi proudi

rychlosti zvuku. Radialni souradnice zvu-
kového bodu je
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Figure 4:  Six modes of spherical adia- Obréazek 4: Sest médii stérického adiaba-
batic flow. tického toku.

At r = ry, equation (4.6) requires either
v? = ¢ or dv*/dr = 0. The Euler equa-
tion can be integrated in the form

P

Inserting the polytropic relation, defini-
tion of the sound speed, and carrying
out integration explicitly, we obtain the
Bernoulli integral in the form

2
1,2 Cs
2”"’7_1

(We assumed ~v # 1; the case of v = 1
can be treated analogously.) For spher-
ical adiabatic accretion one can find six

Ly [4PGM

(4.7)

Ptir = rq vyzaduje rovnice (4.6) bud v? =
¢ nebo dv?/dr = 0. Eulerovu rovnici lze
integrovat ve tvaru

(4.8)

= const.
r

Po dosazeni vztahu pro polytropu a defi-
nice rychlosti zvuku obdrzime pfimou in-
tegraci Bernoulliuv integral ve tvaru

GM

7

= const.

(4.9)

(Pfedpokladali jsme v # 1; pripad s v =
1 1ze prozkoumat obdobnym postupem.)
V pripadé stérické adiabatické akrece lze
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different solutions to the above equations.
Figure 4 shows all these modes of the flow
in the (v?, r)-plane. Inflows (i.e. accretion
flows) and outflows (ejection or a stellar
wind) are both represented in this graph.
Which mode is realized in a particular sit-
uation depends on boundary conditions.

In this Figure, curves denoted by num-
bers 1 and 2 correspond to transonic in-
flow and transonic outflow, respectively.
The curve 3 corresponds to subsonic ac-
cretion (the inflow velocity decreases at
small radii due to increasing pressure of
the medium) while the curve 4 corre-
sponds to the supersonic outflow. The
solutions designated 5 and 6 are double-
valued with respect to v at given r; in a
realistic situation they can represent parts
of the global solution which is matched
to another particular solution at some
discontinuity, e.g. a shock front. For
the Type 1 solution in the above scheme
(lim, ., v* = 0) the constant in the
Bernoulli integral is ¢ /(v — 1), where
Coo = im0 ¢s(r). (Transonic type 1
inflow is the most important one with
respect to the accretion process around
black holes.) The main difference between
the two types of accretion (curves 1 and
3) is related to the behaviour of inflow ve-
locity at small radii.

At the sonic point there is

v¥(rs) = e(ra),

The Bernoulli integral relates ¢(rs) to oot

all

nalézt sest riznych feseni vyse uvedenych
rovnic. Obrazek 4 znazornuje vsech sSest
téchto médi toku v roviné (v? r). Graf
predstavuje Teseni s charakterem vtoku
(t.j. akrece) i vytoku (vyronu ¢ hvézdné-
ho vétru). Zalezi na okrajovych podmin-
kach, ktery z moda se v dané situaci rea-
lizuje.

Krivky oznacené v tomto obrazku ¢is-
ly 1 a 2 odpovidaji transonickému vto-
ku a transonickému vytoku (slovni spo-
jeni ,trans‘ 4+ ,sonicky‘ znamena ,procha-
zejicl rychlosti zvuku‘). Kfivka 3 odpo-
vida podzvukové akreci (rychlost vtoku
na malych vzdalenostech klesa v dusled-
ku vzrustajiciho tlaku v prostredi), zatim-
co kiivka 4 odpovida nadzvukovému vy-
toku. Reseni oznacena 5 a 6 maji na da-
ném r dvé hodnoty v; v realistické situa-
ci mohou reprezentovat casti globalniho
feseni napojené na dalsi castecna reseni
v misté néjaké nespojitosti, napf. razo-
vého cela. V tomto schématu maji fesent
1. typu (lim, ., v? = 0) konstantu v Ber-
noulliho integrélu rovnu ¢2 /(v — 1), kde
Coo = 1My 00 ¢5(r). (Transonicky vtok po-
z hlediska akrecniho procesu kolem cer-
nych dér.) Hlavni rozdil mezi obéma typy
akrece (kfivky 1 a 3) souvisi s chovanim
rychlosti vtoku pti malych vzdalenostech.

Ve zvukovém bodu je

= 2¢2(ry).

T's

Bernoulliho integral dava ¢,(rs) do vztahu
k oo

c2(ry)[5 — 37] = 2%.. (4.10)
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Figure 5:  This graph illustrates depen-
dence of accretion rate M on the poly-
tropic index v [see equation (4.12)].

The accretion rate follows from the conti-
nuity equation

bE Ve

Obrazek 5: Tento graf ilustruje zavislost
miry akrece M na polytropickém indexu
v [viz rovnice (4.12)].

Mira akrece vyplyva z rovnice kontinuity

M = —4nr?pv = Axrip(ry)es(rs). (4.11)

Proportionality ¢ o p?~' can be now
written explicitly:

We thus obtain

M = WGQMZ&O (

3
Coo

The dependence of M on 7 is weak (Fig-
ure 5).
~v & 1.4 we obtain

2
5— 3y

For a representative value of

Uméru ¢ o< p?~! 1ze nyni zapsat explicite:

peo = lim p(r).

r—r0o0

Dostavame tedy

5—3~y

2(v—1)
) : (1<y<2). (4.12)

Zavislost M na v je nevyrazna (obrazek
5). Pro reprezentativni hodnotu v ~ 1,4
obdrzime

v () () ) wn

This is a rather low value which for a neu-

Tato hodnota je pomérné malé a v pfipa-
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tron star yields

Loee = 2 x 10%

The energy constraints which follow
from observations present no major prob-
lem for accretion models. However, the
mechanism which transforms the energy
content of accreted matter into radia-
tion must be efficient enough. Viscous
forces are often assumed to provide such a
mechanism (they will be discussed later;
see p. 61). The model of spherically
symmetric accretion is considered as a
possible mechanism providing energy for
some objects,'® although non-spherical
accretion seems more adequate in most
cases. In particular accretion disks and
tori are often mentioned (see below).
Numerous extragalactic sources and also
some Galactic objects show stable linear
structures with axial symmetry (jets), the
existence of which cannot be directly ex-
plained within spherical approximation.

To conclude this section, let us em-
phasize the important role of boundary
conditions on the surface of the accreting
object. In particular, there is a profound
difference between accretion on a star and
a black hole. If a solid inner surface R,
is present in the system (e.g. a neutron
star surface), it is also important to know
what is the orbital velocity of the material
located close to R, in comparison to the
rotational velocity of the central object.
This relation affects the direction of the
angular momentum transport in the disk-
type solutions which is crucial for the disk
stability.

dé neutronové hvézdy dava
[erg /s].

Energetickd omezeni, ktera vyplyva-
ji z pozorovani, nepredstavuji pro akrec-
ni modely Zadnou principialni tézkost.
Mechanismus premény energie akreované
hmoty na zafeni vSak musi byt dostatec-
né ucinny. Velmi casto se predpoklada, ze
tuto preménu zprostredkuji viskozni si-
ly (budou diskutovany pozdéji; viz str.
61). U nékterych objekta je model sféric-
ky symetrické akrece povazovan za mozny
zdroj energie,l'% i kdy# nesférickd akre-
ce se ve vétsiné pripadu jevi pravdépo-
dobnéjsi. Casto se v tomto sméru zmifinji
akrecni disky a tory (viz dale). Cetné ex-
tragalaktické zdroje a rovnéz nékteré ob-
jekty v Galaxii vykazuji stabilni linear-
ni struktury s osovou symetrif (vytrysky),
jejichz existenci nelze v ramci sférické ap-
roximace zadnym primocatym zpusobem
vysvétlit.

V zavéru této kapitoly jesté zduraz-
néme dulezitou tlohu okrajovych podmi-
nek na povrchu akreujicitho objektu. Jde
zejména o znacny rozdil mezi akreci na
hvézdu a na ¢ernou diru. Pokud je uvnitr
systému pritomen néjaky pevny povrch
R. (napt. povrch neutronové hvézdy), je
dulezité znat téz pomér obézné rychlosti
materialu nachazejicitho se tésné nad R.
k rota¢ni rychlosti isttedniho télesa. Ten-
to pomeér ovliviiuje smér prenosu momen-
tu hybnosti v fesenich s charakterem dis-
ku, a to je urcujici pro stabilitu disku.

100 Shapiro, S. A. 1974, «Accretion onto black holes: The emergent radiation spectrum. III. Rotating

(Kerr) blak holes», ApJ 189, 343.
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Figure 6: Definition of coordinates. The
impact parameter d = d,,, corresponds to
a trajectory with parabolic velocity.

Obrazek 6: Definice souradnic. Srazkovy

parametr d = d,,, odpovida draze s para-

bolickou rychlosti.

4.2 Accretion onto a moving object/Akrece na pohybujici se

objekt

In many situations, the accreted matter
has apparently a non-negligible value of
angular momentum which invalidates the
basic assumption of the spherical approxi-
mation. Non-spherical accretion was orig-
inally investigated in the case of an in-
terstellar medium captured by a moving
object, e.g. a star in a nebula.['®] Note
that the total angular momentum of ac-
creted material is zero in this process.
We will discuss accretion on a moving
object in the present chapter, while an-
other astrophysically important type of
non-spherical accretion, the disk accre-
tion, is the subject of subsequent chap-
ters.

V radé situaci je moment hybnosti akreo-
vané hmoty zcela zfejmé nezanedbatel-
ny, takze neni splnén zakladni predpoklad
sférické akrece. Poprvé byl problém ne-
sférické akrece studovan pro pripad me-
zihvézdného prostredi zachytavaného po-
hybujicim se objektem, napfiklad hvéz-
dou uvnit¥ mlhoviny.'Y Poznamenejme,
7e prl tomto procesu zustava celkovy mo-
ment hybnosti akreované latky nulovy.
Akreci na pohybujici se objekt budeme
diskutovat v této kapitole, zatimco ji-
ny astrofyzikalné dilezity druh nesférické
akrece, akrece v disku, je namétem nasle-
dujicich kapitol.

101 Bondi, H., & Hoyle, F. 1944, «On the mechanism of accretion by starsy, MNRAS 104, 273;
Hoyle, F., &, Lyttleton, R. A. 1939, «The evolution of starsy, Proc.Camb.Phil.Soc. 35, 592.
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Figure 7: (a) Capture of non-interacting
particles. The asymptopic direction of ve-
locity of particles v., — before approach-
ing the object — is along z-axis (shown by
arrows). The region I corresponds to par-
ticles that hit the surface of the body di-
rectly (small impact parameter); this re-
gion contains a single stream of particles.
The region I also contains a single stream
but its particles escape accretion to the
distant region again. The region III con-
tains two streams which, by assumption,
do not interact with each other. (b) The
two regions Il and III become very dis-
torted when collisional interaction is con-
sidered. Particles in the region III dis-
sipate their velocity component perpen-
dicular to the symmetry axis. Inside this
region, the stream is directed along the

axis. (For details see [101].)

(b)

Obrazek 7: (a) Zachyt vzajemné neintera-
gujicich castic. Asymptoticky smér rych-
losti castic v, — predtim, nez se priblizi
k télesu — miri podél osy z (vyznaceno
sipkami). Oblast I odpovida casticim, kte-
ré dopadnou primo na povrch télesa (maji
maly srazkovy parametr); tato oblast ob-
sahuje jediny proud castic. Rovnéz oblast
IT obsahuje jeden proud, avsak castice to-
hoto proudu zachytu uniknou a opét se
vzdali. V casti 111 jsou obsazeny dva prou-
dy castic, které ale na sebe podle predpo-
kladu nikterak neptsobi. (b) Oblasti II a
I se velmi zméni, uvazime-li vzajemnou
interakci castic pri srazkach. V disledku
srazek ztraceji castice pri vstupu do ob-
lasti 111 slozku rychlosti kolmou k ose sy-
metrie. Proud uvnitr této oblasti tedy na-
konec miri opét podél osy. (Podrobnéji viz

[101].)
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The medium is assumed to consist of
a thin and cold gas so that the approxi-
mation of non-interacting particles is ade-
quate far from the accreting object. This
approximation is substantiated by radia-
tive losses that efficiently decrease the
temperature of the molecular gas — and
the influence of the interactions decreases
with decreasing temperature (particle col-
lision will be included later). We denote
velocity and density of the material in
the distant region by v., and p.,, respec-
tively. Next, we assume that v, is non-

zero but much less than the parabolic ve-

locity, 0 < Vo < Vpar = /(2GMRZY) —
which is usually correct for subsonic mo-
tion in cosmic environments.

In Newtonian gravity, a test particle
can only be accreted if its trajectory in-
tersects the surface of accreting body. As
a consequence of angular-momentum con-
servation we find the relation for the char-
acteristic crossection dp,, of the accre-
tion process, i.e. the maximum impact-
parameter (see Fig. 6): voodpar = VparFx.
The accretion rate is therefore equal to
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O prostredi predpokladame, Ze ho tvo-
i1 fidky a chladny plyn, takze daleko od
akreujiciho télesa je prijatelné pribliZzeni
neinteragujicich ¢astic. Toto priblizeni je
oduvodnéno pusobenim radia¢nich ztrat,
jez uéinné snizuji teplotu molekularniho
plynu — a vliv srazek se snizuje s klesajici
teplotou (vliv srazek mezi ¢asticemi uva-
zime pozdéji). Oznacime vy, a po, rychlost
a hustotu latky ve vzdalené oblasti. Da-
le predpokladame, Ze hodnota v, je ne-
nulové, ale mnohem mensi nez hodnota
parabolické rychlosti, 0 < ve K Vpar =

\/EZGM R;') — coz obvykle byvé spravny

predpoklad pro podzvukovy pohyb v kos-
mickém prostiedi.

V newtonovské gravitaci se muze tes-
tovaci castice zachytit pouze tehdy, pokud
jeji draha protina povrch akreujiciho teé-
lesa. Jako dusledek zakona zachovani mo-
mentu hybnosti nalezneme vztah pro cha-
rakteristicky prifez d,a., akrecniho pro-
cesu, t.j. nejvétsi srazkovy parametr (viz
obr. 6): Voodpar = VparR.. Mira akrece je
tudiz rovna

. Fszgar .
M = pocvos T = 271G Mpev R.. (4.14)

————
:Wd}%ar

For the sake of easier comparison with
equation (4.13), we rewrite equation
(4.14) in more appropriate units:

Rovnici (4.14) pfepiseme za Gcelem snad-
néjsiho srovnani s rovnici (4.13) ve vhod-
néjsich jednotkach:

o () (et (i) o

We have assumed here that the material
is cold and made of non-interacting parti-
cles. The mass crossing the axis per unit
length per unit time is

Predpokladali jsme zde priblizeni chladné
latky, tvorené neinteragujicimi casticemi.
Hmotnost, ktera prochazi jednotkou dél-
ky osy za jednotku casu, ¢ini
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A=2rGMp v, (4.16)

independently of the radius r. This fact
can easily be seen from the equation of
trajectory in polar coordinates (Fig. 6):

1 GM

)
ro d*vi

Setting ¢ = 7 for the z-axis downstream
of the body, one finds r = d*v2 /(2GM).
In the end, relation A = 27p, v.ddd
gives us formula (4.16).

The above approximation of non-
interacting particles is valid in regions
I and II according to Fig. 7 but it be-
comes violated near the symmetry axis in
the trace of the body where density and
pressure increase and the region III devel-
ops. One estimates that the mass entering
this region is approximately equal to A.

Denoting mass of the material that
enters into the region III between r and
r 4+ dr by m and assuming that the ma-
terial dissipates the velocity component
perpendicular to the symmetry axis there
(U = Vinside III & U, = Vo), ONE can write
the mass conservation equation

d
%(mv) = "47

Inside the region III, sign of v depends
on the value of the impact parameter;
the sign is positive for impact parameters
that are much greater than the impact pa-
rameter corresponding to parabolic veloc-
ity, and negative for those that are much
smaller. One can thus estimate value of
the constant ro in equation (4.18) from

mv = A(r —rg),

nezavisle na poloméru r. Tuto skutecnost
lIze snadno nahlédnout z rovnice drahy
v polarnich soutadnicich (obr. 6):

(1 —cos ¢) + ésinqﬁ. (4.17)

KdyZ polozime ¢ = 7 na ose z za télesem,
zjistime, ze r = d*v2 /(2GM). Konecné
vztah A = 27 povood 6d nam déava vzorec

(4.16).

Vyse uvedené priblizeni neinteraguji-
cich c¢astic plati v oblastech I a II podle
obr. 7, avsak je poruseno pobliz osy sou-
mérnosti ve stopé za télesem, kde se hus-
tota a tlak zvysuji a vytvari se oblast 1I1.
Lze odhadnout, Ze hmotnost vstupujici do
této oblasti je priblizné rovna A.

Jestlize oznacime m hmotnost ma-
terialu, ktery vstupuje do oblasti III mezi
r a r+ dr a predpokladame, Ze se uvnitr
této oblasti rozptyli slozka rychlosti kol-
ma k ose soumérnosti (v = Vipsidernr &
v, = Vs ), MUZeme zapsat rovnici zacho-
vani hmotnosti

ro = const. (4.18)

Znaménko v v oblasti Il zavisi na veli-
kosti srazkového parametru; znaménko je
kladné pro srazkové parametry, které jsou
mnohem vétsi nez srazkovy parametr od-
povidajici parabolické rychlosti, a je za-
porné v pripadé hodnot srazkového pa-
rametru mnohem mensich. Hodnotu kon-
stanty ro, vystupujici v rovnici (4.18), lze
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the approximate relation

OzA(

Accretion rate is obtained by integrat-
ing A from R. to rg > R.:

M ~ Arg = 47 poe

expression which is remarkably similar to
formula (4.12).
calculations have been generalized by a
number of authors who investigated grav-
itational (dynamical) friction acting on
a moving star, considered non-zero tem-
perature and inhomogeneities of gaseous

The above mentioned

medium, supersonic motion, and relativis-

tic corrections.[102]
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odhadnout na zakladé priblizného vztahu

2GM )
—To].

Mira akrece je dana integraci A od R,
do ro > R,:

G*M?

3 Y
vOO

(4.19)

coz je vyraz pozoruhodné podobny vzta-
hu (4.12). Vyse uvedené vypocty byly po-
stupné zobechovany fadou autort, kte-
i1 zkoumali gravitacni (dynamické) tieni
pusobici na letici hvézdu, uvazovali nenu-
lovou teplotu plynného prostiedi a jeho
nehomogenity, nadzvukovy pohyb a rela-

tivistické opravy.[10%

4.3 Disk accretion/Diskova akrece

Under certain conditions, material of a
star in a binary system can be transferred
to another component. Such a situation
arises when one of the two stars expands
and fills up its Roche lobe or when a
star loses material due to a strong stel-
lar wind.['%] In this case, neither the ap-
proximation of spherical accretion (vy =
vg = 0, v, # 0) nor the approximation of
accretion onto a moving object (vy = 0,
v, # 0) is appropriate. In the Newtonian
framework (which we also adopt through-

V dvojhvézdnych soustavach dochéazi za
ur¢itych podminek k prenosu latky z jed-
né slozky na druhou. Takova situace na-
stava napriklad tehdy, jestlize se jedna
z obou hvézd zvétsi a vyplni svij Rochetv
lalok, nebo kdyz hvézda ztraci hmotu sil-
nym hvézdnym vétrem 'V tom piipadé
neni vhodné ani pribliZzeni sférické akre-
ce (vy = vg = 0, v, # 0), ani pfibliZeni
akrece na pohybujici se objekt (vy = 0,
v, # 0). V ramci newtonovského popisu
(ktery v tomto odstavci predpokladame)

102 Danby, J. M. A., & Camm, G. L. 1957, «Statistical dynamics and accretions, MNRAS 117, 50;
Dodd, K. N., & McCrea, W. H. 1952, «On the effect of interstellar matter on the motion of a stary,

MNRAS 112, 205;

Hadrava, P., & Karas, V. 1984, « Dynamical friction due to cosmological background», BAC 35, 343;
Petrich, L. 1., Shapiro, S. L., Stark, R. F., & Teukolsky, S. A. 1989, «Accretion onto a moving black hole:

a fully relativistic treatment», ApJ | 336, 313;

Salpeter, E. E. 1964, «Accretion of interstellar matter by massive objectsn, ApJ , 140, 796.
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out this paragraph) the orbiting material
cannot immediately settle onto the accret-
ing object. It is deposited in a toroidal
configuration, an accretion disk or a torus,
until it loses most of its angular momen-
tum. Disk-like accretion appears as the
most relevant type of accretion of material
with nonvanishing angular momentum in
astrophysics. It also presents a difficult
problem, however. Stability of the config-
uration and angular momentum transport
are of crucial importance in the accretion
theory.

The basic assumption of accretion
disks is therefore v, = vy = 0. To be more
precise, this is an assumption of simpli-
fied models and it will have to be checked
later for consistency of the solution. In
more realistic models of the disk-type ac-
cretion the condition on v,, vy is relaxed
to v} + vj < v}. Models with significant
advection of material in radial direction
and with latitudinal motion can only be

studied by numerical techniques.!**4!

Straightforward comparisons with ob-
servations (photometry, spectroscopy,
high-resolution interferometry) provide
us with convincing evidence of the pres-
ence of accretion disks in some binary

[105] and protostellar objects.['?6] Tt

stars
is widely believed that accretion disks
also play an important role also in active
galactic nuclei but observational evidence

is not unambiguous at present.[%7]

se krouzici material nemuze dostat oka-
mzité az na akreujici objekt. Zustava te-
dy v toroidalni konfiguraci, akrecnim dis-
ku ¢i toru, dokud neztrati vétsi ¢ast svého
momentu hybnosti. Diskova akrece se jevi
jako astrofyzikalné nejvyznamnéjsi druh
akrece latky s nenulovym momentem hyb-
nosti. Avsak soucasné pred nas stavi pro-
blém znac¢né slozity. Otazky stability ta-
kového usporadani a prenosu momentu
hybnosti maji pro akreéni teorii zasadni
dulezitost.

Zakladnim predpokladem akrecnich
disku je tedy v, = vy = 0. Pfesnéji feceno,
jde o predpoklad zjednodusenych mode-
la, jenz bude treba ovérit, aby se potvrdil
vnitini soulad nalezeného reseni. Podmin-
ka na v,, vg se v realistictéjsich modelech
upravuje na v: + vi <K vfs. Modely, uva-
zujici vyznamnéjsi pfenos hmoty v radial-
nim sméru a latitudinalni pohyb, lze stu-

dovat jenom numerickymi metodami.['%4

P¥iméa srovnani s pozorovanim (foto-
metrickd méreni, spektroskopie, interfe-
rometrie s vysokym rozliSenim) podavaji
presvédéivé dukazy o pritomnosti akrec-
nich diskd u né&kterych dvojhvézd!'® a
protostelarnich objekt.['%] Vieobecné se
véri, ze akrecni disky hraji dulezitou tlo-
hu také v aktivnich jadrech galaxii, i kdyz
pozorovaci material neni v soucasnosti

jednoznaé¢ny.!'07]

103 Holger, T. E., & Axford, W. 1. 1970, «Theory of stellar winds and related flowss, ARA&A 8, 31;
Klare, G. (ed.) 1990, Accretion and Winds, Reviews in Modern Astronomy 3 (Springer-Verlag, Berlin);
Verbunt, F. 1982, « Accretion disks in stellar X-ray sources. A review of the basic theory of accretion disks

and its problemsy, Space Science Reviews 32, 379;

Treves, A., Maraschi, L., & Abramowicz, A. 1988, «Basic elements of the theory of accretion», PASP 100,

427.

104 Kato, S. (ed.) 1995, Basic Physics of Accretion Disks, (Gordon and Breach, Science Publishers, New

York).
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The model of accretion disks can be
qualitatively described in the following
manner. We assume that material is con-
tinuously deposited in an orbit around
the central object and that the motion
of the material is completely determined
by the gravitational field of this object.
We ignore other external forces and the
self-gravity of the medium. Naturally, a
free test particle would move in a Keple-
rian orbit, but a large number of particles
forms a dissipative ring which loses en-
ergy (e.g. by radiation losses) and, conse-
quently, tends to circularize. With its en-
ergy decreasing, the material sinks deeper
towards the central object — as much as
it is allowed for the given value of angular
momentum. Simultaneously, angular mo-
mentum is transferred outwards by torque
forces in the disk. Viscosity plays a cru-
cial role in this transfer. The total disk
luminosity due to radiation losses dur-
ing accretion can be estimated by eval-
uating the binding energy of the inner-
most orbit. Assuming Keplerian motion
[v, € vy ~ Qx(R) R] we obtain

Ldisc —

Luminosity of the inner boundary layer
may be very important in total balance.
It follows from the last relation that in
principle the boundary layer can con-
tribute up to the value of %Lacc to the
total luminosity. The form of the layer
depends on boundary conditions at the in-

ner edge of the disk. On the other hand,
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Model akrec¢nich diski je mozné po-
psat nasledujicim kvalitativnim zptso-
bem. Predpokladame, Ze se latka soustav-
né uklada na drahu kolem tstredniho té-
lesa, a pritom jeho gravitacni pole pohyb
latky plné urcuje. Zanedbavame ostat-
ni vnéjsi sily i vlastni gravitaci prostre-
di. Volna testovaci ¢astice by se priroze-
né pohybovala po keplerovské draze, ale
mnozstvi ¢astic vytvori disipativni prste-
nec, ktery ztraci energii (napft. zafivymi
ztratami), a v dusledku toho se jeho tvar
postupné zakulacuje. Se snizenim energie
klesa material v gravitacnim potencialu
nize — jak jen mu to dovoli dand hod-
nota momentu hybnosti. Zaroven se pu-
sobenim torznich sil pfenasi moment hyb-
nosti smérem ven. Pri prenosu momentu
hybnosti hraje hlavni roli viskozita. Cel-
kovou luminozitu disku, vyvolanou zari-
vymi ztratami béhem procesu akrece, lze
stanovit na zakladé vazbové energie nej-
vnittnéjsi drahy. Za predpokladu keple-
rovského pohybu [v, < vy, = Qx(R) R]
dostavame

1 Loce- (4.20)
Luminozita vnittni okrajové vrstvy muze
byt v celkové bilanci velmi dulezita. Z po-
sledniho vztahu je zfejmé, Ze v principu
miuze okrajova vrstva k vysledné lumino-
zité prispivat az hodnotou %Lacc. Stav té-
to vrstvy zalezi na okrajovych podmin-
kach u vnittniho kraje disku. Naopak na
vnéj$im okraji musi néjaky proces odna-

105 Nussbaumer, H., & Orr, A. (eds.) 1994, Interacting Binaries (Springer-Verlag, Berlin).
106 Tevy, E. H., & Lunine, J. I. (eds.) 1993, Protostars and Planets I11, Space Science Series (University

of Arizona Press, Tucson).

107 Miyoshi, M., Moran, J., Herrnstein, J., et al. 1995, «Evidence for a black hole from high rotation
velocities in a sub-parsec region in NGC 4258», Nature 373, 127.
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angular momentum must be removed by
some process away from the system at the
outer edge.

Early results of the accretion-disk the-
ory were derived in the late 1960s and
carly 1970s.1'%8] Tt should be stressed that
all aspects of the above-mentioned sce-
nario (radiation losses, angular momen-
tum transport, processes of circulariza-
tion, effects of various perturbations, disk
self-gravity, etc.) need to be quantified by
detailed calculations. Numerous review

articles on this subject are available.['%]

The theory of accretion disks is more
complicated than the theory of stars, even
in a crude approximation. This is mainly
for two reasons: (i) Macrophysics — stars
are nearly spherical and evolve slowly on
long time-scales while accretion disks are
only axially symmetric and their evolu-
tion can be fast; (ii) Microphysics — pro-
cesses of energy generation and transport
in stars are much better understood than
poorly-known viscous processes which are
essential for disks. Fortunately, it turns
out that some important properties of ac-
cretion disks are independent of unknown
details of their microphysics. They are
determined by basic laws of conservation
of energy, momentum and mass.

Dissipation of energy in accreted ma-
terial is an essential ingredient of the ac-

set moment hybnosti ze systému pryc.

Rané vysledky o akrecnich discich by-
ly odvozeny koncem Sedesatych a zacat-
kem sedmdesatych let.l'% Je tieba zdi-
raznit, ze veskeré aspekty zde nastinéné-
ho ptistupu (zarfivé ztraty, pfenos momen-
tu hybnosti, procesy cirkularizace, vlivy
ruznych poruch, vlastni gravitace disku
atd.) musi byt kvantitativné prozkouma-
ny pomoci podrobnych vypoctu. Na to-
to téma je k dispozici fada prehledovych

élank. [109]

Teorie akrecnich diskt je i v hrubém
tomu tak predevsim ze dvou duvodu: (i)
Makrofyzika — hvézdy jsou témér sféric-
ké a vyvijeji se pomalu v dlouhych caso-
vych skalach, zatimco akrecéni disky jsou
jenom osové soumérné a jejich vyvoj mu-
ze byt rychly; (ii) Mikrofyzika — pocho-
dum, které uvolhuji a prenaseji energii
ve hvézdach, rozumime mnohem lépe, nez
nedostatecné pochopenym viskoznim pro-
cesum, jez hraji zakladni tlohu v pripadé
diska. Nastésti se ukaze, ze nékteré du-
lezité vlastnosti akrecnich disku nezavisi
na neznamych podrobnostech jejich mi-
krofyziky. Jsou urceny zakladnimi zako-
ny zachovani energie, momentu hybnosti
a hmotnosti.

Zakladni myslenkou akrecniho proce-
su je disipace energie akreované latky.

108 Tynden-Bell, D. 1969, «Galactic nuclei as collapsed old quasars», Nature 223, 690;
Pringle, J. E., & Rees, M. J. 1972, « Accretion disc models for compact X-ray sourcesy, A&A 21, 1.
109 Kato, S. (ed.) 1995, Basic Physics of Accretion Disks, (Gordon and Breach, Science Publishers, New

York);

Lightman, A. P., Shapiro, S. L., & Rees, M. J. 1978, «Accretion onto Compact objectsy, in Physics
and Astrophysics of Neutron Stars and Black Holes, Giaconni, R., & Ruffini, R. (eds.) (North-Holland

Publishing Company, Amsterdam), p. 786.
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Figure 8:  Principle of angular momen-
tum transport due to viscosity in accre-
tion disks. Although no mass is trans-
ported by iterchanging positions of two
nearby particles located on circular orbits
with different radii, angular momentum is

transported outwards.

cretion process. Viscous forces can arise
from disordered motions of gas particles
about streamlines. In accretion disks vis-
cous forces arise due to the shear be-
tween adjacent differentially rotating gas
streams. From the macroscopic view-
point, viscous processes do not transport
any mass, nevertheless, they do transport
other physical quantities, e.g. angular mo-
mentum or energy. Let us consider mate-
rial streaming in two neighbour rings of a
small radial extent £ which is equal to a
characteristic range of turbulent motions.
If the rings are part of an axially symmet-
ric and rather thin accretion disk, the vis-
cous torque exerted by the outer stream
on the inner stream is (Fig. 8)

G(R) =~
X

£=0

~  2rRPvEQ).

(b)

Obrazek 8:
hybnosti v disledku viskozity v akrecnich

Princip prenosu momentu

discich. Vzajemnou vymeénou polohy dvou
sousednich castic, nachazejicich se na kru-
hovych drahach s riznymi poloméry, ne-
dochazi k prenosu hmotnosti, avsak mo-
ment hybnosti je prenasen smérem ven.

Viskozni sily mohou vznikat v dusled-
ku neusporadaného pohybu ¢éastic ply-
nu kolem proudnic. V akrec¢nich discich
vznikaji viskozni sily jako dusledek stii-
hu mezi sousednimi diferencialné rotu-
jicimi proudy plynu. Viskozni pochody
neprenaseji hmotnost z makroskopického
hlediska, nicméné prenaseji jiné fyzikal-
ni veli¢iny, jako je moment hybnosti ne-
bo energie. Predstavme si latku, proudi-
ci ve dvou sousedicich prstencich o ma-
1é radialni sitce £, rovné charakteristické-
mu dosahu turbulentnich pohybu. V pri-
padé osové symetrickych a pomérné ten-
kych akrecnich diska ¢ini viskozni tocivy
moment vyvolany vnéjsim prstencem na
vnitini prstenec (obr. 8)

2nR Hp R(R+2) QR+ £) — (R)

~Q'(R)&

(4.21)
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Here, we have introduced the disk sur-
face density X, typical speed of turbulent
motions v, kinematic viscosity v ~ £0,
and Q' = dQ/dR. Accretion rate is M =
2w R¥vp = const. 1t appears that micro-
scopic magnetic fields and turbulent mo-
tions play an important role, so that the
picture is certainly more complex then our
illustrative sketch.

The net torque acting on a ring of ra-
dial width dR is given by the difference

Zde jsme zavedli povrchovou hustotu dis-
ku X, typickou rychlost turbulentnich po-
hybu o, kinematickou viskozitu v &~ £v
a O = dQ/dR. Mira akrece M =
27 R¥vr = const. Mikroskopické magne-
tické pole a turbulentni pohyby hraji pii-
tom patrné dulezitou roli, takze vysledny

vvvvvv

zuje nas nacrtek.

Zbytkovy moment pusobici na prste-
nec s radialnim polomérem dR je dan roz-
dilem

g

G(R+ dR) — G(R) ~ — dR.

The corresponding rate of work is

g
Qﬁ dR = [

Integrating the last expression over the
whole disk we obtain the total change of
the mechanical energy of the disk mate-
rial. Notice that the integral of the first
term in brackets is given by the value of
G at the disk boundaries. To charac-
terize the second term, one introduces a
measure of local dissipation per unit disk
area:

We will encounter D(R) in subsequent
formulae. It is an evidently positive quan-
tity which vanishes only in the case of
rigid rotation, ' = 0.

In this exposition we have illustrated
a phenomenological approach to the ac-
cretion disk idea. We have not men-
tioned relevant physical processes which

9
OR

~ R

Odpovidajici vykon ¢ini

(GQ) — QQ’] dR.

Integraci posledniho vyrazu pres cely disk
dostaneme celkovou zménu mechanické
energie jeho latky. Na tomto misté si po-
vsimnéme, ze integral z prvniho clenu
v hranatych zavorkach je dan hodnotou
G€) na okrajich disku. K popisu druhého
¢lenu se zavadi mira mistni disipace v jed-
notce povrchu disku:

LyS (RO, (4.22)

S D(R) se budeme setkavat v nésleduji-
cich vzorcich. Je to zjevné kladna veli¢ina,
ktera vymizi jenom v pripadé tuhé rotace,

' =0.

V tomto prehledu jsme naznacili feno-
menologicky pristup k myslence akrecnich
diskt. Nezminili jsme se vsak o fyzikal-
nich procesech, které prispivaji k viskozité
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contribute to the viscosity of the disk ma-
terial. In this respect, one usually consid-
ers

e Turbulent viscosity (as a consequence of
[110]

turbulent motions, e.g. eddies);
e Viscosity associated with chaotic mag-
netic fields and magnetohydrodynamic in-
stabilities in the disk;[*

o Global waves can travel from the outer
boundary inwards, dissipate in the inner
disk regions and thus effectively transport
angular momentum;

o Vertical convection in the disk;

e Molecular viscosity which appears to be
too low in astrophysical plasmas, how-
ever. Characteristic accretion time-scale
associated with the molecular viscosity is
unreasonably long:

R? R?

(10'* cm)?
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latky v disku. V tomto sméru se obvykle
uvazuje

e Turbulentni viskozita (jako dusledek
[110]

turbulentnich pohybu, napft. virt);
o Viskozita vyvolana chaotickymi magne-
tickymi poli a magnetohydrodynamicky-

mi nestabilitami v disku;[*!!]

e Globalni viny, které mohou postupovat
od vnéjsiho okraje smérem dovnitf, disi-
povat ve vnitinich castech disku, a tak
efektivné prenaset moment hybnosti;

o Konvekce ve svislém sméru uvnitt dis-

ku:

?

e Molekularni viskozita, jez je vSak v as-
trofyzikalnim plazmatu prilis§ mala. Cha-
rakteristicky cas akrece, dany hodnotou
molekularni viskozity, je totiz netimérné

dlouhy:

lyise = — = ~
v Loy, (10em) x (10° cm/s)

(numerical values for a stellar disk are
given);

e Angular momentum transport can be
drastically modified by long-range forces.
An important example is radiation viscos-
ity (due to the radiation field of a cen-

112] or ac-

tral body or an accretion disk)[
tion of an ordered magnetic field (due to a

magnetized neutron star or a magnetized

~ 10" yr

(uvedené ¢iselné hodnoty jsou pro disk

kolem hvézd);

e Pienos momentu hybnosti probiha
znacné odlisné, pokud pri ném spolu-
pusobi sily dlouhého dosahu. Dulezitym
ptikladem je viskozita zafeni (vyvolana
zarivym polem ustfedniho télesa ¢i akrec-
niho disku),["'? nebo vliv usporadaného
magnetického pole (naptiklad od magne-

110 Qtewart, J. M. 1975, «The hydrodynamics of accretion discs I: Stability», A&A 42, 95.
111 Balbus, S. A., & Hawley, J. F. 1991, «A powerful local shear in weakly magnetized disks. I. Linear

analysisy, ApJ 376, 214;

Balbus, S. A. 1995, «General local stability for stratified, weakly magnetized rotating systems», ApJ 453,

380;

Eardley, D. M., & Lightman, A. P. 1975, «Magnetic viscosity in relativistic accretion disks», ApJ 200,

187;

Matsumoto, R., & Tajima, T. 1995, « Magnetic viscosity by localized shear flow instability in magnetized

accretion disksn, ApJ 445 767.
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disk, for example).[""?] In the subsequent
discussion we will assume accretion onto
a non-rotating or a slowly rotating non-
magnetized object. The situation with
an electromagnetic field will be mentioned
separately in Part III later on.

Here we adopt, for definiteness, the lo-
cal phenomenological description in the
framework of the a-parametrization:!''4]

tizované neutronové hvézdy ¢i magneti-
zovaného disku).["'?l V nasledujici diskuzi
budeme predpokladat akreci na nerotuji-
ci nebo pomalu rotujici nemagnetizované
téleso. O situaci s elektromagnetickym
polem se zminime pozdéji v samostatné

Casti 111

Zde pro urcitost prijmeme lokalni, fe-
nomenologicky popis v ramci a-paramet-

rizace:114

v~ alcg (4.23)

with a < 1. Physical justification of this
assumption is as follows. In accordance
with equation (4.21), kinematic viscosity
of turbulent eddies can be expressed in
the form v ~ £0, where £ and © char-
acterize the size of and the flow speed
in eddies. Relation (4.23) therefore cor-
responds to a natural assumption about
viscosity: £0 < He¢g. For more details on
interpretation of this relation see below

(p. 75).

s a < 1. Fyzikdlni oduvodnéni toho-
to predpokladu je nasledujici. V souhla-
se s rovnici (4.21) 1ze kinematickou visko-
zitu turbulentnich virt vyjadrit ve tvaru
v & £0, kde £ a © charakterizuji rozmér
viria a rychlost proudéni v nich. Vztah
(4.23) tedy odpovida prirozenému pred-
pokladu o viskozité: £0 <« Heg. Podrob-
néji je interpretace tohoto vztahu rozebra-
na nize (str. 75).

4.4 The thin disk model/Model tenkého disku

The problem of accretion disks is too com-
plicated in its full generality and it has
thus been investigated assuming various
approximations. The approximation of
thin disks has been found very useful and

Problém akrec¢nich diskt je v plné obec-
nosti prilis slozity, a proto byl dosud stu-
dovan v ramci ruznych aproximaci. Pribli-
zeni tenkého disku se ukazalo velmi uzi-
tecné a pomérné jednoduché. Predpovida

112 Blandford, R. D. 1985, «Accretion onto massive black holes in active galactic nuclei», in Numerical
Astrophysics, Centrella, J. M., Leblanc, J. M., & Bowers, R. L. (eds.) (Jones and Barlett, Boston), p. 777;
Cunningham, C. 1976, «Returning radiation in accretion disks around black holes», ApJ 208, 534;
Walker, M. A. 1990, «Radiation shear-stress heating in accretion flowss, ApJ 348, 668.

113 Belvedere, G. (ed.) 1989, Accretion Disks and Magnetic Fields in Astrophysics (Kluwer Academic

Publishers, Dordrecht).

114 Qhakura, N. I., & Sunyaev, R. A. 1973, «Black holes in binary systems. Observational appearances,

A&A 24, 337.
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relatively simple. It predicts model spec-
tra which can be compared with observa-
tions. The description in terms of thin
disks is valid when accretion rates are not
too high and energy which is liberated
within the disk material due to viscous
forces can be efficiently radiated away (no
advection of heat; cf. below). In addition
to this, we assume that relativistic effects
are not too strong. Parameters ¢ and &
from equations (3.3)—(3.4) roughly esti-
mate the importance of gravity and ra-
diation pressure near accreting compact
objects.

First we derive equations of the disk
radial structure. We assume that matter
moves along nearly circular orbits with ra-
dius R in the disk plane around an ob-
ject with mass M. We further assume
a small inward drift, vp(R) < vs(R).
In the thin-disk approximation physical
quantities are integrated in the vertical
direction (perpendicularly across the disk
thickness). For example, we define the
surface density ¥ =~ pH which we have
already introduced in the previous chap-
ter [see equation (4.21) above]. In general,
all the quantities are functions of radius
and time.

Let us consider an annulus of the
disk material lying between R, R + AR
and having the mass m = 2rR AR X
and angular momentum mR*Q. We can
write the mass-conservation equation in
the form (for clarity we keep terms with
time derivates in the formulae although
we will restrict ourselves to steady-state
solutions later)
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modelova spektra, ktera lze porovnavat
s pozorovacimi vysledky. Popis v feci ten-
kych diskt je platny, pokud mira akrece
neni prilis velkd a pokud energie uvolnéna
silami viskozity z latky disku je i¢inné od-
nasena zarenim pry¢ (Zadny pienos tepla
proudénim; viz dale). Navic v této ¢as-
ti predpokladame, Ze relativistické efekty
nejsou prilis silné. Parametry ¢ a € z rov-
nic (3.3)=(3.4) poskytuji hruby odhad vy-
znamnosti gravitace a tlaku zareni v bliz-
kosti akreujicich kompaktnich objekti.

Nejprve odvodime rovnice popisujici
radialni strukturu disku. Predpokladame,
7e se jeho hmota pohybuje po témér kru-
hovych drahach s polomérem R v roviné
disku kolem télesa o hmotnosti M. Dale
predpokladame pomaly snos smérem do-
vnitt, vp(R) < vg(R). V priblizeni tenké-
ho disku se fyzikalni veli¢iny integruji ve
svislém sméru (kolmo pres tloustku dis-
ku). Tak definujeme naptiklad povrcho-
vou hustotu ¥ =~ pH, kterou jsme zavedli
jiz v predchozi kapitole [viz rovnice (4.21)
uvedend dfive]. V obecnosti jsou viechny
veli¢iny funkcemi poloméru a casu.

Uvazme prstenec latky disku, ktery se
nachéazi mezi R, R + AR a ma hmotnost
m = 27rR AR Y a moment hybnosti
mR*Q. Zékon zachovani hmotnosti mi-
Zeme zapsat ve tvaru (ve vzorcich pone-
chavame pro nazornost cleny s casovymi
derivacemi, i kdyz pozdéji se omezime na
feseni pro ustaleny stav)

0x. 0
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Analogously, for angular momentum we
derive the relation

0 0
Ra(ﬂ)z%) + IR

Inserting (4.24) in (4.25) we obtain

RZUR(RQQ)/

Now we employ this relation and elimi-
nate vy from equation (4.24):

0y 0
o0 =~ or

The last equation together with definition
(4.21), G = 2r R®*vX(Y, from the previous
section determine the radial structure of

the disk.

In the first approximation, the motion
of the material is Keplerian,

Q= 0u(R) = (

Temporal evolution of the surface density
is given by the non-linear diffusion equa-
tion

0% 0

0¥ _ 30
ot ROR

The typical time-scale for changes in
the radial structure is tyise ~ R%*/v. If
the boundary conditions change on much
longer time-scales (which is often the
case) we can expect a steady-state solu-
tion. Equations (4.24)—(4.25) then yield

RYvp = const,

(RQZUR%) =

T2 OR’

27 (R2Q) OR

lRl/Qi (@Rl/?)] .

R

Obdobné odvodime pro moment hybnosti
vztah

106
27 OR’
—

viscous torque

(4.25)

Dosazenim (4.24) do (4.25) dostaneme

L 99 (4.26)

Tento vztah nyni uZijeme a vylouc¢ime vy
z rovnice (4.24):

! ag] . (4.27)

Naposledy uvedena rovnice spole¢né s de-
finici (4.21), G = 27 R*vXQY, z piedchozi

kapitoly urcuji radialni strukturu disku.

V prvnim pribliZzeni je pohyb materia-
lu keplerovsky,

GM ) " (4.28)

RS

Casovy vyvoj povrchové hustoty je dany
nelinearni rovnici difuze

(4.29)

Typickd casova skala zmén v radialni
struktufe je tyic & R*/v. Méni-li se okra-
jové podminky mnohem pomaleji (coz by-
va mnohdy splnéno), muZeme ocekavat
casové ustalené Teseni. Rovnice (4.24)-

(4.25) pak davaji

M = —2xRSup, (4.30)
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R*Svpv, = % + const,

The integration constant C is determined
by the boundary condition on the sur-
face of the accreting object (radius R.)
where angular velocity of the material
must necessarily decrease below the Ke-
plerian value. (At this point the situation
may be different for accretion onto a black
hole with no rigid surface.) In a realis-
tic situation Q(R.) < Qx(R.) and thus
there exists a value of radius R = R, + b
where €' = 0. The value of b characterizes
the boundary layer thickness. Assuming
a thin layer, b < R, one obtains

C =2 R*SvpQpop,ys = —M\/GMR, + O(b/R,).

Substituting C into equation (4.31) we ob-
tain the expression for the surface density

The assumption about b < R, may be in-
correct in some cases, in particular when
large-scale magnetic fields are present in
the system; however, we do not consider
this otherwise important possibility in the
present paragraph.

The viscous dissipation of energy per
unit disk area is (Fig. 9)

D(R) = Dy (n%) - (1 _

independently of viscosity (M is assumed
to be a fixed parameter). The disk lumi-
nosity is

R*) o p, = 3GMM
R
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C

ZURQ = VZQ/ + 27TR3 .

(4.31)

Integracni konstanta C je urcena okra-
jovymi podminkami na povrchu akreuji-
ciho objektu (o poloméru R.), kde mu-
si thlova rychlost latky nutné poklesnout
pod keplerovskou hodnotu. (V tomto bo-
dé se situace s akreci na cernou diru mu-
7e odlisovat, nebot u ni neexistuje pev-
ny povrch.) V realistické situaci mame
Q(R.) < Qk(R.), takie existuje né&jaky
polomér R = R, + b, na némz ' = 0.
Hodnota b charakterizuje tloustku okrajo-
vé vrstvy. Predpokladajice tenkou vrstvu,
b < R., obdrzime

(4.32)

Po dosazeni C do rovnice (4.31) obdrzime
vyraz pro povrchovou hustotu

R.
f) . (4.33)

Predpoklad o b < R, muze byt v nékte-
rych pfipadech nespravny, zejména tehdy,
pusobi-li v systému velkorozmérova mag-
netické pole; tuto jinak dialezitou moznost
zde ale neuvazujeme.

