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Content

1.  Prelude: What are stars good for? A brief tour through present hot topics
(not complete, personally biased)

2.  Quantitative spectroscopy: the astrophysical tool to measure stellar and interstellar properties
3.  The radiation field: specific and mean intensity, radiative flux and pressure, Planck function

4.  Coupling with matter: opacity, emissivity and the equation of radiative transfer (incl. angular
moments)

5.  Radiative transfer: simple solutions, spectral lines and limb darkening

6. Stellar atmospheres: basic assumptions, hydrostatic, radiative and local thermodynamic
equilibrium, temperature stratification and convection

7.  Microscopic theory
1. Line transitions: Einstein-coefficients, line-broadening and curve of growth, continuous processes and scattering
2. lonization and excitation in LTE: Saha- and Boltzmann-equation
3. Non-LTE: motivation and introduction

Intermezzo: Stellar Atmospheres in practice -- A tour de modeling and analysis of stellar atmospheres
throughout the HRD

A first application: The D4000 break in early-type galaxies

8.  Stellar winds - overview, pressure and radiation driven winds

9.  Quantitative spectroscopy: stellar/atmospheric parameters and how to determine them, for the
exemplary case of hot stars
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Chap. 1 — Prelude

» cosmology, galaxies, dark energy, dark matter, ...

What are stars good for?

» ...and who cares for radiative transfer and stellar atmospheres?

» Remember
» galaxies consist of stars (and gas, dust)
» most of the (visible) light originates from stars

» astronomical experiments are (mostly) observations of light:
have to understand how it is created and transported

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds 5



The cosmic circuit of matter

won @ ,r“” e

What are stars good for? &0@& Haql:_;;},.ﬂ P
> Us! $ f £
= iy star formation =,

» (whether this is really good, e R

is another question...) stars,
ISM: dust, molecules, gas

stellar ev.

d%: red/bl
super')glanfs
Joni Mitchell - Woodstock (1970!) ', *ﬁnar ‘. . o
S
¢« . %
5 | QL

... We are stardust
Billion year old carbon...”

- llapse
Mernovae
&
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First stars and reionization oy 7 8

WMAP = Wilkinson Microwave Anisotropy Probe

color coding: AT range + 200 uK, AT/T~ few 10

=> “‘anisotropy” of last scattering surface (before recomb.)
white bars: polarization vector

— CMB photons scattered at electrons (reionzed gas)
[INOTE: newer data from PLANCK]

Dark Energy
credit: NASA/WMAP Science Team Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

7 mwmmdmﬂuﬁ

Inflation M gﬂ -

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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The first stars ...

.1 cosmic reionization: B = 1 ]
z=7.7 + 0.8 (from PLANCK, assuming instantaneous reionization, ;3 1.5 L heavy IMF .
state 2018) o i
= i
= 11 (begin) to 7 (from WMAP —
z (begin) to 7 (from ) 3 1.0F _
. quasars alone not capable to reionize Universe at s .
that high redshift, since rapid decline in space = il ]
density for z > 3 (Madau et al.1999, ApJ 514, Fan et i . Salpeter
al. 2006, ARA&A 44) .
. (200 2 ? " ° °
Bromm et al. (2001, ApJ 552) Wavelength [pm]

(almost) metal free: Pop Ili But: theoretical models indicate more typical masses

around 40 M (fragmentation!, Hosokawa et al. 2011),

. very massive stars (VMS) with
though (much) more massive stars might have formed

1000 M, > M > 100 M_, L prop. to M, Ty <100 kK

as well
- large H/He ionizing fluxes: Present status: Massive stars important for
1048 (104 H (He) ionizing photons reionization, but not exclusive

per second and solar mass
see also: Abel et al. 2000, ApJ 540; Bromm et al. 2002, ApJ 564;

- assume that primordial IMF is heavy, i.e., Cen 2003, ApJ 591; Furnaletto & Loeb 2005, ApJ 634; Wise &
favours formation of VMS Abel 2008, ApJ 684; Johnson et al. 2008, Proc IAU Symp 250
(review); Maio et al. 2009, A&A 503; Maio et al. 2010, MNRAS
. then VMS capable to reionize universe alone 407; Weber et al. 2013, A&A 555

... and many more publications
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... might be observable in the NIR

with a > 30m telescope, e.g. via Hell A1640 A (strong ISM recomb. line)

Standard IMF 1 Mpe (comoving) Heavy IMF, zero metallicity

http://www.aura-nio.noao.e it/gsnéi_swg/SWG_Report/S eport 7.2.03.p

As observed through 30-meter telescope

(Hyc!ro-simulation.s by R=3000, 10° seconds (favourable conditions, see
Dave, Katz, & Weinberg) also Barton et al., 2004, ApJ 604, L1)
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advanced

reading

Long Gamma Ray Bursts

= long: >2s
= Collapsar: death of a massive star

Collapsar Scenario for Long GRB
(Woosley 1993)

= massive core (enough to produce a BH)
= removal of hydrogen envelope

= rapidly rotating core (enough to produce an
accretion disk)

credit: NASA

requires chemically homogeneous evolution
of rapidly rotating massive star

= pole hotter than equator (von Zeipel)

= rotational mixing due to meridional
circulation (Eddington-Sweet)

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds



advancedjreading

. ...if rotational mixing during main
sequence faster than
built-up of chemical gradients due to
nuclear fusion (Maeder 1987)

« bluewards evolution directly towards Wolf-
Rayet phase (no RSG phase).
Due to meridional circulation, envelope
and core are mixed ->
no hydrogen envelope

. since no RSG phase, higher angular
momentum in the core
(Yoon & Langer 2005)

=]
]

Chemically Homogeneous Evolution ...

W/W,: rotational frequency in units of critical one

Z=0.001 30M,,
60[ T S, G (W R 5
I ,.vfﬂh___w"wu = 0.50
s8> f R
= e W/W_ =025
5.6/ . i
- III H:-
54 )
s2f
i !
5.0 L MNormal Evolution - - — — -
L Chemically Homegeneous -
480 . . .
5.5 5.0 4.5 4.0 35
LogT

massive stars as progenitors of high redshift GRBs:

v early work: Bromm & Loeb 2002, Ciardi & Loeb 2001, Kulkarni et al. 2000, Djorgovski et al. 2001, Lamb & Reichart

2000

v At low metallicity stars are expected to be rotating faster because of weaker stellar winds

v weaker winds also possible for stars with significant magnetic fields (Petit et al. 2017, Keszthelyi et al. 2019).
Roughly 10% of O-stars possess significant B-fields in their outer layers.
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» massive stars (Myyus > 8 My,
» short life-times (few to 20 million years)
» end products: core-collapse SNe
(sometimes as slow GRBs) —
neutron stars, black holes (or even
complete disruption in case of pair-
instability SNe)
» Grav. waves from BH mergers!
» intermediate-/low-mass stars
(0.1..0.8 My, < Mypus < 8 M)
» long life-times (0.1 to 100 billion years)
» end products: White dwarfs, SNla

» brown dwarfs (13 M ier< M < 0.08 My))

» ‘failed stars’, core temperature not
sufficient to ignite H-fusion

» instead, Deuterium and, for higher masses,
Lithium fusion

ZAMS: Zero Age Main Sequence
MS: Main sequence, core hydrogen burning




low-mass star (e.g., the sun)

T

convective envelope

chromosphere
corona/thin wind
(X-ray radiation)

photosphere
(most of obseTed radiation)

radiative core
convective envelope
geometrically thin photosphere
= level populations collisionally dominated
—Local thermodynamic equilibrium (LTE):
Saha-Boltzmann population
chromosphere (temp. begins to increase outwards)
hot corona/thin wind (very low mass-loss rate)

massive star
factor 10...20 karger than sun
factor 104...10° more luminous than sun

subsurface convect."zone
radiative envelope

€<— co gore —_—
dense wind
X-ray, UV,
radio radiation
photosphere

(most of optl;[al radiation)

= convective core
= radiative envelope with subsurface convection zone
= geometrically thin photosphere + dense wind
= level populations radiatively dominated
—non-LTE level population
(all transition-probabilities need to be
calculated explicitly)

NOTE: evolved objects (red giants and supergiants) and brown dwarfs are fully convective

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds
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Examples for current research:

Observations ...

» ...in all frequency bands
both earthbound and via satellites
Gamma-rays (Integral), X-rays (Chandra, XMM-Newton), (E)UV (IUE, HST),
optical (VLT), IR (VLT, —-JWST, —ELT) , (sub-) mm (ALMA) , radio (VLA,
VLBI, —»SKMA) ...

» photometry, spectroscopy, polarimetry, interferometry, gravitational waves
(aLIGQ!)

» current telescopes allow for high S/N and high spatial resolution

» because of their high luminosity, massive stars can be spectroscopically
observed not only in the Milky Way, but also in many Local Group (and
beyond) galaxies (‘record-holder’: blue supergiants in NGC 4258 at a
distance of = 7.8 Mpc, Kudritzki+ 2013)

Nanometres | Micrometres E Millimetres | Metres
Qi 0.01 0.1 1 10 100 1 1 10 100 1 10 100! 1 10 100 1000
Abbreviations: L . , LT O oM i N ol ol B T i R
. . I )
IUE — International Ultraviolet Explorer | Xuv g
HST — Hubbble Space Telescope AAma LraE | i i Lt InfrEsE el fEE

VLT — Very Large Telescope (Cerro Paranal, Chile) Electromagnetic spectrum

JWST — James Webb SpaceTelescope

ELT — Extremely Large Telescope (Cerro Armazones, Chile, 20 km away from VLT))

ALMA — Atacama Large Millimeter/Submillimeter Array (Chajnantor-Plateau, Chile, 5000 m altitude)
VLA — Very Large Array (Socorro, New Mexico, USA)

VLBI — Very Large Baseline Interferometer

SKMA — Square Kilometer Array (South Africa and Australia)
IMPRS advanced course - Radiative transfer, stellar atmospheres and winds 14



Examples for current research:

Star formation
» Star formation — formation of massive stars

» until 2010, it was not possible to ‘make’ stars with M > 40 M

Spherically Symmetric Infall:

1 Kuiper+ (2010)

sun

accretion flow

' t t » distance
0 dust mean free path from
sublimation of star
front stellar irradiation

» Radiation pressure barrier for spherical infall:
when core becomes massive, high luminosity heats ‘first absorption region’,
radiation pressure due to re-processed IR radiation stops and reverts accretion flow.
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Examples for current research:

Star formation
» Star formation — formation of massive stars

» until 2010, it was not possible to ‘make’ stars with M > 40 M,

Spherically Symmetric Infall; Disk Accretion Scenario:

1 Kuiper+ (2010

accretion flow

: Ay UV ==me s i
- accretion flow qmbgé‘:-:'::r_ — - i IR

fsst absorptlm reglon shlelded disk negion

! : : » distance ' > distance
0 dust mean free path from 0 dust mean free path from
sublimation of star sublimation star
front stellar irradiation front stellar Inadla‘non

» Radiation pressure barrier for spherical infall:
when core becomes massive, high luminosity heats ‘first absorption region’,
radiation pressure due to re-processed IR radiation stops and reverts accretion flow.

» If accretion via disk, re-processes radiation-field becomes highly anisotropic, the
radial component of the radiative acceleration becomes diminished, and
further accretion becomes possible. Stars with M > 40 M, (... 140 M,,) can be formed.
(see work by R. Kuiper and collaborators)

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds 16




Examples for current research:

Stellar structure and evolution

» Stellar structure and evolution
» implementation/improved description of various processes, e.g.,
» impact of mass-loss and rotation (mixing!) in massive stars
» generation and impact of B-fields

» convection, mixing processes, core-overshoot etc. still
described by simplified approximations in 1-D (e.g., diffusive
processes),
needs to be studied in 3-D (work in progress)
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Examples for current research:

Stellar structure and evolution

- e SO R O e g » vrot vs. Teff , for rotating Galactic

| : massive-star models from

| Ekstrom+(2012, ‘GENEC’) and
¥, 5 Brott+ (2011, ‘STERN’),
with vrot(initial) = 300km/s

» The main difference on the MS is due to
. 3 the lack (Ekstrom) and presence (Brott)
— : of assumed internal magnetic fields and
: the treatment of angular momentum

Te transport.
I .. ... ORI
amg_ a0 50 40 \\H # 25&_%23— — _\\ 5 .
: \H . » NOTE: Even at main sequence,
e Ny stellar evolution of massive
g 200 — S o o
s f stars unclear in many details!!!!
b » Do not believe in statements
_ such as ‘stellar evolution is
O understood’
6x10" 4x10" ax10' 2x10*
Tedl [K]
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advancedjreading

Examples for current research:
Stellar structure and evolution

al

= binarity fraction of Galactic stars
M-stars: 25%, solar-type: 45%, A-stars: 55% (Duchene & Kraus 2013, review)

O-stars in Galactic clusters:
= 70% of all stars will interact with a companion during their lifetime (Sana+ 2012)

= [THUS: needs to be included in evolutionary calculations

= even more approximations regarding tidal effects, mass-transfer, merging ...
(e.g., ‘binary _c’ by Izzard+ 2004/06/09)

= predictions on pulsations
= frequency spectrum of excited oscillations
= period-luminosity relations as a function of metallicity

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds
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W M e RS

non-radial pulsations: examples for different models Lo eI R
rom C. Aerts (Leuven)
Blue: Moving towards Observer Red: Moving away from Observer
(Lm) = (3,2) (L,m)=(3,0) (,m)=(3,3)
tesseral axisymmetric sectora

——

/‘\ == —
Wy e 3
. . -

I: nonradial degree, m: azimuthal order
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A Internal behaviour of the oscillations o 8

The oscillation pattern
at the surface
propagates in a
continuous way towards
the stellar centre.

Study of the surface
patterns hence allows

to characterize the
oscillation throughout
the star.

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds 21
SLLLLLLLEHHHHHE———————————————————EGGEEEESSSEEEL



Probing the interior

The oscillations are
standing sound waves
that are reflected within
a cavity

Different oscillations penetrate to
different depths and hence probe

different layers

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds 22




Doppler map of the Sun

The Sun oscillates in thousands
of non-radial modes with
periods of ~5 minutes

The Dopplermap shows

velocities on the order of
some cm/s
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Solar frequency spectrum from

ESA/NASA satellite SoHO: systematics ! W Me RS

o5 ' ' ' ' T ' ' ' ' T ' ' ' ' T

20

15

10

Power
III|IIII|IIII|IIII|IIII

2000 =200 3000 3500 4000
Frequency (microHz)
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Frequency separations in the Sun

- < L . :
L o Ve > B, .
8 | 2 4 -
E | bvy -
e EL_ - 4 j
L B (20,0) (21.0) (22,0) _|
= | =
= 4 g, o : ]
= 4'_ (18,1} (20,1} {21,1) -
E [ (192 (20,2 (21.2) i
sl (193 (20,2) |

|
i B P I R e R Jr_.l... gbils kil ..1.1_ bidd L il el J]..'L- LA L bkl l li.. PP -.I.....Ll._... ik

2.80 2.80 .00 3.10 3.20
Frequency (mHz)

Result: internal sound speed and internal rotation could be

determined very accurately by means of helioseismic data from
SoHO
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Internal rotation of the Sun

Solar
Interior
has rigid
rotation

Q/2m [nHZz]

Beginning
of outer
convection
zone
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... towards massive star seismology o @\ﬂ,@

3 Cep:
low order p- and g-modes

SPB
slowly pulsating B-stars
high order g-modes

Hipparcos:

29 periodically variable
B-supergiants
(Waelkens et al. 1998)

no instability region
predicted at that time

nowdays: additional
region for high order
g-mode instability

=» asteroseismology of
evolved massive stars
becomes possible

p-modes: pressure

(radial) order: number of nodes between center and surface g-modes; gravity
as restoring force

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds 27
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Space Asteroseismology

COROT: COnvection ROtation and

planetary Transits
French-European mission (27 cm mirror)

launched December 2006

Kepler: NASA mission (1.2m mirror),
launched March 2009

MOST: Canadian mission
(65 x 65 x 30 cm, 70 kg)
launched in June 2003

BRITE-Constellation:
Canadian-Austrian-Polish mission

(six 20° cm nano-satellites, 7kg)

first one launched 2013

asteroseismology of bright (= massive) stars
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Examples for current research:

End phases of evolution

» End phases

evolutionary tracks towards ‘the end’

models for SNe and Gamma-ray bursters

models for neutron stars and white dwarfs

accretion onto black holes

X-ray binaries (‘normal’ star + white dwarf/neutron star/black hole)
synthetic spectra of SN-remnants in various phases

vV vV v v v v'Y%

observations (now including gravitational waves) and comparison with theory

» first detection of aLIGO was the merger of two black holes with masses
around 30 M., (Abbott et al. 2016)

» Corresponding theoretical scenario published just before announcement
of detection (Marchant+ 2016), predicting one BH merger for 1000 cc-SNe,
and a high detection rate with aLIGO
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advancedjreading

Examples for current research:
Impact on environment

il

= COosmic re-ionization and chemical enrichment

= chemical yields (due to SNe and winds)

= ionizing fluxes (for HII regions)

= Planetary nebulae (excited by hot central stars)

= impact of winds on ISM (energy/momentum transfer,
triggering of star formation)

= stars and their (exo)planets

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds
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Feedback

. . * ' Bubble Nebula
: . . I, S - (NGC 7635)

* massive stars determine &nergy (kinetic and. - I T - ) Cassione
radiation) and momentum budget of - -- .t SR .. N 1n Lassiopeia
surrounding ISM _ . N . . -

« kinetic energy and momentum bhdget via s - . ' . wind-blown
winds (of different strengths, ‘in dependence of . : A o bubble around
evolutionary status) N o9+ "ol T i o BD+602522

. massive stars enrich environment with metals, " xa'-v . ; : (06.5111¢)
via winds and SNe, determine chemo- L - -
dynamical evolution of Galaxies (exclusively |, ’
before onset of SNe la) o

- in particular: first chemical ehrichiment of 3 3 >l ‘*
Universe by First (VMS) Stars .o SESPE - oD s .t >
—“FEEDBACK” e
- ‘..
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Chap. 2 — Quantitative spectroscopy W A Pﬂ-g

theory
Astrophysics
experiment

Experiment in astrophysics = Collecting photons from cosmic objects
0.1 nm =1 A=12.4 keV

Nanometres
0.01 M 1 10 100

: . }

| Xuv

Gamma X rays ll EUV UV
Electromagnetic spectrum

ATy e S e 3
100 % k\\\\“&“"s\\\" \\\\\R - Rt

Absorption by the Earth’s atmosphere

0 : 7777777
Neutral gas % : ﬁlonized gas ]
100 % (7777074,

’ Absorptionﬁy the interstellar gas

Millimetres Metres

1 10 100 10 100 1000
1 1 L 1 1 1 1 1

Micrometres
1 10 100
1

1 1

Visible

Infrared Radio waves

o

hydrogen Lyman edge
1A=10%cm = 104pm (micron); 1nm=10A

Collecting: earthbound and via satellites!
Note: Most of these photons originate from the atmospheres of stellar(-like) objects.

