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l. Motivation and Context

I Why Extend Cesam2k20 to Exoplanets?

6ta\\aire AC’GD

Code d’Evolution Stellaire Adaptatif et Viodulaire
* B-spline collocation solver: high-order, smooth, accurate
* Adaptive meshes: structure, diffusion, rotation on grids
« 1D stellar evolution: PMS to He-burning

Manchon et al. (2025)

Cesam2k20 provides the initial PLATO stellar grids

Stellar Observables Stellar Parameters Extend Cesam2k20 to Study Exoplanets

* Photometry * Mass ' _ o

«  Spectroscopy CESAM’s e Radius * Aligns with PLATO pipelines (already used for stars)

+  Asteroseismology — . Age « Ensures consistent physics for stars and planets

. etc.. grid * Composition * Avoids dual-code workflows === better integration
* eftc..
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l. Motivation and Context

log10 (T) [K]

~J

[=)]

Strategy: Using New Equation of State Tables

/ Rogers & Nayfonov (2002)

—— 1M,
——- 0.6 M,
——. 0.3 M,

OPAL 2005

Equation of State limitations

e OPAL2005 is the main EoS table of CESAM2k20
e Limited Pressure-Temperature range
* Lowest reachable mass: 0.3 Mg

New EoS tables with a wider P-T range

5 10 15 20
log1p (P) [dyn/cm?]
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l. Motivation and Context

ii. Strategy: Using New Equation of State Tables

P(p,T)

108

The equation of state (EoS) in physics:

* Bridge between thermodynamics and structure
107

Built using Numerical Simulations:

Chemical Picture Physical Picture

10°

v
Free-energy minimization DFT-MD, QMD, PIMC, ... *E 10°
Saumon, Chabrier & van Horn Chabrier & Potekhin (1998) E
(1995) Rogers & Nayfonov (2002) 104
Hummer & Mihalas (1998) Militzer & Hubbard (2013)
We will use three: CMS19 (Chabrier et al. 2019) 1
CD21 (Chabrier & Debras 2021) 2
MH13 { : %00 107° 107* 102 10°
HG23 (Howard & Guillot 2023)

Density [g/cm?3]

107

10*

10°

24.25

21.95

19.65

17.35

15.05

log(P) [dyn/cm?]

12.75

10.45
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Il. Discrepancies With the Equation of State

i A Problem With Solar Models

-G
dp ) ¢

17 [ | T T T T T T T T T T T T T T |_ 17 N
l
! a5 E A OPAL2005 aligned with
- observations, CMS19 and
1.5 1 1o CD21 do not
L:-. - -
1.4 i 7 1.4 4
- Standard solar model ’
13 4 ARB040 (19.7G) 5 1.3 4 —— CMS19
o AR9893 (80.8G) - e CD21
CMS19 and CD21 are
I - — = OPAL2005 ) . .
teppy o 0 0 v v v v v M 120 . | | incompatible with
0.97 0.98 /R 0-99 ! 0.97 0.98 0.99 1 asteroseismic constraints
(o}

r/iRo
Taken from Basu et al. (2004)
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Il. Discrepancies With the Equation of State

i A Problem With Solar Models

p(P,T) )
10
108_
* Scatter plot —— each point is a grid
point of CMS19,
107 ; _
_* Computed the density outputs of the
1077 OPAL2005 and CMS19 EoS routines
S for all PT points in the OPAL2005
106 - & - .
% 2 validity domain.
~ o
g* * Relative differences computed as:
105 =
_10 22
CMS19 ]
o OPAT2005
- 1My Track
== 0.3Mg Track
. . : . . . . . 10-3
102 10 108 101 10 107 102  10%

P [dyn/cm?]
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Il. Discrepancies With the Equation of State

i A Problem With Solar Models

p(P,T)
10°
108 4
Radiation pressure
- is considered in .
OFAL2005, wot *  White dotted-line: radiation pressure
CMS19 L10-1 4
o 4
10° 4 § 1
3 - Pra,d (T) = CL—3
= o
= o
(0)}
0
10° 4 =
L 10—2 2
104 4
- 1My Track
== 0.3Mg Track
: : : - - - - : 103
102 10° 108 101 1014 107 102° g2