Viskozni disipace energie na jednotku
plochy disku ¢ini (obr. 9)

= 4.34
STR3 ( )

nezdvisle na viskozité (o M zde pFedpo-
kladame, Ze je to dany parametr). Lumi-
nozita disku je
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0.06

0.04 |f
D/ Dy
0.02

Figure 9:

D/D, due to viscous forces.

Dimesionless dissipation rate

Ldisk == 2/00 27 R D(R) dR
R*

as expected from (4.20). We should em-
phasize once again that half of L,.. still
remains to be potentially radiated by the
boundary layer.

There is no vertical flow of material
in this model, and the Euler equation is
reduced to

la_P_ GM=z

Obrazek 9: Bezrozmérna mira disipace
D/D,, vyvoland viskoznimi silami.

_GMM
2R, 2

Lacc ) (4-35)

jak jsme ocekévali na zakladé (4.20). Mé-
li bychom znovu zduraznit, Ze polovina
Lacc muze jesté byt potencialné vyzarena
v okrajové vrstve.

Ve svislém sméru zadna hmota nepro-
udi, a Eulerova rovnice se redukuje na

GM=z

;62 __(R2—|—22)3/2%_ R®

The disk thickness H can very roughly be
estimated from expression 0P/0z ~ P/H
with P o pc?:

H(R) ~ c¢.R

At this point we are able to write down
the relation for the viscosity parameter
in terms of the stress tensor component
tre (its only non-zero component):

(4.36)

Tloustku disku H 1ze velmi hrubé odhad-
nout ze vztahu 0P/dz ~ P/H s P o pc:

R
G—M. (4-37)

V tomto bodé jsme schopni zapsat vztah
pro parametr viskozity a vyjadfeny po-
moci slozky tenzoru napéti tgy (jeho jedi-
na nenulova slozka):
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. 1 8vR 8v¢ Vg
tre = Q(R@qﬁ TR R)

%

3
—59(2 o vp) o acsHpQ o aclp

x aP (4.38)
(0 is dynamic viscosity). Now we employ (0 je dynamicka viskozita). Nyni pouzije-
the equation of state in order to determine me stavovou rovnici k urceni hustoty. Ku-
the density. For instance, in the isother- ptikladu v izotermalnim ptiblizeni (jez se
mal approximation (which is indeed illus- uvadi pro ilustraci a nelze ho povazovat
trative rather than realistic) we obtain za realistické) mame
p(R.2) = po(R) exp(~2/211%) (4.39)
In the first approximation, the central Tlak ve stredu muze byt v prvnim pribli-
pressure can be determined as a sum of zeni urcen jako soucet tlaku plynu a tlaku
the gas and radiation pressures: zareni:
ET. 4
P e 2o (4.40)
pmy 3¢
with temperature T, ~ T(R,0). To com- s teplotou T, ~ T(R,0). Abychom uza-
plete this set of equations, we need vieli tuto soustavu rovnic, potfebujeme
the energy equation which relates T. to vztah pro energii, ktery da 7. do vzta-
D(R). As a simple example one can hu s D(R). Jako jednoduchy piiklad lze
consider the plane-parallel thin-disk ap- vzit pribliZeni rovinného tenkého disku,
proximation in which case F(R,H) — pti némz je F(R,H) — F(R,0) = D(R).
F(R,0) ~ D(R). The temperature dis- Teplotni rozlozeni se ziska fesenim rovni-
tribution is obtained by solving the ra- ce prenosu zareni.[''®l Nakonec pottebu-
diation transfer equation.l'’”] Finally, we jeme predpis pro viskozitu — napiiklad
need a prescription for viscosity — the a- a-parametrizaci.
parametrisation, for example.
115 Assuming the local thermodynamic equilibrium, a general thermodynamic relation Flur = — Diffu-

sion coefficient x Gradient of the relevant quantity implies ' «x —3dB/0x x —(0B/IT)(9T/0z)
—(sT3/3p)(0T/0z) < (s/x)T* (B is the Planck function, 3 is the Rosseland opacity.) In optically thick
disks, x > 1 and D(R) = <T}..

116 7 obecného termodynamického vztahu Tok = — Difuzni koeficient x Gradient pfislusné velici-
ny plyne za predpokladu lokalni termodynamické rovnovdhy F' o« —9B/0x x —(0B/IT)(0T/0z)
—(sT3/3p)(0T/0z2) x (s/x)T* (B je Planckova funkce, 3 je Rosselandova opacita.) V opticky tlustych
discich mdme x > 1 a D(R) = ¢T%.
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It is probably appropriate to consider
the above described thin disk scheme as
a rather simplified and rough model with
many limitations which, however, shows
several important and attractive features
of the disk-accretion model in general.

We can summarize the equations de-
scribing the structure of thin disks:

Patrné je rozumné chapat vyse popsa-
ny obraz tenkého disku jako dosti zjedno-
duseny a hruby model s radou omezeni,
ktery je vsak presto schopen obsahnout
nékolik dulezitych a pritazlivych vlastnos-
ti obecného modelu diskové akrece.

MuZeme nyni shrnout rovnice popisu-
jici strukturu tenkych diska:

Z:/OO pdz ~ Hp,

definition of the surface (vertically aver-
aged) density.

H=c¢R

relation for the typical disk-thickness H.
It follows that the thin-disk approxima-
tion requires

definice povrchové (ve svislém sméru
zprumérované) hustoty.

R

GM’

vztah pro typickou tloustku disku H. Pfi-
blizeni tenkého disku dale vyzaduje

< [GM
Cq —,
R

which imposes a condition on the disk
temperature. In other words, the thin-
disk approximation requires ¢ small ev-
erywhere, in accordance with the formula
above. Therefore, the radial-pressure gra-
dient must be small compared to gravita-
tional and centrifugal forces. This implies
Keplerian rotation of the disk.

the speed of sound.
o

P

i.e. total pressure = gas pressure + radia-

_ pkT.

Hlp

coz predstavuje podminku na teplotu dis-
ku. Jinymi slovy, aproximace tenkého dis-
ku vyzaduje, aby v souhlase s vyse uvede-
nym vztahem bylo ¢, vsude malé. V di-
sledku toho musi byt radialni gradient tla-
ku maly ve srovnani se silami gravitacni-
mi a odstredivymi. Odtud vyplyva, ze ro-
tace disku je keplerovska.

= P/p,

rychlost zvuku.

4¢

—I__Tc47

3¢

t.j. celkovy tlak = tlak plynu + tlak zarent.
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tion pressure.

o
X = pH=(p,T) = Xz=(p,T) = x(X,p,T),
prescription for the optical depth of the predpis pro optickou tloustku latky tvorici
disk material (assumed to be optically disk (v tomto piikladu se pfedpoklada, Ze
thick in this example, y > 1). je opticky tlusty, y > 1).
. .
3GMM R.
DIR)=—— |1 —/—|;
(£) 87 R3 ( R) ’

this is the energy equation F(R, H/2) — toto je podoba rovnice energie F(R, H/2)—
F(R,0) = D(R) for a plane parallel F(R,0) = D(R) v rovinném tenkém dis-
thin disk which, through the relation for ku, ktera pomoci vztahu pro D(R) urcuje
D(R), determines the disk temperature as jeho teplotu jakozto funkci miry akrece.

a function of the accretion rate.

o
M R,
Y=—1[1—4/—
N 3 ( R) ’
which is the relation (4.33) for the surface coZ predstavuje vztah (4.33) pro povrcho-
density under the assumption of a thin vou hustotu za predpokladu o tenké po-
boundary layer, b < R.. vrchové vrstve, b < R.,.
o

v=~(p, 1,5, a,...),
i.e. the relation for viscosity. The a- tedy vztah pro viskozitu. Parametrizace
parametrisation with v = ac,H is a par- a s v = acsH je jednim z historického
ticular, historically very important exam- hlediska velmi dalezitym piikladem, kte-
ple which leads to the standard model of ry vede ke standardnimu modelu tenkého
a thin disk.!"7] disku.[117]

One thus has eight algebraic equations Mame tedy osm algebraickych rovnic
for eight quantities p,%, H, cs, P, T, s, pro osm veli¢in p, X, H, ¢s, P, T., >, a v ja-
and v as functions of four parameters ko funkci parametra M, M, R a «a. Po-
M, M, R and «. One can still reduce the Cet parametru lze jesté snizit na tii za-

17 Lightman, A. P., Shapiro, S. L., & Rees, M. J. 1978, «Accretion onto Compact objects», in Physics
and Astrophysics of Neutron Stars and Black Holes, Giaconni, R., & Ruffini, R. (eds.) (North-Holland
Publishing Company, Amsterdam), p. 786;

Pringle, J. E. 1981, «Accretion discs in astrophysicsy, ARA&A 19, 137,

Shakura, N. I.; & Sunyaev, R. A. 1973, «Black holes in binary systems. Observational appearancey, A&A
24, 337.
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number of parameters to three by intro-
ducing non-dimensional parameters M —
M/MEdd (MEdd = LEdd/Cz), and B —
R/R, (Ry = 2GM/c*). Masses of black
holes in galactic nuclei can be higher than,
e.g., neutron stars masses by more than
eight orders of magnitude, nevertheless,
the structure of related disks is identi-
cal when expressed in terms of the above
given non-dimensional parameters.

We conclude this section by recall-
ing the main features of the thin a-disk
model: the radial disk structure is de-
scribed by algebraic instead of differential
equations, and some important quantities
are independent of viscosity which we do
not know sufficiently well. Naturally, one
has to pay for this simplification by re-
strictive assumptions, and in some situa-
tion the price may be unacceptable.

vedenim bezrozmérnych parametri M —
M/MEdd (MEdd = LEdd/Cz) a R — R/Rg
(R, = 2GM/c?). Hmotnosti ¢ernych dér
v jadrech galaxii sice mohou byt o vice
nez osm fadu vétsi nez napriklad hmot-
nosti neutronovych hvézd, nicméné struk-
tura s nimi spojenych diskl je totozna,
pokud ji vyjadiujeme pomoci uvedenych
bezrozmérnych parametru.

Ukonc¢ime tuto ¢ast pripominkou hlav-
nich ryst modelu tenkého a-disku: radial-
ni struktura disku je popsana algebraicky-
mi rovnicemi namisto rovnic diferencial-
nich a nékteré dulezité veliciny nezavisi
na viskozité, jiz nezname dostatecné do-
bfe. Za toto zjednoduseni je pochopitel-
né nutno zaplatit zjednodusujicimi apro-
ximacemi, jejichz cena muze byt v nékte-
rych situacich neprijatelna.

4.5 The boundary layer/Okrajova vrstva

We have seen that a half of L,.. remains
available and it can be released in the
boundary layer. Character of the ac-
cretion in a close vicinity of accreting
objects depends strongly on the bound-
ary conditions.!"'8]  The angular veloc-
ity of accreted material decreases from
QR+ b) = Qu(R.+b) to Q(R.) =~ Q. <
Qx(R.) (Q. is the angular velocity of ro-
tation of the compact object). In deriv-
ing the boundary condition (4.32) we as-
sumed that rotation of the central object
nearly vanishes and b < R..

Vidéli jsme, Ze polovina L. zbyva do-
stupna a muze se uvolnit v okrajové vrst-
vé. Charakter akrece v tésném sousedstvi
akreujicich téles velmi zavisi na okrajo-
vych podminkéach.["'® Uhlové rychlost zde
klesa z hodnoty Q(R. + b) =~ Qx(R. + b)
na Q(R.) ~ Q. < Qx(R.) (2 je Ghlo-
vé rychlost rotace kompaktniho objektu).
P1i odvozovani okrajové podminky (4.32)
jsme predpokladali, Ze centralni objekt té-
mér nerotuje a b < R,.

118 Kley, W. 1989, «Radiation hydrodynamics of the boundary layer in accretion disks», A&A 208, 98;
Pringle, J. E. 1977, «Soft X-ray emission from dwarf novaer, MNRAS 178, 195.
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Figure 10: The angular velocity of a thin-
disk material near a slowly-rotating star.

The radial component of the Euler
equation (3.13) is

OvR vi

"RAR

Considering the boundary layer condition

(vy € vx = y/GM/R), we see that the

gravity term, GM/R?, must be, balanced
by

8vR

or

(or by both terms, if they happen to be of

Llop  GM
R p0R " R

Obrézek 10:  Uhlova rychlost latky ten-
kého disku kolem pomalu rotujici hvézdy

Radialni  slozka FEulerovy rovnice

(3.13) zni

0. (4.41)

Uvéazime-li okrajovou podminku (v, <

vg = y/GM/R), vidime, Ze ¢len pochéa-
zejici od gravitace, GM/R?, musi byt vy-

vazen

nebo obéma ¢élen okud jsou shodou
Y, P J
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the same order). Assuming further v <

2 (subsonic inflow),

2
Cs

b
The last relation, together with equation

(4.37)

H ~ c. R,

gives an estimate of the boundary layer
size:

2
R* 2

b~

If the boundary layer emits thermal ra-
diation we can determine its temperature

~

~ GMCS ~
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okolnosti stejného tadu). Jestlize dale

2
<«

predpokladame v% (podzvukovy

vtok),

GM
Iz

~
~o

Posledni vztah, spoleéné s rovnici (4.37)

R.
GM’

poskytuji odhad rozméru okrajové vrstvy:

2

R.

< H < R.. (4.42)

Pokud okrajova vrstva vydava termalni
zareni, muzeme jeho teplotu urcit ze vzta-

from hu
1
gT];lL ~ Lacc X g
GMM 1
~ 9R. “HmR.AC (4.43)

where & is the surface of the boundary
layer. On the other hand, for the disk
temperature (under the same black body

kde S je povrch okrajové vrstvy. Na dru-
hé strané pro teplotu disku (za stejného
predpokladu o zafeni cerného télesa) ma-

assumption) we have me
sT*(R) = D(R).
Using equation (4.34) we obtain S pouzitim rovnice (4.34) obdrzime
3GM AV
TR) = |—F—|1—-\/— 4.44
(= |2 ( R) (140

Evidently, for R > R,,

Zjevné pro R > R, je
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where

S (3GM ”4%107 M
ST\ SwR3¢

Comparing (4.43) and (4.45) we derive
the estimate of the boundary layer tem-
perature

TBLzT*(

Substituting for H = ¢, Ry/ R/GM we can
verify that 15, > T, which again confirms
the importance of the contribution of the
boundary layer to the resulting radiation
of an accreting object.

One should note that the character of
the boundary layer near a black holel*'!
is rather different because (i) there is no
well-defined surface (like a stellar surface)
and (ii) the flow always becomes super-
sonic near the black hole horizon. There
are no stable orbits below R = 3R, =
6GM/c*, the matter reaches the horizon

in the free-fall time-scale

T ~

Therefore, very little radiation is lib-
erated near the horizon and the maxi-
mum energy extractable by the accretion
process is the binding energy of the last

10'7g/s

R 1/4
W)
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1/4 1/4 6 3/4
M 1
Cem) g (4.45)
M, R,

Porovnanim (4.43) a (4.45) odvodime od-
had teploty okrajové vrstvy

(4.46)

Dosazenim za H = c¢,R\/R/GM muze-
me nyni ovérit, ze Ty, > T\, coz opétov-
né potvrzuje dulezitost prispévku okrajo-
vé vrstvy k vyslednému zareni akreujiciho
objektu.

Je treba poznamenat, Ze charakter
okrajové vrstvy u cerné diry je znacné
odligny, ]
dobte definovany povrch (jako je okraj
hvézdy) a (ii) tok se pobliZz horizontu cer-
né diry vzdy stavd nadzvukovym. Pod
R = 3R, = 6GM/c* neexistuji stabilni
orbity a hmota dosahuje horizontu béhem
volného padu

ponévadz (i) zde neni zadny

Velice malo zareni se tudiz uvolhu-
je v blizkosti horizontu a nejvétsi ener-
gie, ktera se muze prfi akrecnim proce-
su uvolnit, je vazbova energie posledni

119 Paul, H. G. 1986, «Boundary behaviour of accretion disks determined by gravity induced cooling near
the black hole», Astronomische Nachrichten 307, 41;

Stoeger, W. R. 1980, «Boundary-layer behavior of the flow at the inner edge of black hole accretion disksy,
ApJ 235, 216.
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stable orbit, about 0.057 ¢* erg/g [which
should be compared to the corresponding
Newtonian analogue, GM/(2 x 3R,) =
0.083¢* erg/g]. Rotation of the central
black hole strongly affects the motion of
accreted matter near the horizon (last
stable orbit is located below 3 R,). Effi-
ciency of the accretion process near a ro-
tating black hole then reaches, at maxi-
mum, & 0.42 ¢? erg/g (see also discussion

on p. 89).

stabilni dréhy, pfiblizné 0,057 ¢* erg/g.
[Tu je treba srovnavat s pfislu$nou ne-
wtonovskou obdobou, GM/(2 x 3R,) =~
0,083 ¢* erg/g]. Rotace ¢erné diry ovliv-
nuje do znacné miry pohyb zachycované
hmoty blizko horizontu (posledni stabilni
draha lezi pod 3 R,). Uéinnost akreéniho
procesu u rotujici cerné diry pak v maxi-
mu dosahuje az &~ 0,42 ¢* erg/g (viz té
diskuze na str. 89).

4.6 Emission spectra/Emisni spektra

Numerical and semi-analytical computa-
tions of emission continua and emission-
line profiles are important tools for verify-
ing models with accretion disks.['2°] Here,
we briefly outline the underlying ideas.
Above all, the disk radiation is affected by
the orbital motion of its elements. A spec-
tral line with a single peak in the local
rest frame of the disk material becomes
broader or can be split into more compo-
nents in the frame of the observer. This
fact is a straightforward consequence of
the Doppler effect.

We assume that spectral lines are
emitted along the whole surface of the
disk, Ry, < R < Rgyu. Because of the tem-

perature profile (4.44), the main contribu-

Numerické a castecné analytické vypocty
emise v kontinuu a profili emisnich car
jsou vyznamnym nastrojem pri ovérovani

120] 7 de struéné

modeli s akreénimi disky.!
nastinime fyziku, jez tvori zaklad téchto
vypoctu. Zareni disku je ovlivnéno prede-
vsim rota¢nim pohybem jeho casti. Spek-
tralni cara s jedinym vrcholem v klido-
vé soustavé spojené s materialem disku se
v pozorovatelové soustave stava sSirsi ne-
bo se muze rozstépit na vice slozek. Je to

primy dusledek Dopplerova jevu.

Predpokladame, zZe spektralni cary
jsou emitovany podél celého povrchu dis-
ku, R, < R < Rou. Diky teplotnimu
profilu (4.44) prispiva k objemové emisivi-

120 Chen, K., & Halpern, J. P. 1989, «Structure of line-emitting accretion disks in active galactic nuclei»,
ApJ 344, 115;

Davidson, K., & Netzer, H. 1979, «The emission lines of quasars and similar objects», Rev.Mod.Phys.
51, 715;

Kojima, Y., & Fukue, J. 1992, «Line profiles emitted from an accretion torusy, MNRAS 256, 679;

Laor, A. 1991, «Line profiles from a disk around a rotating black hole»s, ApJ 376, 90;

Matt, G., Perola, G. C., & Piro, L. 1991, «The iron line and high-energy bump as X-ray signatures of
cold matter in Seyfert 1 galaxiesy, A&A 247, 25;

Ross, R. R., Fabian, A. C., & Mineshige, S. 1992, « The spectra of accretion discs in active galactic nuclei»,
in X-ray Emission from Active Galactic Nuclei and the Cosmic X-Ray Background, Brinkmann, W. &
Triimper, J. (eds.) (Max-Planck-Institut fiir Extraterrestriche Physik, Garching), p. 117.
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tion to the bulk emissivity of low ioniza-
tion lines originates in the distant region
of ~ 104Rg, i.e. near Ry . In addition,
there is Doppler-boosted radiation com-
ing from R ~ R;j,. As a result, two peaks
appear in the line profile. Assuming Kep-
lerian rotation, the orbital velocity corre-
sponding to these peaks satisfies the rela-
tion

vK|R:Rin o

81

té nizko ionizovanych ¢ar zejména oblast
~ 10* Ry, tedy pobliZ Rou. K tomu piistu-
puje dopplerovsky zesilené zareni, pricha-
zejici z R =~ Ry,. Vysledkem je profil ¢a-
ry se dvéma vrcholy. Za predpokladu kep-
lerovské rotace splnuje orbitalni rychlost
latky, odpovidajici vrcholum v profilech
Car, vztah

Rout

vK|R:Rout

which is independent of the disk inclina-
tion angle. This ratio gives the first esti-
mate of the disk size. Typically for M =
Mg one obtains Reu ~ (1047105)Rg.[121]

A direct consequence of the az-
imuthal motion of the radiating mat-
ter 1s the onset of a double-peaked line
core, as in a self-absorbed line. However,
double-peaked profiles are only rarely
1231 the lines are usually filled

in. This is also the evidence for large

observed,!

Rout- (At this point we do not consider
general-relativistic light-bending and the
frequency shift. These effects also con-
tribute to line asymmetries.)'?  The
Doppler effect transforms emitted radia-
tiation with wavelentgth A, to observed

)
Rin

jenz nezavisi na thlu inklinace disku. Ten-
to pomér poskytuje prvni odhad rozméru
disku. Pro M ~ Mg se typicky dostava
Row ~ (10%-10%) R[22

Piimym dusledkem azimutalniho po-
hybu zafici hmoty je vznik dvouhrbého
jadra ¢ary, podobné jako tomu je u self-
absorbovanych ¢ar. Dvouhrbé profily se
[123] obyykle &4-
ry byvaji vyplnéné. To téz svédéi o vel-

ovsem pozoruji vyjimecné,

kém Rout. (Neuvazujeme na tomto misté
zaktiveni paprskt a zménu frekvence po-
dle obecné teorie relativity. Rovnéz tyto
vlivy pfispivaji k nesymetrii ¢ar.)!'?4 Do-
ppleriv méni emitované zareni o vlnové
délce Aoy na pozorované[125]

121 Naturally, the observed shape of lines does depend on the inclination which has to be determined

independently.

122 Pogorovany tvar ¢ar samoziejmé zavisi na inklinaci, jiz je tFeba uréit nezavislym postupem.
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where 8 = v/e, y = singsinbops (¢ is
the azimuthal coordinate in the disk plane
and Ops is the inclination of the observer).
Analogously, the gravitational redshift is

)\obs

Evidently, the position of the centroid
of the line is independent of the disk
inclination.'?!  The radiation from the
gaseous elements orbiting at the inner
edge of the disk suffers a stronger grav-
itational and transverse Doppler redshift
than the radiation from regions located
further out. This results in a redward
asymmetry of the line. In addition, the
Doppler-boosted radiation from the ap-
proaching material contributes to an en-
hanced peak on a blue side of the line.
Fig. 11 illustrates spectral line profiles
from a narrow rotating ring. FElements
of the ring emit radiation with frequency
v = vy respresenting a narrow line with
character of the Dirac é-function in the
local rest frame. The line profile results
from superposition of individual contribu-
tions affected by the Doppler effect and
the gravitational redshift. The observed
profile depends on the observer’s inclina-
tion f,ps. For the case of a disk, the line

_ )\em
_= 1_62'

~ Aem (14187 = By). (4.47)

kde # = v/c, y = sin ¢sinbops (¢ je azi-
mutalni soutadnice v roviné disku a f.ps
je inklinace pozorovatele). Obdobné gra-
vitacni ¢erveny posuv ¢ini

(4.48)

Poloha stfedu ¢ary (tzv. centroidu) zjev-
né nezavisi na inklinaci disku.l'?"  Za-
feni plynu, obihajiciho u vnitfniho okra-
je disku, podléha silnéjsimu gravita¢nimu
a pricnému Dopplerovu jevu nez zareni
z odlehlejsich oblasti. Vysledkem je ne-
soumeérnost car, které jsou posunuty k cer-
venému konci spektra. K tomu pristupuje
dopplerovsky zesilené zareni priblizujici-
ho se materialu, jez zvyraznuje vrchol na
modré strané cary. Obr. 11 ilustruje spek-
tralni profily pochézejici od tzkého rotu-
jictho prstence. Elementy prstence vyda-
vaji zareni o frekvenci v = vy, predstavu-
jici v lokalni klidové soustavé tzkou spek-
tralni ¢aru s charakterem Diracovy funkce
0. Profil ¢ary se potom vytvari prekrytim
jednotlivych prispévka, ovlivnénych Do-
pplerovym jevem a gravitacnim ¢ervenym
posuvem. Pozorovany profil zavisi na po-
zorovatelove inklinaci ,,. V pripadé dis-
ku se profil ¢ary ziska jeho rozdélenim do
jednotlivych prstenct, z nichz kazdy vy-

123 Eracleous, M., & Halpern, J. P. 1994, «Double-peaked emission lines in active galactic nuclei», ApJS

90, 1.

124 Gerbal, D., & Pelat, D. 1981, «Profile of a line emitted by an accretion disk. Influence of the geometry

upon its shape parametersy, A&A 95, 18;

Karas, V., Lanza, A., & Vokrouhlicky, D. 1995, « Emission-line profiles from self-gravitating thin disks»,

ApJ 440, 108;

Kojima, Y. 1991, «The effects of black hole rotation on line profiles from accretion discsy», MNRAS 250,

629;

Laor, A. 1991, «Line profiles from a disk around a rotating black hole»s, ApJ 376, 90.
125 Indexem ,,obs“ — podle anglického ,observer“ — oznacujeme veli¢iny, vztahujici se k pozorovateli.
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Figure 11: Ilustration of a spectral line
profile which is emitted by a narrow ro-
tating ring.

profile can be obtained by splitting the
disk into a number of rings, each emit-
ting with its own local frequency and in-
tensity, and summing their total radiation
together.

Graphs of the relative frequency shift
(the redshift factor)

Obrazek 11: Ilustrace profilu spektralni
cary, vyzarované uzkym rotujicim prsten-
cem.

zaluje se svou vlastni lokalni frekvenci a
intenzitou, a naslednym sloZzenim vysled-
ného zareni.

Grafy pomérného posuvu frekvence
(tzv. Cinitele zéervenani)

g = )‘obs/)\em (449)

along the disk surface will be shown later
in Figures 13-14 after discussing general
relativistic effects on radiation in more de-
tail.

na povrchu disku budou jesté znazorné-
ny pozdéji na obrazcich 13-14, poté az
probereme podrobnéji obecné relativistic-
ké efekty ovliviujici zareni.

126 Naturally, one cannot separate Doppler and gravitational shifts in a complete, self-consistent relati-
vistic treatment of the problem. The centroid wavelentgth depends on inclination, when the wavelentgh
shift, anisotropic emisivity of the material depending on the emission angle, and gravitational focusation

of light rays are properly taken into account. This complete treatment has been presented in the references

cited above.

127 Pfi aplném, selfkonzistentnim relativistickém feseni tohoto problému neni pochopitelné mozné od-

délovat gravitacni posuv od Dopplerova. Vlnova délka centroidu bude na inklinaci zaviset, uvazi-li se
korektné posuv vlnové délky, anizotropni emisivita prostfedi, zavisla na thlu vyzafovani, i gravitacni

fokusace svételnych paprskt. Takto Giplné zpracovani uvedeného problému se uvadi ve vyse citovanych

pracech.
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Calculation of the disk contin-
uum  spectrum is  mathematically
analogous.['"l  An algorithm for this
calculation has been implemented by a
number of authors in various modifica-
tions. It can be outlined in a few steps:

e Define the disk surface, z = z(R), and
determine the intensity of radiation [T
which is emitted from the surface as a
function of radius, frequency of radiation
and direction with respect to the disk sur-
face in the frame corotating with the disk
material. As we saw earlier, in the sim-
plified formulation of the standard model
one assumes thermal radiation with an
isotropic distribution in directions, but
the problem becomes much more complex
if it is to be solved self-consistently with
the equation of radiative transfer;

e Specify location of a distant observer
with respect to the disk axis. In usual
notation, inclination angle of #,,s = 90°
means edge-on view while ., = 0° means
pole-on view;

e Distant observer’s plane is a plane per-
pendicular to the direction § = 6, at
an infinite distance from the source. The
task is to integrate contributions to the
total disk radiation over this plane so that
one has to choose a convenient integration
grid in the plane if the integration is to be
carried out numerically;

e Assuming the approximation of geo-
metrical optics, each grid point deter-

Vypocet spektra disku v kontinuu je
z matematického hlediska obdobny.!'?®!
Jeho algoritmus, jenz v rozli¢nych tpra-
vach pouzila fada autoru, lze nacrtnout

v nékolika krocich:

e Definuj povrch disku, z = z(R), a ur-
¢i intenzitu zareni IR, jeZ z néj vychéz
coby funkei poloméru, frekvence zareni a
sméru vzhledem k povrchu disku v sousta-
vé rotujici spole¢né s materialem v disku.
Jak jsme vidéli jiz drive, pti zjednodusené
formulaci standardniho modelu se pred-
poklada termalni zareni s izotropnim roz-
loZzenim podle sméru, avsak tloha se stane

vvvvvv

konzistentné s rovnici pfenosu zareni;

e Stanov umisténi vzdaleného pozorova-
tele vzhledem k ose disku. V zabéhnu-
tém znaceni znamena f,,s = 90° pohled
se strany disku, zatimco ,,s = 0° zname-
na pohled podél osy;

e Rovinou vzdaleného pozorovatele se ro-
zumi rovina kolméa ke sméru 6 = 0.,
v nekoneéné vzdalenosti od zdroje. Uko-
lem je integrovat pres tuto rovinu prispév-
ky k celkovému zareni disku, takze je tie-
ba v ni vhodnym zptsobem zvolit inte-
gracni mrizku, ma-li se integrace pocitat
numericky;

e Za predpokladu priblizeni geometrické
optiky urcuje kazdy z bodi mrizky jedno-

128 Cunningham, C. T. 1975, «The effects of redshifts and focussing on the spectrum of an accretion disk

around a Kerr black holen, ApJ 202, 788;

Eardley, D. M., Lightman, A. P., Payne, D. G., & Shapiro, S. L. 1978, «Accretion disks around massive

black holes: persistent emission spectra», ApdJ 224, 53;

Shapiro, S. L. 1974, «Accretion onto black holes: The emergent radiation spectrum. III. Rotating (Kerr)

black holes», ApJ 189, 343.
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mines unambiguously a photon ray which
crosses the plane of the observer perpen-
dicularly . Calculate intersections of these
rays with the disk surface, (R,z(R)).
Photon trajectories will not be straight
lines when effects of the general theory of
relativity are taken into account but this
fact poses only a technical complication
in calculating intersections rather than a
principal difference;

e Transform radiation intensity from the
local disk frame, I%(R,z(R);v%, ut),
to the observer’s laboratory frame,
MR, z(R); v, pt)  [equations  (A.3)-
(A5)];

e Propagate intensity to the observer’s
plane [using equation (A.8)];

e Calculate the total observed flux of ra-
diation

FL(Z/L)|€:€obs = /
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znacné paprsek, jenz protina kolmo rovi-
nu pozorovatele. Vypocti pruseciky téch-
to paprsku s povrchem disku, (R, z(R)).
Drahy jednotlivych fotont nebudou prim-
kami, pokud se vezmou v tvahu efekty
obecné teorie relativity, ale tato skutec-
nost znamena spise technickou komplikaci
pri vypoctu pruseciki nez néjaky princi-
pialni rozdil;

e Transformuj intenzitu zareni z lokal-
ni soustavy disku I%(R,z(R); VR, ut),
do pozorovatelovy klidové soustavy,

IM(R, z(R); VY, pl) [rovnice (A.3)—(A.5)];

e Pienes intenzitu do pozorovatelovy ro-
viny [s vyuzitim rovnice (A.8)];

e Vypocti celkovy pozorovany tok zareni

L, L
] (Z/ )|R_>007€:€obs dS
(Over observer’s plane)

4.7 Accretion onto black holes/Akrece na ¢erné diry

The gravitational field near an astronom-
ical object of mass M creates strong gen-
eral relativistic effects if GM/(Rc*) —
1. Compact objects are those for which
the last condition holds near their surface
[these are neutron stars and black holes;
cf. relation (3.3)]. First, we shall con-
sider the simplest case of static, spheri-
cally symmetric objects and later we shall
focus on a generalization to an axially
symmetric stationary case.
at least three astrophysically important

There are

properties of relativistic solutions which
control the accretion process on compact
objects. These are:['?]

Gravitacni pole v blizkosti astronomické-
ho télesa s hmotnosti M dava vzniknout
vyraznym obecné relativistickym efek-
tim, pokud GM/(Rc*) — 1. Kompaktni-
mi objekty nazyvame takové objekty, pro
néz je posledni podminka u jejich povrchu
splnéna [jde o neutronové hvézdy a cer-
né diry; viz vztah (3.3)]. Zprvu uvazime
nejjednodussi pripad statického, sféricky
symetrického télesa a pozdéji se vénuje-
me zobecnéni na osové symetricky sta-
cionarni pripad. Existuji prinejmensim t1i
astrofyzikalné vyznamné vlastnosti relati-
vistickych Feseni, které ridi akreci na kom-

paktni objekty. Jsou to:!3]
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o The existence of the minimum angular
momentum of stable bound orbits. It re-
sults in direct accretion of the material,
the angular momentum of which has been
decreased below the critical limit by vis-

cous pI’OCeSSGS.[ISI]

o The electromagnetic properties of black
holes immersed in an external electromag-
netic field where they can induce high
voltages.[13]

e The Lense-Thirring precession which af-
fects non-equatorial orbits around rotat-
ing compact objects.[13]

Current observational evidence for the
existence of black holes in the cores of
active galaxies is only indirect, however.
It appears easier to explain observational
facts by the presence of a deep potential
well of gravitational field, mainly for the
following reasons:

e The high rotational speed of gas near
some nuclei. The speed indicates a very
large mass concentrated in a relatively
small volume.

e Rapid variability; variability on a time-
scale of a few minutes has been detected
in some Seyfert galaxies. This scale corre-
sponds to the gravitational radius of the

e Existence minimalniho momentu hyb-
nosti stabilnich véazanych drah. Ta zpu-
sobuje primou akreci latky disku, jejiz
moment hybnosti v dusledku ptsobeni
viskoznich procest poklesl pod kritickou

mez.[13l]

o Flektromagnetické vlastnosti cernych
dér vnorenych do vnéjsiho elektromagne-
tického pole, kde mohou indukovat vysoka
napéti.32

o Lensova-Thirringova precese ovliviujici
drahy, lezici mimo rovnikovou rovinu ro-
tujictho kompaktniho objektu.['??]

Soudobé pozorovaci dikazy svédéici
o pritomnosti ¢ernych dér v jadrech ak-
tivnich galaxii jsou ovSem pouze neprimé.
Pozorovaci skutecnosti lze snaze vysveét-
lit pfitomnosti hluboké potencialni jamy
gravitacniho pole, a to predevsim z nasle-
dujicich duvodi:

e Vysokéa rotac¢ni rychlost plynu v blizkos-
ti nékterych jader. Tato rychlost svédci
o pritomnosti velké hmotnosti, ktera je
koncentrovana do pomérné malého obje-
mu.

e Rychla proménnost; proménnost na ¢a-
sové skale minut byla zaznamenana u né-
kterych Seyfertovych galaxii. Takova ska-
la odpovida gravita¢nimu poloméru jadra

129 Processes connected with generation of gravitational waves are typical for highly non-stationary
systems and their discussion thus goes beyond the scope of the present text.
130 Procesy spojené se vznikem gravitacnich vln jsou typické pro vysoce nestacionarni soustavy a jejich

diskuze jde proto mimo ramec tohoto textu.

131 Abramowicz, M. A. 1987, « Accretion disks around black holes», in General Relativity and Gravitation,
M. A. H. MacCallum (ed.) (Cambridge University Press, Cambridge).

132 Damour, T. 1978, «Black hole eddy currents», Phys.Rev.D 18, 3598;

Thorne, K. S., Price, R. H., & Macdonald, D. A. (eds.) 1986, Black Holes: The Membrane Paradigm

(Yale University Press, New Haven).

133 Karas, V., & Vokrouhlicky, D. 1994, «Relativistic precession of the orbit of a star near a supermassive

black holen, ApJ 422, 208;

Wilkins, D. C. 1972, «Bound Geodesics in the Kerr Metricy, ApJ 5, 814.
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core equal approximately to 107 M.

e Potentially high efficiency of conversion
of gravitational binding energy of the ac-
creted material into radiation energy.

e “Superluminal speeds” of motion ob-
served in some objects (especially radio
sources of the blazar type) and broad
emission lines generated in cores of many
galaxies.

e Stability of some linear structures (jets)
over = 108 years.

e High velocity dispersions of stars in the
nuclei of some galaxies.

Now we will briefly describe the shape
of the potential well by constructing the
curves of the effective potential which de-
termines radial motion. Important char-
acteristics of relativistic accretion can be
understood by studying the effective po-
tential for the radial motion in a way anal-
ogous to classical non-relativistic mechan-
ics. FElectromagnetic effects will be dis-
cussed in Part III. The Lense-Thirring
precession affects the azimuthal motion
and it may thus play an important role
in aligning accretion disks (i.e. the drag-
ging of disks into the equatorial plane of
a rotating black hole); this subject is in-
cluded in the section about twisted disks

(p. 105).

In Newtonian theory, the radial part
of motion of a test particle in a central
gravity potential is governed by the effec-
tive potential Viy(l, R). The potential is
constructed from gravitational and cen-
trifugal terms:

Vn(l, R)
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rovnému piiblizné 107 M.

e Potencialné vysokd ucinnost premény
gravitacni vazbové energie akreované lat-
ky na zarivou energii.

o . Nadsvételné rychlosti®, které se pozo-
ruji u nékterych objekta (zejména radio-
vych zdroju typu blazar) a Siroké emisni
cary vznikajici v jadrech rady galaxii.

e Stabilita nékterych linearnich utvaru
(vytryski) presahujici 10° years.

e Velka disperze rychlosti hvézd v jadrech
nékterych galaxii.

Ted strucné popiseme tvar potencialo-
vé bariéry, a to tak, ze sestrojime kiivky
efektivniho potencialu, jenz urcuje pohyb
v radialnim sméru. Dulezité vlastnosti re-
lativistické akrece lze pochopit studiem
efektivniho potencidlu pro radidlni po-
hyb, podobné jako v klasické nerelativis-
tické mechanice. Elektromagnetické jevy
budou diskutovany v Césti II1. Lensova-
Thirringova precese ovliviiuje azimutalni
pohyb a muze proto sehrat dulezitou tlo-
hu pri vyrovnavani akreénich diskt (na-
priklad pfi jejich stahovani do rovnikové
roviny rotujici ¢erné diry); toto téma je
zahrnuto jako soucast kapitoly o zkrouce-

nych discich (str. 105).

V newtonovské teorii je radialni cast
pohybu testovaci ¢astice v centralnim gra-
vitacnim potencidlu fizena efektivnim po-
tencialem Vi (I, R). Ten je sestaven z gra-
vita¢niho a odstredivého clenu:

GM

R Y
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where [ is the specific (per unit mass) an-
gular momentum, i.e. a constant of mo-
tion. Function Vy(/, R) satisfies the en-
ergy equation

dR

kde [ je mérny (na jednotku hmotnosti)
moment hybnosti, tedy konstanta pohy-
bu. Funkce Vy(l, R) spliiuje rovnici pro
energii

% (E)Q — E—Va(l,R), (4.51)

in which the specific energy £ is an-
other constant of motion. An analo-
gous equation can also be obtained within
the framework of the general theory of
relativity.l'®1  If energy £ includes the
rest energy of a particle, i.e. £ — & =
V2E 4+ %, and time t is interpreted as
proper time 7 along its trajectory, we ob-
tain an analog of equations (4.50)—(4.51)

in the form![!33]

Vi R) = (1-

AR\ _
cdr ]

Curves of the effective potential are shown
in Fig. 12. A test particle with a given
value of energy £ and angular momentum
[ can reach only those regions of R for
which the line V' = & lies above the cor-
responding effective potential curve. In
other words, V(I[,R) = &£ is a turning
point of the radial motion. The Newto-
nian case (a) is illustrated by the curve
1 ++/Vy/e with [ = 3.75. Compare this
curve with the relativistic effective poten-
tial V. All the curves of V decrease at
small radii, which may have important
consequences for the stability of disks; (b)

)

— —V*(L,R). (4.53)

v niz specificka energie F je dalsi konstan-
tou pohybu. Obdobnou rovnici lze ziskat
i v ramci obecné teorie relativity.l'>! Po-
kud se do energie £ zahrne klidova energie
Castice, t.j. £ — & = V2E 4+ 2, a as t se
interpretuje jako vlastni cas 7 podél jeji
dréhy, dostaneme analogii rovnic (4.50)-
(4.51) ve tvarul'®l

1\
1 .
()

: (4.52)

Obr. 12 znazornuje kiivky efektivniho po-
tencialu. Testovaci castice s danou hodno-
tou energie £ a momentu hybnosti [ mu-
ze dosahnout pouze téch oblasti R, pro
néz je primka V' = & nad prislusnou kriv-
kou efektivniho potencialu. Jinymi slovy,
V(I,R) = &€ je bodem obratu radialniho
pohybu. Newtonovsky piipad (a) je ilust-
rovan kiivkou 1 4+ +/Vy/c s [ = 3,75. Po-
rovnejme ji s relativistickym efektivnim
potencialem V. Vsechny krivky V pfi ma-
lém poloméru klesaji, coz ma vazné du-
sledky pro stabilitu disku; (b) I = 4,0, (c)
[ = 3,75, (d) | = 2¢/3 = 3,47 (kriticka

134 Misner, C. W., Thorne, K. S., & Wheeler, J. A. 1973, Gravitation (W. H. Freeman and Company,

San Francisco).

135 The effective potential is sometimes defined directly as V2.

136 Nekdy se efektivni potencial definuje pifmo jako V2.
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[ =4.0, (c) I =3.75, (d) | = 2¢/3 = 3.47
(a critical curve with inflection point).
Stable orbits are only possible in a convex
region of the potential curve (indicated

by shading) and, therefore, in a restricted
range of R, [ and &.

Both the Newtonian and relativistic
equations of the test-particle radial mo-
tion acquire formally a similar appear-
ance in the case of strictly radial motion
(I = 0). It is easy to investigate the be-
haviour of these formulae at large dis-
tances, when R — oo, & = ¢* + %vzo

For a description of photon orbits
which correspond to the limit of vanishing
particle rest mass, cf. Appendix, p. 201.

Considering the shape of the effective
potential, one can estimate the maximum
efficiency of the accretion process. It is
given by the maximum gravitational bind-
ing energy: €max = (mazimum binding en-
erqy)/(rest mass energy) ~ 6 %. An anal-
ogous, though a little more complicated
expression holds for motion in the equa-
torial plane of a rotating black hole. In
this case €pax ~ 42 %.

General relativistic effects on parti-
cle motion in the Schwarzschild space-
time can be modelled nearly perfectly
within the so-called pseudo-Newtonian
theory!'"l with an artificially chosen po-
tential

Ppw = —

This potential approximates the specific

R—R,’
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kiivka s inflexnim bodem). Stabilni dra-
hy jsou mozné pouze v konvexni oblasti
potencialové kiivky (oznaceno sedou plo-
chou), a tudiZ v omezeném rozmezi R, [ a

£.

Newtonovska i relativisticka rovnice
pohybu testovaci castice prejdou na for-
malné podobny tvar v piipadé presné ra-
didlntho pohybu (I = 0). Snadno lze vy-
setrit chovani uvedenych vzorcu ve vel-
kych vzdalenostech, kdy R — oo, &€ ~
c? + %vzo

Popis drah fotonu, ktery odpovida li-
mité nulové klidové hmotnosti c¢astic, je
uveden v Dodatku na str. 201.

Jestlize uvazime tvar efektivniho po-
tencialu, muzeme odhadnout nejvétsi
ucinnost akrecniho procesu. Ta je dana
maximalni gravitacni vazbovou energii:
€max = (n€juetsi vazbovd energie)/(klidovd
energie) ~ 6 %. Podobny, i kdyZ poné-
kud komplikovanéjsi vyraz plati téz pro
pohyb v rovnikové roviné rotujici cerné
diry. V tom pfipadé je €pa ~ 42 %.

Efekty obecné relativity na pohyb
castic ve Schwarzschildové prostorocasu
lze témér dokonale modelovat v ramci

[137]

tzv. pseudonewtonovské teoriel'™>"! s uméle

zvolenym potencialem

2GM

5 .

(4.54)

Tento potencial aproximuje mérnou vaz-

137 Paczynsky, B., & Wiita, P. J. 1980, «Thick accretion disks and supercritical luminosities», A&A 88,

23.
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4 6 8 10

Figure 12: A qualitative sketch of the ef-
fective potential V (I, R) for different val-
ues of the angular momentum (b—d) and
their Newtonian analogue (a). Radial co-
ordinate in units of G/c* is on the hor-
izontal axis. Shading indicates examples

of regions where stable motion of particles
with energy £ is allowed: (b) £ < 0.965;
(c¢) € <0.960. (For details see the text.)

12 14 16 18 20
RIM

Obrazek 12: Kvalitativni nacrt efektiv-
niho potencialu V (I, R) pro rizné hod-
noty momentu hybnosti (b—d) a jeho ne-
wtonovska obdoba (a). Na vodorovné ose
je vynesena radialni souradnice v jednot-
kich G/c*. Seda plocha vyznacuje piikla-
dy oblasti, v nichz je mozny stabilni po-
hyb castic s energii £: (b) € <0,965; (¢)
£ <0,960. (Podrobnosti viz text.)
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Figure 13:  Redshift function g accord-
ing to equation (4.55) in dependence on
two dimensionless coordinates in the disk
plane, v = sin¢sinfys and v = 1 —

3R, /R.

energy and the specific angular momen-
tum of accreted particles with a good pre-
cision. The regions with bound (£ < 0)
and stable (dl/dR > 0, dE/dR > 0) or-
bits are also well reproduced, as can be
seen from the following quantities valid
for test particles in a circular orbit:

R—-2R
FE=gm—_—_—"—"%
? (R_Rg)27
dE ) R—3R
—=_lopm =%
dR 2 (R — Rg)¥’

It is worth mentioning that equations
of test-particle motion!'*®! and standard
thin disks near a black holel'*®! can be
solved analytically, with no approxima-
tion, also within the framework of the
general theory of relativity.
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Obrazek 13: Funkce cerveného posuvu g
podle rovnice (4.55) v zavislosti na dvou
bezrozmérnych souradnicich v roviné dis-

ku, y = sin¢sinby,s a © = 1 — 3R,/ R.

bovou energii a mérny moment hybnosti
zachycovanych ¢astic s dobrou presnosti.
Napodobuje dobre i oblasti vazanych drah
(E < 0) a stabilnich drah (dI/dR > 0,
dE/dR > 0), coZ je zfejmé z nasleduji-
cich veli¢in platnych pro kruhovy pohyb
testovacich ¢astic:

p_ GMR
(R - Rg)27
| R—3R
— =1GMR—"¢
dR ~ 2 (R—R,)?

Stoji za zminku, Zze 1 v ramci obecné
teorie relativity lze rovnice pohybu testo-

138] 3 standardnich tenkych
139)

vacich ¢sticl
diskt kolem &erné diryl'"* vytesit analy-
ticky bez jakékoli aproximace.
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Figure 14:
surface — the view along the disk axis.
Radial coordinate of the circle (x) is de-
fined as in the previous Figure, the az-
imuthal coordinate is ¢ here. A distant
observer is located on the right side of the
disk with a fixed value of 0, = 15°. Val-
ues ¢ > 1 and g < 1 correspond to red-
shifted and blueshifted radiation, respec-
tively.

