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@ Small and large scale wind structures

9 Observational evidence
e Theoretical predictions

e Wind models with clumping

e Open questions

B. Surlan (Astronomical Institute Ondtejov)
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Observational findings

@ Standard wind model - a stationary, spherically symmetric smooth stellar
wind in radiative equilibrium

@ Observational findings - non-stationarity, clumpiness, shocks and deviation
from spherical symmetry and radiative equilibrium

B. Surlan (Astronomical Institute Ondejov)
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Observational findings

@ Standard wind model - a stationary, spherically symmetric smooth stellar
wind in radiative equilibrium

@ Observational findings - non-stationarity, clumpiness, shocks and deviation
from spherical symmetry and radiative equilibrium

Why these phenomena are ignored?
@ amplitude of deviation from the standard model are not very large (standard
analyses yield reliable average model of the stellar winds)

@ more obvious reason - appropriate inclusion of deviation from the standard
model requires a significant effort in the diagnostics and a development of
new radiative transfer methods
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Observational findings

wind in radiative equilibrium

@ Standard wind model - a stationary, spherically symmetric smooth stellar
from spherical symmetry and radiative equilibrium
Why these phenomena are ignored?

@ Observational findings - non-stationarity, clumpiness, shocks and deviation

analyses yield reliable average model of the stellar winds)
new radiative transfer methods

@ amplitude of deviation from the standard model are not very large (standard

@ more obvious reason - appropriate inclusion of deviation from the standard
model requires a significant effort in the diagnostics and a development of

OBSERVATIONAL PHENOMENA
B. Surlan (Astronomical Institute Ondejov)

STANDARD WIND MODEL IS INCAPABLE OF DESCRIBING NUMBER OF
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Large-scale wind structure

Narrow absorption components (NACs)

@ optical depth enhancements in the absorption troughs of P-Cygni profiles
IUE; NACs universal phenomena

@ Howarth & Prinja (1989) - large survey of 203 Galactic O stars observed with

B. Surlan (Astronomical Institute Ondejov)
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Small and large scale wind structures

Large-scale wind structure

Narrow absorption components (NACs)
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Large-scale wind structure

Narrow absorption components (NACs)

@ optical depth enhancements in the absorption troughs of P-Cygni profiles
IUE; NACs universal phenomena

@ Howarth & Prinja (1989) - large survey of 203 Galactic O stars observed with

@ presence of NAC implies the existence of additional large-scale wind
structure beyond that predicted by the standard wind model

B. Surlan (Astronomical Institute Ondejov)
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Small and large scale wind structures

Large-scale wind structure

Narrow absorption components (NACs)

@ optical depth enhancements in the absorption troughs of P-Cygni profiles

@ Howarth & Prinja (1989) - large survey of 203 Galactic O stars observed with
IUE; NACs universal phenomena

@ presence of NAC implies the existence of additional large-scale wind
structure beyond that predicted by the standard wind model

@ Sobolev optical depth in the radial direction

B. Surlan (Astronomical Institute Ondejov)
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Large-scale wind structure

Narrow absorption components (NACs)
@ optical depth enhancements in the absorption troughs of P-Cygni profiles

@ Howarth & Prinja (1989) - large survey of 203 Galactic O stars observed with
IUE; NACs universal phenomena

@ presence of NAC implies the existence of additional large-scale wind
structure beyond that predicted by the standard wind model

@ Sobolev optical depth in the radial direction
dv\™"
Trad(r) o q; p(r) (d—)
,

@ NACs are due to changes in the velocity field, density or ionization structure
of the smooth wind
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Large-scale wind structure

Narrow absorption components (NACs)
@ optical depth enhancements in the absorption troughs of P-Cygni profiles

@ Howarth & Prinja (1989) - large survey of 203 Galactic O stars observed with
IUE; NACs universal phenomena

@ presence of NAC implies the existence of additional large-scale wind
structure beyond that predicted by the standard wind model

@ Sobolev optical depth in the radial direction
dv\™"
Trad(r) o q; p(r) (d—)
,

@ NACs are due to changes in the velocity field, density or ionization structure
of the smooth wind

@ Lamers at al., (1982) - NACs are interpreted in terms of persistent structures
in the wind
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Large-scale wind structure

Narrow absorption components (NACs)

optical depth enhancements in the absorption troughs of P-Cygni profiles

Howarth & Prinja (1989) - large survey of 203 Galactic O stars observed with
IUE; NACs universal phenomena

presence of NAC implies the existence of additional large-scale wind
structure beyond that predicted by the standard wind model