P [dyn/cm?]
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Il. Discrepancies With the Equation of State

i A Problem With Solar Models

p(P,T)
10°
108 4
Radiation pressure
- is considered in .
OFAL2005, wot *  White dotted-line: radiation pressure
CMS19 L10-1 4
Tg]
o T4
106 ; N _
= o
<
OPAL2005 %)
10° 4 , S
issues, not 10720
relevant for
our study
104 4
- 1My Track
== 0.3Mg Track
: : : ; : : . : 103
102 10° 108 101 1014 107 102° g2

P [dyn/cm?]
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Il. Discrepancies With the Equation of State

i A Problem With Solar Models

p(P,T)
10°
108 4
Radiation pressure
- is considered in .
IRALZIES, dot *  White dotted-line: radiation pressure
CMS19 L10-19
Tg]
o T4
106 ; N _
¥ S P..q (T) = a 3
. S
<
OPAL2005 %)
105 4 . L2
issues, not 110720
relevant for
our study
104 4
logp-logT to == 1Mgp Track
logP-logT - == 0.3M, Track
conversion 162 1(')5 1(')8 10'11 10'14 10'17 1620 10'23 1072

issues P [dyn/cm?]
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Il. Discrepancies With the Equation of State

i A Problem With Solar Models

P, T
p(P,T) oo
108_
Radiation pressure R * Extrapolation improves OPAL-CMS19
107 - g;zgggged ”Z y overlap agreement
, NO .

CMSlg ...’. L 101

10° -

P —0.07
Ty=T( =
’ (PO)

e But low-T domain cannot be validated

T [K]

T

OPAL2005
issues, not r1072
relevant for

105 4

|Extrapolated CMS19/OPAL2005 - 1]

our study for the brown dwarf/planetary regime
104_
logp-logT to ] == 1Mg Track
logP-logT -] == 0.3M, Track
] =3
conversion 1(')2 1(')5 168 1611 1614 1(_')17 1620 10'23 10
issues P [dyn/cm?]
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Il. Discrepancies With the Equation of State

i A Problem With Solar Models

P,T
p(P,T) -
108_
Radiation pressure e __* Extrapolation improves OPAL-CMS19
107 is considered in ' B overlap agreement
OPAL2005, not : 2
CMS19 11071 ]
. <
(a ) —
S PN
~ = PO
©)
©
OPAL2005 3
10° 4 . 5
issues, not 1070
relevant for g  But low-T domain cannot be validated
our study — for the brown dwarf/planetary regime
104_
logp-logT to | - —* 1Mo Track
logP-logT // ol ek
conversion 1(')2 1(')5 168 1611 1614 1(_')17 1620 10'23 1072
issues P [dyn/cm?]

Modelling Stars and Planets With Cesam2k20, luke.gauvrit@oca.eu



Il. Discrepancies With the Equation of State

i A Problem With Solar Models

P, T
p(P,T) .
108 .
Radiation pressure
S is considered in —
OPAL2005, not : 1
CMS19 11071 ] .
. 2 CMS19 is tuned for
@)
10° 1 = . .
g 2 planets: invalid for
~ 5 .
= stellar modelling
OPAL2005 3
16> ©
issues, not -10‘273_
relevant for ju
our study a
104 4
logp-logT to 1 _~ ==+ 1M Track
logP-logT // == 0.3Mg Track
conversion 1(')2 165 168 1611 1614 1(_')17 1620 10'23 1072
issues P [dyn/cm?]

Modelling Stars and Planets With Cesam2k20, luke.gauvrit@oca.eu



Il. Discrepancies With the Equation of State

i A Problem With Solar Models

p(P,T)
10°
108 1 CP98
1 sCvH
107 4
10° ] 107
: S
o
= 3
X 10 <
= Q
[#)]
—
' <
10%4
1 - 1Mg Track
107+ — = 0.3Mg Track
L . . . . . . : : 10-3
102 10° 108 101t 104 10%7 10%° 1023