Isocontours of ¢ in the disk

Obrazek 14: Izocary ¢ na povrchu dis-
ku — pohled podél osy disku. Radialni
souradnice kruhu (x) je zavedena shodné
s predchozim obrazkem, azimutalni sou-
radnice je zde ¢. Vzdaleny pozorovatel se
nachazi vpravo od disku s pevnou hodno-
tou O, = 15°. Hodnoty g > 1 resp. g < 1
odpovidaji ¢ervenému resp. modrému po-
suvu zareni.
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Direct image

93

Figure 15:  Schematic illustration of the
arrangement for the colour image of a disk
(tor details see the text).

Figures 13-14 illustrate the redshift
factor ¢ along the disk plane when the
Doppler effect and gravitational shift are
taken into account. The relevant formula
has the form

R—2R,
(R — 3R,)

g _=
Now, equation (4.34) acquires the form

3GMM
P =~

Figures 15 and 16['% illustrate a thin
disk around a rotating black hole. Photon
trajectories are clearly affected by gravity

R.1—R,/R

First order image

Obrazek 15: Schematicka ilustrace uspo-
radani barevného snimku disku (podrob-
nosti viz text).

,

Obrazky 13-14 znazornuji cinitel cer-
veného posuvu ¢ v roviné disku se zapoc-
tenim Dopplerova jevu i gravitacniho po-
suvu. Prislusny vzorec ma tvar

(R 2R, ). (4.55)

Rovnice (4.34) nabyva nyni tvaru

1 - R,/(3R)

R 1— R,/R.

(1 - Rg/R)”

Obréazky 15 a 16['* znazoriiuji vzhled
tenkého disku kolem rotujici cerné diry.
Drahy fotont zjevné ovliviuje gravitace

138 Chandrasekhar, S. 1983, The Mathematical Theory of Black Holes (Oxford University Press, New

York).

139 Novikov, I. D., & Thorne, K. S. ¢« Astrophysics of black holes», in Black Holes, DeWitt, C., & DeWitt,
B. S. (eds.) (Gordon and Breach, Science Publishers, New York), p. 343;
Page, D. N., & Thorne, K. S. 1974, «Disk-accretion onto a black hole. I. Time-averaged structure of

accretion disks», ApJ 191, 499.
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of the compact object in the center of the
disk. Part of the direct image from the
region of the disk behind the central ob-
ject with respect to the observer acquires
a significant distortion. In addition, the
observer can also see the first order (indi-
rect) image which is formed by rays cross-
ing the equatorial plane once. The con-
tribution of the first and the higher order
images to the total radiation flux depends
on inclination of the distant observer, op-
tical thickness of the disk, and a number
of other parameters.

The disk emits thermal radiation at
temperatures which decrease as a func-
tion of radius. Radiation which reaches
the observer is further modified by the
Doppler shift due to the disk Keplerian
rotation, gravitational redshift, and bend-
ing of light rays, as described by the
geodesic equation of general relativity. In
Fig. 16, red colour corresponds to a de-
creased energy of incoming photons (with
respect to energy in the local rest-frame
attached to the disk), blue colour cor-
responds to an increased energy. Light
bending distorts the shape of the disk im-
age, in particular when the observer’s in-
clination is large (fons = 85° here). No-
tice that the image of the inner edge of
the disk is not axially symmetric due to
rotation of the black hole (dimensionless
angular momentum parameter a = 0.99.)
Arrows indicate the direction in which the
black hole and the disk rotate. The figure

is a result of computer modelling.[**2

kompaktniho télesa ve sttedu disku. Znac-
ného poktiveni doznava cast primého ob-
razu, prichazejici z té oblasti disku, jez
se vzhledem k pozorovateli nachazi za
usttednim objektem. Navic muze pozoro-
vatel zaznamenat 1 obraz prvniho fadu
(nepfimy obraz), tvoreny paprsky, které
prechazeji jedenkrate pres rovnikovou ro-
vinu. Prispévek prvniho a vyssich obra-
zu k celkovému svételnému toku zalezi na
inklinaci vzdaleného pozorovatele, optic-
ké tloustce disku a radé dalsich parametru
konkrétniho modelu.

Disk vyzaruje termalni zareni, jehoz
teplota je klesajici funkci poloméru. Za-
feni, které prichdzi k pozorovateli, je da-
le ovlivnéno Dopplerovym posuvem v du-
sledku keplerovské rotace disku, gravi-
tacnim Cervenym posuvem a zakfivenim
paprskii, jak to popisuje rovnice geode-
tiky v obecné teorii relativity. Cervena
barva odpovida na obrazku 16 snizené
energii prichézejicich fotonu (vzhledem
k energii v mistni klidové soustavé spojené
s diskem), modra barva odpovida zvysené
energii. Ohnuti paprski obraz disku po-
kiivuje, a to zejména tehdy, kdyz je po-
zorovatelova inklinace velikd (zde fops =
85°). Povs§imnéme si, Ze obraz vnitiniho
okraje disku neni v dusledku rotace cerné
diry osové symetricky (bezrozmérny para-
metr momentu hybnosti @ = 0,99.) Sipky
vyznacuji spolecny smysl rotace ¢erné di-
ry a s ni korotujictho disku. Obrazek je

vysledkem poéitacového modelovani. 42

140 Colour-coded image of the disk is available on the World-Wide-Web server of the Astronomical

Institute, Charles University Prague.

141 Barevné kédovany pohled na disk je dostupny na World- Wide- Web serveru Astronomického fistavu

Univerzity Karlovy v Praze.

142 Fukue, J., Yamanaka, K., & Furukubo, M. 1992, «The astrophysical torus: appearance and light

curvesy, PASJ 44 521,
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In conclusion let us emphasize that we
have completely neglected the problem of
stability of discussed solutions, which is
naturally of primary importance in their
application.® This neglect was adopted
exclusively for the sake of simplicity of ar-
guments because stability of disks tends
to be a complicated task, not yet fully
worked out.

95

V zavéru zduraznéme, Ze jsme zcela
opomnéli problém stability probiranych
Feseni, jez ma ovsem prvoradou dulezi-
tost pro jejich pouziti.['*?]
jsme prijali vyluéné z davodu zjednodu-
seni vykladu, ponévadz stabilita disku je

Toto zanedbani

dosti slozita tloha, ktera dosud nebyla pl-
né vyresena.

4.8 High accretion rates/Vysoka mira akrece

The standard thin disk model is adequate
when locally liberated energy is radiated
away efficiently but there is no reason to
assume that this condition is valid under
any circumstances. Indeed, the basic as-
sumption of the thin accretion-disk ap-
proximation, H < R, becomes violated
at high accretion rates when cooling is in-
sufficient and L & Lgqq can be expected.
The disk-like configuration tends to be-
come geometrically thick due to inner
pressure in the vertical direction. Thick
accretion disks or tori with H 2 R may
arise as a possible outcome from this sit-
uation.

The main difference between thick
disks and tori is given by their shape
at large radii; there is no strict distinc-
tion between them, however, and we will

Standardni model tenkého disku je
adekvatni, pokud se lokalné uvolhova-
na energie stihne ¢inné vyzarovat, avsak
neni davodu predpokladat, Ze tato pod-
minka plati za vsech okolnosti. Zaklad-
ni predpoklad priblizeni tenkého disku,
H < R, je porusen pri vysoké mire akre-
ce, kdyZ je ochlazovani nedostatecné a lze
tedy ocekavat L 2 Lgqq. Diskovita struk-
tura zacne v dusledku vnitiniho tlaku ve
vertikalnim sméru tloustnout. Jako vysle-

dek tohoto stavu se muze vytvorit tlusty
akrec¢ni disk ¢i torus s H 2 R.

Hlavni rozdil mezi tlustymi disky a to-
ry spociva v jejich tvaru na velkych polo-
meérech; zadné prisné rozliSeni mezi nimi
vsak neni, a do podrobnosti kolem vnéj-

Fukue, J., & Yokoyama, T. 1988, «Color photographs of an accretion disk around a black holey, PASJ

40, 15;

Karas, V., Vokrouhlicky, D., & Polnarev, A. G. 1992, «In the vicinity of a rotating black hole: a fast
numerical code for computing observational effectsy, MNRAS 259, 569;

Luminet, J.-P. 1979, «Image of a spherical black hole with thin accretion disk», A&A 75, 228;
Viergutz, S. U. 1993, «Image generation in Kerr geometry», A&A 272, 355.

143 Lightman, A. P., & Eardley, D. M. 1974, «Black holes in binary systems: Instability of disk accretions,

ApJ 187, L1;

Piran, T. 1978, «The role of viscosity and cooling mechanisms in the stability of accretion disks», ApJ

221, 652;

Pringle, J. E. 1976, « Thermal instabilities in accretion disksy, MNRAS 177, 65.
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not go into the details of outer bound-
ary conditions here. Radiation pressure
is approximately equal to or even greater
than the gas pressure in these objects and,
therefore, we refer to them as being radia-
tion supported.['*4] If such configurations
really existed in the cosmos, they could
explain the highest, apparently super-
Eddington luminosities of some sources.

The interesting geometrical shape of
accretion tori is another motivation for
their investigation: relatively narrow re-
gion of low density — a funnel is formed
along their symmetry axis where mat-
ter can be accelerated by radiation pres-
sure. This is one idea of how jets can be
formed.'*]  However, the theory of tori
is not as developed and well understood
as the theory of thin disks, and prob-
lems with their stability require special

146] The contents of this section

attention.|
should therefore be understood as a moti-
vation to explore disk-like systems (with
toroidal topology) at high accretion rates
and with non-negligible radiation pressure

more deeply.

Models of tori can be further improved
by taking into account a wind driven by

sich okrajovych podminek zde nebudeme
zachazet. Tlak zareni je v téchto objek-
tech srovnatelny s tlakem plynu, nebo miu-
ze nad nim dokonce i prevladnout, a pro-
to fikdme, Ze jsou udrzovany zarenim.['*
Kdyby takové soustavy ve vesmiru oprav-
du existovaly, mohly by vysvétlit nejvétsi,
zrejmé nadeddingtonovské luminozity né-
kterych zdrojt.

Dalsi motivaci k vyzkumu akreénich
toru je jejich zajimavy geometricky tvar:
podél osy symetrie, vné vlastniho toru zu-
stava pomérné tuzka ridka oblast — jaky-
si komin, v némz se muze latka urychlo-
vat tlakem zareni. To je jedna z myslenek

145] Teorie to-

mozného vzniku vytryska.l
ru vSak dosud nebyla tak dobfe rozvinuta
a pochopena jako teorie tenkych disku a
potize s jejich stabilitou vyzaduji zvlastni
pozornost.[1%8l Obsah této &asti je proto
treba chapat spise jako motivaci k hlubsi-
mu studiu diskovitych atvart (s toroidalni
topologii) pfi vysoké mife akrece a s ne-
zanedbatelnym tlakem zareni.

Modely toru mohou byt dale zlepso-
vany tim, ze se uvazi vliv vétru, udrzova-

144 Jaroszynsky, M., Abramowicz, M. A., & Paczynski, B. 1980, «Supercritical accretion disks around

black holes», Acta Astronomica 30, 1.

145 Abramowicz, M. A., & Piran, T. 1980, «On collimation of relativistic jets from quasars», ApJ 241,

L7,

Sikora, M., & Wilson, D. B. 1981, «The collimation of particle beams from thick accretion discsy, MNRAS

197, 529;

Turolla, R., & Zaninetti, L. 1986, « Funnel stability and VLBI-jet luminosity», MNRAS 222, 37.
146 Blaes, O. M. 1986, The Stability of Thick Accretion Disks, Ph.D. Dissertation (International School

for Advanced Studies, Trieste);

Blandford, R. D., Jaroszyniski, M., & Kumar, S. 1985, «On the stability and evolution of relativistic
radiation tori: equations and speculationsy, MNRAS 215, 667;

Jaroszyniski, M. 1986, «Oscillations of thick accretion discsy, MNRAS 220, 869;

Papaloizou, J. C. B., & Pringle, J. E. 1984, « The dynamical stability of differentially rotating discs with
constant specific angular momentum», MNRAS 208, 721.
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[147] Even spherically

radiation pressure.
symmetric models are acceptable for some
sources.["8] We will study the first pos-
sibility, i.e. isolated tori with no wind, in

subsequent paragraphs.

We will first examine the equilib-
rium of a fluid in axially symmetric
rotational motion, at zero viscosity.['4‘]
Adopting a cylindrical orthonormal frame
{enr, ey, e} we can write the velocity field
in the form

U = Vg e¢,

We do not carry out vertical averaging,
as we did with thin disks but again we
neglect accretion and consider strictly az-
imuthal motion. The balance of forces ac-
quires the form (for details we refer to dis-
cussion which can be found in standard

textbooks)[150]
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ného tlakem zéareni.[147

I Dokonce i sféricky
symetrické modely jsou pro nékteré zdroje
piijatelné. 48] V nasledujicich odstaveich
budeme studovat prvni z uvedenych moz-

nosti, tj. izolovanymi tory bez vétru.

Nejdrive probereme rovnovahu tekuti-
ny s nulovou viskozitou v osové symetric-
kém rota¢nim pohybu.['* Ve valcové or-
tonormalni soustavé {eg, ey, e.} muzeme

zapsat rychlostni pole ve tvaru

vg = Q(R, 2)R.

Neprovadime prumérovani ve vertikalnim
sméru, jak jsme to délali u tenkych dis-
ku, avsak akreci opét zanedbavame a uva-
zujeme pohyb pouze v azimutalnim smé-
ru. Rovnovaha sil nabyva tvaru (s po-

drobnostmi odkazujeme na standardni
uéebnice)'*"]

1
VP =-Vo+ (R 2)R = ge. (4.56)

P

where ® is gravitational potential and geg
denotes the effective gravity (orthogonal
to the isobaric surfaces). These equations
relate the shape of the the torus (the sur-
face of which coincides with an isobaric
surface) to the rotation velocity field on
it.

In contrast to thin disks, inertial ef-

kde @ je gravitacni potencial a geg ozna-
¢uje efektivni gravitaci (kolmou k izoba-
ram). Tyto rovnice davaji do vzdjemného
vztahu tvar toru (jehoz povrch se shodu-
je s jednou z izobarickych ploch) a pole
rota¢ni rychlosti na ném.

Na rozdil od tenkych diski mohou

147 Meier, D. L. 1982, «The structure and appearance of winds from supercritical accretion disks. IV.
Analytic results with applications», ApJ 256, 706.

148 Colpi, M., Maraschi, L., & Treves, A. 1984, «Two-temperature model of spherical accretion onto a
black holen, ApJ 280, 319.

149 Fishbone, L. G., & Moncrief, V. 1976, «Relativistic fluid disks in orbit around Kerr black holes, ApJ
207, 962;

Ostriker, J. 1964, «The equilibrium of self-gravitating rings», ApJ 140, 1067.

150 Frank, J., King, A. R., & Raine, D. J. 1992, Accretion Power in Astrophysics (Cambridge University
Press, Cambridge).
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fects in toroidal systems can exceed grav-
ity by a large factor. The shape of the
disk is then determined mainly by the bal-
ance between rotation and pressure gra-
dients. One is tempted to estimate the
importance of radiation pressure by em-
ploying the Eddington luminozity. We re-
call, however, that interpretation of the
Eddington luminosity is valid for spher-
ical systems and it does not provide an
acceptable estimate in the present case —
luminosity can be much higher.

Let us assume, for simplicity, that only
the radiation pressure contributes to equi-
librium. The gradient of the radiation
pressure is related to the flux in equilib-
rium by

v soustavé s torem inercialni efekty gravi-
taci zna¢né presahnout. Tvar disku je pak
uréen predevsim rovnovahou mezi rotaci
a gradienty tlaku. Nabizi se tudiz moz-
nost odhadu dulezitosti zarivého tlaku po-
moci Eddingtonovy luminozity. Pripomi-
name vsak, Ze interpretace Eddingtono-
vy luminozity plati ve sférickych sousta-
vach, zatimco v tomto pripadé neposky-
tuje zadny rozumny odhad — luminozita
miuze byt mnohem vétsi.

Predpokladejme pro jednoduchost, Ze
k rovnovaze prispiva pouze tlak zare-
ni. Gradient zarivého tlaku je ve vztahu
k rovnovaznému toku zareni dan jako

F=-VP., (4.57)

(> designates opacity). Thus from the
balance of forces (4.56)

C
Fmax = ——get =
>

The maximum equilibrium luminosity is
obtained by integrating over the surface

X o

(> oznacuje opacitu). 7 rovnovahy sil

(4.56) tudiz

(Ve - *R). (4.58)

Nejvétsi rovnovazna luminozita se ziska
integraci pres povrch objektu. Za zjedno-

of the object. Assuming » = const for dusujiciho predpokladu » = const ¢ini
simplicity,
c c 5
s = [ Vo-dS— 5 [ 0*Reds
n JS nJS

- 5/ V2 dV — 5/ V.(Q?R)dV
w Jy >~ »x Jy

4 Gp

_ 47TGMC+L/(R_
P 25 Jy
N——

)QdV—i/vl%%(ﬂ’?Q)rdV. (4.59)

Ligaa >0

M denotes the mass enclosed by the sur-
face &, i.e. the mass of the disk. Ewvi-

>0

M oznacuje hmotnost obklopenou povr-
chem S, tzn. hmotnost disku. Luminozi-
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dently the luminosity can exceed the Ed-
dington limit. The last term on the right-
hand side of equation (4.59) decreases to-
tal Lnax but this term vanishes in the spe-
cial case of [ = R?*Q) = const.

Now we have to make an assumption
about the form of the equation of state of
the disk material. Usually, the barotropic
relation is appropriate and simple enough.
The barotropic formula assumes that the
pressure can be written in a form with no
explicit temperature dependence:
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ta muze zrejmé presahnout Eddingtonovu
mez. Posledni ¢len na pravé strané rovnice
(4.59) snizuje celkové Lpay, aviak ve spe-
cidlni piipadé [ = R?*Q = const je tento
¢len nulovy.

Nyni musime uc¢init predpoklad o tva-
ru stavové rovnice latky tvorici disk. Cas-
to je vhodny a soucasné i dostatecné
jednoduchy barotropni vztah. Barotropni
vzorec predpoklada, Ze 1ze tlak zapsat ve
tvaru bez explicitni zavislosti na teploteé:

P = P(p).

Combination of a perfect gas and ra-
diation is a particular example of the
barotropic fluid with

Konkrétnim prikladem barotropni tekuti-
ny je kombinace idealniho plynu a zareni
S

P = Pyas + Praa = consty T' + const, T,

Assuming P,/ P = const, for the sake of
simplification, one derives P o p*/?. This
is a polytropic equation.

The barotropic equation of state sim-
plifies all the relations significantly. One
can apply the Poincaré-Wavre Theorem
which states that @ = Q(R) (no z-
dependence) and that the effective gravity
has a potential (see Appendix, p. 199),

Jestlize budeme za tcelem zjednoduseni
predpokladat, Ze Pp,s/P = const, dosta-
neme pro celkovy tlak P o p*®. To je
rovnice polytropy.

Stavova rovnice polytropy vsechny
vztahy znacné zjednodusuje. Lze totiz
pouzit Poincarého-Wavrovu vétu, jez rika,
ze ) = Q(R) (nezavisi na z) a ze efektivni
gravitace ma potencial (viz Dodatek, str.

199),

get = —V O, (4.60)

_ R ~ o~
@:@—/’mea (4.61)

The radial part of equation (4.56) reads

Radialni ¢ast rovnice (4.56) zni
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tdp-_ o _d®  URY
pdR ~ AR R
I(R)? — lo(R)?

- 1 RSK(R) (4.62)

[lx(R) is Keplerian angular momentum)].
Introducing W(P) = [dP/p, one can

rewrite equation (4.62) in the form

dW =

[(R)* = lc(R)?

[lx(R) znadi keplerovsky moment hybnos-
ti]. Po zavedeni W(P) = [dP/p, 1ze rov-
nici (4.62) prepsat do tvaru

and integrate between the inner and the
outer edges of the torus. Considering

Piner = Pouter = 0, we find

Wouter - I/I/inner — /

Several consequences are worth mention-
ing at this point:[*5!]

o The level surfaces of functions P, p, and
W coincide.

e Assuming that the torus boundary, de-
termined by P = 0, forms a closed sur-
face, there must be a point inside the
torus where dP/dR = 0. Its position de-
fines a center of the torus and the pressure
is maximum there.

e The shape of a torus can be found, for
a general equation of state, by integrat-
ing the vertical component of the Euler
equation

dR ~ | 9P/9=

Router Z(R)2 — ZK(R)2

dR (4.63)

a integrovat ji od wvnitintho k vnéjsi-
mu okraji toru. Uvazime-li, Zze Pypjini =
Pingjsi = 0, nalezneme

Rinner

a0 /R — I(R)*R=>

I dR = 0. (4.64)

Zde je nékolik dusledku, které stoji za

zminku:[151

e Hladiny funkci P, p a W spolu splyvaji.

e Za predpokladu, Ze povrch toru, dany
P =0, tvori uzavienou plochu, musi byt
uvnitt néj misto, kde dP/dR = 0. Jeho
poloha urcuje stied toru, pricemz tlak je
zde nejveétsi.

e T'var toru lze za obecné stavové rovnice
nalézt integraci vertikalni slozky Fulerovy
rovnice

di [ap/aR] _ [

53755 (4.65)

z=H

151 Abramowicz, M. A., Calvani, M., & Nobili, L. 1980, «Thick accretion disks with super-Eddington

luminositiesy, ApJ 242, 722;

Abramowicz, M., Jaroszynsky, M., & Sikora, M. 1977, «Relativistic accretion disksy, A&A 63, 221.
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Figure 17:  Meridional sections through
equipotential surfaces W = const which
determine possible shapes of barotropic
tori (P oc p*3, 1 = const) near a black
hole (denoted by black circle) approxima-
tion. The critical, self-crossing surface
W = W. (dashed) is the one which re-
sembles the Roche lobe in a binary sys-
tem and enables matter to overflow onto
the central object. (Figure prepared by
Antonio Lanza.)

Obrazek 17: Polednikové rezy ekvipo-
tencialnimi plochami W = const, ur-
Cujicimi mozné tvary barotropnich tort
(P o p**, 1 = const) kolem Cerné di-
ry (vyznacena cernym kruhem). Kriticky
povrch W = W. (c¢arkované), protinaji-
ci sam sebe, pripomina Rochetv lalok ve
dvojhvézdné soustavé a umozinuje pretok
hmoty na centralni objekt. (Tento obra-
zek pripravil Antonio Lanza.)
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Barotropic Newtonian tori with constant
angular momentum, [ = const, have been
extensively discussed in the literature
(not only within the pseudo-Newtonian
approximations but also with fully rel-
ativistic Schwarzschild or Kerr space-
times). The assumption about constancy
of [, though unrealistic, simplifies calcu-
lations while preserving the topology of
tori.

Meridional sections of the set of W =
const surfaces with different values of the
constant are illustrated in Fig. 17. Above
a critical value, W > W., material of
the torus forms a stable configuration (cf.
the shaded region in Fig. 17a), while for
W < W, matter overflows onto the cen-
tral object (Fig. 17b) — although we still
assume zero viscosity. This effect resem-
bles the Roche lobe overflow which occurs
in binary systems.

We have seen previously that the spe-
cific angular momentum of Keplerian or-
bits is a non-monotic function in general
relativity. The shape of the torus near a
compact object is affected by this fact, in
particular, a cusp occurs on it (Fig. 17).
It should be emphasized, however, that
the results of the above paragraph hold
fully only on assumption of the barotropic
equation of state.

Apart from the relativistic matter
overflow accross the cusp, as we have just
described, idealized non-viscous tori do
not accrete any matter. Nevertheless they
do rotate differentially and viscous fric-
tion can lead to accretion. In modelling
realistic accretion tori one superimposes
poloidal motion!'>?
tion, vp & vp & v, K vy, and specifies

on the azimuthal mo-

V literatute jsou rozsahle diskutovany ba-
rotropni newtonovské tory s konstantnim
momentem hybnosti, | = const (a to
nejenom v ramci pseudonewtonovského
pribliZzeni, ale téZz s plné relativistickym
Schwarzschildovym nebo Kerrovym pro-
storo¢asem). Predpoklad o konstantnosti
[, jakkoli nerealisticky, zjednodusuje vy-
pocty, a pritom pii ném zustava zachova-
na topologie tort.

Na obr. 17 jsou znazornény poledniko-
vé tezy souborem ploch W = const pro
ruzné hodnoty uvedené konstanty. Nad
urc¢itou kritickou hodnotou, W > W, tvo-
i1 latka toru stabilni konfiguraci (viz Seda
oblast v obr. 17a), zatimco pii W < W.
hmota pretékd na centralni objekt (obr.
17b) — prestoze stale predpokladame nu-
lovou viskozitu. Tento jev pfipomina pre-
tok pres Rochetiv lalok, jenz nastava ve
dvojhvézdnych soustavach.

Dfive jsme vidéli, Ze v obecné relati-
vité neni moment hybnosti keplerovskych
drah monoténni funkci. Tvar toru pobliz
kompaktniho objektu je touto skutec¢nos-
ti ovlivnén, jmenovité na ném vzniké vr-
chol (obr. 17). Je viak t¥eba zduraznit, Ze
vysledky tohoto odstavce plati v plné $iti
jenom za omezujiciho predpokladu barot-
ropni stavové rovnice.

S vyjimkou relativistického pretoku
hmoty pres vrchol, jak jsme jej pravé po-
psali, idealizované tory bez viskozity ne-
maji zadnou akreci hmoty. Rotuji ovsem
diferencialni rotaci, a viskozni tfeni tedy
muze vést k pomalé akreci. V modelech
realistickych akrecnich toru se sklada po-
loidalni pohyb['®3 s pohybem azimutél-
nim, vp R vp & v, K v4. Jesté je treba
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the [(R) distribution which has been kept
free in previous discussion.

One cannot assume local balance of
energy in these configurations. Heat can
be advected from its source in any direc-
tion before it is radiated away from the
surface. Compared to modelling thin ac-
cretion disks at a low accretion mode, tori
— thick disks pose a much more difficult
task.
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zadat rozdéleni [( R), které zustalo v pred-
chozi diskuzi neurcené.

Pri tomto usporadani se neda pred-
pokladat lokalni energeticka rovnovaha.
Teplo se muze odvadét od zdroje kterym-
koli smérem jesté predtim, nez dojde k vy-
zareni z povrchu toru. Ve srovnani s mo-
delovanim tenkych diski v moédu nizké
akrece je modelovani tort — tlustych dis-

vvvvvv

5 * Further considerations/Dalsi ivahy

So far we have discussed two extreme lim-
its of the astrophysical disk theory: stan-
dard thin disks and radiation-pressure
supported tori. We have also stressed
the importance of adequate descrip-
tion of gravitation (Newtonian, pseudo-
Newtonian, or general relativistic). Now
we will mention other directions that can
be followed in generalizing the models de-
scribed above. The aim is to make them
more realistic by considering additional
physical processes and including in equa-
tions additional terms that have been
neglected so far for simplification.

The vertical structure of disks has
been considered to various degrees of so-
phistication by a number of authors.!'?
One can solve the equation for vertical
structure [hydrostatic equilibrium equa-
tion (4.36) in the most simple case] in
a self-consistent manner only if it is
supplemented by the radiative-transfer
equation.['5]

Dosud jsme diskutovali dva mezni pfipa-
dy v teorii astrofyzikalnich disku: stan-
dardni tenké disky a tory udrzované tla-
kem zareni. Zduraznili jsme téz dulezitost
odpovidajiciho popisu gravitace (newto-
novsky, pseudo-newtonovsky nebo obecné
relativisticky). Nyni se zminime o dalsich
smérech, které 1ze sledovat pri zobechova-
ni vyse uvedenych model. Cilem je ucinit
tyto modely realistictéjsi tim, Ze se uvazi
dalsi fyzikalni procesy a zahrnou dopliko-
vé cleny, které byly v rovnicich standard-
nich disku z divodu jednoduchosti dosud
zanedbavany.

Rada autorti se s riznou mirou do-
konalosti zabyvala vertikalni strukturou
diska.'® Rovnici vertikdlni struktury
[v nejjednodussim piipadé to je rovni-
ce hydrostatické rovnovahy (4.36)] 1ze te-
sit self-konzistentnim zpusobem pouze po
doplnéni o rovnici pfenosu zareni.['%]

152 Motion in the radial and latitudinal direction, i.e. vg, vg; ,poloidal‘ means ,residing in the plane of

poles‘.

153 Pohyb v radidlnim a latitudinalnim sméru, t.j. vg, ve; ,poloidalni‘ znamena lezici v roviné pdli‘.
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Until now we have completely ne-
glected radial transfer of matter. Real
accretion naturally requires inclusion of
the radial component of velocity, radial
advection of heat and of other physi-
cal quantities into the disk equations.!'?¢]
Spectral distortions due to a corona above

the disk itself must also be considered.['?7]

The final goal of the disk theory
is to construct fully three-dimensional
and time-dependent models with proper
boundary and initial conditions. Present-
day research takes the first steps in this
direction but they are beyond the scope
of our text. Numerical computer solu-
tions of magnetohydrodynamic equations
will play a major role in this task.

However, we will illustrate here par-
ticular examples of simplified, semi-
analytical generalizations to the standard
model:

o Twisted disks which lack axial symme-

Dosud jsme zcela zanedbavali pirenos
hmoty v radialnim sméru. Skutecna akre-
ce samoziejmé vyzaduje zahrnout i radial-
ni slozky rychlosti, radidlni pfenos tep-
la a dalsich fyzikalnich veli¢in do rovnic
disku.l'®l Rovnéz je tieba uvézit zmé-
ny spektra, zpusobené pritomnosti korény

nad vlastnim diskem.[57

Konec¢nym cilem teorie diskt je vytvo-
feni plné trirozmérnych a casové zavislych
modelt se spravnymi okrajovymi a po-
catecnimi podminkami. Soudoby vyzkum
¢ini v tomto sméru prvni kroky, avsak to
je jiz mimo ramec naseho textu. Numeric-
ka pocitacova reseni magnetohydrodyna-
mickych rovnic budou hrat v této tuloze
hlavni roli.

Nicméné zde ilustrujeme castecné pri-

klady zjednodusenych semianalytickych
zobecnéni standardniho modelu:

e Zkroucené disky, jez postradaji osovou

154 Cannizzo, J. K., & Cameron, A. G. W. 1988, «On convection-induced viscosity in accretion disks in

cataclysmic variables», ApJ 330, 327,

Hubeny, I. 1990, «Vertical structure of accretion disks: a simplified analytical model», ApJ 351, 632;
Meyer, F., & Meyer-Hofmeister, E. 1982, « Vertical structure of accretion disksy, A&A 106, 34;
—— 1983, «Accretion disks in cataclysmic variables. The influence of the frictional parameter a on the

structurey, A&A 128, 420.

155 Adam, J., Storzer, H., Shaviv, G., & Wehrse, R. 1988, «Radiation from accretion disks», A&A 193,

L1;

Artemova, 1. V., Bisnovatyi-Kogan, G. S., Bjornson, G., & Novikov, I. D. 1995, «Structure of accretion

disks with optically thick-thin transitions», 777;

K#iz, S., & Hubeny, I. 1986, «Models and theoretical spectra of accretion discs in dwarf novaes, BAC 37,

129.

156 Abramowicz, M. A., Czerny, B., Lasota, J. P., & Szuszkiewicz, E. 1988, «Slim accretion disks», ApJ

332, 646;

Narayan, R., & Yi, 1. 1995, «Advection-dominated accretion: self-similarity and bipolar outflowsy, AplJ

444, 231.

157 Field, G. B., & Rogers, R. D. 1993, «Radiation from magnetized accretion disks in active galactic

nuclein, ApJ 403, 94;

Haardt, F., & Maraschi, L. 1993, «X-ray spectra from two-phase accretion disks», ApJ 413, 507.
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try;
e lon-pressure supported tori.
Different approximations are most

probably relevant for different types of as-
tronomical objects.
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soumernost;
e Tory udrzované tlakem ionta.
S nejvétsi pravdépodobnosti se rozlic-

na priblizeni uplatiuji v raznych druzich
astronomickych objekti.

5.1 Twisted disks/Zkroucené disky

Until now we have restricted ourselves
to axially symmetric models. The main
reason for this assumption is the appar-
ent simplification of relevant equations.
In addition, axisymmetric configurations
allow further simplification if stationar-
ity can be assumed. As we will see in
the present chapter, there are good the-
oretical reasons to believe that a real
solution approaches an axially symmet-
ric steady state during its evolution, al-
though the initial state may lack these
symmetries. The object of current re-
search is to understand the long term evo-
lution of asymmetric and non-stationary
systems by numerical methods. Here, we
will present some arguments about the
quasi-stationary evolution of weakly non-
axisymmetric thin disks. This treatment
can hardly be considered as a final answer
to the problem of an inclined disk evolu-
tion, nevertheless, it puts our subject in
another perspective.

Let us consider a central body with
an axially symmetric gravitational field
which defines an equatorial plane of the
system. The leading term of the multi-
pole expansion of the gravitational field
of a spatially localized object is of course
spherically symmetric but there are sev-
eral effects that contribute to higher-

Doposud jsme se omezovali na osové sou-
mérné modely. Hlavnim duvodem tohoto
predpokladu je zfejmé zjednoduseni pii-
slusnych rovnic. Osové soumérna uspora-
dani navic umoznuji dalsi zjednoduseni,
pokud lze predpokladat stacionaritu. Jak
uvidime v této kapitole, existuji dobré te-
oretické duvody pro viru, ze skutecné fe-
seni se v prubéhu svého vyvoje priblizuje
k osové symetrickému ustalenému stavu,
prestoze pocatedni stav muze tyto symet-
rie postradat. Predmétem soudobého vy-
zkumu je porozumét pomoci numerickych
pristupt dlouhodobému vyvoji asymetric-
kych a nestacionarnich soustav. Zde si
predvedeme néktera tvrzeni o kvazistacio-
narnim vyvoji mirné neaxialnich tenkych
diska. Takovy pristup lze stézi povazovat
za néjakou konecnou odpovéd na uvedeny
problém vyvoje sklonénych diski, nicmé-
né nam poskytuje odlisny nahled na toto
téma.

Uvazme ustredni téleso s osové sou-
mérnym gravitacnim polem, jez urcuje
rovnikovou rovinu soustavy. Hlavni clen
multipélového rozvoje gravitacniho po-
le prostorové ohraniceného objektu je
samozrejmé sféricky symetricky, avsak
existuje nékolik efektt, které prispivaji
do asférickych c¢lenu vyssiho tadu, jako



106 5 * FURTHER CONSIDERATIONS/DALSI UVAHY

order, nonspherical terms, such as:['%%]

e The quadrupole moment of the gravita-
tional field of the central object (if it is a
rapidly rotating star, for example);!5%)

e The Lense-Thirring effect (dragging of
inertial frames, e.g. due to rotation of a
central black hole) as derived from the

general theory of relativity;[!¢]

e Gravitational coupling to a companion
object which is misaligned with the disk
plane (e.g. a component of a binary sys-
tem; it is assumed that the secondary
component is rather distant so that the
Keplerian frequency of its orbital motion
can be neglected in comparison to the Ke-
plerian frequency of the disk material and
one can work with time-averaged quanti-
ties);

e Coupling to an external magnetic field
which is misaligned with the disk axis;!*6"]

The central object is assumed to be
surrounded by a disk which initially is
inclined with respect to the equatorial
plane. If the disk consisted of non-
interacting particles it would become dis-
solved in the course of the Keplerian pe-
riod (each particle would move along its
own orbit), however, viscosity of the ma-

napiiklad:['>8]

o Kvadrupdlovy moment gravitacniho po-
le Gstfedniho objektu (pokud je jim napti-
klad rychle rotujici hvézda);!*>]

e Lensuv-Thirringav jev (strhavani iner-
cialnich soustav, napr. v dusledku rota-
ce Ustfedni cerné diry), jak se odvozuje

7 obecné teorii relativity;[160]

e Gravita¢ni vazba na doprovodny ob-
jekt, jenz lezi mimo rovinu disku (napf.
slozka dvojhvézdné soustavy; predpokla-
da se, ze sekundarni slozka je dosti vzda-
lena, takze lze zanedbat keplerovskou
frekvenci jejiho orbitalniho pohybu vzhle-
dem ke keplerovské frekvenci latky disku
a pracovat s ¢asové ustfednénymi velic¢i-
nami);

e Vazba na vnéjsi magnetické pole, jez je

riiznobézné s osou disku;!*6!

O tustfednim objektu predpokladame,
7e je obklopen diskem, ktery je na pocat-
ku sklonény vzhledem k roviné rovniku.
Pokud by disk tvorily neinteragujici cas-
tice, doslo by k jeho rozruseni v prubéhu
keplerovské obézné doby (kazda z Castic
by se pohybovala volné podél své vlastni
dréhy), ale zde vstupuje do tvah visko-

158 Kumar, S. 1986, « Twisted accretion discs — II. Variation in density distribution and application to

interacting binariesy, MNRAS 223, 225.

159 Tassoul, J.-L. 1978, Theory of Rotating Stars (Princeton University Press, Princeton).
160 Karas, V., & Vokrouhlicky, D. 1994, «Relativistic precession of the orbit of a star near a supermassive

black holen, ApJ 422, 208;

Wilkins, D. C. 1972, «Bound Geodesics in the Kerr Metricy, ApJ 5, 814.
161 Aliev, A. N., & Gal'tsov, D. V. 1987, «On the observability of the magnetic precession of the black

hole accretion disky, Ap&SS 135, 81;

Hanni, R. S. 1978, «Magnetic torque on a charged rotating black holes, A&A 70, L35;
Karas, V. 1991, «Alignment in a-discs near a magnetized black holex, MNRAS 249, 122;
King, A. R., & Lasota, J. P. 1977, «Magnetic alignment of rotating black holes and accretion discs»,

A&A 58, 175.
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terial enters into consideration at this
point and affects the evolution of the
disk shape. Historically, the original idea
imagined the disk as consisting of rigid
rings with precession motion under vis-
cous stresses between nearby rings. The
disk was supposed to align gradually with
the equatorial plane.l'®? The physically
incorrect assumption about rigid rings
was later abandoned but the result about
disk dragging remains valid.l'®* We de-
scribe two basic equations of geometri-
cally thin, twisted (or warped) disks:

e Mass conservation in a well-known
form [cylindrical coordinates {R, ¢, z}; cf.
equation (4.24)],

0%

it 3R

e Angular momentum conservation which
is derived from the formula for angular-
momentum transport between adjacent

rings of a small width AR,

% (2771%32 AR Qlo)

21 R*Yor0 1,
R—

107

zita latky a ovliviuje vyvoj tvaru disku.
Historicky puvodni myslenka predstavo-
vala disk jako soustavu tuhych prstencu,
vykonéavajicich precesni pohyb v dasledku
viskoznich napéti mezi sousednimi prsten-
ci. V dusledku toho se mél disk postupné
pfesunovat do rovnikové roviny.['*? Fyzi-
kalné nespravny predpoklad tuhych prs-
tenct byl pozdéji opustén, ale zavér o sta-
éeni disku ztstal v platnosti i nadale.['’]
Popiseme nyni dvé zakladni rovnice geo-

metricky tenkych, zkroucenych diski:!*64

e Zachovani hmotnosti v dobfe znamém
tvaru [valcové soutadnice {R,¢,z}; viz
rovnice (4.24)],

(RYvg) = 0. (5.1)

e Zachovani momentu hybnosti, které se
odvozuje ze vzorce pro prenos momentu
hybnosti mezi sousedicimi prstenci malé

siiky AR,

L AR — (QWRSZURQl)R_l_%AR

+ G(R+1AR)—G(R—1iAR)+2rR ARLR),

i.e., in the limit of AR — 0

tzn. v limité AR — 0

162 Bardeen, J. M., & Petterson, J. A. 1975, «The Lense-Thirring effect and accretion disks around Kerr

black holes», ApJ 195, L65;

Petterson, J. A. 1977, « Twisted accretion disks. I. Derivation of the basic equations», ApJ 214, 550;
Hatchett, S. P., Begelman, M. C., & Sarazin, C. L. 1981, «A new look at the dynamics of twisted accretion

disks», ApJ 247, 677.

163 Papaloizou, J. C. B., & Pringle, J. E. 1983, «The time-dependence of non-planar accretion discs»,

MNRAS 202, 1181;

Kumar, S., & Pringle, J. E. 1985, « Twisted accretion discs: the Bardeen-Petterson effecty, MNRAS 213,

435;

Scheuer, P. A. G., & Feiler, R. 1996, « The alignment of a black hole misaligned with its accretion disk»,

MNRAS 282, 291.

164 Jak jsme jiz d¥ive étenafe varovali, velmi specidlni pojmy nemaji ustleny cesky pieklad.
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o 10

2t " RoR

In the last equation, G(R, 1) is the viscous
torque acting in the disk material and ¢
is the external torque per unit disk sur-
face area (components tgp, and tg, con-
tribute to the twist of the disk). Angu-
lar momentum can be written in the form
l = lly ~ l(l},l3,1), where | = YR*Q;
I, 1y < 1.0 Equations (5.1)(5.2) ex-
panded to the first order in [y, /5 lead to
linearized equations for evolution of the
twist.

Zero-order G can be written as a sum
of two terms: (f) the torque due to vis-
cosity in a planar disk, and (1) the torque
due to the twist in a tilted disk,

(leR)

1 06

= ﬁﬁ +t. (5.2)

G(R,t) oznacuje v posledni rovnici todi-
vy moment pusobici v latce disku a ¢ je
vnéjsi toc¢ivy moment na jednotku plochy
disku (sloZky tgry a tgr. zptusobuji krouce-
ni disku). Moment hybnosti 1ze prepsat do
tvaru l = lly ~ I(11,15,1), kde | = X R*Q);
I, 1y < 1.9 Rovnice (5.1)~(5.2), rozvi-
nuté do prvniho fadu v [y, l3, vedou k li-
nearizovanym rovnicim pro vyvoj krouce-
ni.

Nulty 1ad rozvoje G lze zapsat ja-
ko soucet dvou ¢lenu: () to¢ivy moment
zpusobeny viskozitou rovinného disku a
(1) tocivy moment zpusobeny kroucenim
sklonéného disku,

GO = 20vERQO 4 27 LIS RA OV,
——————

i

that is

—_————
+
+

to jest

G = —37v1® 4 7RIV, (5.3)

where we have introduced two kinematic
viscosities, v for the angular momentum
transport in a planar disk and v for the
angular momentum transport due to the
twist. We have also denoted 1¥ =
(l1,12,0). Zeroth order terms in equation

(5.2) are thus

g+ii(
ot ROR

which is equivalent to equation (4.25).

kde jsme zavedli dvé kinematické viskozi-
ty, v pro pfenos momentu hybnosti v ro-
vinném disku a v pro pfenos momentu
hybnosti v dusledku krouceni. Téz jsme
oznadili 1) = (11,12,0). Cleny nultého ié-
du v (5.2) jsou tedy

3 0

[Rop) = —— 2 (v1), (5.4)

2ROR

coZ je ekvivalentni rovnici (4.25). Vylou-

165 Note that ¥ is included in the definition of { in the present chapter.
166 Poznamenejme, ze v této kapitole je ¥ zahrnuto do definice /.
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g

Rinner

Figure 18: A typical stationary solution
of the twist equation (5.5) suggests that
inner regions of the the disk are aligned
with the equatorial plane.

We eliminate vgp and obtain equation

(4.29), as before.

First order terms in

Router

R —

Obrazek 18:
rovnice (5.5) pro zkrouceni disku nazna-
cuje, ze jeho vnitrni ¢asti jsou stazeny do

Typické stacionarni reseni

rovnikové roviny.

¢ime vg, a tak jako dfive obdrzime rovnici

(4.29). Cleny prvniho tadu v (5.2) ted dé-

(5.2) now yield the twist equation for W = vaji rovnici pro krouceni, W = [ + uly:
ll + ZJQl
ow v\ oW 1 0 ow
— — | == = ——=-— |VIR=+= O, W. 5.5
ot +<”R+23) OR ~ 2IROR (V 8R)+Z v (5:5)

The term Q,W corresponds to the preces-
sion of a ring due to nonvanishing ¢ [the
last term on the r.h.s. in equation (5.5)],

1
Q,=-——
? 29(

(5.5) is a linear differential equation which
is to be solved numerically with appro-
priate boundary condition. One can also
investigate the steady state by neglecting
Wi Typical results show (Fig. 18) that
|W| decreases with R decreasing which
can be interpreted as a signature of align-
ment of the disk to the equatorial plane

due to the external torque. Numerical

Vyraz Q,W odpovida precesi prstence za-

Vv

pravé strané rovnice (5.5)],

e %0
OR 0z =0 '

(5.5) je linearni diferencialni rovnice, jiz
je treba resit numericky s vhodnou okra-
jovou podminkou. Rovnéz je mozno vy-
setrovat ustaleny stav tim, Ze se zanedba
Wi Typické vysledky ukazuji (obr. 18),
ze |W| klesa s klesajicim R, coZ lze chapat
jako projev vyrovnavani disku do ekva-
torialni roviny, vyvolané vnéjsim tocivym
momentem. Ke studiu dynamického vyvo-
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methods must be employed to study dy-

namical evolution of twisted disks.[167]

je zkroucenych disku je nutno vyuzit nu-

merické p¥istupy.[167]

5.2 Ion-pressure-supported tori/Tory udrZované tlakem iontu

It has frequently been observed that nu-
clei of extended radio sources produce
very little radiation, though they posses
highly energetic jets.['®8] Thick disks sup-
ported by radiation pressure do not of-
fer an acceptable explanation for these
objects because they inevitably emit too
much relatively isotropic radiation. The
appropriate model for this type of object
seems to be a low-accretion torus made of
a hot, optically thin mixture of ions and
1691 The temperature of the gas
is roughly equal to the virial temperature:

electrons.|

Tvir —

For r < 2000 R, this temperature exceeds
the temperature associated with the elec-
tron rest mass. The electrons are there-
fore subject to radiative cooling processes
such as Compton scattering and their
temperature decreases. Either ions must
be able to transfer their thermal energy to
electrons (such a possibility is not clearly
understood since ions are weakly cou-

Casto se pozoruje, Ze jadra rozsahlych ra-
diovych zdroju vydavaji velmi malo zare-
ni, ackoli jsou u nich vysoce energetické
vitrysky.l'®® Tlusté disky udrzované tla-
kem zareni nenabizeji prijatelné vysvétle-
ni téchto objektu, protoze nevyhnutelné
emituji prilis§ mnoho pomérné izotropniho
zareni. Vhodnym modelem takovych ob-
jektu se zda byt torus z horké, opticky
tenké smési iontu a elektront, nachazejici
[169] Teplota ply-
nu je priblizné rovna virialové teploté:

se ve stavu nizké akrece.

GMm,
3kr

Pro r < 2000 R, pfesahuje tato teplota
hodnotu teploty urc¢enou z klidové hmot-
nosti elektronu. Elektrony se tudiz ochla-
zuji v zarivych procesech, jako je Compto-
ntv rozptyl, a jejich teplota klesa. Bud
musi byt ionty schopny predavat svou ter-
malni energii elektrontim (takova moznost
nebyla dosud vyjasnéna, protoZze vazba
iontu s elektrony je slaba), nebo se jejich

167 Kumar, S. 1990, « Twisted accretion disks. V. Viscous evolution», MNRAS 245, 670;

Papaloizou, J. C. B., & Lin, D. N. C. 1995, «On the dynamics of warped accretion disks», ApJ 438, 841.
168 Fabian, A. C., & Rees, M. J. 1995, «The accretion luminosity of a massive black hole in an elliptical
galaxy», MNRAS 277, L55.

