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Consistent Models of the Expanding Atmospheres of Hot Star

Theory - Models

non-equilibrium thermodynamics (NLTE)
radiation hydrodynamics

Observations | Application
Motivation " Spectral Diagnostics
(o]
Uy vi+mEvvf=\% p g
ot ic
time development of the distribution functions
rlot Stars
sUub-group T, = 15000 - 100000 K sub=group
€
Low Mass Stars < > Massive Stars

show wind features

|

Expanding
Atmospheres

characterized by

CSPN (SN Ia) O/B (WR SN II)

Ring Nebula WR124 M1-67

high radiation energy
10" M, /yr > D EE— density -_— < 4000 km/s

In this talk focus on the status of UV Spectral Diagnostics !
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Hot Stars: Observations

Emergent UV Spectra of O-type Stars are Old Fashioned !

Walborn, Nichols-Bohlin, Panek, 1985, NASA Ref. Publ. 1155; Morton and Underhill, 1977, Ap. J. Suppl. 33, 83

Typical UV Spectrum of a Massive Star - £ Pup (O4If

Signatures of P-Cygni lines Hundreds of strongly wind contaminated lines
SVI,ClII,NIIL,OVI,PV,NV,0IV,0V,SilV,CIV,HEII,NIV FeV, NiV, FelV, FeVI, CrV, ArV, ArVI
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Hot Stars: Old Fashioned or Trendy 2

Realistic Synthetic UV Spectra of O-type Stars
A Diagnostic Tool with great Astrophysical Potential !?

NGC 6826

Hot Stars

|
spectra of O-type CSPN’s

—
spectra of massive O-type stars

similar to

Spectra contain information about stellar and wind parameters and abundances

Spectra available for > 25 years
but most work done concentrated on qualitative results and arguments

Powerful Tool for modeling realistic synthetic spectra for
diagnostic issues is still in development !
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Corresponding Spectrum of a Starburst Galaxy at z=3
Keck spectrum of a z > 3 galaxy, chosen to illustrate the

4 , ] | o n variety of features encountered.
- L . For comparison a recent HST spectrum of the central
I i W ' ’ 5 A starburst region in the Wolf-Rayet galaxy NGC4214 is
=~ L A : 1 | also shown.
-1 I b T WO O N | I T | Note the characteristic P-Cygni lines — CIV, SilV

Distance:~12 Mpc
located in the constellation of Coma Berenices.

Starburst Ring
Dominated by Massive Stars

Needful Things
for diagnostic issues
4 Synthetic UV Spectra of O-type Stars
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Motivation: Reionization of the universe

End of Cosmic Dark Ages
absence of Gunn-Peterson trough in the spectra of high-redshift quasars implies that
the universe was reionized at a redshift of z~ 6

=i— Radius of the Visible Universe —=
Quark Soup

1 Second 300,000 Years 1 Billion Years 12-15 Billion Years
Age of the Universe

Population lll stars (2<103)
are important for the reionization

but
ionization history of the IGM depends crucially on the IMF of the First Stars

Numerical simulation of the first stars in the universe

AWAP 05/19/05 6



First generations of Stars: lonization Efficiency of a Heavy Initial Mass Function

In the Early Universe Population lll stars
favoured the formation of very Massive Stars
M> 100 My
1022¢ - - ' '

: 2.0F 7
i \ 7, = 10 ]
1000 1
T s IN:F bc:‘comes =7 5 | ] heowy W ]
§ 21l op-heavy = i .

10° a7 o |

5 2

2 = g0l
D > 1.0F ]

b £
.;' 20 5
i 10 : b GE I~ - _
1 .. [Salpeter ! \"T ]
1019 . I 2 4 & 8
100 :DEJ(; 10000 Wavelength [pm]
A [

Predicted flux from a Population Ill star cluster at z=10

Normalized spectral energy distribution in the continuum

100 - 1000 M, Z=0
Per unit mass the spectra attain
an universal form for M>300 M
Bromm, Kudritzki et al., 2001, ApJ, 540, 68

l

The enormous amount of UV and
EUV radiation of these stars
can change the status of the

universe to become reionized
again

A flat universe with Q ,= 0.7 is assumed.