P [dyn/cm?]
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Il. Discrepancies With the Equation of State

i A Problem With Solar Models

p(P,T)
10°
108 1 CP98
1 sCvH
107 4
10° 107
: S
o
= 3
X 10 <
= Q
<
' <
4 |
10%4
1 - 1Mg Track
107+ — = 0.3Mg Track
L . . . . . . : : 10-3
102 10° 108 101t 104 10%7 10%° 1023

P [dyn/cm?]
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Il. Discrepancies With the Equation of State

i A Problem With Solar Models

Taken from Saumon et al. (1995)

p(P,T) . ('
108 | = o8 . “‘ This microfield acts as a time-dependent per-
=3 scuH turbation on the Coulomb potential of the nucleus and can
induce Stark ionization of the upper levels of an atom.
10? 4
Recall that the SC EOS does not include microfield
100 ri0t= effects, so that the MHD EOS is superior for solar model cal-
0 culations. 7’
o
¥ 103 %
: o
[=)]
—
2
10%4 i . . :
1079 SCvH neglects microfield effects, leading to
inaccurate ionization and too many bound states at
10%1 higher density
- 1Mg Track
1024 — = 0.3Mg Track
. . . . . . . . 1073
10?2 10° 108 1011 1014 10%7 102° 1023

P [dyn/cm?]
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Il. Discrepancies With the Equation of State

i A Problem With Solar Models

Taken from Saumon et al. (1995)

p(P,T) ('
108 | =1 cpos . *“ This microfield acts as a time-dependent per-
=3 scuH turbation on the Coulomb potential of the nucleus and can

induce Stark ionization of the upper levels of an atom.
10? 4

Recall that the SC EOS does not include microfield
effects, so that the MHD EOS is superior for solar model cal-
culations. 7’

[
o
L
1

|CMS19/0PAL2005 - 1|

106 4

104 4

l_l
o
o

SCvH neglects microfield effects, leading to
inaccurate ionization and too many bound states at
higher density

103 i

- 1Mg Track

1024 — = 0.3Mg Track

. . . . . . . . 1073
102 10° 108 101! 10 10%’ 10%° 10%3

P [dyn/cm?]

Issue with SCvH at higher P,T + OPAL has a lower pressure boundary ==) OPAL/CMS merger?
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Il. Discrepancies With the Equation of State

TIK]

Relative difference in T [%]

104

107 1

A Problem With Planetary Models

—— Tabulated Va5

—— Entropy derived Vg

Tine = 100K
1 M; Model

108 107 108

10% 1010 1011 1012 1013

P [dyn/cm?]

1 — Tan — Tent)Tem

106 107 108

10% 101 1011 1012 1013

P [dyn/cm?]

Vad

Relative difference in Vg [%]

0.35 A

0.30 A1

0.25 1

0.20 1

0.15 1

0.10 A

30

20 1

10

—10

—— Tabulated V.4

—— Entropy derived Vg

- 1
I I
1 I
L1

EoS Table used: CD21

OlnT
Vad = (8111]3)8

108 107 108

10° 1010 101 1012\013

P [dyn/cm?]

—— (Ve tan — Vag,ent)Vad ent

\
N

106 107 108

P [dyn/cm?]

109 1010 1011 1012 1013
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Il. Discrepancies With the Equation of State

ii. A Problem With Planetary Models

10° o Precomputed
S e adiabatic gradient
= Precomputed V.4 -0.3718
107 CP98
10.3416
pT — PT 0.3114
106 Grid extrapolation
< 0.2812
Q
é 5 | — i ko]
g 10 : 0.2510 &
3 02208 * Differences come from CML11
Q . e .
= - (ab-initio) to SCvH (chemical
0.1906 picture) transition?
0.1604 .
103 * Minimal V,, value set at 0.1?
0.1302
cML1l | ..
102 £ 0.1000

10 10 107 1010 1013 1016 102 1022
Pressure [dyn/cm?]
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Il. Discrepancies With the Equation of State

ii. A Problem With Planetary Models

——— Entropy derived V.4 Precomputed
104 ] = Precomputed V,q4 " +0.3718 adiabatic gradient
10.3416
0.3114

% 0.2812
Q
-}
o 0.2510 &
© >
8_ .
£ 103 02208 * Differences come from CML11
(V] . e .
k- (ab-initio) to SCvH (chemical

0.1906 picture) transition?

