Elemental abundances from massive stars:

The present-day composition
of the local Milky Way
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Early B-type Stars

(Main Sequence)

Massive
M: ~8...18 M

hot
T ~ 16000 ... 32000 K

lumMminous
L: ~several 103...104L

,numerous”
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Intro

Abundance Standards: Solar vs. Cosmic

Sun

* 4,56 Gyr old
* far from Galactic birth radius
* highly detailed obbservations

* complex atmosphere:
convection (3D), chromosphere

* overall small departures from LTE

* diffusion:;
photospheric vs. bulk composition

* laboratory studies of Cl chondrites
feasible

* one object: typical or special?
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Early B-type stars

* young: ~ 10 Myr

* close to parental star-formation region
* (bright) point sources

* simple atmospheres:
radiative equilibrium (1D)

* line spectra; ubiguous non-LTE effects

* weak stellar winds: no diffusion, no
impact on atmospheric structure

* no dust depletion unlike in HIl regions &
the diffuse ISM

* pollution with CNO-cycled material
possible

* severdl ten objecTts in
solar neighbourhood (d<500pc)
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Intro

Chemical (In)Homogeneity from Cosmic Abundance Indicators

Metals in Solar Neighlbournood/Star Clusters
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* massive stars & HIl regions

chemical
iINnhomogeneity

BUT

* gas-phase of ISM in
solar neighbbourhood
homogeneous
(e.g. Sofia & Meyer 2001)

Theory:

* efficient mixing
mMmechanisms
== homogeneity
(e.g. Edmunds 1975,
Roy & Kunth 1995)

= range in abundance

uncertainty
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Intro

Chemical (In)Homogeneity from Cosmic Abundance Indicators

Dispersal and mixing of oxygen in the interstellar medium

of gas-rich galaxies
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3 Institut d’ Astrophysique, 98 bis, Blvd. Arago, F-75014 Paris, France
Received 17 March 1994 / Accepted 5 July 1994

Abstract. Stellar and nebular abundance indicators reveal that
there exists significant abundance fluctuations in the interstellar
medium (ISM) of gas-rich galaxies. Itis shown that at the present
observed solar level of O/H ~ 6 10~*, abundance differences of
a factor of two, such as existing between the Sun and the nearby
Orion Nebula, are many times larger than expected. We exam-
ine a variety of hydrodynamical processes operating at scales
ranging from | pc to greater than 10 kpc, and show that the ISM
should appear better homogenized chemically than it actually
is: (i) on large galactic scales (1 > ! > 10kpc), turbulent diffu-
sion of interstellar clouds in the shear flow of galactic differential
rotation is able to wipe out azimuthal O/H fluctuations in less
than 10° yr; (ii) at the intermediate scale (100 > [ > 1000 pc),
cloud collisions and expanding supershells driven by evolving
associations of massive stars, differential rotation and triggered
star formation will re-distribute and mix gas efficiently in about
108 yr; (iii) at small scales (1 > [ > 100 pc), turbulent dif-
fusion may be the dominant mechanism in cold clouds, while
Rayleigh-Taylor and Kelvin-Helmhotz instabilities quickly de-
velop in regions of gas ionized by massive stars, leading to full
mixing in < 2 10° V.
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* massive stars & HIl regions

chemical
iINnhomogeneity

BUT

* gas-phase of ISM in
solar neighbbourhood
homogeneous
(e.g. Sofia & Meyer 2001)

Theory:

* efficient mixing
mMmechanisms
== homogeneity
(e.g. Edmunds 1975,
Roy & Kunth 1995)
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Intro

Location of Sample Stars in Solar Neighbourhood
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fracing
Gould’s Belt
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Diagnostics

Observational bias

|dentification of problematic objects before analysis starts:
* binarity: impact of second light
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* Be stars: impact of light from disk on photospheric spectrum: veiling

* CP phenomenon: rare among early B-type stars
but: He-strong, He-weak stars
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Diagnostics

Basic equations of classical stellar atmosphere problem

e radiative transfer equation — energy transport:

dl
~=1,-S, = J,
'ud”r,,
e radiative equilibrium (+ convective energy transport for cool stars) — energy conservation:
f H, dv = const. = % Tee = T
0
e hydrostatic equilibrium — momentum conservation:
dP
P =—p (9 — Grad) + ideal gas = N

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

Nup 1_ 5 (2srrmekT)3f2 Jup e_(%)

Niow Ne h2 Ylow
N _ 9 A5
N9
e statistical equilibrium (NLTE): rate equations o]
Y T, p (Teffﬁne’ Iv)
n Z (Rij + Gip) + ni(Ri + Ci) = Z Nj(Rji + Cji) + ni(Rii + Cia) = N
# j#

e charge conservation:

ZniZi—ne:O = Ne
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Diagnostics

Codes

* LTE model atmospheres:
ATLAS? (Kurucz)

* radiative transfer & statistical equilibrium (trace species approx.)
DETAIL (Giddings, Butler + many recent updates/extensions)

