Joffe Physical-Technical Institute

Department of Theoretical Astrophysics
November, 2009

Plasma Polarization in Massive
Astrophysical Objects

o105 ~ Radiative Zone 2

Igor Iosilevskiy

Joint Institute for High Temperature (Russian Academy of Science)
Moscow Institute of Physics and Technology (State University)

astro-ph:0901.2547
astro-ph:0902.2386



http://xxx.lanl.gov/abs/0901.2547
http://arxiv.org/abs/0902.2386v1

Theses

“Teopus cmpoenusa 6envix Kapaukoe cPAGHUMEIbHO NPOCMA, XOPOULO
paszpabomana u coziacyemcsa ¢ HabawoeHuImu...”

N*
“...dmo Kacaemcsa anekmpocmamu4yecKko20 nomeHyuasna, mo yoeisims emy

0C000e 6HUMAaHUE He NPedCmasIAemca HeoOX00UMbIM, HOMOMY YmO MpPYOHO
cebe 8006pa3umb Kakue-1ubo ocobeHHbIe e20 rnposiesiIeHust. ...” NN*

“... Bozmoowcno amo npagoa, umo npoonema cpeonezo INeKmpuuecKozo noJis
ROJIYyUUIa HEOOCMAMOYHO BHUMAHUA CO CHIOPOHBL ACMPOPUIUKOE, HO Kalcemc A,
Ymo 3mo KakK pa3 u 00yci06/1€HO OMCYHCHEUEeM €20 KAKOU-Iub0 poJu...

veeee. BBLIO OB OUEHB UHMEpPECHO ... YyBUOCMb KAKUE-TUDO
Haobno0amebHble NOCIEOCMBUA CPEOHE20 IIEKMPUUECKO20 noas ...”

NN*

0o DAEKTPU3alN, BBI3BAHHOI TSTOTE€HMEM MACCUBHOIO TeAa

“...r13-3a manocmu napamempa o. = Gmp2 /€ [epeyucsieHHbIe 8esIUYUHbI
UCKITIOYUMErbHO Maribl, U paccMampueaemMbill 3gpghekm He Moxkem
umMems rnpsiMbIx Habsiro0amesnbHbIX nocsedcmeud...”

NNN*



Basic Idea

Gravitation attracts (heavy) ions and does not attracts electrons.
It leads to a small violation of electroneutrality and polarizes plasma in MAO
( Sutherland, 1903)

Polarization field compensates (totally or partially) gravitational (and any other
mass-acting) force in thermodynamically equilibrium state
(macroscopic screening )

Comment: Ions in thermodynamic equilibrium are suspended, figuratively speaking,
in electrostatic field of strongly degenerated and weakly compressed electrons

Expected consequences

Polarization always accompanies gravitation

Polarization field must be of the same order as gravitation field (per one proton)
Polarization field must be congruent to gravitation field
Any mass-acting force must be accompanied by polarization

Rotation <> centrifugal force F. & ( Fz ~ —aF,)

Expansion or compression < inertial force F, & ( Fz ~ —aF,)

Vibration <> no pure acoustic oscillations < (+ electromagnetic oscillations)



Basic Idea

Gravitation attracts (heavy) ions and does not attracts electrons.
It leads to a small violation of electroneutrality and polarizes plasma in MAO
( Sutherland, 1903)

Polarization field compensates (totally or partially) gravitational (and any other

mass-acting) force in thermodynamically equilibrium state
(macroscopic screening )

Comment: Ions in thermodynamic equilibrium are suspended, figuratively speaking,
in electrostatic field of strongly degenerated and weakly compressed electrons

Basic statement

(J. Phys. A: Math. & Theor. 2009 )

New “Coulomb non-ideality force” is third “participant” in competition
between gravitation and polarization forces in equilibrium MAO.

In most cases this new “force” increases final electrostatic field in comparison
with that of ideal-gas solution.

astro-ph:0901.2547
arXiv:0902.2386v1

losilevskiy I. / Int. Conference “Physics of Neutron Stars”, St.-Pb. Russia, 2008
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Micro- « Macro- Screening

Microscopic screening (/deal plasma)

Debye - Hiickel screening (nA><<1)
Thomas - Fermi screening (nA3>> 1)

Fav (r) ext (r) + scr(r) ext (r)exp{ 7/'/ scr} — O
y —> o0

Peter Debye  Erich Hiickel

Macroscopic screening (/deal plasma)
Pannekoek - Rosseland screening (1A3<<1) F(Z)(r) F(Z)(I')—F(Z)(l') ~0

Bildsten et al screening (nA3>>1) grav scr

What is the problem ?

Micro-scopic screening: - Correct screening for non-ideal plasma at micro- leve/

Macro-scopic screening: - Correct screening for non-ideal p/asma at macro- level

(Z|D" M) ”
eVo.(r)=-Vao.(r) = D" =(D") +AD’
VO o ) = (D) +AD;
DZ - Jacobi matrix [[811]./ 8;1,{]]7",%(#]{) (jk=1,23,...)


http://upload.wikimedia.org/wikipedia/commons/8/87/Hueckel.jpg

Historical comments

Plasma polarization at micro-level - Debye and Hiickel, Phys. Zeitschr., 24, 8, 1923.