169 Lightman, A. P., Shapiro, S. L., & Rees, M. J. 1978, «Accretion onto Compact objects», in Physics
and Astrophysics of Neutron Stars and Black Holes, Giaconni, R., & Ruffini, R. (eds.) (North-Holland
Publishing Company, Amsterdam), p. 786;

Rees, M. J., Begelman, M. C., Blandford, R. D.; & Phinney, E. S. 1982, «lon-supported tori and the
origin of radio jetsy, Nature 295, 17;

Shapiro, S. L., Lightman, A. P., & Eardley, D. M. 1976, «A two-temperature disk model for Cygnus X-1:
structure and spectrum», ApJ 204, 187;

Spitzer, L. 1962, The Physics of Fully Ionized Gases (Wiley-Interscience, New York).
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pled to electrons) or their temperatures
become unequal and a two-temperature
torus supported by hot ions instead of ra-
diation pressure develops. Such a torus,
in contrast to radiation-supported tori,
does not require super-Eddington accre-
tion and, indeed, it can survive at M <
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teploty stanou rozdilnymia vznikne dvou-
teplotni torus, ktery je udrzovan horkymi
ionty namisto tlaku zareni. Takovy torus
nevyzaduje akreci prevysujici Eddingto-
novu mez a na rozdil od toru udrzovanych
tlakem zareni pretrvava i pri M < MEdd.

5.3 Massive stars/Mohutné hvézdy

Models of main-sequence stars predict a
maximum possible stellar mass ~ 60 M.
Stars become unstable above this limit
but detailed theoretical studies of stellar
instabilities are highly complex. It has
long been speculated that configurations
with M ~ 1000 Mg or even higher mass
might exist.'™ Nevertheless, current ob-
servations do not offer any persuasive sup-
port for this suggestion.['7"]

The equation of hydrostatic equilib-
rium in a spherical star is

ar _
dR

Radiation pressure in hypothetical mas-
sive stars dominates, P &~ Pq = %gT‘l,
which for equilibrium luminosity means

L(R)
47 R?%e

At first we can assume that opacity is due
to the Thomson scattering,

x (R)p(R)

Modely hvézd hlavni posloupnosti pred-
povidaji nejvétsi moznou hmotnost hvézd
~ 60 Mg. Nad touto hranici se stava-
ji hvézdy nestabilni, ale podrobné teo-
retické studium hvézdnych nestabilit je
znacné komplikované. Uz dlouhou dobu
se spekuluje o tom, Ze by mohly existo-
vat konfigurace s M =~ 1000 Mg nebo
[170] Soudoba pozo-
rovani ovsem tento navrh nijak presvédéi-

vé nepodporuji.l'™!

jesté vétsi hmotnosti.

Rovnice hydrostatické rovnovahy ve
stérické hvézdé zni

GM(R)p(R)
R? '

Tlak zarfeni v hypotetickych mohutnych
hvézdach prevlada, P ~ P,.q = %gT‘l, cOZ
pro rovnovaznou luminozitu znamena

3

w7 [T (R)] . (5.6)

WlN

Zprvu muzeme predpokladat, Ze opacita
je zpusobena Thomsonovym rozptylem,

170 Fricke, K. J. 1973, «Dynamical phases of supermassive stars», ApJ 183, 941.
171 Recent observation from the Hubble telescopes suggest the maximum solar masses of the order of

200 M.

172 Nedavné pozorovani z Hubblova dalekohledu podavaji svédectvi o nejvétsich hvézdnych hmotnostech

v fadu 200 M.
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=T
= —
mp

Evaluating equation (5.6) at R = R. we
obtain

i~ 1038%

In other words, radiation is emitted at
the Eddington luminosity. Masses of the
order ~ 10%-10° M, would give typical
quasar luminosities. Thus very massive
stars cannot be excluded as a possible
source of quasar activity at certain peri-
ods of their evolution but it appears that
in any case instabilities lead to the even-
tual formation of black holes.

dre GMm,

~ 0.40 cm?/g.

Vydislenim rovnice (5.6) v R = R, ziska-
me

= Lgad4

lerg/s]. (5.7)

Redeno jinymi slovy, zafeni je vysilano
pii Eddingtonové luminozité. Hmotnosti
fadu ~ 108-10° M, by mohly vysvétlit
obvyklé luminozity kvazaru. Nelze tedy
vyloucit, Ze velmi mohutné hvézdy jsou
zdrojem aktivity kvazaru v urcitém ob-
dobi jejich vyvoje, ale ukazuje se, Ze ne-
stability vedou nakonec v kazdém pripadé
ke vzniku cerné diry.

5.4 Conclusions of the disk theory/Zavéry z teorie disku

Properties of accretion disks in the Galac-
tic binary systems have been studied quite
intensively and the theory is in good
agreement with what we know from ob-
servations. The state of the art is not
as good in much more distant active nu-
clei of other galaxies and similar objects,
where a number of unanswered questions
remain. The reason for this uncertainty
is mainly the lack of spatial resolution
on the observational side and insufficient
knowledge of viscosity mechanisms on the
theoretical side. We briefly summarize
the evidence indirectly supporting today’s
popular idea of accretion disks orbiting a
central black hole in active galactic nuclei:

Vlastnosti akrecnich disku ve dvojhvézd-
nych soustavach v Galaxii jsou jiz prostu-
dovany do pomérné znacného stupné do-
konalosti a teorie zde dobfe souhlasi s po-
znatky z pozorovani. V pripadé mnohem
vzdalenéjsich aktivnich jader cizich gala-
xii a podobnych objektu neni stav tak
uspokojivy a zbyva zde zatim fada nezod-
poveézenych otazek. Duvodem pretrvava-
jicich nejistot je predevsim nedostatecna
prostorova rozlisovaci schopnost na strané
pozorovani a neuspokojiva znalost viskoz-
nich mechanismi na strané teorie. Kratce
shrneme skutecnosti, které neprimo pod-
poruji dnes oblibenou myslenku o akrec¢-
nich discich kolem ¢erné diry v aktivnich
galaktickych jadrech:



PART 1I/CAST II

o Accretion disks and massive black holes
are expected in cores of active galaxies be-
cause they are capable of explaining the
enormous energy output of these objects
since conceivable evolutionary tracks of
these objects lead rather inevitably to for-
mation of central black holes anyhow.

e Continuum emission of accretion disks
provides a satisfactory fit to quasi-
thermal features often observed in spec-
tra. Observed ultraviolet and soft X-
radiation are consistent with the disk
model. In particular, the simplest thin-
disk approximation leads to the thermal,
blackbody-type spectrum. This form of
spectrum is however in conflict with hard
X-ray, power-law spectra (2 10 keV) of
active galaxies which must be produced
under different conditions (see discussion

below).

e Various features of active nuclei, such
as, e.g. , the Baldwin effect, broad spec-
tral lines, etc. can be accommodated by
accretion-disk models.

o Accretion disks are probably formed
in a natural way whenever the accreted
medium has a non-zero angular momen-
tum.

o Accretion disks make collimation and
formation of astrophysical jets easy.

e The rapid variability of some types of
active nuclei can be explained in terms of
rotational properties or instabilities of the
accretion disks.

Still, one should bear in mind that al-
ternative models have not been ruled out.
To give an example, it has been known for
a long time that cold clouds could repro-
cess the non-thermal continuum radiation
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o Ocekava se, ze akrec¢ni disky a masiv-
ni cerné diry jsou pritomny v jadrech ak-
tivnich galaxii, protoze jsou s to vysvétlit
ohromny vydej energie z téchto objektu
a protoze myslitelné vyvojové drahy téch-
to objektu beztak prakticky nevyhnutelné
sméruji ke vzniku centralni ¢erné diry.

e Zareni akre¢nich diskt v kontinuu uspo-
kojivé modeluje kvazitermalni rysy, cas-
to pozorované ve spektrech. Pozorova-
né ultrafialové a mékké rentgenové zare-
ni jsou v souhlasu s modelem akrecnich
disku. Specialné nejjednodussi priblizent
tenkého disku vede k termalnimu spektru
podobnému zareni cerného télesa. Tento
tvar spektra je ovéem v nesouhlase s tvr-
dymi rentgenovymi spektry mocninného
typu (2 10 keV), kterd vykazuji aktiv-
ni galaxie a jez musi vznikat za odlisnych
podminek (viz nize).

e Rizné rysy aktivnich jader, jako je na-
priklad Baldwinuv jev, Siroké spektralni
cary, atd. lze pojmout do modelu s akrec-
nim diskem.

o Akrec¢ni disky patrné vznikaji priroze-
nym zpusobem vzdy, kdyz zachycované
prostredi ma nenulovy moment hybnosti.

o Akrec¢ni disky usnadnuji soustifedéni a
urychleni astrofyzikalnich vytryska.

e Rychla proménnost nékterych druhu ak-
tivnich jader se da vysvétlit pomoci rotac-
nich vlastnosti akreé¢nich diska nebo jejich
nestabilit.

Presto je tifeba mit na paméti, zZe
ani alternativni modely nejsou vylouce-
ny. Kupfikladu je jiz dlouhou dobu zna-
mo, ze chladné oblaky mohou preméno-
vat netermalni zareni v kontinuu a vytva-
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and create features resembling the Big
Bump in the spectrum. The contribution
of an accretion disk to the formation of
broad lines has not been well understood,
neither have we elucidated the very com-
plex problem of instabilities, the impor-
tance of which depends on the accretion
rate and the way in which heat and radia-
tion are transported in the disk. In many
systems, very probably, a two-component
model (e.g. a rotating disk plus system of
clouds in radial motion) is necessary. In
addition, it is possible and perhaps even
probable that several completely different
schemes are realized in Nature.

fet ve spektru charakteristické rysy pii-
pominajici ,velky hrbol. Prispévek akrec-
nich diskt ke vzniku Sirokych ¢ar neni do-
sud dobfe pochopen a rovnéz neni vyjas-
néna velmi slozitd otazka nestabilit, je-
jichz dulezZitost zavisi na mire akrece a
zpusobu prenosu tepla a zareni v disku.
Pro uspokojivé vysvétleni rady systémau je
velmi pravdépodobné nezbytny dvousloz-
kovy model (naptiklad rotujici disk plus
soustava radialné se pohybujicich obla-
ka). Navic je mozné a snad i pravdépo-
dobné, Ze se v prirodé realizuje vice zcela
odlisnych usporadani.
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Cosmic electrodynamics/Kosmicka

elektrodynamika

In order to obtain physical ideas without adopting a physical theory we must make

ourselves familiar with the existence of physical analogies. By a physical analogy

I mean that partial similarity between the laws of one science and those of another

which makes each of them illustrate the other.

JAMES CLERK MAXWELL

6 Assumptions/Predpoklady

We have already discussed tori as an alter-
native to the standard thin disk accretion
model at high accretion rates. Up to now,
however, we have always assumed radi-
ated energy to be extracted on account of
gravitational binding energy by means of
viscous effects.

In this section we will apply a dif-
ferent approach which takes the ac-
tion of an electromagnetic field into
[173] " This is an important
possibility because we know that galac-

consideration.

tic and intergalactic magnetic fields do
[174]  and it appears well founded
to assume that the strength of the mag-
netic intensity is maintained or even con-
siderably increased near an accreting ob-
ject [cf. effect of magnetic “freezing”, eq.
(6.7)]. Magnetic fields can also be ampli-
fied by the dynamo effect in the disk.['™

exist

V predchozich kapitolach jsme diskutova-
li tory jakozto alternativu ke standardni-
mu modelu akrece s tenkym diskem, plat-
nou pri vysoké mire akrece. Dosud jsme
vsak vzdy predpokladali, Ze se vyzarena
energie ziskava na ukor gravitacni vazbo-
vé energie prostrednictvim viskoznich je-
V.

V této casti uvazime odlisny pristup,
pii némz se bere v tvahu vliv elektro-
magnetického pole.l'™! Tato moznost je
dulezita, protoze vime, ze galakticka a
intergalakticka magneticka pole opravdu

7] a predpoklad, 7e se magne-

existujf,l
ticka intenzita pobliZz akreujiciho objektu
zachovavéa nebo dokonce znac¢né vzrusta,
se jevi dobte oduvodnény [viz jev ,zamrz-
nuti“ magnetického pole, rov. (6.7)]. Mag-
neticka pole se rovnéz mohou zesilovat pu-

sobenim dynamového jevu v disku.['™!
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Again, we will notice that objects with
rather similar properties may exist on
very different scales of mass and spatial
length. Electromagnetic models of ac-
tive galactic nuclei have many features re-
sembling scaled-up models of the pulsar
emission and they can in many respects
be discussed together.'™ These objects
have a number of analogies in electro-
magnetic mechanisms of particle acceler-
ation, formation of spectra, and collima-
tion of outflows. It is understandable that
complications which arise from the inclu-
sion of electromagnetic effects can be ac-
commodated only under various simplify-
ing assumptions. The relevant equations

are[177]

e Maxwell equations,

47 _,0D

v B=—9 V-+'B=
X cJ+c ot’

Ampere’s law

This is a form of non-vacuum equations
in which p and j are to be understood as

VXE=-—

6 ASSUMPTIONS/PREDPOKLADY

Opét si vsimneme, Ze na velmi roz-
licnych skalach hmotnosti a délek mohou
existovat objekty podobnych vlastnosti.
Elektromagnetické modely aktivnich ga-
laktickych jader maji fadu vlastnosti po-
dobnych zvétsenému modelu zareni pulza-
ru a v fadé ohledit mohou byt diskutova-
ny spoleén&. '™ Existuje mezi nimi fada
podobnosti v elektromagnetickych zpt-
sobech urychlovani c¢astic, tvorby spek-
ter a kolimace vytoki. Je pochopitelné,
ze komplikace, které vyvstavaji v dusled-
ku pribrani elektromagnetickych jevi, lze
prekonat pouze s fadou zjednodusujicich
predpokladi. P¥islugné rovnice jsoul'”"!

e Maxwellovy rovnice,
10B

— V.E=4rp. (61
T mp. (6.1)

Faraday’s law

V tomto tvaru se jedna o nevakuové rov-
nice, v nichz je tfeba pod p a j rozumét

173 Melrose, D. B. 1980, Plasma Astrophysics. Nonthermal Processes in Diffuse Magnetized Plasmas

(Gordon and Breach, Science Publishers);

Lynden-Bell, D. (ed.) 1994, Cosmical Magnetism (Kluwer Academic Publishers, Dordrecht);
Zel’dovich, Ya. B., Ruzmaikin, A. A., & Sokoloff, D. D. 1983, Magnetic Fields in Astrophysics (Gordon

and Breach, Science Publishers, New York).

17 Asséo, E., & Grésillon, D. (eds.) 1987, Magnetic Fields and Extragalactic Objects, Proceedings of the

7. Cargese Workshop (Editions de Physique, Les Ulis);

Asséo, E., & Sol, H. 1987, «Extragalactic magnetic fields», Phys.Rep. 148, 307;

Kronberg, P. P. 1994 «Extragalactic magnetic fields», Rep.Prog.Phys. 57, 325;

Wielebinski, R., & Krause, F. 1993, « Magnetic fields in galaxiesy, A&A Rev. 4, 449.

175 Balbus, S. A., & Hawley, J. F. 1992, «A powerful local shear instability in weakly magnetized disks.

IV. Nonaxisymmetric perturbations», ApJ 400, 610;

Kirk, J. G., Melrose, D. B., & Priest, E. R. 1994, Plasma Astrophysics, Benz, A. O., & Courvoisier,

T. J.-L. (eds.) (Springer-Verlag, Berlin);

Krause, F., Rédler, K.-H., & Riidiger, G. (eds.) 1992, The Cosmic Dynamo, Proceedings of the TAU
Symposium No. 157 (Kluwer Academic Publishers, Dordrecht);

Riidiger, G., Elstner, D., & Stepinski, T. F. 1995, « The standard-accretion disk dynamo», A&A 298, 934.
176 Kundt, W. (ed.) 1990, Neutron stars and their birth events, NATO Advanced Study Institute; Course
on Neutron Stars, Active Galactic Nuclei and Winds (Kluwer Academic Publishers, Dordrecht).

177 Cowling, T. G. 1976, Magnetohydrodynamics (Adam Hilger, London).
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a density of all (free and bound) electric
charges and currrents.

e The Euler equation (3.13) with
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hustotu vsech (volnych i vazanych) elek-
trickych naboju a proudu.

e Fulerova rovnice (3.13) s

f = fLorentz —I_ fgravity = peE —I_ c_lj X B - Prg (62)

(pe is the charge density).

e And finally — for the sake of simplifica-
tion — assumptions about axial symme-
try, (754 = 0 in relevant equations), and
stationarity (75 = 0).

Observers wusually determine the
strength of cosmic magnetic fields by es-
timating the Zeeman splitting of emission
lines, Faraday rotation measure of a po-
larized emission, or spectral features due
to cyclotron resonances of electrons.

(pe je hustota naboje).

e A konecné — z duvodu zjednoduseni
rovnic — predpoklad o osové soumérnosti
(754 = 0 v piislusnych rovnicich), a sta-
cionarité (75 = 0).

Pozorovatelé obvykle urcuji silu kos-
mickych magnetickych poli tim, Ze stano-
vi zeemanovské rozstépeni emisnich car,
miru Faradayovy rotace polarizovaného
zareni, nebo spektralni projevy cyklotro-
novych rezonanci elektront.

6.1 Force-free fields/Bezsilova pole

The equations given above are often fur-
ther simplified by assuming the force-free
approximation which has a simple math-
ematical formulation in the condition

Vyse uvedené rovnice se casto dale zjed-
nodusuji tim, Ze se predpoklada bezsilove
priblizent, jez lze jednoduse matematicky
vyjadiit podminkou

peE+c'j x B=0. (6.3)

The physical interpretation and conse-
quences of the above relation require a
thorough discussion. Equation (6.3) tells
us that inertia of the material is ne-
glected. In other words, the influence of
the Lorentz force acting on plasma in the
comoving frame gets neutralized imme-
diately by iduced electric currents. Per-
fect conductivity is thus assumed. The
dimension-less condition for validity of
the force-free approximation is

Fyzikalni interpretace a dusledky vyse
uvedeného vztahu vyzaduji peclivou dis-
kuzi. Rovnice (6.3) nam fika, Ze se za-
nedbavé setrvacnost latky. Reéeno jinymi
slovy, vliv Lorentzovy sily na plazma se
v souputujicim systému okamzité zrusi in-
dukovanymi elektrickymi proudy. Predpo-
klada se tedy idedlni vodivost. Bezrozmér-
na podminka platnosti bezsilového pribli-
zeni jest
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pl'v?

6 ASSUMPTIONS/PREDPOKLADY

< 1.

B2

Let us note that the force-free approxi-
mation is somewhat distinct from the as-
sumption of ideal magnetohydrodynamics

(MHD),

El

(where E’ is the electric field in the sys-
tem attached to plasma.) Both approxi-
mations are equivalent if the current den-
sity is proportional to the velocity of the
medium, j = pev, which is rarely satis-
fied in astrophysical plasmas. (A more
general formula for the current density
that still statisfies the force-free assump-
tion (6.3) has a form j = p.v 4+ pB; u is
a scalar function to be determined.) Both
the force-free and the perfect MHD fields

are degenerate, which means E - B = 0.

The approximation of ideal MHD can
be understood as an assumption about
perfect electric conductivity of the mate-
rial. Substituting

for the vector of electric field from Ohm’s
law (o designates specific conductivity of
the medium), and applying the vector
identity V. X VX = VV.— V? with the

Maxwell vacuum equations (6.1) we find

E +c'vx B =0;

Poznamenejme, ze bezsilové pribliZeni je
pon¢kud odlisné od predpokladu idedlni
magnetohydrodynamiky (MHD),

(6.4)

(kde E’ je elektrické pole v systému spo-
jeném s plazmatem.) Obé priblizeni jsou
navzajem ekvivalentni, pokud je prou-
dova hustota tmérna rychlosti prostiedi,
J = pev, coz byva v astrofyzikalnim plaz-
matu jen ziidkakdy splnéno. (Obecnéjsi
vyraz pro hustotu proudu, ktery jesté za-
chovava podminku bezsilovosti (6.3), ma
tvar j = pev + puB; p je skalarni funkce,
kterou je tfeba dale urcit.) Jak bezsilové,
tak idealni MHD pole jsou degenerovand,
coz znamena FE - B = 0.

PribliZeni idedalni MHD lze chapat ja-
ko predpoklad o dokonalé elektrické vo-
divosti prostredi. Dosadime-li z Ohmova
zakona

= oF (6.5)

za vektor elektrického pole (¢ znaéi mér-
nou vodivost prostiedi) a pouzijeme-li
vektorovou identitu V. X VX = VV. —
V? s Maxwellovymi vakuovymi rovnicemi

(6.1), obdrzime

VX (VXxB) = -V’B
1 1 1
= v xE ="2vx |E +-(vx B)|, (6.6)
& & &

or, in the limit of perfect conductivity

¢ili v limité idedlni vodivosti (o — o0)
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(0 = o),

VX (v X B)

Equation (6.7) expresses the freezing of
the magnetic field in plasma material.
The reason for this denomination is ev-
ident upon realizing that the magnetic
flux across an imaginary loop ¢ flowing
together with the medium (see Fig. 19)
can be written as a sum of two terms, the
first one being determined by motion of
the loop,

LVx@waw:é@

On the other hand, the term 9B/dt on
the right-hand side of (6.7) corresponds
to the change of the magnetic flux due to
the explicit time-dependence of B, i.e.
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0B
== (6.7)

Rovnice (6.7) vyjadfuje zamrznuti mag-
netického pole do plazmatu. Duvod toho-
to oznaceni se stane ziejmy, kdyz si uve-
domime, Ze magneticky tok prochazejici
myslenou smyckou f, unasenou spolecné
s prostiedim (viz obr. 19), lze zapsat ja-
ko soucet dvou ¢lenti. Prvni ¢len je urcen
pohybem smycky,

xByM:—éBﬁmﬂy

Na druhé strané ¢len dB/Jt na pravé
strané rovnice (6.7) odpovida zméné mag-
netického toku v dusledku explicitni caso-
vé zavislosti B, tzn.

0B
—dS.
s Ol

Equation (6.7) thus expresses the fact
that the magnetic flux across any arbi-
trary closed loop remains constant. As
we have seen before, one can also under-
stand this equation as a condition for the
electric field to vanish in the rest frame of
plasma.

The validity of the above approxima-
tions must always be verified separately
in each given situation.

Rovnice (6.7) tedy vyjadiuje tu skuteé-
nost, ze se magneticky tok libovolnou uza-
vienou smyckou neméni. Jak jsme vidéli
dfive, tuto rovnici je téz mozné chapat ja-
ko podminku na elektrické pole, které ma
vymizet v klidové soustavé spojené s plaz-
matem.

Platnost vyse uvedenych pfibliZeni je
pro kazdou danou situaci tfeba vzdy sa-
mostatné ovérit.

6.2 Axisymmetric MHD flows/MHD toky s osovou soumérnosti

We will now examine the basic rela-
tions valid for axially symmetric magneto-

Nyni probereme zakladni vztahy platné
pro 0sové soumeérna, rovnovazna magne-
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Figure 19:  On the condition of freezing
in magnetic fields. Magnetic flux across

a closed loop remains constant (see the
text).

hydrodynamic equilibrium configurations
under forces of gravity. It should be noted
that relevant equations are capable of de-
scribing, for example, aligned rotators of
the pulsar theory, magnetized disks or
magnetized outflows and inflows of mat-

ter as special cases.['™]

As before, we adopt the assumption of
axial symmetry and stationarity and we
set %¢ =0, %t = 0 in all formulae of the
present chapter. Starting equations will

be:

e Mass conservation law — the continuity
equation (3.10);

e Momentum conservation law — the
Euler equation (3.13) supplemented by
the relation for the external force f =

6 ASSUMPTIONS/PREDPOKLADY

Obrazek 19: K podmince zamrznuti mag-
netického pole. Magneticky tok uzavrenou
kiivkou se neméni (viz text).

tohydrodynamicka usporadani se zahrnu-
tim gravitacnich sil. Je treba pozname-
nat, Ze prislusné rovnice mohou jakoZto
specialni feseni popisovat kuptikladu tzv.
vyrovnané rotatory vyskytujici se v teorii
pulzart, magnetizované disky ¢i magneti-
zované vytoky a vtoky hmoty.!l!™

Tak jako dfive pfijmeme ve vSech rov-
nicich této kapitoly predpoklad osové sou-
mérnosti a stacionarity, 754 = 0, 75; = 0.
Vychozimi rovnicemi budou

e Zakon zachovani hmotnosti — rovnice
kontinuity (3.10);

e Zakon zachovani hybnosti — FEulero-
va rovnice (3.13) doplnéna vztahem pro
vnéjsi silu f = 1j X B — pg (predpokla-

178 Camenzind, M. 1986, «Hydromagnetic flows from rapidly rotating compact objects», A&A 162, 32;
—— 1990, «Magnetized disk-winds and the origin of bipolar outflowsy, in Reviews in Modern Astronomy
3, Accretion and Winds, Klare, G. (ed.) (Springer-Verlag, Berlin), p. 234;

Lovelace, R. V. E., Mehanian, C., Mobarry, C. M., & Sulkanen, M. E. 1986, «Theory of axisymmetric

magnetohydrodynamic flows: Disks», ApJS 62, 1.
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%J X B — pg (we assume an electrically
neutral plasma, p. = 0);

e Maxwell equations (6.1);
e Perfect MHD condition (6.4);

e Formula for gravitational acceleration
g, e.g. in the form of Poisson’s equation

V20 = 47 Gp;

e The first law of thermodynamics and
the equation of state (3.11).

It follows from Faraday’s law and con-
ditions of axial symmetry and stationarity
(V x E = 0) that the toroidal part Ev
of electric field (i.e. the component in the
azimuthal direction, the value of which is
given by E; = Er-FE7) vanishes:
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dame elektricky neutralni plazma, p, =

0);
e Maxwellovy rovnice (6.1);
e Podminka idealni MHD (6.4);

e Vzorec pro gravitacni zrychleni g,
napriklad ve tvaru Poissonovy rovnice

V20 = 47 Gp;

e Prvni zakon termodynamiky a stavova
rovnice (3.11).

7. Faradayova zakona a podminek oso-
vé soumérnosti a stacionarity (V X E =
0) plyne nulovost toroidalni ¢asti Er elek-
trického pole (tzn. sloZzky mi¥icl v azimu-
talnim sméru, jejiz velikost je dana F? =

ET°ET)2

E,=0. (6.8)

Perfect MHD condition implies the rela-
tion for the poloidal flow velocity

vp

where £(R, z) is a yet undetermined scalar
function.

It is advantageous at this point to in-
troduce into the Maxwell equations the
vector potential A and the scalar mag-
netic flux function W(R,z) = RA,. Com-
ponents of Bp in terms of ¥ read Br =
—V./R, B, = V¥ r/R, where the coma
denotes partial differentiation. It is now
evident from equation (6.9) that

Pro poloidalni slozku rychlosti toku vy-
plyva z podminky idealni MHD

= {Bp, (6.9)

kde £(R,z) je dosud neurcena skalarni
funkece.

V tomto bodé se jevi vyhodné zavést
do Maxwellovych rovnic vektorovy poten-
cial A a skalarni magnetickou proudovou
funkei W(R,z) = RA,. Slozky Bp, vy-
jadfeny pomoci ¥, nabyvaji tvaru Br =
—V./R, B, = WVpg/R, pficem’ carka
zde oznacuje parcialni derivaci. 7 rovni-
ce (6.9) je ted ziejmé, Ze

drpé = F1(V), (6.10)

where Fi(W) is an arbitrary function to

kde Fi(W) je libovolna funkce, jez se ma
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be specified by the boundary conditions
and symmetries of the required solution.
(We have applied the Maxwell equation
V .B =V .Bp =0, and the continuity
equation.) We will show that there is a
set of such functions of ¥ that determine
a specific solution. Each function can be
identified with some conserved quantity
(derivation of Fy utilizes equation (3.10)
— mass conservation). The existence of
flux functions which remain constant on

const is crucial

magnetic surfaces W
in investigating axisymmetric hydromag-

netic flows.[17]

It follows from vp = Bp [eq. (6.9)]
that

v X B=vr X Bp+

Curl of the last equation vanishes in ac-
cordance with the perfect MHD condition
and Faraday’s law so that another stream
function, F5, can be introduced in the fol-
lowing way:

% = Fa(¥),
Further relations are obtained by projec-
tions of the Euler equation which can be
derived via straightforward but lengthy
manipulations. After manipulations, the
toroidal part reads

Bp’V (RB(b — Fle(b) .

For analogous reasons as those that have
been presented with equation (6.9), the
term in parentheses is also a function of

U only, say F5(W).

6 ASSUMPTIONS/PREDPOKLADY

ur¢it na zakladé okrajovych podminek a
symetrii hledaného feseni. (VyuZili jsme
Maxwellovu rovnici V- B =V - Bp =0
a rovnici kontinuity.) Uvidime, Ze existuje
mnozina téchto funkci ¥, jimiz je konkrét-
ni feseni urceno. Kazdou z nich je mozné
ztotoznit s nékterou zachovavajici se veli-
¢inou (odvozeni Fy vyuziva rovnici (3.10)
— zachovani hmotnosti). Existence prou-
dovych funkci, které zustavaji neménné
na magnetickych plochach ¥ = const je
zakladem pri zkoumani osové soumérnych
hydromagnetickych tokt.!'™

Ze vztahu vp = EBp [rov. (6.9)] plyne

vp x By = =50 gy,

R
V souhlase s podminkou idealni MHD a
Faradayovym zakonem vymizi rotace po-
sledni rovnice, takze lze nasledujicim zpu-
sobem zavést dalsi proudovou funkci, Fj:

E=—c"FU)VY. (6.11)

Dalsi vztahy se ziskavaji projekcemi Eu-
lerovy rovnice, jez lze odvodit pfimocary-
mi, ale zdlouhavymi tpravami. Toroidalni
slozka dava po upravach

(6.12)

7. obdobnych duvodu, jako jsme uvedli
v piipadé rovnice (6.9), je ¢len v zavor-
kach funkei pouze ¥. Oznacme jej napti-

Klad F(W).

179 Chandrasekhar, S. 1961, Hydrodynamic and Hydromagnetic Stability (Oxford University Press,

Oxford).
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Two further independent relations can
be obtained by projecting the Euler equa-
tion into the poloidal plane. The projec-
tion along Bp yields the Bernoulli equa-
tion

dpP

2
%U —|—
W=const p

Compared to the form of Bernoulli inte-
gral (4.8) in which electromagnetic effects
have not been considered, the additional
term Ruvy [ corresponds to the electro-
magnetic (Poynting) energy transport.

Projection of the poloidal component
of the Euler equation to the direction par-
allel to VWU (the third independent pro-
jection) is known as the Grad-Shafranov
equation. This is a non-linear differen-
tial equation for W, the explicit form of
which naturally depends on the equation
of state and on stream functions F}. For
example, we set F} = 0 if no poloidal flow
of material is required a priori (the case
of disks). Force-free approximation to the
Grad-Shafranov equation is equivalent to
the self-consistent form of the pulsar equa-
tion from the astrophysical literature.!'s]
Laboratory plasmas are often described
within the approximation of a vanishing
material flow, Fy = F, = 0, and negligi-
ble gravity, ® = 0 (tokamaks). Later we
will discuss axially symmetric MHD flows
within the framework of general relativity
which is necessary to address the situation
around compact objects.
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Dva nezavislé vztahy lze ziskat pro-
jekci Eulerovy rovnice do poloidalni rovi-
ny. Projekce ve sméru Bp poskytuje Ber-
noulliovu rovnici

V porovnani s tvarem Bernoulliova inte-
gralu (4.8), v némz elektromagnetické je-
vy nebyly vzaty do tvahy, odpovida do-
date¢ny clen Rvy [l elektromagnetickému
(Poyntingovu) pfenosu energie.

Projekce poloidalni slozky Eulerovy
rovnice do sméru rovnobézného s VW
(tfetl nezavisla projekce) je znama jako
Gradova-Safranovova rovnice. Je to ne-
linearni diferencialni rovnice pro ¥ je-
jiz explicitni tvar prirozené zavisi na sta-
vové rovnici a proudovych funkcich Fy.
Jestlize kuprikladu pozadujeme a prio-
ri nulovy poloidalni tok latky, polozime
Fy =0 (pfipad diski). Bezsilové pfiblize-
ni ke Gradové-Safranovové rovnici je rov-
nocenné selfkonzistentnimu tvaru rouvni-
ce pulsaru, jez se uvadi v astrofyzikal-
ni literatuie.l'®! K popisu laboratorniho
plazmatu se mnohdy pfijima priblizeni
nulového toku latky, Fy = Fy, = 0, a zane-
dbatelného vlivu gravitace, ® = 0 (toka-
maky). Pozdéji jesté prodiskutujeme oso-
vé soumérné MHD toky v rameci obecné
relativity, jez je nezbytna k zachyceni si-
tuace kolem kompaktnich objektu.

180 Cohen, R. H., Coppi, B., & Treves, A. 1973, «Magnetic configuration in the neighborhood of a

collapsed starn, ApJ 179, 269;

Scharlemann, E. T., & Wagoner, R. V. 1973, «Aligned rotating magnetospheres. 1. General analysisy,

ApJ 182, 951.
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6 ASSUMPTIONS/PREDPOKLADY

6.3 Motion of the guiding center/Pohyb gyra¢niho stiredu

Magnetohydrodynamic equations are
only applicable if the medium can be
treated as a continuum. This approxi-
mation does not hold when the plasma
density is too low, because the mean free
path of particles is then comparable with
other characteristic length-scales of the
system under investigation. Small-scale
turbulent magnetic fields may save the
MHD approximation even at low den-
sities but large-scale fields break down
MHD assumptions in regions of strong
magnetic dominance. There are various
possibilities for extending the validity of
the description in terms of continuum
beyond the ideal MHD.['"®! Unequal di-
rectional action of the magnetic field on
charged particles can be accommodated
by replacing the scalar conductivity o in
Ohm’s law (6.5) by a tensorial quantity.
However, there are extreme situations in-
volving dilute magnetized plasmas when
material is adequately described only by
the kinetic theory,'®? or, in a simplified
approach, as a collection of individual test
particles!'®  rather as a fluid. We will
now consider the test-particle motion, i.e.
motion of mutually non-interacting parti-
cles which have no influence either on the
background gravitational field (described
by gravity acceleration g) or the elec-
tromagnetic field (E, B). Let us recall
that Newton’s theory of gravity is appro-
priate for applications within, e.g., the
Solar system!™4 but general relativity is
needed in strong gravitational fields.'®]

Magnetohydrodynamické rovnice jsou
pouzitelné pouze v tom pripadé, ze lze
latku povazovat za kontinuum. Toto pii-
blizeni prestava platit pri prilis nizké hus-
toté, protoze stredni volna draha je v tom
pripadé srovnatelna s ostatnimi charak-
teristickymi délkami ve zkoumané sousta-
vé. Turbulentni magneticka pole na ma-
lych skalach snad dokazi zachranit MHD
aproximaci 1 pri nizkych hustotach, ale
velkorozmeérova pole narusuji predpokla-
dy MHD v oblastech, kde magnetické pole
silné prevlada. Existuji ruzné moznosti,
jak rozsitit platnost popisu pomoci konti-
[181] Nestejné
smérové pusobeni magnetického pole na
nabité castice je mozné vzit v tvahu tim,

nua za hranice ideadlni MHD.

ze se skalarni vodivost ¢ z Ohmova za-
kona (6.5) nahradi tenzorovou veli¢inou.
Nicméné za extrémnich stavu zifedéného
magnetizovaného plazmatu lze latku po-
pisovat pouze pomoci kinetické teorie, %2
pripadné pri zjednoduseném pristupu ji
lze povazovat za mnozstvi samostatnych

(183] ne viak za teku-

testovacich castic,
tinu. Nyni se zamyslime nad pohybem
testovacich ¢astic, tzn. pohybem navza-
jem se neovliviujicich ¢astic, které nijak
neptsobi ani na pozadové gravitacni po-
le (popsané gravitacnim zrychlenim g),
ani na pole elektromagnetické (E, B).
Pripomenme, Ze pouziti Newtonovy gra-
vitacni teorie je vhodné naptiklad v ramci
sluneén{ soustavy,'®4 aviak v p¥ipadé sil-
nych gravita¢nich poli je treba obecna

relativita.18?]
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The equation of motion of a parti-
cle of rest mass mg and electric charge ¢
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Pohybova rovnice pro ¢astici s klido-
vou hmotnosti mg a elektrickym nabojem

readsl!®¢l g znil'®7]
d q 1

I = &/(moc?) = 1/\/21 — v?/c?) is the
Lorentz factor. We will first neglect grav-
itational effects since in most situations
it is almost exclusively the electromag-
netic force which governs the motion of
a charged particle. (The relative im-
portance of gravitational vs. electromag-
netic effects is measured by the dimen-
sionless ratio v/Gme/q. = 1072.) How-
ever, even neglection of the gravitational
interaction does not help when the struc-
ture of the electromagnetic field is com-
plicated, as is often the case in cosmic en-
vironments. We will discuss particles in a
uniform magnetic field later, in the chap-
ter on magnetic bremsstrahlung (p. 149).
The trajectories can look extremely com-
plicated in more realistic situations (as
far as electromagnetic structure is con-
cerned) but a significant simplification

I = &/(moc?) = 1/\/21 — v?/c?) zna-
¢ Lorentzuv cinitel. Zprvu vsechny gra-
vita¢ni jevy zanedbame. Vede nas k to-
mu skuteénost, ze ve vétsiné pripadu ridi
pohyb nabité ¢astice témér vylucné elekt-
romagneticka sila. (Vzajemnou dulezitost
gravitacnich a elektromagnetickych vlivi
pomd&fuje bezrozmérny podil v/Gme/qe ~
10721) Ovsem ani zanedbani gravitacni
interakce prili§ nepomiuze, ma-li elektro-
magnetické pole slozitou strukturu, coz
byva ¢astym pripadem v podminkach kos-
mického prostredi. O casticich v homo-
gennim magnetickém poli jesté pohovo-
fime pozdéji v kapitole o magnetickém
brzdném zafeni (strana 149). V realistic-
téjsich situacich (pokud jde o elektromag-
netickou strukturu) mohou drahy vyhliZet
nesmirné komplikované, avsak znacného
zjednoduseni 1ze dosahnout pouzitim p7i-

181 Kudoh, T., & Kaburaki, O. 1996, «Resistive magnetohydrodynamic accretion disks around black

holesn, ApJ 461, 565;

Okamoto, 1. 1989, «Dissipative processes in relativistic magnetohydrodynamicsy, A&A 211, 476.
182 Jchimaru, S. 1980, Basic Principles of Plasma Physics (The Benjamin/Cummings Publishing Com-

pany, Reading, MA).

183 Lehnert, B. 1964, Dynamics of Charged Particles (North-Holland, Amsterdam).
184 Woyk, E. 1994, «Gravitomagnetics in stationary media», ApJ 433, 357.

185 Damour, T., Hanni, R. S., Ruffini, R., & Wilson, J. R. 1978, «Regions of magnetic support of a plasma
around a black hole», Phys.Rev.D 17, 1518;

Hanni, R., & Valdarnini, R. S. 1979, «Magnetic support near a charged rotating black holey, Physics
Letters 70A, 92;

Karas, V., & Vokrouhlicky, D. 1991, «Dynamics of charged particles near a black hole in a magnetic
field», J.Phys. T (France) 1, 1005.

186 One needs formalism of general theory of relativity to derive this equation of motion rigorously.
We present it here at least as an intuitive illustration and the gravity term will be omitted in further
discussion.

187 K rigoréznimu odvozeni této pohybové rovnice je tfeba formalismu obecné teorie relativity. My ji zde
uvadime alespon z divodu intuitivni ilustrace a gravitacni ¢len v dalsi diskuzi vypustime.
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can be achieved by the guiding-center ap-
proximation.

The idea of this approximation is quite
simple and it starts with rules for the
Lorentz transformation (A.9) of F and B
fields. Let us assume that E + B # 0. It
is always possible to find a new frame (we
denote it by a prime) in which the electric
and the magnetic fields are parallel. The
required condition E'XB’ = 0 is satis-
fied by a frame moving with respect to

the original one at velocity |v| < ¢ given
by relation[188] [189]

v/e

_ |E x B

6 ASSUMPTIONS/PREDPOKLADY

blizeni gyracniho stredu.

Myslenka této aproximace je pomérné
jednoducha a vychazi z pravidel pro Lo-
rentzovu transformaci (A.9) poli E a B.
Predpokladejme, ze E - B # 0. Vidy je
mozné nalézt novou soustavu (oznacime ji
¢arkou), v niz je elektrické pole rovnobéz-
né s magnetickym. Vyzadovanou podmin-
ku E'x B’ = 0 spliiuje soustava, kterd se
vuci puvodni soustavé pohybuje rychlosti

lv| < ¢, danou vztahem['s8] [190]

1+ 0v2/e? -

Motion can easily be described in the new
frame (see Fig. 20). It consists of Lar-
mor gyrations in a plane perpendicular to
B’, accelerated motion due to the electric
field in the common direction of E' and
B’, and drift motions due, for example,
to field inhomogeneities or the presence of
a weak gravitational perturbation.[!91]
the guiding-center approximation one as-
sumes that local gyrations and slow-drift

In

motions can be neglected. This restric-
tion requires the radius of the gyrations
be much less than a characteristic length-
scale of the field inhomogeneities, and the
period of the gyrations to be much less
than a characteristic time-scale of the field
evolution. If the conditions are satisfied
one can average out gyrations and drifts.
Instead of the exact trajectory, one fol-

E? 4+ B?

(6.15)

V nové soustavé lze pohyb popsat jedno-
duchym zptsobem (viz obr. 20). Sesta-
va z Larmorovych gyraci v roviné kol-
mé k B’, elektrickym polem urychlené-
ho pohybu ve spoleé¢ném sméru E' a B,
a driftovych pohybt, zpusobenych napti-
klad nehomogenitami poli ¢i pritomnosti
slabého gravita¢niho rugeni.l'] V apro-
ximaci gyracniho stfedu se predpoklada,
ze lokalni gyrace a pomalé driftové po-
hyby lze zanedbat. Toto omezeni vyzadu-
je, aby byl polomér gyraci mnohem men-
$i, nez charakteristickd délkova skala, na
niz je pole nehomogenni, a perioda gyraci
aby byla mnohem kratsi, nez casova skala
spojena se zménou pole. Jsou-li uvedené
podminky splnény, lze odhlédnout od gy-
racniho pohybu a driftd. Namisto presné
drahy se sleduje pomyslna cesta gyra¢niho

188 Landau, L. D., & Lifshitz, E. M. 1971, The Classical Theory of Fields (Pergamon Press, Oxford).
189 A gpecial case of perpendicular fields can be studied separately without difficulties. In such a case
one looks for a frame where either the electric or the magnetic field vanishes completely (for |E| < |B|
or |E| > |B|, respectively), so that motion can be immediately understood in this frame.

190 Specialni pifpad kolmych poli lze bez obtizi vysetfit samostatné. V tomto piipadé se hled4 soustava,
v niz zcela vymiz{ elektrické nebo magnetické pole (podle toho, zda je |E| < |B| & |E| > | B|), takze v ni
lze charakteru pohybu okamzité porozumét.
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\ Real trajectory of a charged particle

Guiding center approximation
to the real trajectory

Figure 20: Motion of the guiding center
as an approximation to the real trajectory
of an electrically charged test particle in
electric and magnetic fields.

lows an imagined path of the center of
gyration. In other words, flow lines of
plasma coincide with the common direc-
tion of electric and magnetic fields in the
frame moving with velocity according to

(6.15).

Obrazek 20: Pohyb gyracniho stredu ja-
kozto priblizeni skutecné drahy elektric-
ky nabité testovaci castice v elektrickém
a magnetickém poli.

stfedu. Jinymi slovy, kfivky toku plazma-
tu splyvaji se spolecnym smérem elektric-
kého a magnetického pole v soustave, jez
se sama pohybuje rychlosti danou podle
(6.15).

7 Radio pulsars/Radiové pulzary

In cosmic environments amounts of en-
ergy can be released electromagnetically
either from a magnetized accretion disk or
from an accreting body itself.l'®2l There
are various very remarkable properties of
this process and we will discuss them in
this chapter. We will describe general fea-
tures of energy extraction from a rotat-
ing, magnetized neutron star as a model

V kosmickém prostredi se muze znacné
mnozstvi energie uvolnovat elektromag-
neticky bud z magnetizovaného akrecni-
ho disku nebo ze samotného akreujiciho
télesa.l'92 V této kapitole probereme vel-
mi pozoruhodné zvlastni vlastnosti toho-
to procesu. Budeme diskutovat vSeobec-
né rysy, charakterizujici uvolhovani ener-

gie 7 rotujici magnetizované neutronové

191 Chen, F. C. 1974, Introduction to Plasma Physics (Plenum Press, New York);
Melrose, D. B. 1980, Plasma Astrophysics. Nonthermal Processes in Diffuse Magnetized Plasmas (Gordon

and Breach, Science Publishers).
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193] and then we turn to mag-

of pulsars,|
netized disks in a Newtonian gravitational
field. Both systems are interesting from

various astrophysical viewpoints.

First, we write down basic equations
that describe processes of particle acceler-
ation and the emission of radiation from a
magnetized, rotating and electrically con-
ducting sphere. (The material of neu-
tron stars is electrically conductive.)!'?4]
We restrict our discussion to axisymmet-
ric and stationary configurations. It is be-
lieved that a more complicated version of
the model — the oblique rotator — exists
in cosmos in the form of periodic radio-
emitting sources, pulsars, in which the
rotation axis does not coincide with the

symmetry axis of the magnetic field.['%]

7 RADIO PULSARS/RADIOVE PULZARY

hvézdy, jakozto modelu pulzart,!'®?!

a po-
tom se vénujeme magnetizovanym diskim
v newtonovském gravitacnim poli. Oba
systémy jsou v astrofyzice zajimavé z ruz-

nych hledisek.

Nejprve podame zakladni rovnice, kte-
ré popisuji procesy urychleni castic a
emise zareni magnetizované, rotujici a
elektricky vodivé koule. (Latka, ktera
tvori neutronovou hvézdu, je elektricky
vodivé. )19 Nagi diskuzi omezime na oso-
vé soumérné a stacionarni soustavy. Slo-

71t€jsi verze tohoto modelu — sklonény
rotator — se pravdépodobné vyskytuje

ve vesmiru v podobé periodickych zdroju
radiového zareni, pulzaru, jejichZ rotacni
osa neni soucasné osou soumeérnosti mag-
netického pole.['9]

7.1 Observational properties/Observacni vlastnosti

The possible existence and properties of
magnetized rotating neutron stars was al-
ready discussed before the discovery of

pulsars.'l  Soon after the discovery of

the first pulsar in the Crab Nebulal'®"]
rotating neutron stars were suggested as
the most promising explanation of the
phenomenon.['"® Ag in any other field of
astrophysics, numerous models have been

considered.[199]

Uz pred objevem pulzari se hovorilo
o mozné existenci a vlastnostech mag-
netizovanych rotujicich neutronovych
hvézd . Brzy po objevu prvniho pulza-
97 byly rotujici ne-
utronové hvézdy navrzeny za nejslibnéjsi
vysvétleni celého jevu.l'%®l Jako v kteréko-
li jiné oblasti astrofyziky se i zde uvazuje
fada jinych modeli.['%)

ru v Krabi mlhovinél

192 Gturrock, P. A., & Barnes, C. 1972 ¢Activity in galaxies and quasars», ApJ 176, 31.

193 Lipunov, V. M. 1992, Astrophysics of Neutron Stars (Springer-Verlag-Berlin);

Manchester, R. N., & Taylor, J. H. 1977, Pulsars (W. H. Freeman and Company, San Francisco);
Smith, F. G. 1977, Pulsars (Cambridge University Press, Cambridge);

Srinivasan, G. 1989, «Pulsars: their origin and evolution», A&A Rev. 1, 209.

