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PLATO WP 122

More than 70 scientists with expertise in model atmospheres (HE, 3D RHD and MHD), spectral
modelling, (spectro)photometry, interferometry, SED fitting, Bayesian methods and astro-statistics,
and analysis of fundamental stellar parameters of FGKM stars




Outline

* Intro: why non-seismic stellar parameters for PLATO?

 Methods: SAPP

* Models: why 3D Non-LTE

- Solar chemical composition



Classical stellar parameters for PLATO

Asteroseismology
Exoplanets masses, radii, ages
structure, formation, populations

P =1—10days

Tesi, [Fe/H]
chemical abundances,
Vsini...

\ \ Lund et al. 2017, Deheuvels et al. 2014

Stellar structure
and evolution

TN — Deal+ 2018, 2021; Semenova+2020
Davies & Miglio 2018

Adibekyan+ 2021



Talk by Heike Rauer

Methods
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Talk by Heike Rauer

Methods

) = k2 Kepler—93

fi== e e e L S A 2 ;ZL,,“" L l l 4
P o st b e o - | High-precision photometry
3 R L TR e R T e % 10 -— )
-3 + 1 < 1 - 2/0 z2/0 N
3 W0 0 e 3
2 L A > - 1 1000 E o
g o = Transit g

- s j= + Tett, [FE/H]

0.999 S
S - 0 : ;o . eff,

Phase (Hours)

LA, R — e
2800 3000 3200 3400

3600 [:\
Trequency (iND) Ballard et al 2014 d

Planet radius Rx, Mx

. Planets, planet 1 d thei
Period, age i ik A
inclination Y sl

g

.

Formation in proto-p

*

Stellar radiation, wind
and magnetic field

High precision
radial velocity

* Radius ~3%

T T T T

Planet mass
Eccentricity

* Mass ~10%

* Age ~10%

+ orbital parameters + architecture

& & b S o s o ®




Goal Impact
error of spectroscopic parameters
ATe(fL;Z;’O K1 A[Fe/M]=0.1 dex
AR/R (radius) 2% 1% 1%
AM/M (mass) 10 % 3 % 3%
At/T (age) 10 % 10 % 5 %

Serenelli+2017, Valle+2018, Bellinger+2019
Cunha, Roxburgh+ 2021 ...



Methods to determine stellar parameters

Spectroscopy

SBCR IM/H]

Photometry

chemical abundances
*Fe, Mg, Li, Si, C, O, K, P...

Infra-Red Flux Method

L, log(g)

parallax + other methods
9




This is what PLATO pipeline does

SB(G

Spectroscopy

Infra-Red Flux Method

[M/H]

Photometry

chemical abundances
*Fe, Mg, Li, Si, C, O,...

L, log(g)

1 parallax + other methods




This is what PLATO pipeline does

Spectroscopy

Interferometry

I Classical stellar I Stellar properties
parameters determination determination H Before operation
I MSteScil I MSteSci2

MSteScii

I SAS pipeline I . Eurlng operation
(MSAP1 to 5) I . 4

Hpara ax + other metnods




SAPP

Stellar Abundances and atmospheric Parameters Pipeline
also MSteSci1, MSAP2...

SAPP modules Teff_spec,logg_spec
element1_element2_spec .
———————— —i veini_spec benchmarking
| spectroscopy ] information
FE_H_spec,MG_FE_spec,.. | FE_H_spec,MG_FE_spec, Teff_phot, logg_phot, Teff SAPP
M/H_phot logg_
M sk
—I_ L iED_flttl"lg_ — element1:e!;ment2_spec Q
R_IRFM vsini_spec v
Teff_IRFM Y A_filter_SED v
———————— - theta_IRFM o L_SED
—>|| IREM — validation — o
_________ 4 R_interf oyl
Teff_interf 4 M_SAPP PDC-DB
A_filter_SED M_init SAPP
LD_interf Teff_ SAPP tau SAPP
= = theta_interf logg_SAPP \_/
interierometry I 7 =) FE H SAPP
I interf t > > _H_
————————— - R_SAPP
R_SBCR M_SAPP
________ —_ Teff_SBCR M init SAPP
Ll theta_SBCR tau_SAPP
SBCRs < eta )
o I -
SAPP
Bayesian inference
interstellar extinction pipeline A_filter_ext
(prior)
I— ———————— —
| interstellar extinction %
_________ -




SAPP

Stellar Abundances and atmospheric Parameters Pipeline

Astronomy & Astrophysics manuscript no. output ©ESO 2021
October 11, 2021

The SAPP pipeline for the determination of stellar abundances and
atmospheric parameters of stars in the core program of the PLATO
mission