The cutoff is due to complete Gunn-Peterson absorption

(1965, ApJ, 142, 1633).

Observabile flux is larger by an order of magnitude for the

Two points are missing:

observations for starbursting
galaxies at high redshift

and

Synthetic UV Spectra of
O-type Stars for metallicities Z >0

case of the heavy IMF
Bromm, Kudritzki et aI, 2001, ApJ, 540, 687

the flux of very massive stars can
contribute the decisive part to the
unexplained deficit of ionizing
photons
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Motivation: The impact of massive s

© Hubble Space Telescope miy ; Giant Galactic Nebtﬂa NGC 3603
G.I'ant Gaseou_s NebUIa. various stages of the life cycle of stars are.captured

Near the center of the view is a Starburst Cluster dominated by
young, early O-type stars

Starburst Cluster
The Interaction of ionizing radiation with cold molecular-hydrogen

cloud material results in the giant gaseous nebula structures to the
right of the cluster.

Massive stars dominate
the life cycle of gas and dust
in several types of galaxies
Interaction leads to

chemical enrichment of the ISM large amount of momentum and
energy input into the ISM basis for star formation

NGC 3603 HST - WFPC2
PRC99-20 « STScl OPO « June 1] 1999

Wolfgang Brandner (JPL/IPAC), Evia K. Grebel (Univ. Washington),
You-Hua Chu (Univ. lllinois, Urbanf-Champaign) and NASA

Realistic Spectral Energy Distributions
of massive stars and stellar clusters are required
to analyze the excited Hll regions
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Ultimate test: comparison of observed and synthetic UV specira of hot star

lonizing flux of C Puppis (O4If)

UV Spectra of O Stars:

test involves hundreds of spectral signatures of
different ionization stages

small vertical lines indicate the
ionization edges for all important ions !

0.01 Hn Hi

LR e P i,

00001 | Hezm V |

12—006 |G G [ [ _

1E—UUB E\'I [LRY] M M e Mo h __

ionization stages depend on ionizing radiation |

1e-010 -

influence can be traced by UV spectral lines ! :

1 8—01 2 i I I I ]

fl:—"v P Pm Pu i

1e-014 -

= S S S S Sm S )

1e-016 | =

Fer:  Fewvpewvy Few Fev Few Fzm Feu 7]

1e-018 =

Mik +i\lii\l Mivi Miw Min Mim Kin T

1e—-020 | 1 | 1 | 1 1 1 1

0 100 200 300 400 500 600 700 3800 900 1000

Wavelength (,E\)
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surprising result:
Distant SNe la appear fainter
than a standard candle in an
empty Friedmann model of
the universe !

SN 1998M z=0.63 SN 1998] z=0.83

'l

SNla-luminosity distances
indicate
accelerated expansion!

Are SNla Standard Candles
independently of age?
Or is there some evolution of

. —

SNla-luminosity
i ?
SN 1997cj 2=0.50 SN 19981 z=0.89 with age?
Observations: 4 High-z Supernovae imaged with HST
http://cfa-www.harvard.edu/cfa/oir/Research/supernova/highz/figures/index.html. spectroscopy
Are SNla Standard Candles ? is a powerful tool to
search for differences!

AWAP 05/19/05 10




Motivation: Observed spectra of Supernovae Type Ia at early phases

SN 1992A

at early phases ~ 5 days after B maximum

Early epochs ( < 2 weeks after maximum):

No hints for H and He lines Fen  SN1992A (24JAN1992)

Prominent absorption features of

mainly intermediate mass elements

embedded in a non-thermal pseudo

continuum (Sill, OI, SlI, Call, Mgll...) -
— “photospheric epoch’

Characteristic P-Cygni line profiles
blue-shifted absorption

red-shifted emission

broad lines — high ejecta velocities

1000 2000 3000 4000 5000 &000 7000 IBUI.'III . S000
Wavelength (A)

HST spectrum of 24. Jan. 1992 from Kirshner et al., 1993, ApJ 415, 589

Are SNe la standard candles in a cosmological sense ?