194 Ewart, G. M., Guyer, R. A., & Greenstein, G. 1975, «Electrical conductivity and magnetic field decay

in neutron stars», ApJ 202, 238.

195 Michel, F. C. 1982, «Theory of pulsar magnetospheres», Rev.Mod.Phys. 54, 1.
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Pulsars received their name from peri-
odic radio signals which they emit with an
extremely stable frequency in the range
from ~ 2 Hz to ~ 1000 Hz. It is assumed
that the pulse frequency is identical to the
rotational frequency of the object. Pulses
are generated within the pulsar magneto-
sphere, the region where magnetic forces
play a dominant role. The magnetic field
strength can reach values of 10'* G in neu-

tron stars.[200]

Besides the period 7T, another im-
portant characteristic of pulsars is the
slowing-down rate T/T Given a specific
model of emission, the slowing-down rate
is related to the age of the pulsar and
its long-term power output (see below).
A typical value is of the order of 10* yr.

Tiny, but abrupt and irregular drops
in the period, glitches, are most probably
caused by starquakes in the neutron star

(Fig. 21).1201

It has recently been discovered that
some pulsars move at remarkably high ve-
locity of the order of 500 km/s.2°% Tt
has not yet been clarified, whether such

129

Své jméno ziskaly pulzary diky perio-
dickému radiovému signalu, jenz vysilaji
s nesmirné stalou frekvenci v rozsahu od
~ 2 Hz do =~ 1000 Hz. Predpoklada se,
7e frekvence pulzi je totozna s rotacni
frekvenci objektu. Pulzy pritom vznika-
ji v magnetosfére pulzaru, coZz je oblast,
v niz hraji hlavni alohu magnetické sily.
Magnetické pole dosahuje v neutronovych

hvézdach hodnot 102 G.[200]

Vedle periody T je dalsi dileZitou cha-
rakteristikou pulzarua mira zpomalovani
T/T. Ta ma pfi daném modelu emise
vztah k véku pulzart a jejich dlouhodo-
bému vykonu (viz dale). Typicka hodnota
miry zpomalovani se pohybuje v fadu 10*
let.

Nepatrné, ale nahlé a nepravidelné
poklesy periody jsou patrné zapricinény
hvézdotiesenim v neutronové hvézdé (obr.
21).1201

V nedavné dobé bylo zjisténo, ze se né-
které pulzary pohybuji pozoruhodné vy-
sokou rychlosti fadu 500 km/s.[2°% Dosud
se vsak nevyjasnilo, zda byla takova velka

196 Pacini, F. 1967, «Energy emission from a neutron star», Nature 216, 567.

197 Hewish, A., Bell, S. J., Pilkington, J. D. H., Scott, P. F., & Collins, R. A. 1968, «Observation of a
rapidly pulsating radio source», Nature 217, 709.

198 Gold, T. 1968, «Rotating neutron stars as the origin of the pulsating radio sourcess, Nature 218, 731.
199 Gingburg, V. L., & Zheleznyakov, V. V. 1975, «On the pulsar emission mechanisms», ARA&A 13,
511.

200 Blandford, R. D., Hewish, A., Lyne, A. G., & Mestel L. (eds.) 1993, Pulsars as physics laboratories
(Oxford University Press, Oxford);

Mihara, T., Makishima, K., Ohashi, T., et al. 1990, «New observations of the cyclotron absorption feature
in Hercules X-1», Nature 346, 250;

Triimper, J., Pietsch, W., Reppin, C. et al. 1978, «Evidence for strong cyclotron line emission in the hard
X-ray spectrum of Hercules X-1», ApJ 219, L105;

Wheaton, W. A.; Doty, J. P., Primini, F. A., et al. 1979, «An absorption feature in the spectrum of the
pulsed hard X-ray flux from 4U 0115 4+ 63», Nature 282, 240.

201 Downs, G. S. 1981, «JPL pulsar timing observations. I. The Vela pulsar», ApJ 249, 687.
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Figure 21: Long-term observation of the
Vela pulsar PSR 0833-45 shows a contin-
uous decrease of the pulse frequency and
abrupt tiny jumps (glitches). Based on
ref. [201].

a high velocity was given to the pulsar at
the moment of its formation in an asym-
metric supernova explosion, or whether it
has been accelerated gradually during a
post-supernova stage, for example by a
one-sided jet mechanism.?%]

Apart from radio pulsars there also ex-
ist pulsating X-ray sources (roentgen pul-
sars) which do not emit detectable radio
pulses. These objects are of a different na-
ture, however. Observational properties
of X-ray pulsars can be accommodated by
the model of an accreting neutron star at
the state of high, wind-driven accretion
from an early type, massive companion
star (High Mass X-ray Binary, HMXB).
The pulse energy is released from the ma-
terial of an accompanying star which falls
onto a magnetized neutron star and hits
its surface. An analogous binary con-
figuration of a neutron star and a low

Obrazek 21: Dlouhodobé pozorovani pul-
saru PSR 0833-45 v souhvézdi Plachet
ukazuje postupny pokles frekvence pulzi
a nahlé malé zmény. Podle prace [201].

rychlost udélena pulzaru v dobé jeho vzni-
ku pfi nesoumérném vybuchu supernovy,
nebo zda byl postupné urychlen v pozdéj-
sim obdobi, naptiklad pusobenim jedno-
stranného vytrysku. 2%l

Kromé radiovych pulzart existuji rov-
néz pulzujici rentgenové zdroje (rentgeno-
vé pulzary), které nevysilaji zaznamena-
telné radiové pulzy. To jsou vsak objek-
ty odlisné povahy. Pozorované vlastnosti
rentgenovych pulzaru lze pojmout do mo-
delu s akreujici neutronovou hvézdou ve
stavu vysoké, vétrem hnané akrece z ra-
né, hmotné slozky soustavy. Energie pul-
zu se uvolnuje z materialu doprovazejici
hvézdy, jenz pada na magnetizovanou ne-
utronovou hvézdu a narazi na jeji povrch.
Obdobné dvojhvézdné usporadani s neu-
tronovou hvézdou a mélo hmotnou dopro-
vodnou hvézdou nepulzuje; pravdépodob-

202 Lyne, A. G., & Lorimer, D. R. 1994, «High birth velocities of radio pulsars», Nature 369, 127.
203 Markwardt, C. B., & Ogelman H. 1995, «An X-ray jet from the Vela pulsars, Nature 375, 40.
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mass companion star (Low Mass X-ray
Binary, LMXB) does not pulsate but is
likely to show less-frequent, repeated X-
ray bursts.[204

131

né v ném dochazi k méné castym, opako-

vanym rentgenovym vzplanutim.[29

7.2 The aligned rotator/Vyrovnany rotator

The model of an aligned rotator has
been developed in order to study the ba-
sic physics relevant to plasma accelera-
tion in conditions of a pulsar magneto-
sphere. It has no ambitions to describe
the emission processes and detailed mag-
netospheric structure of a real active pul-
sar.

First, we will treat the star as a con-
ductive rotating sphere of radius R, and
intrinsic magnetic field By with a dipole-
type structure in the near region, i.e.

BoR?

Model vyrovnaného rotatoru byl vyvinut
za ucelem studia zakladni fyziky tykajici
se urychleni plazmatu v podminkach mag-
netosféry pulzart. Tento model si necini
naroky popisovat procesy emise a detailni
strukturu magnetosféry skutecného aktiv-
niho pulzaru.

Zprvu budeme pokladat hvézdu za vo-
divou rotujici kouli s polomérem R, a
vnitfnim magnetickym polem By, které je
v blizké oblasti dipolového typu, tzn.

B=——"(2cos0e, +sinf ey) (7.1)

7

when expressed in a spherical orthonor-
mal frame {e,, e, e4}. The interpretation
of the constant By becomes apparent by
setting r = R, § = 0. Our discussion is
now reduced to an elementary problem of
electromagnetic theory, namely, unipolar

205]

inductionl (see Appendix, p. 195).

The electrostatic potential outside the
star satisfies the equation

or

rZsin 0

1
Vip= —— [2 (r2 sin 0 —

)

vyjadieno ve sférické ortonormalni sou-
stavé {e,,eg,es}. Vyznam konstanty By
se stane zrejmy, kdyz polozime r = R.,
6 = 0. Nase diskuze se tim prevadi na
elementarni problém teorie elektromag-

netismu, jmenovité na otazku unipolarni
indukcel?®® (viz Dodatek, str. 195).

Elektrostaticky potencial vné hvézdy
splnuje rovnici

a (. 0
+ 20 (sm 0%)] e =0. (7.2)

204 Lewin, W. H. G., van Paradijs, J., & van den Heuvel, E. P. J. (eds.) 1995, X-ray Binaries (Cambridge

University Press, Cambridge);

Walker, M. A. 1991, Radiation Dynamics in X-Ray Binaries, Ph.D. Dissertation (Pennsylvania State

University, PA).

205 Jackson, J. D. 1975, Classical Electrodynamics (John Wiley & Sons, New York);
Tamm, I. E. 1979, Fundamentals of the Theory of Electricity (Mir Publishers, Moscow).
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The boundary conditions require Fyj—r,
to be continuous [cf. equation (7.1) with
E determined according to (6.3)]. Solu-
tion for the potential can thus be written
in the form

@ = consty Py(cos 0) + consty,
BoQR®

3erd

consty = —
and for the electric intensity in the form
E =-Vyp=—

It is the non-spherical term cos? § in equa-
tion (7.3) which is essential in further dis-
cussion.

The induced surface density of electric

charge is given by

&:i(lim E.,— Iim FE,

r—)Ri’ r—Ry

s

BQR®

cr
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Okrajova podminka vyzaduje, aby
Fg.=r, bylo spojité [srov. rovnici (7.1)
s F uréenym podle (6.3)]. Regeni pro po-
tencial 1ze tudiz psat ve tvaru

Py(cosf) = 2 cos® — L (7.3)

2 27

consty = 0,

a pro elektrickou intenzitu ve tvaru

(Pye, +sinfcosfey). (7.4)

Pravé nesféricky ¢len cos? 6 v rovnici (7.3)

je podstatny v nasledujici diskuzi.

Indukovana povrchova hustota elek-
trického naboje ¢ini

B R,
):— of2 2 cos? 6. (7.5)

dre

7.3 The standard pulsar model/Standardni model pulzaru

The standard model of a rotating
magnetosphere?°l  starts out from con-
clusions of the previous chapter about the
aligned rotator.

The value of the electromagnetic in-
variant F « B is dramatically increased
on the surface of the neutron star. Ap-

parently, £y = E - B/B = 0 for r < R,,

Standardni model rotujici magnetosféry[2°¢!

vychazi ze zavéru predchazejici kapitoly
o vyrovnaném rotatoru.

Na povrchu neutronové hvézdy na-
hle vzruasta hodnota elektromagnetické-
ho invariantu E + B. Ocividné je E =
E -B/B =0 pror < R., zatimco

206 Goldreich, J., & Julian, W. H. 1969, «Pulsar electrodynamics», ApJ 157, 869;
Mestel, L., Robertson, J. A., Wang, Y.-M., & Westfold, K. C. 1985, «The axisymmetric pulsar magne-

tospheren, MNRAS 217, 443;

Ostriker, J. P., & Gunn, J. E. 1969, «On the nature of pulsarsy, ApJ 157, 1395.
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while
E-B =

for r > R,. For this reason there must
be a nonzero component E| parallel to
B near the surface, and the last formula
tells us that the magnitude of F) can be
large here. The corresponding electric
force on charged particles greatly exceeds
gravity and it is thus obvious that elec-
trically charged particles are pulled out
of the star to form a conductive medium
above its surface. (Values of Fj range up
to 10"V /cm.) There is thus no longer a
vacuum near the star; a space charge is
developed and F + B is neutralized. This
simplified picture is more complicated in
reality, however.

The magnetospheric structure of the
standard aligned rotator model is shown
in Fig. 22. One can distinguish three qual-
itatively different regions:

o Near zone. The magnetic field is frozen
in plasma due to high space-charge den-
sity which develops near the surface of the
star. Matter corotates with the stellar
magnetic field, the density of its kinetic
energy is much less than the energy den-
sity in the magnetic field. The corotat-
ing magnetosphere is bounded within the
outermost closed magnetic field line.

o Wind zone. Particles fail to corotate
rigidly with the magnetic field near the
light surface where QR — c¢. The topol-
ogy of the light surface is cylindrical but
its exact shape depends on the details of
the model. (Let us note that even mass-
less particles cannot corotate with an ar-
bitrary speed, and for this reason the light
surface develops also around magnetized

QR,
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R?

* 12 3
— Bjcos™ 0

7

pror > R,.7 tohoto diivodu je nepochyb-
né u povrchu nenulova slozka FE) rovno-
bézna s B, pricemz posledni vzorec nam
fika, ze zde mize F) dosahovat znacné ve-
likosti. Odpovidajici elektricka sila vysoce
prevlada nad gravitaci, a tak je zrejmé, ze
elektricky nabité castice jsou vytrhovany
z vnitrku hvézdy ven, kde nad jejim povr-
chem vytvaii vodivé prostiedi. (Hodnoty
E); se pohybuji az k 10V /cm.) V oko-
li hvézdy tedy nezustava nadale prazd-
né prostredi; vytvari se prostorovy naboj,
ktery neutralizuje E - B. Tento zjednodu-
seny pohled je ovsem ve skutecnosti slozi-
t&j31.

Obr. 22 znazornuje strukturu magne-
tosféry v modelu vyrovnaného rotatoru.
Lze v ném rozlisit tii kvalitativné odlisné
oblasti:

o Blizka oblast. V dusledku velké husto-
ty prostorového naboje, ktery vznika po-
bliz povrchu hvézdy, je magnetické pole
vmrzlé do plazmatu. Hmota rotuje spolec-
né s magnetickym polem hvézdy, hustota
jeji kinetické energie je mnohem mensi nez
hustota energie magnetického pole. Koro-
tujici magnetosféra je ohranicena vnéjsi
uzavrenou magnetickou silokfivkou.

o Oblast vétru. V blizkosti svételného po-
vrchu, kde QR — ¢, se Castice prestavaji
pohybovat tuhou rotaci spoleéné s mag-
netickym polem. Svételny povrch ma val-
covou topologii, ale jeho presny tvar zale-
71 na podrobnostech modelu. (Pozname-
nejme, ze ani ¢astice s nulovou hmotnosti
nemohou korotovat neomezenou rychlos-
ti, a z toho duvodu vznika svételny po-
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Figure 22: The model of an aligned ro-
tator.

rotators in vacuum.) The shape of the
magnetic field lines is very different from
that of the original dipole type. In other
words, the angular velocity of the field
lines is not constant and has to be deter-
mined in a self-consistent manner. The
curves are open, and particles can slide
away from the body.

e Boundary zone. This is the distant re-
gion where particles get further acceler-
ated, streaming away in a stellar wind.
The structure of this region depends on
the boundary conditions which must be
physically substantiated in each model.

Obrazek 22: Model vyrovnaného rotato-
ru.

vrch také kolem magnetizovanych rotato-
ru ve vakuu.) Zaktiveni magnetickych si-
locar se znac¢né lisi od puvodniho dipolo-
vého tvaru. Jinymi slovy, thlova rychlost
silokfivek uZz neni konstantni a je tieba
jiuréit selfkonzistentnim zpusobem. Kiiv-
ky jsou neuzavrené a castice mohou podél
nich klouzat smérem od télesa.

o Okrajovd oblast. Je to vzdalena oblast,
v niz jsou castice dale urychlovany a v po-
dobé hvézdného vétru proudi pry¢. Struk-
tura této oblasti zalezi na okrajovych pod-
minkach, které je tfeba pro dany model
fyzikalné oduvodnit.

7.4 Consequences and controversies/Dusledky a rozpory

For the sake of simplicity, the standard
scheme of pulsar action has not been con-
structed in a completely self-consistent
manner. Conclusions must therefore be

Standardni model ¢innosti pulsaru jsme
z duvodu zjednoduseni neziskali plné se-
Ifkonzistentnim zpusobem. 7 néj vyvozo-
vané zavery je proto treba obezretné ové-
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examined carefully. We will treat several
consequences of this model.

Let us approximate magnetic field
lines in the corotating zone by a dipolar
structure. Magnetic flux between the ro-
tation axis and the field line is given by

U

7

The outermost curve which touches the
light surface determines two opposite po-
lar caps. The area of each polar cap is
A = 7R2sin*0 = 7QR3/c. The space

charge density in the magnetosphere is

1 1
V.-F —

E 27c

Pe —

When deriving this relation we have used
identity

sin? 0 B R?

2-B = LQBO.
27c
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fit. Probereme nékolik dtsledk uvedené-
ho modelu.

Aproximujme tvar magnetickych silo-
car v korotujici zoné dipdlovou struktu-
rou. Magneticky tok mezi rotacni osou a
silokfivkou je dan vztahem

(7.6)

r3

Vnéjsi krivka, jez se pravé dotyka své-
telného povrchu, vymezuje dvé protilehlé
polarni cepicky. Plocha kazdé z nich ¢i-
ni A = 7R2sin?0 = 7QR3/c. Prostorova

hustota naboje v magnetostére ¢ini
(7.7)

Pti odvozeni tohoto vztahu jsme pouzili
identitu

—¢V-E = V- ([2x7|xB|=202-B.

A stream of particles escapes from the two
polar caps. The total number of outflow-
ing particles per unit time is given by

N%Z&Ac:
q

The magnetic flux flowing across polar
caps to infinity is given by

qjoo o ABp|r:R* 7

In the distant region, the azimuthal com-
ponent of the magnetic field starts to
dominate and its magnitude can be esti-
mated as

1
qc

Ze dvou polarnich ¢epicek unika proud
castic. Celkovy pocet vyletujicich ¢astic
¢ini za jednotku casu

O2ByR. (7.8)

Magneticky tok odchazejici polarnimi ce-
pickami do nekonec¢na je dan vztahem

7 BoQ R?
St (7.9)
2c

Azimutalni slozka magnetického pole za-
¢ind ve vzdalené oblasti prevladat, pri-
cemz jeji velikost 1ze odhadnout jako
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FQzBoRS
B, ~NByr — VU, o~ —. 7.10
The total-energy loss-rate amounts to Celkovy vydavany vykon ¢ini
P— < [(B x B)dS ~ B4 ~ T 01 B2 711
= 47T ( X ) ~ C (b?“ ~ 402 O+Lbx- ( . )

Approximately one thousandth of the to-
tal energy output is emitted in radio
waves. Estimating the energy losses of a
rotator, £ o €, from equation (7.11),
one finds the expected slowing-down be-
haviour

Priblizné jedna tisicina celkového energe-
tického vykonu je vyzarena v podobé ra-
diovych vIn. Jestlize odhadneme energe-
tické ztraty rotatoru, F o QQ, pomoci
rovnice (7.11), nalezneme ocekavany pru-
béh zpomalovani

Q x Q7. (7.12)

The above scheme contains several incon-
sistencies. For example, it is evident from
equations (7.3)—(7.5) that charged parti-
cles which slide along field lines between
the corotating magnetosphere and a cer-
tain critical field line are to cross the
boundary 8 a2 35° (P, = 0) between pos-
itive and negative charges (see Fig. 22).
One expects that the total charge current
from the star is zero (otherwise the body
gets charged indefinitely), however, it is
difficult to understand how particles of a
given charge can be routed deep inside the
region of the opposite charge. Approx-
imations that lead to charge separation
are probably not fully adequate.[?°T It is
evident that the force-free approximation
is applicable only within a limited spa-
tial region of the global solution. There
are further difficulties of analogous type
in the standard model but it is usually
expected that the unpleasant features dis-
appear in more realistic models%®] and
they will not be present in a final self-
consistent picture of oblique rotators.!2%°]

Shora nacrtnuty obraz obsahuje nékolik
neduslednosti. Kuptikladu z rovnic (7.3)-
(7.5) je zfejmé, Ze nabité dcastice, kte-
ré klouzaji podél silokfivek prochazejicich
mezi korotujici magnetosférou a jistou kri-
tickou silokrivkou, maji prochéazet hrani-
ci kladnych a zapornych naboju, # ~ 35°
(P, = 0) (viz obr. 22). Ocekavame, Ze cel-
kovy nabity proud z hvézdy je nulovy (ji-
nak se bude téleso nabijet bez omezeni),
ale pak se da tézko pochopit, jak mohou
castice daného naboje vchazet hluboko
dovnitt oblasti s ndbojem opacnym. Ap-
roximace vedouci k nabojovému oddéleni
nejsou patrné plné uspokojivé.27 Je zce-
la ziejmé, Ze bezsilové priblizeni je pouzi-
telné pouze v omezené prostorové oblasti
globalniho teseni. Ve standardnim mode-
lu existuji jesté dalsi tézkosti obdobného
druhu, ale obvykle se predjima moznost,
7e tyto neprijemné rysy zmizi v realistic-
298] 3 nebudou p¥{tomny

ani v kone¢ném self-konzistentnim obrazu
[209]

t&jsich modelechl

sklonénych rotatoru.
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8 Magnetized disks/Magnetizované disky

Electromagnetic forces act on charged
particles and may substantially modify
the structure of accretion disks.[2'®l Un-
fortunately, the inclusion of electromag-
netic effects makes the disk theory much
more complex. The only rigorous ap-
proach is a self-consistent solution of
axially symetric MHD equations (page
119).211 Here we will illustrate the basic
assumptions of simple analytical models
which are not very realistic but can im-
prove our intuition.

The procedure for constructing mag-
netized disk solutions can go as follows:

8.1 Assumptions/Piedpoklady

Choose cylindrical polar coordinates
{R,¢,z}. Assume a steady electric cur-
rent j = jse, at z = 0 (the equatorial
plane) with a corresponding structure of
magnetic induction — Bgr, B, # 0, and
B; = 0. The distribution of js(R) then
determines the structure of the magnetic
field lines. The system under discussion
is axially symmetric and stationary, and

Elektromagnetické sily pusobi na nabi-
té castice a mohou tedy podstatné zmé-
nit strukturu akreénich diska.2' Zahr-
nuti elektromagnetickych jevu ¢ini teo-
ni pristup vyzaduje selfkonzistentni reseni
axialné symetrickych MHD rovnic (stra-
na 119).2"1] Zde popiseme pouze zakladni
predpoklady kladené na jednoduché ana-
lytické modely, jez nejsou prilis realistic-
ké, ale mohou zlepsit nasi intuici.

Postup pfi sestrojovani reseni s mag-
netizovanym diskem muze byt nasledujici:

Zvol vélcové polarni soutadnice {R, ¢, z}.
Predpokladej ustaleny elektricky proud
Jj=Jses v z=0 (rovnikova rovina) s od-
povidajici strukturou magnetické indukce
— Bg, B, #0,a B, = 0. Rozdéleni j4;(R)
pak urcuje strukturu magnetickych silo-
car. Diskutovany systém je osové soumér-
ny a stacionarni, takZze nevyzaruje elekt-
romagnetické viny.

207 Michel, F. C. 1983, «Relativistic charge-separated winds», ApJ 284, 384;
Wright, G. A. E. 1977, «The properties of charge-separated pulsar magnetospheresy, MNRAS 182, 735.
208 Ruderman, M. A., & Sutherland, P. G. 1975, «Theory of pulsars: polar gaps, sparks, and coherent

microwave radiation», ApJ 196, 51.

209 QOstriker, J. P., & Gunn, J. E. 1969, «Do pulsars turn off?», Nature 223, 813.
210 Belvedere, G. (ed.) 1989, Accretion Disks and Magnetic Fields in Astrophysics (Kluwer Academic

Publishers, Dordrecht);

Michel, F. C. 1983, «Radio pulsar disk electrodynamics», ApJ 266, 188.
211 Kémigl, A. 1989, «Self-similar models of magnetized accretion disks», ApJ 342, 208.
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thus emits no electromagnetic radiation.

Consider a magnetized disk in the
equatorial plane and assume that the
magnetic field is frozen into the disk. The
toroidal part of the field arises from the
dragging of the magnetic field by the disk
material. It follows that Bt = Byey,
Bp = B — BT = BRGR + BZGZ. One
proceeds analogously in deriving the elec-
tric intensity E but in this case E1 = 0
[cf. equation (6.8)].

Umisti magnetizovany disk do rovni-
kové roviny a predpokladej, Ze magnetic-
ké pole je v ném zamrzlé. Toroidalni ¢ast
pole vznika v dusledku strhavani magne-
tického pole materialem disku. Plati, Ze
BT = B¢e¢, Bp = B—BT = BRGR—I-
B. e.. Obdobné se postupuje pri odvozeni
elektrické intenzity F, ale v tomto piipa-
dé je Et = 0 [viz rovnice (6.8)].

8.2 Basic relations/Zakladni vztahy

The Maxwell equation V- B = 0 to-
gether with the consequence of axial sym-
metry, V « Br = 0, yield

v

This means that both the poloidal and the
toroidal components can separately be as-
sociated with unending field lines.

The value of Ep follows from the force-
free condition:

Maxwellova rovnice V « B = ( spole¢né
s duasledkem osové symetrie V « By = 0,
davaji

. Bp = 0. (8.1)

To znamena, ze jak poloidalni, tak i toroi-
dalni slozky mohou byt oddélené asocio-
vany s nekoncicimi silokrivkami.

Hodnota Fp plyne z podminky bezsi-
lového pole:

0=FE' =FEp+c (22 X7r)XB, (8.2)

where £2 = OF e, means the angular ve-
locity of each field line and # is the radius
vector. Charged particles move along field
lines. Using V X Ep =0 and V - Bp =
0 we find

kde £2 = O e, mé vyznam thlové rych-
losti kazdé ze silokrivek a # je poloho-
vy vektor. Nabité castice se pohybuji po-
dél silokfivek. S uzitim VX Ep = 0 a
V - Bp = 0 nalezneme

Bp - VQF = 0. (8.3)

In other words, the angular velocity of

each field line remains constant along its
curve; thus QF does not change along

Jinymi slovy thlova rychlost kazdé silo-
cary zustava podél jeji kiivky konstantni;
OF se tedy neméni podél poloidalnich car
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poloidal field lines. This result is called

Ferraro’s law of isorotation.[*'?

The light surface is the locus of points
where the velocity of the field lines ap-
proaches the speed of light. Charged par-
ticles cannot corotate with field lines be-
yond the light surface; they are forced to
move away and this is the basis of particle
acceleration around pulsars and possibly
formation of jets in extragalactic sources.

The disk itself can serve as a source
of particles. Assuming the perfect MHD
condition inside the disk, we obtain for
the particle density

1
n = V.-FE =
47 e

Non-zero charge-density generates an
electric field which pulls charged parti-
cles out of the disk.

Magnetic field lines threading the disk
exert a torque on its material

B 4mgec
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pole. Tomuto vysledku se rika Ferraruv

zdkon stdlé rotace.[21?]

Svételny povrch je misto, kde se rych-
lost silocar blizi rychlosti svétla. Za nim
nemohou nabité castice se silokfivkami
korotovat; jsou nuceny pohybovat se smé-
rem do vétsich vzdalenosti, a to je zakla-
dem urychlovani ¢astic v blizkosti pulzaru

a snad 1 vzniku vytryska v extragalaktic-
kych zdrojich.

Zdrojem castic miuze byt samotny
disk. Predpokladame-li splnéni podminky
idealni MHD v disku, obdrzime pro hus-

totu éastic

1
V(v X B) = —-QB,. (8.4)

Nenulova hustota naboje vytvari elek-
trické pole, které vytahuje nabité castice
z disku ven.

Magnetické siloktivky, pronikajici do
disku, ptsobi na jeho material tocivym
momentem

G =RX(j X B),

and are thus a source of effective viscos-
ity. Such a disk does not radiate (remem-
ber that we are considering axisymmetric
stationary configurations) but it can still
transmit energy in a direct-current flux.

a jsou tudiz zdrojem efektivni viskozi-
ty. Takovy disk nezafi (pfipomenhme, ze
uvazujeme osové symetricka usporadani),
avsak presto je schopen stejnosmérnym
proudem prenaset energii.

8.3 Energy release/Uvolnéni energie

Consider a circle of radius R centered on
the symmetry axis. Ampere’s law yields

Uvazme kruznici o poloméru R se stre-
dem na ose symetrie. Z Ampérova zakona

212 Ferraro, V. C. A., & Plumpton, C. 1961, An Introduction to Magneto-fluid Mechanics (Oxford Uni-

versity, New York).
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plyne
2J
Br=—.
YT CR
We have already mentioned that in the Zminili jsme se jiz o tom, Ze v bezsilové
force-free region currents flow along mag- oblasti tekou proudy podél magnetickych
netic surfaces, but in the disk and in the povrchu, avsak uvniti disku a v daleké
far region the force-free condition is vi- oblasti je podminka bezsilovosti porusena
olated and dissipation occurs. The den- a nastava tam disipace energie. Hustota
sity of the electromagnetic energy flowing elektromagnetické energie proudici bezsi-
through the force-free region is given by lovou oblasti je dana
P=cFE X B~ cFEp X Br. (8.5)
Substituting for Ep from eq. (8.2) we es- Dosazenim za Ep z rovnice (8.2) uréime
timate the magnitude of this vector as velikost tohoto vektoru
Bp and Bt are to be determined in accor- Bp and By je tifeba urc¢it v souhlase
dance with the boundary conditions. s okrajovymi podminkami.

9 *MHD in general relativity/MHD v obecné rela-
tivite

9.1 Basic equations/Zakladni rovnice

The following discussion is a general rela- Nasledujici diskuze predstavuje obecné
tivistic generalization of axially symmet- relativistické zobecnéni osové soumérnych
ric MHD flows that have been treated MHD toku, které jsme probirali v pred-
in previous chapters. We will employ chozich kapitolach. V této kapitole bu-
the standard notation of general relativ- deme uzivat obvyklé znaceni obecné teo-
ity with geometrized units, ¢ = G = 1, rie relativity s geometrizovanymi jednot-
and the signature of metric —+4+ in this kami, ¢ = G = 1, a signaturou metriky
chapter. The set of equations of perfect —+4+4. Soustavu rovnic idealni magne-
magnetohydrodynamics can be written in tohydrodynamiky lze zapsat ve tvaru:[2'?]

the form:[213l
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e Conservation of the particle number: e Zachovani poc¢tu castic:
(pou™), =0,  po=mn; (9.1)

m is the particle rest mass, n numerical m je klidova hmotnost castic, n cisel-
density, u® four-velocity. Here we do not na hustota, u® ctyrrychlost. Neuvazujeme
consider a possibilty of creation of pairs zde moznost kreace paru, jez by tento za-
which would break this conservation law. kon zachovani narusila.
e Normalization condition for four- e Normalizac¢ni podminka pro ctyfrych-
velocity: lost:

uu, = —1. (9.2)
e Fnergy-momentum conservation and e Zachovani energie-hybnosti a definice
definition of the energy-momentum ten- tenzoru energie-hybnosti pomoci hustoty
sor in terms of material density p, pres- latky p, jeho tlaku P a tenzoru elektro-
sure P, and electromagnetic field tensor magnetického pole F),,:
F:

7% 5 =0, (9.3)

Taﬁ = Tligtter —I_ Tgl\ﬁ/[(}?
Tobier = (p + p)uu® + pg*?,
x 1 (o3 1 v (o3
TEl\ﬁ/[G:E<F MFMﬁ_ZFﬂ Fuug ﬁ)v

F.,=A,,—A,,.

o In the fluid rest frame, electric field van- o V klidové soustavé tekutiny elektrické

214] 214]

ishes completely:! pole zcela vymizi:l

FLpu® = 0. (9.4)

213 Anile, A. M., & Choquet-Bruhat, Y. (eds.) 1989, Relativistic Fluid Dynamics, Lecture Notes in
Mathematics 1385 (Springer-Verlag, Berlin);

Lichnerowitz, A. 1967, Relativistic Hydrodynamics and Magnetohydrodynamics (Benjamin, New York).
214

It is easy to verify by transformation to the Piechodem do lokélni inercidlni soustavy se
local inertial frame that the space part of equa- snadno ovéfi, ze prostorova ¢ast rovnice (9.4) od-
tion (9.4) corresponds to the assumption (6.4) of povidé predpokladu (6.4) idedlni MHD:

perfect MHD:
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e The axial symmetry and stationarity
imply existence of the two Killing vectors,
k= 67 and m” = 63, which satisly rela-
tions

e Osova symetrie a stacionarita zname-
naji existenci dvou Killingovych vektort,
k=67 and m® = 67, které splinji vzta-

hy

0= ka1 5 = (kaT°%) . (9.5)

0 =mo %5 = (m,1°7)

)

. (9.6)

9.2 Stream functions/Proudové funkce

Let us now turn to the consequences of
the above equations (9.1)—(9.6) which ap-
pear particularly relevant for the theory
of black hole magnetospheres.[*'*! Equa-
tion (9.4) has four components:

Au” + Apgu® =0, (9.7)
Amut + A¢7ru¢ + Foul = 0, (9.8)
Atﬁut + A¢79u¢ + F@rur == 0, (99)

A¢7rur + A¢79u€ == 0, (910)

It follows from equations (9.7) and (9.10)
that

Diskutujme nyni dusledky vyse uvede-
nych rovnic (9.1)—(9.6), jez se ukazuji byt
dulezité predevsim pro teorii magnetosfé-
ry éernych dér.2'%] Rovnice (9.4) ma ctyfi
slozky:

Z rovnic (9.7) a (9.10) vyplyva

! F
A=A, —F, (9.11)
\
0 E. E, E \ /-1
~E, 0 B. -B v
5 _ i z y z _
Fop? =0\ g, . 0 B v | =0
~E. By -B, 0 v

215 Blandford, R. D., & Znajek, R. L. 1977, «Electromagnetic extraction of energy from Kerr black holesy,
MNRAS 179, 433;

Hirotani, K., Takahashi, M., Nitta, S.-Y., & Tomimatsu, A. 1992, «Accretion in a Kerr black hole mag-
netosphere: Energy and angular momentum transport between the magnetic field and the matter», ApJ
386, 455;

Znajek, R. L. 1976, Black Hole Flectrodynamics, Ph.D. Dissertation (King’s College and Institute of
Astronomy, Cambridge).
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and therefore

QF
0%

)

Equation (9.11) is an exact analogy to
(8.2) and QF has thus again the interpre-
tation of the angular velocity of magnetic
field-lines. The last two equations mean
that the Jacobians

a(Atv A¢) =0

or,0)
vanish, and thus A, = A,(A,) and OF =
OF(A,). The flow stream-lines and the
magnetic field-lines lie in the level sur-
faces of Ay, 1.e. u- VA, = B- VAy =0,
where B = (*F) - @[> One can define
the stream function k(r,0) = k(A,) satis-

fying

uT’

o k(r,0)

[
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a tudiz

Ay
Apo

Rovnice (9.11) je pfesnou obdobou (8.2),
a QF lze tudiZ opét interpretovat jako th-
lovou rychlost magnetickych silocar. Po-
sledni dvé rovnice znamenaji, ze Jakobia-

ny

(O, Ay)

o0 0) "

vymizi, a tudiz A; Ai(Ay) a OF
OF(A,). Proudnice a magnetické silokfiv-
ky lezi v hladinach Ag, tzn. @ - VA,
B- VA; =0, kde B = (*F)- a2 Lze
zavést proudovou funkei k(r,0) = k(A,),
jez splnuje vztah

Agp

Equations (9.8), (9.11) and (9.12) can be
solved with respect to the azimuthal com-
ponent of velocity,

u® = QFul +

where R? = 9752¢ — gu9ss, Br = —("F )4
Equation (9.13) describes to what degree
particles fail to corotate with field lines.

Two additional stream functions can
be obtained by inserting the explicit form
of T°F into equations (9.5)-(9.6). Axial
symmetry thus yields a relation for the
specific angular momentum at infinity, [:

N _A(W - d7\/—gpo

(9.12)

Rovnice (9.8), (9.11) a (9.12) lze rozfesit

vzhledem k azimutalni slozce rychlosti,

(9.13)

B
47TR2/)0 b

kde R* = g}, —gugsp, Br = —("F ). Rov-
nice (9.13) vyjadiuje, do jaké miry ¢astice
nekorotuji se silokrivkami pole.

Dalsi dvé proudové funkce lze ziskat
dosazenim explicitniho tvaru 7%% do rov-
nic (9.5)—(9.6). Osova symetrie tedy po-
skytuje vztah pro specificky moment hyb-
nosti v nekonecnu, [:

216 The arrow denotes two-component space-like vectors defined in the (r, 8)-plane.

217 Sipka oznacuje dvouslozkové prostorupodobné vektory, které jsou definovany v roviné (r, 4).
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0 = pou” (P-F

)

(k1) Ago — (k) gAy, =0,

where

After a completely analogous derivation,
stationarity gives the relation for the spe-
cific energy at infinity:

p%) N
s

BrQF

= (V) (914)
(9.15)

kde
% = I(A,) (9.16)

Po zcela obdobném odvozeni plyne ze
stacionarity vztah pro specifickou energii
v nekonecnu:

c = Ut

Po

Discussion proceeds now analogously to
the analysis which we have carried out
within the non-relativistic limit when pro-
jections of the Euler equations in different
direction were employed.?'®] The above
derived stream functions are not com-
pletely independent — they must satisfy
boundary conditions. Finally, we are still
left with the two equations, 77 5 = 0 and
T% .5 = 0, but also these relations are not
independent. We have already imposed
a restriction on projection by wu, — the
first law of thermodynamics T°7 u, = 0
which is included in the equation of state
for P(po). The last required equation can
thus be obtained by contracting T%%.5 = 0
with any poloidal four-vector which is lin-
early independent of poloidal projection
of u,. The result is a non-linear second-
order differential equation which is a gen-
eralization of the Grad-Shafranov equa-
tion within general relativity.

= ¢(Ay). (9.17)

k

Rozbor nyni postupuje obdobnym smé-
rem jako analyza nerelativistického pribli-
zeni, pri niz jsme vyuzivali projekce Eu-
lerovy rovnice do riiznych sméra.21® Vy-
se odvozené proudové funkce nejsou tplné
nezavislé — museji splnovat urcité okrajo-
vé podminky. Nakonec nam zustavaji jes-
té dvé rovnice, 7.5 = 0 a T% 5 = 0, ale
ani tyto vztahy nejsou nezavislé. Uplatnili
jsme jiz omezeni na projekci pomoci u, —
prvni zakon termodynamiky 77 su,, = 0,
jehoZz splnéni je obsazeno ve stavové rov-
nici pro P(po). Posledni pot¥ebna rovnice
se tedy ziskd kontrakei T°7.5 = 0 s libo-
volnym poloidalnim ¢tyivektorem, ktery
je linearné nezavisly na poloidalni projek-
ci u,. Vysledkem je nelinearni diferencial-
ni rovnice druhého fadu, jez predstavuje
zobecnéni Gradovy-Shafranovovy rovnice
v ramci obecné teorie relativity.

218 Lovelace, R. V. E., Mehanian, C., Mobarry, C. M., & Sulkanen, M. E. 1986, «Theory of axisymmetric

magnetohydrodynamic flows: Disks», ApJS 62, 1;
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Remember that our discussion has
been restricted to weak, electromagnetic
test-fields in a given, fixed background
spacetime. We have neglected the in-
fluence of the electromagnetic field on
the spacetime metric.  This approach
was employed by a number of authors
to address the problem of electromag-
netic effects near a rotating (Kerr) black
holes.?9] Self-consistent solutions of cou-
pled Einstein-Maxwell equations for black
holes immersed in electromagnetic fields
have been studied only within stationary,
axially symmetric, vacuum models,??°]
nevertheless, it appears that the test
electromagnetic field approximation is
fully adequate for modelling astrophysical
sources like quasars. On the other hand,
long-term evolution of magnetospheres of
rotating black holes?2!]
quences of non-ideal MHD!

and the conse-

2221 are still

open to further work.
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Pripomenme, Ze nase diskuze se dopo-
sud omezovala na slaba, testovaci elekt-
romagneticka pole v pevné zadaném pro-
storocasu. Vliv elektromagnetického po-
le na prostorocasovou metriku jsme za-
nedbavali. Takovy pristup zvolila cela ra-
da autortu zkoumajicich elektromagnetic-
ké jevy pobliz rotujici (Kerrovy) cerné
diry.2'9] Selfkonzistentni ¥eSeni provaza-
nych Einsteinovych-Maxwellovych rovnic
pro cerné diry vnorené do elektromagne-
tickych poli byla studovana pouze v ram-
ci stacionarnich, osové soumérnych, va-
kuovych model,*?”! nicméné se potvrzu-
je, ze priblizeni testovacich elektromagne-
tickych poli plné dostacuje k popisu as-
trofyzikalnich zdroju, jako jsou kvazary.
Na druhé strané dlouhodoby vyvoj mag-
netosféry rotujicich cernych dérl??! a da-
sledky neidealni MHDP?2 zistévaji dosud
neuzavirenymi naméty pro dalsi praci.

Phinney, E. S. 1983, A Theory of Radio Sources, Ph.D. Dissertation (Institute of Astronomy, Cambridge);
Nitta, S.-Y., Takahashi, M., & Tomimatsu, A. 1991, «Effects of magnetohydrodynamic accretion flows
on global structure of a Kerr black-hole magnetospheres, Phys. Rev.D 44, 2295.

219 Takahashi, M., Nitta, S., Tatematsu, Y., & Tomimatsu A. 1990, «Magnetohydrodynamic flows in
Kerr geometry: Energy extraction from black holes», ApJ 363, 206;

Thorne, K. S., Price, R. H., & Macdonald, D. A. (eds.) 1986, Black Holes: The Membrane Paradigm
(Yale University Press, New Haven);

Wagh, S. M., & Dadhich, N. 1989, «The energetics of black holes in electromagnetic fields by the Penrose
processy, Physics Reports 183, 137.

220 Diaz, A. G., & Baez, N. B. 1989, «Magnetic generalizations of the Carter metricss, J.Math.Phys. 30,
1310;

Dokuchaev, V. I. 1987, «A black hole in a magnetic universe», Sov.Phys. JETP 65, 1079;

Gal’tsov, D. V. 1986, Particles and fields around black holes (Moscow University Press, Moscow; in
Russian);

Ernst, F. J., & Wild, W. J. 1976, «Kerr black holes in a magnetic universe», J.Math.Phys. 17, 182;
Hiscock, W. A. 1981, «On black holes in magnetic universes», J.Math.Phys. 22, 1828;

Karas, V., & Vokrouhlicky, D. 1991, «On interpretation of the magnetized Kerr-Newman black holey,
J.Math.Phys. 32, 714.

221 Okamoto, 1. 1992, «The evolution of a black hole’s force-free magnetospheres, MNRAS 254, 192;
Park, S. J., & Vishniac, E. T. 1989, « An axisymmetric, nonstationary model of the central engine in an
active galactic nucleus. I. Black hole electrodynamics», ApJ 337, 78.

222 Kudoh, T., & Kaburaki, O. 1996, «Resistive magnetohydrodynamic accretion disks around black
holesn, ApJ 461, 565;
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9.3 A magnetized disk and a black hole/Magnetizovany disk

a ¢erna dira

The major distinction between the mod-
els with and without a black hole con-
sists in different boundary conditions
imposed upon the electromagnetic field
which threads the black hole horizon. The
relevant Maxwell equations describing the
field outside the black hole horizon can be
solved by introducing appropriate imag-
inary currents flowing on the surface of
the horizon. These currents are defined in
such a way that the boundary conditions
are formally satisfied. Currents flowing
along the field lines can thus close a cir-
cuit and the energy extraction is then de-
scribed in an analogous way as in our pre-
vious discussion of magnetized disks or as
in the theory of pulsar emission.[???!

Hlavni rozdil mezi modely s ¢ernou dirou
a bez ni spociva v odlisnych okrajovych
podminkach kladenych na elektromagne-
tické pole, které pronika horizontem cer-
né diry. Piislusné Maxwellovy rovnice, jez
popisuji pole vné horizontu cerné diry, lze
fesit vhodnym zavedenim fiktivnich prou-
du tekoucich povrchem horizontu. Tyto
proudy se definuji tak, ze okrajové pod-
minky jsou formalné splnény. Proudy te-
kouci podél silokrivek tak mohou vytvorit
uzavieny obvod a uvolnovani energie je
pak popsano podobnym zptusobem, jako
v predchazejici diskuzi magnetizovanych
diskt nebo jako je tomu v teorii zareni
pulzart.l?2?

10 Radiation processes in continuum/Zafivé pro-

cesy v kontinuu

Various types of high-energy particle play
an important role in cosmic environments.
These particles are often involved in ra-
diative processes that subsequently de-
liver information from the source to the
observer. By high-energy particles one
understands those with relativistic energy
(total energy of such particles & = mc* 2
rest energy moc?, where myg is the particle
rest mass and m = ['mg is the Lorentz
transformed mass) or ultrarelativistic en-
ergy (€ > moc?, or hv > m.c? in the case

V kosmickém prostiedi hraji dulezitou
ulohu ruzné druhy vysokoenergetickych
castic. Mnohdy se tyto ¢astice ucastni za-
e ’ o e v ’ v v ./
fivych procesi, jez nasledné zprostiedkuji
prenos informace od zdroje k pozorovate-
li. Vysokoenergetickymi casticemi se ro-
zumi Castice s relativistickou energii (cel-

kova energie takové &éstice & = me? 2
klidové& energie moc?, kde mg znadi klido-
vou hmotnost ¢astice a m = I'mg je lo-

rentzovsky transformovana hmotnost) ne-
bo ultrarelativistickou energii (€ > mgc?,

Okamoto, 1. 1989, «Dissipative processes in relativistic magnetohydrodynamicsy, A&A 211, 476.
223 Blandford, R. D. 1976, « Accretion disk electrodynamics — A model for double radio sources», MNRAS

176, 465;

Camenzind, M. 1986, «Centrifugally driven MHD-winds in active galactic nuclei», A&A 156, 137.
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of photons). Several different mechanisms
which produce radiation are particularly
relevant for high-energy astrophysics, and
we present them in this chapter. We will
discuss processes relevant for continuum
radiation, but line emission is beyond the

scope of our considerations.[??4!

It appears useful to distinguish the
two extreme situations: (i) particles in
electrovacuum (in the absence of other
forms of matter), and (ii) interacting par-
ticles (as treated by the kinetic theory
of astrophysical plasma or astrophysical

fluid dynamics).[22%]

We will consider the following pro-
cesses in some detail:

o Magnetic bremsstrahlung. A typical sit-
uation is an electron or a positron moving
in an external magnetic field and emitting
synchrotron radiation..

Astronomers are naturally interested
in observable quantities — frequency
spectrum of radiation, polarization, an-
gular distribution of emission with respect
to the direction of the particle motion, en-
ergy losses, etc. In most cases, the process
appears important only for electrons and
positrons while more massive protons and
nuclei radiate negligibly.

o Compton scattering. A typical situation
is the scattering of photons by relativistic

147

nebo hv 3> mec® v piipadé fotonti). V as-
trofyzice vysokych energii je nékolik ob-
zvlast dulezitych mechanismu vzniku za-
feni a my jim vénujeme tuto kapitolu. Bu-
deme hovorit pouze o procesech vedoucich
k zafeni kontinua, zatimco ponechavame

stranou ¢arové emise.224

Ukazuje se uzitecné rozliSovat dveé
mezni situace: (i) Castice v elektrovakuu
(v neptitomnosti dalsich forem hmoty), a
(ii) interagujici ¢astice (jak se jimi zabyva
kineticka teorie astrofyzikalniho plazmatu

& dynamika astrofyzikalni tekutiny).[22]

Budeme se podrobnéji zabyvat nasle-
dujicimi jevy:

o Magnetické brzdné zareni. Jako typic-
kou situaci lze uvést elektron nebo pozit-
ron, pohybujici se ve vnéjsim magnetic-
kém poli a vydavajici synchrotronové za-
feni.

