~ The T-MHD EOS

for stars from atmospheres to cores
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Equatlon of state (EOS)

Needed for thermodynamlcs and basis for opacmes
Why do we need updates to the EOS?
* Physical processes mlssmg from current.ones.

 The so-called ‘Solar abundance problem could be
an atomic physu:s problem Instead.: *

. OpaCIty measurements at- Z-plnch reveal probleme!
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A Equation of state (EOS)

Two basic ap'pro_aches (pictures):.

—Physical Assume only nuclei, e~ assemble to ions.
Rigorous expansion in‘density — so far only-to ;
OPAL by Rogers+ {1996), Rogers & Nayfonov éé%Z).

~Chemical: Assume all species of |ons/atoms free’
energy minimization, ad-hoc but complex models for the -
various physical processes: '
MHD by Mihalas, Hummer & Dappen (1988), Free EOS
by Irwin (2012), ChemEOS by Kilcrease (2015), etc.
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Mihalas-Hummer-Dappen (MHD) EOS

* Based on.Helmholtz free energy, F.
e Minimize F w.r.t. number densities of each species

, translational Free electrons
R AR B Fg vt Fy
-Bound statés Coulomb forces

*- Major strehgth of MHD; . Analytical derivatives

v=(57). - s=—(5).  wa E=r-7(z) B

.. OF _0*F O°F O°F  09°F 0°F O°F
also need: 35— N7 IN.OV® IN.ON,® OTZ* DTV * OV 2

* 15 elements and 2 molecules = 202 species! T
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Advantage of analvtical derivatives

Trampedach, Dappen & Baturin 2006

* Better interpolation

__——_

=== * Cv,Cpy Xpy XT 51 etc. are
= 2"_order derivatives

p———
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» Safe to compute
numerical derivatives
for 3"9-order derivatives

Numerical 2 M.Or-e rObUSt |
' minimization of £

—
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Updates I\/IHD I\/IHD2020 EOS

Added (wrt Hummer&MlhaIas 1988):
° I\/Ioreelements'. 15252 = 447 atoms and I0NS

i .
n |
‘ K Al SPACE
Regner Trampedacﬁ Future of Solar Modelling, Sierre, Switzerland, 05.09.2023 + Sr( [E Nl_Cl




Updates I\/IHD I\/IHD2020 EOS

Added (wrt Hummer & Mihalas, 1988):
. I\/Ioreelements. 15527 = 447 atoms and lons
“*¢ All molecules of Included elements (187 for 27 elems)
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Updates I\/IHD I\/IHD2020 EOS

Added (w It Hummer & Mihalas, 1988):
* More. elements 15 = 27 =447 atoms and lons
e All molecules of mcluded elements (187 for 27 elems)

* New micro- fleld distribution functions (for .- -
occupation probabllltles and Stark broadening)
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Updates I\/IHD I\/IHD2020 EOS

Added (w It Hummer & Mihalas, 1988):
* More. elements 15 = 27 =447 atoms and lons
e All molecules of mcluded elements (187 for 27 elems)

* New micro- fleld distribution functions (for .- -
occupation probabllltles and Stark broadening)

® COqumb eﬁectsbeyondéDebye-HUckeI (1° order) "
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Updates I\/IHD I\/IHD2020 EOS

Added (w It Hummer & Mihalas, 1988):
* More. elements 15 = 27 =447 atoms and lons
e All molecules of mcluded elements (187 for 27 elems)

* New micro- fleld distribution functions (for .- -
occupation probabllltles and Stark broadening)

* Coulomb eﬁectsbeyondéDebye-HUckeI (1° order) |
 Quantum effects — diffraction-and exchange
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Updates I\/IHD I\/IHD2020 EOS

Added (w It Hummer & Mihalas, 1988):
* More. elements 15 = 27 =447 atoms and lons
e All molecules of mcluded elements (187 for 27 elems)

* New micro- fleld distribution functions (for .- -
occupation probabllltles and Stark broadening)