Matthew Raymond Gent!', Maria Bergemann', Aldo Serenelli> !, Luca Casagrande7, Jeffrey Gerber', Ulrike Heiter”,
Mikhail Kovalev!-%2, Thierry Morel*, Nicolas Nardetto®, Vardan Adibekyan“" 12 Victor Silva AguirreB, Martin
Asplund'®, Kevin Belkacem'?, Carlos del Burgo'* !, Lionel Bigot®, Andrea Chiavassa®, Luisa Fernanda Rodriguez
Diaz>®, Marie-Jo Goupil”, Jonay 1. Gonzdlez Herndndez'> 1, Denis Mourard®, Thibault Merle®, Szabolcs
Mészaros” 111 Douglas J. Marshall'®-?°, Rhita-Maria Ouazzani'?, Bertrand Plez?!, Daniel Reese®’, Regner
Trampedachz“l, and Maria Tsantaki'’




Stellar parameters for PLATO: how-to

v Combination of heterogeneous
data

spectra, photometry, parallaxes,
interferometry

+ PLATO data (photometry, global oscillation
parameters)

[Fe/H] [dex]

v Efficiency and robust parameters
parameter correlations and probability
distribution functions

v Flexibility
ability to rapidly update models,

based on new physics

stellar atmospheres, synthetic spectra
opacities, atomic data

M-RHD, Non-equilibrium modelling

(c) A. Nordlund
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Observations
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Stellar parameters for PLATO: how-to
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Teff, BLD 10 ~2% precision
+10g(9g)
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+ relationships calibrated
on Gaia
Casagrande et al. 2021

Salsi et al. 2020, 2021 ’




Stellar parameters for PLATO: how-to

()OBSERVATOIRE
DE LA COTED'AZUR

NIVERSITE COTE D'AZUR ::

CHARA / SPICA
interferometry

A=

-
Teft, OLp to ~1% precision

« SPICA - new visible instrument for the CHARA Array [ Dwarfs [ Challouf | salsia | salsi2 |
. [ spTy [0 [eofao[rs[ 67 [Ka|mo[ms] ma|
(angular resolution of ~0.2 mas) v/vkl2]alofl1]l2]3]als5 ] 6
[1,00[3,35[ 6,28
EEE
158

7

« Designed for completing a survey of fundamental
parameters of ~1000 stars in 3 years, and possible
extension for P2

« Direct R & Ter (0 ~ 30 K), new accurate SBCR, direct

measurement of the limb darkening for 1072 stars
Mourard et al 2018, Pannetier et al. 2021

17



Stellar parameters for PLATO: how-to

Extensive efforts to collect high-quality specira for P1, P2, P4 P5 samples
optical, near-IR, med- & high-resolution

Tett, [FE/H] to a few ~1% precision

; : Gaia

- §
@)

. -
G unquased sbgpjﬁort ‘_ﬂ“l Y

for exopl‘a\heta[y\m‘fq— |
space missions.

CARMENES ||}




Observations
Data + model comparison

19



Bayesian approach

homogeneous full-scale quantitative probabilistic analysis
of distributions in the multi-D parameter space

\/ \/ K
P(Rlosps Oph) P(OspIR) ' P(Opth Pmod(R) J

Other constraints

priors: e.g., mass function

Spectra + photometry: - Combine P (OIR) based on data
VLT, Gaia, APOGEE, ... taken with different facilities at
Future: once

- Systematic model differences
can be directly accounted for

Serenelli et al. 2013, Schoenrich & Bergemaz%n 2014, Gent et al. subm.



Spectroscopy LOglo(P)

7000 6000 5000
Tefr [K]

7000 6000

7000 6000 5000
Teff [K]

Teff [K]

Spectroscopy, nu_max, and photometry
yield orthogonal constraints,

but in the Bayesian framework
complete correlations in the multi-D
space are preserved.

Combined solution

7000 6000 5000
Gent et al. subm. Terf [K]

Photometry + Parallax

5000




SAPP

v tested and verified against independently determined parameters of
PLATO ‘golden standards’ (benchmark stars, Heiter+ 2015, Jofre+ 2018),

WP125500 by O. Creevey & P. Maxted

v excellent performance for FGKM stars + red giants

SAPP Tesf [K]

5000 5500 6000 . - - 4.4 4. -1.5 -1.0 -0.5 0.0
Ref. Terr [K] Ref. [Fe/H] spec [dex]

NGC6253 NGC6752

e  <[Fe/H]> =038 +0.04 e  <[Fe/H]> =-1.47 +0.09
7
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Parameter / SNR

Error caused by the internal precision of the

code

Gaia GSP-Spec
pipeline*

PLATO SAPP*

Tets/ 125

G=10.3

62K

18K

Tetr/ 40

G=11.8

178 K

24 K

[Fe/H]

G=10.3

0.06 dex

0.00 dex

[Fe/H]

G=11.8

0.16 dex

0.01 dex

o/Fe

G=10.3

0.04 dex

0.01 dex

o/Fe

G=11.8

0.10 dex

0.01 dex

* based on noised-up models

Bergemann et al. PLATO TN in prep.