* formal solution:
SURFACE (Giddings, Butler + many recent updates/extensions)

=p Nybrid non-LTE: ADS

huge amounts of
atomic data:
OP/IRON Project, physics literature & own
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Consequences for models
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Diagnostics

fit to observation:
our model, using
model atom of

76 6_5;77 _ 6578 6.5‘79 6580 Nieva & Przybilla

(2008)

model comparison
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e

input atomic data crucial
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Diagnostics

Test: Spectroscopic vs. Hipparcos Distances
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Nieva & Przybilla (2012)
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Test: SEDs

Diagnostics

Nieva & Przybilla (2012)
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Diagnostics

Test: Abundance Trends B Nieva & Przybilla (2012)
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Diagnostics

Quantitative Spectroscopy with Little Systematics

Nieva & Przybilla (9019/
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e ~10%lines: ~60 elements, 200+ ionization stages
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* OB stars: complete specfilim synthesis in visual & near-IR, up to ~95% in NLTE "
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Quantitative Spectroscopy with Little Systematics 29"

Nieva & Przybilla (9019,
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UVS

Diagnostfics

pectral Range with HST/STIS

Schoffenro‘rh 201 5

> '\ - L TS X T 5
P SOF A SIS ST SIS S SOOI S S
l,l, I ‘III a | mi [T IR | ] I | nrm I i
Bl ’:‘II'II. -’.I |'.I"l W/ T
{LRIRVINETA Vi M e § A An ; Y T P
= ' f i ! '-’, il e AW, AN IV o MmA Y W
< 1Rl | I}'r‘ln; ’ I [V \lis # M4, ORI W1
= LixIe -' | l i . b 5 | 1, Al e A | "In A i/l -‘l il i Ir K]
B r | | ] - i % g L] “ ' ' | ]
s L | i I f i w N A ' { I ) |
k | , | || I ) ‘I 1 ilu‘-"l | |t ' | \ ‘ i 1 !
S 'l ' I ! 8 f ' " W !
= r | ] J |
2 - ||| | 1 ' | 1] i Bl () |
i I ! l ! ] ||| [ | |l {|
B let - 1 | J | | | Il |
L "l ! I; | \ | ] I J
i \ | 1 I ¥ ) |
n;; T -— +—+ 'I¢ I€ +——+—
W i i | I
_.-.i | ] ™ / M . 1L T | y A,
Ea A \ a JENTR IR i1 A 1 AN i I_.I | 1% i AN
S T '-_')",._.‘\ AN i fif ¥\ R - = '.;'-‘"3!:- A Wias o W "
<E BRI { 'y V|
sk | il | |
- i i i s L L 1. 1. 1 i 1 s L 1 L L
129 1M1 ] 1293 1294 19 12% 1297 1298 12 ] 1301 L2 1303 [E] 130 1 1 1307 [E7] 2] 131
RY
m&;@mrﬁwﬁ e ORI S0 S, SR SN
lel)’m—lll IIIIIIIIIII 11l III:{MI II ,f&l&, I IIIII L] II'rIII LURERINE II 1 IrJ I IIIIIII-III THE I T IIIIII I TH 1 II | IIIIIIIII IIII mmrnn e I-IIIIIIIIIIIII III IIIIIIII e III I I | IIII ID
% N | I i 4 ALy | a
Tt II( I I | III | II
S | |
& extortEf I
%qur‘“_— U I
£ ax10™ ’

A[A]

e ~10%lines: ~60 elements, 200+ ionization stages

* OB stars: UV ~50% of lines in NLTE, rest LTE = atomic data missing, high-quality observations
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Diagnostics

Extending the elemental coverage in the UV

Schaffenroth (2015)

1 2
H He
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Diagnostics

Quantitative Spectroscopy using NLTE Diagnostics

using high-quality spectra, getting rid of
robust analysis methodology & systematics !!!
comprehensive model atoms

ionization equilibria =™ T,

elements; e.g. He l/Il, Cli/lII/IV, O I/, Ne I/11, Sill//IV, ST/, Fe 1/
AT [/ T ~ 1%

Stark broadened hydrogen lines = l0og g
Alog g~ 0.05...0.10 (cgs)

microfurbulence, helium abundance, metallicity

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

abundances: Aloge ~ 0.05...0.10 dex (1o-statf.)  usually: factor ~2
Aloge ~ 0.07...0.12 dex (10-sys.) 277
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Cosmic abundances

Chemical composition of the solar neighborhood
@ present day

Nieva & Przybila (2012)

1o ~ 0.05 dex
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Cosmic abundances

Chemical composition of interstellar dust

14
1.2}
1.0F
0.8
0.62—

0.4

Normalized number of objects

0.2

O.O7 L 1 I |

diffuse ISM B stars

+—r
dust depletion

=

1 Nieva & Przybilla (2012)

Confirmed by Cassini's
Cosmic Dust Analyzer:
Altobelli et al. 2016,
Science, 352, 312