Astronomové se prirozené zajimaji
o pozorovatelné veliciny — frekvenéni
spektrum zareni, polarizaci, thlové roz-
déleni emise vzhledem ke sméru pohybu
Castice, energetické ztraty, atd. Ve vétsiné
pripadi je tento proces dulezity pouze pro
elektrony a pozitrony, zatimco hmotnéjsi
protony a jadra zari nepatrné.

o Comptonuv rozptyl. Typickym prikla-
dem je rozptyl fotona relativistickymi

224 QOsterbrock, D. E. 1989, Astrophysics of Gaseous Nebulae and Active Galactic Nuclei (University

Science Books, Mill Valey, CA);

Rohlfs, K. 1990, Tools of Radio Astronomy (Springer-Verlag, Berlin).
225 Melrose, D. B. 1986, Instabilities in Space and Laboratory Plasmas (Cambridge University Press,

Cambridge);

Zahn, J.-P. & Zinn-Justin, J. (eds.) 1993, Astrophysical Fluid Dynamics (North-Holland, Amsterdam);
Winkler, K. H., & Norman, M. (eds.) 1986, Astrophysical Radiation Hydrodynamics (D. Reidel Publishing

Company, Dordrecht).
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electrons.

One often meets circumstances in
which electron energy in an observer’s
rest frame exceeds the energy of scattered
photons, leading to the inverse-Compton
scattering: mc® > mec® ~ 0.5 MeV >
hv. The Zel’dovich-Sunyaev effect is a
remarkable manifestation of the inverse-
Compton scattering in astrophysics.

e Production of high-energy v-rays. Con-
temporary astrophysics deals with cosmic
~-rays particularly in relation with ~-ray
bursters and blazars with rapid variabil-
ity. Both phenomena represent the most
puzzling astrophysical topics.

e Neutrino production. This is another
hot issue related to the theory of super-
nova explosions and structure of stellar in-
teriors.

The latter two items are not discussed
in detail in the present text.

There are other processes which, apart
from a brief remark, we will not deal with
in our notes, although they are also astro-
physically relevant. For example brems-
strahlung (e.g. due to collisions of elec-
trons with nuclei of atoms in the interstel-
lar medium), ionization energy losses (e.g.
due to excitation and ionization of atoms
of the medium by collisions with electrons
or protons), electron-positron production
(by interaction of cosmic rays with in-
terstellar nuclei), and nuclear reactions.
The only good reason for excluding any
process from discussion a priori is the
limited length of the course, and partly
the fact that treatment of remaining pro-
cesses is analogous in most of astrophysi-
cal applications — once their microphys-

elektrony.

Casto se setkavame s okolnostmi, p¥i
nichz energie elektronu v pozorovate-
lové klidové soustavé prevysuje energii
rozptylovanych fotonu, coz vede k in-
verznimu Comptonovu rozptylu: mc* >
mec® &~ 0,5 MeV > hv. Pozoruhodnym
projevem inverzniho Comptonova rozpty-
lu je v astrofyzice znamy Zeldoviciv-
Sunyaeviv jev.

o Tvorba vysokoenergetickych paprski ~.
Soucasna astrofyzika se zajima o kosmické
zareni v zejména v souvislosti se zables-
kovymi zdroji v a rychle proménnymi bla-
zary. Oba jevy predstavuji nejzahadnéjsi
témata dnesni astrofyziky.

o Vznik neutrin. Jedna se o dalsi Zhavé té-
ma majici souvislost s teorii vybuchu su-
pernov a vnitini stavby hvézd.

Posledni dva body nejsou v tomto tex-
tu podrobnéji rozebirany.

Existuji jesté dalsi procesy, na néz je-
nom upozornime a bliZze se jim v na-
sich poznamkach nebudeme vénovat, i
kdyz jsou rovnéz pro astrofyziku podstat-
né. Kupfikladu brzdné zafeni (vyvolané
napf. srazkami elektront s jadry), ionizac-
ni ztraty energie (vyvolané napf. excitaci
nebo ionizaci atomu prostiredi v dusled-
ku srazek s elektrony ¢i protony), tvorba
para elektron-pozitron (interakei kosmic-
kych paprsku s jadry atomu v mezihvézd-
ném prostredi) a jaderné reakce. Jedinym
dobrym duvodem k vylouceni kteréhoko-
li procesu z diskuze a priori je omezena
délka tohoto kurzu, do urcité miry jesté
skute¢nost, ze zpracovani zbyvajicich pro-
cesu je ve vétsiné astrofyzikalnich aplika-
ci obdobné — jakmile je z kvantové teo-
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ical description is known in terms of ef-
fective cross-sections for relevant interac-
tions from the quantum theory.

The character of the particle inter-
actions described above becomes signifi-
cantly modified when collective processes
are non-negligible. A typical example is
the Cerenkov radiation: N particles mov-
ing in the medium emit an approximately
N-times stronger power output than the
same number of particles radiating inde-
pendently.

10.1

The motion of an electrically charged par-
ticle in a magnetic field is governed by the
equation (6.14) which is now reduced to

dt

I = &/(moc?) = 1/\/21 — v?/c?) is the
Lorentz factor and ¢ the electric charge
of the particle. The right-hand side of
equation (10.1) contains only the Lorentz
magnetic force. This means that we ne-
glect other external forces and the force
of radiation back-reaction.

We will consider the approximation of
a uniform and stationary magnetic field
B. The solution to equation (10.1) can be
expressed in terms of the velocity compo-
nents in the parallel and perpendicular di-
rections to B, v = v+ v, (v* = vﬁ—l—vi;
see Fig. 23 for notation):

v = vcosf = const,

(v1), = vy coswpt,

d
— (I'mov) = Ly x B;
C
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rie znam jejich mikrofyzikalni popis v Teci
ucinnych prufezu prislusnych interakei.

Charakter vyse uvedenych casticovych
interakci se znac¢né proméni, jakmile se
stanou nezanedbatelnymi kolektivni pro-
cesy. Typickym piikladem muze byt Ce-
renkovovo zareni: N castic pohybujicich
se prostfedim vyzaruje s priblizné N-krat
silnéjsim vykonem, nez stejny pocet cas-
tic, které zari nezavisle.

Magnetic bremsstrahlung/Magnetické brzdné zareni

Pohyb elektricky nabité castice v magne-
tickém poli se Fidi rovnici (6.14), ktera se
nyni redukuje na tvar

(10.1)

['=&/(moc?) = 1/\/21 —v?/c?) je Loren-
tzuv faktor a ¢ je elektricky naboj castice.
Prava strana rovnice (10.1) obsahuje pou-
ze Lorentzovu magnetickou silu. To zna-
mena, ze zanedbavame ostatni vnéjsi sily
a silu pochazejici od zpétné reakce zareni.

Budeme uvazovat priblizeni homogen-
niho stacionarniho pole B. Regeni rovnice
(10.1) lze vyjadrit pomoci slozek rychlosti
ve sméru rovnobézném resp. kolmém k B,
v=v|+ vy, (v? = v|2| + v?; oznaceni viz

obr. 23):
v, = vsinf = const, (10.2)

(10.3)

(’UJ_)y = —v sinwyt.
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il

v

/

Figure 23:  Coordinate system in describ-
ing helical motion of a charged particle in
a homogeneous magnetic field.

The solution describes helical motion with
gyro-frequency (angular frequency of gy-
rations) wy,

wp = F_lwc,

and gyro-radius

Obrazek 23: Souradna soustava pri po-
pisu spiralovitého pohybu nabité castice
v homogennim magnetickém poli.

Reseni popisuje spiralovity pohyb s gy-
rofrekvenci (thlovou frekvenci krouZeni)
Wp,

B
we = (10.4)

mocC

a polomérem krouzeni

in ¢
kLl (10.5)

Ty =
wh

For an electron, mg — me, ¢ = g, and Pro elektron je my — me, ¢ — ¢e a

B
w, = 1.8 x 10"—

TG [rad/s].

We will mainly consider electrons (or V nasledujici diskuzi budeme vétsinou
uvazovat elektrony (nebo pozitrony), po-
névadz, jak uvidime z rovnice (10.8) uve-

dené nize, vyzafuji s vétsi Géinnosti nez

positrons) in the following discussions be-
cause, as we will see from equation (10.8)
below, they radiate more efficiently than
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The as-
sumption on homogeneity and stationar-
ity of the magnetic field, which we have
introduced, requires that the field does
not change significantly on length-scales
of the order of r, and v”/wb, and on time-

other, more massive particles.

scales 1/wy.

The power emitted by a single particle
in cyclotron radiation can be estimated by
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ostatni, hmotnéjsi castice. Predpoklad
o homogenité a stacionarité magnetické-
ho pole, ktery jsme zavedli, vyzaduje, aby
se pole prilis neménilo na vzdéalenostech
radu ry a v)/wy, a pokud jde o ¢asové ska-
ly, v prubéhu periody 1/wy.

Energie, vydana jednou castici v cyk-
lotronovém zareni, se urci integraci Poyn-

integrating the Poynting flux:[22¢] tingova toku:[22!
o = Pdt
c 2q¢% .
= — [ (E-E)dQdt = —(0%)dt. 10.6
A7 Aw< ) 3c3<v ) (10.6)

In the relativistic formulation, the last
equation must be replaced by its covariant
generalisation. This task can be fulfilled
by introducing a four-vector

e

(dr is an interval of proper time along an
element of the particle world-line da*).

The equation of particle motion under
the Lorentz force in the relativistic nota-
tion reads:

dut
o dr

The radiated power [generalisation of
equation (10.6)] is then equal to the time-
component

! Pdt
2¢°

3c

<
Il

2q2

33

_ 4 pge
C

- {(dut/dr)?) dt =

V relativistické formulaci je tfeba posled-
ni rovnici nahradit jejim kovariantnim zo-
becnénim. Tento tkol 1ze splnit zavedenim
ctytvektoru

dut

2
At
dT) *

(dr znad¢i interval vlastniho casu podél
elementu svétocary ¢astice dat).

Pohybova rovnice pro castici, na niz
pusobi Lorentzova sila, vyhlizi v relativis-
tickém zapise takto:

v

Vyzatena energie [zobecnéni rovnice

(10.6)] je potom rovna casové slozce

(vxv)?

2176
2071 l'Q dt. (10.7)

3c v

[

226 Landau, L. D., & Lifshitz, E. M. 1971, The Classical Theory of Fields (Pergamon Press, Oxford).



152

For a particle in strictly circular motion
in the magnetic field (v = 0),

v

We will mostly consider electrons (electric
charge ¢ = ¢., mass mg = me). We thus
obtain a formula for energy losses of an
electron due to synchrotron radiation:

1= 12,2
P =2¢ =47 v]

where

= — 8 .2
=T = 3 T,
is the Thomson cross section,
2
e
re =
MeC

~
~o

is the classical radius of an electron, v?
(v1) ~ 2 for an isotropic distribution of
particle velocities, and Up,, = B*/(87)

denotes the energy density of the mag-

~
~o

netic field. One can immediately verify
that the energy losses of protons are lower
by a factor of (my/m.)* & 10'* compared
to losses of electrons with the same energy

£.

Let us remember once again that the
limit of non-relativistic motion, I' — 1,
E — mec?, describes the cyclotron radi-
The ultra-relativistic limit, I' >
1, &€ > mec?, corresponds to the syn-

ation.

chrotron radiation for historical 777 rea-
Ultra-relativistic electrons radiate
at power

SOI18.

wp XV,
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V pripadé castice, ktera se v magnetic-
kém poli pohybuje vyluéné kruhovym po-
hybem (v = 0),

vXv = 0.

elektrony
hmotnost

Vétsinou budeme uvazovat
(elektricky mnéaboj ¢ Gos
mo = me). Dostavame tak rovnici pro
energetické ztraty elektronu synchrotro-
novym zarenim:

B2
87

~ 4

- 2
3 CHTF Umag,

(10.8)

&)

~ 6.7 x 107 em

kde

2

je Thomsontv Gc¢inny prurez,

A 2.8 X 107 cm

~
~o

je klasicky polomér elektronu, v?
(v1) ~ % v pfipadé izotropniho rozdéleni
¢asticovych rychlosti, a Upae = B*/(87)
oznacuje hustotu energie magnetického
pole. Okamzité lze nahlédnout, Ze ener-
getické ztraty protont jsou (m,/me)? ~
10° krat mensi ve srovnéani se ztratami
elektront se stejnou energii &.

Znovu pripomenme, Ze limita nerela-
tivistického pohybu, I' = 1, & — me.c?,
popisuje cyklotronové zareni. Ultrarelati-
vistickd limita, I' > 1, &€ > me.c?, se
z historickych diavodu oznacuje terminem
synchrotronové zareni. Ultrarelativistické
elektrony vyzaruji vykonem
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C 2q4F2B2
P~ S=orp? - 2l PL
An T 1 3m203
B\ B \2 B
~ 107712 (—1 é) [eV/s] ~ 1.6 x 1073 (—1 é) [erg/s] = 1.6 x 1071 (1%

The energy of particles is gradually ra-
diated away. The corresponding charac-
teristic time-scale for electrons (electron
cooling-time) is given by

I'mec?

tcool =

In a slightly different way, one can write

£=-P=-BE,

Solving relation (10.11) for the particle
energy as a function of time we obtain

B -2
~5x 1081771 (ﬁ) [s].

Energie castic je postupné vyzarovana.
Pro elektrony je odpovidajici charakteris-
ticky cas (¢as ochlazovdni elektroni) dan
vztahem

(10.10)

V nepatrné odlisném postupu lze psat

_ 2¢!B%

T 3micd

B

(10.11)

Po vyfeseni vztahu (10.11) pro energii
castice jako funkei casu mame

2

mc

E=——~—
1 + Bme?t’

and the cooling time is expressed in the
form tcoo1 = 1/(Bmc?). It has a meaning of
the time interval during which the particle
energy is halved.

Now we can finally write a quantita-
tive estimate for the assumption that the
force of radiation back-reaction can be ig-
nored in equation (10.1). This condition
determines an upper limit on the total
energy losses during the gyration period

T =2x/wy,: PT < €&, or

F:g

a charakteristicky cas je tak vyjadren ve
tvaru teo = 1/(Bmc?). M& vyznam Ca-
sového intervalu, béhem néhoz poklesne
energie castice na polovinu.

Nyni muZzeme konec¢né zapsat kvanti-
tativni odhad platnosti predpokladu, Ze
v rovnici (10.1) lze zanedbat silu zpét-
né reakce zareni. Tato podminka uréuje
horni limitu celkovych energetickych ztrat
v prubéhu periody krouZeni 7 = 27 /wy:
PT < &, neboli

< mictB
MeC2 qg’Bi

MeC? s B -1/2
~ 10 (—) .
V@B LG

(10.9)

)2 W,
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10.2 Synchrotron spectra/Synchrotronova spektra

Synchrotron spectra are qualitatively dif-
ferent in shape from those produced by
particles with the Maxwell velocity dis-
tribution (thermal spectra). When de-
riving their form in a rigorous way, one
has to perform straightforward but rather
lengthy calculations.[??”] It is necessary
to find the electric field (calculating the
Liénard-Wiechert potential, for example)
and then to express the correlation func-
tion required in the general definition of

the spectrum.!??®]

We will follow a more intuitive ap-
proach which can be found in many stan-
dard textbooks and review articles.[??]
It will show us all the important prop-
erties of synchrotron radiation (the cy-
clotron spectrum is naturally obtained as
a non-relativistic limit of the general for-
mulae).  We start our discussion with
the transformation formulae for frequency
and intensity of the radiation. In the
non-relativistic case of the cyclotron ra-
diation, the power is radiated at a sin-
gle frequency, w. [equation (10.4)], with a
dipole-type distribution of intensity [. o<
(E-FE) [equation (10.6)]. Relating w. and
1. to corresponding values in a rest frame
of a moving observer, one finds (see Ap-
pendix, page 192)

We

I'(1 —%cosp)’

w =

I =

Synchrotronova spektra jsou svym tva-
rem kvalitativné odlisna od spekter vy-
tvarenych casticemi s Maxwellovym rych-
lostnim rozloZenim (termalni spektra).
Pti rigoréznim odvozeni jejich tvaru je
treba vykonat primocaré, avsak dos-
ti zdlouhavé vypocty.??" Je nutno na-
1ézt elektrické pole (naptiklad vypoctem
Liénardovych-Wiechertova potencialu) a
potom vyjadrit korela¢ni funkei, jiz je tie-
ba v obecné definici spektra.[??®]

My budeme sledovat intuitivnéjsi pri-
stup, jenz lze nalézt v radé standardnich
ucebnic a prehledovych &lankt.???! Ukaze
nam vsechny dulezité vlastnosti synchrot-
ronového zarfeni (cyklotronové spektrum
se pochopitelné ziska jako nerelativisticka
mez obecnych rovnic). Svou diskuzi zaha-
jime prevodnimi vztahy pro frekvenci a
intenzitu zareni. V nerelativistickém pri-
padé cyklotronového zareni je vykon vy-
zatovan na jediné frekvenci, w, [rovnice
(10.4)], a to s dipdlovym rozdélenim in-
tenzity [. « (E - E) [rovnice (10.6)].
Déame-li do vztahu w, a I. s odpovidajici-
mi hodnotami v klidovém systému pohy-
bujictho se pozorovatele, nalezneme (viz
Dodatek, strana 192)

I,
I3(1 — Y cos )3’

227 Pacholezyk, A. G. 1970, Radio Astrophysics (W. H. Freeman and Company, San Francisco);
Rybicki, G. B., & Lightman, A. P. 1979, Radiative Processes in Astrophysics (Interscience Publishers,

New York).

228 Born, M. A., & Wolf, E. 1964, Principles of Optics (Pergamon Press, Oxford);

Marathay, A. S. 1982, Flements of Optical Coherence Theory (John Wiley & Sons, New York).

229 Felten, J. E. 1966, «Omnidirectional inverse Compton and synchrotron radiation from cosmic distri-
butions of fast electrons and thermal photons», ApJ 146, 686.
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where ¥ denotes the angle between the
particle velocity v and direction to the
observer [Fig. 24a]. Apparently, w = l'w.
and [ o< I, for v < 1/I', while w ~
w /I = wy and I o I./T? for ¢ > 1/T.
The two cases are quite different provided
' > 1. Most of the radiation is then
emitted in the direction of motion, its ob-
served frequency being increased. The ob-
server detects pulses of radiation with a
maximum when the gyrating particle ap-
proaches him within a small angle 1/I.
Assuming strictly circular motion (for the
sake of simplicity) the duration of each
pulse is

7Te

2T wy

The longitudinal Doppler effect modifies
this interval and for the observer it there-
fore takes the form

ﬁzﬁ(l—%cosﬁ))%

where Wit = %szc sin @ is called the crit-
ical frequency and € denotes the pitch-
angle of the B-field [see Fig. 24 and equa-
tion (10.15) below]. Formal derivation of
the numerical factor % and the pitch an-
gle term sin @ in we requires more rig-
orous treatment than we have presented
here, however, it means only a correction
by a numerical factor of the order of unity.

The interval between separate pulses
is give by

s

Wh

If the particle motion is helical instead
of circular, the formulae given above

o Yr2r 1
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kde ¥ oznacuje thel mezi rychlosti ¢asti-
ce v a smérem k pozorovateli [obr. 24a).
Zjevné je w ~ l'w. a I oc I°I, pro ¢ <
1/T, zatimco w &~ w. /' = wy a [ o< 1./
pro ¢ > 1/I'. Oba pfipady jsou znac-
né odlisné, pokud I' > 1. Vétsina zareni

~
~o

je pak vydavana ve sméru pohybu a jeho
pozorovana frekvence je vyssi. Pozorova-
tel zaznamenava pulzy zareni s maximem
v okamziku, kdy krouzici ¢astice sméfu-
je k nému v rozmezi malého tthlu 1/T.
Za predpokladu c¢isté kruhového pohybu
(z davodu zjednoduseni vyrazu) trva kaz-
dy pulz po dobu

(10.12)

We

Tento interval je ovlivnén podélnym Do-
pplerovym jevem tak, Ze pro pozorovatele
nabyvéa tvaru

7. 1 1

~

2w,

Tz

(10.13)

)
Werit

kde weie = %szc sin # se nazyva kriticka
frekvence a # oznacuje tthlovou roztec po-
le B [viz obr. 24 a rovnice (10.15) niZe].
Formélni odvozeni ¢iselného ¢initele ¥, a
¢lenu s thlovou rozteci sin @ v wey VyZza-
duje rigoréznéjsi pristup, nez jaky jsme
zde predvedli, ale jde pouze o opravu ¢i-
selnym ¢initelem jednotkového radu.

Doba mezi jednotlivymi pulzy je dana
vztahem

B 271

We

> T.. (10.14)

Kona-li ¢astice spiralovity pohyb namis-
to kruhového, je tteba vyse uvedené vzta-
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B observer B observer
< ’
<] cT
T ~ V) €08 OopsT
Trajectory of a charged particle
(a) (b)
Figure 24: Geometry in the description Obrazek 24: Geometrie v popisu synch-

of the synchrotron radiation.

must be modified. Formally, this can be
achieved by replacing the radius of gyra-
tions r, from equation (10.5) by the cur-
vature radius of the real trajectory ry, and
the magnetic field B by its perpendicular
component B; = Bsin . Thus we get

rotronového zéreni.

hy upravit. Formalné toho lze dosahnout
zaménou poloméru krouzeni r, z rovnice
(10.5) za polomér kiivosti skutecné dra-
hy rj, a nahrazenim magnetického pole B
jeho kolmou slozkou B, = Bsin 6. Dosta-
vame tak

L i (/) v

Tb —
Ty

As a consequence of this substitution, one

wpsin @’

V dusledku uvedené zameény obdrzime

obtains
mocC s mocC
o — — = ’
7. qBI? 7) qgB 1
2 F 00 S 2 00 S .
T=" T =T - mT:T(l— M) ~ T sin? Oope.
Wy C &

We conclude this section with a brief
repetition of important facts in a slightly
different but self-explanatory notation.
The spectrum of the cyclotron radiation
peaks at a particular frequency. The syn-

Uzavieme tuto kapitolu stru¢nym

v ponékud odlisném, ale zrfejmém zna-
ceni. Spektrum cyklotronového zareni je
sousttedéno na urcité frekvenci. Spekt-
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chrotron spectrum, on the contrary, is a rum synchrotronové je naproti tomu Si-
broad band one and is centered around rokopasmové a rozklada se kolem kritické
the critical frequency frekvence
1 1
wCI‘i ~ p— ~ Y=
‘ T, (1 - n-v)7T.
1 w
~ A= &~ 2177 =
T. I
x I?B. (10.15)
(Exact calculation suggests that the syn- (Pfesny vypocet vede k zavéru, Ze ma-
chrotron spectrum has a maximum at ximum synchrotronového spektra nasta-
a slightly reduced frequency wpax = va pri mirné nizsi frekvenci wpax
0.29 wcrit.)[BO] The cooling time can be 0,29 wcrit.)ml] Charakteristicky cas lze
rewritten in the form prepsat do podoby
1G\*? (1 MHz\"?
teool 2 6 x 10° (—) [s]. (10.16)
BJ_ Werit
This expression is to be compared to the Tento vyraz je treba porovnavat s cha-
characteristic dynamical time ¢4y, which rakteristickym dynamickym casem {4yy,
is defined as the ratio of a characteris- jenz se zavadi jako podil charakteristic-
tic source size divided by a characteristic kého rozméru zdroje k charakteristické
speed.[2%2] rychlosti.[?3%]

As the first approximation we can as- V prvnim priblizeni muzeme predpo-
sume that the emissivity of a single par- kladat, Ze emisivita jedné castice ma tvar
ticle has a 6-function form, funkce 6,

P(v) o< [?B*(v — Veri)- (10.17)
The volume spectral emissivity n(v) of Objemova spektralni emisivita n(v) rela-
relativististic electrons with a power-law tivistickych elektronu s mocninnym roz-
energy distribution, délenim v energii,
230 Astronomers often use frequency v, .. rather than corresponding angular frequency w. .. = 27v, .. in

their formulae.

231 Astronomové ¢asto pouzivaji ve vzorcich frekvenci v, .. namisto pifslusné Ghlové frekvence w. . =
2. .

232 Blandford, R. D. 1990, «Physical Processes in Active Galactic Nuclein, in Active Galactic Nuclei,
Courvoisier, T. J.-L., & Mayor, M. (eds.) (Springer-Verlag, Berlin), p. 161.
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Location B[G] v[Hz] T teool [YT]  tdyn [y1]
Extended Radio Source 107°  10° 10t 107 108
Radio Jet 10-%  10° 10> 10* 104
Compact Radio Source 10-t  10° 102 10 10
Outer Accretion Disk 10 104 10%% 10~ 1

Inner Accretion Disk 10° 1016 10%° 1078 1

Black Hole Magnetosphere 10* 10'® 10t 107t 1072

Table T7:
the synchrotron radiation in active galac-

tic nuclei. (Based on ref. [232].)

Characteristic parameters of

n(l') o< I'7%,

is then given by integration:

Tabulka 7: Obvyklé hodnoty parametri
synchrotronového zareni v aktivnich jad-

rech galaxii. (Podle prace [232].)

s = const

(10.18)

je pak dana integraci:

n(v) /n(F)P(Z/) dl' o BQ/FZ_S(S(V—Z/CM) dr

X B/F1_55(1/ - l/crit) dl/crit

x Bl"'asl/_as,

where we have introduced the spectral in-
dex s = (s—1)/2 (as in Part I, pp. 4 and
15) and employed eq. (10.15). In many
cosmic sources of synchrotron radiation
one observes 0.5 < a; < 0.75. Inverting
the formula for a, one can determine the
slope s from observed spectra, and this
is to be consistent with a model of parti-
cle acceleration in the source. Note that
the assumed power-law distribution rep-
resents a good approximation only over a
limited range of energy (tens to hundreds
of keV for active galactic nuclei).

Under certain circumstances the syn-
chrotron radiation can be self-absorbed

(10.19)

kde jsme zavedli spektralni indexr o, =
(s—1)/2 (jako v Césti I, str. 4 a 15) a vy-
uzili rov. (10.15). U mnohych zdroju syn-
chrotronového zareni se pozoruje 0,5 <
as S 0,75, Obracenim vztahu pro ay je
mozné na zakladé pozorovaného spektra
stanovit sklon s, a ten pak musi byt ve
shodé s modelem urychleni ¢astic ve zdro-
ji. Poznamenejme, ze predpokladané moc-
ninné rozdéleni predstavuje prijatelné pri-
bliZzeni pouze v omezeném rozmezi energii
(desitky az stovky keV v pripadé aktiv-
nich galaktickych jader).

Synchrotronové zareni muze byt za ur-
¢itych okolnosti ve zdroji samo pohlcova-
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in the source. The reasons for this ef-
fect can be understood by realizing how
the intensity of radiation is related to the
brightness temperature, 71,2331 234 In
the Rayleigh-Jeans part of the black-body
spectrum, i.e. in the low-frequency region
of thermal radiation

Tbr ~

The brightness temperature is lower than
the kinetic temperature of particles gen-

1(v)
2hv?
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no. Pri¢inam tohoto jevu lze porozumét,
kdyz si uvédomime, jaky ma intenzita za-
feni vztah k zarivé teplotd, Tj,.123% [23%]
V Rayleighové-Jeansové ¢asti spektra cer-
ného télesa, tedy v nizkofrekvencni oblasti
termalniho zareni, je

(10.20)

Zariva teplota je nizsi nez kineticka tep-
lota castic, které zareni vydavaji,

erating the radiation,
kT, ~ D'moc?.

Otherwise, if Ty, > T, the source will
absorb its own radiation (in other words,
X > 1). Th, is thus limited by the value
[cp. equation (10.15)]

Naopak pti Ty, > Ty, bude zdroj pohlco-
vat své vlastni zareni (feceno jinymi slovy,
X > 1). Ty, je tudiz omezeno hodnotou
[stov. rovnici (10.15)]

I'm 02 (for electrons) 1% 1G
T S ko ~  10° =i K (10.21)

The brightness temperature (10.20) of a
source with power-law energy distribu-
tion (10.18) is frequency dependent, Tj, o
v~ (+es) “and synchrotron self-absorption
thus occurs at low frequencies. As a con-
sequence of this thermalisation, the spec-

Zariva teplota (10.20) zdroje s mocnin-
nym rozdélenim podle energie (10.18) je

frekvenéné zavisla, Ti,, o p=(24es)

, & pro-
to nastava synchrotronové samopohlco-
vani pri dostatecné nizkych frekvencich.

V dusledku této termalizace pak jiz spek-

233 Although the spectrum can be substantially different from the Planck spectrum, one formally assigns
the brightness temperature to the source by employing the Planck law. It should be understood, however,
that knowing the brightness temperature at a given frequency one cannot in general calculate radiation
intensity of a non-thermal source at another frequency using the Planck law. For example, the brightness
temperature of the Sun is about 6 000 K throughout optical to ultraviolet spectral range but it reaches
101 K at radio wavelengths.

234 Ghisellini, G. 1987, Non Thermal Radiative Processes in Compact Sources, Ph.D. Disseration (Inter-
national School for Advanced Studies, Trieste);

Ghisellini, G., Guilbert, P. W., & Svensson, R. 1988, «The synchrotron boiler», ApJ 364, L5.

235 Pfestoze spektrum se mize znacné odlisovat od Planckova spektra, lze s jeho pomoci zdroji forméalné
pritadit zafivou teplotu. Je vsak tfeba pamatovat na to, ze u neterméalniho zdroje neni v obecnosti mozné
ze z&f1vé teploty, stanovené pro urcitou frekvenci, pocitat pomoci Planckova zakona intenzitu zafeni na
ostatnich frekvencich. Kupfikladu zafiva teplota Slunce ¢ini v optickém az ultrafialovém oboru kolem
6000 K, ale na radiovych vlnovych délkich dosahuje 10'° K.
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log 1

log v

Figure 25:

source with a power-law energy distribu-

Synchrotron spectrum of a

tion of electrons and self-absorption at
low frequencies.

trum can no longer be a power-law. In-
stead, from the condition Ty, ~ T, we

find (Fig. 25)

Obrazek 25: Synchrotronové spektrum
zdroje s mocninnym rozdélenim elektro-
novych energii a samopohlcenim na niz-
kych frekvencich.

trum neni mocninné. Namisto toho nalez-
neme z podminky Ty, /2 Ty, zavislost (obr.

25)

I(v) P11,

The modification of synchrotron spectra
at a low frequency is referred to as a
low-frequency turnover. The term ‘low
frequency’ means that the damping oc-
curs in a low-frequency part of the spec-
trum which is not, however, necessarily a
low radio frequency. Indeed, the turnover
appears to be detected in the gigahertz
range in compact radio sources.

There are other possible causes for the
low-frequency turnover. The distribution
of electrons which has been described by
the slope s is naturally valid only within
a limited interval of energy, depending
on the acceleration mechanism. A low-
energy cut-off at a given energy implies
a tail (with the slope %) below the cor-

Zména spektra na nizké frekvenci se ozna-
cuje jako nizkofrekvencni obrat. Termin
;nizkofrekvencni® zde vSak znamena, Ze se
toto tlumeni objevuje v nizkofrekvenéni
casti spektra, jez nemusi byt nutné az na
nizkych radiovych frekvencich. Opravdu
se ukazuje, Ze u kompaktnich radiovych
zdroji pozorujeme zminény obrat v giga-
hertzovém pasmu.

Pripadaji v Gvahu i dal$i mozné pri-
¢iny nizkofrekvenéniho obratu. Rozdéle-
ni elektront, jez bylo dosud popisovano
mocnitelem s, je pochopitelné platné jen
v omezeném rozsahu energie v zavislos-
ti na zpusobu urychleni. Hrana na urci-
té spodni energii se projevi tim, ze pod
odpovidajici frekvenci wyay spektrum do-
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responding wpy in the spectrum. Let us
note that the Rayleigh-Jeans limit of ther-
mal radiation has I(r) oc v?, and it is usu-
ally believed to be distinguishable from
the spectrum powered by the synchrotron
mechanism.

In this brief exposition we have not
discussed spectrum polarization features.
The cyclotron radiation of a single par-
ticle is circularly polarized in the direc-
tion of B and linearly polarized in the
perpendicular direction. Polarization of
radiation produced by particles with an
isotropic distribution is almost completely
linear; only highly anisotropic distribu-
tions have some degree of ellipticity in
polarization. We will not elaborate here
on polarization though it can be an im-
portant tool for detection of synchrotron
spectra.[236]
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znivé (s mocnitelem ;). Poznamenejme
jesté, ze Rayleighova-Jeansova limita ter-
malniho zafeni ma I(v) o< v?, pficem? se
obvykle véri, Ze tento prubéh lze odlisit
od spektra napajeného synchrotronovym
mechanismem.

V tomto stru¢ném prehledu jsme ne-
hovorili o polarizac¢nich vlastnostech spek-
ter. Cyklotronové zareni jediné castice je
kruhové polarizované ve sméru B a linear-
né polarizované v kolmém sméru. Polari-
zace zareni, vytvareného casticemi s izot-
ropnim rozdélenim, je témeér zcela linear-
ni; pouze rozdéleni se zna¢nym stupném
anizotropie vykazuji v polarizaci urcity
stupen elipticity. I kdyZ zde nebudeme po-
larizaci blize rozebirat, muze to byt du-
lezity nastroj k detekci synchrotronového

spektra. 23]

10.3 The Compton scattering/Comptonuv rozptyl

The Compton relation describes a shift in
frequency of the photon, v; — vy, when
gets scattered by a charged particle. Only
interactions with electrons meet applica-
tions in practice. The relation between
initial and final frequencies can be ex-
pressed in a form

MC Vs

Comptontuv vztah popisuje zménu ve frek-
venci fotonu, v; — vy, pii jeho rozptylu na
nabité castici. V praxi nachazeji aplikaci
pouze interakce s elektrony. Vztah mezi
pocatecni a koneénou frekvenci Ize vyjad-
it ve tvaru

2

l/f:

This formula can be derived from elemen-
tary considerations about the conserva-
tion of energy and momentum. Introduc-

77”Lec2 + hVZ(l — ;- ’I'Lf)'

(10.22)

Tento vzorec 1ze odvodit pomoci elemen-
tarnich avah o zachovani energie a hyb-
nosti. Zavedeme-li bezrozmérnou vysled-

236 Ginzburg, V. L., & Syrovatskii, S. L. 1969, «Developments in the theory of synchrotron radiation and

its reabsorption», ARA&A 7, 375;

Legg, M. P. C., & Westfold, K. C. 1968, «Elliptic polarization of synchrotron radiation», ApJ 154, 499.
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ing the dimensionless final energy of the
photon ey = (hvy)/(mec?) (subscript “;”
stands for “final”, after scattering), the
dimensionless final energy of the electron
v; = m/me, the dimensionless final mo-
mentum of the electron p; which is di-
rected along the unit vector n; (’y? —p?c =
1), and denoting corresponding initial val-
ues by subscript “” (y; = 1, p; = 0), one
can write (see Fig. 27a for definition of
scattering angles)

e Energy conservation:

nou energii fotonu e; = (hvy)/(mec?)

(dolni index ,,;“

znamena ,finalni“, po
rozptylu), bezrozmérnou vyslednou ener-
gii elektronu vy = m/me, bezrozmér-
nou vyslednou hybnost elektronu p; mi-
fici ve sméru jednotkového vektoru ny
(77 — p} = 1) a oznaéime-li dolnim inde-
xem ,;“ odpovidajici pocatecni hodnoty
(v = 1, pi = 0), muZeme psat (viz obr.
27a s definicemi ahla rozptylu)

e Zachovani energie:

62'—|-1:€f—|-"}/f.

e Total momentum conservation:

e Zachovani celkové hybnosti:

e; = eycost 4 pycosO,

0 = efsind — pssinO.

The solution has a form

€;

+ 62'/\7

ele

pf:ef\/ei(ei—l—Z)AQ—l—ZA, cos@z(l—l—ei)¢

where A = 1 — cosv. Equation (10.23)
for e; can be rewritten in terms of wave-
length:

)\f_)\i:)\cAa )\CE

e The frequency (or wavelength) differ-
ence before and after scattering is a func-
tion of ¥ only; it does not depend on the
initial frequency (wavelength).

o The frequency of low-energy photons
changes only slightly at the Compton

vp =1+ eiefh,

Reseni ma tvar

(10.23)

A

(10.24)

kde A =1 — cosd. Rovnici (10.23) pro ey

Ize prepsat pomoci vinové délky:

h

= 0.002426 nm. (10.25)

MeC

e Rozdil frekvence (¢i vlinové délky) pied
rozptylem a po ném je funkci pouze ¥; ne-
zavisi na pocatecni frekvenci (vinové dél-
ce).

o Frekvence nizko-energetickych fotonu se
pii Comptonoveé rozptylu méni jenom ne-
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scattering (e; & ¢; for ¢; < 1).

o The frequency difference of high-energy
photons (e; > 1) increases with .

o At high energies, one can distinguish
two limiting cases: (i) small scattering an-
gles, e;A < 1 = e5 & ¢;; (ii) large angle
scattering ;A > 1 = e ~ 1/A ~ 1,
independently of ¢;.

It follows from equation (10.23) that
the final energy of scattered electrons lies
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patrné (e ~ e; pti ¢; < 1).

e Zména frekvence vysoce energetickych
fotonti (e; > 1) varista s 0.

e Pti vysokych energiich lze rozlisit dva
mezni piipady: (i) rozptyl do malych h-
I, e;,A < 1 = e; & e (ii) rozptyl do
velkych thlt e,A > 1 = e = 1/A =~ 1,
nezavisle na e;.

7 rovnice (10.23) vyplyva, ze konecna
energie rozptylenych elektronu lezi v roz-

within the interval mezl
1 S 7f S Ymax s

42 (¥ = 7); 1 (e < 1); e (6> 1)

’}/max - 1 _I_ 262' =7 ’ ’}/max ~ €; ’ ’}/max ~ € €; .

The differential cross-section d= is defined
(in general, for any type of interaction) by
the relation

—

d=

Wy

where dN hy; is energy lost in time in-
terval dt from the incident beam, dN de-
notes the number of scattering interac-
tions within the element dv; dw; of fre-
quency and solid angle; [ (v;) is inten-
sity of the incident beam. The full cross-
section is obtained by integration:

[1]

The effective cross-section for the Comp-
ton scattering, as derived from the quan-
tum theory, is given by the Klein-Nishina
formula (Fig. 26)

Al

Diferencialni i¢inny prurez d= se definuje
(v obecnosti pro jakykoli druh interakce)
vztahem

(10.26)

kde dN hv; je energie ztracena béhem ca-
sového intervalu dt z dopadajiciho svaz-
ku, dN oznacuje pocet rozptylu uvnitt
elementu frekvence a prostorového uh-
lu dv; dw; frekvence a prostorového uh-
lu; I (v;) je intenzita dopadajictho svazku
paprskii. Celkovy Gcinny prurez lze ziskat
integraci:

— ] dw.
dw)w

Uéinny priifez Comptonova rozptylu se
odvozuje v kvantové teorii a je dan
Kleinovou-Nishinovou formuli (obr. 26)
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Figure 26:  Graph of the Klein-Nishina Obrazek 26:  Graf Kleinova-Nishinova
effective cross-section as a function of the ucinného prurezu, vyjadrencho jako funk-
photon energy e;. ce energie fotonu e;.

3 L+e (41 4e) 2 2e; + 6Ge?
== —= — —1In(1 + 2¢; In(1 4+ 2¢;) — ————% 10.27
862' T[ €; ( 1+2€z €; ( + ) + ( + ) (1—|—262)2 ’ ( )
which can be simplified in the following kterou lze v nasledujicich meznich pripa-
limit cases: dech zjednodusit:
- ET (1 — 262) hl/i < mecz,
=~ { 3 Zp e [In(2er) £ ], hoi > me (10.28)
The Thomson cross-section =1 = %ﬂ'rz Thomsontuv Ucinny prufez =p = %ﬂ'rz
is the classical (low-energy) limit of the predstavuje klasickou limitu Kleinova-
Klein-Nishina cross-section. Nishinova a¢inného prutezu (pri malé
energii).

Nonrelativistic electrons are heated in Nerelativistické elektrony se Compto-
the proces of Compton scattering of the novym rozptylem vysokoenergetickych fo-
high-energy photons.  Oppositely, low- tont ohfivaji. Naopak, nizkoenergetické
energy photons are heated by the inverse- fotony se ohfivaji inverznim Comptono-
Compton scattering on ultra-relativistic vym rozptylem na ultrarelativistickych
electrons. Given sufficient time, equilib- elektronech. Po dostatecné dlouhém case
rium can be achieved between the two se ustavi rovnovaha mezi obéma témito

manifestations of the single effect. projevy téhoz jevu.
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by

(a)

Figure 27:
the Compton scattering. (a) Situation in
the rest frame of electron before scatter-
ing; (b) Relations between angles in de-
riving equation (III); “obs” denotes the
direction to the observer.

Geometry in description of

TCCOS [4;

(b)
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SN ..\_ Ky
v
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Obrazek 27: Geometrie v popisu Compto-
nova rozptylu. (a) Stav v klidové soustavé
elektronu pred rozptylem; (b) Vztahy me-
zi ihly pouzité pri odvozeni rovnice (I11);
,0bs“ oznacuje smér k pozorovateli.

10.4 Inverse Compton scattering/Inverzni Comptonuv rozptyl

We will now address a particular case of
the Compton scattering when the electron
is relativistic in the “laboratory” system
(“L”) attached to the observer. This is
equivalent to assuming a large value of
the Lorentz factor of the transformation
between the laboratory frame and the rest
frame (“R”) of electron, I' > 1. In addi-
tion, we assume low-energy incident pho-
tons, efI' < 1. We devote a separate
chapter to this case in view of its astro-
physical importance. Several transforma-
tion rules will be needed; they are sum-
marized in the Appendix (page 192).

Transforming equation (10.23)

Probereme nyni zvlastni pripad Compto-
nova rozptylu, pri némz jsou elektrony re-
lativistické v ,laboratorni® soustavé (L)
svazané s pozorovatelem. Je to rovnocen-
né predpokladu, Ze Lorentzuv faktor pro
transformaci mezi laboratorni soustavou
a klidovou soustavou (,r“) elektronu na-
byva velké hodnoty, I' > 1. K tomu jesté
predpokladame nizkou energii dopadaji-
cich fotont, eFI' < 1. Vénujeme tomuto
pripadu samostatnou kapitolu, protoze je
z astrofyzikalniho hlediska dulezity. Bu-
deme pritom potiebovat nékolik transfor-
macnich pravidel, jez jsou shrnuta v Do-
datku (strana 192).

Transformaci rovnice (10.23)
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R _
ef—

to the laboratory frame we obtain

Ll—ﬁﬂiL

R

1 + eRAR

do laboratorni soustavy ziskame

1

L _
€; =¢€

where 8 = v/c and p is the cosine of the
angle between the photon ray and the di-
rection of v. Now we will use relation [see

equation (A.3) and Fig. 27b]:

1
1_51%

Inserting the last relation to e
in (10.29), setting 3 — 1, pt =
(ub=p) ) (1=puk) — -1, AR
cos ¥R, and adopting the condition of
low-energy photons, erI' < 1, we find

T

e m e T |1 = Buk + A" (k= B) ]

elf acquires values in the range e% < elf <

4T12¢k. [We have set 3 — 1 and consid-
ered only 3 (,uZL — ﬂ) < 0 for AR =1, ig-
noring collisions “from behind” which are
rare due to aberration.]

Now we are prepared to evaluate the
energy losses of electrons due to the
Compton scattering in a radiation field
with mean intensity J(v):

P = 471'/0o dei/
e; =0

o0
167 = 2 4= 2
—W:TF / J(ez) dei == §:TF CUrad,
0

3

where U,q 1s energy density in the ra-

Pl = Bl 14 ef AL (1= Bub)

def

(10.29)

kde 3 = v/c a u je kosinus hlu sevieného
svételnym paprskem a smérem rychlosti v.
Pouzijeme nyni vztah [viz rovnice (A.3) a

obr. 27b]:

L:Fz(l—l—ﬂ,u?).

KdyZz posledni vztah dosadime do elf
v (10.29), polozime B — 1, ult =
(,u% — ﬂ) / (1 — ﬂ,u}) — —1, AR = cos 9t
a prijmeme podminku nizké energie foto-
nti, eI < 1, nalezneme

(10.30)

elf nabyvéa hodnot v rozmezi e% < elf <
412l [Dosadili jsme 3 — 1 a vzali v ava-
hu pouze (,uZL — ﬂ) < 0 pii AR =1, ig-
norujice srazky ,prichazejici odzadu*, jez
jsou v dusledku aberace ojedinélé.]

Nyni jsme pfipraveni vyhodnotit ener-
getické ztraty elektronu pii Comptonoveé

rozptylu v zarivém poli se stfedni intenzi-

tou J(v):

J(ei)

€;

efE

(10.31)

kde U,aq je hustota energie v poli zafeni.
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diation field. [All quantities in eq.
(10.31) are to be understood in the “1”
frame.] The characteristic time-scale for
the Compton losses of an electron with en-
ergy & = I'm.c? is, by definition [cf. egs.
(10.10)—(10.21)],

tcool

At this point we are, in principle, able to
formulate one of the basic problems in as-
tronomy — equation of radiation transfer,
which relates the radiation intensity /(v)
along a light ray to the absorption coeffi-
cient » and the emission coefficient 7:

dl(v)

= ) 1) (),

where

9| ™
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[VSechny veli¢iny v rov. (10.31) je tieba
brat v systému ,1.”.] Charakteristickd ¢a-
sova skala comptonovskych ztrat elektro-
nu s energii & = I'mec? je podle definice

[stov. rov. (10.10)—(10.21)],

25
gUrad ‘

(10.32)

V tomto bodé jsme v principu schopni for-
mulovat jednu ze zakladnich tloh astrono-
mie — rovnici prenosu zareni, ktera da-
véa do vztahu intenzitu zatfeni I(v) podél
svételného paprsku s absorpénim koefici-
entem s a emisnim koeficientem :

(10.33)

kde

w(v) = /dyf/drz(yf,y,r)n(r),
n(v) = /dz/i/dFJ(z/i) =(v, 3, ) n(D).

The energy spectrum of electrons n(I")
is often assumed in a power-law form
[as in equation (10.18) before]. In gen-
eral, both coefficients depend on energy
so that the transfer equation has to be
solved in a self-consistent manner. Nat-
urally, it is not possible to consider only
the Compton scattering because other ef-
fects modify the solution. For example
the above-mentioned emission coefficient
for synchrotron radiation (10.19) also con-
tributes to the emission coefficient.