Sobolev optical depth in the radial direction

d -1
Traa(r) o qi p(r) (d—i)

NACs are due to changes in the velocity field, density or ionization structure
of the smooth wind

Lamers at al., (1982) - NACs are interpreted in terms of persistent structures
in the wind

Prinja & Howarth (1986) - NACs vary on time scalgmof qga}y‘ogr [eg,s:; L e
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Large-scale wind structure

Narrow absorption components (NACs)
From Prinja et al. (1992) - £ Pup
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Large-scale wind structure

Discrete absorption components (DACs)

@ NACs are the end product of DACs

B. Surlan (Astronomical Institute Ondejov)
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Large-scale wind structure

Discrete absorption components (DACs)

@ NACs are the end product of DACs

@ DACs are observed to propagate blue-wards through the UV line profiles on
time scales comparable to the stellar rotation period (Massa et al., 1995,
Howart et al., 1995, Kaper et al., 1996, Prinja et al., 2002)

B. Surlan (Astronomical Institute Ondejov)
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Large-scale wind structure

Discrete absorption components (DACs)

@ NACs are the end product of DACs

@ DACs are observed to propagate blue-wards through the UV line profiles on
time scales comparable to the stellar rotation period (Massa et al., 1995,
Howart et al., 1995, Kaper et al., 1996, Prinja et al., 2002)

@ accelerate slowly compared with the expected wind flow

B. Surlan (Astronomical Institute Ondejov)

WINDS OF HOT MASSIVE STARS

«A0>» 4F» «E» « >

November 6, 2013

A

7122



Large-scale wind structure

Discrete absorption components (DACs)

@ NACs are the end product of DACs

@ DACs are observed to propagate blue-wards through the UV line profiles on
pattern of variability is always similar

time scales comparable to the stellar rotation period (Massa et al., 1995,
Howart et al., 1995, Kaper et al., 1996, Prinja et al., 2002)
@ accelerate slowly compared with the expected wind flow

@ DACs are always presented in multi-epoch observations of the same star and

B. Surlan (Astronomical Institute Ondrejov)
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Large-scale wind structure

Discrete absorption components (DACs)

@ NACs are the end product of DACs

pattern of variability is always similar
Periodic absorption modulations
o

@ DACs are observed to propagate blue-wards through the UV line profiles on
time scales comparable to the stellar rotation period (Massa et al., 1995,
Howart et al., 1995, Kaper et al., 1996, Prinja et al., 2002)

@ accelerate slowly compared with the expected wind flow

@ DACs are always presented in multi-epoch observations of the same star and
al. (1995)

°

period of variability different than the stellar rotation period

affect a broad range of velocities nearly simultaneously
structures in the wind

variations are due to modulation of the optical depth in the absorption trough

WINDS OF HOT MASSIVE STARS

azimuthally extended structure exits the line of sight to a observer - Owocki et
B. Surlan (Astronomical Institute Ondrejov)

phase bowing - the presence of longitudinally extended (spiral-shaped)
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Co-rotating Interaction Regions
o
o
(]

Mullan (1984) - CIRs are cyclical variability in hot the winds
interactions between fast and slow streams

DACs properties qualitatively

°

hydrodynamic models of CIRs have been proposed to explain the observed

CIRs can be produced by intensity irregularities at the stellar surface, such as
dark and bright spots, magnetic loops and fields, or non-radial pulsations

the surface intensity variations alter the radiative wind acceleration locally,
which creates streams of faster and slower wind material

B. Surlan (Astronomical Institute Ondrejov)

CIR wind structure produces a DAC in the wind profile that drifts from small to
large velocities (Cranmer & Owocki, 1996, Lobel et al., 2008)
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all and large scale wind stru S|

Co-rotating Interaction Regions

From LObel et al . (2008) - Wind model of a hot star with one CIR in the plane of the equator due to a rotating bright spot at the stellar

surface. Right-hand panel: The CIR density- and velocity-structure perturbs the smooth accelerating wind and causes a DAC in the absorption portion of P-Cygni
line profiles that form in the hot star wind

B. Surlan (Ast
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Small-scale wind structure

@ OBSERVATIONAL EVIDENCE

e Transit emission-line substructures - direct evidence of stochastic small-scale
structures (Eversberg et al., 1998; Lépine & Moffat, 2008)
e Indirect evidence

@ Line profile variations - LPVs (Lépine et al., 1999, 2008; Markova et al., 2004, 2005)

@ Extended black troughs of saturated UV resonance lines
@ Soft blue edges of UV resonance lines