Plasma polarization at macro-level — Pannekoek A., Bull. Astron. Inst. Neth., 1 (1922)

Application to plasma:
1) - ideal

— Rosseland S. Mon. Roy. Astron. Soc., 84, (1924)

Pannekoek - Rosseland electrostatic field N
dP /dr=- GMm_n /1> — n_eE P\
dP,/dr=- GMmn,/r* + ngE \,‘/'

2) - non-degenerate

3) - equilibrium

4) - isothermal (T = const)
5) - electroneutral

{n(r)=n(r)}

A. Pannekoek

LEP =—(1/2)FP)E EFY = +(1/2)FD

Generalization to ideal plasma of
ions (A4,2) and electrons

(p) — _ 4 FP) F¥ — _ Z F9

(*) F®, F ¥, F.@, F @, - electrostatic and gravitational
forces acting on one proton (p) and ion (A,Z)



Extension to the strongly degenerated plasma
The model of L. Bildsten et a/. (2001 — 2007)

L. Bildsten & D. Hall //Ap.J., 549: (2001) Gravitational settling of 2Ne in liquid white dwarf interior
P. Chang & L. Bildsten // Ap.J., 585 (2003) Diffusive nuclear burning in neutron star envelopes

dP dP,
c=-n,(r){mg(r)+ek}  —==-n(r)idm,g(r)-ZekE;
dr dr
The SUN
1) - ideal + —
2) - strongly degenerated P+ e)
3) - isothermal (T = const) (p) o (p)
4) - electroneutral bz~ —(l/2)F;
{n(r)=n(r)} :
White Dwarf
5) - equilibrium (,,08, ,,C6*, He?)

(P) o~ (p)
F") ~ 2F!

With accuracy ~ small parameter X

on on,
= ¢ ! /) ~ Z
X, [GPJT/(@U,-]T FE( )~_FG( )




NB'!
- Average electrostatic field must be of the same order as gravitational one*

(* - counting per one proton )

QueSthn . (Bally & Harrison, 1978)

? - Do both limiting cases (/deal non-degenerate and degenerate electrons)
restrict interval of possible ratio of gravitational and electrostatic forces - ?

F(p) (1/2)F(p) P F(p) 2F(p)

He-rich layer
(<102 M)

Cﬁ+ -+ OS+
White Dwarf + electrons

Answer:

I Yes : - if one takes into account the electron degeneracy only !

I No: - if one takes into account non-ideality effects additionally !
(see below )

(p) / I7(P) : 2) 1 (2) (“Overcompensation™)
it may b | FE g /FGp |2 2 - ‘ F, E / F, G ‘Z 1 losilevskiy L. “Physics of NS”, S-Pb. Russia, 2008
J. Phys. A, 42, 2009 // astro-ph:0901.2547
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ABSTRACT

It is shown that all gravitationally bound systems-—stars, galaxies, and clusters of galaxies—
are positively charged and have a charge-to-mass ratio of ~ 00 coulombs per solar mass. The
freely expanding intergalactic medium has a compensating negative charge. The immediate
physical consequences of an electrically polarized universe are found to be extremely small,
Subject headings: cosmology — galaxies: intergalactic medium — hydromagnetics

Eddington (1926 see also Rossland 1924) showed in
The Internal Constitution of ¢he Stars that a star has an
internal electric field

=V = am, eIV, {1

where ¢ is the electrical potential, ¢ is the gravitational
potential, m, is the mass, and ¢ is the charge of a
proton. For a nondegenerate electron gas

«=Snd, [Sn0 +2), @

where the summations are over ion species of density
n;, atomic weight 4,, and effective charge ¢Z,. For a
fully ionized gas of arbitrary composition, it follows:
4 = ex 2 When radiation pressure and electron
degeneracy are incloded, « has similar limits, and in
general & ~ 1,

From the divergence of equation (1) it is seen that

ofp = Gamyle , ()]

where o i5 the positive gravitationally induced charge
density and p 15 the mass density. For a star of total
charge @ and mass M the charge-to-mass ratio is

QIM = Gamye, o)

and with & ~ 1, is of order 100 coulombs per solar
mass, This positive charge exists because electrons,
despite their low mass, contribute substantially to the
pressure, and an electric field is therefore needed to
hold in the electron gas. In effect, some electrons
escape (most electrons have velocities exceeding the
escape velocity), and the remaining electrons are
retaned by the positively charged star.

It has previously seemed reasonable to suppose that
the positive charge within a star is screened by a
negatively charged atmosphere containing the expelled
electrons. It can be shown, however, that screening
oocurs in the atmosphere only when the scale height is
less than a Debye length,

By allowing for the difference in charge densities in
the hydrostatic equations, we find

Vie = — g™ %e — Gamyle), (5)
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in place of equation (3), where
Ap = (kT jdmine*y*? ~ 10(Tfn)"* em , (6)

is the Debye length and n, is the electron density in a
gas of temperature T, Thus, if L is a scale height, and
2 ~ L%, then equation (3) is recovered whenever
Ap w L. The charge density ¢ can only become nega-
tive in tenuous outer regions of a stellar atmosphere
where Ap > L, and this only happens when the star
and its atmosphere are surrounded by an almost
perfect vacuum.

Hence, the positive charge within a star is not auto-
matically screened by a negatively charged atmos-
phere. The scale length L always greatly exceeds Ay in
stellar atmospheres and the interstellar medium, and
hath are therefore positively charged and have
approximately the same ratio of charge and mass
densities as stars. As a rule of thumb we can say that
equation {3) applies to all self-gravitating systems of
size greater than a Debye length, This leads to the
conclusion that an entire galaxy is positively charged.
Ewven elliptical galaxies have a size that is large com-
pared with the Debye length of their interstellar media.

Our equations neglect—among other things—rota-
tional inertial forces and are therefore not correct for
rotationally supported gaseous systems. The charge-
to-mass ratio of equation (4) does apply, however, to
spiral palaxies in which the interstellar gas accounts
for only a small fraction of their total mass.