Even galaxies consist of stars!
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Astrophys. monographs, Univ. Chicago Press (1943)

AN ATLAS OF STELLAR SPECTRA

WITH AN OUTLINE OF SPECTRAL CLASSIFICATION

Morgan, Keenan, Kellman

05-B0 Standards
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M{ll'f'l 5 eq,uance BEI"A 2

HeL 4026, which 15 equal »n wfensdy fo K in the BB dwart (3 Pex ,
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Digitized spectra
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FiG. 1.—Dwarf-type library stars. Near-IR gaps are excised telluric absorption bands. All spectra have been normalized to 100 at 5450 A. Major tick
marks on “Relative Flux™ axis are separated by 100 relative units. The M dwarf library stars are displayed with the M giants in Fig. 3.

from Silva & Cornell, 1992
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ESO 3.6m
CASPEC

AL = 0.5A
S/N 30...70

(Walborn
et al., 1995
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Spectral lines formed in

hydrostatic atmospheres

NGC 3468 #1 04 II(n)(f)

Sk-70 69 05V

‘”“WWWW

Sk-66 100 08 II(f)

Av238 09 III

He I+11
He Il
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P-Cygni lines formed in

hydrodynamic atmospheres

NV _ si 1V c1v He II N IV
I I | I |

HST-FOS _

NGC 346 #1 04 II(n)(f)

SMC

Sk-70 69 05V

WWM | | LMC

Sk-66 100 08 II(f)

MW | | _ LMC

AV238 09 III

l l I -
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NORMALIZED FLUX NORMALIZED FLUX

NORMALIZED FLUX

UV spectrum of the O4I(f) s

zeta Puppis

upergiant ¢ Pup

2 —
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NV CHr Nm ArVT av ]
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montage of Copernicus (A < 1500 A, high res. mode, AA ~ 0.05 A, Morton & Underhill 1977)
and IUE (AA ~ 0.1 A) observations
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SN 1987A
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5x10-“ AL

pure emission = R L
line spectrum . SMC-SMP25 -
W]th forbidden 4x107 :_ [O11]] __:
lines of O Il L 50071r 4959A ratio 3:1 s
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Wavelength (A)
From Meatheringham & Dopita, 1991, ApJS 75

FiG. la
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Quasar spectrum in rest frame of quasar N B RS
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A= A,(112)

0
(@]

1225->456

galaxy at z = 2.72

[, (dy)

starburst galaxy,
wavelengths shifted

Sl 1192 fooreemnerensos
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From Steidel et al. (1997)

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

e s n.i.lll.ﬁ.‘l lhlll .
VR

v Ul

CIV 1549

| sill 1526
- el 164



Atmospheres and nebulae - an overview

Supernova la

Photosphere

v~100kmys
Chromosphere

Core:
Me=2 10" g
Re=7 10" ¢cm
Lo=410*} ergs™
Photosphere:
AR ~ 200 km

T ~ 6000 K
3

n~ 10 cm’
Chromosphere:

AR ~ 1000 km

T ~ 20000 K

2 -
n~ 102 ¢cm

n~2-10° ¢cm?

v =~ 500 km/s

hot, massive star

Ar

Core:
M ~ 50 Mg
R ~20Rg
L ~10° — 10° Lg
Photosphere:
AR/R ~ARg /Re
T ~ 20000 — 50000 K
n~10%— 10% cm™
Wind:
AR ~ 100R
T ~09..03 Ty

n~10%..10% ¢cm?

Envelope

0"
o
0
K

Photosphere |THTTIITrrees

‘e
.
.
‘e
.

‘e
.
.
.
.
.
.
.
.
.
.
‘e
.

Core:
M ~ 1.44 Mg
exploded

Lmax ~ 1011 L@

Envelope:
AR ~10°Rg
T ~ 12000 K

n~10° cm?

Gaseous Nebula

Core:

Mpy ~ 1 Mg

Mpyp ~ 50 — 10° Mg
~10° — 10" Mg
~10* Lg
~10° Lg
~ 102 Lg

Envelope:
AR ~ 0.1pc  (PN)
AR ~ 10 pc (HII)
AR ~ 103 pc (Quasar)




Photosphere

| v~100kms

Chromosphere

Core:
Me=210% g
Re=7 10" cm
Lo=410% ergs’
Photosphere:
AR ~ 200 km
T ~ 6000 K

n~2-10° ¢cm?

Ar

| v ~ 500 km/s

AR/R ~ARg /Rg
T ~ 20000 — 50000 K
n~10"— 102 cm
Wind:
AR ~ 100R-«
T ~0.09..0.3 Ty

n~10%..10% ¢cm?

Stellar atmospheres - an overview

Supernova la

Core:
M ~ 1.44 Mg
exploded

Lmax ~ ]011 L@

Envelope:
AR ~10°Rg
T ~ 12000 K

n~10° cm?

> =

Core:

Mpy ~ 1 Mg

My ~ 50 — 10° Mg
Mg ~ 107 — 10" Mg

LPN ~ 104 L@
Lun ~ 10° Lo
Lo ~ 10" Lg

Envelope:
AR ~ 0.1pc  (PN)
AR ~ 10 pc (HII)
AR ~10° pc (Quasar)



Quantitative spectroscopy...

...gives insight into and understanding of our cosmos

Quantitative spectroscopy = quantitative diagnostics of spectra

» provides

»  stellar properties, mass, radius, luminosity, energy production, chemical
composition,properties of outflows

»  properties of (inter) stellar plasmas, temperature, density, excitation, chemical comp.,
magnetic fields

» INPUT for stellar, galactic and cosmologic evolution and for stellar and galactic
structure

» requires

»  plasma physics, plasma is "normal” state of atmospheres and interstellar matter
(plasma diagnostics, line broadening, influence of magnetic fields,...)

atomic physics/quantum mechanics, interaction light/matter (micro quantities)
radiative transfer, interaction light/matter (macroscopic description)
thermodynamics, thermodynamic equilibria: TE, LTE (local), NLTE (non-local)
hydrodynamics, atmospheric structure, velocity fields, shockwaves,...

vV v.v Y
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one example ...

atomic levels and #eE T T T 1 l [ 45| I
allowed transitions Lgoss) o) a2t ) 1)
N ] ) . *--'38(3.93‘413%2{@3% : AE,-@W@}
("Grotrian-diagram”) -3145%: : /
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sites of X-ray emission in
hot stars:

shell collisions

hydrodynamical simulations
of instable hot star winds,
from A. Feldmeier,

by permission

Time (days)

Densil
1.6 - = %
4.4 it e R
4.2-
4.0
3.8 -
3.6 |
3.4 48
3.2

4.6
4.4 4
4.2
4.0 -
3.8
3.6
3.4 =
3.2
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Concept of spectral analysis

comparison
observed spectrum < >

detector theory of atmospheres

physical concept
spectrograph @ hydro-/thermodynamics
@ atomic physics
? o radiative transfer
telescope ¢

approximations for
specific objects

synthetic spectrum

model calculations
(simulation)

numerical solution of
theoretical equations

T

INPUT of L, M, R,
chemical composition

—>

@ geometry, symmetry,
homogeneity, stationarity

—
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48




advancedjreading

The VLT-FLAMES survey of massive stars (‘"FLAMES I")
The VLT-FLAMES Tarantula survey (‘"FLAMES II")

e .

a 1 "::';; S — Z E == 15
1 ‘I N | .' .; ‘\\r\—%-; E”"” = 28 : 0 ::-_-.;:fg:',-._h_-.
UVES Red Arm & B ‘*.;[, ‘Lafge Array
8 fibres v B k;_ i 7w
v '3 o= e B i "

ER=45000

Nasmyth Corrector 1
Cormscitd fldd oF view 2 5arcmin &F |

Y
e =\
B o

Pasitioner (OzPoz)
4 arms (2 uncommitted)
up Lo 500 buttons/arm

LS
Multi Element

GIRAFFE

130 MEDUSA
E R G000 5000

15 IFUs
1 ARGUS
ER=2H000/1 7000

= FLAMES I: high resolution spectroscopy of massive Major objectives

stars in 3 Galactic, 2 LMC and 2 SMC clusters = rotation and abundances (test rotational mixing)
(young and old) = stellar mass-loss as a function of metallicity
- total of 86 O- and 615 B-stars = binarity/multiplicity (fraction, impact)

= FLAMES II: high resolution spectroscopy of more = detailed investigation of the closest ‘proto-starburst’
than 1000 massive stars in Tarantula Nebula (incl.
300 O-type stars) summary of FLAMES | results: Evans et al. (2008),

summary of FLAMES Il results: Evans et al. (2019, in prep.)
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Optical spectrum of a very hot O-star
Theory vs. observations
BI237 02V (f*) (LMC) — vsini = 140 km/s

= Synthetic spectra from o e : ' b : 'r’“”*“”*h ' J
Rivero-Gonzalez et al. (2012) gaé \n [\J NIV \/

red : H I 3800 3850 4000 4050 4100 4150 4700

blue: Hel

green: Hell L R Y W S O W“ S IR o
07 Teff = 53,000 K, log g = 4.1, low mass loss,

magenta: NV zj Nitrogen moderately enriched (= 0.4 dex)
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Tarantula Nebula
(30 Dor) in the LMC

Largest starburst region in
Local Group

Target of
VLT-FLAMES Tarantula
survey (‘FLAMES IT’,
PI: Chris Evans)

Cluster R136 contains some
of the most massive, hottest,
and brightest stars known

Crowther et al. (2010):
4 stars with initial masses
from 165-320 (!!!) Mg

problems with IR-photome-
try (background-correction),
lead to overestimated
luminosities — initial
masses become reduced:
140 - 195 Mg (Rubio-Diez et
al., IAUS 329, 2016, and in
prep. for A&A)




Spectral energy distribution of the most massive stars
in our “neighbourhood” - theory vs. observations
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Figure 4. Speciral energy distributions of B136 W 5h stars from HST/FOS topether using K photometry from VLET/SINFONI calibrated waith VILT/MAD

imaging. Feddened theoretica] spectral energy distribalicns are shown as red lines.
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Figure 5. Rectified, ultraviolet (H5T/CHRS ), visual (HST/FOS) and near-
R (VLT/SINFONI) spectroscopy of the WN 5h star R136a3 together with
synthetic UV, optical and near-IR spectra, for Ty = 50000 K (red)and T, =
55000 K (blue). Instrumental broadening is accounted for, plus an additional
rotational broadening of 200kms .



Chap. 3 — The radiation field

umber of particles in (r,r + dr) with momenta (p,p + dp) at time ¢

ON(r,p,t)= f(r,p,t)d’r d’p For a detailed derivation and
discussion, see, e.g.,
Cercignani, C., "The
Boltzmann Equation and Its
Applications”, Appl. Math.

i) f(r,p,?) is Lorentz-invariant Sciences 67, Springer, 1987

i) SN, = f(x,,pyst,) d’r, d°p,,

distribution function f

l evolution
SN = f(r,+dr,p, +dp,t, +dt) d’r d’p
(p=F)=f(r,+vdtp,+Fdtt,+dt)d’r d’p

Theoretical mechanics: If no collisions, conservation of

phase space volume:
d’r,d’p, =d’r d’p

and

ON,=06N (particles do not "vanish", again no collisions supposed)

= | f(r,p,t) =const, ifno collisions

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

ar 8t op, ot
0 Vlasov
—@+(V-V)f+(F-V ) f = of
ot P2 (5—) Boltzmann
f tcon if collisions

D/Dt f, Lagrangian derivative
total derivative of f measured in fluid frame,
at times t, t+At and positions r, r + v At

 implications for photon gas

d’p = p’dpdQ < solid angle with respect to n
absolute value

3
(hvj 1 avac = h—v 2dvdQ

C Cc C

3
= f(r,p,t) d’r d’p :h—3v2f(r,n,v,t) d’r dvdQ =
c

=Y¥(r,n,v,t)d’r dvdQ
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d’p=J(p.p)d’p., p'=(p.0.9)
cartesian ~ Jacobi-det. spherical

p, = psinfcosgp
p, = psinfsing

p, = pcosd

op, Op., Op,

dp 00 0¢ . o

5 5 5 sindcosg pcosfcosg -psindsing
J=det| 2 B By = det| sinfsing pcos@sing psindcos @

op 00 0¢ :

cos @ -psiné 0
op. p. p.
op 00 0¢

= (exercise) | p° sin@

=d’p= dp.dp dp. = p’dpsin 0d0d ¢
dQ
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The specific intensity

summarized

. . 4.3
Number of photons with v, v+dv which propagate through I =chv W = h 12/ I

surface element dS into direction n and solid angle d€2, ¢

function of r,n, v, ¢

at time ¢ and with velocity c:
JENE specific intensity is radiation energy, which is transported into

ON = JE feny,drdvdQ direction n through surface dS, per frequency, time and solid angle.
A O = %ﬁf — basic quantity in theory of radiative transfer
= n-dd et
L= ci+ A:‘ _U_'ldLE{
- osBldS] ared. l-mg}%l
invariance of specific intensity
v
=——f(r,n,v,t) cosd cdt dS dvdQ)
c 4 Df

<(n,dS) since e 0 without collisions (Vlasov equation) and

without GR (i.e., F = 0), we have
e corresponding energy transport

h'v? I ~f

OE=hv oON = " f(r,n,v,t)cos@ dS dv dt dQQ

I(r,n,v,t) specific intensity — [ = const in fluid frame, as long as no interaction with matter!

2 M-l e lep-t
0 S0 S If stationary process, i.e. 0/0t =0, then nV I = d/ds I = 0,

where ds is path element, i.e.
I = const also spatially!
(this is the major reason for working with specific intensities)
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specific intensity is radiation energy with

frequencies (v, v + dv), which is transported

through projected area element docos into
direction n, per time interval dt and solid
angle do.

oF = I(r,n,v,t)cosOdodvdtdw

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

recelver

emitter
Invariance of specific intensity

Consider pencil of light rays which passes through
both area elements dc (emitter) and d0G' (receiver).

If no energy sinks and sources in between, the amount
of energy which passes through both areas is given by

oE =1 cosOdodtdw =
oE'=1' cos@'do'dtdw’, and, cf. figure,

_ projected area  cos@'do’

dw . — = 5
distance v
cosf@do
do'=—-7—
r

= [, =1'",, independent of distance

... but energy/unit area dilutes with 7!
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Plane-parallel and spherical symmetries

WM e RS

stars = gaseous spheres => spherical symmetry

BUT rapidly rotating stars (e.g., Be-stars, v, = 300 ... 400 km/s)
rotationally flattened, only axis-symmetry can be used

AND atmospheres usually very thin, i.e. Ar / R << 1

example: the sun

R~ 700,000 km
Ar (photo) = 300 km

=> Ar/R~410*

BUT corona
Ar / R (corona) = 3

Ar

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds Y4




. e as long as Ar/R <<1 => plane-parallel symmetry

light ray through atmosphere

ﬂs,r-lnr‘[-‘;:‘ 4 A
< >
=]

oL
" I A

lines of constant temperature
and density (isocontours)

curvature of atmosphere insigni- significant curvature : o # J3,
ficant for photons' path : ov = f3 spherical symmetry
examples
solar photosphere / cromosphere solar corona
atmospheres of atmospheres of
main sequence stars supergiants
white dwarfs expanding envelopes (stellar winds)
giants (partly) of OBA stars, M-giants and supergiants
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r=uxe, +ye +ze,

r =0Oe¢, + De, +re,

e ,e , e right-handed, orthonormal ey, e, e

x? Vy»

specific intensity:
I(x,y,z,n,v,t)

important symmetries
plane-parallel

physical quantities depend
only on z, e.g.