Required:
Realistic Models and Synthetic Spectra of Type la Supernovae

AWAP 05/19/05 11




Motivation: Conclusion

Hot Stars play an important role in Astrophysics

they dominate the physical conditions of galaxies
and the life cycle of gas and dust

chemical enrichment of the ISM - significant impact on chemical evolution

large amount of momentum and energy input into the ISM - major dynamical role

relevance to cosmological issues

Realistic Synthetic UV Spectra of Hot Stars

are still relevant for current astronomical research

AWAP 05/19/05

12




Concept for consistent models of hot star atmospheres

| key aspects of theoretical activity
. . | Hydrodynamics basic theoretical ideas
theoretical basis . ) Milne E.A., 1926, MNRAS 86, 459
Lucy L. B., Solomon P., 1970, ApJ 159, 879 M = dmr fub Soboley V., 1957, Sov. A&A J. 1’ 678
Castor J.l., Abbott D.C., Klein R.: 1975, ApJ 195, 157 Tﬁ _ _d_pl L
=1 J o .
Grad = J—lflﬁf)f_\/ Judpde

in its present stage N

I I aspects of radiative transfer

|
£, ¥ 1y P, — Rybicki, G.B., 1971, JQSRT 11, 589
| | | Hummer, D.G., Rybicki, G.B., 1985, ApJ 293, 258
Rate Equations HRadiative
L Transfer
8 - L)k, =
Rl % q M |:: a wf Mo
mj‘%( g+ Cg) + 1y (R + Cud) oL 120,
e g . -~ du
Previous roo
X-rays and wind shocks B fundarnental work [T
Cassinelli, J., Olson, G., 1979, ApJ 229, 304
Lucy L. B., White,R., 1980, ApJ 241, 300 | was essential to elaborate
Owocki S., Castor, J., Rybicki, G. 1988, ApJ 335, 914 _ the theory
| _ R 1
- —J'dmyﬁv'{t} |
! ' Energy Equation

p
1
: Jl;m ke (Jo = S) dv

I T T e, d (1)
Yo TP\ T

basis of our theoretical framework
Pauldrach, A.\W.A., Puls, J., Kudritzki, R.P.,1986, A&A,164,86; Pauldrach, A.W.A., 1987, A&A, 183, 295
Puls, J., Pauldrach, A.W.A., 1990, PASPC 7, 203; Pauldrach, A.W.A. et al., 1994, A&A, 283, 525
Feldmeier, A. et al., 1997, A&A 320, 899; Pauldrach, A.W.A. et al., 1998, ASPCS 131, 258

Pauldrach, AW.A., Hoffmann, T.L., Lennon, M., 2001, A&A, 375, 161
AWAP 05/19/05 15



Theory: Motivation

in GNs radiative processes are not balanced in detail !
- thermodynamic equilibrium can not be established !

main processes:

Disadvantage of NLTE:
non local problem!

A i A i
i w2 s, < ~100 yr
E=0 > E=0 7/ / 3
V.V g
> 2s - > 2s 7| bound states
= 2p 2 : 2p
GCJ 8 levels
o < x months | L
136 eV 1s -13.6 eV vvvisq)
Hydrogen Hydrogen
just ground states are occupied Advantage of TE:
Zno thermodyr?ar:l|cdeqU|I|br|um (TE) In TE state of the gas completely described by
L nstea . 2 macroscopic variables
Non-Equilibrium Thermodynamics (NLTE) > local problem!
described by a well defined mixture of nz* =n,(p, T)
macroscopic and microscopic physics "
Transport Theory n,; = occupation numbers of boundlevels
. (number of particles per cm 3)
Thermodynamics
Quantum Mechanics n; follows from Boltzmann statistics
1 07 5
aq(V —Z _
n147r 1k( )Jl,dl/ = npn.op 7’2 or r Jy = nlalkjy(—i_nu)

Vik

hv

ionization equation

the equation of transfer in spherical symmetry

Integro-Differential Equation

AWAP 05/19/05
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Theory: Motivation

‘;//Transitions in atomsé})ns @bound-bound transitions { —
(7 excitation and de-excitation
0 A////////////////%/ ///////4% radiative/collisional rates —
7 Rij» G A -
L v i - bound-free transitions —

> 1 @ @ @ ionization and recombination J/ —

o v A processes = — .