Gaia end-of-mission data taken from Recio-Blanco et al. A&A 585, A93, 2016
typical G-type main-sequence star at intermediate metallicity

23




Star, mag Error caused by the internal precision of the
code
S
pipeline*®

P1,P2 Terr/ 125
P4.PS  Terr/ 40

-
0.06 dex 0.00 dex
-

* based on noised-up models

Bergemann et al. PLATO TN in prep.

Gaia end-of-mission data taken from Recio-Blanco et al. A&A 585, A93, 2016
typical G-type main-sequence star at intermediate [Fe/H]
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SAPP

Gaia RVS will not be sufficient to achieve PLATO goal of 2% in R, 10% in M and 1
as the internal error does not include model error + error of actual RVS data

Parameter / SNR Star, mag Error caused by the internal precision of the
code
Gaia GSP-Spec PLATO SAPP*
pipeline*
P1,P2  Tex/ 125 G=10.3 62 K 18 K
P4, P5  Ter/ 40 G=11.8 | 178K | 24K
0.06 dex 0.00 dex
DONGESNN 001 dex
Is Gaia RVS + SAPP sufficient for PLATO?
0.04 dex 0.01 dex
unfortunately no, because _0.10dex | 0.01 dex

o _tot = o _internal + o model +
o_data




SAPP

Gaia RVS will not be sufficient to achieve PLATO goal of 2% in R, 10% in M and 1
as the internal error does not include model error + error of actual RVS data

Parameter / SNR Star, mag Error caused by the internal precision of the
code
Gaia GSP-Spec PLATO SAPP*
pipeline*
P1,P2 T/ 125 G=10.3 62 K 18K
P4,P5 T/ 40 G=11 8/— 24K
0.06 dex 0.00 dex
DONGESNN 001 dex
Is Gaia RVS + SAPP sdfficient for PLATO?
0.04 dex 0.01 dex
y no, because T 0.10dex | 0.01 dex




Observations
Data + model comparison

Models

27



Observations
Data + model comparison

Models

models must be as good as observations
to allow results limited by
observational uncertainties

28



Same stars observed by
APOGEE and Gaia-ESO surveys




Same stars observed by
APOGEE and Gaia-ESO surveys

* up to a factor of 3
differences

- the differences are not
caused by data quality

2 -
2 -01 00 01 02 03 04 05

[Mg/Fe] (Gaia-ESO)

error caused by observational uncertainties
(statistical error)
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Same stars observed by
APOGEE and Gaia-ESO surveys

* up to a factor of 3
differences

- the differences are not
caused by data quality

« The differences are
caused by

2 '
2 -01 00 01 02 03 04 05 06 07

[Mg/Fe] (Gaia-ESO)

error caused by observational uncertainties
(statistical error)
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1D LTE hydrostatic models

MARCS, Kurucz, MAFAGS

X (Mm) colour - Temperature

dimensionality 1D

convection mixing length

turbulence correction to Doppler width
(assuming isotropic Gaussian distribution)

radiation LTE (Saha- Boltzmann equilibrium)

32



1D LTE codes usually work well for solar analogues,

but for stars which are hotter / cooler
more extended (lower log(g))
lower / higher metallicity

(a) logg from Fel-Fell equilibrium (b) logg from Hipparcos parallaxes . (¢) logg from Fel-Fell equilibrium

Blue: Fel > Fell parameters corrected
Red: Fel < Fell

® o8 oo we o

o poo o 0o cogee

6800 6400 6000 5600 5200 4800 6800 6400 6000 5600 5200 4800 6800 6400 6000 5600 5200 4800
Teff [K] Teﬂ [K] Teﬂ [K]

Bensby et al. (2014)
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Z (Mm)

~
r

Stellar parameters for PLATO: how-to

v PLATO is the first survey that will rely on physical
parameter-free model atmospheres & spectra

v Non-LTE synthetic spectra, 3D convective model atmospheres, MHD
(w. Vilnius group), atomic and molecular data (w. Michigan group)

v Dedicated efforts to analyse M dwarfs (Heiter, Olander+)

X (Mm) colour - Temperature

v

T v=vo(l+v /C)

Stellar photosphere is here

7775.38
7774.17
coupled magneto-hydrodynamics 7771.94
+ radiation transfer

3D turbulent velocity field

No ad-hoc scalings to line opacity

(hence to abundances of elements) !