I(r,n,v,t) > I(z,n,v,1)

d> Vr

1(®,0,r.n,v,1)

spherically symmetric
.... depend

only on r, e.g.

I(r,n,v,t) —> I(r,n,v,t)

intensity has direction n into d(2

n requires additional angles &, ¢ with respect to

e,.e, e, €y.¢y,€,
and
6 =<x(e,, n) 0 =<(e,,n)
1,(x,9,2,0,4,t) 1,(0,0,r,0,4,t)
p-p symmetry spherical symmetry
independent of azimuthal direction, ¢
— 1 (2,0,1) — 1 (r,0,1)

gx’ g@ -
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The Planck function
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1st moment: radiative flux
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Effective temperature

® total radiative energy loss is
flux (outwards directed) times surface area of star =

luminosity L = .# *4m R?

dim[L] = erg/s (units of power), L.,.,=3.83 10°3 erg/s
¢ definition: “effective temperature” is temperature

of a star with luminosity L at radius R.,

if it were a black body (semi-open cavity?)

® T.« corresponds roughly to stellar surface temperature
(more precise — later)

L=:0,T*4nR? or Ty = (L/ oz4m R?)1/4
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Examples

| (i 1) spherical or plane-parallel symmetry, isotropic radiation
1,(w=1, (eg,B,(T))

1

1
=J =5j10dy=10

14

1
H, = % I I,uud =0 [vanishing flux also in radial direction, since same number of photons

I
from above and below surface | radial direction]

THUS:I =1, = J, =1,, H =0

ADVANCED READING: 11) extremely anisotropic radiation
I (u,9)=1,0(— 1,)0(¢—@,), with Dirac o-function [planar wave]

1 2w 1 ]
=J, = f d¢_jl 1,64 = )5~ dh)dpt = = -
| 2 1 ds [8=0, L ods])
- | cosdda | 1,5(u - 1) - )1 - 1) dp
0 -1

F 1% 1 [ % cos gy (1— 415)"? 0
HV :4;2.: EJ.Sln¢d¢J‘]05(,U_ﬂo)§(¢_¢0)(1_ﬂ2)1/2dﬂ :E ]OSin¢0(1_,U§)l/2 ﬂl_) O
0 i Ty 1,/4r

i l d¢_jllo5(ﬂ — 14y)0(P— @) pud 1

I : I
Generally: [H, |= ﬁ\/cos2 ¢y (1= 1) +sin’ g (1— p12) + g = ﬁ

THUS: uni-directional radiation = J = |HV| (independent of co-ordinate system)
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IU) solar ceustant
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2"d moment: radiation pressure (stress) tensor W A 5
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divergence of radiation pressure tensor

gas pressure — presgure [0Tce ~ — Ip
here: radiative force = volume forces exerted by
radiation field

(\}E). = Z > @, : ith component of divergence
S et DA 'y (Cartesian)

® 1?-? &Twwe%\[ fPtJL\. = %(1->
Qb\]u-f %ﬁ 0 >
Spw [2]\;[U
(vt

® ai)ll@rt(;ogj_ g\fmngry
@nh_“{ GZE)T‘ l,lus nuuﬂuo.utghliwﬁ C.t:\z\q‘ﬂbhé‘.hd‘
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advancedjreading

Divergence of radiation pressure tensor

For symmetric tensors T7 (i, j = ®,®, r) one can prove the following relations

(e.g., Mihalas & Weibel Mihalas, "Foundations of Radiation Hydrodynamics", Appendix)
1 o(F°T"™)

2
r

(V-T), =

+f(Tr®)+f(Tr(D)—l(T®® +T<I>CI))
r r

1

(V-Tm=—{faﬂﬂ+ 1 a@meT%)+
"

rsin @ 00

f(T®®)+l(T’® —cotHTCD‘D)}
r

1 or®®
rsin@ O¢

where f are (different) functions of the tensor-elements which are not relevant here.

V-1, =+{f<T’®)+f<T®‘D)+ + f(cot eT@’@)}
rsin @

Since in spherical symmetry the radiation pressure tensor P is diagonal (i.e., symmetric),

and since p, and u are functions of » alone, we have

(VP)rziz 2rPrr+r26 _l(P®®+P<DCD)=a_+l(2Prr_P®®_PCI>(IJ)
r or r or r
rr 6
(which in the isotropic case would yield (V - P), = 86 = %)
v r

(V'P)G): 2

00
——| cos @P°° +sin O o LZ cot OP*® — 0 (in spherical symmetry)
r-siné 06

r

(V- P)y, — 0 (in spherical symmetry).

Finally, we obtain

(V-P)>(V-P), =e, '{apR +l(2p1a _2(1712 _l(3p1e _u)jj}:
or r 2

0
=e, -[&+l(3pR —u)], q.e.d.
or r
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Summarizing comparison:

from p-p to spherical symmetry

specific intensity and moments similarly defined if z—r

I(z, 1) > I(r,u) with y=cos@ and =< (e_,n) [in the following, v- and ¢-dependence suppressed]

from symmetry about azimuthal direction:
17 .
n"™ moment = > I I(r,p)p"dy, as in p-p case when z — r; n=0,1,2 > J(r), H(r),K(r)
-1

0

flux(-density) % =| 0 [: only z- or r-component different from zero, prop. to Eddington-flux
47H

radiation stress tensor P: only diagonal elements different from zero

only difference refers to divergence of radiation stress tensor, V - P

in pp-symmetry, only z-component different from zero, and

0 . . 4
(V-P) = g ZR with p, (radiation pressure scalar) Z%K (2)

in spherical symmetry, only r-component different from zero, and

(V-P)r _ Pr +3pR B

: . : 4
5 with u (radiation energy density) = Ry (r)
r c
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Chap. 4 — Coupling with matter

The equatiou of cadiative trowusfer
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The equation of transfer for specific geometries RS
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advancedjreading

IMPRS advanced course -

The equation of transfer (cont’d)

i so-called p-z geometry
L. 4
ds = &=

f
mit (=2t rL
= <
P -
d 3] D p d
= Rk = OO 4 =
As d"l\(v B:’_Pbrd-_a%‘ﬁé/,‘_
&

= — £ = l _1
3 |p o f'u /M)
D .2 Ad D
LR Ol v =T S
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_ N d R
(% %1* Mt 'e’rc-si@“ csmb S
VR coth D
*i’rL S/_'-k - F—; @)I_V(Q{_@[r‘#!qj}vlo
ot (s @t = W~ kvly

Radiative transfer, stellar atmospheres and winds

75



Source function and Kirchhoff-Planck law W ;ﬁyﬁ{ 5

Waed hedd - Placek law
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True absorption and scattering

"true" absorption radiation energy => thermal pool
processes: if not TE, temperature T(r) is changed
examples: photo-ionization
bound-bound absorption with subsequent
collisional de-excitation

scattering: no interaction with thermal pool
absorbed photon energy is directly reemitted (as photon)
no influence on T(r)
But direction n_-> n' is changed (change in frequency mostly small)

examples: Thomson scattering at free electrons
Rayleigh scattering at atoms and molecules
resonance line scattering

ESSENTIAL POINT

true processes: localized interaction with thermal pool,
drive physical conditions into local equilibrium
often (e.g., in LTE - page 127): n,(true) = k,B,(T)

scattering processes: (almost) no influence on local thermodynamic properties of plasma

propagate information of radiation field (sometimes over large distances)
n, (Thomson) = o4 J, (-> next page)
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Thomson scattering
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Moments of the transfer equation WP RS
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= stationary: time-independent, d/6t=0
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The change in radiative pressure drives the flux!
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.. expressed also in terms of J,, H , K,

general case, 0" moment general case, 1" moment
4r 0 1 0
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2

&

1 o(r’H,)

P’ or

when frequency integrated, = 0, if ONLY
radiation energy transported: radiative equilibrium
— (for stationary conditions) flux conservation
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Eddington-Barbier-relation

L (w) = S, (t,=w

We “see” source function at location T, = (remember: T radial quantity)
(corresponds to optical depth along path t /u=1!)

Generalization of principle that we can see only until At =1

i) spectral lines (as before)
for fixed p, rv/u = 1 is reached further out in lines (compared to continuum)
=>§ line (g line/y =1) < S ot (g ©pu=1) =>"dip"is created
Ty

A

I

cemtraol oy I
| S

I m oy W‘l*H =05 =
(8 =¢0°)

- a.5
[
[
|

Rin Rowr

ii) limb darkening
for u =1 (central ray), we reach maximum in depth (geometrical)
temperature / source function rises with t
=> central ray: largest source function, limb darkening

iii) "observable™ information only from layers with t <1
deepest atmospheric layers can be analyzed only indirectly
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Solar limb-darkening

Empirical temperature stratification
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empirical temperature structure of solar photosphere
by Holweger & Miiller (1974)
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Diffusion approximation
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Thermalization

From approximate solution of moments equations accounting for
true plus scattering continuum opacity (Milne-Eddington model — advanced reading),
it turns out that the difference between mean intensity and Planck-function

(as a function of optical depth) can be written as

J, - B, = f(5,)exp| —(3,)""z, |,

with thermalization parameter

K_t

|4

E =
v t
14 + 14

given by the ratio of true and total opacity.

Thus, only for large arguments of the exponent we achieve J, — B, namely if

1
T 22—

14 ,
gl/

with L the so-called thermalization depth [\/g in denominator neglected]

N

a) for o, < k, (negligible scattering) — J, (r, >4...5) > B,
b) SN remnants: scattering dominated, very large thermalization depth
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Chap. 6 — Stellar atmospheres

Basic assumptions

1. Geometry
plane-parallel or spherically symmetric (— Chap. 3)

2. Homogeneity
atmospheres assumed to be homogenous (both vertical and horizontal)

BUT: sun with spots, granulation, non-radial pulsations ...
white dwarfs with depth dependent abundances (diffusion)
stellar winds of hot stars (partly) with clumping (<p*> # <p>?)

HOPE: "mean" = homogenous model describes non-resolvable phenomena in
a reasonable way
[attention for (magnetic) Ap-stars: very strong inhomogeneities! ]

3. Stationarity
vast majority of spectra time-independent => 0/0t = (0

BUT: explosive phenomena (supernovae)

pulsations
close binaries with mass transfer ...
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Hydrodynamic description

Hydrodynamic description: inclusion of velocity fields

Equation of continuity:

M

ap 2 5y = - 7

> +V-(pv)=0 r°pv =const yym (D
Equation of momentum = ; with V- (pv)=0

"Euler equation” stationarity, i.e., 8—20 @ _ _8_p -
(8 1 ) and spherical symrtnetry, PY 8r G +pg, (D)

- 2
,O +V- (,OV ® V) = _Vp + ,Og 1.e.,V-u—)r—zﬁ(r ul’) (?rc!)\;el(:ltrllcenrltlt:)rrn

v[V-(pv)]+[pv-V]v

I: Conservation of mass-flux

II: "Equation of motion"

Exercise:
with gravity and radiative acceleration Show, by using the cont. eq.,
ov_ 0Op GM., that the Euler eq. can
- p(r)V(r)E - or p(r)( r2 7 8 (r)j be alternatively written as
or, to be compared with hydrostatic equilibrium % +(v-V)v= _Vp g
5 GM., ov
L= p(r)| =+ Zraa (1) |~ PV =
or r or
hydrostatic equilibrium op
=p(2)| -
in p-p symmetry: 0z
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the isothermal sound speed) ,

p =v. .p (equation of state, with & mean molecular weight, and v

Byusing p=

sound

Hmy
and M = 47r° pv = const (for the hydrodynamic case)

the equations of motion and of hydrostatic equilibrium can be rewritten:

0 dv’ 2v3(r :
(Vszound - V2 (r))a_f = —P(V)(ggrav (7") — 8Rad (l") + (;(;lnd - ]/'( )} [hYdrOdynamIC]
0 dv’ _
Vjound 6_5 = _IO(Z) (ggrav (R*) - gRad (Z) + ﬁund) [hYdrostatIC, p-p]

Conclusion:
d for v << v, hydrodynamic density stratification becomes (“quasi”-) hydrostatic

Q this is reached in deeper photospheric layers, well below the sonic point, defined by v(r,)=V., 4
example: v ,,q (Sun) ~ 6 km/s, v, 4 (O-star) ~ 20 km/s

Thus: p-p atmospheres using hydrostatic equilibrium give reasonable results
even in the presence of winds as long as investigated features (continua, lines)
are formed below the sonic point.
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Barometric formula
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Total pressure
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Fig. 16. Mass density p as function of logarithm of atmospheric column
density m for a typical unified model (solid) and a hydrostatic model
(dashed) with similar 7. and log g

Exercise: derve H d;r@dk’- {rem above ;ffaw&
Lﬁw?t&r({ L-a-Hl/t regu d"‘ﬂm
Calculedion of M (T,e=40,000K, log g = 3.6)
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Unified atmospheres —
density/velocity stratification for stars with winds

photosphere + wind = unified atmosphere (Gabler et al. 1989)

il

Two possibilities:

a) stratification from theoretical wind models [Castor et al. 1975, Pauldrach et al. 1986,
WM-Basic (Pauldrach et al. 2001), see ‘intermezzo’]
Disadvantage: difficult to manipulate if theory not applicable or too simplified

b) combine quasi-hydrostatic photosphere and empirical wind structure [PHOENIX
(Hauschildt 1992), CMFGEN (Hillier & Miller 1998), PoWR (Grafener et al. 2002),
FASTWIND (Puls et al. 2005), see ‘intermezzo’]
Disadvantage: transition regime ill-defined

deep layers: at first p(r) calculated (quasi-hydrostatic, with g, () and g, (1))

— v(r)= ];4 forv<yv, 4 (toughly: v<0.1v_ )
4r” p(r)
bR* ﬁ " . " . .. .
outer layers: at first v(r) = v_ (1 ———)”, "beta-velocity-law", from observations/theory (b from transition velocity)
r
M
— p(r)=
P A7r*v(r)

transition zone: smooth transition from deeper to outer stratification

Input/fit parameters: M, v_, [, location of transition zone
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Unified atmospheres —
density/velocity stratification for stars with winds

abscissa: Tg, Rosseland optical depth (frequency averaged opacity, see page 105)

56 osy 4 Teff = 40 kK, log g =4.0, Rstar = 10 Rsun
10 I I I T 11¥] I I I
- corresponds to log p = log m - log H 1 i T i
102 T - 102 - { s
\x m““"'-,__x .;II A
" . :
. = {4 = b
g 100 L - R 4 £ etk —
- cores of = T y
strong lines ¥y 1 /“’ _
sl , | == > ]
""" dotted: hydrostatic I e
- solid: unified model with thin wind . | dotted: hydrodynamic, from wind-theory i
[ dashed: unified model with dense wind ] solid: unified model, with similar v, and $=0.8
"J':' 1 1 1 1 ‘:]_4 1 1 1
107 109 1072 104 1078 1078 107 10° 1074 w04 1078
fau_Ross tau Foss

Figure : (Left) Electron-density as a function of the Rosseland optical depth, TRress, for different atmo-
spheric models of an Ob-dwarf. Dotted: hydrostatic model atmosphere; solid, dashed: unified model with
a thin and a moderately dense wind, respectively. In case of the denser wind, the cores of optical lines
i ous B2 19—t — 10_2) are formed at significantly different densities than in the hydrostatic model,
whereas the unified, thin-wind model and the hydrostatic one would lead to similar results.

Figure : (Right) Velocity fields in unified models of an O-star with a thin wind. Dotted: hydrodynamic
solution; solid: analytical velocity law with similar terminal velocity and 3 = 0.8 (see text).

NOTE: at same T or m, wind-density (for v = v 4 ) lower than if in hydrostatic equilibrium
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Plane-parallel or unified model atmospheres?

al

o Unified models required if Ty, = 102 at transition
between photosphere and wind (roughly at 0.1*v_, .4)

o rule of thumb using a typical velocity law (3=1)

R, '

=102 at 0.1 v -l T :
10R, 1000kms™

M__ =Mt )~ 6-10°M _yr”

Ross sound

a if M(actual)<M__ for considered object,

then (most) diagnostic features formed in quasi-hydrostatic part of atmosphere

~. plane-parallel, hydrostatic models possible for optical spectroscopy of
ate O-dwarfs and B-stars up to luminosity classes II (early subtypes)
or Ib (mid/late subtypes)

o check required!
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Eddington limit
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Summary: stellar atmospheres - the solution principle
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Rosseland opacities

R osceloaund op acities
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e can be calculated without radiative transfer

e harmonic weighting: maximum flux transport where y, is small!
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e alternatively, from construction (for 7, > 1)

1 H H H H
7. dK/dz 108, =~ 1dT70B, 140y s dT
3 Oz 3dzy oT 37 dz
=
i) F = dgp =109 s 4T
dr,

i1) in spherical geometry

L(r) _ 160y e dT
drr? 3y dr

(used for stellar structure)
ceey . o 4
111) integrate 1), + F' = o, T

3
4 _ md . .
->T" =T, Z(TROSS + const), asin grey case, but now with 7,

THUS possibility to obtain initial (or approx.) values for

temperature stratification ( = exact for large optical depths)

calculate (LTE) opacities y,
calculate ., 7, again, iteration required

calculate T'(z; )

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

Now we define the stellar radius via

R. =R(ty,, =2/3)

as the average layer ("'stellar surface") where

the observed UV/optical radiation is created.