Comparing equations (10.8) and
(10.31) one can see that the ratio of
synchrotron to Compton losses is equal
to Umag/Uraa. The condition for syn-

O energetickém spektru elektront
n(I') se mnohdy predpoklada, Ze ho lze
vyjadrit mocninnou zavislosti [jako tomu
bylo uZ dfive v rovnici (10.18)]. V obec-
nosti zavisi oba koeficienty na energii,
takZe rovnici prenosu je treba fFesit se-
Ifkonzistentnim postupem. Nelze se pii-
tom omezit pouze na Comptontv rozptyl,
protoze feseni ovliviuji i ostatni jevy. Na-
priklad vyse zminény emisni koeficient
synchrotronového zateni (10.19) rovnéz
prispiva k emisnimu koeficientu.

Jestlize spolu porovname rovni-
ce (10.8) a (10.31), zjistime, Ze po-
dil synchrotronovych ztrat ke compto-
novskym ztratam je roven Upag/Urad-
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chrotron losses to exceed Compton losses,
Umag/Uraa = 1, in the Rayleigh-Jeans
spectral region can be expressed in terms
of the brightness temperature (10.20):

2 4
Umag l/max/Tbr

V Rayleighové-Jeansové oblasti spekt-
ra lze podminku, aby synchrotronové
ztraty prevazovaly nad comptonovskymi,
Unmag/Urada 2 1, vyjadfit pomoci zafivé
teploty (10.20):

1

~

X
Urad v3 Tbr

max

In a situation when synchrotron ra-
diation is significantly inverse Comp-
ton scattered, the resulting spectrum
is known as synchrotron—self-Compton
(SSC) radiation.[?37] This effect is respon-
sible for the damping of synchrotron ra-
diation at high frequencies. One should
note that it is inconsistent to calculate the
relative importance of inverse Compton
losses vs. other losses with the Thomson
cross-section. One needs to employ the
full Klein-Nishina formula (10.27) which
gives the cross-section decreasing at a
high photon energy. Otherwise, the in-
verse Compton losses are unacceptably
overestimated and we end up with a
paradoxical result which is known as the
“Compton catastrophe”.

5
Vmaber

V situaci, kdy je synchrotronové
zalenl vyznamné ovlivnéno inverznim
Comptonovym rozptylem, se vysledné
spektrum oznacuje terminem synchrot-
ronové selfcomptonovské zafeni.[?*” Uve-
deny jev je odpovédny za tlumeni synch-
rotronového zareni pri velkych frekven-
cich. Je tfeba poznamenat, ze vzajemnou
vyznamnost inverznich comptonovskych
ztrat vuci ztratam jinymi procesy ne-
ni mozno pocitat s pomoci Thomsonova
ucinného prurezu. Je treba pouzit upl-
ny Kleintv-Nishintuv vzorec (10.27), jenz
dava prurez, klesajici pri vysoké energii
fotonu. Jinak je vyznam comptonovskych
ztrat precenén a dopracujeme se paradox-
niho vysledku, znamého jako ,Compto-
nova katastrofa®.

10.5 Zel’dovich-Sunyaev effect/Zeldovi¢iv-Sunyaevav jev

There is a particularly important reser-
voir of low-energy photons distributed
with a thermal spectrum throughout
space — the relic radiation with intensity
given by the Planck law

Existuje jeden obzvlasté dalezity zasob-
nik nizkoenergetickych fotonu s termal-
nim spektrem, ktery pronikd veskerym
prostorem — reliktni zareni s intenzitou
danou Planckovym zakonem

237 Band, D. L., & Grindlay, J. E. 1985, «The synchrotron-self-Compton process in spherical geometries.

I. Theoretical framework», ApJ 298, 128;

Jones, T. W., O’Dell, S. L., Stein, W. A. 1974, «Physics of compact nonthermal sources. I. Theory of

radiation processes», ApJ 188, 353;

—— 1974, «Physics of compact nonthermal sources. II. Determination of physical parameterss, ApJ 192,

261;

Marscher, A. 1983, «Accurate formula for the self-Compton X-ray flux density from a uniform, spherical,

compact radio sourcen, ApJ 264, 296.
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B =

. Q(ka)S 1}3

(he)? e” =1 kT,

and temperature T, =~ 3 K. It ap-
pears that inborn inhomogeneities of

(238]  which refer to

the relic radiation
the period before decoupling of matter
from radiation, according to the hot Big
Bang model,?*! are extremely small:
ATb/Tb < 1072 —
tributions resulting from spectrophoto-
metric measurements of COBE (the Cos-
mic Background Explorer).[49) This fact

has profound implications for cosmology

cf. a series of con-

but we will rather turn our attention
to more astrophysical considerations (al-
though we understand that these subjects
have quite smooth boundaries.) Nearly
perfect isotropy of the relic radiation en-
ables us to look for tiny distortions of
its spectrum due to various physical pro-
cesses. Indeed, it is extremely important
for cosmological considerations to be able
to separate all possible non-cosmological
effects and estimate their order of magni-
tude.

The inverse Compton heating of relic
photons by high-energy electrons is a
manifestation of one such effect distort-
ing the relic radiation.*?*] The required
electrons are presumably present between
galaxies in some clusters. The character-
istic energy of these electrons is k7T, ~
5 keV (assuming the Maxwell distribu-
tion) and their density n. ~ 107%/cm?.
The corresponding optical thickness of a
typical cluster x = Z1 [n.dl is in the
range 0.01 < x < 0.1. In order to find
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g

. (10.34)

X

a teplotou T}, ~ 3 K. Ukazuje se, zZe
anizotropie, vtisténé reliktnimu zafeni?>®!
béhem doby pred oddélenim latky od za-
feni, jak to popisuje model horkého velké-
ho tfesku, jsou nesmirné malé: AT, /Ty, <
1072 — viz fada piispévki, které vyply-
nuly ze spektrofotometrickych méreni po-
moci satelitu COBE (the Cosmic Backg-
round Explorer).[2%]
hluboké dusledky pro kosmologii, ale my

nyni obratime svou pozornost spise k as-

Tato skutednost ma

trofyzikalnim avaham (prestoZe vime, ze
tyto obory maji vskutku nejasné hrani-
ce.) Témér dokonald stejnorodost relikt-
niho zareni nam umoznuje patrat po ne-
patrnych zménach jeho spektra, zptso-
benych nejruznéjsimi fyzikalnimi procesy.
Schopnost odlisit vSechny jevy nekosmo-
logické povahy, které pripadaji v tvahu,
a stanovit jejich fadovou velikost, je pro
kosmologické tivahy nesmirné dilezita.

Jednim z takovych jeva, které ovliviu-
jireliktni zareni, je i ohfivani reliktnich fo-
tont inverznim Comptonovym rozptylem
na vysokoenergetickych elektronech.l?41
Ty jsou dle predpokladu pritomny me-
zi galaxiemi v nékterych kupach gala-
xil. Charakteristicka energie téchto elek-
tronu ¢ini kT, ~ 5 keV (za predpo-
kladu Maxwellova rozdéleni) a hustota
ne ~ 1072 /em?. Tomu odpovidajici optic-
ka tloustka typické kupy y = =t [ n.dl
se pohybuje v rozmezi 0.01 < yxy <

238 Mandolesi, N., & Vittorio, N. (eds.) 1990, The Cosmic Microwave background: 25 Years Later,

(Kluwer, Dordrecht).

239 Peebles, P. J. E. 1993, Principles of Physical Cosmology (Princeton University Press, Princeton).

240 gee ApJ 420 (1994), pp. 439, 445, 450.
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Figure 28:  Normalized spectrum of a
source aflected by the Zel’dovich-Sunyaev
effect.  (a) Originally monochromatic
spectral line with frequency v = 1y <
kT./h becomes wider and asymmetric;
(b) Originally thermal radiation (thick
curve) with temperature Ty, < T. is
transferred to a higher frequency (narrow
curve).

how the radiation temperature is affected
by the inverse Compton scattering, one
has to solve the kinetic Boltzmann equa-
tion for the system of electrons and pho-
tons. Derivation of this equation in full
generality is beyond the scope of our text.
Nevertheless, for non-relativistic electrons
with 7T, < mec? in interaction with low-
energy photons, hv < kT,, one can adopt

an approximate relation — the Kompa-
neetz equation for radiation intensity,[?4?]
mec? O1 B

or _ 0.0 1
kT, Ox Yo" drad

Obrazek 28:

ovlivnéné Zeldovicovym-Sunyaevovym je-

Normalizované spektrum,
vem. (a) Pivodné monochromaticka
spektralni cara s frekvenci v = 1y <
kT./h se stane §irsi nesoumérna; (b) Pi-
vodné termélni zareni (silna ktivka) s tep-
lotou Ty, < T, je preneseno do vyssi ener-

gie (4zka krivka).

0,1. Abychom urcili, jak ovliviuje inverz-
ni Comptonuv rozptyl teplotu zareni, mu-
sime Tesit kinetickou Boltzmanovu rovnici
pro soustavu elektronu a fotonu. Odvozeni
této rovnice v plné obecnosti oviem pre-
sahuje ramec naseho textu. Nicméné za
predpokladu nerelativistickych elektronu
s kT, < mec?® interagujicich s nizkoener-
getickymi fotony, hrv < kT, muzeme pri-
jmout priblizné vyjadreni — Kompanej-

covu rovnici pro intenzitu zafen, 4%

(10.35)

241 Zel’dovich, Ya. B., & Sunyaev, P. A. 1968, «The interaction of matter and radiation in a hot-model

universen, Ap&SS 4, 301;

—— 1982, «Intergalactic gas in clusters of galaxies, microwave background radiation and cosmology», in
Astrophysics and Cosmic Physics, Sunyaev, P. A. (ed.) (Nauka, Moscow; in Russian), p. 9.
242 Kopaneetz, A. C. 1957, «The establishment of thermal equilibrium between quanta and electronss,

Sov.Phys. JETP 4, 730;

Weyman, R. 1966, «The energy of spectrum of radiation in the expanding universe», ApJ 145, 560.
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Because the background radiation has
a thermal spectrum, one can substitute
from the Planck law (10.34) I — B to the
right-hand-side of equation (10.35) and
obtain the relative difference of intensity

(Fig. 28)

AT kT, =zxe

171

PonévadZ pozadové zareni ma termalni
spektrum, muzeme dosadit z Planckova
zakona (10.34) I — B do pravé stra-
ny rovnice (10.35), ¢imz ziskame relativni
zménu intenzity (obr. 28)

I MeC?

Corresponding relative difference in the
radiation temperature is

ATb Aldln Tb

e+ 1
—4) v,
1(“;61’—1 )X

e*r —

(10.36)

S tim spojena relativni zména teploty za-
feni je

T, I dinl

In the Rayleigh-Jeans part of spectrum,
hv < KTy (x < 1),

AT,

~

e+ 1
2 (xel’—l_4) X

(10.37)

V Rayleighové-Jeansové casti spektra,
hv < KTy (x < 1),

2kT,

T,

The above formula shows that within this
spectral range the relative change of the
brightness temperature is negative and
independent of the wavelength. This
conclusion can be intuitively understood
by realizing that low-energy photons are
transferred to higher frequencies. One
can thus expect a decrease of the radio-
measured temperature of the relic radia-
tion in the direction of clusters of galaxies,
and values of the order of 1 mK have in-

deed been confirmed observationally.[?4]

JE— X‘
e C2

(10.38)

Vyse uvedeny vzorec ukazuje, ze v této
spektralni oblasti je relativni zména za-
Iivé teploty zaporna a nezavisi na vlnové
délce. Intuitivné lze tento zavér pochopit,
pokud si uvédomime, zZe nizkoenergetické
fotony jsou prenaseny do vyssich frekven-
ci. Lze tudiz ocekavat pokles radiové mé-
fené teploty reliktniho zareni ve sméru ke
kupam galaxii, a skutec¢né byly potvrzeny
hodnoty fadu 1 mIK.[?#’]

243 Klein, U., Schlickeiser, R., Wielebinski, R., & Rephaeli, Y. 1991, «Measurement of the Sunyaev-
Zeldovich effect towards the A 2218 cluster of galaxiesy, A&A 244, 43;
Jones; M., Saunders, R., Alexander, P., et al. 1994, « An 1mage of the Sunyaev-Zel’dovich effect», Nature

365, 320;

Wilbanks, T. M., Ade, P. A. R., Fischer, M. L., et al. 1994 «Measurement of the Sunyaev-Zel’dovich
effect toward Abell 2163 at a wavelength of 2.2 millimeters», ApJ 427, L75;
Andreani, P., Bohringer, H., Booth, R., et al. 1994, «Observations of the Sunyaev-Zeldovich effect towards

ROSAT Clusters. .. », The Messenger 78, 41.
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OBSERVATIONS. .. /POZOROVANI. ..

Astrophysical jets/Astrofyzikalni

vytrysky

Truth is not that which is demonstrable, but that which is ineluctable.

ANTOINE DE SAINT-EXUPERY

11 Observational facts/Poznatky z pozorovani

A huge jet of matter emerging from the
core of M 87 galaxy was first studied
by H. D. Curtis* at the beginning
of the 20th century. At that time as-
tronomy was restricted to optical wave-
lengths. Later, radioastronomical obser-
vations identified radio sources — stel-
lar objects in the Galaxy and distant ex-
tragalactic objects.?*! In the 1950s ra-
dio astronomers detected extragalactic ra-
dio sources, nowadays designated as ‘clas-
sical” extended double radio sources for
their typical structure consisting of two
separate parts. Jets analogous to the one
in the M 87 galaxy are often associated
with these objects. Cygnus A was the first
example of this class.

Velky vytrysk hmoty, vychazejici z jadra
galaxie M 87, zkoumal poprvé pocatkem
20. stoleti H. D. Curtis.?*] V té dobé se
astronomie omezovala na optické vlnové
délky. Pozdéji radioastronomicka pozoro-
vani odhalila radiové zdroje. Nalezi k nim
stelarni objekty uvnitt Galaxie a vzdalené
extragalaktické objekty.?*?] V padesatych
letech zaznamenali astronomové extraga-
laktické radiové zdroje, dnes casto ozna-
cované jako ,klasické® dvojité zdroje z du-
vodu jejich typické stavby sestavajici ze
dvou oddélenych casti. U téchto objektu
se Casto pozoruji vytrysky, obdobné jako
je tomu u galaxie M 87. Cygnus A byl
prvnim prikladem z této tfidy.

244 Curtis, H. D. 1918, ¢«Descriptions of 762 nebulae and clusters photographed with the Crossley reflec-
tor», Publ.Lick.Obs. Curtis writes: “A curious straight ray lies in a gap in the nebulosity in p.a. 20°,
apparently connected with the nucleus by a thin line of matter. The ray is brightest at its inner end,
which is 11”from the nucleus”.

245 Baade, W., & Minkowski, R. 1954, «On the identification of radio sourcess, ApJ 119, 215.

246 Curtis, H. D. 1918, «Descriptions of 762 nebulae and clusters photographed with the Crossley re-
flectorn, Publ.Lick.Obs. 13, 9. Curtis zde pise: “Podivny primy paprsek se rozprostira v mezere uvnitr
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Soon it became apparent that jets
transport large amounts of material and
energy from the central source to ra-
dio lobes. At present it is known that
jets exist in both extended (with sizes
of kiloparsecs to megaparsecs) and com-
pact (on parsec scales) extragalactic radio

sources. [247]

Fig. 29 shows a radio-detected jet and
a weaker counterjet of the elliptic galaxy
NGC 6251. Plasma instabilities manifest
themselves by a complicated, “wiggly”
motion of the jets. The sequence of maps
was taken at increasing frequency and res-
olution. The radio systems are indicated
with relevant panels: WSRT — West-
erbork Synthesis Radio Telescope, VLA
— Very Large Array, VLB — Very-Long-
Baseline interferometry with the network
of mutually distant radiotelescopes. The
size of the oval denoted as HPBW (Half-
Power Beam Width) represents resolution
of the radiotelescopical system.

Jets have been discovered on stellar
scales in the Galaxy, too.[?8]  Galactic
jets are usually associated with young
protostellar objects,?*]  observationally
identified with the category of Herbig-

[250] " or with certain types

[251]

Haro objects,
of the binary-star system.
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Brzy bylo patrné, Ze vytrysky prenase-
ji velké mnozstvi latky a energie z ustred-
niho zdroje k radiovym lalokiim. V sou-
Casnosti je znamo, Ze vytrysky existuji jak
v rozsahlych (s rozméry kiloparseka az
megaparsekil), tak i v kompaktnich (na
skalach parseku) extragalaktickych radio-
vych zdrojich.l?4"]

Obr. 29 ukazuje vytrysk a jemu pro-
tilehly slabsi protéjsek u eliptické galaxie
NGC 6251. Mapy byly potizeny v radio-
vém oboru. Nestability v plazmatu se pro-
jevuji slozitym, ,traslavym® pohybem vy-
tryski. Posloupnost map byla zazname-
nana pri zvysujici se frekvenci a zlepsu-
jicim se rozliSeni. Pouzité radiové sou-
stavy jsou vyznaceny vedle prislusnych
snimkia: WSRT — Westerbork Synthe-
sis Radio Telescope, VLA — Very Large
Array, VLB — interferometricka sit vza-
jemné odlehlych radioteleskopt s velmi
dlouhou zakladnou. Rozmér ovalu ozna-
¢eného HPBW (8itka paprsku v poloviné
vykonu) predstavuje rozlisovaci schopnost
radioteleskopické soustavy.

Byly objeveny téz vytrysky na hvézd-
nych gkalach v Galaxii.?*®! Tyto ga-
laktické vytrysky se obvykle vyskytu-
ji ve spojeni s mladymi protostelarnimi
objekty,[?* pozorovateli zafazovanymi do
t¥idy Herbigovych-Harovych objekti,?25%
nebo nalezi k jistému druhu dvojhvézd-

mlhoviny v pozi¢nim iithlu 20°, o¢ividné spojeny s jadrem tenkou linii hmoty. Paprsek je nejjasnéjsi u svého
vnitfniho konce, ktery se nachazi 11" od jadra”.

247 Begelman, M. C., Blandford, R. D., & Rees, M. J. 1984, «Theory of extragalactic radio sources»,
Rev.Mod.Phys. 56, 255;

Ferrari, A., & Pacholczyk, A. G. (eds.) 1983, Astrophysical Jets (D. Reidel Publishing Company, Dord-
recht);

Rees, M. J. 1985, «Jets and galactic nuclein, in Highligts of Modern Astronomy, Shapiro, S. L., & Teu-
kolsky, S. A. (eds.) (Wiley-Interscience, New York);

Wiita, P. J. 1991, «The production of jets and their relation to active galactic nuclein, in Beams and Jets
in Astrophysics, Hughes, P. A. (ed.) (Cambridge University Press, Cambridge), p. 379;

Zensus, J. A., & Pearson, T. J. 1990, Parsec Scale Radio Jets (Cambridge University Press, Cambridge).
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SS 433[253] s probably the best stud-
ied object with two jets on a stellar scale.
Balmer emission lines have been detected
in their radiation, one line being red-
shifted and the other blueshifted. Mea-
surements support the idea that the jets
contain an electron-proton material at a
temperature about 10* K moving at the
speed v & 0.26¢ (I' ~ 1.04).%  The
wavelength of the lines oscillates with pe-
riod of about 164 days, which can be ex-
plained by a precession motion of jets.
The jets have been detected in spectral
domains from X-rays to radio waves. The
linear size of the X-ray emitting region is
of the order of 10'? cm while the optical
jets are about (10'*-10'") cm long. The
kinetic energy of the jets has been esti-
mated at (10°6-10%0) erg/s.[2%]

An X-ray-emitting jet of length about
7 pc emerges from the Vela pulsar (PSR
0833-45).126]  This pulsar is associated

OBSERVATIONS. .. /POZOROVANI. ..

nych systéma.>!]

SS 433(%% je patrné nejlépe prostu-
dovanym objektem se dvéma vytrysky
na hvézdné skale. V jejich zareni by-
ly zaznamenany Balmerovy emisni ¢a-
ry, z nichz jedna je posunuta k cerve-
nému a druhd k modrému konci spekt-
ra. Méfeni svédéi o tom, ze vytrysky ob-
sahuji elektron-protonovou latku s tep-
lotou asi 10* K, pohybujici se rychlosti
v~ 0,26¢ (I' &~ 1,04).25 Vinovéa délka
Car se méni s periodou asi 164 dnu, coz
lze vysvétlit precesnim pohybem vytrys-
kia. Vytrysky byly zaznamenany ve spek-
tralnich oborech od rentgenovych paprski
po radiové vlny. Linearni rozmér oblas-
ti vydavajici rentgenové zareni je tadu
10'% cm, zatimco optické vytrysky jsou
asi (10-10'%) ¢cm dlouhé. Kineticka ener-

gie vytryski byla odhadnuta na (107
10%0) erg/s.25%

Prtiblizné 7 pc dlouhy vytrysk, vydava-
jici rentgenové zareni, vychazi od pulzaru

Vela (PSR 0833-45).25¢] Tento pulzar sou-

248 Padman, R., Lasenby, A. N., & Green, D. A. 1991, «Jets in the Galaxy», in Beams and Jets in
Astrophysics, Hughes, P. A. (ed.) (Cambridge University Press, Cambridge), p. 484.
249 Blondin, J. M., Fryxell, B. A., & Konigl, A. 1990, «The structure and evolution of radiatively cooling

jetsy, ApJ 360, 370;

Scheuer, P. A. G., 1974, «Models of extragalactic radio sources with a continuous energy supply from a

central objecty, MNRAS 166, 513.

250 Herbig, G. H., & Jones, B. F. 1981, ¢Large proper motions of the Herbig-Haro objects HH 1 and

HH 2», AJ 86, 1232;

Strom, S. E., Grasdalen, G. L., & Strom, K. M. 1974, «Infrared and optical observations of Herbig-Haro

objectsy, ApJ 191, 111.

251 Taylor, A. R., Seaquist, E. R., & Mattei, J. A. 1986, «A radio outburst and jet from the symbiotic

star CH Cyg», Nature 319, 38.

252 Bridle, A. H., & Perley, R. A. 1984, «Extragalactic Radio Jets», ARA&A 22, 319, © Annual Reviews

Inc.

253 Stephenson, C. B., & Sanduleak, N. 1977, «New H-alpha emission stars in the Milky Way», ApJS 33,

459.

254 Fabian, A. C., & Rees, M. J. 1979, «SS 433: a double jet in action?», MNRAS 187, 13P;
Margon, B. 1984, «Observations of SS 433», ARA&A 22, 507.
255 Begelman, M. C., Sarazin, C. L., Hatchett, S. P. et al. 1980, «Beam models for SS 433», ApJ 238,

722.
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Figure 29:

from ret. [252].

Radio image of the jets of
the elliptic galaxy NGC 6251 at increasing
resolution. See the text for details.
montage is reproduced, with permission,

This

82°50'
82°a0’

82°30'

Obrazek 29:
u eliptické galaxie NGC 6251 pri zvysu-
jici se rozlisovaci schopnosti. Podrobnosti
viz text. Tuto montaz reprodukujeme se
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NGC 6251

WSRT

610 MHz
VLA

1664 MHz
VLA

1410 MHz
VLA

1662 MHz
VLB
10651 MHz

Rédiovy obraz vytryski

svolenim z prace [252).
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with a well-known remnant of the Vela
supernova.l?”l At a distance of 500 pc
the jet extends over 45" on the sky.

visi s dobfe znamym pozustatkem po vy-
buchu supernovy v souhvézdi Plachet.>"]
Pti vzdalenosti 500 pc se vytrysk rozpros-

tira po obloze v délce kolem 45’.

12 Physical processes in jets/Fyzikalni procesy ve

vytryscich

Observers detect cosmic jets with lengths
from a subparsec scale up to more than
a megaparsec.  FExtragalactic jets re-
semble, to a certain degree, a scaled-
up version of jets in the Galaxy, al-
though they may consist of different mate-
rial (electron-proton plasma vs. electron-
positron plasma) and the acceleration
mechanisms may also be different (hy-
drodynamic vs. magnetohydrodynamic).
Propagation of a jet through an ambi-
ent medium s a very complex problem[?*®]
which we will only touch from two partic-
ularly interesting aspects in the present
chapter — the so-called superluminal mo-

tion and one-sidedness of jets.[?%"]

The speed of flow in continuous jets
cannot be measured directly, but vari-
ous patterns with fast relative motion are
often observed, particularly in compact
(parsec scale) jets.[2°] Two rather differ-
ent views of such jets have been proposed:
they can be formed either by a contin-
uous stream of fluid with comoving inho-
mogeneities, or by a flow of separate ‘plas-
mons’ (clouds of radiating plasma) mov-

Pozorovatelé zaznamenali kosmické vy-
trysky s radovymi délkami od méné nez
jednoho parseku az po vice nez mega-
parsek. Extragalaktické vytrysky do jis-
té miry pripominaji zvétsenou verzi vy-
tryska v Galaxii, avsak mohou byt tvore-
ny z jiného materialu (elektron-protonové
plazma vs. elektron-pozitronové plazma)
a zpusob jejich urychlovani muze byt rov-
néz odlisny (hydrodynamicky vs. magne-
tohydrodynamicky). Otazka $itent vytrys-
ku je velice slozita;?*% v této kapitole se ji
pouze dotkneme z hlediska dvou obzvlas-
té zajimavych jeviu — tzv. nadsvételného
pohybu a jednostrannosti vytrysk.[?5

U spojitych vytryski nelze rychlost
toku zmérit primo, avsak mnohdy, ze-
jména v pripadé kompaktnich vytryskua
(na skale parseki), se pozoruji rozli¢né
nerovnomérnosti s rychlym vzajemnym
pohybem.®l Nabizeji se dva dosti od-
lisné pohledy na takové vytrysky: mohou
byt tvofeny bud spojitym proudem teku-
tiny, s niz se pohybuji i jednotlivé nerov-
nomeérnosti, nebo se muze jednat o oddé-

256 Markwardt, C. B., & Ogelman H. 1995, «An X-ray jet from the Vela pulsars, Nature 375, 40.

257 Kahn, S. M., Gorenstein, P., Harnden, F. R. Jr, & Seward, F. D. 1985, « Einstein observations of the
Vela supernova remnant: The spatial structure of the hot emitting gas», ApJ 299, 821.

258 Begelman, M. C., Rees, M. J., & Blandford, R. D. 1979, «A twin-jet model for radio trails», Nature

279, 770.

259 Hughes, P. A. (ed.) 1991, Beams and Jets in Astrophysics (Cambridge University Press, Cambridge).
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ing in an ambient medium. Continuous
jets require a steady source of accelerated
material which keeps moving until ram
pressure decelerates the jet head (pro-
ducing enhanced emission in radio lobes).
Description in plasmon terms is applica-
ble when individual overdensities are too
much separated for the ambient medium
to have time to fill the gaps between them
(size/sound speed gives a characteristic
time). Plasmons must be rather dense
because they are more affected by inter-
action with the medium than inhomo-
geneities in an otherwise continuous flow.
Evolution of separate plasmons and jet in-
homogeneities differs in these two views
and they are thus appropriate for differ-

ent objects.[261]
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lené plazmony (oblaky zafictho plazma-
tu), které se pohybuji okolnim prostre-
dim. Spojité vytrysky vyzaduji staly zdroj
urychleného materialu, pohybujiciho se,
dokud se jeho ¢elo nezbrzdi razovym tla-
kem (pficemz vznika zvysena emise radio-
vych lalokt). Popis pomoci plazmont je
mozny tehdy, kdyZ jsou jednotlivé zhust-
ky prilis vzdaleny na to, aby okolni pro-
stredi mélo dost casu vyplnit mezery me-
zi nimi (rozmér/rychlost zvuku dava cha-
rakteristicky ¢as). Je treba, aby plazmony
byly dostatecné husté, protoze je ptusobe-
ni okolniho prostredi ovliviiuje vice, nez
je tomu u nerovnomeérnosti v jinak spoji-
tém toku. Vyvoj oddélenych plazmonu a
nehomogenit ve vytrysku je u obou po-

hledt razny, takze jsou vhodné pro ruzné
objekty.[261]

12.1 Jet formation/Vznik vytrysku

Several mechanisms have been proposed
to explain the origin of jets. Basic
constraints on the models are naturally
the required jet collimation and accel-
eration. Long-term stability (over the
period 2 10° years) and pre-collimation
within a small distance from the nucleus
(< 1 pe) are required for extragalactic ob-
jects. Relativistic speeds of the material
flow have been detected in some compact
extragalactic and also stellar-scale Galac-
tic jets (cf. page 182 below).

o Thermal model. Two anti-parallel out-

Bylo navrzeno nékolik mechanismu k vy-
svétleni puvodu vytryskt. Zakladnim po-
zadavkem, omezujicim modely, je priro-
zené potrebné soustredéni vytrysku a je-
jich urychleni. U extragalaktickych objek-
tu se pozaduje dlouhodoba stalost (po
dobu = 10° let) a pocatecni soustiedé-
ni v malé vzdéalenosti od jadra (< 1 pc).
V nékterych kompaktnich extragalaktic-
kych vytryscich i ve vytryscich na hvézd-
né skale v Galaxii byly zaznamenany rela-
tivistické rychlosti pohybu latky (viz str.
182 nize).

o Termalni model. Dva protismérné vyto-

260 Norman, M. L., Smarr, L., Winkler, K.-H., & Smith, M. D. 1982, «Structure and dynamics of super-

sonic jetsy, A&LA 113, 285;

van Putten, M. H. P. M. 1995, «Knots in magnetized relativistic jets and their simulations», Nature 777;
Wilson, M. J. 1987, «Steady relativistic fluid jetsy, MNRAS 226, 447.
261 Zaninetti, L., & van Horn, H. M. 1988, «Geometrical patterns of astrophysical jets», A&A 189, 45.
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flows in pressure equilibrium with the sur-
rounding plasma in gravitational field of

the nucleus.[262]

o Radiation pressure model. Two anti-
parallel outflows in narrow “funnels” aris-
ing along the axis of a radiation pressure
supported torus or an accretion disk.[2%7]

o Hydromagnetic model. Outflows of mat-
ter which is confined to the magnetic field
and distorts magnetic field lines, mainly
due to particle inertia. Magnetic pressure
plays the crucial role here.[264]

The above mentioned schemes may
be supplemented by additional, pre-
collimation processes which help in the
initial formation of jets so that their final
properties result from a mutual interplay
of numerous electromagnetic and gravita-

tional effects.[267]

ky, které jsou v rovnovaze tlakt s okolnim

plazmatem v gravitaénim poli jadra.[?6?

e Model s tlakem zdrfeni. Dva protismérné
vytoky v tzkych ,kominech*, které vzni-
kaji podél osy toru ¢i akre¢niho disku udr-

Yovaného tlakem zé&feni.[263]

o Hydromagneticky model. Vytok hmo-
ty, ktera je svazana s magnetickym po-
lem a zakfivuje jeho silokfivky, pfedevsim
v dusledku setrvacnosti castic. Magnetic-
ky tlak zde hraje uréujici roli.[?64

Vyse uvedena schémata mohou byt
doplhiovana dalsimi procesy pocatecniho
soustfedéni, napomahajicimi v pocatec-
nich stadiich vzniku vytrysku, takze je-
jich vysledné vlastnosti plynou ze vzajem-
né souhry vice elektromagnetickych a gra-
vitacnich jevi.[26%]

262 Blandford, R. D., & Rees, M. J. 1974, «A ‘twin-exhaust’ model for double radio sources», MNRAS

169, 395;

Clarke, D. A., Norman, M. L., Burns, J. O. 1986, «Numerical simulations of a magnetically confined jety,

ApJ 311, L63.

263 Jaroszynisky, M., Abramowicz, M. A., & Paczyriski, B. 1980, «Supercritical accretion disks around

black holes», Acta Astronomica 30, 1;

Sikora, M., & Wilson, D. B. 1981, «The collimation of particle beams from thick accretion discsy, MNRAS

197, 529.

264 Benford, G. 1984, «Magnetically ordered jets from pulsars», ApJ 282, 154;

Blandford, R. D., & Payne, D. G. 1982, «Hydromagnetic flows from accretion discs and the production
of radio jetsn, MNRAS 199, 883;

Camenzind, M. 1986, «Hydromagnetic flows from rapidly rotating compact objectsy, A&A 162, 32;
Lovelace, R. V. E., Mehanian, C., Mobarry, C. M., & Sulkanen, M. E. 1986, «Theory of axisymmetric
magnetohydrodynamic flows: Disks», ApJS 62, 1;

Michel, F. C. 1987, «Electromagnetic jets from compact objectsy, ApJ 321, 714;

Nobili, L., Calvani, M., & Turolla, R. 1985, «On hydrodynamics of astrophysical jets — I. Basic equa-
tions», MNRAS 214, 161.

265 Bicak, J., Semerdk, O., & Hadrava, P. 1993, «Collimation effects of the Kerr field», MNRAS 263, 545;
de Felice, F., & Curir, A. 1992, « Axial collimation in the Kerr metricy, Class. Quantum Gravity 9, 1303;
Karas, V., & Vokrouhlicky, D. 1990, «Test particle motion around a magnetised Schwarzschild black
holey, Class.Quantum.Grav. 7, 391.
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»

12.2 Particle acceleration/Urychlovani ¢astic

Efficient acceleration of particles, presum-
ably up to relativistic energies, occurs in
various types of astronomical objects.[25¢]
The accelerated particles are observed, for
instance, near black holes or in supernova
explosions. In the context of the present
text, we are mainly interested in applica-

tion to

e cosmic jets (outflows of matter),[267]

e accretion disk coronae.[268l

The problem of efficient particle-
acceleration to high energies is rather
difficult, mainly due to the fact that
conditions in cosmic environments dif-
fer substantially from those in laboratory

2691 Qeveral tentative mecha-

plasmas.!
nisms have been proposed in which shock
waves or electromagnetic effects acceler-
ate particles. On the other hand, radia-
tive losses act against acceleration. We
are particularly interested in processes
which eventually result in a power-law
distribution of particle energies because,
as we have seen in the chapter about syn-
chrotron radiation, such a distribution
leads to frequently observed power-law

spectra.[270]

V raznych astronomickych objektech pro-
bih& Gc¢inné urychlovani ¢astic, patrné az
na relativistické energie.[?*dl Takto urych-
lené castice zaznamenavame napiiklad
v blizkosti ¢ernych dér nebo pii vybusich
supernov. V souvislosti s obsahem tohoto
textu nas zajimaji predevsim aplikace pro

e kosmické vytrysky (vytoky hmoty),[267]

e korény akre¢nich diski.!?6®!

Otazka ucinného urychlovani castic do
vysokych energii je pomérné slozita, a
to predev$im z toho duvodu, Ze pod-
minky kosmického prostiedi se do znac-
né miry odlisuji od podminek laboratorni-
ho plazmatu.[?* Bylo navrZeno vice mo-
nych procesu, pii nichz se ¢astice urychlu-
ji pusobenim razovych vln nebo elektro-
magnetickych jevi. Naproti tomu zarivé
ztraty pusobi proti urychlovani. Nas zaji-
maji zejména takové procesy, v jejichz du-
sledku se nakonec ustavi mocninné rozdé-
leni energii ¢astic, ponévadz, jak jsme vi-
déli v kapitole o synchrotronovém zareni,
takové rozdéleni vytvari ¢asto pozorované
mocninné spektrum.?7

266 Drury, L. O°C 1983, « An introduction to the theory of diffusive shock acceleration of energetic particles

in a tenuous plasman, Rep.Prog.Phys. 46, 973;

Zel’dovich, Ya. B., & Rayzer, Yu. P. 1967, Physics of Shock Waves and High-Temperature Phenomena

(Academic Press, New York).

267 Aller, H. D., Hughes, P. A., & Aller, M. F. 1987, «Evidence for shocks in relativistic jets», in Super-
luminal Radio Sources, Zensus, J. A., & Pearson, T. J. (eds.) (Cambridge University Press, Cambridge),

p. 273;

Blandford, R. D., & Kénigl, A. 1979, «Relativistic jets as compact radio sourcesy, ApJ 232, 34;

Bridle, A., & Eilek, J. (eds.) 1984, Physics of Energy Transport in Extragalactic Radio Sources, Procee-
dings of NRAO Workshop No.9 (National Radio Astronomy Observatory, Green Bank, WV).

268 Ghields, G. A., McKee, C. F., Lin, D. N. C., & Begelman, M. C. 1986, «Compton-heated winds and

coronae above accretion disks. III. Instability and oscillations», ApJ 306, 90.
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Shock Acceleration. We will mention
in brief the first order Fermi process be-
cause it has often been proposed as a
promising mechanism of the particle ac-
celeration in jets. This process can be
driven by shock waves.[?7!]

Accretion onto a black hole is al-
ways supersonic and outflows in relativis-
tic jets also apparently exceed the sound
speed.  The conditions in supersonic
streams thus lead to formation of shock
fronts where discontinuities in physical
quantities (speed of material, density,. .. )
develop. Let us consider transmission of
matter through a shock front, in pres-
ence of Alfvén waves, which represent one
of the wave solutions of the magnetohy-
drodynamic equations with perturbations
of the magnetic and velocity fields be-
ing perpendicular to the original magnetic
field.2™2] Alfvén waves propagate through
the medium at the speed

Va =

(k is a unit wave vector), scattering
charged particles. Relativistic particles
interact with Alfvén waves provided the
Larmor radius = 1/(wave vector). As a
result, the particles cross the shock front

47

5

Razove urychlovani. Strucné se zmi-
nime o Fermiho procesu prontho druhu,
protoze ten je casto navrhovan jako slib-
ny mechanismus ¢asticového urychlovani
ve vytryscich. Mohou ho udrzovat razové
viny. 271

Akrece na ¢ernou diru je vzdy nadzvu-
kova a také vytoky v relativistickych vy-
tryscich zfejmé presahuji rychlost zvuku.
Podminky v nadzvukovych proudech tak
davaji vzniknout razovym ¢eltim, v nichz
se tvori nespojitosti fyzikalnich velicin
(rychlost latky, hustota,. .. ). Uvazme, jak
se prenasi hmota pres razové celo za pri-
tomnosti Alfvénovych vin. Ty predstavuji
jedno z vinovych feseni magnetohydrody-
namickych rovnic, v némz jsou poruchy
magnetického pole a rychlosti kolmé k pti-
vodnimu magnetickému poli.?? Alfvéno-
vy viny postupuji prostredim rychlosti

N

(12.1)

(k je jednotkovy vinovy vektor), a pfi-
tom zpusobuji rozptyl nabitych castic.
Relativistické castice interaguji s Alfvé-
novymi vlnami, pokud je Larmoriv po-
lomér ~ 1/(vinovy vektor). V dusledku

269 Melrose, D. B. 1986, Instabilities in Space and Laboratory Plasmas (Cambridge University Press,

Cambridge).

270 Arons, J., Max, C., & McKee, C. (eds.) 1979, Particle Acceleration Mechanisms in Astrophysics

(American Institute of Physics, New York);

Eilek, J. A., & Hughes, P. A. 1991, «Particle acceleration and magnetic field evolutiony, in Beams and
Jets in Astrophysics, Hughes, P. A. (ed.) (Cambridge University Press, Cambridge), p. 428.
271 Biermann, P. L., & Strittmatter, P. A. 1987, «Synchrotron emission from shockwaves in active galactic

nuclein, ApJ 322, 643;

Blandford, R. D., & Ostriker, J. P. 1978, «Particle acceleration by astrophysical shocks», ApJ 221, L.29;
Eichler, D. 1979, «Particle acceleration in collisionless shocks: Regulated injection and high efficiency»,

ApJ 229, 419.

272 Chen, F. C. 1974, Introduction to Plasma Physics (Plenum Press, New York).
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many times repeatedly until eventually
they get definitivelly transmitted. Every
time a particle crosses the shock front its
speed is changed discontinuously and the
particle gains energy from the bulk ki-
netic energy of the flow. It can be seen
that in each crossing the energy gain is
proportional to the relative speed of the
shock wave. This is why the process is
called ‘the first order mechanism’, in con-
trast to some other, less-efficient processes
in which the energy increase is of the
second order with respect to the relative
speed?™] (the original Fermi process is of
the second order).[2™]
by no means the only considered possibil-
ity because other numerous wave modes

Alfvén waves are

are generated in the turbulent medium of
jets.[279]

Electromagnetic acceleration. In con-
trast to laboratory plasmas, purely elec-
trostatic acceleration is probably unim-
portant in highly conductive cosmic envi-
ronments because electric fields are imme-
diately neutralised in the local rest-frame
of the material. However, strong inhomo-
geneous and variable magnetic fields ex-
ist in the vicinity of compact objects. For
example, B &~ (10°-10'%) G is expected in
the near zone of pulsars. These fields act
in the strong magnetic field regime and
they are capable of directly accelerating
charged particles.

181

toho prekracuji castice razové ¢elo mno-
hokrat opakované, az nakonec definitivné
projdou. Pokazdé, kdyz castice prekroci
razové celo, zméni se skokem jeji rych-
lost a castice ziska energii na tkor cel-
kové kinetické energie toku. Lze ukazat,
ze vzrust energie pri kazdém prechodu je
umérny relativni rychlosti rdzového cela.
To je také duvod, pro¢ se tento proces
oznacuje jako ;mechanismus prvniho dru-
hu‘, na rozdil od nékterych jinych, mé-
né ucinnych procesu, pii nichz je vzrust
energie umérny druhé mocniné relativni
rychlostil?™ (ptivodni Fermiho proces je
druhého druhu).P™ Alfvénovy viny ne-
jsou zdaleka jedinou uvazovanou moznos-
ti, protoze v turbulentnim prostredi vy-

tryski vznikaji cetné dalsl mody.27

Elektromagnetické urychlovdni. Na
rozdil od plazmatu v laboratori je ¢isté
elektrostatické urychleni plazmatu ve vy-
soce vodivém kosmickém prostiedi patr-
né nedulezité, protoze se elektrické pole
v mistni klidové soustavé spojené s lat-
kou okamzité neutralizuje. V blizkosti
kompaktnich objektt vsak vznikaji sil-
na nehomogenni a proménna magneticka
pole. Kuprikladu v blizké oblasti pulzaru
lze predpokladat B ~ (10°-10'°) G. Tato
pole ptisobi v rezimu silného magnetické-
ho pole a jsou schopna pfimo urychlovat
nabité castice.

273 Achterberg, A. 1979, «The energy spectrum of electrons accelerated by weak magnetohydrodynamic

turbulencen, A&A 76, 276;

Pacholezyk, A. G., & Scott, J. S. 1976, «In situ particle acceleration and physical conditions in radio tail

galaxiesy, ApJ 203, 313;

Christiansen, W. A., Rolison, G., & Scott, J. S. 1979, «Extended radio sources: The effects of particle
acceleration and radiative losses on source dynamicsy, ApJ 234, 456.

274 Fermi, E. 1949, «On the origin of the cosmic radiation», Phys.Rev. 75, 1169.

275 Henriksen, R. N., Bridle, A. H., & Chan, K. L. 1982, «Synchrotron brightness distribution of turbulent

radio jetsy, Apd 257, 63;

Wentzel, D. G. 1969, «The propagation and anisotropy of cosmic rays. II. Electrons», ApJ 157, 545.
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12.3 Superluminal motion/Nadsvételny pohyb

The radioastronomical technique of Very-
Long-Baseline Interferometry (VLBI) was
crucial for the discovery in early 1970s
that the structure of jets in some ac-
tive galactic nuclei evolves with speeds
apparently exceeding the speed of light,
Vobs < 20 ¢ (Fig. 30).[276] These objects —
so-called superluminal sources, belong to
the class of quasars and BL Lac’s (rarely

a galaxy).[277]

Several possible explanations of super-
luminal speeds have been suggested which
do not require a major change in our un-

2791 hut one

derstanding of physical laws,|
of them is preferred by many astronomers;
it is a kinematical model of superluminal
sources requiring that the observer is lo-
cated approximately at the direction of
the jet expansion and that the expan-
sion takes place at a relativistic speed,

v — C.[280]

Objects with superluminal motion

Radioastronomicka metoda interferomet-
rie s velmi dlouhou zakladnou stala po-
catkem sedmdesatych let u objevu, Ze
se struktura vytryska v nékterych aktiv-
nich galaktickych jadrech vyviji s rych-
losti zdanlivé prekracujici rychlost svét-
la, Vobs < 20 ¢ (obr. 30).27 Tyto objekty
— tzv. nadsvételné zdroje, nalezi do tridy
kvazartu a objektu typu BL Lac (vyjimeé-
né jsou to galaxie).277)

Je znamo nékolik moznych vysvétleni
nadsvételnych rychlosti, ktera nevyzaduji
zadnou podstatnou zménu v nasem cha-
pani fyzikalnich zakona,?™! avsak jedno
z nich je uprednostnovano radou astrono-
mu; je to kinematicky model nadsvétel-
nych zdroju, jenz vyzaduje, aby se pozoro-
vatel nachazel pribliZzné ve sméru expanze
vytrysku a aby expanze probihala relati-
vistickou rychlosti, v — ¢.123%

V pomérné nedavné dobé byly zazna-

276 Cohen, M. H., Cannon, W., Purcell, G. H., et al. 1971, «The small-scale structure of radio galaxies
and quasi-stellar sources at 3.8 centimetersy, ApJ 170, 207,

Rees, M. J. 1984, «Black hole models for active galactic nuclein, ARA&A 22, 471;

Whitney, A. R., Shapiro, I. 1., Rogers, A. E. E., et al. 1971, «Quasars revisited: rapid time variations
observed via very-long-baseline interferometry», Science 173, 225;

Zensus, J. A., & Pearson, T. J. (eds.) 1987, Superluminal Radio Sources (Cambridge University Press,

Cambridge).

277 Maraschi, L., Maccacaro, T., & Ulrich, M.-H. (eds.) 1989, BL Lac Objects, Lecture Notes in Physics

334 (Springer-Verlag, Berlin).

278 Bridle, A. H., & Perley, R. A. 1984, «Extragalactic Radio Jetsy, ARA&A 22, 319, © Annual Reviews

Inc.

279 Cawthorne, T. V. 1991, «Interpretation of parsec scale jets», in Beams and Jets in Astrophysics,
Hughes, P. A. (ed.) (Cambridge University Press, Cambridge), p. 187.

280 Blandford, R. D., & Konigl, A. 1979, «Relativistic jets as compact radio sources», ApJ 232, 34;
Blandford, R. D., McKee, C. F., & Rees, M. J. 1977, «Super-luminal expansion in extragalactic radio

sources», Nature 267, 211;

Rees, M. J. 1966, « Appearance of relativistically expanding radio sources», Nature 211, 468;
Ozernoy, L. M., & Sazonov, V. N. 1969, «The spectrum and polarization of a source of synchrotron
emission with components flying apart at relativistic velocitiesy, Ap&SS 3, 395.
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Figure 30: The quasar 3C 120 is an Obrazek 30: Kvazar 3C 120 je prikla-

The
three brightest features in the lower-left
panel (at the highest angular resolution)
The
object was observed at different wave-
lengths (indicated with relevant panels)
with the VLA. The highest resolution is
achieved by Very-Long-Baseline interfer-
ometry (VLBI). Reproduced, with per-
mission, from ref. [278].

example of a superluminal source.

exhibit superluminal expansion.

dem nadsvételného zdroje. 'ITi nejjasnéj-
$i atvary v levém dolnim panelu (s nej-
vétsim thlovym rozlisenim) vykazuji nad-
svételné rozpinani. Objekt byl pozorovan
v raznych vinovych délkédch (vyznaceny
jsou u jednotlivych paneli) pomoci sou-
stavy VLA. Nejvétsiho rozliseni bylo do-
sazeno metodou interferometrie s velmi
dlouhou zékladnou (VLBI). Reproduko-

vano se svolenim z préace [278].
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Figure 31:  Orientation of superluminal

sources in a naive version of the kinemat-
ical model (see the text).

have also been detected quite recently
within the Galaxy.[?*!] These objects are
probably associated with jets emanating
from stellar-mass compact objects in X-
ray binary systems.

