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Infro

BA-Supergiants

* evolved progeny of
OB main-sequence stars

* T ~ 8000 ... 15000 K
« M:~8..40M,
« L ~10%..10%5L,
« R: ~50..400R,
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Intfroducing the protagonists: Ol
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Intro

Infroducing the protagonists: Ol

Becker & Butler (1988)
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Ol: strong vs. weak lines
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Ol: behaviour of equivalent widths
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Diagnostics

stellar analyses from
INnferpretation of observation

(spectro)photometry, spectroscopy

e fundamental stellar parameter: [, M, R
» atmospheric parameters: T, |09 g, E, Y, Z, efc.
e elemental abundances, e.g. oxygen

qguantitative spectroscopy
ViG mOdel CITmOSpheI’eS physical-numerical models

of visible outer layers of stars
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Diagnostics
Basic equations of classical stellar atmosphere problem

e radiative transfer equation — energy transport:

dl,
=1 =Sy = Jy
#dr‘.
e radiative equilibrium (+ convective energy transport for cool stars) — energy conservation:
a
f H,dy = const. = :GT:“ = T
0
¢ hydrostatic equilibrium — momentum conservation:
dP
P L (9 = Grad) + ideal gas = N

e detailed equilibrium (LTE): Saha- & Boltzmann-formula

N 1 2(2;rmekT)3/ 2 Jup e_(iu%;gm)
Now Ne

B h? Qlow
6 (5)

NG
e statistical equilibrium (NLTE): rate equations

n Z (Rj + Gj) + ni(Rix + Cix) = Z nj(Rji + Cji) + nk(Ryi + Cii) = N
J#i j#i

e charge conservation:

ZniZi-—nezo — Ne
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Diagnostics

Modelling Approaches

usually:

LTE: Local Thermodynamic Equilibrium
—p-Saha-Boltzmann-Formulae, gf-values, line broadening

Limited Tremendous Error F
‘ 8 o

P

hot supergiants: strong radiation field, low densities

non-LTE: non-Local Thermodynamic Equilibrium
rate equations, gf-values, line broadening,
detailed level-coupling, zillions of atomic cross-sections

v 1. P (Trmne' lv)

non-Limited Tremendous Error
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Diagnostics

(Restricted) non-LTE problem EE D R

e fransfer equation
df
dTl/ — 1y — SI/
1%

o statistical equilibrium:
n; ) (Rij+Cip) = ) nj(Rji + Cjy)
J# JF#
e radiative rates:
| Jy
sz = —l’]T/O‘Z'jh—II/dI/ non-local

ENERGY 1/CM
10

e collisional rates:
Cij=ne [ o3je)fpde  local

e excitation, ionization, charge exchange,
dielectronic recombination, etc.

Mgll: Przybilla et al. (2001)

- model atoms ... required for many elements/ions
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Atomic data

Example: collisional excitation by e-impact

ClI
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Allen
Formula

| W
huge amounts of
atomic data:
===z OP/IRON Project & own

= = ="=== ERLANGEN-NURNBERG

NATURWISSENSCHAFTLICHE
FAKULTAT

}\m er\ “"M" ‘“‘ LS-coupling:

Diagnostics

j replacing approximations
by experimental or

o ab-initio data

Schrédinger equation
~ HyaVU=EU

=1

N+l N+l
Hy =Z{v§271?+2—?}

. _ low-Z Breit-Pauli Hamiltonian

BP _ mass Dar
4 Hya=Hna+HNG+HYL +Hy

Methods:

* R-matrix/CC approximation
* MCHF

« CCC

Oxygen in BA-supergiants
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Diagnostics

TE studies

10000/0.0

Non-LTE departure
coefficients
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6456

qualitative reproduction
of observed trends:
non-LTE line-strengthening

7500/2.%

but:

* no metal-line blanketing

* no metal-line blocking

e simplified model atom

* restricted quality of
atomic data
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Diagnostics

Early non-LTE studies

Faraggiana et al. (1988)
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Diagnostics

Early non-LTE studies

Spectral type

A0 FO co Takeda (1992)
W (mA) T T

2500 - (Ia) *69=10 1 e improved model atmospheres

e extended model atom
; e improved atomic data (OP)
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Most recent non-LTE study: Line Fits