Furthermore, if we approximate const =2/3

as in the (approx.) grey case, i.€.,

T4(TRoss) ~ Téftf %(TROSS + 2/3)

€

then we obtain 7'(z,, =2/3)=T(R.) =T
and the definition L =47 R o, T, has also a
physical meaning (at least for LTE conditions):
"the effective temperature is the atmospheric

temperature of a star at its surface".

Note: in reality, 7' (7, = 2/3) deviates (slightly)
from T, since const # 2/3, and because of

deviations from LTE
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H/He continuum of a hot star around 1000 A

Predictions

Teff = 40000, log g = 4.5, H/HE-LTE | . coney /B> 185, OK

2.0
E : (at 500 A) (Xv = X«R)
- i Balmer cont: J /B >1.01, OK
e / (at912 A) (X, < %)
| B &
= . Balmer cont. (g, <<1) . Lyman edge: J /B < 1.0, OK
B i T O11A) (Xy > Ag)
%“ 1.0 Lyman cont. 1 voR
= B T note: large opacity leads to very
= B = c 9
= B ] small effective T-gradient,
B ke # minimum value J /B =0.5,
: H-Ly edge (¢ ~1) : (cf. page 91)
e L R S VR ST U N T S|

1818 0 10y 1200 1400
wavelength (A)
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The Schwarzschild criterion
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Mixing length theory — some details

AE = pC,dT is excess energy density delivered to ambient medium = F,, =C,p3(V,-V,) rr i1 C, pvT(V, =V, )ar, with
when bubble merges with surroundings. H2 |2
: : .. [ :
C, is specific heat per mass. mixing length parameter a=§ (from fits to observations, a=0(1))

= F,,, =AEv =C 6T pv is convective flux (transported energy)

The average velocity is calculated by assuming that the work done by the

with v average velocity of rising bubble buoyant force is (partly) converted to kinetic energy, where the average of this

over distance Ar (pv mass flux). work might be calculated via

W= j F, (Ar)d(Ar),

0

oT is temperature difference between bubble and ambient medium.

ST = K_ d_T j - [_ d_T ﬂ Ar >0 when convective instable and the upper limit results from averaging over elements passing the point under
dr|, dr|; consideration. The buoyant force is given by (see page 109)
since then [(—AT)a —(—AT)i] >0 F,=-gép=-g(p,—p,)>0
From the definiton of V, Using the equation of state, and accounting for pressure equilibrium (p, = p, ),
dT Td T . : . : .
Y Py —V, with pressure scale height H, since we find 22 = —Q5—T with Q = (1 _Olnu j, to account for ionization effects.
dr p dr H P T olnT|,
kpT dp 1 dp um, g 1
P—— 0 gphndie=——==——— == _ P e AP dT dT B
=>F =—gop=g0=0T=g0—=|| —| |-|— ||Ar=
um,  dr p dr kT H » = — 80P gQT gQTK p aj ( |
(assuming hydrostatic equilibrium and neglecting radiation pressure;
inclusion of p, , possible, of course) gQ%(Va —V,)Ar = AAr. Thus, F, is linear in Ar, and

172

H

g(va —Vz-)(éjz
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Defining / as the mixing length after which element dissolves, and averaging " = j AArd(Ar) = Ag =gop

0

over all elements (distributed randomly over their paths), we may write Ar = —.
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Mixing length theory — some details

Let's assume now that 50% of the work is lost to friction (pushing aside the
turbulent elements), and 50% is converted into kinetic energy of the bubbles, i.e.,

_N\1/2 1/2
lw:lp\jz =|v= K :(gQH) (Va—vi)l/z a,
2 2 yo, 8

and the convective flux is finally given by

1/2
R =(B2L] (pe,1)(v, -0, "

NOTE : different averaging factors possible and actually found in different versions!
Remember thatstillV , <V, <V _<V .

The gradients V, and V, are calculated from the efficiency y and the condition

that the fofal flux remains conserved (outside the nuclear energy creating core), i.e.,

Jt,
7 Fogpy + Froa) = 7 Fy = R (R) = Rl Ty ==
T

or from the condition that

(F;onv

2

L . o
+F ) =—— with L _the luminosity at r.
drr

Usually, a tricky iteration cycle is necessary.
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Convective vs. radiative energy transport o w7

> major difference in internal structure at MS — convective vs. radiative energy transport:
> if T-stratification shallow (compared to adiabatic gradient) — radiative energy transport;
> else convective energy transport
> cool (low-mass stars) during MS:
> interior: p-p chain, shallow dT/dr — radiative core
> outer layers: H/He recombines — large opacities — steep dT/dr, low adiabatic gradient — convective
envelope
> hot (massive) stars during MS:
> interior: CNO cycle, steep dT/dr — convective core
> outer layers: H/He ionized — low opacities — shallow dT/dr, large adiabatic gradient — radiative envelope
Note: (i) transition from p-p chain to CNO cycle around 1.3 to 1.4 M, at ZAMS
(i) most massive stars have a sub-surface convection zone due to iron opacity peak
(iii) evolved objects (red giants and supergiants) and brown dwarfs are fully convective

ZAMS—Model (M = 1.00000 Msun) ZAMS—Model (M = 50.0000 Msun)
TR W L S VA S (A (A A R T A N [ | UL A EL A I B I SR I N BB AL R B 7
1 6.0 .
- . 3 radiative
=] ] ~ |
3 - envelope
- ative : -
1 1 _- :
0 2 4 6 8 10

0.2 0.4 0.6 0.8 1.0 -
r/Rsun r/Rsun
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Chap. 7 Microscopic theory

Absorption- and emission coefficients
@ can calculate now a lot, if absorption- and emission-coefficients given, e.g.

Xy ~ O ® 9 (v) © n,(r)

cross-section  profile function occupation

(quantum mech.) (normalized) numbers
' LTE NLTE
if necessary, "free-free" Saha- detailed
next higher ion (Bremsstrahlung) Boltzmann calculation
\\/ Al A I T
i -/,— ¢ /\/ (L ionization absorption
(=L LE £ ( [t
edge hv + E > E,
u excited level emission
& @ spontaneous €4——isotropic
J{ E -> E + hv
: 1 excited level Y
@ stimulated
4 \lL ground level hy + Eu -> B + 2 hv
"bound-free" "bound-bound" \ﬂ/v
(ionization/ (line transition) same angulairdistribution

recombination)
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Line transitions
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Line broadening
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Curves of growth for pure absorption lines. Note that the larger the
value of a, the sooner the square-root part of the curve rises away
from the flat part.
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measure W(A) for different lines (with different strengths) of one ionization stage

: 5040F : :
plot as function of log(g,f,,4) —T” +logC , with "C" fit-quantity

shift horizontally until theoretical curve of growth W(B") is matched => log C => n_10 =>n

25 :

T L i ! ] 1 L £
’ 40 - =10 0.0 1.0 2.0 3.0
5040F,,

logX,  =log(g,f,A)~ 7

Emnirical curve of erowth for solar Fe I and Ti I lines. Abscissa is based on laboratory f-values. From (686).
Ti I lines shifted horizontally to define a unique relation
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LTE bf and ff opacities for hydrogen
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FIGURE 4-1
Opacity from neutral hydrogen at T = 12,500°K and
T = 25,000°K, in LTE; photoionization edges are labeled
with the quantum number of state from which they arise/neutral atom

Ordinate: sum of bound—free and free-free opacity in cm?/atom;
abscissa: 1/7 where / 1s in microns.

130



LTE and NLTE

(L)TE: for each process, there exists an inverse process with identical transition rate

LTE = ‘detailed balance’ for all processes!

processes = radiative + collisional

@ collisional processes (and those which are essentially collisional in character, e.g.,

radiative recombination, ff-emission) in detailed balance, if velocity
distribution of colliding particles is Maxwellian (valid in stellar atm., see below)

o radiative processes: photoionization, photoexcitation (= bb absorption)

in detailed balance only if radiation field Planckian and isotropic (approx.
valid only in innermost atmosphere )

e
T, T J () =W(r) B,
R continuum El I
av.T, L dum
= i

bing H‘-
2
& D
2 =t
4 5
radiative processes couple regions
with different temperatures, anisotropy
as a function of frequency: At <1
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Question: is f(v) dv Maxwellian?

@ elastic collisions -> establish equilibrium
@ inelastic collisions/recombinations disturb equilibrium
inelastic collisions: involve electrons only in certain velocity ranges, tend to shift
them to lower velocities
recombinations : remove electrons from the pool, prevent further elastic collisions

@ can be shown: in typical stellar plasmas, t, / t = 10°... 107 =t/ t

' ] g ] » Lel inel
=> Maxwellian distribution

@ under certain conditions (solar chromosphere, corona), certain deviations in high-
energy tail of distribution possible

Question: is T(electron) = T(atom/ion)?

# equality can be proven for stellar atmospheres with 5,000 K < Te < 100,000 K

When is LTE valid???

roughly: electron collisions >> photoabsorption rates )
oc % (0 oc X 2 owever:
n T I,(T) «T x2>1 e
effects also
LTE: T low, n, high dwarfs (giants), late B and cooler in cooler
NLTE: T high, n_low all supergiants + rest ?rtgr';si’nesﬁ;"
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TE - LTE - NLTE : a summary

TE LTE NLTE
velocity distribution of v v v
particles Maxwellian (T.=T,)
excitation Boltzmann v v no
ionization Saha 4 v no

source function

radiation field

B,(T)

Jy =By(T)

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

B,(T), except
scattering
component

Jy # By(T),
equality oply for
1

only S,f=B,(T)

J, # By(T)
dito
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Kinetic equilibrium

NLTE — Kinetic equilibrium (or statistical equilibrium) ¥eoliilie Len
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Solution of the rate equations — a simple example

HAD: for each atomic level, the sum of all populations must be equal to the sum of all depopulations
(for stationary situations)

example: 3-niveau atom with continuum
assume: all rate coefficients are known (i.e., also the radiation field)
=> rate equations (equations of statistical equilibrium)

—n,[R, +C + R, +Cp, + R, + C | +1,(R, + Cy)) + 1y (Ry, + Cy ) + 1 (R, +C,,) =0
n(R,+C,)—n,[Ry, +Cy + Ry +Cy + Ry + Coy |+ 1(Ry, + Cp) + 1 (R, +C,,) =0
m (R +Cp)+ny(Ryy +Cpy)—ny [ Ry, +Cy + Ry +Cy + Ry +Cyy |+, (R, +C,5) =0
n(R, +C,)+nR, +C,)+n(R, +C,)—n|[R,+C,+R,+C,, +R,+C;]=0

with
R, radiative bound-bound transitions (lines!) C, collisional bound-bound transitions
R, radiative bound-free transitions (1onizations) C, collisional bound-free transitions
R,, radiative free-bound transitions (recombinations) C,, collisonal free-bound transitions

In matrix representation =>

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds
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~(Ry + Cpp + Ry + Cpp + Rz + Cp5) (Ryy +Cyp) (R3y + C31) By + Cpp)
P= (R +C12) ~(Ry + Cop + Ryp + Cyp + Rz + C3) (R3p +C33) (Rip + Cga)
(Ry3 + C13) (Ry3 +Cp3) ~(Ryp + C3p + Ryy + G5y + Ryy +C3p) (Ry3 + Cp3)
Ry + Cpg) (Ryp + Co) Ry + C3p) “(Rpy + Cpy + Rpy ¥ Cpp + Ryz + Cz))
rate matrix, diagonal elements sum of all depopulations
0 Rate matrix is singular, since, €.g., last row linear combination of other rows (negative sum
& of all previous rows)
n, 0
P* = . . . Y
n, 0 | THUS: LEAVE OUT arbitrary line (mostly the last one, corresponding to ionization
n,(=n) 0 equilibrium) and REPLACE by inhomogeneous, linearly independent equation for all n;,
4\ =y

to obtain unique solution
particle number conservation for considered atom:

N
Zni =, Ny, with ¢, the abundance of element k
i=1

NOTE 1: numerically stable equation solver required,
since typically hundreds of levels present, and (rate-)
coefficients of highly different orders of magnitude

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

NOTE 2: occupation numbers n; depend on
radiation field (via radiative rates),

and radiation field depends (non-linearly) on n,
(via opacities and emissivities)

=> Clever iteration scheme required!!!!
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Flux (ergs em

Example for extreme NLTE condition
Nebulium (= [Olll] 5007, 4959) in Planetary Nebulae

mechanism suggested by I. Bowen (1927):

* low-lying meta-stable levels of Olll(2.5 eV) collisionally excited by free
electrons (resulting from photoionization of hydrogen via "hot", diluted

radiation field from central star)
@ Meta-stable levels become strongly populated
o radiative decay results in very strong [Olll] emission lines

@ impossible to observe suggested process in laboratory, since collisional
deexitation (no photon emitted)) much stronger than radiative decay
under terrestrial conditions.

@ Thus, after detection new element proposed , "nebulium”

5%10™ T T T T T ] Condition for radiative decay
i SMC-SMP25 i
10 (ol n NOTE: A_, <107 (typical values are 107)
i ratio 3:1 i
. § ] n, A, >n nq (T,), with metastable level m
- ] — n, K n,(crit),
- n ] 4 Q(
2x107 | a ] n,(crity=—"2— q =8.63-10"° £d,m)
-: : qml(z—;) gm\/i
I Hﬁ ] Q(/,m) collisional strength, order unity
10—14 | _|
I HY : .
! | [ - for typical temperatures 7, ~10,000K and [OIII] 5007,
. . NPEES I y
¢ § B | ) i . | 1 i 1 | - i 1 1 1

we have n_(crit) ~4.9-10°cm”,

3
ot
(=]

4000 5000 6000 ' -
Wavelength () much larger than typical nebula densities

FiG. la



Intermezzo: Stellar Atmospheres in practice LR Ly

except for
white dwarfs
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Hot luminous stars:
Massive, main-sequence
(MS, ~10 R,,,) or evolved,
(=20 ... 100 Ry,)-

Strong, fast stellar winds

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds
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Luminosity (Sun = 1)
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Stellar Atmospheres in practice

Some different types of stars...

Evolutionary tracks:

Yellow SuperGia
Zero-age main sequence
(ZAMS)

60 solar masses
15 solar masses
2 solar masses

0.4 solar masses

lIl | I Illlll

50000 20000 10000
Temperature (Kelvin)

Cool, luminous stars
(RSG, AGB):

Massive or low/interme-
diate mass, evolved,
several 100 (!) Rg,,-
Strong, slow stellar winds

Solar-type stars:
Low-mass, on or near MS,
hot surrounding coronae,
weak stellar winds

(e.g., solar wind)
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Different
regimes require
different key
input physics and
assumptions

*LTE or NLTE

*Spectral line
blocking/blanketing

*(sub-) Surface
convection

*Geometry and
dimensionality

*Velocity fields and
outflows
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Stellar Atmospheres in practice

Spectroscopy and Photometry

ALSO:
Analysis

of different
WAVELENGTH
BANDS

is different

(X-ray, UV,
optical, infra-
red...)

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

Depends on where in
atmosphere light
escapes from

Question: Why is this
“formation depth”
different for different
wavebands and
diagnostics?