744 BALLY AND HARRISON

two examples illustrate how small are the physical

consequences of an electrically polarized universe.
Blackett (1947) advanced the hypothesis that all

massive rotating bodies have magnetic moments of

P = BGV4J|e ()]

where J denotes angular momentum, ¢ is the speed of
light, and £ is a dimensionless constant of order unity.
In Blackett's words: **It is suggested tentatively that
the balance of evidence is that the above equation
represents some new and fundamental property of
rolating matter.” It is now known that numerous
astronomical objects (planets, magnetic variable stars,
pulsars, etc.) do not obey equation (7) with # ~ 1. All
gravitationally bound systems, however, having the
charge-to-mass ratio of equation (4), obey Blackett's
relation with

B~ (G ey ~ 1071, (8)

The magnetic fields generated are exceedingly weak
(~ 10" gauss in the Sun, and ~10-% gauss in the
Galaxy) and are generally of no astrophysical interest,
Other more effective mechanisms are available for

generating seed magnetic fields (Harrisom 1970, 1973).
Two charged stars in orbit about each other emit

clectromagnetic radiation; and if they have different

charge-to-mass ratios denoted by «,, and «,, then

LaufLg ~ (m + wglf* ~ 10777, (%)

where Ly, is the magnetic dipole radiation luminosity
and L is the gravitational radiation luminosity. In the
case of electrie dipole radiation

Lgw/Lg ~ (& — w)'8%(cP fa)?, (1

where P is the orbital period and & is the separating
distance of the two stars. It is again apparent that the
results derived are of no ar.trap?;slca] importance.

The picture presented consists of positively charged
astronomical systems embedded in an intergalactic sea
of negative charge. It provides a theoretical basis for
Blackeit’s hypothesis, although the magnetic fields
are much weaker than Blackett anticipated. We find
the picture of an electrically polarized universe
intriguing, and yet, rather surprisingly, we have so far
failed to discover any physically significant effects of
immediate consequence.
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Possibly most galaxies are me
tionally bound clusters. Since the
galaxies is larger than the Debye |
cluster medium (for all conceivabl
and temperatures), it follows that a
also a charge-to-mass ratio given by

All gravitationally bound syster
and clusters of palaxies—are posit
the freely expanding intergalactic
clusters of galaxies contains the ex
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Sun have center-to-surface poten
~10" ¥, giant palaxies have po
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....We find

the picture of an electrically polarized universe
intriguing, and yet, rather surprisingly, we have so far
failed to discover any physically significant effects of
immediate consequence.




Widely used approach (standard)

From unique equation of hydrostatic (i.c. mechanical) equilibrium
of electro-neutral matter in gravitational field . ..

izif = —{n.(r)ym, +n,(m;}g(r) = —p(r)g(r)

. . . to the set of separate equations of hydrostatic equilibrium for each
charged specie (in terms of partial pressures)

?
e i g(r)+ eE) WL o Am,g(r) - Z,eE)
dr dr P
What is non-correct ?
NB!

— partial pressures and separate equations of "hydrostatic” equilibrium
are not well-defined quantities in non-ideal plasmas of compact stars

What should be done instead ?




Quasi-stationary state in non-ideal
self-gravitating body

(the problem in general)

Joint self-consistent description of thermodynamics and kinetics for heat,
mass and impulse transfer (diffusion, thermo-conductivity and equation of state)

Simplified case

e Total thermodynamic equilibrium ( 7= const) for example:
White Dwarfs
e No influence of magnetic field
e No relativistic effects 10 -
H H 91 Coulomb . < '{.-'f"’. = f”y.ﬂ
* No radiative transfer _ [ o
e
He-rich layer 5 ;
C8+ + OB+ 4
+ electrons 3
2

10 8 6 4 -2 0 2 4 6 8 10
Log p (g.cm™)




General approach

Variational formulation of equilibrium statistical mechanics
C. De Dominicis,1962 // Hohenberg & Kohn,1964 // R. Evans,1979 etc..

— three small parameters

id 6 id sz
me(me/mi) xCE[anej /( nij o= - ~10—36
ape T apz T e

- two large parameters

- Range of Coulomb forces
- Range of gravitational forces



Integral form of thermodynamic equilibrium conditions

Variational formulation (multi-component version)

)} :|{T200nst,Nk =const }
B )V, ('), 5 (e x")..=const

F=minF| T,V {N}|{n,(r)}:{n, (r,r'

The main problem — strong non-locality of the free energy functional
due to long-range nature of Coulomb and gravitational interaction

. separation of main non-local parts.

F{T.V(r)!] {n, (Y An, ()} | =
= _ Zijka‘nj(r).nk( )dl'dl' _|_Z

K 2 \r—r\

) g L, O3t ()]

ZZe
R =

NB! The rest F*{...} is the free energy of new system on compensating background(s)

It's assumed that the rest free energy functional F*[n,//n;] is weakly non-local

Hence weakly non-local chemical potentials: p].(Chem) - could be introduced

uem = (SF * -1/ 6n,())

T’nk;&j



Local forms of thermodynamic equilibrium conditions

Heat exchange: Impulse exchange:
T(r) = const VE, =—p(r)Vo.(r)

Particle exchange:

In terms of potentials
Constance of total (generalized) electro-chemical potential

m; 9g(r) + q; (1) + p™{n(r), n(r), {n;(x,y)} T} = const

(j,k = electrons, ions)

In terms of forces
Balance of forces including generalized “non-ideality” force

mVog(r) + q,Vop(r) + Ve {n(r), n(r), {ny(xy)} T} =0

(7.k = electrons, ions)

@s(r) W pg(r) — gravitational and electrostatic potentials

NB'!
The set of equations for electro-chemical potentials instead of the set of
separate equations of “hydrostatic” equilibrium for partial pressures !