0.1604 * Minimal V4 value set at 0.1?

0.1302

106 107 108 10° 1010 101 1012 1013

Pressure [dyn/cm?]

0.1000
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Il. Discrepancies With the Equation of State

ii. A Problem With Planetary Models

" Current state-of-the-art Equation of State Tables A

Az

: Unified Star-Planet Modelling P

g Discrepancies in the Adiabatic Gradient R

U

\Improved EoS Tables, Interpolation Methods, etc

'J
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IIl. Modelling Stars and Planets With Cesam2k20

i.  Planetary EoS Tables: a Brief Overview

Differences between CMS19 and CD21 ===) Non-ldeal Mixing Effects due to H/He interactions (Based on MH13)

1 X Y
= 4+ — +AV(X,Y)
PH—He PH PHe o

S He=X-Sy+Y  -Sy.+AS(X,Y)
Ug—ge=X -Uyg+Y -Uge + AU(X, Y)

Non-ideal Mixing terms provided by Howard & Guillot (2023)
* We expect: CMS19 + HG23 = CD21

lel3 le8
2.6 4
— CMS19 CcMs19 724 =—— CM519
3371 —— D21 24— CD21 D21
S CMS19 w. non-ideal mixing 224 == CMS19 w. non-ideal mixing 704 == CMS19 w. non-ideal mixing
" | ===+ CMS19 w. ideal mixing ==+ CMS19 w. ideal mixing

= CMS19 w. ideal mixing

N
o

2.5 - 08 1

p lg/cc]
u [erg/g]

e
®
1

s [erg/g/K]

2.0

1.5 1

1.0

6.2

1613 ' 10'14 10'11 10'12 10'13 10'14
P [dyn/cm?]

P [dyn/cm?] P [dyn/cm?]

Models use X=0.725, Y=0.275 and a mass of 0.006 Msun. Profiles taken at 5 Gyr
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Ill. Modelling Stars and Planets With Cesam2k20

ii. Benchmarking Against Other Models

S T S F S A T T T T T T 0

logio L/Le

Evolution of stars S sy TEeR S ~~.Z0.003

———————— SN or e e R St --—— Evolution of "planets” [N o
- BVolutonsdicplanss i o -:.\‘.‘“O.om_ -------- Evolution of "brown dwarfs"
. :‘;;};003«0005 —— Evolution of stars
Te  es 7 75 s 85 9 s 10 _106 6.5 7 7.5 8 85 9 9.5 10
log,, Age(yr) log.o Age [yrs]
Evolutionary tracks of luminosity versus age from Evolutionary tracks of luminosity versus age from
Burrows et al. (1997). this work.

* Stars: Plateau m=) Hayashi drop ==) H-burning (main sequence)
*  Brown dwarfs: Sporadic D-burning slows early cooling
* Planets: Steady cooling, no fusion phase
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Conclusion

i. Completed Work

Cesam2k20 now Includes:

v H/He Equations of State Adapted to Planetary Modelling

v" Opacity tables Suited for Planets ==) Sjebenaler & Miguel (2026)

v" Planetary Atmospheres With Stellar Irradiation Based on the Guillot (2010) Model

v The Option to Include a Simple Isothermal Planetary Core

ii. Upcoming Work

Part of PLATO WP116100 — Composition & Formation of Gas & Ice Giants
) Extend EoS Capabilities to Include Heavy Elements

) Continue Exploring a New EoS Table Valid for Both Stars and Planets

) Add Deuterium Burning for Brown Dwarfs

) Benchmark Against Real Exoplanets, Ideally in the PLATO Field of View
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APPENDICES




Appendix A: EoS Routines of CESAM2k20

9 9 T T T T
o (1)_’:(;4@ OPAL 2005 OPAL 2005
—— 0.3 Mo /
d 8 | :
OPAL 2001
7,
7 - —
g’ =3
E:é — 6T ]
g5 o
5 - —
4,
3 4| :
/ L2
2 3 ! I I I
0 5 10 15 20 25 —~15 -10 -5 0 5 10

log1o (P) [dyn/fcm?]