Stellar Atmospheres in practice

Spectroscopy/photometry (see Chap. 2)

...gives insight into and understanding of our cosmos

» provides

»  stellar properties, mass, radius, luminosity, energy production, chemical
composition,properties of outflows

»  properties of (inter) stellar plasmas, temperature, density, excitation, chemical comp.,
magnetic fields

» INPUT for stellar, galactic and cosmologic evolution and for stellar and galactic
structure

> requires

»  plasma physics, plasmais "normal” state of atmospheres and interstellar matter
(plasma diagnostics, line broadening, influence of magnetic fields,...)

atomic physics/quantum mechanics, interaction light/matter (micro quantities)
radiative transfer, interaction light/matter (macroscopic description)
thermodynamics, thermodynamic equilibria: TE, LTE (local), NLTE (non-local)
hydrodynamics, atmospheric structure, velocity fields, shockwaves,...

h B F G
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Stellar Atmospheres in practice

UV “P-Cygni”

Spectroscopy (see Chap. 2) lines formed

advancadleading in rapidly

UV spectrum of the O4I(f) supergiant ¢ Pup accelerating,
e —sarm g hot stellar

; T e N T Tk TiLe | winds

:-=m II . s (quasi-)
g e . , continuum
i N il T 1 i i i i 1T | formed in
i} WW’W o (quasi-)

hydrostatic

i il i 7 A photosphere

N

HORMALIZED FLU

1550 1600 1850 1700 1750 1800
WAVELENGTH (A)

-
&
2
a

montage of Copernicus (A <1500 A, high res. mode, AA =~ 0.05 A, Morton & Underhill 1977)
and IUE (AA = 0.1 A) observations
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Stellar Atmospheres in practice

e Spectroscopy Lines and
s ’ continuum in

WWMW the optical
N “ around 5200 A,
?QNWMW in cool, solar-
MWW\(W“ type stars,
ey formed in the
S L photosphere
MF
R ey qmj%—»mqﬂmm(—
"

lll]lllllllllli]ll1ll|l£l|lll

5240 5245 5250 5255 5260 5265
Wavelength [A]

7
j
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Stellar Atmospheres in practice

Spectroscopy X-rays from
hot stars,
@ glelalelde grating ( (HETGS/M FC} spe formed in
o s shocks in
stellar wind

| X-rays from
,5 5 6 7 8 9 10 11 12 13 .I;aw[:lgth (lg} 17 18 19 20 21 22 23 24 25 COO[ Star.'s,
formed in

hot coronae

=
I
=
T
o
£
2
)
2
=]
=
2
2
S

0.5
0.0 J__J.,..: U’-'w%w&wunﬂkl}w» WMJIWL‘..WU"-L\L %;LLJ T
5

10 13 14 15 16 17 18 19 20 21 22 23 24 25
Wavelength (A)
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Stellar Atmospheres in practice

A tour de modeling and analysis of stellar atmospheres throughout the HRD

M ~107*.10"M_/yr ..7E or NLTE

Stellar Winds 6 .
Tl v e | cSpectralline

(see Chap. 8) [ ety w blocking/blanketing

Il N T@m=1  «(sub-) Surface
KEY QUESTION: 3 g ‘\\ ‘ convection
What provides the z2 | e L =Z-] -Geometry and
force able to £ o dimensionality
overcome gravity? EY =m0 e Velocity fields and

M0 Mo e | outflows

M M L s " " M i L
30,000 10,000 6,000 3,000
Effective Temperature (K)
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Stellar Atmospheres in practice

A tour de modeling and analysis of stellar atmospheres throughout the HRD

KEY QUESTION: What provides
the force able to overcome

ity? —4 -8
gravity: M =10 "...10 MQ /yl" L TE or NLTE
Pres-sul'r]etgradient f 10¢ — \ T -Spectral line
in hot coronae o 1 o . .
solar-type stars - S w - blocking/blanketing
Radiation force: =5 ) _,wm“‘ @ | '(SUb-) Surface
Dust scattering =] hybrid ; .
(in pulsation-levitated S \”‘;j/_ convection
material, see Chap. 8) s ol i = - *Geometry and
in cool AGB stars @ , "hot" ) : : :
(S. Hoffner and colleagues) £ i ‘ e _ dlmepsmr!allty
g ! I -Velocity fields and
Same mechanism in cool RSGs? [ M =~ 107" M Ny P outflows
102 stars -
30:000 . 10.:]06 - 6,;)00 I I 3,(;00

Effective Temperature (K)
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Stellar Atmospheres in practice

A tour de modeling and analysis of stellar atmospheres throughout the HRD

KEY QUESTION: What provides
the force able to overcome
gravity?

Radiation force:
line scattering in
hot, luminous stars
- done at USM,
more to follow in
Chap. 8

M

106

104

102

Luminosity (L'/L(D)

102

~107...10° M _ / yr

-

Be stars

~ I \ no coronae?

radiatively ¥ “cool" ]
driven winds \ dense

\ (slow?) 7

"warm"' winds

hybrid \

winds \
\ —A
111 -
-

'ihotll
solar-type
winds —

A%

Sun

y ~14
M=100"M r

flare
stars -

©

30,000

10,000 6,000 3,000
Effective Temperature (K)

*LTE or NLTE

*Spectral line
blocking/blanketing

*(sub-) Surface
convection

*Geometry and
dimensionality

Velocity fields and
outflows

Question: How do you think the high mass loss of stars with high luminosities
affects the evolution of the star and its surroundings?
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Stellar Atmospheres in practice

om introductory slides ...

Life

planet systems

won  “ ;.-

~

&
S star formation
o

_H proto-

stars
ISM: dust, molecules, gas

stellar evg
as =>red/bl
“0 (super)giants

planetary ,  low stellar v
b
4

[ .ﬁs—J

nebulae s
=
core “collapse

ernovae
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Feedback

« massive stars determine ®nergy (kinetic and.
radiation) and momentum" budget of q
surrounding ISM

* kinetic energy and momentum- bﬁdget via :
winds (of different strengths in dependence of
evolutionary status) .

* massive stars enrich environment with metals, S

via winds and SNe, determine chemo -« o N :
dynamical evolution of Galaxies (exclusnrely ﬁ - .

before onset of SNe |a)
+ in particular: first chemlcal enrlchment of :
Universe by First (VMS) Stars

—“FEEDBACK”

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

Stellar Winds from hot/evolved cool

Bubble Nebula
(NGC 7635)
in Cassiopeia

wind-blown
bubble around

" BD+602522

(06.51111)

stars control evolution/late evolution,
and feed the ISM with nuclear processed

material
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In the following,
we focus on stellar
photospheres
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Stellar Atmospheres in practice

From Chap. 6 Summary: stellar atmospheres - the solution principle

THWS areblewn of atellar atwmespleres colveck
(x Toew L_Lﬂg‘l_ g%, Tefy, [J'LE‘JLLL\D'\.DLM.CE,-E:L

@i’ h»{&hzzsis&-k gctu:[:br:uw
L[Eﬂ I T =
e = 8@ = Gud) 1 qra=s %iﬁ?tvﬂudw - %(G‘“HL&)*

Py L‘arnn&f*{@ withowd couuectioy,
7
P-r ﬁﬁﬂmdhf :S‘Jr%'t'c;)

?f;a*r-[v of v)

~_—1F

.dus_ YH G, “m,ﬂ-
?’HLEE__ Sl —‘EILEL*'L%SL Hy dly

o
S o

A
H Sa Teﬁ_ L"‘&b F}

o =

i}

@j ;_Ltl_,{,u;i—:ﬂ“l Dé raol. Wﬂ&a&ﬁ}'—

AT, ; ¢
Aegst % ?Cv(‘csu T ) \i'b’ i =5 Iv‘“‘"s J“‘-'[/‘j“% Hy = S v(}t)/l&‘}y-&
"i:_,n—\s -:,umc.:l bl‘t‘;a

- ¥ {H_rn.u..
@ «) T;Eilm’nuﬁ e uilibriven e COMEer u-:dw&

S Lﬂu"k‘-rl\;) li{.r' = ){Tmlu‘“kwbl:uk) = (’CTH‘”}C\T#):S?} JLV = S Lureﬁ@ﬂ )dv =
0 0 5

W o ?_ e
o) ol uempesvaritin s iy, B"{v"e:]dv =t HEZ) = T@,WJ D arey
) y Off

el *

= A Xy {,l-j et

@ {,ﬁuw’ﬁoa o{i] Lg:!, cd—.:r__ P'éw’ {2’) Su‘)\‘{’_}:} 8 al[u,-t-wu b\f
Meratien-
Solution of differential equations A and B by discretization Eq. of radiative transfer (B)
differential operators == finite differences usually solved by the so-called
all quantities have to be evaluated on suitable grid Feautrier and/or Rybicki scheme
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*LTE or NLTE

*Spectral line
blocking/blanketing

*(sub-) Surface
convection

*Geometry and
dimensionality

*Velocity fields and
outflows
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Stellar Atmospheres in practice

WM e RS

LTE or NLTE? (see Chap. 7)

When is LTE valid???

roughly: electron collisions >> photoabsorption rates
lll.'.illf'I"’E I (T) xT5 x=1 however:
MLTE-
effects also
LTE: T low, n_high dwarfs (giants), late B and cooler " cooler
NLTE: T high, n_low all supergiants + rest e e
iron in sun
HOT STARS: COOL STARS:
Complete model atmosphere and synthetic Standard to neglect NLTE-effects on atmospheric
spectrum must be calculated in NLTE structure, might be included when calculating line

spectra for individual “trace” elements (typically
used for chemical abundance determinations)

BUT: See work by Phoenix-team (Hauschildt et al.)
ALSO: RSGs still somewhat open question

NLTE calculations for various applications

(including Supernovae remnants) within the

expertise of USM
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*LTE or NLTE

*Spectral line
blocking/blanketing

*(sub-) Surface
convection

*Geometry and
dimensionality

*Velocity fields and
outflows
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Stellar Atmospheres in practice

Spectral line blocking/blanketing

«Effects of numerous -- literally millions -- of (primarily metal) spectral lines
upon the atmospheric structure and flux distribution
*Q: Why is this tricky business?
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Stellar Atmospheres in practice

Spectral line blocking/blanketing

«Effects of numerous -- literally millions -- of (primarily metal) spectral lines
upon the atmospheric structure and flux distribution
*Q: Why is this tricky business?

- Lots of atomic data required (thus atomic physics and/or experiments)
- LTE or NLTE?

- What lines are relevant?
(i.e., what ionization stages? Are there molecules present?)

Techniques: K

Opacity Distribution Functions =& G
Opacity-Sampling
Direct line by line calculations

5555555

1 A Y I A I A . 'l
S D F G aH | EDTE TG H R D O G
Tee m Demignaton
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Stellar Atmospheres in practice

Spectral line blocking/blanketing

Back-warming (and surface-cooling)

Numerous absorption lines
“block” (E)UV radiation
flux

Total flux conservation
demands these photons be
emitted elsewhere >
redistributed to
optical/infra-red

Lines act as “blanket”,
whereby back-scattered
line photons are (partly)
thermalized and thus heat
up deeper layers

“Blanket” typically cools
uppermost layers

“Blanket” warms deep
layers

Heat (photons) enters
atmosphere from
sub-photospheric layers

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds
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Stellar Atmospheres in practice

Spectral line blocking/blanketing

Back-warming and flux redistribution

...occur in stars of all spectral types

2 e L L L L L L L L L B —2F
:2: -~y et 7 —3%—
3 - surface T E J
| E'3'_—"'coolin'g"“""'“-"' ——=_ \ g_4;_
8§ 5 | e T .. Dack=>2el = | line-blocking: 5
'—E 2 R —— S wafming | = 5F much less EUV-flux E
el 20 172727 2000 Y[MesHl=00 . — g f dotted without,
[ - To—.—._— %000 - L : solid with metal lines
&~ . - e = 5000, [Me/H]=—1.0 ] ~7t ¥ ot ]
<] _40||||||||||||||||||||||||||||||||l 100 Iorﬂ1b{)d?JD[A] 10000
- & _Blcg T & gut ‘_0 in T Fig.10. Emergent Eddington flux H, as function of wavelength.

Solid line: Current model of HD 15629 (O5V((f)) with parameters

Fig. 4. The effects of switching off line absorption on the temperature foom Tillle: | (F.y—20500K. Josg=37T “model 177, Doed: Pae

structure of a sequence of models with logg = 3.0 and solar metallic-

ity. Note that AT = T(nolines) — T(lines). It is seen that the blanket- H/He model without line-blocking/blanketing and negligible wind. at
ing effects are fairly independent of effective temperature for models same Tey and log g ("model 27). BESth:__Pm’e H/He model. but with
with Tog = 4000. T.x=45000 K and log g = 3.9 ("model 37).
Back warming in cool stars UV to optical flux redistribution in hot stars
(from Gustafsson et al. 2008) (from Repolust, Puls & Hererro 2004)

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds 158




Stellar Atmospheres in practice

Spectral line blocking/blanketing

Back-warming and flux redistribution

...occur in stars of all spectral types

B : i L
- IIB-
= 50 5
gL i
=) | 1.6
= | :
foe) =25 1.4
Pt I L
S L
S g i
. 1.2
© B Blark H
) 20 — — NI Blank |
q) d i ';I[:.
o 30 3.2 54 36 iR 4.0 4.2 4.4 10 11 12 13 .
= Log A A Log N, {em™) out€——in
o
L

Fig. 9 Effects of line blanketing (solid) vs. unblanketed models (dashed) on the flux distribution

(log Fy (Jansky) vs. log A (A). left panel) and temperature structure (T{lﬂd‘ K) vs. log n,, right
panel) in the atmosphere of a late B-hypergiant. Blanketing blocks flux in the UV, redistributes
it towards longer wavelengths and causes back-warming.
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Stellar Atmospheres in practice

Spectral line blocking/blanketing

in line/continuum forming regions, blanketed models at a certain T, have a plasma temperature
corresponding to an unblanketed model with higher T’

Back-warming - effect on effective temperature

407\|\||||||\||\|||||||‘||\|||

RECALL: T -- or total flux (plane- From Gustafsson et al. 2008: Question: Why

Dwarfs [Me/H]=0.0
— Ciiznts [Me/H]=0.0

parallel) -- fundamental input Estimate effect by assuming o e does the line
parameter in model a blanketed model with T, & | ] ceeeeeemeee Giants (Me/H}—1.0 ) )
atmosphere! such that the deeper layers blocking fraction

increase for very
cool stars?

correspond to an
unblanketed model with -
effective temperature 0 7\ 1 | 1111 | | T | 1 111 | 1111 ‘ 1111 | 11

3000 4000 5000 (KE)EOOU 7000 8000

ot

Line blocking fraction X (%)
1o
(=}
I

Fig. 3. The blocking fraction X in percent for models in the grid with
two different metallicities. The dwarf models all have log ¢ = 4.5 while
— the giant models have logg values increasing with temperature, from

— ff logg = 0.0 at Ty = 3000 K to logg = 3.0 at Ty = 5000 K.

C
Tl =Q1—-X)7-Ter. (35)

’
4 T e > Tese

where X is the fraction of the integrated continuous flux blocked

T out by spectral lines,

¢ in cool stars derived,
e.g., by optical photometry ];m{F Fdi
o conl — 44

A =

36
[ Faatd i
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Stellar Atmospheres in practice

Spectral line blocking/blanketing

Back-warming - effect on effective temperature

RECALL: lTlef{ = ofr t%tal flux {plane- Previous slide were LTE models. In hot
-- tal input . .
el etk stars, everything has to be done in NLTE...
atmosphere!

B 4
F =0yl 4

Question: Why is optical
photometry generally NOT
well suited to derive Teff in
hot stars?

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds 161




Stellar Atmospheres in practice

Spectral line blocking/blanketing

Instead, He ionization-balance is typically used
(or N for the very hottest stars, or, e.g., Si for B-stars)

Hel4387 Hel4922 I?T[%%?ﬂ Hel4471 Hel4713 Hell4200Hell4541 Hell6404
e

O_

Helll

Simultaneous fits to observed Hel and Hell lines
-- from Repolust, Puls, Hererro (2004)

Ion fraction He

» Back-warming shifts ionization balance toward more

completely ionized Helium in blanketed models 4 . '),_‘-'weak'-linﬁel f
— thus fitting the same observed spectrum requires i e fom“lng resion.,
lower T than in unblanketed models 4 -3 -2 0 :

* black - blanketed Teff=45 kK
 red - unblanketed Teff=45 kK
 blue - unblanketed Teff= 50 kK

black and blue have similar (low) Hel/ll ionization fractions
in weak-line forming region, thus similar line profiles
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Stellar Atmospheres in practice

Spectral line blocking/blanketing

Instead, He ionization-balance is typically used
(or N for the very hottest stars, or, e.g., Si for B-stars)

e w = ww Ty ¥ Be &9 F B® B G
Result: In hot O-stars with ok :
Teff~40,000 K, back- o BF —
warming can lower the S “of .
derived T as compared to " =} - :
unblanketed models by sof “ :
several thousand degrees! zafé e ;
("' 10 %) SPECTRAL TYPE

New T, scale for O-dwarf stars. Solid line - unblanketed models.
Dashed - blanketed calibration, dots - observed blanketed values
(from Puls et al. 2008)
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*LTE or NLTE

*Spectral line
blocking/blanketing

*(sub-) Surface
convection

*Geometry and
dimensionality

*Velocity fields and
outflows
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Stellar Atmospheres in practice

Surface Convection

from Chap. 6 (Couyedion

&‘*‘L@—r%\/ +r‘qus&’aar€r net @u(\( fa:;/ mr);ia,{iou,

however alce by
* Wwaues hot ﬂé\.{falﬁh{ Cla "I“\“’Ji(‘_&r
ol il stell o a*wuf{—lﬂ“e.s. , bt
L\ COu ot @4 i f.'s;lj‘sm.aa} {:&r‘bh Qaplteres
* Couvectiou (Bhite Aoy
T}f[’u_ & total Flux =cough
Rad v
Q. (Tt - TN 20 [ quesihydosklc
&{'woafﬁtrere 5 }
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Stellar Atmospheres in practice

OBSERVATIONS:
“Sub-surface”
convection in layers
T~160,000 K (due to
iron-opacity peak)
currently discussed
also in hot stars

Surface Convection

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

* H/He recombines in
atmospheres of cool stars
- Provides MUCH opacity
- Convective Energy
transport

Image: SOHO (ESA/NASA)



Stellar Atmospheres in practice

Surface Convection

Traditionally accounted for by rudimentary
“mixing-length theory” (see Chap. 6) in
1-D atmosphere codes Emergent intensity
‘ina 1D model of a
BUT: stellar atmosphere
* Solar observations show very dynamic structure
* Granulation and lateral inhomogeneity

- Need for full 3-D radiation-hydrodynamics
simulations in which convective motions occur

spontaneously if required conditions fulfilled . [GpRred agdicaminied sl
(all physics of convection ‘naturally’ included) ér,@r.qw;?_ﬂ,;{'&; }1"}%' Ve

= d ","

dlation+MTF

- oA o
Cré&dit: B. Stein ™ =
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Stellar Atmospheres in practice

Surface Convection

aslongas Ar/R << 1 => plane-parallel symmetry

light ray through atmosphere
Solar-type stars:
. : AR <<
Photospheric extent << stellar radius RS
Small granulation patterns

.8
L
+ + B

lines of constant temperature
ERAIpRE i su and density (isocontours)
R_,= 700,000 km curvature of atmosphere insigni- significant curvature : o = [,
Ar (photo) = 300 km ficant for photons' path: .= spherical symmetry

& => Ar/R~410"*
examples

BUT corona solar photosphere / cromosphere solar corona
Ar /R (corona) ~ 3 atmospheres of atmospheres of

main sequence stars supergiants

white dwarfs expanding envelopes (stellar winds)

Ar giants (partly) of OBA stars. M-giants and supergiants

from Chap. 3
168
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Stellar Atmospheres in practice

Surface Convection

Solar-type stars:
Atmospheric extent << stellar radius
Small granulation patterns

9
Box-in-a-star
Simulations

(cmp. plane-parallel approximation)

From Wolfgang Hayek
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Stellar Atmospheres in practice

Surface Convection

Approach
(teams by Nordlund, Steffen):

Solve radiation-hydrodynamical
conservation equations of
mass, momentum, and energy
(closed by equation of state).