F=minF(T,V {N}/{n,(-)}/{n, (-)}) =

_ Zijmkj”j (r)-n(r )drdr +ZZZ € j J(r)'”k’(r’)drdrf +F*[{ni(')}/{”ij (.).)}]

w2 r—r| r—r

NB! Extremely low strength of gravitational interaction in comparison with Coulomb one

Gm® _
a=—1—~10"° | extremely small parameter !
e

Even extremely small deviation from electroneutrality in Coulomb term leads to
significant energy variation in free energy functional

Extremely small but non-zero violation of global electroneutrality !

Total charge disbalance - AQ

AQ . aNé)al”l'Ol/l Né)arion ~ 1057 AQ . a.1057 ~ (1021 _1022)6 ~ 100 Q

Equilibrium plasma is electroneutral almost everywhere

NB! Deviation from electroneutrality must not be uniform totally everywhere

Exceptions: - discontinuity surfaces
(phase boundaries, jump-like change in ionic composition etc.)




Macroscopic Screening in Non-Ideal Plasma

In electroneutrality regions one obtains:

eVpp(r)=-Vo,(r) <Z‘D% M)
(Z|D),|Z)
Here:
D' (r) ¢ {onm)/one), =[on,@)/oum )], =[8F* w0 )],
matrix

(Z|=1z;} D’ isinverse matrixto: D} = H52F */on,(r)on, (r’)]]

M) ={M } H T, (ik)

D" D =E

Non-ideality effects <« b’ =(p?)" +aD:



e Total thermodynamic equilibrium ( 7= const) ‘

® No influence of magnetic field
e No relativistic effects
e No radiative transfer

Does not restricted by:
Spherical symmetry condition
Nomenclature of ions
Degree of ionization
Degree of Coulomb non-ideality
Degree of electronic degeneracy

NB! Matrix D’; /s still non-local




F = minF(T,V, (NS n, ()}, ('9')}) = ‘

D) szfmk E ()1 (1) e 3 Z4e [ & ) ) g e REACITACOI]

! !
|r—r| 2 |r—r|

“Quasi-uniformity” Approximation
F=minF(T,V{N,}/{n,(-)}) =

— Gmmy nj(r)'”k(r') , ZZe
_%: - | - drdr+jzk .

W is a function, not functional

)= (0 T An (03 on, )

In terms of potentials l

m; pg(r) + q; pg(r) + pj(Chem)[{nk(r)},ﬂ = const (j,k = electrons, ions)
In terms of forces *
mVos(r) + q,Vog(r) + Vuj(Chem) [{n(r)}, 71 =0 (j,k = electrons, ions)

NB! The local free energy density f*({n}) must be defined for non-electroneutral densities {n,}




F=minF(T,V,{N}/{n, ()} H{n,; (-)})

J‘ n,(r)- nk, (r’)drdr’ + F° [{ni (1)} /{n, ('»')}]

2
. n.(r)- Gm.m
k
= / ! ’ rdr’ - E /

r—r

Standard*

O(r)= szen (r)= O—‘V(DE(I') = O‘

F=minF(T,V,{N,}/{n,()}) = - Zg |2 ()2 () e F[tn, ()]

jk

r-r

NB! The free energy F*{...} is still non-local

Quasi-uniformity approximation

F=minF (T,V,{N,}/{n, (") Z j

s )a’rdr’ + Jf*({ni (r)..n, (r)})dr

|r r'

(*) Shapiro S.L., Teukolsky S.A. // Black Holes, White dwarfs and Neutron stars / 1983, p.




The problem of thermodynamic limit in Coulomb system

N, /V—-n,
Lebowitz J.L. & Lieb EH. PRL, 22631 (1969) | £ ({n},T) = lim {F (N,..N..V,T )}

v
3 ’

- e Disbalance of net electric charge

sl EREREERT] is the first source of conditional
Ex1stence of Thermodynamics for D [ L e
Real Matter w1th Coulomb Forces u y

b in Coulomb system

{Ny} V>

PHYSICAL REVIEW LETTERS

| . EXISTENCE OF THERMODYNAMICS FOR REAL MATTER WITH COULOMB FOR ThermOdynamiC limit Strongly depends
L e SR =it MW on disbalance of net electric charge

Department of

mf::r basa m“ 2!1.& m“=m1:£:Eq£nTuﬁ’mdfé?- ” Q _) O Q ~ N 8 (< %) Q ~ N 8 (> 2/3)
ume in the (hermodyramic (belk) limlt. This proves that statistical mechasics, a8 de-

veloped by Gibbs, really leads to x proper m»:muﬂwmwm D

In this note we wish to report the solutl

toa
classic problem lyleg at the foundations of statls
llllllllllllll

ion, and if so, does it have the ap-

Surface dipole is the second
source of conditional nature
of thermodynamic limit
in Coulomb system

@y

Elliot Lieb Joel Lebowitz




Let us use the Electroneutral Grand Canonical Ensemble

“Surface dipole” is the second source of non-locality
for thermodynamics in equilibrium Coulomb system

Galvani potential

Any phase boundary in equilibrium Coulomb system is accompanied by existence of
stationary electrostatic potential difference
due to the long-range nature of Coulomb forces

Iosilevskiy & Chigvintsev, J. Physique (2000)

Basic question:

Do both these mechanisms (disbalance of net electric charge and surface dipole)
exhaust all non-locality of free energy functional /*[{n}/{n;} ]
or not ?