* Coulomb eﬁectsbeyondéDebye-HUckeI (1° order) |
 Quantum effects — diffraction-and exchange '
~« Abandoning. hard-sphere approx. for neutrals -
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Updates I\/IHD I\/IHD2020 EOS

Added (wrt Hummer&MlhaIas 1988):
e More elements 15 DF =44 atoms and IoNsS

‘s All molecules of mcluded elements (187 for 27 elems)

» New micro-field dlstrlbutlon functions (for
occupation probabllltles and Stark broadenlng)

» Coulomb effects beyond Debye-Hiickel (1% order)
* Quantum effects — diffraction-and exchange

~ « Abandoning_hard-sphere approx. for neutrals -

* Relativistic electrons | | + TR
- +

@ | ' X =l

More complete part.funcs/energy levels l\ge\i& SPACT

W+
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Updates I\/IHD |\/|HD2020 EOS

Added (wrt Hummer&MlhaIas 1988)
* More elements 15 _ 27 = 447 atoms and ions ¢ T

_, \oW
~« All molecules of mcluded elements (187 for 27 elems)
* New micro- fleld dlstrlbutlon functions (for . h'\ghe,r p

occupatlon probabllltles and Stark broadenlng)

» Coulomb effects beyond Debye-Hiickel (1% order)
* Quantum effects — diffraction-and exchange -
~ * Abandoning_hard- sphere approx. for neutrals |

T ,

- Relativistic electrons .~ nia"e" B e
+.\ o

* More complete part.funcs/energy levels h&\%& szq
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Updates MHD - MHD2020 EOS

Much larger range of validity

OPAL 2002

log(p/[g em™))
e"e' pair-production

- S Orig, MHD EOS
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Updates I\/IHD I\/IHD2020 EOS

Added (wrt Hummer&MlhaIas 1988):
 More elements 15 5 27 = 447 atoms and IoNS

‘s All molecules of mcluded elements (187 for 27 elems)

» New micro-field dlstrlbutlon functions (for
occupation probabllltles and Stark broadenlng)

» Coulomb effects beyond Debye-Hiickel (1% order)
* Quantum effects — diffraction-and exchange

~ « Abandoning_hard-sphere approx. for neutrals -

* Relativistic electrons | | + TR
- +

@ | ' X =l

More complete part.funcs/energy levels l\ge\i& SPACT

W+
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elem Z x1/[eV] SGA! OPALE OPAS"! Free! OP!

T More Elements

He 2 245874 10.93 X X X X

Li 3 5.3917 1.05

Be 4 9.3228 1.38 127 e

B 5 8.2081 2.70 1 [

C 6 112603 843 X X X x 19 oot i

N 7 14.5341 7.83 X X X X 1 O ¢ ©OMHD2020 mix I

O 8 136181 869 X X X X 10 r

Ne 10 21.5646  7.93 X X X X 1 I

Na 11 5.1391 6.21 X X X X 1 I

Mg 12 7.6462 7.59 X X X X "l i

Al 13 5.9858  6.43 X X X X 8 -

Si 14 8.1517 7.51 X X X X 1

E 15 19.7695 5.41 X X y

S 16 10.3599  7.12 X X X X 'g y

Cl 17 238136 5.50 X X z 6

Ar 18 15.7596  6.40 X X X X o 1

K 19 43407 5.04 X y

Ca 20 6.1132 6.32 X X X X .

Ti 22 13.5755 4.93 X X 4 —

\" 23 | 29.3111 3.89 1

Cr 24 16.4863 5.62 X X X X .