3-D radiative transfer included
to calculate net radiative
heating/cooling q,,, in energy
equation, typically assuming LTE
and a very simplified treatment
of line-blanketing

Gaa = 470 | KaTa=S2)dA
A From Wolfgang Hayek

(= 0in case of radiative equilibrium)
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Stellar Atmospheres in practice

Surface Convection

Sun {L71DQ9), T,,=5770 K, logg=4.44
212 x 106 grid points, 11540 s {At=20 s)
Matthias 3teffen, Bernd Freytag

Time: 1 3080.0sec Temperature, Tracers

-~

-~

1

f"'lll

\\ér'

S

i
llllll

]
™ P ee "'J %
T N | |
T b |1'|(1"|' 1

1000 4000 o000

From Berndt Freytag’s homepage: http://www.astro.uu.se/~bf/
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advanced

reading

Stellar Atmospheres in practice

Surface Convection

Q101 CICRLy
R o Y =T

—i{r5

Fia, 4 —Preasure flnctpations abowt the mean hydrostatic squilibrinm and the velocity fisld in an xz glics throwgh a granule. The pressare is high above
the centers of grannles, which decelarates the warm upflowing fluid and diverts it horizontally. High pressurs ales oceurs in the intergranolar ksnes where the
horimental motions are halted and gravity pulls the now cool, dense fiuid down into the intereranolar lanes. Hormontal rodls of high vorticity occur at the
edges of the intergranolar lawes. The emergent intensity profile across the shice is shown at the top.

From Stein & Nordlund (1998)
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Stellar Atmospheres in practice

Surface Convection

Some key features:

v

Slow, broad upward motions, and
faster, thinner downward
motions

Non-thermal velocity fields

Overshooting from zone where
convection is efficient
according to stability criteria
(see Chap. 6)

Energy balance in upper layers not
only controlled by radiative
heating/cooling, but also by
cooling from adiabatic
expansion

imulation
- —
v )
X2

a ) ‘k

lation+MTF

Ve
-
—

Simu

9

See Stein & Nordlund (1998);
Collet et al. (2006), etc. Fia. 19—Comparison of granulation as seen in the emergant intensity from the dmulations and as observed by the Swedish Vacuum Solar Telescope on

La Palma. The top row shows three simulation imapges at 1 minute intervals, which together make a composite image 18 x & Mm in extent. The middle row
ahows this imags smoothed by an Airy plos exponential point-spread fonction. The bottom row shows an 18 = Smwwma.gammh&mmu
the similar appearance of the smoothed simulation image and the observed granulation. The common edge brightening in the simulation & reduced when
amaothed. Images by (Title 1996, private communication) taken in the CH G-band have much more contrast than white lght and clearly reveal the adge
brightening of pranules

Question: This does not look much like the traditional 1-D models we’ve discussed
during the previous lecture! - Do you think we should throw them in the garbage?
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Stellar Atmospheres in practice

Surface Convection

blue: mean temperature from 3D hydro-model (scatter = dashed)
red: from 1D semi-empirical model (Holweger & Muller, see Chap. 5)
green: from 1D theoretical model atmospheres (MARCS)

gagoé- red and green includes ¥
- mixing-length approach ’

Temperature [K]

(NN AN I AN ANIN I8 AU AN O AU AN B AV N RO O IO N . AR b 8 WIS

-3 -2 -1 0
Logarithmic optical depth [500nm]

=,

Figure 1: The mean temperature structure of the 3D hydrodynamical model
of Trampedach et al. (2009) is shown as a function of optical depth at 500 nm

(blue solid line).

The blue dashed lines correspond to the spatial and tem-

In many (though not all) cases, AVERAGE properties
still quite OK:

Convection in energy balance approximated by
“mixing-length theory”

Non-thermal velocity fields due to convective motions
included by means of so-called “micro-” and
“macro-turbulence”

BUT quantitatively we always need to ask:
To what extent can average properties be modeled by
traditional 1-D codes?

Unfortunately, a general answer very difficult to give,
need to be considered case by case

poral rms variations of the 3D model, while the red and green curves denote
the 1D semi-empirical Holweger & Miiller (1974) and the 1D theoretical MARCE
(Gustafsson et al. 2008) model atmospheres, respectively.
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Stellar Atmospheres in practice

Surface Convection

10000 | T,=4550K logg=1.6 [Fe/H]=—3
< 8000k BN 3D (Stogger)
> - —— 1D (MARCS)
e -
S 6000 <3D>
5 .
a I
& 4000f
‘_ -

2000 |

—4 -2 0 2
109 Ts000m

Metal-poor red giant, simulation by Remo Collet,
figure from talk by M. Bergemann

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

For example:

In metal-poor cool stars spectral lines are scarce
(Question: Why?),

and energy balance in upper photosphere controlled
to a higher degree by adiabatic expansion of
convectively overshot material.

In classical 1-D models though, these layers are
convectively stable, and energy balance controlled

only by radiation (radiative equilibrium, see Chap. 4).
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Stellar Atmospheres in practice

Surface Convection

Vi

n

—
"
o

s

Qo

(=}
T
=
0]
T

Relative Intensity

o
L8]
T

Relative Intensity

o
o

-10 =5 0 3, 10
Doppler speed in km/s

c
oo

! ]
-10 -5 0 = 10
Doppler speed in km;’s V
‘ .

*‘o \

» Line shifts, broadening, intensity contrast

YoAeH AqQ el wo.4

3-D radiation-hydro models successful in reproducing many solar features
(see overview in Asplund et al. 2009), e.g:

Center-to-limb intensity variation

Line profiles and their shifts and variations (without micro/macroturbulence)

Observed granulation patterns
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Stellar Atmospheres in practice

Surface Convection

Normalized intensity

649.88 649.89 B49.90 649.91
Wavelength [nm]

Figure 3: The predicted spectral line profile of a typical Fe1l line from the 3D
hydrodynamical solar model (red solid line) compared with the observations (hlue
rhomhbs). The agreement is clearly very satisfactory, which is the result of the
Doppler shifts arising from the self-consistently computed convective motions that
broaden, shift and skew the theoretical profile. For comparison purposes also the
predicted profile from a 1D mode]l atmosphere (here Holwezer & Miiller 1974) is
shown; the 1D profile has been computed with a microturbulence of 1 kms~! and
a tuned macroturbulence to obtain the right overall linewidth. Note that even
with these two free parameters the 1D profile can neither predict the shaft nor
the asymmetry of the line.

affects chemical abundance
(determined by means of line profile
fitting to observations)

One MAJOR result:

Effects on line formation has led to a
downward revision of the CNO solar
abundances and the solar metallicity,
and thus to a revision of the
standard cosmic chemical

abundance scale

Fig. from Asplund et al. (2009) - “The Chemical Composition of the Sun”
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Stellar Atmospheres in practice

Surface Convection

Also potentially critical for Galactic archeology...

...which traces the chemical evolution of the Universe by analyzing
VERY old, metal-poor Globular Cluster stars -- relics from the
early epochs (e.g., A. Frebel and collaborators)
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Stellar Atmospheres in practice

Surface Convection

*giant convection cells in the
low-gravity, extended atmo-
spheres of Red Supergiants

*Question: Why extended?

H=a’/g (with a = v_the

isothermal speed of sound)

Out to Jupiter...

Ao /@ T /T, =0.5..0.6
gRSG /gsun ~ 10_4 '

(see Chap. 6)

Betelgeuse (HST)

Gilliland & Dupree 1996
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Stellar Atmospheres in practice

Surface Convection

Supergiants (or models including a stellar wind):
Atmospheric extent > stellar radius:

Box-in-a-star = Star-in-a-box

(1D: Plane-parallel = Spherical symmetry,
see Chap. 3)

Star to model: Betelgeuse

Mass: 5 solar masses

Radius: 600 R,

Luminosity: 41400 L,

Grid: Cartesian cubical grid with 1713 points
Edge length of box 1674 solar radii

Model by Berndt Freytag, note the HUGE convective cells visible in the emergent intensity map!!
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Stellar Atmospheres in practice

Surface Convection

st35gm04n28: Surface Intensity(11), time(

Star to model: Betelgeuse

Mass: 5 solar masses

Radius: 600 R,

Luminosity: 41400 L,

Grid: Cartesian cubical grid with 1713 points
Edge length of box 1674 solar radii

Movie time span: 7.5 years

http://www.astro.uu.se/~bf/movie/dst35gm04n26/
movie.html
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Stellar Atmospheres in practice

Surface Convection

st35gm04n28: Surface Intensity(11), time(

Extremely challenging,
models still in their infancies.
LOTS of exciting physics to explore, like

Pulsations

Convection

Numerical radiation-hydrodynamics
Role of magnetic fields

Stellar wind mechanisms

Also, to what extent can main effects
be captured by 1-D models?
For quantitative applications like....
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RSGs to probe chemical evolution of galaxies
Davies, Kudritzki, Plez, Bergemann, Evans, Gazak, Patrick |

MILKY WAY GALAXY

Question: Why are RSGs ideal for
observational extragalactic stellar astrophysics,
particularly in the near future?
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important codes (not complete) and their features ....

Stellar Atmospheres in practice

Codes FASTWIND WM-basic TLUSTY Phoenix MARCS CO5BOLD
CMFGEN Detail/Surface Atlas STAGGER
PoWR
geometry 1-D 1-D 1-D 1-D/3-D 1-D 3-D
spherical spherical plane-parallel spherical/ plane-parallel Cartesian
plane-parallel (MARCS also
spherical)
LTE/NLTE NLTE NLTE NLTE NLTE/LTE LTE LTE simplified
dynamics quasi-static time-independent hydrostatic hydrostatic or hydrostatic hydrodynamic
photosphere + hydrodynamics allowing for
prescribed supersonic
supersonic outflow outflows
stellar wind yes yes no yes no no
major application hot stars with winds | hot stars with hot stars with cool stars, brown cool stars cool stars
dense winds, negligible winds dwarfs, SNRs
ion. fluxes, SNRs
comments CMFGEN also for line-transfer in Detail/Surface convection via convection via very long execution
SNRs; FASTWIND Sobolev approx. with LTE- mixing-length mixing-length times, but model
using approx. line- (see part 2) blanketing theory theory grids start to
blocking emerge
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Stellar Atmospheres in practice

And then there are, e.g.,

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

* Luminous Blue Variables (LBVs)
like Eta Carina,

*Wolf-Rayet Stars (WRs)

*Planetary Nebulae (and their
Central Stars)

*Be-stars with disks

*Brown Dwarfs

*Pre main-sequence T-Tauri and
Herbig stars

...and many other interesting
objects

Stellar astronomy alive and
kicking! Very rich in both

Physics
Observational applications



A first application —

The D4000 break in early type galaxies

» spectroscopic study of region around 4000 A: useful tool to investigate
stellar populations in composite stellar systems

"
. F, d\ definition by Bruzual (1983)
Bass = Ay —AD) N
(A=A e ’ D4000 pseudo color
ﬁ_ Fy, dA (combination of A and v,

not logarithmically defined
where (A, Ay, Af, Af) = (3750, 3950, 4050, 4250) A.

> star formation history (e.g., easy detection of young populations “contaminating” the break)
distinct indicator of stellar population ages (Kauffmann, 2003) and metallicities (Maraston 2005)

Balmer decrement (“jump”, “break”) and D4000 break often used as a single feature to detect high
redshift “quiescent” galaxies

» D4000 break in early type galaxies

only low signal to noise required

only weakly contaminated by reddening

no absolute fluxes required

same def. for red-shifted objects, only int. range has to be modified — photometric parallaxes
» BUT: many lines contribute to break, complex behavior
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Spectral energy distribution of A-K stars

W M e RS

' ' LY BSARID . .. (¥, &DDN
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lFlcr. 4.—Spectra of four Galactic stars, taken from the spectral library of Jacoby et al. ( 1984). These spect-a can be used to identify some of the major stellar absorption features in the
galaxy spectra.
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change in
the energy
distribution
as a function
of spectral
type (Teff)
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Spectral energy distribution of elliptical galaxies

WM A

F(») / F(5500)

F(A) / F(5500)
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1.2

1.2

IR
| NGC 4648
. E3

PR IR S N
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4000
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5000
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8500
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1.2

e
|~ NGC 3379
. E0

P

4500

FiG. 5.—Integrated spectra of four elliptical galaxies. The spectrum of NGC 4472 (lower right) was obtained at lower resolution with the IRS scanner,
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LESEE U2 L2 SR T I | 1 1
[ NGC 4472 7
L E1/S0 i
M| | il P l 1 a1 .
4000 4500 5000 5500 6000 6500 7000
Wavelength  (A)

D4000 break
clearly visible,
Mg/MgH (5000-
5500 A) complex
strong
—>dominated by
G/K-giants

from Kennicutt,
1992, ApJS 79
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Spectral energy distribution of spiral galaxies
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Wavelength  (A)

2.5

15 [

- NGe
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P |
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f, e ]
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FiG. 10.—Integrated spectra of four Shc-Sc galaxies, selected to illustrate the range in excitation in the emission-line spectra. See Fig. 9 for other examples.

no break,

Balmer decrement,
nebular emission
lines (Halpha,
Hbeta, [OIII 4959,
5007],...)

—presence of
early type stars
plus HII-regions
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relative flux (arbitrary units)

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

The 4000 A region: a closer inspection

I T T T T
ol CN band

| ——
Balmer
limit H., H He
mirr o e |

AL T
]
CH.DANE et
- [ | |
Ho Cr 1
| |
or 11 Cal
|
iy | Mg T
LU LD L Al UL LIl Fe I
| L | L |
3800 4000 4200

From Gorgas et al., 1999, A&A

WMP RS

spectrum of HD72324(G9 Ill)
» very strong Call H/K lines

» major ion, resonance
lines (almost all Ca-
atoms are in ground-
state of Call)
=> very strong lines

» weaker Balmer lines

(almost all hydrogen

in ground-state)

» multitude of Fel and
Mgl lines

» + CN band lines
=> Strong D4000 break
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Theoretical energy distributions of (super)giants

W B RS

- T Teff [K] =

30000
20000
15000
10000

5000

log (H_mu)

calculated by
means of

‘Atlas’ (Kurucz)
model atmospheres
(LTE)
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Theoretical energy distributions of (super)giants:

zoom into the 4000 A region

log (H_nu)

—Ew.l..il.ili.li.l

SE00 3E00 4000 4200

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

Teff [K] =

30000
20000
15000
10000

5000

calculated by
means of

‘Atlas’ (Kurucz)
model atmospheres
(LTE)
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The D4000 break: consequence of line-blocking

Teff = 5000 K, log g =1.5

7t T

m_ﬁ_— y

1078 .
Em ‘D_— i
g0 =

il i

_'

=18 | [
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pure continuum

including multitude
of lines:
line-blocking

W B RS
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The D4000 break: dependence on parameters

M e RS

supergiants, [ | ' '
Teff [K]= Moo o ———
_Ef<., ............... A ey Alog F=O.4; z
6000 = [ Yoo | :
5000 @ -7f - %
4000 < | _ Z
—-af — BF
3600 3800 4000 4200 4400 3800 4000 4200 4400
: Teft [K] = 5000
= log g =1.50
v" dependence on T_: strong
v dependence on log g: weak metallicity (log Z/Z,,)
0.00
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: -1.00
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The D4000 break: empirical calibration g w5 5=

18 J. Gorgas et al.: Empirical calibration of the A4000 A break
1 1 I I I I I I I I I I I 1 I I I I I
- [Fe/H] ]
i 0 >0.25 )
ﬁ" - —]
factor 2.5 - O (—0.25,0.25) «— solar .
corresponds to - A (=0.75,-0.25) .
A log F=0:4 - T Y e— SMC .
(see previous o i O (—1.25,—0.75) N
g oM =
sligks) = 5 % (—1.75,—1.25) 0 & i
Q | i
N - ]
- —]
i 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 I_

Teff=5,000 K
®

Fig. 5. Daooo as a function of § = 5040/T.gx for the sample, together with the derived fitting functions. Stars of different
metallicities are shown with different symbol types, with sizes giving an indication of the surface gravity (in the sense that
low-gravity stars, i.e. giants, are plotted with larger symbols). Concerning the fitting functions, in the low # range, the solid
line corresponds to dwarf and giant stars, whereas the dashed line is used for supergiants. For lower temperatures, thick and
thin lines refer to giant and dwarf stars respectively. For each of these groups in the mid-temperature range, the different lines
represent the metallicities [Fe/H] = +0.5,0,—0.5, —1, —1.5, —2, from top to bottom.
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ubiquitous phenomenon