@ B d"’.‘__‘ _'j e _

C Rik ’ Cik s AP RS

. D =
~Eion , - ; 0-th moment of distribution function f,, for each element K, level ; : | Nonequilibrium thermodynamics

de-population population  of level 7 +00 8f is a rather esoteric field of physics
Ki that we would do well to avoid!
ngiPy P | Yomss) V-(ngl) = f S| V=2 ngPi =) nwlP;
s i j=i j=i
yields net rate of changes for each K,
Fo Fa_vi
ITTTTTTTTTTTTTTTITITITTIOTITTTITTT TT1 ITTTTTTTTTTTTTITTITTI
in 4‘F : E M ] A7
R N Non-Local
Disadvantage of NLTE: 26100 Y | e T Thermodynamic

non local problem! Equilibrium (NLTE)
described by a well defined
mixture of
macroscopic and
microscopic physics
Transport Theory
Thermodynamics

7 Quantum Mechanics

201
Sl =

5|5.||]l'

Ensrgriem ')

......

T

np-1e

107 = ||

Sl

T Designation
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Concept for consistent models of hot star atmospheres

Terf 109 g
R Z

Hydrodynamics

M = 4mrpr
dv _ dpl

Y d?.ﬂ"'.ﬂ‘ml—.‘}‘

const Wy J,rm k1
ral = Heom i T I“' djed
Jrad = ot + — Eﬁ m(m gu) : f] (hep(p)psdpde
| ! ‘ |
£, 3 F
Rate Equations ] Radiative
N Transfer
ST R S B i [l L Tl (8, = L)r =
:—+ Y Ri-: ' o o O
L____1
3 i 1.
— Zﬂ] |:R_;|J. =+ GJ].} + i |:Rx._|. + {TK.I.} T
JE
r——-—=——=—=—=-=—=-=-—--- T 5,'?
: Shock Physics : K
1 pz 1 Ls
| _ |
L S
______________ Energy Equation :
!- . Jr._?:ll - de d /1 M V(I’)
, K-Shell Ionization | | N Fm*’ﬁ”ﬁ E =
1 | 1 — H
K= ol = [ arwu (1 = S synthetic
1 HEL 1 P SpeCtI’a
L - - - - - _—__ 1
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Concept for consistent models of hot star atmospheres

ey 1 I 111 v v VI VII VI
1 H1
well-elaborated 7 T —
- — o s 01 em om ow ov ow
zlrc C oclels o 1 Eu Em Env  EV
altomic 'r'rJ.‘)“ =i 10 [ v Ne -- Ne \il
aae? are required 8 ML M0 ML MOV M b
in order to avoid ’
GlGO

Rate Equations
T Z l:"i-'..i‘ == (1".1} == ﬂ-,i(h:’r'ﬂ,‘- . {-"f.ﬂ'}
T ]
= Y nj(Rji + Cji) + np(Ryi — Chi)
iFj

soxgt

AN ENE RN NN R
fy et ' 1ro10 Yot ) T WD TP P e e e g
T

Term Designation

NLTE Models require atomic data for
lines, collisions, ionization, recombination
Essential for occupation numbers, line blocking, line force
Accurate atomic models have been included
26 elements
149 ionization stages
5,000 levels ( + 100,000 )
20,000 diel. rec. transitions
4105  b-b line transitions
Auger-ionization
recently improved models are based on Superstructure
Eisner et al., 1974, CPC 8,270