The main problem still is the non-/locality of free energy functional
due to long-range nature of Coulomb and gravitational interaction



Applications



Details of Variational Procedure

F=minF(T,V N }/{n,(-)} /{n; (~-)}) =

B Gm m, nj(r)-nk( ) ZZe J(r)-nk(r') , .
= - % /. | P drdr' + Z j P drdr’ +F"[ {n,(-)}/{n, ()} ]

Dilemma: Physical or Chemical representation ?

)£
Physical picture, < Chemical picture

Bas.lc =» | Nuclei and electrons At.oms, molecules. ..
Units free ions and free electrons
Planets, BD, | H*+ He* + e®) H+ Hz + HO + H2+ + H*+

He + He* + He*t +...+e0)

In each point Saha-like equations are valid !

AB & A+ B| == 1, 5(r) = p(r) + pp(r)

Saha-like equations for local parameters




Dilemma: Physical or Chemical representation ?

Physical picture

&

Chemical picture

Nuclear Plasma

Units * n, p, and electrons

electrons, ions,

P o
= % .m% -B‘_,_T.. E‘_O_S_ _E_a __H__Ei R p . _—atoms, molecules
o E o OCEAN  ~=2 (gas/liquid)
\ - ~ —~ electrons and
= cas TER CR Eafamb liquid)
g U U oulomb liqui
e -'*.3 0,\_00 it 0__ [ - __:S_ r - elecltrons and
A = -
8" W ERIG (Coulomb crystal)
i '-'0:3 1 N N E RU S 1" electrons,
e neutrons (superfluid),
® /-—————\ eutron—rich nuclei
W AN T L E (2) FCoulomb crystal
i S~ electrons,
3 W QUTE R Cop E neutrons (superflmd)
A xotic nuclei
et alqmd crystal)

Figure 2.1. Schematic structure of an envelope of a neutron star with the internal temperature

~ 107 K (see text for more details).

Haensel P., Potekhin A., Yakovlev D.
Neutron Stars, Springer, New York, 2007

n* p* N(A,Z) and electrons*

“Free” neutrons, protons
and their “clusters”

Typel S., Roepke G., Klahn T., Blaschke D.,
and Wolter H. arXiv:0908.2344v1

NA,Z) © Zp+(A—Z)n

Y

Saha-like equations are valid !

Mvia,z) (1) = Z,(r) + (4 = Z)p,(r)




Dilemma: Physical or Chemical representation ?

Physical picture ?

Strange (hybrid) stars

o 3
L

Chemical picture

U - O system

Mu/ Md/ Ms/ “p/ Ky Me

p+e<3:>n
n<u+2d
(p < 2u+d)

Endo T., Maruyama T., Chiba S., Tatsumi T.

Hu + He = Hd,
Hd = s,

Hp + He = Un = Us,
Un = Uy + 2Ug,

(L =24y + Ha) -

(@)

a®
9

‘“e-:

U0,

van der Waals forces

hard sphere repulsion

.r repulsive Coulomb forces

attractive Coulomb forces

. Ut LIQUID UO, AT 6000 K
Equilibrium pressure: 80 bar
Liquid density: 6.7 g/cm®

Uion
® vatom

Oion
® Oatom

Multi-molecular model

U+0+0,+U0+UO,+ UO,
U+ UO*+UO,*+ O+ UO; + e~

(Liquid & Gas)

astro-ph/0601017v1/ 2006 /

U +20 < UQO,
20 & 0,
U+te® U

UO;+e < UO;~

Hut 2Hp= Hyoy
210 = Uop
Hus+ * U= Hu
Huos t He= Huos-

losilevskiy 1. / “Physics of Neutron Stars”, S-Pb. Russia, 2008



(Z|D;, |M)
Z|D},|Z)

eV (r)=-Ve,(r) <

Can be solved in simplified cases:

- Ideal-mixture approximation
(multi-component “chemical picture")

- Classical weakly non-ideal plasma
(Debye approximation in Grand Canonical Ensemble)

- Strongly non-ideal ionic mixture on strongly

degenerated weakly non-ideal electrons
(switching-off the electron-ionic correlations)

- Two-component electron-ionic system with

arbitrary degree of degeneracy and non-ideality
(strongly correlated system)




Ideal-mixture approximation o -(»))"
(chemical picture: - a, b, ab, ab,, a,b, . . . a,b.)

Y gy (1) = V¢G<r><Z‘DnM> & (ZMZJ
(D} |Z) eV 9, (r) = —V oy, (1) [

: | >i2)
é\i;if} ﬁjsz(anj/ayj):’; (G=1,23..) /

i, —>0  (nA>1)

NB ! Electronic contribution falls out from ﬁ in the limit of strong electron degeneracy
due to diminishing of ideal-gas electronic compressibility:

Here:
D’ (r) <« {on(r)/op(r)}, = | 62F */ 6pa,(r) S (x )]]T,M(#k) D’ *D% =E
D’ isinverseto: D =[8F*/6n,0)om )]



Classical weakly non-ideal plasma

(Debye approximation in Grand Canonical Ensemble)

Coulomb “non-ideality force” moves positive ions /nside the star in addition to gravitation

Hence “non-ideality force” /ncreases compensating electrostatic field @ .(r)
In comparison with the ideal-gas approximation

Classical weakly non-ideal /-e plasma
(Debye approximation)

(l— ern/*‘l)]

FP ~—FP |1+
= < Z(1 —TI'p/4)