@ solar type stars (incl. the sun)

e red supergiants/AGB-stars
("normal” + Mira Variables)

@ hot stars (OBA supergiants,
Luminous Blue Variables,
OB-dwarfs, Central Stars of
PN, sdO, sdB, Wolf-Rayet
stars)

o T-Tauri stars

@ and many more
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The solar wind - a suspicion

comet Halley’ - Seme : comet Hale-Bopp
with ,,kink“ in § o with dust and
tail s e plasma tail (blue)

(]
'

. ¥ #

]

-

'
o

]

» comet tails directed away from the sun

» Kepler: influence of solar radiation pressure (-> radiation driven winds)
e lonic tail: emits own radiation, sometimes different direction

» Hoffmeister (1943, subsequently Biermann): solar particle radiation
different direction, since v (particle) comparable to v (comet)
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The solar wind - the discovery

« Eugene Parker (1958): theoretical(!) investigation of coronal equilibrium:
high temperature leads to (solar) wind (more detailed later on)

» confirmed by
e Soviet measurements (Lunik2/3) with “ion-traps” (1959)

» Explorer 10 (1961)

e Mariner Il (1962): measurement of fast and slow flows
(27 day cycle -> co-rotating, related “coronal holes” and sun spots)
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The solar wind - Ulysses ...
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polar wind:
fast and thin
ULYSSES/SWOOPS

S LY SSES FAST-LATITUDE SCANS equatorial wind:

slow and dense

MEARING SOLAR MIMNIMLUM AROLUND SOLAR MAXIMUN

GSFC)
MK3 (HAO)
NEL)




The solar wind - coronal holes o 2 P%R@

Solar particles fast Wind.'

flowr ouwt easily

Coronal holes U | 4 over coronal holes

can st saveral
solar rotalions

AS They rotats . (dark corona, “open”
arownd lhey

p;g,fgf;;x e A S field lines, e.g., in
AN g polar regions)
27 i e

folar particlos
flows oul slowly

- impeded by
sun's magneiic
tiald

coronal X-ray
emission

=

very high
temperatures

(Yohkoh Mission)
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The sun and its wind: mean properties

The sun

radius = 695,990 km = 109 terrestrial radii

mass = 1.989 1030 kg = 333,000 terrestrial masses

luminosity = 3.85 1033 erg/s = 3.85 1020 MW =~ 10'® nuclear power plants
effective temperature = 5770 °K

central temperature = 15,600,000 °K

life time approx. 10 107 years

age = 4.57 10° years

distance sun earth approx. 150 106 km ~ 400 times earth-moon

The solar wind
temperature when leaving the corona: approx.1 10¢ K
average speed approx. 400-500 km/s (travel time sun-earth approx. 4 days)
particle density close to earth: approx. 6 cm-3
temperature close to earth: < 10° K
mass-loss rate: approx 102 g/s (1 Megaton/s) = 10-'“solar masses/year
~ one Great-Salt-Lake-mass/day ~ one Baltic-sea-mass/year
= no consequence for solar evolution, since only 0.01% of total mass lost over total life time

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds 203




Stellar winds - hydrodynamic description gy s p &

Need mechanism which accelerates material beyond escape velocity:

* pressure driven winds Note: red giant winds still not understood,
# radiation driven winds only scaling relations available (“Reimers-formula”)
remember equation of motion (conservation of momentum + stationarity, cf. Chap. 6, page 94)

d 1d : : : o
AL g (in spherical symmetry), and p = pa’ (equation of state, with isothermal sound-speed a)

dr p dr

— with mass-loss rate M, radius r, density p and velocity v

M =471’ pv, equation of continuity:
conservation of mass
a’ )| dv GM 2a°  da’ . .
1— = |y 2= - _ +g. + _ equation of motion:
2 2 ra :
v: ) dr r roodr from conservation of momentum
vel. field grav. radiative  (part of) accel.
accel.  accel. by pressure gradient

positive for v>a inwards outwards outwards

negative for v<a
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Pressure driven winds

( azj dv GM / day
l-—|v— = /) +——74
1% dr dr

vel. field grav.  radiative “pressure”
accel. accel.

The solar wind as a proto-type for pressure driven winds
viu,

@ present in stars which have an (extremely) hot corona (T ~ 10° K)

@ with g_,= 0 and T = const, the rhs of the equation of motion changes sign at

v, =%; with a (T=1.5-10° K) =160 km/s,
a
we find for the sun», * 3.9R_ /

and obtain four possible solutions for v/v_ ("c¢" = critical point)

fire

# only one (the "transonic") solution compatible with observations 0 1
# pressure driven winds as described here rely on the presence of a hot corona

(large value of a!)

# Mass-loss rate M ~10™* M, /yr, terminal velocity v =500 km/s
# has to be heated (dissipation of acoustic and magneto-hydrodynamic waves)

# not completely understood so far
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Radiation driven winds

accelerated by radiation pressure:

1 a’) dv . GM s .\ 2a° da’ pressure terms only of secondary order
2 v o B 2 & rad ” e (@ = 20 km/s for hot stars,

. . = 3 km/s for cool stars)
important only in

lowermost wind

7 cool stars (AGB): major contribution from dust absorption;
coupling to “gas” by viscous drag force (gas - grain collisions)

M ~1070Mg,, /T, Voo ~20 k/s

#* hot stars: major contribution from metal line absorption;
coupling to bulk matter (H/He) by Coulomb collisions

M 210701075 Mgy, /yr, vop #2,000 km/s
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«Mira Ceti

avid Fapricius, 1590)
e brightness variations by 5.5 mag

(from 3.5t0 9),
corresponding to a factor of 160

‘Walfisc®¥ (Cetus). .

Eckhardt Slawi!c‘)
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Cool supergiants: The dust-factories of our

Universe I,

ol

M 8l A S

dust: approx. 1% of ISM, 70% of this fraction formed
in the winds of AGB-stars (cool, low-mass supergiants)

Red supergiants are located in dust-forming “window”

Temperatur T

transition from gaseous phase to solid state possible only in
narrow range of temperature and density:

gas density must be high enough and temperature low
enough to allow for the chemical reactions:

density p = sufficient number of dust forming molecules required

Pl o s ) el (o (s = the dust particles formed have to be thermally stable

Chr. Helling, Sterne und Weltraum,
Feb/March 2002
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Growth of dust in

matter outflow

dust growth

[y [

] +TiO, . +TiO,
Tio, (TiO;), = (TiO,);
M "
£ ‘ r,‘%‘,’ e P

» decrease of density and temperature
e more and more complex structures are forming
» dust: macroscopic, solid state body,

approx. 107 m (1000 Angstrom), 10° atoms

terrestrial, macroscopic rutile crystal
(TiO,, yellowish)

+TiO,
: (ARG S O TR . .
cﬁ'”mq rpv.’!' ) f_mai
L+ 3 O

first steps of a linear reaction chain, forming the seed of (TiO,)
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Dust-driven winds: the principle

The principle of radiation driven winds

here: absorption by dust

. photons
N f WIND
* z

[
Sy’ pf™
total transfer of momentum
L‘/ |
OBSERVER I
‘ dust
dust excited particle
particle dust 4

The photon is absorbed the excess energy
(excitation of is distributed within the

electrons and inmner degrees of freedom
vibrations) and radiated away as heat
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 star emits photons

» photons absorbed (or scattered) by dust

« momentum transfer accelerates dust

» gas accelerated by viscous drag force
due to gas-dust collisions

acceleration
proportional to number of photons, i.e.,
proportional to stellar luminosity L

= mass-loss rate o L
dust driven winds at tip of AGB responsible
for ejection of envelope

= Planetary Nebulae

winds from massive red supergiants still
not explained, but maybe similar mechanism
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! zsfj AL » star (“surface”) pulsates,
5 g - e sound waves are created,
- 3 1 3 « steepen into shocks;
3 i e matter is compressed,
" of ] « dust is formed
SE 1. « and accelerated by
- :l 111 I L1l I L1111 I L L1 L1l Ll i 1 L1 11 | i i S L1l L1 1 Ll Ll [ o o
i R e B radiation pressure
8
] =
1 &
z Jos &
3 1 &
= 1 8 dust shells are blown away,
— OD . 0
L I[IIIIIIlll I 1 ml L1111 I O B I Ll 11 l L1 L | I L1l l L1 11 II II“ O 'O fOllOW]ng the pUlsatlonal CyCle
0 5 10 15 20 25 30 35 40 45 50 55 60
distance r (Rstar)
. . . —> periodic darkening of
snapshot of a time-dependent hydro-simulation of a P . g
carbon-rich circumstellar envelope of an AGB-star. stellar disc
Model parameters similar to next slide. = brightness variations
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WMP RS

shock front

shock front dark colors: dust shells

velocity

simulation of a
dust-driven wind

(previous working group
E. Sedimayr, TU Berlin)

T=2600K,L=10*L_,
M=1M,,, Av =2 km/s

sun’

Earth Jupiter | Nepﬁn
Mars Saturn
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Stars and their winds - typical parameters WM e RS
Red Blue
The sun AGB-stars supergiants
mass [Mg] 1 1...3 10...100
luminosity [Lg] 1 104 105...10¢
stellar radius [Rp] 1 400 10...200
effective temperature [K] 5570 2500 104...5-104
wind temperature [K] 106 1000 8000...40000
mass loss rate [Mg /yr] 10-14 106...104 10¢... few 103
terminal velocity [km/s] 500 30 200...3000
life time [yr] 1010 10° 107
total mass loss [Mg] 104 2 0.5 up to 90%

of total mass
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massive stars determine energy (kinetic and radiation)
and momentum budget of surrounding ISM

> Al Bubble Nebula
. Lunids e ol - Rl . (NGC 7635)
SR o T R e = in Cassiopeia

wind-blown
- . bubble around
: | ‘ o i BD+602522
I e (06.5111f)

. . -
| i
. ' ; -
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Line-driven winds: basics

WM e RS

o accelerated by radiation pressure in lines
M ~107..10° M__/yr,v, =200 ...3,000 km/s
Thepringiplent radistvely driven winds @ momentum transfer from accelerated spgcies (ions)
to bulk matter (H/He) via Coulomb collisions
Prerequesites for radiative driving
o large number of photons => high luminosity
Phatins Loc R? T =>supergiants or hot dwarfs
WIND o line driving:
z large number of lines close to flux maximum
(typically some 10%...10° lines relevant)
with high interaction probability
AN (=> mass-loss dependent on metal abundances)

@ line driven winds important for chemical evolution of
(spiral) Galaxies, in particular for starbursts

@ transfer of momentum (=> induces star formation, hot
stars mostly in associations), energy and nuclear
processed material to surrounding environment

@ dramatic impact on stellar evolution of massive stars
(mass-loss rate vs. life time!)

pioneering investigations by
Lucy & Solomon, 1970, ApJ 159
Castor, Abbott & Klein, 1975, ApJ 195 (CAK)

The photon is ahsorbed and reemitted again

reviews by Kudritzki & Puls, 2000, ARAA 38
Puls et al. 2008 A&Arv 16, issue 3
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Radiative line driving and the Doppler effect

MBS

« absorption always at line frequency v, (£ov)
in frame of matter
* matter moves at certain velocity with
g.., o N (number of absorbed photons) respect to stellar frame
* matter “sees” stellar photons at
different frequency than star itself
LINE absorption (Doppler-effect)

absorption only if frequency close to ey V() _ v, (bl e, =i, g
C

a possible line transition, .
* the larger the velocity of matter, the

larger the photon’s stellar frame
frequency must be in order to become
kK, =0 else absorbed at v, (in frame of matter)

K, < k, 1f v, £ ov (thermal width)

V
Vo =V == (7)
G obs

- if v, () > v,(7), then v* > v,

V
Vo :V;bs _?Ovz(r)

—>accelerated matter “sees” photons
from a considerably larger band-width

than static matter, Av, =-"Av > v
%
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shell of matter with spatial extent Ar,
and velocity v, + (d_vj Ar
dr /,
absorption of photons at v, £ v
in frame of matter
photons must start at higher (stellar)

frequencies, are "seen" at v, £ ov

in frame of matter because of Doppler-effect.

Let Av be frequency band contributing to
acceleration of matter in Ar

The larger dv ,

dr
e the larger Av

e the more photons can be absorbed

e the larger the acceleration

dv

grad =

dr

(assuming that each photon is absorbed,
i.e., acceleration from optically thick lines)

A A
dv v(r)
V
line with transition
frequency v, at begin W, +dv,
+AV,) =V, =
A Vv, and end of shell : obs )=V c
| v
:VO ::Vobs _VO_
T | c
' dv dy/dr), A
:Avli:vo—lzvo(——)l r
L C C
B '| r
i Ar :
A i ; (dV) A
; ' 2
Vv | i dr V(I’)
¥ e .
5 :
| i
Av, !
| |
Y ‘ i
i d di/dr), A
A, =V, Va - O(; ), r>AV1
! C L c
e "" r >
Ar



Millions of lines ....

Fe_W

... are present
P4 ... and needed!

2.85907

Remember (Chapt. 4)

z.oe0?

1 : :
g = j K, 7 dv with opacity x,
cp

and radiative flux . &

Enengyiom )
o
S

summing up the individual contributions

‘ Il hif from optically thin and thick lines,
GO B
.-r":‘ il
":'!iiﬁ.'r:.i'ﬁ"ﬂ, gt = D Lraas
o '"' all lines

i

g™ o Lk', k' K (line-strength)

sot | S

hick - dv/dr

i
rad o Lv

L P

line transitions in Fe N0
LU bbb ]| el | ) ) . . ,
's &P D IFIFTG \GTH 1P PPTID 0N PAG AT e P R D DT e when accounting for interaction probability (1 — exp(-7"))

Term Designation
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The line distribution function

> pioneering work by Castor, Abbott & Klein (1975) and by Abbott (1982)
> first realistic line-strength distribution function by Kudritzki et al. (1988)
> NOW: 4.2 ML (Mega lines), 150 ionization stages (H - Zn), NLTE

Distribution of Line Strenghts at 40 kK
| | ' ANk £ dig o k%2, 0= D649 ————

Note curvature
of distr. function

Jog (dAN(k;) / dk )

a~2/3

| | | | 1 | 1
4] L 2 3 4 5 & 7 8
log (hne strength k)

AN (k) _ pams

7K , a~=0.6...0.7

+ 2" empirical finding:
valid in each frequential
subinterval

AN (k,v)=—N,f(v)dv ko *dk

Logarithmic plot of line-strength distribution function for an O-

type wind at 40,000 K and corresponding power-law fit
(see Puls et al. 2000, A&AS 141)
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tot i i dv/dr ’
8rad = Z & rad — jjgrad(vﬂk) dN(V?k) oC NeffL(T] ’

all lines

N . "effective" number of lines

€

thick
a exponent of line-strength distr. function, also: o ==~
grad
Hydrodynamical descri i
dv/dr

(04
mass-loss rate M’ radit 8rad — gcont + glines’ & lines = NeffL( j ,
n of continuity

M = 4xr?pv, : : : :
- (approximate) analytical solution possible /ation of mass-flux

1sothermal soundspeed

a’ )\ dv GM 2a° da’ equation of motion
l——|v = ——— +&w T — :
. A - . i conservation of momentum-
flux
velocity field grav.  radiative  “pressure”
accel.  accel.
positive forv>a inwards outwards outwards

negative forv <a



Scaling relations for line-driven winds (without rotaifilgm PR%

-1/’

M o NY<IV (M (1-T))

1

o 2GM(1-T) )2
v, =2.25 Vo> Voo =
R B
%
v(iry=v_|1- ,  =0.8(0O-stars) ... 2 (BA-SG)
r
I' Eddington factor, accounting for acceleration o exponent of line-strength distribution function,
by Thomson-scattering, diminishes effective O<a<l
gravity large value: more optically thick lines
N.¢ number of lines effectively driving the wind, o’ = 0—0, with  ionization parameter,
corrected for ionization effects, typical value for O-stars: o’ ~ 0.6

dependent on metallicity and spectral type
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The wind-momentum luminosity relation (WLR)

MBS

= use scaling relations for M and v_, calculate modified wind-momentum rate
1/2

MVOOR:M o Nelf/fa' Ll/a'(M(l—F))H/a'(M(l—F))

2 , ;.
(a'~ 5) oc N* L% independent of M and T

' 1
= log(M v_R\'?) = — log L + const(z, sp.type)
a

(Kudritzki, Lennon & Puls 1995)
= (at least) two applications

(1) construct observed WLR, calibrate as a function of
spectral type and metallicity (N and o’ depend on both parameters)
independent tool to measure extragalactic distances
from wind-properties, T and metallicity

(2) compare with theoretical WLR to test validity of radiation driven wind theory
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Determination of wind-parameters: v_

P Cygni profile formation

i

wind

i Gz
OBSERVER / \*\\ ; \\@
absorptio emission
| |
1 " 1‘ / /]\
vm O ) vim O —v_HI

P Cygni profile
AN

vim D —v_In

Ve =V, (1 + ’UVT(F)} v, line frequency in CMF

uv(r)>0: v, >v, blueside

uv(r)y<0: v, <v, redside

1530 15680 1585

j ~ 3,480 km/s



Determination of mass-loss rate from H_

4:"'|"'|"'|'--|---|...
HD 14947 E 41-3654
NN - A3la (M31)
| O5SIaf* (Galaxy) i IE
] 2—

[ M =50, 75and1010—6M /yr
8., . . . . .

rrrrrrirri
o
.-'_I.'
-
-
1

I::I TR N T | TR N T N TR T I T TR N T T | | I T T
62286 €508 6560 6262 6564 B36E Bo68

6520 5540 556{:} 6580 S1al8le

Note: Wind parameters can be cast into one quantity
v Y H_ taken with the Keck HIRES spectrograph,
0= G Q=2 compared with two model calculations adopting 8 = 3,
v, =200 km/s and Mdot = 1.7 and 2.1 x10° M /yr.