AWAP 05/19/05 17



Concept for consistent models of hot star atmospheres

EUVIlnebIOCklng 0008 - . rll_'l
SN 1992A | and blanketing: oo | G Puppis (O4If)
drastic effects on ionization -
i excitation and emergent flux ‘
H 'IE . T g § b
i 1° = = [
IR reason: E oou |- ‘ ]
mlidoTE g L -
LS the velocity field shifts b ooom . i ]
[N by S, 8 1 - q
\ '-'“‘-;H_r'\i ~ ) at different radii Ul w
‘\%’-\,r' h‘jﬁ:g- 1 up to 1000 spectral lines omeR | [
\f ] into the line of sight aoor |- : - | ]
f { at the observer’s frequency |
: e o) i SRR ) L | e
Wawnargth L)
Radiative Transfer
2
PA _ 3Iy 1— H 611,;
— (Su - IV}XU = pu +
Py or r  Ou
e \Ll
S SN\
[ [ L S T+
Pycq | mi::;vm -
. — /
= >
. R
L’/\ / ’T:ﬂ"
ik 1111 o e
1 ax D core - Observer
i -
Z
Numerical integration on this grid:
Z;
P — Rsing Optical depth Ti = !“(T =zl +P})dZ
P? = R*(1— p?) T / .
PdP = —R%udy  Emergentintensity I = [ S(r')e™dr’ = ZSlwi
7= 1 Rinax = 1 NP
Emergent flux HR2, = 3 f I (P)PdP = 5.2;Ij+wj
P=0 J=
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Concept for consistent models of hot star atmospheres

Hydrodynamics
M= wgp‘u
dve  dpl

Yar T Tdrp T

Hrad = Heamt + %ﬂ 3 S (;i‘ = ‘i) f:f“ Liphelvudude
Enes =1

| f |
0 ™ o
| | |
Rate Equations . Radiative
E‘] "_Iv Trmﬁr
g D By + O} + ny (Ri + Ci) ;{Sj’i ) 11;]._::}3}
" T T e+ e
1+ g I P v du
Lo Sd
= 13 (Rje + Csi) + e (R + Ot) :1,
J¥

radiative emission of
shock-cooling zones:

influence on rate equations and
radiative transfer with respect to high

ionization stages — OVI

A semi-empirical approximation for
the emission coefficient is used

Pauldrach, Hoffmann, Lennon, 2001, A&A, 375, 161
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Solution of

Emergan Fux (cgs)

0008

agar

D006

0005

0004

000%

a0z

o001

(

Total Flux

the system - Tool for spectrum synthesis

O supergiant model

T = 45000 K

log g =3.6

Are the models realistic ?

Wavelanglh (A)

Strategy for quantitative spectral UV analysis

0.m
0.008
0006 -

flux conservation
versus Rosseland optical depth

0.004 -
D002 -
0 _MMII‘W 1 1
0 300 400 S00 600 700

and iteration block number

20

om
0.008
0.006 -

E 0.004
0.002 -

0

ficore

900
a.m

1100

0.008
0.006

0004 -
0.002 F ' | I
ﬂ 1 i

1600

1700

1800

2200 2300 flux conservation is on the 1% level
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Results: Synthetic and observed specira of Supernovae of Type Iz

Comparison to observations Ter = 14000 K SN 1992A
— verification of explosion models R = 9900 Rg at early phases ~ 5 days after B maximum
i Z =Z .
Constraints for W Models based on W7 explosion model
Abundances v = 22000 km/s averaged chemical composition above the photosphere
Velocity-structure L - 34 ) L Nomoto et al, 1984, ApJ. 286, 644
Density-structure =34-100 Lo

The present method is already

[TT'II[rT:I:I[l’rrT'l'lIII'I']TTITTT]TITTTTI'I[TT

e on a quantitative level ! Fell, Sl |
SH 19D Fell, Coll
| —— SMN1992A (24.Jan.1992, t-2d)
i ——  Model (42W) T
50 |
6.0a-14
g W7 Z20d =10 :..,;
E "
Mot §
E o 4.06-14
Prig 2,
-
g w