Diagnostics

Przyblllo et ol (2000)
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Diagnostics

NLTE Diagnostics: Stellar Parameters

using robust analysis methodology & minimising
comprehensive model atoms systematics !

ionization equilibria =T
elements: e.g. C I/l NI/, O I/1l, Mg I/Il, Si l/1lL, S 11/11l, Fe 11/1l

AT/ Ts ~1...2% usually: 5...10%
e Stark broadened hydrogen lines - log g
Alog g ~0.05...0.10 (cgs) usually: 0.2

microturbulence, helium abundance, metallicity

+ other constraints, where available: SED’s, near-IR, ...

abundances: Aloge ~ 0.05...0.10 dex (1o-stat.)  usually: factor ~2
Aloge ~ 0.07...0.12 dex (1o-sys.)  usually: e2?¢
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Diagnostics
Przybilla et al. (2006)
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Diagnostics

Przybilla et al. (2006)
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Diagnostics
Przvbilla et al. (2006)

Table 1. Uncertainties in the non-LTE analysis of O1

o
S
changes in log =(O)xLTE N
8500/1.0 10000/1.5  15000/2.0 6
Atmospheric parameters: ©
Teg — 150K —0.09 —0.04 —0.02 g
logg +0.15 —(.09 —0.05 —0.06 —g
¢ +1kms™2 2 —0.05 —0.01 +0.00 B
Line transitions:
Oscillator strengths +10% —0.06 —0.06 —0.05
Damping constant 0.5, %2 +0J00 +0.00 +0.00
Photoionizations:
Cross-sections +10% +0.00 +0.00 +0.00
Cross-sections #5H +0.17 +0.23 +0.30
Collisional transitions®:
Cross-sections =0).1 —0.05 —0.05 —0.06
Cross-sections =0.5 —0.02 —0.03 —0.03
Cross-sections #2 +0.04 +0.03 +0.04
Cross-sections %10 +0.14 +0.14 +0.17
Collisional ionization:
Cross-sections =0.1, =10 +0.00 +0.00 +0.00
Charge exchange reaction:
Rate coefficients 0.1, *10 +0.00 +0.00 +0.00
Continuum placement +0.05 +0.05 +0.05
Estimated total uncertainty +0.16 +0.11 +0.10

* mean values without the near-infrared transitions
Y mean values without the near-infrared transitions which can show
deviations >0.5 dex at a factor 10

g FRIEDRICH-ALEXANDER TI ne rUIer Oxygen in BA-supeargicnts
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Diagnostics

NLTE Diagnostics: Stellar Parameters

using robust analysis methodology & minimising
comprehensive model atoms systematics !

ionization equilibria = T_
elements: e.g. C I/l NI/, O I/Il, Mg I/1L, Si lI/lll, S /11, Fe 1i/1l

AT/ Ts ~1...2% usually: 5...10%
e Stark broadened hydrogen lines - log g
Alog g ~0.05...0.10 (cgs) usually: 0.2

microturbulence, helium abundance, metallicity

+ other constraints, where available: SED’s, near-IR, ...

abundances: Aloge ~ 0.05...0.10 dex (1o-stat.)  usually: factor ~2
Aloge ~ 0.07...0.12 dex (1o-sys.)  usually: 222

Smm—— = = = FRIEDRICH-ALEXANDER * Oxyaen in BA-sunerdicnts
= St == UNIVERSITAT * r]e l | e JRYQE SUoErgIicants
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Diagnostics

Elemental Abundances ., e a. oo

* hon-LTE:
absolute abundances
reduced uncertainties

artifac A log «:
~0.05 - 0.10 dex (1o-stat.)

arfifaef> 010 dex(lo-syst)

reduced systematics

e typical uncertainties
in literature:
factor ~2 (1o-stat.)
+ unknown syst. errors

< >ariifq ct

NLTE/LTE
. |:| neutral

. O ionized

g:‘llsg:l;:'?ﬁuxmom Oxygen in BA-supergiants
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Diagnostics

Elemental Abundances
Przybillq e’rql. (2006)

— : . ; : ' ; : ; 7 , v K

% HD87737 (AQ Ib) |

absolute abundances
relative to Cosmic Abundance Standard
== Nieva & Przybilla (2012)

2 it ¢ | NLTE/LTE

‘u.\): @[ I I% | . D neutral

‘ - ® QO ionized
| t I g !