Sun

For same values of Q) (albeit different combinations of
Mdot, v_ and R, ), profiles look almost identical!
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Observed WLR

Milky Way

31 T T
s ] B
P
E 30 te --- early Bla ST -
D;{’D o —-- mid Bla B%,DEI”’ O
g 29 f+ - Ala e T 7
g =
3 -+
o 28 [ PR S N X =
o 271 9T -
-'O/’O
<6 ! | .
4.5 0.0 0.9 6.0 6.5
log(L/Lo)

Modified wind momenta of Galactic O-, early B-, mid B- and A-supergiants as a function of luminosity, together
with specific WLR obtained from linear regression. (From Kudritzki & Puls, 2000, ARAA 38).
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advancedjreading

n Car: Aspherical ejecta

image by HST
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advancedjreading

Influence of rotation

il

hot, massive stars = young stars

rapidly rotating (up to several 100 km/s)

twofold effect

 star becomes “oblate”

e wind has to react on additional
centrifugal acceleration,
large in equatorial, small in polar regions
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advancedjreading

—17 =16 -—15 —14 —13 —17 =18 =13 —14 =13
log density /(g em++3.) log density/{g/em=++3.)

inclusion of non-
radial component
of line-acceleration
(rotation breaks
symmetry)

purely radial radiative
acceleration:
wind-compressed disk
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Prolate or oblate wind structure?

—17 -1& -—15 =14 -13
log dengity (g /om#++3.)
non-radial line-acceleration
plus ,,gravity darkening*:
prolate geometry
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The line-driven instability

—  perturbation 0Ov 1
V() e Av /AN v
~ — profile shifted to higher freq.

( 4’1-efma.f

additional -
. 8 J b&md .
irradiating - ¢ ’
flux e — line ‘sees’ more stellar flux

-

v, ~2000 km/s

v <7 kmls — line force grows 0¢g 1

— additional acceleration ov 1 —

BN%

exponential
growth of OZRag x OV
turbati [for details, see MacGregor et al.1979 and Carlberg 1980]
perturbation
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Time dependent hydro-simulations of line-driven winds:

Snapshot of density, velocity and temperature structukeM P

25[}[] I I I I I I I !
average hydro-structure
2000 B o o a7 not too different from
el - Y = i stationary approx.:
I= Most line profiles fairly
f:: 1000 - _ similar, but effect
(“clumping”)
500 - =
dashed: stationary solution, neglecting instable behaviour ? eeFIs to lfe gccounted
5 . . | . . | | . or in analysis
P I I I I I I I I
10 =
e 1 5t B v e =
5107} V-
a
107" -
' ' ' ' | | | | (very) hot gas
i i — X-ray emission
10° L - '
o ; (observed!)
— E
10°
K "| . 1 | I' Nv* I A“{l | ! I | 7
1 2 3 4 5 6 7 8 9 10

r(R.)
From Runacres & Owocki, 2002, A&A 381
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advancedjreading

The clumping factor

2l

_{P)
fa= 1y

brackets denote temporal averages

> 1 always! ( =1 only for smooth flows)

1 | 1(|) | 100
r/Rstar

Inhomogeneities have to be accounted for in model atmospheres/spectrum synthesis!
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Clumping and X-ray emission in hot stars
ensiLy
4.4
4.2~
4.0
3.5 - I
3.6 -F
3.4 i

L i | 1 1 |

-

density and temperature
evolution
as a function of time

(very) hot gas
— X-ray emission

3.2 -
(observed!)
4.6
4.4 -
o 4.2-
hydrodynamical simulations S
of unstable hot star winds, - il
from Feldmeier et al., 1997, E '
A&A 322 i
3.4 -
" [
% e |
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Density evolution in an unstable wind o

X
X-ray
“flash”

log rho (g/cm**3)
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IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

Chap. 9 Quantitative spectroscopy

The exemplary case of hot stars

Determine atmospheric parameters from observed spectrum

Required
T logg, R, Yy, Mdot, v_, B (+ metal abundances)
(R stellar radius at t, = 2/3)

also necessary
v 4 (radial velocity)
v sin i (projected rotational velocity)

Given

@ reduced optical spectra (eventually +UV, +IR, +X-ray)

@ A/AN, resolution of observed spectrum

@ Visual brightness V

@ distance d (from cluster/association membership), partly rather insecure
@ NLTE-code(s), "model grid"

1. Rectify spectrum, i.e. divide by continuum (experience required)

2. Shift observed spectrum to lab wavelengths (use narrow stellar
lines as reference):

%
~ _ rad LY . .
Ay = A (1 e j, v, assumed as positive if object moves away from observer

@ Alternative set of parameters

L, M, R or

LM, T or

Tefi‘ lOg ga
@ interrelations

L=47R}G,T;,
GM
R2

g =
@ Useful scaling relations
If L, M, R in solar units, then
LO .5
R, =——-3327-10’

eff

M
loggzlog(E-Z.M-lO“]

v, =/Rg(1-T)-1392-10"

[=sT4/g-1.8913-107"

s, =0. 4%, cf. page 90
1+4Y,,

with /,;, number of free electrons

per Helium atom

(e.g.,=2, if completely ionized)
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¢ HD209975 (09.5 Ib) ¢

2F Siv NIIT -
1.G = a
. 08 =
rectified GRE: I ==
optical spectrum, g 4Fi i Lo fhie uil : . 5
("blue" and "red") 4000 4100 4200 4300 4400 4500
corrected for Vg Hel/Hell Hd Hell Hy Hel Hel
of the late O-SG
19 Cep 125 CIV/SilV ) 3
1L.OF 8 =
Hydrogen 0BE =
...... Helium I 0.6 : o : =
- - - Helium II 0.4 I - Y d ; | i =
4500 4600 4700 4800 4900 5000
. Hell Hell Hel Hp Hel
in "red":

"strategic" lines to , ,
derive atmospheric ; 4
parameters in hot , 4
stars

-

a

IllIlllllHIlll

a.6E | | ||
—»0.4E, : s .
5300 8400 BS00C Hao ' 6600 68700 68C0O
Hell wavelength (A) Hel/Hell
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H
Equivalent width W, = J' cont

area of profile under continuum, dim[, ] = Angstrom or milliAngstrom, mA

B Hline (/1)

line cont

di= [ (1-R(2))d4,

line

corresponds to width of saturated profile (R(4) = 0) with same area

H_gamma (4340.5)

tew., = 1.99 A

<4— strong line

4330 4335 4340 4345 4350
Silv (4089) NIl (4379.2)
1.2 ew. = 0.55 A ' 1.2 ew. = 130 mA '
L T R 1.0 :
0.8F 0.8F
0.6} 0.6}
0.4F 0.4F
0.2} 0.2}
0.0t 0.0
4084 40 4374 43
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intermediate line

36 408?4090 4092 4094

76 4378{380 4382 4384

weak line
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material
moves
towards obs.
-> higher freq,

to
observer

IMPRS advanced course - Radiative transfer, stellar atmospheres and winds

Use weak metal lines

. . 12E
to derive v sin 1: 1.0F
Convolve theoretical line 8'2 ;
with rotational profile. 0.4 ;
Q.2F E
0.6k 4
Convolve finally with 4084 4086 4088 4090 4092 4094
instrumental profile
(~ Gauss) according o Silv, vsini=110 km/s
to spectral resolution ] S—
0.90
0.80
0.70E

4084 4086 4088 4090 4092 4094

NIll, vsini=200 km/s, resol=4000

1.00 F-viy
0.98F
0.86
0.94F -

Ty

TTTT

4374 4376 4378 4380 4382 4384

material

obs.
-> lower freq.

1.2F
1.0
0.8F —
0.6F ]
0.4t R :
4084 4086 4088 4090 4092 4094

v

SilV, vsini=11C¢ km/s, resol=4000
1.00E
0.90
0.80F
0.70E : : : ; =
4084 4086 4088 4090 4092 4094

v

NIll, vsini=105 km/s, resol=4000

1.00 F- A0,
0.98F
0.96 N A :
0.94F ‘ .

TTrT

4374 4376 4378 4380 4382 4384

moves Convolution with rotational and instrumental
away from profile conserves equivalent width!!!
Recent methods use a Fourier technique to infer vsini




Hy-loggand T

ergent profile

2
i
o @
o O

HG: series A, log O = —14.00CC
| S S I [ T o T SR S e TR

T

emergent profile

1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I'\.I-'I'I

2.5 eg
e B O N N O i Ol A VA s M B A A 1 M OO B ED.EDS
2oxiot 28x10% 30x10% 3sx10% 4ox10t asxi0* s0x10* R i
2 070

5

& 080

Iso-contours of equiv. widths for Hy (from model grid),
for solar Helium abundance and (very) thin winds

to derive T, log gand Y,

at least 3 lines have to be fitted in parallel
(if no wind 1s present): usually, wind emission
has to be accounted for

Hy defineslogg  (for given T ;) (profiles shallower)
Hell/Hel define T ;. (for given log g)
absolute strength of He lines define Y

emergent profile

=)
"l
il

4320 4330 4340 4500 4350 437G

larmbdn {A)

1.00F
0.80f
0.80

0.70

o.60k

G520

B340 BLEQ BSEQ
larmbda {4)

0,50k

......................................................... =

43104320 4330 4340 4350 4350 +370

lambdn {4

u

B340 GGR0 BIE0 SB0G
lamkdn {4)

emergent profila

1.00F
D.QG;
EI.ECIE
u.mg
u.sog
050k

Iy

520

4340 4BE0 4380 40005
larmbda {4)

degeneracy of profiles:

(almost) identical lines for
T, =40,000 and log g=4.0
and
T, ;=25,000 and log g=3.2

emergent profile

1.00f
0.90f
D.E':IE
0.70f

0.60F
0,50k

520

4340 4BB0 4380 4900
larmkdn {4

wings of Balmer lines
(Stark-broadened)

react strongly on electron-
density (as a function of 1)
=> perfect gravity indicator



advancedjreading

T —

Coarse ﬂt analy5|s of equwalent W|dths

| as—r—r——

SiHeH4 541
10:HEel4BEG
TiHel4522

4.0

3.5

3.0

IDg q = —125I:IDD

Max. lines = B

| :

C 1 P T | L L 1 AT 1 1 1 =y 1 l:;l i b 2| 1 |‘1-| | |6 g =y En =
zoaiot zaxiot zowigt zsagt soaet 4s<pt soeo
Fit diagram for Y, = 0.1 (best fit at log Q = -12.8)

Measured equivalent widths

4

4.5 I
3 H_u

1 .
8:Hell4200
Y Hel 4388
:Hal4471
SiHe4541
10:Hel4BEA
TiHe 4522

4.0

3.8

3.0

log g = —12.8000

Max. lines = &

| :

S R 4 e g n gD g g Ty 8o B
zox0t  zexigt sowiot 3sx0t spaot as<nt soxig
Fit diagram for Y, = 0.15 (best fit at log Q = -12.8)

Fit diagram constructed from model grid with

20,000 K < T, < 50,000 K with AT = 2,500 K

4

Balmer lines Hel Hell | AL B

Hy 1.99 4387 032 4200 0.25 2.2 <log g <4.5 with Alog g = 0.25

S 1158 4471 0.86 4541 031 14 <log Q <-11 with Alog Q = 0.3, Y,,, = 0.10,0.15, 0.20
4922 0.46 4686 0.27

Note: Wind parameters can be cast into one quantity

M
0= (R*Vw)1'5

For same values of Q (albeit different combinations of
Mdot, v_ and R, ), profiles look almost identical!

Note: Ha and Hell 4686 mass-loss indicators

Result: T ~30,000K,logg~ 3.0..3.2,
Y.~ 0.10...0.15,logQ~ -12.8
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EMERGENT PROFILE

Determination of
terminal velocity from
UV-P Cygni profiles

NV

= 1.00
2050

1

—1

0
X in YMAX units

EMERGENT PROFILE

hd209975

|

h

'H|l|w

observation with [UE
(International Ultra-

- violet Explorer)

no longer active

recent data (archive!)
|  fromHST (>1200 A)
and FUSE (A > 911 A)

I W Y T T O
1300

WAVELEN%TH IN ANGSTROMS

Si IV

= 1.00
2050

X in YMAX units

ISR S T VY TN T M N T T TN [N G 700 OO Y W S
1400 1500

EMERGENT PROFILE

B = 4.06
|8, = 20658

=]

0
X in YMAX units



Fine fit - detailed comparison of line profiles

T

HD209975 (09.5 Ib)

127 7% 1 | || | 4 analysis via
B [ ] . .
1.0 (semi-) automatic
- 4 methods,
Hydrogen 0.8F —  based on high-
...... Helium I o.5F - ) ] dimensional
- - -Helium II 4000 4100 4200 4300 4400 4500 Model grids or
Hel/Hell H Hell Hy  Hel Hel genetic algorithms,
to optimize the fit
_ ' ' quality for a
indicated lines 2 ! Lo l 4 multitude of lines
used for fits 1.0 ]
0.8F =
derived parameters  -SC -
4500 4600 4700 4800 4900 5000
Hell Hell Hel Hp Hel
T =31,000K
logg=3.17 - ; ; :
log Q =-12.87 “Ei : o : -
Yy =0.10 . ) ke \f v V’ T =
B=1.0 0.8 =
- 0.6L 5
withv_=2050 km/ s 6300 6400 6socHell Ho 6600 8700 6800
we have : Hell wavelength (A) Hel/HEII
lo (M/Rl's):—79 Q=L
g & . (R*VOO )1.5
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Determination of stellar radius -

if it cannot be resolved R

@ IF you believe in stellar evolution

7 use evolutionary tracks to derive M from (measured) T, andlogg =>R

7 transformation of conventional HRD into log T, - log g diagram required

7 for many massive objects, "mass discrepancy":
“spectroscopic masses’ and “evolutionary masses” not consistent, discrepancy presumably
related to photospheric turbulence pressure and mass-loss rates (Markova et al. 2018)

9IF you know the distance (e.g., from GAIA) and oIF you believe in radiation driven wind theory
have theoretical fluxes (from model atmospheres): 7 use wind-momentum luminosity relation
V =-2.5log j F.S,dA + const
filter

S, spectral response of photometric system

absolute flux calibration

V =0 corresponds to F, =3.66-10” ergs” em” A" at 4, =5,500 A outside earth's atmosphere
A, isophotal wavelength such that j F,S,dA = F(4,) I S, dA, I S,dA ~2895 for Johnson V-filter

filter filter filter
T e i A I"V\
. I
const = —2.5l0g(3.66-10~ - 2895) = —12.437 dl i JL
f :
2 i
R.R \ |
M, =-2.5log (A] j F,S,dA | + const - o }Io(.s‘ o
10 pC filter +— 1 [pm™]
SlOgR — 29 553 + (I’:heﬂ o iMIv ) 3000 4000 5000 7000 10000 20000 A

if R, 1in solar units, M, the absolute visual brightness (from V(observed), distance and reddening) and

Voo —2.510g j 4H S ,d A with H, the theoretical Eddington flux in units of [erg s” cm™ A™]

filter
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@ Alternatively, use bolometric correction (BC)

Calibration for Galactic O-stars:
BC=M,,—M, =27.58-6.8log(T,;) (seeMartins et al. 2005, A&A 436)

and definition of M,
L T, R,
lOgL_ = 4log —— = = 0'4(MB01,O —My,)
o) eff, © ©
R. T
loo —=0.2(4.74-M 2lo T =
8%~ O ) = 2108 5770

1
=0.2(4.74-M,, —27.58+6.810 21o
( gly) ) — g5770

=2.954-02M, —0.64log(1,;) [valid only for O-stars with Z ~ Z ]
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remember relation between M, and V (distance modulus)

M, =V +5(1-logd)— 4, d distance in pc, 4, reddening

d from parallaxes (GAIA) or cluster/ association/ galaxy membership (hot stars)
(note: clusters/ assoc. radially extended!)

For Galactic objects, use compilation by
Roberta Humphreys, 1978, ApJS 38, 309 and/or
[an Howarth & Raman Prinja, 1989, ApJS 69, 527

Back to our example

HD 209975 (19 Cep): M, =-5.7
check: belongs to Cep OB2 Assoc., d = 0.83 kpc
V=351LA,=117 =>M,=-5.65, OK

From our final model, we calculate V,,  =-29.08 =>R =174R__
(Alternatively, by using BC, My, and T_;= 31kK, we would obtainR = 16.6 R_ )

sun

Finally, from the result of our fine fit, log(M /R7)=-7.9 , we find M=091-10°M_ / yr

sun

Finished, determine metal abundances if required,
next star ....
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... but end of lecture!!!
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