[p=(*/kTrp) < 1. {r5? = (dne*(1+ Z%)/kT)}. (o =07, L |



Non-ideality effects in two-component plasma
{+7, ¢}

Equilibrium condition with “non-ideality force”

m,Vos(r) + ZeVog(r) + Vi ™ {n(r), n(r), T} =0 (k= electrons, ions)

Final equation for average electrostatic field
non-ideality degeneracy

I (L +A+ZA)
m.V r)+/ZeVo.(r)| 1+ L l € =0
I ¢G( ) I gDE( ) Z(Zﬂge—I—ZAE-I—Aie)_

Here:
,Ll;) (nj,T) — ideal-gas part of (/ocal) chemical potential of specie j

A,u;dwm)(nj,n ..... n,,1T) —non-ideal-gas part of (/ocal) chemical potential of specie §

o’ [ OAu,
0 — 4 A = J
Hi (anjj ‘ ( on, )




Non-ideality effects in two-component plasma {+7, ¢}

(summary)

1) Ideal and non-degenerate gas (nA> << 1) Féz ) 4 2F E(Z) =0

Polarization compensates just one half of gravitational attraction (for symmetric ion A=22)

2) Non-ideal and non-degenerate gas (nA 3 <<1)

Polarization compensates more than one half of gravitational attraction (for symmetric ion)

FO+FD2-¢(IN]=0  0<e()<1

3) Ideal and highly-degenerate gas (nA> >> 1) Féz) 4 FE(Z) ~ ()

Polarization compensates gravitational attraction of ions almost totally

4) Non-ideal and highly-degenerate gas (nAj> >> 1)
F9 + F 9N+ e(I,nA’)]=0

Polarization compensates not only gravitational attraction
but additional “non-ideality force” directed towards the center of a star !

«Global» non-ideality effect !




Quickly rotating star

Constance of total (generalized) electro-chemical potential

m; {9G(r) + ()} + q;op(r) + ™ {n(r), ny(r), {n;(x,y)} T} = const

(j,k = electrons, ions)

Balance of forces including generalized “non-ideality” force

mi{Vog(r) + Voo ()} + g Vep(r) + Ve {n(r), n(r), {ny(x,y)} T} =0

(j.k = electrons, ions)

o), () and gg(r) — gravitational, centrifugal and electrostatic potentials

Polarization field should be equal to zero in the case of the rotation limit
when the centrifugal force is equal to the gravitational one.
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Observable consequences /0r plasma polarization



Two well-known examples

Accretion - diffusion = burning o/ hydrogen
outer layer o/ compact stars

e-rich iayer Chang & Bildsten (2003) Diffusive nuclear burning in neutron star envelopes

CB++ OB*
White Dwarf + electrons

Mixture ,,C%*, ;0% ,He’*

FE(p) — 4 (p) (1 33_1. S)F(p)
y @z
Fi = —EFép) ~=2F" ldeal ions — non-degenerated
deal i y ted Photosphere Coulomb electrons
€al 10nsS — degeneraie non-ideality?
electrons
H-layer
H/C boundary
C—layer \ y
Burning Layer \ V (0 (l‘) V gﬂ (l‘)
Vo, (r)| [Veg(r) ' s £
T Pure hyd
1 Diffusive H—tail into C—layer l FE,,r)ez —)Zl /r;ii:



Two well-known examples

Diffusion sedimentation o/ Ne /7 interior o/ WD
Bildsten & Hall (2001) Gravitational settling of 22Ne in liquid white dwarf interior
He-rich layer . A
Mixture ,,C%*, ,0%*, ,He’* FP = —EFG"’) ~ 2P

CB++ 031
White Dwarf + electrons

The net force on ?2Ne
F = —22m,g7 + 10eET = —2m,g7T

.... The total increase in cooling age by the time the
WD completely crystallizes ranges from 0.25-1.6 Gyr,
depending on the value of D and the WD mass.

NB !
Coulomb non-ideality at micro-level discriminates ;0% in |,C°*, and ,C%" in ,He’*...
and accelerates Rayleigh—Taylor hydrodynamic instability

Coulomb non-ideality effect at macro-level (plasma polarization) suppresses
Rayleigh-Taylor hydrodynamic instability
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Plasma polarization & hydrodynamics
In compact stars



He-rich layer Wh ite DWa rf

White Duarf [ s oecpone | | |
White Dwarfs (WD) — is a star with mass
of the Sun and size of the Earth
M ~0,6+1,4M_

Typical WD <~ mixture ,,C°%, .08+, ,He’* +
+ electronic background (strongly degenerated)

WD - is isothermal approximately (T ~ const.)

WD - crystallizes during its cooling (~ 10 billions y.)
(presumably <= from the center to periphery)

Coulomb :
crystal G

}?CoMomb

TR

WD - is strongly non-ideal (I ~ 102— 103 >> 1) T~10°+10'K | p ~10°g/cm’
. n ~3-10”+3-10%cm™
(Iu.(?—l—Al:+ZAi) C=nk~10°
Zev r :—mv r 1-|— 1 L € e e’ve
eV op(r) iV o5( ){ 22+ ZA 1 AT

x(C)= (z J 107 +3-10°

ee

-1

@  _ @ aul', ~_@
F ~ ~Fg {1 ~ xc(ée)} ~—kg T =Z%(4zn,/3)" / kT ~100 1000




Plasma polarization in interior of White Dwarfs
( Hydrodynamics & Thermodynamics)

Electronic subsystem is practically non-compressible due to its high degeneracy !