430 F 2.0a-14

Wr23dy-13

lIII|lll!|II1IIII1I|I||||II-|I|

42. 4 - L L '
II:':'lillllif 4000 GOp B0 10000 12000 1000 2000 3000 4000 5000 G000 7000 8000 3000 10000
Wanslength (Angstroms} Wavelength (A)
Nugent et al., 1997, ApJ. 485, 812 Pauldrach et al., 1996, A&A 312, 525
Sauer and Pauldrach, 2002, Nuclear Astrophysics, MPA/P13
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Results: Synihetic and observed specira of Supernovae of Type Iz

“r Diffusion approximation - standard for inner boundary :

I; :(BV+3I’LHVO)(TIHaX)

T max

1 dB,,
3k dr

LI L L L L L L LB L

8.0e-14 —

—— SN1992A (24.Jan.1992, t~2d)
—— Model

6.0e-14

o
Logarithm of the total opacity versus velocity and wavelength ‘:“;’
of a SN la model O 4.0e-14
Sauer and Pauldrach, 2005, A&A S,
[T
Main features of the spectrum -
are fairly well reproduced
especially in the blue and UV range / T P TS P PR PR N
p y g/ 1000 2000 3000 4000 5000 6000° 7000 8000 9000 10000
Howeve r, Wavelength (A)
T L) HST spectrum of 24. Jan. 1992 from Kirshner et al., 1993, ApJ 415, 589
Some features =it tOO deep Model Sauer and Pauldrach, 2002, Nuclear Astrophysics, MPA/P13

AWAP 05/19/05 22



Modified diffusion approximation jor S

,

(
LA 2

upernovae o

of Type I

Modified diffusion approximation for inner boundary :

+

T max

a (‘]z/ + SMHZ(/])(TmaX)

after some calculation

1({dB x df 37 dB *
#HBR:——( 4+ C, 1,)— ”J( . 1) ( L C”
(B) 3\ Kk, dr (72) K, dr| " /<;VR+ T /<;l,d7“+ (74)
and
C, 8. s,
JV(TV) - BV(TV) + 5 € 6y/q oo
qf (v, 7)r
with
. B, 3fy — —JB.Ja%, s
C y — 14 2 L v °v
) = B = | BT e
and
. . d[af, (7)B, ()
_BV(TOV)+]V(TOV) [ Vds . ]
= v Ov 6ﬂﬂv/q2fy80u
(1/ny)7—0,, + jV(TOZ/)\//BV/QQfV
where j, (7,,) = Ju(0) 2
HV(TOD) ,
. . . ) 3f(r') — 1
with the Eddington factor f, = K, /J, and the sphericality factor r “¢(r) = exp f T
T
with the Thomson opacity: kK, = n.0,, 7, = k,J and 3,(7,) = ———
K, + K¢
and § = — 1 4 T &zSt—i—mThJ
K+ K, K+ K, K,
TI!]&X Zmax
andds, = —qk,dr,s, = f gk, dr anddt, = —k,dZ,7, = f k,dZ
Z

Diffusion approximation - standard for inner boundary :

+

T max

s (Bz/ + 3MH19)(TmaX)

_1d,
3K, dr

H(R)

Modifications to the inner boundary that allow
deviations of the radiation field from
thermal equilibrium conditions
is considered.

The dominating contribution from
Thomson scattering
is explicitly taken into account

Equation of radiative transfer

(I +17)()

= (" +17)(7) = 8u(7)

moments of the radiation field

+1 +1 +1
Sl 9 g 1 g2 P i
Oth:J = 2 f IGdp, J = 2] 1stH = 5 f Igpdp , H = r*H 2ndiK = o f I(w)

p=—1 p=—1 p=—1

wldp , K = r’K

dr?
iterated with moment equation of radiative transfer
a2(aff) 1,2 -
—5—===(J-9)
ds q
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Results: Synihetic and observed specira of Supernovae of Type Iz

Improvement ?