.3 ‘|V i} |

e A ) K \ 2 A ! D o e @ s \ / e \ A ( N ™
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e U N U Ne Mg Al O S KNG vV CLrny e NI >r pba

E\_rv‘(\r,

e LTE: abundance patterne - large uncertainties
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Elemental Abundances

[El/H]eas

Przybilla et al. (2006)
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HD87737 (A0 Ib) |

—

—4

absolute abundances 1
relafive to Cosmic Abundance Standard
== Nieva & Przybilla (2012) )

¢
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Element

Diagnostics

NLTE/LTE
. |:| neutral

. O ionized

e non-LTE: consistency & reduced uncertainties
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Diagnostics

Spectroscopy @ High-res & High-S/N

_HD92207 (AO Ioe) ' Przybilla et al. (2006L

OO 0 Y 1

EEEE EE T Z 5 LPLE = |
= 4300 4350 4400 4450
x 1.0
4500 4550 4600
e several 10*lines: ~30 elements, 60+ ionization stages
e complete spectrum synthesis in visual (& near-IR) ~70-920% in NLTE
:==.i_-=..§. .g. UNIVERSITAT oo Oxygen in BA-supergiants
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Diagnostics

Back to oxygen: non-LTE effects

Przybilla et al. (2000)
HD 92207 (AO lae)

vvvvvvvvvvvvvvvvvv

........ T
5329

HD 92207 (AO lae)

logb,

logTy

 non-LTE overpopulation of lower levels of transitions

e photon losses lead to outward drop of line source function
deeper line cores in NLTE

e ~10% NLTE overpopulation =-#0.5 dex change in abundance
up to ~2 dex changes in abundances from strong lines

FRIEDRICH-ALEXANDER
UNIVERSITAT
E

Oxygen in BA-supergiants
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Diagnostics

Back to oxygen: non-LTE effects
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Non-LTE effects

e collisional data

Diagnostics

* charge exchange reaction with hydrogen

— e :
Vega AT771-5 near-resonant
1.00 F .
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A grain of salt:
sfrong near-IR lines

e LTE line profiles never fit
despite observed EW reproduced

e non-LTE line depth ~ ok

Rel. Flux

1.10§ T

1.00 from

o.aoé
o.7o§
o.soé
o.soé

0.40E

m Leo  Diagnostics

0.90

1 1

7768  TIT0  TTV2 T4 TTT6 T8 7780
A[A]

e non-LTE profiles not broad enough: Przybilla et al. (2000)

quest for

- detailed line-broadening tabes?

- depth-dependent turbulence/
hydrodynamic models?

e analogy to Ha/hydro models
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Results

Results

using non-LTE modelling and comprehensive analysis techniques
absolute oxygen abundance determinations feasible for BA-SGs
@ high precision and accuracy:

e 0.05-0.10 dex (10 statistical uncertainty)
e ~0.10 dex (10 systematic uncertainty)

e mean oxygen abundance from BA-supergiants
in solar neighbourhood (<Tkpc distance):
(log O/H +12),,, =8.78 £ 0.03 (19 targets)

CAS: 8.76 £ 0.05 (Nieva & Przybilla 2012)

S==S 5 S [RIEOACHALEXANDER Oxygen in BA-supergiants
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Extragalactic Stellar Astronomy

Extragalactic
Abundances

e so far:
HIl regions
only indicators for
abundances
in nearby galaxies:
He, N, O, Ne, S

e verification and
extension via stars

Spiral Galaxy NGC 300 (H-alpha band)
(MPG/ESO 2.2-m + WEI)
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_Kudiitzki et al. (2008) Extragalactic Stellar Astronomy
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Mass-metallicity relationship

Extragalactic Stellar Astronomy

Kudritzki et al. (2012)
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Local Group and beyond strong line analyses of Hll regions

investigate and minimise

systematic bias of extragalactic metallicities
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