The situation is shown schematically
in Fig. 31. It is a sort of ballistic model
which is based only on a finite speed of
light. First (a) an active nucleus “N” ex-
pels a plasmon “sy” at velocity v directed
closely to the line of sight of an observer,
1 < 1. Information about this event
travels with the speed of light ¢ to the ob-
server plane (“obs”). The plasmon moves
at a lower speed, of course; (b) the dif-
ference in locations of the plasmon “s;”
and light front from “sy” reaches distance

A after a period of time At;. Eventu-

obs ;

®

C Atg

4
<O

59

i/

()

Obrazek 31:

zdrojii ve zjednoduseném kinematickém

Orientace nadsvételnych

modelu (viz text).

menany objekty s nadsvételnym pohy-
bem té% uvnitt Galaxie.[’8!] Tyto objekty
jsou pravdépodobné asociovany s vytrys-
ky, vystupujicimi od kompaktnich objek-
tt s hvézdnou hmotnosti v dvojitych rent-
genovskych soustavach.

Situace je zjednodusené znazornéna
na obr. 31. Jedna se o jakysi balisticky
model, zaloZeny pouze na konecné rych-
losti. Nejprve (a) dojde k vyvrhnuti né-
jakého plazmonu ,sq“ z aktivniho jad-
ra ,N“ Jeho rychlost v mifi témér po-
dél sméru pohledu pozorovatele, ©» <«
1. Informace o této udalosti postupuje
rychlosti svétla ¢ k pozorovatelové roviné
(,0obs“). Plazmon se pochopitelné pohy-
buje rychlosti mensi, nez je rychlost svét-
la; (b) béhem ¢asového intervalu Aty vzni-
ka rozdil A v poloze plazmonu ,s;“ a ¢ela

281 Hjellming, R. M., & Rupen, M. P. 1995, «Episodic ejection of relativistic jets by the X-ray transient

GRO J1655-40», Nature 375, 464;

Mirabel, 1. F., & Rodriguez, L. F. 1994, «A superluminal source in the Galaxy», Nature 371, 46;
Tingay, S. J., Jauncey, D. L., Preston, R. A, et al. 1995, «Relativistic motion in a nearby bright X-ray

source», Nature 374, 141.
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Disk radiation

. Disk

(a)

Figure 32:  Drag acting on the jet due
to the disk radiation. Direction and fre-
quency of radiation is different in the the
global frame (a) and in the local rest-
frame (b) attached to the jet material.
The difference is given by the Lorentz
transtormation to velocity v. Terminal
speed is established by the interplay of the
radiative force and gravity.

L -

Frame comoving with
material of the jet

(b)

Obrazek 32: Vlieceni vytrysku zpisobe-
né zarenim disku. Smér a frekvence zare-
ni v globélni soustavé (a) se lisi od smé-
ru v mistni klidové soustavé (b), spoje-
né s materialem vytrysku. Rozdil je dan
Lorentzovou transformaci na rychlost v.
Konecna rychlost se ustavi souhrou sily
zareni a gravitace.
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0 0.1 0.2
&

Figure 33: The apparent relative speed
Vobs Of @ blob of radiating material in a jet
as a function of its speed v in the source
frame and viewing angle v. The difference
between the two speeds is apparent when
v — cand < 1.

ally (¢), the information about the event
“sp” reaches the observer after a time-
lapse At,, while the information about
the event “s;” still has to travel a cer-
tain distance. (The plasmon is now at
position “sy”.) FEvidently, B > A for
v/c — 1, and one concludes that the plas-
mon moves at the apparently superlumi-
nal speed v = ¢B/A. Rigorous derivation
considers all special relativistic and cos-

mological effects in addition.

One can easily derive a relationship
between the velocity of separate blobs of
matter in the jet and time intervals de-
termined in the frame of a moving source

0.3

Obrazek 33: Zdanliva vzajemna rychlost
Vobs zhustku zarici latky ve vytrysku, ja-
kozto tunkce jeho rychlosti v v sousta-
vé spojené se zdrojem a thlu pohledu .
Rozdil mezi obéma rychlostmi je zretelny,
pokud v — c a1 < 1.

svételné viny z ,s0“. Koneéné (c) po uply-
nuti doby Aty dosdhne informace o uda-
losti ,s0“ pozorovatele, zatimco informa-
ce 0 ,81° ma jesté kus cesty pred sebou.
(Plazmon se nyni nachézi v poloze ,s,“.)
Zjevné pri v/c = 1 je B > A, a lze tedy
uzaviit, ze se plazmon pohybuje zdanlivé
nadsvételnou rychlosti v ~ ¢B/A. Pres-
né odvozeni bere v iivahu rovnéz viechny
efekty specialni relativity a kosmologické

efekty.

Snadno lze odvodit vztah mezi rych-
losti jednotlivych zhustku hmoty ve vy-
trysku a c¢asovymi intervaly vztazenymi
k soustavé pohybujiciho se zdroje (index
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(subscript “s”) in comparison with inter-
vals as they are measured by a distant
observer (subscript “obs”), i.e.

Atops = Aty (1 L cos

c

Uobs, the observed transverse speed, has a
maximum veps = ['v when cosyp = ..

The expansion speed v of the jet ma-
terial is of course a very important quan-
tity connected with the jet model. It has
been suggested that its terminal value is
established at the Compton speed limit
by an accretion disk radiation. The ter-
minal speed of a particle or a blob of
gas is determined by the fact that a
slowly moving object is accelerated (radi-
ation pushes it away from the disk; see
Fig. 32) while a fast object is deceler-
ated (radiation acts against motion due
to anisotropy which is caused by aber-
ration and the Doppler blueshift in the
rest-frame of the object).[282] The value
of the terminal speed depends on the jet
composition and is further modified by
gravitational effects.?¥3] Highly relativis-
tic speeds probably cannot be achieved in
models in which the terminal speed is de-
termined solely by the radiation drag.

Another viable explanation of the su-
perluminal motion in jets takes into ac-
count gravitational lensing effects which

187

»8“) ve srovnani s ¢asovymi intervaly, mé-

fenymi vzdalenym pozorovatelem (index
[14

,obs®), tzn.

vsiny

—_— 12.2
1 —Ycosep’ ( )

Vobs =

Vobs, Zj1Sténa pricna rychlost, nabyva nej-
vétsi hodnoty veps = v, kdyZ cosp = Y.

Rychlost v pohybu latky ve vytrys-
ku je pochopitelné velmi dulezita velici-
na, spjatd s modelem vytrysku. Bylo na-
vrzeno, ze jeji konecnéa hodnota se ustavi
na comptonovské rychlostni mezi, kterd je
dana zarenim akre¢niho disku. Konecna
rychlost ¢astice nebo plazmového zhust-
ku je urcena skutecnosti, Ze pomalu po-
hybujici se objekt je urychlovan (zafeni
jej tla¢i smérem od disku, viz obr. 32),
zatimco rychly objekt je brzdén (zafeni
pusobi proti pohybu z davodu anizotro-
pie, ktera je vyvolana aberaci a Dopplero-
vym modrym posuvem v klidové soustavé
objektu).[%?] Hodnota konec¢né rychlosti
zavisi na slozeni vytrysku a je dale mo-
difikovana gravitaénimi vlivy.[?*?l Vysoce
relativistickych rychlosti patrné nelze do-
sdhnout v ramci modelt, kdy je konecna
rychlost uréena vyhradné zarivym brzdé-
nim.

Dalsi Zivotaschopné vysvétleni nad-
svételného pohybu ve vytryscich bere
v tvahu vlivy gravitacni ¢ocky, které pti-

282 Melia, F., & Konigl, A. 1989, «The radiative deceleration of ultrarelativistic jets in active galactic

nuclein, ApJ 340, 162;

Noerdlinger, P. D. 1978, «Positrons in compact radio sources», Phys.Rev.Lett 41, 135;
Phinney, E. S. 1982, «Acceleration of a relativistic plasma by radiation pressure», MNRAS 198, 1109;
Li, Zhi-Yun, Begelman, M.C., & Chiueh, Tzihong 1992, « The effects of radiation drag on radial, relativistic

hydromagnetic winds», ApJ 384, 567.

283 Abramowicz, M. A., Ellis, G. F. R., & Lanza, A. 1990, «Relativistic effects in superluminal jets and

neutron star winds», ApJ 361, 470;

Vokrouhlicky, D., & Karas, V. 1991, «General relativistic effets in astrophysical jetsy, A&A 252, 835.
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influence radiation near a massive ob-
ject and thus may magnify the measured
speed of the source image. It has also
been proposed that observed images are
not connected with any physical motion
of material in the source. Indeed, they
may be caused by irradiation of the mate-
rial which acts as a screen (something like
a lighthouse effect).[2* Tt turns out that
these alternative models have more diffi-
culties in explaining other features of su-
perluminal sources (variability, spectra)
than the kinematical model.

sobi na zareni blizko hmotného objektu,
a mohou tak zvétsit mérenou rychlost ob-
razu zdroje. Bylo téZ navrzeno, Ze pozo-
rovany obraz vlastné nesouvisi s zadnym
fyzikdalnim pohybem latky ve zdroji. Muze
to byt pouhy dusledek ozareni této latky,
ktera hraje roli stinitka (jakysi majako-
vy efekt).?* Ukazuje se, %e uvedené al-
ternativni modely maji pfi vysvétlovani
ostatnich vlastnosti nadsvételnych zdroju
(proménnost, spektra) vice obtizi nez ki-
nematicky model.

12.4 One-sided jets/Jednostranné vytrysky

It has been observed that one-sided jets
emerge from some active galactic nuclei.
We will explain how their existence is ac-
commodated within the framework of the
unified scheme of AGN where all jets are
truly two-sided. Although a simple and
elegant explanation has been known for a
long time (cf. next paragraph),l?®5 there
are also other viable explanations which
assume that at least some jets are intrin-
sically one-sided or that actions of the two
opposite jets alternate.!?5]

Let us describe the relativistic beam-

Bylo zjisténo, Ze z nékterych jader ak-
tivnich galaxii vystupuji jednostranné vy-
trysky. Vysvétlime si, jak se lze s jejich
existenci vyporadat v ramci sjednocené-
ho pohledu na aktivni galaxie, podle né-
hoz jsou vsechny vytrysky ve skutecnosti
oboustranné. Jednoduché a elegantni vy-
svétleni je znamo jiz delsi dobu (viz nasle-
dujici odstavec),[? ale presto jsou mo¥-
na i jina vysvétleni, kterda predpoklada-
ji, Ze prinejmensim nékteré vytrysky jsou
vskutku jednostranné nebo se dva proti-
lehlé vytrysky ve své &innosti stiidaji.[25¢]

Popisme jednostranné vytrysky podle

284 Lynden-Bell, D. 1977, «Hubble’s constant determined from super-luminal radio sources», Nature 270,
396;

Scheuer, P. A. G. 1984, «Explanations of superluminal motion», in VLBI and Compact Sources, Procee-
dings of the TAU Symposium No. 110, Fanti, R., Kellerman, K., & Setti, G. (eds.) (D. Reidel Publishing
Company, Dordrecht), p. 197.

285 Orr, M. J. L., & Browne, I. W. A. 1982, «Relativistic beaming and quasar statisticss, MNRAS 200,
1067;

Scheuer, P. A. G., & Readhead, A. C. S. 1979, «Superluminally expanding radio sources and the radio-
quiet QSOs», Nature 277, 182.

286 Rudnick, L., & Edgar, B. K. 1984, «Alternating-side ejection in extragalactic radio sources», ApJ 279,
74.
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ing model of one-sided jets. First, we
will estimate the flux of radiation incom-
ing from the jet to a detector. For sim-
plicity we assume an optically thin source
for simplicity. The equation of radiation
transfer acquires the form

dl(v)
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tzv. modelu relativistickych svazka. Nej-
prve odhadneme tok zareni, ktery prichazi
od vytrysku do detektoru. Predpoklada-
me pro jednoduchost opticky tenky zdroj,
takZe rovnice pfenosu zareni nabyva tva-
ru

= s 1) + () = ()

Let us assume that radiation is emitted
with a power-law emissivity n(v) oc v=°¢
and the emission is isotropic in the rest-
frame “R” attached to the jet material
(simplifying assumptions that can com-
prise synchrotron emission, for example).
The rest-frame is related by the Lorentz
transformation to observer’s laboratory
frame “1” (cf. Appendix, p. 192). The
transformation of various quantities is de-

termined by the Doppler factor (Fig. 34)

Predpokladejme, Ze zareni je emitovano
s mocninnou emisivitou n(v) oc v~ a Ze
emise probiha izotropné v klidové sousta-
vé ,R“ spojené s latkou vytrysku (to jsou
zjednodusujici predpoklady, jez zahrnuji
kuptikladu synchrotronové zarent). Klido-
va soustava je pres Lorentzovu transfor-
maci vztazena k laboratorni pozorovate-
lové soustavé ,1.“ (viz Dodatek, str. 192).
Transformace ruznych velicin zprostred-

kuje dopplerovsky ¢len (obr. 34)

D

F(l—%cos;/))'

It follows that

FL(Z/) =
D2

doo ]L(I/L)

over the source

Odtud

dS
= [ % deg )

_ [ (12.3)

7

We have used the rule for the Lorentz
transformation of frequency and power-
law emissivity,

vt = DR

dl is an element of length along the line
of sight, dS element of area normal to the

line of sight, and dV = dS dl is the ele-

Pouzili jsme pravidlo pro Lorentzovu
transformaci frekvence a mocninné emi-
sivity,

.t = D) = Dt (b,

dl je element délky ve sméru pohledu, dS
je plosny element kolmy k tomuto sméru a
dV = dS dl je element objemu. Naposledy
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Figure 34:  The Doppler factor D as a Obrazek 34: Dopplerovsky c¢len D jakozto
function of the viewing angle ¢ and speed funkce thlu pohledu 1 a rychlosti v/ec.

v/c.
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ment of volume. The last formula can be
moderately complicated in realistic mod-
els: Simple radial dependence 7?2
be replaced by the luminosity distance
when cosmological effects are taken into
2871 The exponent 2 + «, must

must

account;[
be replaced by 3 4+ a; due to the volume
transformation when the observed region
comoves with the emission region, etc.

Suppose that there are two anti-
parallel jets which emerge from the source
with velocities £v in opposite directions
under angles ¥ and 7 — v with respect to
the line of sight. Assuming the same val-
ues of spectral index a; &~ 0.5 and emis-
sivity in both jets, we obtain the ratio of
observed fluxes from the jets

FL

The ratio F_llj/FE ~(2/Y) for T 27t 2
1, which with ¢ & 30° reaches the value of
~ 10°. Such a large contrast may explain
why current observations often fail to de-
tect the receding jet though the sources
can intrinsically be double-sided. How-
ever, some one-sided sources have appar-
ently no jet directed to the observer, and

their nature thus remains unclear.[238]
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uvedeny vzorec se stane ponckud slozitéj-
i v realistickych modelech: Pfibereme-li
do tivahy kosmologické jevy, musime na-
hradit jednoduchou radialni zavislost na
[257] Exponent
2+ay je tfeba zaménit za 3+, v dusledku

r? luminozitni vzdélenosti;

transformace objemu, pokud se pozorova-
na oblast vytrysku pohybuje spolecné se
zarici oblasti atd.

Predpokladejme, Ze ze zdroje vycha-
zeji dva protismérné vytrysky rychlostmi
+v mificimi v opa¢nych smérech pod tih-
ly b a 7 — @ vuci sméru pohledu. Pred-
pokladajice stejnou hodnotu spektralni-
ho indexu a; ~ 0,5 a stejnou emisivitu
v obou vytryscich, dostavame pomér po-
zorovanych toku od vytrysku

¢ — vcos Y

5/2
F_IIj B (c—l—vcos;/)) ‘ (12.4)

Podil F_llj/FE ~ (2/¢) pro I 2 ¢~ 2
1, coz s v & 30° dosahuje hodnoty =~
103. Takovy velky kontrast mtZe vysvét-
lit, pro¢ soucasna pozorovani mnohdy ne-
zaznamenaji vzdalujici se vytrysk, pres-
toze vlastni zdroj muze byt oboustranny.
Ovsem jsou znamy i takové jednostranné
zdroje, u nichz ani jeden z vytrysku zjev-
né nemiri k pozorovateli. Podstata téchto

objekttl ziistava nevyjasnéna. 258

287 Weinberg, S. 1972, Gravitation and Cosmology (John Wiley & Sons, New York).
288 Rudnick, L. 1987, «A different perspective on superluminal sourcess, in Superluminal Radio Sources,
Zensus, J. A., & Pearson, T. J. (eds.) (Cambridge University Press, Cambridge), p. 217.
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Part V/Cast V

Appendix/Dodatek

A Notes on the Lorentz transformation/Poznamky

k Lorentzové transformaci

In this Appendix we summarize prop-
erties of certain physical quantities un-
der the special Lorentz transformation
(SLT),[2%] as they have been used a num-
ber of times in the main text. Two frames
are introduced: a laboratory frame at-
tached to the observer (it will be denoted
by superscript “r”) and a rest frame of
a particle moving with respect to the ob-
server (superscript “rR”). The relative ve-
locity of the two frames, v, is chosen along
the z-axis; f = v/c¢,[' = 1/\/E1—ﬂ2) (Fig.
35). Transformation rules, in the usual
notation, are:

e Ior a time interval

V tomto dodatku popiseme vlastnosti
ur¢itych fyzikalnich veli¢in pfi specidlni
Lorentzové transformaci (SLT),[?8 kte-
ré jsme vicekrat pouzili v hlavnim textu.
Zavedeme dvé soustavy: laboratorni sou-
stavu, spojenou s pozorovatelem (bude-
me ji oznacovat hornim indexem ,L%) a
klidovou soustavu castice, ktera se vuci
pozorovateli pohybuje (horni index ,R).
Vzéajemna rychlost téchto dvou soustav,
v, je zvolena podél osy z; B = v/e, [' =
1/\/21 — 3?) (obr. 35). V obvyklém znace-

ni vyhliZeji transformacni pravidla takto:

e Pro ¢asovy interval

dtt = It (A1)

e For photon frequency (p is the cosine
of an angle between the direction of mo-
tion of the source and direction to the ob-
server)

e Pro frekvenci fotonu (y je thel mezi
smérem pohybu zdroje a smérem k po-
zorovateli)

=Tl (1 — ﬂ,uL) : (A.2)

e For the cosine of an angle between the
direction of motion and any given direc-
tion

e Pro kosinus tthlu mezi smérem pohybu
a libovolnym danym smérem

289 Rindler, W. 1995, Introduction to Special Relativity (Clarendon Press, Oxford).
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L
R pe =B
= — A3
R (A3
e For an element of the solid angle e Pro element prostorového thlu
[ (1= Bub)
e For radiation intensity e Pro zafivou intenzitu
() = 1)1 (1 - g (A.5)
e For the differential cross-section e Pro diferencialni G¢inny prufez
2
[dE]R_[dE L (1 - 8ub) . (46)
dz dop| (1=pup) '

It is straightforward to derive the above
given relations. As an example, we
write down the explicit matrix form of
the transformation of the photon four-
momentum:

t— r o o0 —-gr v
r — 0o 1 0 0

Yy — 0o 0 1 0 .
z— -pr 0 0 T vhu

The first matrix on the left-hand side of
(A.7) is the SLT matrix acting upon the
momentum four-vector (in units of ¢/h).
Relations (A.2) and (A.3) are now evi-
dent.

In order to derive equation (A.5) for
intensity, we consider a bunch of N pho-
tons crossing perpendicularly a surface el-
ement §. According to the Liouville the-
orem,

Vyse uvedené rovnice lze odvodit pfimo-
carym postupem. Jako priklad napiseme
explicitni maticovou podobu transforma-
ce ¢tyrhybnosti fotonu:

(1 — ﬂ,uL) Iyl vi

I
~—~
>
\]
pa—

(IML _ 5) N Z/R‘IMR

Prvni matice na levé strané (A.7) je ma-
tice SLT, pusobici na ¢tyrvektor hybnosti
(v jednotkach ¢/h). Vztahy (A.2) a (A.3)

jsou nyni zfejmé.

K odvozeni rovnice (A.5) pro intenzi-
tu uvazme svazek N fotonu, které proti-
naji v kolmém sméru povrchovy element
S. Podle Liouvilleovy véty
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Obrazek 35: Dvé soustavy ve specialni
Lorentzové transformaci.

Figure 35: The two frames of the special
Lorentz transformation.

N
VrVp

n = = const,

where

kde

Vp =8dt, Vp= p*dpdw = (h/c)’v? dv dw.

Validity of (A.5) can be now verified by
considering the definition of intensity as
a number N of incoming photons with
frequency v per interval of time dt, per
frequency interval dr, per solid angle ele-
ment dw,

1<

Transformation formula (A.2) for fre-
quency then yields

Platnost (A.5) si ted ovéfime, pokud vez-
meme v uvahu definici intenzity jakoZto
poctu N fotontu prichéazejicich s frekven-
cl v v casovém intervalu dt, intervalu
frekvence dv a elementarnim prostorovém

uhlu dw,

Nhv
Sdtdvdwm’

Ptevodni vzorec (A.2) pro frekvenci pak

vede k

I(v)/v® = const. (A.8)

This formula is very useful because it
relates intensity and frequency changes
along a photon ray. In the limit of slow
relative motion of both frames we can set

v & vR and the intensity itself remains

Tento vzorec je velmi uziteény, protoze
dava do vztahu zménu intenzity a frekven-
ce podél paprsku. V limité pomalého vza-
jemného pohybu obou soustav miuzeme
polozit v ~ v}, tak¥e se pak zachovava i
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constant, or, in other words,

dl(v)
df

|

This special case of the non-
relativistic radiation transfer equation

is a
(10.33) in the absence of any interven-
ing material.

e In the end, we find the transformation
rule for an electromagnetic field. This
transformation can most directly be car-
ried out by applying the SLT matrix twice
to the electromagnetic field tensor:

] along light ray
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samotna intenzita, neboli jinymi slovy

=0.

Tento vztah vyjadiuje nerelativistickou
rovnici prenosu zareni (10.33) v neptitom-
nosti jakékoli ptusobici latky.

e Na zavér nalezneme transformacni pra-
vidlo pro elektromagnetické pole. Tuto
transformaci lze nejprimocareji provést
dvojnasobnou aplikaci matice SLT na ten-
zor elektromagnetického pole:

r 0 0 —4T 0o kY EX KD r 0 0 —4T
0 1.0 0 —-EY 0 BY -B! 0 1.0 0
0O 0 1 0 —EX -BY 0 BY 0O 0 1 0
—AT 0 0 T —EY BFY —-BY 0 —AT 0 0 T
0 (EY —BBY)  T(EL+ BBY) B
L(3BY — EY) 0 B L(BEY — BY)
_T(EL + 3BY) e 0 r(pEk + Bl
— Bl [(BY—BEY) —T(BEL+ BY) 0
0 ER EZZ ER
-2 0 BRF _pR
Y z z
—EY BY —BR 0

B Unipolar induction/Unipolarni indukce

Unipolar induction plays a role in the the-
ory of magnetized rotating objects (cf. so-
lar dynamo, pulsars, black holes).[20 Tt
is thus instructive to explain this effect in
greater detail using a simple model case
of a rotating sphere immersed in an ex-

Unipolarni indukce hraje roli v teorii
zmagnetizovanych rotujicich téles (viz
sluneéni dynamo, pulzary, cerné diry).[29
Proto je pouc¢né vysvétlit tento jev po-
drobnéji s pomoci jednoduchého mode-
lového pripadu rotujici koule vnorené do
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ternal uniform magnetic field. This con-
figuration reflects the essential features of
more complicated and realistic configura-
tions. The kinematical theory of unipolar
induction was the focus of interest already
during the last century.

Let us denote the electric conductivi-
ties inside (r < R.) and outside (r > R.)
the sphere by o1 and o3 (0 < 07 < o0,
0 < 0y < ), Q is the angular velocity
of its rotation; By be the magnetic induc-
tion of an external field which is directed
along the rotation axis of the sphere.

The Lorentz transformation (A.9) of
magnetic induction to a frame moving at
velocity v can be expressed in the form

Bj=B), B.= (

where ; and || denote components perpen-
dicular and parallel to v, respectively. In
our case, the difference in magnetic induc-
tion is proportional to (2r/c)? and we will
neglect it in the first approximation.

Rotating in an originally uniform,
purely magnetic field, the sphere induces
an electric field, and thus also produces
currents j; (inside) and jo (outside). The
forces which slow down rotation arise as
a consequence. However, it will be ev-
ident from what follows that within the
assumed range of parameters By, ), R.,
the characteristic slowing-down period is
much longer than the rotation period, so
that this back-reaction can be ignored.

Electric intensity will be expressed in
terms of scalar potential, F = —Vo.
Current density inside the sphere can be
written as a sum of two terms — the

vnéjsiho magnetického pole. Takové uspo-
a realistictéjsich usporadani. Kinematicka
teorie unipolarni indukce byla prfedmétem
zajmu jiz v prubéhu minulého stoleti.

Oznacme oy a oy elektrickou vodivost
uvnit¥ (r < R.) respektive vné (r > R.)
koule (0 < 01 < 00,0 < 03 < 00),  Ghlo-
vou rychlost jeji rotace; By budiz magne-
ticka indukce vnéjsiho pole, které sméruje
podél rotacni osy koule.

Lorentzovu transformaci (A.9) magne-
tické indukce do soustavy, ktera se pohy-
buje rychlosti v, lze vyjadfit ve tvaru

2 1
1—:2)(3—:2”’5%

kde ; a ) oznacuji slozku kolmou k rych-
losti v respektive rovnobéznou s ni. V na-
sem pripadé je rozdil v magnetické induk-
ci tmérny (Qr/c)?, a my jej v prvnim pfi-
bliZzeni zanedbame.

Rotujici koule indukuje elektrické pole
v puvodné homogennim, ¢isté magnetic-
kém poli, a vyvolava tedy rovnéz proudy
J1 (uvnitt) a gy (vné). V dusledku toho
vznikaji sily brzdici rotaci. Avsak z nasle-
dujicitho bude patrné, Ze v predpoklada-
ném rozsahu parametru By, (), R, je cha-
rakteriskticka doba zpomalovani je mno-
hem delsi neZ perioda rotace, takze tuto
zpétnou reakci lze zanedbat.

Elektrickou intenzitu vyjadiime po-
moci skalarniho potencialu, E = —V.
Proudovou hustotu lze zapsat jako soucet
dvou ¢lent — konvektivniho proudu jeony

290 Roberts, P. H. 1993, « Dynamo theory», in Astrophysical Fluid Dynamics, Zahn, J.-P., & Zinn-Justin,

J. (eds.) (North-Holland, Amsterdam), p. 229.
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convective current Jeony due to medium zpusobeného pohybem prostredi a vodi-
in motion, and the conductive current vostniho proudu, ktery spliuje Ohmuv za-
which obeys Ohm’s law j_ .4 = o1(F + kon j.ona = o1(E + ¢ tv X B):
c v X B):
. 1
Ji1 = pev +o0q (—Vc,o—l——v X BO), r < R., (B.1)
~ ¢
JCOHV jcond
with v = §2 X r. Outside the sphere, s v =82 X r. Vné koule je
Jj, = —02Ve, r> R, (B.2)
Assuming o4, 09 = const, one can rewrite Za predpokladu oy, 09 = const, lze pre-
the continuity equation V+j; = V-3, =0 psat rovnici kontinuity V+j3; = V3, =0
in the form do tvaru
—Vip 42708, = 0, r < R., (B.3)
—Vi = 0, r> R..
Boundary conditions for the potential and Okrajové podminky pro potencial a ra-
radial component of the current yield dialni slozku proudu davaji
lim ¢ = lim ¢, lim (7;), = lim (35)--
r—Ry r—)Ri’ r—Ry r—)Ri’
In addition, the potential is required to be Navic se pozaduje, aby potencial byl ko-
finite for r — oo and r — 0. The bound- necny pri r — oo a r — 0. 7 okrajovych
ary conditions imply podminek vyplyva
0 ) 0
o1 l—@] — 017 OBy R, sin? 0 = oy l—@] .
or r=R, or r=R}
A solution for the potential has the form Reseni pro potencial mé tvar
g 7’2
o= iﬂBg {201:_3%2 (1 —3cos?0) + r? — Rﬂ , 1< R,, B.5)
- o1 R;, '
iQBom(l —?)COS2 0), r > R*
In the limit of a perfectly conducting V' priblizeni idealné vodivé koule, tzn.

sphere, i.e. 0y — o0, the above formu- o1 — 00, odpovidaji vyse uvedené vzor-
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lae correspond to those presented with the
discussion of the standard model of pul-
sars. Substituting the potential (B.5) in
equation (B.2) with r — R} one can ver-
ify immediately that electric current with
non-zero latitudal component flows along
the surface of the sphere. The surface
charge can be expressed as a discontinu-
ity in the radial electric field component
on the surface:

_ QByR. [ 50,

K =
127e

In the special case of a perfectly conduct-
ing sphere in an insulating medium,

_ QByR.

rc

K

The above relation corresponds to the
Goldreich-Julian charge (7.5) but with
a different configuration of the magnetic
field (uniform as opposed to dipole). The
radial component of electric intensity just
above the surface of the sphere behaves

like

B R, = % OBy R, (1 — 3cos? (9) .

It is worth mentioning that a formally
identical expression follows from a general
relativistic treatment of a uniform mag-
netic test field in the background of a ro-
tating black hole.[2?"]

The electric tension between the pole
and the equator of the sphere is equal
to the potential difference. In the case
of a sphere of radius 1 m rotating with
a period 0.01 s in an insulating medium

with the external magnetic field 10* G,

20'1 + 30'2

(1 — 3 cos? (9) .

ce rovnicim, které jsme popsali v disku-
zi standardniho modelu pulzaru. Po do-
sazeni potencialu (B.5) do rovnice (B.2)
s 7 — R se okamZité ovéri, Ze na povr-
chu koule tece elektricky proud s nenulo-
vou latitudalni slozkou. Povrchovy naboj
Ize vyjadiit jako nespojitost radidlni sloz-
ky elektrického pole na povrchu:

(3—5cos?0) + 2] : (B.6)

Ve zvlastnim pripadu idealné vodivé koule
v nevodivém prostiedi je

(B.7)

Uvedeny vztah odpovida Goldreichové-
Julianové naboji (7.5), ovSem s odlisnym
usporadanim magnetického pole (homo-
genni na rozdil od dipdlového). Radialni
slozka elektrické intenzity tésné nad po-
vrchem koule se chova jako

(B.8)

Stoji za zminku, ze formalné totozny vy-
raz plyne z obecné relativistického stu-
dia homogenniho magnetického testovaci-
ho pole na pozadi rotujici ¢erné diry.[2?!]

Elektrické napéti mezi pélem koule a
jejim rovnikem je rovno rozdilu potencia-
la. V pripadé koule, kterda ma polomér 1 m
a otaci se s periodou 0,01 s v nevodivém
prostiedi s magnetickou indukei 10* G,
zjistime

291 Phinney, E. S. 1983, A Theory of Radio Sources, Ph.D. Dissertation (Institute of Astronomy,

Cambridge).
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one finds that

199

U= Plr=Ru,0=r/2 — P|r=R.,0=0 ~ LV.

However, a typical neutron star with the
same period of rotation and magnetic in-
duction of 10'? G creates a much greater
tension: U ~ 10'° V.

Ovsem typicka neutronova hvézda se
stejnou periodou a magnetickou induk-
ci 102G vytvar napéti mnohem vyssi:

U~ 10%V.

C Rotating fluids/Rotujici tekutiny

Here we will outline the derivation of the
Poincaré-Wavre theorem, which is an el-
ementary result of the theory of rotating
fluids directly relevant to our discussion
of toroidal configurations.[?%2]

The Poincaré-Wavre theorem states
that the following equivalencies hold in
stationary rotating fluids:

O=UR) & ga=-Vo&e P

The proof of this theorem goes as follows:
Equation (4.56) implies that

Zde shrneme odvozeni Poincarého-
Wavrova teorému, jenz je zakladnim vy-
sledkem teorie rotujicich tekutin a ma
primou souvislost s nasi diskuzi toroidal-
nich konfiguraci.l??%

Poincarého-Wavrova véta rika, ze ve
stacionarné rotujicich tekutinach plati na-
sledujici ekvivalence:

= P(p) & gt X Vp =0. (C.1)

Dikaz tohoto teorému se odviji nasledov-
né: Rovnice (4.56) dava

0k _ 1 (0p0p  dpor
dz  p* \OR Iz 020R)’
or neboli
2v 8_(2 =V-XVP.
0z

Therefore, %%;. = 0 is equivalent to P =
P(p). Next, let us write equation (4.56) in
the form

Tudiz %5, = 0 je rovnocenné P = P(p).
Napisme nyni rovnici (4.56) ve tvaru

292 Lebovitz, N. R. 1967, «Rotating fluid masses», ARA&A 5, 465;
Tassoul, J.-L. 1978, Theory of Rotating Stars (Princeton University Press, Princeton).
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1
;dP == (geﬂ‘)R dR + (geﬂ‘)z dz. (02)

Suppose that @ = Q(R) and equations
(4.60)—(4.61) hold. Then

Predpokladejme, ze Q@ = Q(R) a Ze plati

rovnice (4.60)—(4.61). Potom

Lip = i3,

P

Let us consider the ® = const surface.
On such a surface, d® = 0 and dP = 0.

This can also be expressed by the relation

P = P(®),

1

p_

and the density is of course also constant
over a level surface.

In the opposite direction of implica-
tions we assume

6(13):—/

Equation (C.2) acquires the form

Uvazme plochu ® = const. Na ni je

dd = 0 a dP = 0. To lze vyjadrit téz

vztahem P = P(®),

&5
dP’

a hustota je samoziejmé také na téchto
hladinovych plochach konstantni.

V obraceném sméru implikaci predpo-
kladame

dapP
p(P)

Rovnice (C.2) nabyva tvaru

do = _(geff)R dR — (geff)z dz.

This means that ® is a total differential
and equation (4.60) holds.

It follows that the specific angular mo-
mentum is a function of R, [ = R*Q =
I[(R), or it can be considered as a function
of Q,i.e. [ =1(Q). In our application we
simplify the task by specifying the rota-
tional law, [(R) (I = const is the simplest
one), although more sophisticated treat-
ment will not allow such an assumption.

To znamena, Ze ® je iplnym diferencidlem
a rovnice (4.60) je splnéna.

7, uvedenych vztahu vyplyva, Zze mérny
moment hybnosti je funkci R, [ = R*Q) =
[(R), nebo jej lze povazovat za funkci €2,
tzn. [ = [(2). V nasem pripadé si tlohu
zjednodusujeme predepsanim pribéhu ro-
tace, [( R) (nejjednodussim je [ = const), i
kdyz vylepsena reseni takovy predpoklad
umoznovat nebudou.
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D Photons near a black hole/Fotony blizko ¢erné

diry

We have studied the motion of parti-
cles with nonvanishing mass in connection
with the formation of disks around black
holes (p. 85). Now we will complete our
discussion of the test-particle motion by
investigating photon trajectories. We will
restrict ourselves to qualitative features,
although this problem can be solved in
a much more complete (but technically
complicated) manner.?*sl In particular,
we will find location of the circular photon
orbit. There is no difficulty in setting the
rest mass of a particle equal to zero in gen-
eral relativistic equations of test-particle
motion and tracing photon trajectories in
this way.[2%4

The effective potential for the photon
motion can be constructed analogously to
the effective potential for massive parti-
cles. This approach is described in detail
in numerous texbooks. We will describe
here an alternative approach in terms of
the von Zeipel surfaces.

Within the framework of the Newto-
nian theory of gravity, it is a trivial ob-

servation that the ratio \/1/7(2 = const de-
fines cylindrical surfaces of constant R —
von Zeipel cylinders. (Hugo von Zeipel
became famous for his crucial contribu-
tions to the study of equilibria of ro-
tating stars.?””  He has shown, under
quite general assumptions about nuclear

energy generation in stellar interiors, that

Dosud jsme studovali pohyb ¢astic s ne-
nulovou hmotnosti, a to ve spojeni se
vznikem diskt kolem é&ernych dér (str.
85). Nyni nasi diskuzi pohybu testova-
cich c¢astic doplnime a vySetiime drahy
fotoni. Omezime na kvalitativni rysy, 1
kdyz tento problém lze Tesit znacné upl-

vvvvvv

29 Jmenovité nalezneme po-

zptisobem. |
lohu kruhové fotonové drahy. V pohybo-
vych rovnicich testovacich ¢astic v obecné
teorii relativity necini zadné obtiZze polo-
zit klidovou hmotnost castice rovnu nule

a sledovat touto cestou drahy fotont.[??4

Efektivni potencial, popisujici pohyb
fotonu, se konstruuje podobnym postu-
pem jako efektivni potencial pro hmotné
castice. Tento pristup je podrobné roze-
bran v mnoha uéebnicich. Zde popiseme
alternativni pristup, pfi némz vyuzijeme
vlastnosti von Zeipelovych ploch.

Snadno nahlédneme, Ze v ramci Ne-
wtonovy gravitacni teorie urcuje podil
\/Z/>Q = const valcové plochy konstant-
ntho R — tak zvané von Zeipelovy val-
ce. (Hugo von Zeipel proslul svymi za-
kladnimi prispévky ke studiu rovnovahy
rotujicich hvézd.[??] Ukézal, 7e za pomér-
né obecnych predpokladi o uvolnovani ja-
derné energie ve hvézdnych nitrech nemu-
7e hvézda v zarivé rovnovaze rotovat jako

293 Chandrasekhar, S. 1983, The Mathematical Theory of Black Holes (Oxford University Press, New

York).

294 Misner, C. W., Thorne, K. S., & Wheeler, J. A. 1973, Gravitation (W. H. Freeman and Company,

San Francisco).
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a star in radiative equilibrium cannot ro-
tate uniformly.) The topology of gener-
alized von Zeipel cylinders is more com-
plex in the general theory of relativity,
and this fact also has important conse-
quences for particles and fluids near com-
pact objects.??l Description in terms of
von Zeipel surfaces is equivalent to the ap-
proach of the effective potentials and can
be employed both for photons and for par-
ticles with a non-zero rest mass.

Figure 3621 shows von Zeipel sur-
faces R =
photons orbiting in Schwarzschild space-
time (the vacuum spacetime of a spher-
ical object outside R, which is matched
to an internal solution with material con-
fined inside this radius).?*l Tt can be
seen that 1/];3 plays a role of the effec-
tive potential for the photon motion in
the equatorial plane.?*!  Cylindrical co-
ordinates { R, ¢, 2} are used in this graph,
as before in the text. The surfaces have
a cylindrical form with B — R when the
compactness parameter ¢ [as defined by
equation (3.3)] is negligible, but for larger
values of ¢ their shape and even topol-
ogy changes. The three examples shown
here correspond to quite a large value of

\/1/Q = const constructed for

¢ = 0.8 for which general relativistic ef-
fects are evident: The outermost cylindri-
cal surface together with the inner torus-
shaped one (in blue colour) correspond
to R = 2v/3R,. (Toroidal part is com-
pletely closed inside R,.. Radius of the

D  PHOTONS... /FOTONY...

tuhé téleso.) V obecné teorii relativity je
ovsem topologie zobecnénych von Zeipelo-
vazné dusledky téz pro castice a tekutiny
v blizkosti kompaktnich objekt.[2] Po-
pis pomoci von Zeipelovych ploch je rov-
nocenny pristupu efektivnich potencialt a
Ize ho pouzit jak pro fotony, tak i pro ¢as-
tice s nenulovou klidovou hmotnosti.

Obréazek 36131 ukazuje von Zeipelo-
vy plochy R = \/Z/>Q = const, sestrojené
pro fotony, krouzici ve Schwarzschildové
prostorocase (vakuovy prostorocas sféric-
kého objektu vné R, napojeny na vniti-
ni teseni s latkou uzavienou uvnit¥ to-
hoto poloméru).?*®! Lze ukézat, ze 1/R
hraje roli efektivniho potencidlu pro po-
hyb fotonti v rovnikové roviné. 2! Graf je
opét vykreslen ve valcovych souradnicich
{R, ¢, 2z}, pouzivanych jiz dfive v hlav-
nim textu. Pri malé hodnoté parametru
kompaktnosti [definovaného rovnici (3.3)]
maji tyto plochy vélcovou podobu, pii-
dem? R — R, aviak pii vétdich hodno-
tach ¢ se jejich tvar a dokonce i topolo-
gie lisi. Zde znazornéné plochy odpovidaji
pomérné vysoké hodnoté ¢ = 0,8, pri niz
jsou efekty obecné teorie relativity zjevné.
Vnéjsi valcova plocha spolecné s vnitini
plochou toroidalniho tvaru (v modré bar-
vé) odpovidaji R = 2v/3R,. (Toroidalni
cast je zcela uzaviena uvnitt R,. Polomér
toroidu s nulovou tloustkou je roven po-

295 Zahm, J.-P. 1993, «Instabilities and turbulence in rotating stars», in Astrophysical Fluid Dynamics,
Zahn, J.-P., & Zinn-Justin, J. (eds.) (North-Holland, Amsterdam), p. 561;
Zeipel, H. von 1924, «The radiative equilibrium of a rotating system of gaseous massesy, MNRAS 84,

665.

296 Abramowicz, M. A. 1971, «The relativistic von Zeipel’s theorem», Acta Astronomica 21, 81;
Boyer, R. H. 1965, «Rotating fluid masses in general relativity», Proc.Cambridge.Phil.Soc. 61, 527;
Chakrabarti, S. K. 1985, «The natural angular momentum distribution in the study of thick disks around

black holes», ApJ 288, 1.
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zero-thickness torus equals to radius of
the inner circular photon orbit.)[300]

The central surface (red) corresponds
to a critical value of R = 3v/3R,/2. No-
tice the self-crossing nature of this surface
in the region close to a compact object.
Location of the cusp coincides with the
outer circular photon orbit at the radius
1.5 R, in the equatorial plane.

In the end there remains the inner-
most (green) surface with R = /3R,
which has a cylindrical topology again.
The topology of von Zeipel surfaces has
been changed when passing accross the
circular orbit.

203

loméru vnitini kruhové drahy fotont. )P0

Prostt¥edni plocha (éervend) odpovida
kritické hodnoté R = 3v/3R,/2. Povsim-
néme si, jak tato plocha protina v blizkos-
t1 kompaktniho objektu sama sebe. Polo-
ha jejiho vrcholu pritom souhlasi s umis-
ténim vnéjsi kruhové drahy fotont v rov-
nikové roviné na polomeéru 1,5 R,.

Nakonec zbyva nejvnitinéjsi (zelena)
plocha s R = \/gRg, jez méa opét topolo-
gii valce. Topologie von Zeipelovych ploch
se tedy méni pri pruchodu pres kruhovou

dréhu.

297 Colour illustrations are available at the World- Wide- Web server of the Astronomical Institute, Charles

University Prague.

298 Misner, C. W., Thorne, K. S., & Wheeler, J. A. 1973, Gravitation (W. H. Freeman and Company,

San Francisco).

299 Abramowicz, M. A., Miller, J. C., & Stuchlik, Z. 1993, «Concept of radius of gyration in general

relativityn, Phys.Rev.D 47, 1440.

300 de Felice, F. 1969, «A relativistic effect in pulsating fluid spheress, Nuovo Cimento B 63, 649.
301 Barevné obrazky jsou dostupné na World- Wide- Web serveru Astronomického fistavu Univerzity Kar-

lovy v Praze.



Judge a man by his questions rather than his answers.

CONCLUSION

It remains to stress the hope that we have
helped to spark further interest in scien-
tific research — either in physics gener-
ally, in astrophysics or in the particular
subject of this text. By no means do we
pretend that all aspects relevant to the
discussed topics were addressed, and we
even could not treat fine details of the
problems which we have attacked. We
did try to show some methods and ap-
proaches. We believe that a fruitful bal-
ance between observational evidence and
theoretical reasoning became evident.

As a basis for our text we have used
a number of works by different authors.
A minor portion of this volume reflects
our own contributions to the subject.
The subsequent brief bibliography sug-
gests suitable textbooks which are recom-
mended to enthusiasts for more detailed
information. A number of citations have
already been given as footnotes at appro-
priate places in the text. Further refer-
ences to contributions on specific topics
can be traced there.
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Zavérem bychom chtéli vyjadrit viru, ze
se nam zdarilo podnitit dalsi zajem o vé-
decky vyzkum — at uz to bude ve fyzi-
ce obecné, v astrofyzice, ¢i ve specialnim
tématu tohoto textu. V zadném pripadé
nepredstirame, ze bychom zde obsahli ves-
keré aspekty probiranych témat, ani jsme
nemohli rozebirat podrobnosti popisova-
nych problému. O¢ jsme se pokusili, bylo
ilustrovat nékteré metody a pristupy. Vé-
fime, Ze se jasné prokazala plodnost vy-
vazeného pristupu k pozorovacim vysled-
kum a teoretickym tvaham.

Jako zaklad naseho textu jsme pouzili
fadu praci od ruznych autort. Mensi dil
tohoto svazku odrazi nase vlastni prispév-
ky k tématu. Nasledujici strucna biblio-
grafie uvadi vhodné ucebnice, které dopo-
ru¢ujeme zajemcum k podrobnéjsi infor-
maci. Rada citaci jiz byla uvedena formoun
poznamek pod carou na patfi¢nych mis-
tech v textu. Tam lze rovnéz vystopovat
odkazy na prispévky k jednotlivym téma-
tam.



Here is a summary of common abbre-
viations of scientific journals which fre-
quently publish works with astronomical
and astrophysical content:

Nasleduje seznam obvyklych zkratek
odbornych casopisti, v nichz se ¢asto pub-

likuji prace s astronomickym a astrofyzi-

[302] 303]

kalnim obsahem:!

Al Astronomical Journal

ARA&A Annual Review of Astronomy and Astrophysics

AplJ Astrophysical Journal; Astrophysical Journal — Letters
ApJS Astrophysical Journal, Supplement

Appl.Optics Applied Optics

Ap&SS Astrophysics and Space Science

A&LA Astronomy and Astrophysics

A&A Rev. Astronomy and Astrophysics Reviews

A&LAS Astronomy and Astrophysics, Supplement

A7Zh Astronomicheskii Zhurnal

BAAS Bulletin of the American Astronomical Society

BAC Bulletin of Astronomical Institutes of Czechoslovakia
Czech.J.Phys. Czechoslovak Journal of Physics

J.Math.Phys. Journal of Mathematical Physics

JRASC Journal of the Royal Astronomical Society of Canada
MmRAS Memoirs of the Royal Astronomical Society

MNRAS Monthly Notices of the Royal Astronomical Society
Phys.Rev.A Physical Review A: General Physics

Phys.Rev.B Physical Review B: Condensed Matter

Phys.Rev.C Physical Review C: Nuclear Physics

Phys.Rev.D Physical Review D: Particles and Fields

Phys.Rev.Lett
PASP

Physical Review Letters
Publications of the Astronomical Society of Pacific

PASJ Publications of the Astronomical Society of Japan
QJRAS Quarterly Journal of the Royal Astronomical Society
S&T Sky and Telescope

Solar Phys. Solar Physics

Soviet Ast. Soviet Astronomy

Space Sci.Rev.
ZAp

Space Science Reviews
Zeitschrift fiir Astrophysik

302 For a complete list, see, e.g. , Astronomy and Astrophysics Abstracts (published yearly by Springer-
Verlag, Berlin).

303 ijlny seznam viz napt. Astronomy and Astrophysics Abstracts (kazdorocné vydava nakladatelstvi
Springer-Verlag, Berlin).
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