@ Observed X-rays (Feldmeier et al., 1997, 2003; Oskinova et al., 2004; Owocki & Cohen, 2006)
@ Electron scattering wings of emission line profiles (Hillier, 1984; Hillier & Miller, 1998)
@ Discrepant mass-loss estimates

line-blanketed, non-LTE model atmosphere codes including a treatment of
2002); FASTWIND (Puls et al., 2005))

@ QUANTITATIVE SPECTROSCOPY - spectroscopic analysis using
both the photosphere and the wind (CMFGEN (Hillier & Miller, 1998); POWR (Grafener et al.,

B. Surlan (Astronomical Institute Ondejov)
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Small-scale wind structure

@ Stochastic small-scale structures - Eversberg, Lépine & Moffat (1998), ApJ,

494,805
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Observational evidence

Small-scale wind structure

@ Line Profile Variability (LPV) - Lépine & Moffat (1999), ApJ, 514, 909L
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Observational evidence

Small-scale wind structure

@ Fenomenological model with Discret Wind Emission Elements (DWEE) -
Lépine & Moffat (1999)
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left simulations of LPVs from our model of radially propagating DWEEs. The LPV pattern from one DWEE distribution is shown to depend (upper panels)
on the wind terminal velocity and (lower panels) on the average width of emission sub-peaks; right simulations of LPVs, showing the dependence of the
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Theoretical predictions

Small-scale wind structure

Clumping - theoretical predictions

@ STABILITY ANALYSIS OF STELLAR WINDS - Lucy & Solomon 1970;

MacGregor et al. 1979; Abbott 1980; Carlberg 1980; Owocki & Rybicki 1984;
Owocki & Puls 2002, Krticka & Kubat 2002, and other papers

o line-deshadowing instability (LDI) is an intrinsic property of the line-driving
mechanism
@ RADIATION HYDRODYNAMICAL SIMULATIONS of the nonlinear growthof
the LDI

o 1D spherically symmetric wind - Feldmeier (1995), Feldmeier et al. (1997),
Owocki et al. (1988), Runacres & Owocki (2002)

@ pseudo 2-D spherically symmetric wind - Dessart & Owocki (2003, 2005)
Theoretical predictions

Small perturbation of driving force tends to grow and steepens into shocks -
SHOCK COMPRESSION

CLUMPS - regions with different density than the surrounding wind matter)

«A0>» 4F» «E» « > = Q>
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Theoretical predictions

Small-scale wind structure
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Runacres & Owocki (2002)
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Small-scale wind structure

@ Indirect evidence of clumps - discrepant mass-loss estimate

Clumping in hot star winds plays important role for:
(see Puls et al., 2008)

@ determination of mass-loss rates - the key parameter of hot, massive stars
determination

@ Clumping has to be take into account for reliable mass-loss rates

B. Surlan (Astronomical Institute Ondejov)
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Theoretical predictions

Small-scale wind structure

@ Indirect evidence of clumps - discrepant mass-loss estimate

Clumping in hot star winds plays important role for:

@ determination of mass-loss rates - the key parameter of hot, massive stars
(see Puls et al., 2008)

@ Clumping has to be take into account for reliable mass-loss rates
determination

@ THEORETICAL M - from the hydrodynamical calculations
Teffo L, R = M, s

@ "OBSERVED" M - non-LTE model + given vz and p(M) = synthetic spectrum
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Small-scale wind structure

@ Indirect evidence of clumps - discrepant mass-loss estimate

Clumping in hot star winds plays important role for:

@ determination of mass-loss rates - the key parameter of hot, massive stars
(see Puls et al., 2008)

@ Clumping has to be take into account for reliable mass-loss rates
determination

@ THEORETICAL M - from the hydrodynamical calculations
Teffo L, R = M, s

@ "OBSERVED" M - non-LTE model + given vz and p(M) = synthetic spectrum

PROBLEM!

@ Different mass-loss diagnostics result in different mass-loss rates (e.g. Bouret et
al., 2003, 2005; Fullerton et al., 2006; Puls et al., 2006)
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Wind models with clumping

Clumping introduces additional complexities into the RT

Due to Doppler shift, opacity and emissivity are not isotropic
Clumping requires 3D radiative transfer (RT)

Self-consistent 3D RH models not yet available - the real size, shape and
distribution of clumps are unknown — we have to use approximations

Clumps can be optically thick (own ionization structure)
Clumps can shield other clumps
Clumped wind may be non-spherical

«A0>» 4F» «E» « > = Q>
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Wind models with clumping

Treatment of clumping

@ The clumping factor D (Hamann & Koesterke, 1998) and the void ICM (fy = D7)