8.0e-14 — —

|r|r1rr1|'||1|||1r1r'|r1:1r1r1r'|r1||r|r1r'|rF1|1|||||1r1r1F1|1[1r1r1r1r|

12 —— SN1992A (24.Jan.1992, t~2d)

—— Model

——— 1_25_92A-002
SN1992A (+5d) ] 50014 - i

F, [erg cm?ZsAT]

Flux/10™"
o

1 T

2000 3000 4000 5000 6000 7000 8000 9000 10000

Wavelength (A)
Sauer and Pauldrach, 2002, Nuclear Astrophysics, MPA/P13

2000 3000 4000 000 000
Wavelength [A]

0

Sauer and Pauldrach, 2005, A&A

Improvement is striking !

Primary objective:
search for spectral differences between local and distant SNe la !
Are SNe la standard candles in a cosmological sense ?
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Empirical wind models for the O-supergiant { Puppis

dynamical structure, occupation numbers, and temperature structure

are assumed

|
approximate treatment of line radiative starlt to examine the tment of line radiative transfer

T T B B L B L S e B BB
: F\ ! ~ UV-spectrum of £ Puppis
| .y T . L e —— —IT N . -
t CIX \\\\xﬁh b : s I M.M P
B ya =
£ \ AN :
E,E_ L1 — T T
go;ﬁ T Improverments of
2 [\& T S~ UV-line fits
T T .
w T "% which followed from
of Tom - stepwise improvermnenis
I S L—“Z:; of the method used
o o | |\\/|_/ L#_ Hamann, 1980, A&A 84,342

Lamers and Morton, 1976, Ap.J.S. 32, 715

A more consistent treatment of expanding
atmospheres is required for a detailed analysis
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Consistent wind models of the O-supergiant ; Fuppis

line blanketing neglected - approximated temperature structure
approximate treatment of line blocking
simple treatment of shocks

A more realistic treatment of expanding atmospheres
is required for a detailed analysis

approximate treatment of line blocking — no shocks improved treatment of line blocking and shocks
——T T e SVL NIV CJil N Qv SIv PV, cA
15 -_ OVI - _I LJ L) L] L) T L] L L L L
®r ] 5
o 121 d e
£ 10+ 1 =
= L i
% 08 I 1 J E
foet 1w ¢
' r Ll @ i PR
04 - - L 1150 1200
0z y 5
0 -I N ] i I L 1 L ) | | g
0 05 0 05 A0 L
Freguency (in Dopplerunits | 1220 ;E'Trm 50 60 E 3
NV o
—
=
15 _l L T r T_. g
. [ ClI ] =
& 12 -1
2wl Y E—
'E;us — V - g
E 06 [ . 2
Lt - 4 (-
04 - =
L 4 E
02 - 1 T
0 -| i | 1 ] 1 1 1 o Lo 1 1 E
10 05 0 -05 i -10 1530 1540 1550 1560 E
Frequency lin Dopplerunits) cIv Do 0 P ey TTee T 1800
Pauldrach, 1987, A&A, 183, 295; Puls, 1987, A&A, 184, 227 Pauldrach et al., 1994, A&A, 283, 525
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Detailed analysis of the hot O-supergiant ; Fuppis - final step

. C i
¢ Puppis PEUE
mode!

2 H.IU' | | II'..:'lhl W EIIH M II 'CI) I IS I"u'l IF' "-"I C I.l II‘:IIII Sillll NI'M'I ::III
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Values Determined:

stellar parameters

Teff =40 kK
logg = 3.40
R/Re = 28.

Vot /(kmis) = 220.
wind parameters

o m =13.7

& V.. /(kmis) = 2120.
abundances
c/C_ =1.50
NN = 5.00
o/o_ =0.10
Si/Si_ = 7.00
S/S_ = 0.50

1500 1550 1600 1650 1700 1750 1800 1850 1900 Fe/Fe — 9200
Wavelength (A) ®
Ni/Ni_ = 2.00
state of the art models for expanding atmospheres along with
spectrum synthesis techniques allow the determination of present method of quantitative
stellar parameters, wind parameters, and abundances spectral UV analyses of hot stars
leads to realistic models !