Mn 25 33.6679  5.42 X X X X -

Fe 26 7.8705 7.47 X X X X e -

Co 27 33.5005 4.93 1

Ni 28 54.9250 6.20 X X X X - ’

Zr 40 13.1299 175 1 b
f The solar abundances by Scott et al. (2015b,a); Grevesse et al 0 LB LN L L BN B LN LN LN NL N N BN NN B BN RN LN LN B LR
(2015), supplemented by Asplund et al. (2009) for light elements. 0 10 20 30 40 50

&€ The OPAL EQS by Rogers & Nayfonov (2002) 7

b The OPAS opacities by Blancard et al. (2012)
i The FreeEOS by Irwin (2004).
J  The OP opacities by Badnell et al. (2005) delling, Sierre, Switzerland,
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Updates I\/IHD I\/IHD2020 EOS

Added (wrt Hummer&MlhaIas 1988).
e More elements 6l R 447 atoms and I0NS

‘e All molecules of mcluded elements (187 for 27 elems)

» New micro-field dlstrlbutlon functions (for
occupation probabllltles and Stark broadenlng)

» Coulomb effects beyond Debye-Hiickel (1% order)
* Quantum effects — diffraction-and exchange

~ « Abandoning_hard-sphere approx. for neutrals -

* Relativistic electrons | | + TR
- +

@ | ' X =l

More complete part.funcs/energy levels l\ge\i& SPACT

W+
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5 54: NiH
% % xBarklem & Collet (2016)
- MHD2020 fit
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Molecules other than H, and H}

e 129 diatomic
* 58 polyatomic
* 35 molecular 1ons

i* 10"-order part.func.

fit to tabulated sums

* No o/ T-limits to
where they can form

* Including pressure
dissociation - 15t time!
+
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Updates I\/IHD I\/IHD2020 EOS

Added (wrt Hummer&MlhaIas 1988).
e More elements 6l R 447 atoms and I0NS

‘s All molecules of mcluded elements (187 for 27 elems)

» New micro-field distribution functions (for
occupation probabllltles and Stark broadenlng)

» Coulomb effects beyond Debye-Hiickel (1% order)
* Quantum effects — diffraction-and exchange

~ « Abandoning_hard-sphere approx. for neutrals -

* Relativistic electrons | | + TR
- +

@ | ' X =l

More complete part.funcs/energy levels l\ge\i& SPACT

W+
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Energies of bound levels/[cm-1]

Micro-field distribution functions

lonization by fluct. electric field frompassing ions
Pillet et al. (1984)

R ‘{“i
n =29 -‘-:
~150 }|— 58 SR

B
AT RN

-200

-250

-300 K
-2000 -1000 0)
Electric Field strength/[kV cm-i]

1000 2000
Ampl. of flucts.

Pressure-
lonization
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I\/Ilcro fleld dlstrlbutlon functlons

’“ (i"ff;o Fitting to results of

'Monte-Carlo sims
-of gas composed of
'screened or.un-
screened.charges
-(Potekhin, Chabrier
& Gilles; 2002).

" B: normalized.field
- s: screening length
-T": plasma coupling

05.09,2023 7



New mlcro-fleld dlstrlbutlon functions

1.0

; o.% 11‘.’% 2.3"{25%6 é’aﬁ:ﬁél P B Cumulative
4 MHD2020—fit = L a 4 .
Bdistribution

Mo/ P(s)d

Holtsmark

Probability Q of |

. | field being less . '@ bottom of Solar|
| than g convection zone |
0.4 - - where there are |
some opacity
iIssues
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0.0



New mlcro-fleld dlstrlbutlon functions

||||||||||||||||||||||||||| I i i 11111 L i 11111
| /R log‘r T/[K] N,/[cm ol

0.7209 11.18 2.11e+06 8.54e+22
MHD2020-fit
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| some opacity
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New micro-field distribution functions

lllllllll Illlllllll lllllllllllllllllll L 1 1 1 11 1.1
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~.New micro-field distribution funictions

on
()
o

1

orig MHD s

logE -

// .+
=
3

O
—_ 5 > G'.xo‘s
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Regner Trampedach - ‘Buture of Solar Modelling, Sierre, Switzerland, 05.09.2023
. g . - s ' .