3.2 8.4

* chemical homogeneity of ISM and OB-stars

'L

log O/H + 12

8.8

difference =9 dust composiftion

* homogeneity over hundreds of parsecs: highly efficient mixing
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Cosmic abundances

Mixing with CNO-processed matter

* theory predicts very tight relation in N/C vs. N/O diagram
=P nuclear path of the CNO cycles (Przybilia et al. 2010; Maeder et al. 2014)

Nieva & Przybilla (2012
.
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=P CNO-mixed stars easily identified
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Cosmic abundances

Comparison CAS & Solar Standard

Element CAS Sun (photospheric) A(CAS-0)
Asplund et al. (2009)
C 8.33+0.04 8.43+0.056 -0.10
N 7.79+0.04 7.83+0.05 -0.04
O 8.76+0.056 8.69+0.056 0.07
Ne 8.09+0.05 [7.93+0.10] 0.16
Mg 7.56+0.05 7.60+0.04 -0.04
Al (prelim.)  6.28+0.07 6.45+0.03 -0.17
Si 7.50+0.05 7.51+0.03 -0.01
S (prelim.)  7.16+0.06 7.12+0.03 0.04
Ar (prelim.)  6.50+0.06 [6.40+0.13] 0.10
Fe 7.52+0.03 7.50+0.04 0.02

* Sun a bit more metal rich according to Caffau et al. (2010)
* confirmation of CAS from a few BA-type supergiants

* surprising good agreement ... suspicious
* Protosun is even more meftal rich

... N0 GCE over past 4.56 Gyrs ?

B universitat XX Mendeleev Congress
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log (Mg/Fe)
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* solar-type stars (long-lived):

constraints on
Galactochemical evolution
over time

delayed CN-production in
intermediate-mass stars

M universitat
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log (C/0)

log (N/O)

Cosmic abundances

Genesis of Heavy Elements over Cosmic History

a-enhancement:
delay of SN la w.r.t. SNII

Nieva & Przybilla (2012)
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Cosmic abundances

Genesis of Heavy Elements over Cosmic History
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Cosmic abundances

Genesis of Heavy Elements over Cosmic History
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Cosmic abundances

Place of birth of the solar system

* method: chemical tfagging — orbit tracing not working: radial migration
* available data: CAS, present-day abundance gradients,
solar abundances (4.56 Gyr)

present-day Galactic present-day
Sun, if born solar abundance inner
diffusion today neighbourhood gradients Galaxy

| | P |

Element Protosun Protosun, GCE corrected? CAS de(ElL)/dR, CAS+de(El)/dR,
AGSS09 CLSEBI0O AGSS09 CLSEBIO dex kpe™! R, =6kpc Ry =5kpc
C 8.47+£0.05 8.54+0.06 8.53+0.05 8.60+0.06 833+0.04 —0.103+0.018” 854+0.05 8.64+0.05
N 7.87+£0.05 790+0.12 7.95+0.05 8.01x0.12 7.79+0.04 -0.085+0.020° 7.96+0.05 8.05+0.05
O 8.73+£0.05 8.80+0.07 8.77+0.05 884007 8.76+0.05 —0.0354¢ 8.83+0.05 8.87+0.05
Mg 7.64 +£0.04 7.68 +0.04 7.56 +0.05 -0.0394 7.64+0.05 7.68+0.05
Si 7.55+0.04 7.63 +0.04 7.50 £0.05 —0.0454 7.59+0.05 7.64+0.05
Fe 7.54+0.04 7.56+0.06 7.68+0.04 7.70x+0.06 7.52+0.03 —0.052¢ 7.62+0.03 7.68+0.03

Notes. (@ Applying values from Table 5 of AGSS09. based on GCE models of Chiappini et al. (2003):  Esteban et al. (2005): ) Carigi et al.
(2005); @ Cescutti et al. (2007), based on Cepheid observations of Andrievsky et al. (2004, and references therein); © a slightly steeper — though
compatible — gradient, by —0.044 + 0.010 dex kpc™', is given by Carigi et al. (20053). . .

: - ’ P - ’ - ( Nieva & Przybilla (2012)

XXI Mendeleev Congress
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Cosmic abundances

Galactochemical evolution
over cosmic history

& .
Galactic abundance grodi_eﬁfg___

—p fadial migration of Sun “ib»
Milky Way disk

birth radius of Sun at
R,~5-6 kpc



Summary

Summary

* early B-type stars excellent probes for spatial distribution of
chemical abundances @ present day

*early B-stars in solar neighbbournood chemically hogeneous
=P Cosmic Abundance Standard

* similarities and differences with respect o solar standard
=P Cchemical tagging of the Sun's birth radius

°* many applications, e.g.
- quantifying depletion onto dust grains in the ISM
- spatial distribution of elemental abundances in Milky Way
- inifial composition for modelling stellar evolution
- boundary condition for GCE modelling

O un iversitat XXI Mendeleev Congress
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