@ Microclumping approach (FASTWIND, Puls; CMFGEN, Hillier; POWR, Hamann) - clumps are
optically thin, a void ICM, and a smooth velocity field

@ Macroclumping approach (Owocki et al., 2004; Oskinova et al., 2007; Hamman et al., 2008) -

clumps can be nether optically thin or optically thick in the core of some lines, a void ICM, and a smooth
velocity field

«O0» «F» «
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Wind models with clumping

Wind models with clumping

Treatment of clumping

@ Porosity - geometrical distribution of clumps is important; affects lines and
also continuum Processes (Feldmeier et al. 2003, Owocki et al. 2004, Oskinova et al., 2007)
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Wind models with clumping

Treatment of clumping

(Owocki, 2008)

@ Vorosity - line interactions controlled by the Doppler shift; affects only lines

B. Surlan (Astronomical Institute Ondejov)
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Wind models with clumping

Wind models with clumping

Treatment of clumping

The clumping factor D (Hamann & Koesterke, 1998) and the void ICM (f, = D™1)

@ Microclumping approach (FASTWIND, Puls; CMFGEN, Hillier; POWR, Hamann) - clumps are

@ Shape of clumps (spheres, shells, pancakes, square)

B. Surlan (Astronomical Institute Ondejov) WINDS OF HOT MASSIVE STARS

optically thin, a void ICM, and a smooth velocity field

Macroclumping approach (owocki et al., 2004; Oskinova et al., 2007; Hamman et al., 2008) -

clumps can be nether optically thin or optically thick in the core of some lines, a void ICM, and a smooth
velocity field

Porosity - geometrical distribution of clumps is important; affects lines and
also continuum Processes (Feldmeier et al. 2003, Owocki et al. 2004, Oskinova et al., 2007)

Vorosity - line interactions controlled by the Doppler shift; affects only lines
(Owocki, 2008)

Depth dependent clumping factor (puis et al. 2006); constant D
Onset of clumping is important (Bouret et al. 2003, Sundqist et al. 2010); 7) = 1.3 R,
ICM density has to be included (zsargs et al. 2008); d=0

> < > «

> <

> E DA
November 6, 2013 19/22



Wind models with clumping

Treatment of clumping

@ The clumping factor D (Hamann & Koesterke, 1998) and the void ICM (fyy = D71)
@ Microclumping approach (FASTWIND, Puls; CMFGEN, Hillier; POWR, Hamann) - clumps are

optically thin, a void ICM, and a smooth velocity field

@ Macroclumping approach (owocki et al., 2004; Oskinova et al., 2007; Hamman et al., 2008) -
clumps can be nether optically thin or optically thick in the core of some lines, a void ICM, and a smooth
velocity field

@ Porosity - geometrical distribution of clumps is important; affects lines and
also continuum processes (Feldmeier et al. 2003, Owocki et al. 2004, Oskinova et al., 2007)

@ Vorosity - line interactions controlled by the Doppler shift; affects only lines
(Owocki, 2008)

Important!

@ The detailed density structure, the ICM, and the non-monotonic velocity field
are all important for the line formation (sundquist et al. 2010, 2011)
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Wind models with clumping

Effect of the macroclumping on resonance line profiles

Velocity [kmi's]
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-1000 -500 0 500 1000 -1000 -500 0 500 1000
*o=1 *o=10
16 16
£ £ {\
5 12 5 12 1
g g
8 8
E 08 E 08
=) =)
z z —
04 04
=1 =1
0 L0 (smcls'gt_n: ------ 0 L0 (smcls'gt_n: ------
-1 05 0 05 1 -1 05 0 05 1
Dimensionless frequency Dimensionless frequency
Velocity [km's] T
-1000 -500 o 500 1000
16
3
- 12
g
]
E 08
S
4
04
L=t —
0 smooth —-----
-1 05 0 0.5 1
Dimensionless frequency

B. Surlan (Astronomical Institute On WINDS OF HOT MASSIVE STARS

November 6, 2013

A
20/22



Effect of the macroclumping on resonance line profiles
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Effect of the macroclumping on resonance line profiles
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Effect of the macroclumping on resonance line profiles
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Comparison with observation
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Comparison with observation

MNormalized tlux
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Comparison with observation
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Wind models with clumping

Comparison with observation
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Open questions

Open questions

@ What is origin of structures (mechanism responsible for them)?

@ What impact the time-dependent structures have on the determination of
mass-loss rates from spectroscopic diagnostics?

@ Full 2-D and 3-D time-dependent hydrodynamic wind model - more
informations about properties of structures

@ Non-LTE radiative transfer in inhomogeneous medium
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