Plasma polarization in WD is close to its zero-order term in expansion on x_

X, — is ratio of electronic ideal-gas compressibility to the ionic one : x, = (Qu°,/on;) /Z(Ou° /on,) << 1

F2+F”=~0

Total force acting on every ion (nuclei: ,C®*, ,,08%", ,He?*)
is equal to zero !

Electrical field compensates gravitational and non-ideal forces almost totally

White Dwarf is in weightless state in fact !

What does it mean — hydrodynamics of a star
in weightless state ?




Hydrodynamics of a star in weightless state ?

FO+F =0

Carbon, oxygen and helium does not sink or float in each other!

Any hypothetical layered structure from ,,C%*, ,.0%*, ,He?* is
hydrodynamically stable as well as homogeneous mixture

Rayleigh-Taylor hydrodynamic instability «does not work» in WD !

R-T instability comes out of sources, which induce convection in WD !

Plasma polarization due to gravitation and non-ideality can suppress
hydrodynamic instability in interiors of compact stars !




Crystallization on C/O mixture in White Dwarfs

Phase diagram in C/O mixture Phase diagram in C/O mixture
| | T T T T T | T T T T T T 0’20
1.6
0,181
1.4
3 0,161
g T
= C O
1.2
0,141
Melting
0,121
| | | | | | | | | | | | | | | | | xo
1 0.8 0.6 0.4 0.2 0 0,10 r : T . : :
X, 00 02 0,4 0.6 038 1,0
FiG. 1.—Phase diagrams for a C/O mixture as computed by Ichimaru Fig. 1. Phase diagram of the carbon-oxygen mixture at cons-
et al. (1988, dashed line) and Segretain & Chabrier (1993, solid line), where tant electronic pressure. T* = 1/T is the reduced temperature,

J.Barrat, J.P.Hansen, R.Mochkovich (1988)



Crystallization on C/O mixture in White Dwarfs

Oxygen profile in WD Phase diagram in C/O mixture

N B B B O B 0,20

e R i

0,181

0,161

b ""
.’ | )

0,147

0,121

Xo

ol e e b | 0,10 T - r v T .
0 0.2 0.4 0.6 0.8 1 0,0 02 0,4 0.6 038 1,0
M_/M.

Fig. 1. Phase diagram of the carbon-oxygen mixture at cons-
tant electronic pressure. T* = 1/T is the reduced temperature,

a) —initial J.Barrat, J.P.Hansen, R.Mochkovich (1988)
b) — final (Ichimaru)
c) — final (Segretain & Chabrier)
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Given:

Total force acting on every ion (nuclei: ,,C%, ,.08* ,He?*)is ~ equal to zero !

FY+F =0

“"Naive” questions *

Why compact stars are spherical ?

Why rotating stars are spherical ? (pancake ? roll ? more complicated ?)

Why rotating binaries are spherical ?

What is the form of mergers (if polarization field is taken into account) ?

Are all these questions meaningful ?

* (B rioMoLLb JIEKTOPY 110 aCTPOPUINKE)
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Naive questions II

What is the orientation of “Pasta” plasma ?



Non-congruence in exotic situations (mesoscopic scenario)

Structured Mixed Phase < "Pasta” plasma

‘Pasta’ plasma — hadron-quark phase transition in interior of neutron stars
(‘Mixed phase’ of Glendenning ef al.)

— Charged quark droplets (rods, slabs) in equilibrium hadron matter

— Charged hadron bubbles (tubes, slabs) in equilibrium quark matter

Ravenhall D., Pethick C. & Wilson J.

OUTER CRUST-: NUCLE! ) PRL 50 (1983)
INNER CRUST NUCLE! & NEUTRON GAS
ROD & PLATE LIKE STRUCTURES
| twoess waTTER: 0, . e° Heiselberg and Hjorth-Jensen
QUARK & NUCLEAR MATTER MIXED PHASE Phase Transitions in Neutron Stars
DROPLETS OF QM arXiv/9802028v1 (1998)
RODS
e T.Maruyama, T.Tatsumi, T.Endo, S.Chiba
| Pasta structures in compact stars
puasLes or arXiv/0605075v2 31 (2006)

- - DENSITY
1O km 9 6 3 0 « RADIUS

Fig. 1. Nuclear and quark matter tructures in a ~ 1.4M ., neutron star. Typ-
ical sizes of structures are ~ 10™"m but have been scaled up to be seen.

“Pasta” plasma:- "Spaghetti” phase, "Lasagne” phase. . . . .




Structured Mixed Phase Concept <> "Pasta”

Schematic picture of pasta structures. Phase transition from blue

phase (left-bottom) to red phase (right-bottom) is considered.

Pasta structures in compact stars
JarXiv:nucl-th/0605075v2 /2006/

Maruyama T., Tatsumi T., Endo T, Chiba S.

Neutron star

“Pasta structure”
. 9 d
Envelope e
d J 9
p~ 10° g/ecm’
@ 9@ 9
Outer crust
O O 9
p=4.10" g/em’ neutron drip
J
J
Inner crust b D «
sy - X
o~ 13p [N




Structured Mixed Phase Concept <> “Pasta”

The sequence of five (or more ?) phase transitions !

Uniform (nucleons) — Drops — Rods — Slabs — Bubhbles — ITniform (auarks)

200 ———————————— @ o o
[ Hadrons B
é .““s"
S 100 | L —droplet -
) . :
= =
Q. = tube drops
: == hubble
0F —= Maxwell
L | L L L | ] ] ] ] 1 L L |
0.4 06 . 08 1.0 rods
fm
PB [ ] slabs
Maryuama T., Tatsumi T., Endo T., Chiba S. tubes
arXiv/0605075v2

bubbles




Structured Mixed Phase < "Pasta” plasma

‘Pasta’ pli Uniform-I — Drops — Rods — Slabs — Bubbles — Uniform-II

— Charged quark

What is the orientation
of spaghetti and lasagne ?