Pauldrach, 2003, Reviews in Modern Astronomy, Vol. 16
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Realistic Spectral Energy Distribution of / Puppis
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Copernicua Teff =29 kK

logg =3.00
I\ R/Rg =30

'L'frl.l ”.,irlrl M
10°M, /yr
Voo/(km/s) = 1500.

=5.0

cc, =0.05
NN =1.00
o/o, =0.30
PP = 0.05
S/s, = 1.00
Fe/Fe = 1.50
Ni/Ni_ =1.50

Spectrum synthesis technique allows the determination of T (within 1000 K),
log g (within 0.05), R (within 1.0), and the abundances (within a range of 20%)

Pauldrach, Hoffmann, Lennon, 2001, A&A, 375, 161
AWAP 05/19/05




Wind momentum luminosity relation

winds driven by radiation = mechanical momentum of wind flow
mostly a function of photon momentum

Mobs (R/R@ )0.5

1
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Ll 580
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l-ag(M;dotv,(R/Ra}n'E)

M =35%10"" M /yr

M =25%10"" M /yr

M =1.9%10"" M /yr

11 o- 01 relation is independent of M!
o—- O III, V o
30} o CSPN % -
g e o
29 Fs .
»
28 E ’g",,--'oo i
o &g - o
27 o o o .
a
%6 Same physics involved in CSPN winds _
as in massive O-star winds!
26 -
35 40 445 5.0 5.5 60 6.5
log(L/Le)

7.0

Puls et al., 1996, A&A 305; Kudritzki et al.,1997, IAU Symp. 180

!

independent tool for measuring
extragalactic distances
up to Virgo and Fornax

Mv, RY2 o 3/2

C IV (111548,1551A)

Sk —68 137 CIV vinf=3200/3400/3600 km/s

1545
Wavelength

v can be measured directly
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Wind momentum luminosity relation of massive O-stars

31

wind-momentum-Iluminosity relation

30

But,
Mass is still un

known!

However,

a-CMl lC;PUp : °

Pauldrach , Hoffmann, Mendez, 2004, A&A, 419, 1111

: . . ]
wind dynamics of spectral analysis o f'e o
~ , . ®
£ 29 |- yields M and v__ consistently o . %, _
: ¢ ' y
L
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& 28 - (] 4
= L ®
E .
[ ]
.
E arr ® ¢ observed behaviour of wind momentum
is represented by improved models
e »
26 - ¢ -
o massive O stars: optical analysis (P96
e massive O stars: improved wind models
25 | | L] t‘.‘.SPNs:I optical Ianalysls (K97)
3.5 4 45 5 55 6
log L/Lsun
observed values from Puls et al., 1996, A&A 305; Kudritzki et al.,1997, IAU Symp. 180
- 1/2 3/2
Mva/ o LS/
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Wind properties of massive O-stars

terminal valocity vs. tempemature — O stans

1/2
v, mv&:[@(n)}

Realistic models are characterized by

quantitative spectral UV analysis

calculated along with consistent dynamics

predicted terminal velocities
of improved models
agree within 10% with observed values

Mdat (1075 Msuntyr)
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predicted mass-loss-rates
of improved models
agree within a factor of 2 with
observed optical values

M oc L

Tatf (K)
Pauldrach , Hoffmann, Mendez, 2004, A&A, 419, 1111
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Conclusions

state of the art mocdels for expanding atmospheres of hot stars

(\
C
=
U )
IG L
(—
@
=
(=~
L/ )

a diagnostic tool* with great astrophysical potential ? !

stellar parameters

Low Mass Stars

Massive Stars wind parameters
CSPN (SN la)

O/B (SN 1I) abundances

\4

A

ionizing fluxes

1

comparison of synthetic and
observed UV spectra

T,eff) M) L7 Z

U, M
R, d

Analysis of integrated synthetic spectra of galaxies
based on population synthesis is feasible

stellar content, IMF, SFR, Z, burst age

* download of the program package -including an easy to use interface- is possible from
http://www.usm.uni-muenchen.de/people/adi/adi.html
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