lg p(gfcms)
Validity domains of CMS 2019, CD 2021 and OPAL 2005 Validity domains of EoS tables already present in

EoS tables in the log P —log T plane, with mass tracks from CESAM2k20, with mass tracks from 2 to 0.8 M (taken
1t00.006 Mg from Baturin et al. 2017)
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Appendix B: Numerical Implementation of New EoS Tables

Columns of the CMS19 and CD21 EoS tables:

log T [K] log P [GPa] log rho [g/cc] log U [MI/kg]l log S [MI/kg/K] dlrho/dlT_P dlrho/d1P_T dls/dlT_P

dls/dlP. T grad_ad
Tables provided: Pure Hydrogen, Pure Helium, Pre-mixed H/He mixtures

Variables computed by the CESAM2k20 EoS routines:

P U ) Cp Vad 87 6

Density Internal energy Thermal expansivity Specific heat at constant P Adiabatic gradient Isothermal compressibility ~Radiation gas pressure ratio

I S

First adiabatic index Entropy (not always computed)

 Computed directly from EoS tables: * Computed with thermodynamic relations:

Density o (88)
Internal energy 0= — ( np) Specific heat at constant P: cp = T ( =
oT

Thermal expansivity — OInT /) p Tf
a

Radiation gas pressure ratio: 8 = 1 — oz

Entropy dlnp
Adiabatic gradient o= ( )

dlnP . . . n
Isothermal compressibility — s First adiabatic index: ™ = (ZIIHI;)S = ——o— _1Wad
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Appendix C: Contents of CMS19 and CD21

Taken from Chabrier

et al. (2019) '\/
et A
1 CPos ) ;»" [

e * CP98 :Chabrier & Potekhin (1998)
v" Physical Picture — based on fundamental particles
v" Fully ionized electron-ion plasmas
s a61s v" Uses the One-Component Plasma (OCP) model
v' Becomes less effective in the partially ionized regime
SCvH : Saumon, Chabrier & van Horn (1995)
ooz 3 v Chemical Picture — based on pre-formed chemical species
v" Includes partial ionization and molecular dissociation
v Tends to underestimate pressure dissociation at high
densities
* CML11: Caillabet, Mazevet & Loubeyre (2011)
v" Physical Picture — based on fundamental particles
- v Combination of different ab initio methods such as QMD
) ( (Holst et al. (2008)), CEIMC (Morales et al. (2010)), PIMC
10t 10° 207 1010 F T T 01000 (Militzer & Ceperley (2000)), and supplemented by
Pressure [dyn/cm?] additional QMD calculations from Chabrier et al. (2019).

108

10’

0.4221

10°

03416 °

Temperature [K]
=
o

0.2611

10% 4

0.2208

0.1805

103
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Appendix D: Extrapolation of the P-T EoS Tables

Vad(Pr T) vad (,0, T)

108

0.4624

107

0.4221

0.3819

106

0.3416

°
03013 &
>

Temperature [K]
[
o

0.2611
104

0.2208

0.1805

103

0.1403

0.1000

10! 104 107 101 10%3 10%° 10%° 1022 107° 10~ 1073 1073 107t 10! 103 10°
Pressure [dyn/cm?] Density [g/cm?]
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Appendix D: Extrapolation of the P-T EoS Tables

Density Comparison Adiabatic Gradient Comparison o
- Ca— 'I - Tu « «C - ,J 10
el _I- I - .I -f
- J -
’ -
/ -
: — .
—. B extrapolation process for CMS109.
F10-t — . .
< . The dotted purple line is the
o
,f’( ~ pressure threshold line and the full
< . o
o purple line is the extrapolation line.
[=)]
i The value of Py was chosen
1020 . . . .
B arbitrarily for illustration.
7 - 1Mg Track ‘ < “ Y m—— 1 Mg Track
m:-'l*--— e — — 0.3 M Track _-",'—"_ ':—— 0.3Mg Track
10 10¢ 10° 108 10% 1012 102 104 10° 10° 10t 10%2 10~
P [dyn/cm?] P [dyn/cm?]