' Excitation energy (eV)

~
=

(c) R. Collet Bergemann et al. 2021



Testing 3D NLTE models

Observed granulation Center-to-limb variation Convective line asymmetries
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Testing 3D NLTE models

Observed granulation Center-to-limb variation Convective line asymmetries
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Balmer line wings Excitation - lonisation balance

3D NLTE

Abundance (log10)
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Wavelength (A)

Gerber et al. in prep 36

Bergemann et al. 2019



Testing 3D NLTE models

Observed granulation Center-to-limb variation Convective line asymmetries

Fe |

PLATO 0.‘2 0.4 0.6 0:8
Tesr, [Fe/H], abundances e

_ Miklos et al. 2020
to a ~1% precision + accuracy
Balmer linese grerorr lonisation balance
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Nordlund et al. 2009
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3D NLTE
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Abundance (log10)

A1DLTE
#3DNLTE

Gerber et al. in prep 37

Bergemann et al. 2019



Oxygen * Solar models » Stellar evolution

38



Why better 3D NLTE models? Sun as a reference

Oxygen: cornerstone element in astrophysics

v Standard Solar Model + stellar evolution reference
v Galactic and extragalactic metallicity reference
v planet formation, exoplanet atmospheres

Present-day solar abundances
A(O) = 8.90 (1D LTE)
A(O) = 8.69 (3D NLTE)

o
Q
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o
c
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o
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L
£
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B
©
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o

-

40 60
Atomic number

Asplund et al. 2021
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Why better 3D NLTE models? Sun as a reference

v Standard Solar Model + stellar evolution reference
v Galactic and extragalactic metallicity reference

v planet formation, exoplanet atmospheres

o
Q
c
©

o
c
3

o
©

L
£
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=
B
©
=)
o

-

Asplund et al. 2021

Present-day solar abundances
A(O) = 8.90 (1D LTE)
A(O) = 8.69 (3D NLTE)

40 60
Atomic number

40

Solar photospheric O siill
debated

(Caffau et al. 2008 but Asplund et al.
2009)

difficult to reconcile with solar
models + helioseismology
(e.g. Serenelli et al. 2009, 2011,
Delahaye & Pinsonneault 2006)



Why better 3D NLTE models? Sun as a reference

a) Continuum 777nm b) Oxygen ‘/ improved at0m|C data

[W/cm?/A] 777we ! 777 76

3D NLTE models for O and Ni

| (blend)

v realistic 3D NLTE radiative transfer
with chromospheric effects

0.20 0.25 0.50 1.25 2.00

V' highest resolution solar data

c) Oxygen d) Nickel

03 Dre / B30ure 03oure ] o0LTe IAG R = 700,000 data
comprehensive error analysis
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Why better 3D NLTE models? Sun as a reference

a) Continuum 777nm b) Oxygen ‘/ improved at0m|C data
[W/cm?/A] 777we ! 777 76 .
. 3D NLTE models for O and Ni
(blend)

v realistic 3D NLTE radiative transfer
with chromospheric effects

0.20 0.25 0.50 1.25 2.00

& Oxygen &) Nickel V' highest resolution solar data

630N.1e / 6301 7€ 630ncTe / 6307 IAG R e 700 OOO data
AT g i

Element Bergemann+ 2021 Caffau+ 2008 | Asplund+ 2021

A(O) 8.75 £ 0.03 8.76 £ 0.07  8.69 £0.04

42



Why better 3D NLTE models? Sun as a reference

a) Continuum 777nm b) Oxygen ‘/ improved at0m|C data
[W/cm?/A] 777we ! 777 76 .
3D NLTE models for O and Ni
(blend)

v realistic 3D NLTE radiative transfer
with chromospheric effects

[ T E——— ]
0.20 0.25 0.50 1.25 2.00

& Oxygen &) Nickel V' highest resolution solar data

630n7e / 630.7e 630n7e / 630.7e IAG R —_ 700 OOO dat
| MR el ’ -

Element Bergemann+ 2021 Caffau+ 2008 @&

A(O) 8.75 + 0.03 8.76 + 0.07 B8
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Summary

PLATO best positioned to revolutionise stellar physics
=> all areas that rely on fundamental parameters of stars
*exoplanets, stellar populations, Galactic structure...

Challenges

« Combination of new data
PLATO + CHARA / SPICA, 4MOST, WEAVE, Gaia ...

« with new models
3D M*RHD model atmospheres + NLTE radiative transfer

limb darkening, intensity profiles, synthetic specitra...

- =>new reference
10.000s of stars at the level of detail so far
only accessible to solar physics
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