Fig. 1. Nuclear and quark matter t
ical sizes of structures are ~ 10~

LEl Heise I Hjorth-Jensen
o e i hione| Lhase T ? > in Neutron Stars
B 3 N28v1 (1998)
L
TTER MIXED PHASE

| Whatis thl;‘ertopol(;éy ( co;zi;z—ectivity)

of spaghettiand lasagne ?

“Pasta” plasma

Honeycomb ?

What is the thermoconductivity
of such mist-net-foam structure ?
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Macroscopic charge o/ phase boundaries /7 MAO

losilevskiy I. / Int. Conference “Physics of Neutron Stars”, St.-Pb. Russia, 2008



Electrostatics of phase boundaries in Coulomb systems

Terrestrial applications
Electrostatic (Galvani) potential

3,5

Quark-Hadron phase transition in NS
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Iosilevskiy & Gryaznov, |.Nucl.Mat. (2005)
Up [MeV]

Phase diagram in the L — U plane.

Electrostatic “portrait” of Wigner crystal in OCP

04 | EndoT , Maruyama T, Chiba S, Tatsumi T
(4o V) arXiv:astro-ph/0601017v1/ 2006

I Classical /7""““\3
0241 melting Y

I | —

! }I eA(PHQ - (“e)Hardron phase ~ (He)Quark phase
0.0 0T e P

2 y eAQyo = 200 MeV |
e T e
I I | | | Po) = 103 fm —» E~ 1018 V/Cm
o 1 2 3 5 6 7 HQ
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losilevskiy & Chigvintsev, J. Physigue (2000)

For comparison: Alcock et al., 1986: — E ~ 1017 V/cm




Macroscopic charge o/ phase boundaries
In massive astrophysical objects

(Z|D;, |M)

QV(DE(I') — _V¢G (l') <Z‘Dn Z>

Basic statement:

Any jump-like discontinuity in thermodynamic parameters (phase boundary,
jump in ionic composition efc) must be accompanied with existing of
macroscopic charge localized at this interface.

astro-ph:0901.2547 / astro-ph:0902.2386
losilevskiy I. / Int. Conference “Physics of Neutron Stars”, St.-Pb. Russia, 2008


http://xxx.lanl.gov/abs/0901.2547
http://arxiv.org/abs/0902.2386v1

Plasma polarization in thermodynamics of neutron stars
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Macroscopic charge on phase boundaries in MAO

Typically — ratio A/Z increases when we cross the interface toward the inner layer.
It means decreasing of electrostatic field, i.e. macroscopic negative charge localized on two-
layer interface.

(Z|D;, [M) b Hae ')I%Zhd:i‘k 5
Vo (r)=-Vo.(r “ = —m Vg, (r) = . aensel & Zh zmz A
eV g (r) @ ( )<Z‘Dn Z> @ ( ) S\ I 4 3 ]
< Huaensel & I ’lchon
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losilevskiy I. / Int. Conference “Physics of Neutron Stars”, St.-Pb. Russia, 2008
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Conclusions and perspectives

- Plasma polarization in massive astrophysical bodies is general phenomenon
- Plasma polarization in massive astrophysical bodies is universal phenomenon

- Plasma polarization in massive astrophysical bodies is interesting phenomenon

- Plasma polarization in massive astrophysical bodies manifests itself in great
number of observable consequences in thermodynamics of MAO

- Plasma polarization in massive astrophysical bodies manifests itself in great
number of observable consequences in hydrodynamics of MAO

- Coulomb non-ideality effects at micro-level could amplify hydrodynamic
instability in MAO, while Coulomb non-ideality at macro-level could
suppress hydrodynamic instability


http://saturn.jpl.nasa.gov/home/index.cfm
http://saturn.jpl.nasa.gov/home/index.cfm

“Teopus cmpoenus 6envix Kapaukoe cPAGHUMENIbHO RPOCMA, XOPOULO
paszpabomana u coziacyemcs ¢ HadawoeHusmu...”

N*

“...Umo xacaemcsa annekmpocmamu4ecko20 nomeHyuasna, mo yoeisims emy

0C000e 6HUMAaHUE He NPeOCmasIAemca HeodX00UMbIM, HOMOMY YmoO MpPYOHO
cebe s006pa3umb Kakue-1ubo ocobeHHbIe e20 rnposiesieHust. ...” NN*

“... Boamoowcno smo npasoa, um
ROJIYUUIA HEOOCMAMOYHO BHUMA
YUMo IMo KaxK pasz u 00ycioeieH(

vee... BbL71O OBI OUEHD UHMC
HaobI00ameibHble NOC1e0CMEU

CpeOHe20 INeKMPUUecKozo nos
DOHBL ACMPOPU3UKOB, HO Kadcemcs,
em e20 Kakou-aubo poau...

uoemov Kaxue-auoo

PKmMpu4ecKkoz2o noasa ...”

NN*

00 DAEKTPU3alN, BBI3BAHHOM TSTOTE€HMEM MAaCCUBHOTIO TeJa

“...M3-3a maniocmu napamempa o = Gm, 2 /e* nepequcsieHHble 8e1U4UHbI
UCKITIOYUMesIbHO Marbl, U paccmMampueaemMbiu 3ghgpekm He Moxem
uMemsb npsiMmbix HabsirodamenbHbIX nocseocmaud...”
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Thank you!
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