Extrapolation line equation:

Y(P,T)— Y (Py, 1))

T, :T(P)—O-07 ) Y T, (ay)Po P% (aY)PO (P)—o.m

— 9> 5 o072 9 (L
PO oT - Ty

dTy

0P P Py
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Appendix E: Merging OPAL2005 and CMS19

u(P,T), default u(P,T), merged
1084 100 1084
1074 1074
107 —10*1:7
_ 10°%; % _ 10°; g
= 5 - 2
1% -10-23 10°3 -102-%
1044 1044
—-- 1M, Track —-- 1M, Track
=== 0.3Mg Track —-=- 0.3Mg Track
102 10° 108 101 10 107 102 102 1o~ 102 10° 108 10 10 107 102 102 1
P [dyn/cm?] P [dyn/cm?]
Inner Region =) Pure OPAL2005 Merged = H - OPAL2005 + (1 — H) - CMS19
Intermediate Region ==) Mixture of OPAL2005 and CMS19 — ~ erf(a(w — 0.5)) — erf(—a/2)
Outer Region =) Pure CMS19 H(w) = orf(a/2) — erf(—a/2)
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Internal Energy

lel3

Appendix E: Merging OPAL2005 and CMS19

H-x

n %

n %

¥

——
—) -

—,-

K

*
u

CMS19
OPAL2005
Merged EOS

108

10°

1610

1611 1612 1613
P [dyn/cm?]

loll’-l

- 140000

- 120000

100000

80000

Isotherm Temperature [K]

60000

40000

20000

Strengths:

*  Merging is quite smooth

* No visible oscillations during the mixing
phase

Weaknesses:

* Non-physical behaviour caused by the
bounds of the merging?

*  More effective weight functions available?
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Appendix E: Merging OPAL2005 and CMS19

4 4.6 x 108 | : _
. 1 CMS 2019
1.8515 x 107 | i f\j A ~—- OPAL 2005
1.851 x 109 | ,f\"'"‘\ Lpﬂ_u_\ ﬂ 4.4x10° 'F/' 'i \ —-- QPAL/CMS Merger
__ 1.8505x 107 Y SN — 4.2 x108 |
Y , NG ¥ !
g 1.85 x 107 - Os 5 4x10%] |
9 1.8495x 10° cp T a—T g :
w =% % 108 |
1.849 x 1091 P S 3.8x10 i
1.8485 x 107 | — CMS5 2019 3.6 % 10° :
~—- OPAL 2005 _
1.848 x 10%{ ; —-- OPAL/CMS Merger J . |
T T ————— 3.4 % 10° { |
TIK] Dash-dotted line: SCvH Transition T K]
Relative amplitude of oscillations =~ 4 x 10~* Relative amplitude of oscillations =~ 2 x 1072

OPAL2005 Entropy and density oscillate when using a PT track from a CESAM2k20 Model

* Problems during the rho-T to P-T switch process?
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Appendix F: Microfield effects and their consequences

log p (g cm™)

Microfields

. l

Increased ny+

405 % 1
] 3
3 o 8 Reduced u
= ] =
i &
—-05 = 1
. Reduced density at a given P-T:
3 -10
—-15

pmy, Pyag
kg T

1 R
p(P,T)
log T (K)
Visualization of microfield effects along a solar P-T profile: MHD includes microfield

effects. Comparisons shown for H* mass fraction (a), pressure (b) and the first
adiabatic index (c). Figures taken from Saumon et al. (1995).
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Appendix F: Microfield effects and their consequences

log p (g em™)
-4 a 2 1 0
[ |

1
T 1 {05

— .02

— .01

log P (dyn em®)

l

[ |
{gHW-03) d Bow

= -

= -.02
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Visualization of microfield effects along a solar P-T profile: MHD includes microfield
effects. Comparisons shown for H mass fraction (a), pressure (b) and the first
adiabatic index (c). Figures taken from Saumon et al. (1995).
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Visualization of microfield effects along a solar P-T profile: MHD includes microfield

effects. Comparisons shown for H  mass fraction (a), pressure (b) and the first
adiabatic index (c). Figures taken from Saumon et al. (1995).
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Appendix G: Adiabatic Gradient Differences

@ Jupiter (Equa. and Vol. Mean)
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