‘New micro-field distribution functions

Q—MHD "

Holtsmark
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New micro-field distribution functions
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Alog(P,,, /[dyn ecm™])
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New micro-field distribution functions
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Updates I\/IHD I\/IHD2020 EOS

Added (wrt Hummer&MlhaIas 1988).
e More elements 6l R 447 atoms and I0NS

‘s All molecules of mcluded elements (187 for 27 elems)

» New micro-field dlstrlbutlon functions (for
occupation probabllltles and Stark broadenlng)

* Coulomb effects beyond Debye-HuckeI (1% order) ”
* Quantum effects — diffraction-and exchange

~ « Abandoning_hard-sphere approx. for neutrals -

* Relativistic electrons | | + TR
- +

@ | ' X =l

More complete part.funcs/energy levels l\ge\i& SPACT

W+
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Coulomb effects beyond Debye-Huckel

Deviation from Debye-Huckel:
1.2 - M 2 2 | 2 M " 1 2 M 2 1 M 2 M 1

1.0 Debye-Htckel I|m|t ) 7/ Helmholtz

1—1st N
1= 1% order, incl in orig MHD 9 free energy

0.8 1 «
—~ 3 Internal energy/\

-
W e s e W e W e W e e e e e

% 067  fromMC-simulations ", dCrystallization line
041 * Hyper—Netted—Chain 78 i - hot included, yet
1 o Stringfellow et al. (1990).,-'
0.2 - i;'
0.0 1 R N N {
—4 -3 -2 —1 0 1 2

Coupling parameter log,I’
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Alog(Py,, /[dyn cm™])

/
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Updates I\/IHD I\/IHD2020 EOS

Added (wrt Hummer&MlhaIas 1988).
e More elements 6l R 447 atoms and I0NS

‘s All molecules of mcluded elements (187 for 27 elems)

» New micro-field dlstrlbutlon functions (for
occupation probabllltles and Stark broadenlng)

» Coulomb effects beyond Debye-Hiickel (1% order)
* Quantum effects — diffraction-and exchange
~ * Abandoning hard-sphere approx. for neutrals :

* Relativistic electrons ‘_ | + TRl
- +

® | - . \ “J

More complete part.funcs/energy levels l\%\i& SPACE
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~ Neutral atoms = hard spheres?
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Neutral atoms overlapplng € clouds
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Shielded nuclear charges
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Updates I\/IHD I\/IHD2020 EOS

Added (wrt Hummer&MlhaIas 1988).
e More elements 6l R 447 atoms and I0NS

‘s All molecules of mcluded elements (187 for 27 elems)

» New micro-field dlstrlbutlon functions (for
occupation probabllltles and Stark broadenlng)

» Coulomb effects beyond Debye-Hiickel (1% order)
* Quantum effects — diffraction-and exchange

~ « Abandoning_hard-sphere approx. for neutrals -

* Relativistic electrons | | + TR
- +

o . \ “J

More complete part.funcs/energy levels l\ge\i& SPACT
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Some prelim. results of MHD2020

». Thermodynamics
* Helioseismic helium-abundance
« Atmospheric opacities

* Interior opacities
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Cconseqguences for ionization in the Sun
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consequences for ionization In the Sun

log,  (T/[K])



Consequences for ionization in the Sun
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Alog(P,,, /[dyn cm™])

Consequences for
He abundance?
Hard to say yet.
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N atmospherlc opaC|ty
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New Interior Opacity w/new EOS
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Conclusmns

 First EOS valid-for atmospheres envelopes cores of hot
stars, cool stars = just plain stars!

* Results in bound and more h|ghly excited eIectrons deeper in
- the Sun than both OPAL and ong MHD = more absorption.

To do list; ¥ '
* New helio-seismic He abundance determination:

* New atmosphenc opacity tables based on new EOS
« Néew grid of 3D stellar atmosphere sim. Based on new EOS
. New Interior opaC|ty tables based on new EOS
Will test new EOS agalnst
i Helloselsmology - |
» Lab experiments at stellar conditions. + ?

' S
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No atom or molecules were harmed during this
project, although some Avogadro numbers of
- ‘electrons were severely inconvenienced.

In memory of Dimitri Mihalas and David Hummer

Thanks.to Werner Dappenfor hosting many visits
and for many stimulating discussions!’
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