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Phase Transitions in Neutron Stars.
Are they non-congruent?
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The base

Non-Congruent Phase Transition in Uranium Dioxide

Hypothetical severe accident at fast breeder nuclear reactor

Expected temperature of nuclear fuel
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SKETCH OF THE MODEL
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Non-congruent phase transition in uranium dioxide

Sketch of theoretical approach

Quasi-chemical representation for liquid & gaseous phases

|| —
lonic model Multi-molecular model
Liquid (Liquid & Gas)
6+ 5+ (4+ 3’,+ = - U+O+ OZ+UO +UOZ+ UO3
Urr+ U+ U+ U+ 05+ O U*+UO*+UO,*+ O+ U0, + e
T )

Interactions: (Pseudopotential components)

— Intensive short-range repulsion
— Coulomb interaction between charged particles

— Short-range effective attraction between all particles
I I

Interaction corrections: (Modified for mixtures)
— Hard-sphere mixture with varying diameters

— Modified Mean Spherical Approximation (MSAE+DHSE)
— Modified Thermodynamic Perturbation Theory {TPT- c(7); e(7)}
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Standard

Forced-congruent evaporation in U-O system

Pressure - Temperature Diagram

Pressure - Density Diagram
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* Standard critical point:

(@P/oV); = 0

Stoichiometry of coexisting phases are equal: ® x’ = x"" =
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Van der Waals loops (at T <T,) corrected via the “double tangent construction”

It should be
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Phase equilibrium conditions in reacting Coulomb system

, Phase - | Phase -1l .
? n'+n,+...+n n’+n”+.+n’" ?
Heat exchange Impulse exchange
r'=T" P =P”
Particle Exchange
Neutral species Charged species
#y (PT,X°) = " (P,T, X7) NB! - Chemical potentials of charged species
to' (P.T, X)) = py"(PT, X7) are not equal
wP.T,X) = pu(P.T,X") Electro-chemical potentials are equal
Equilibrium reactions w+Zeo =p’ +2Zeg”

(reduced number of basic units)
My (PT,X7) = p,"(PT, X7)
(P T, X)) = .7 (P, T, X)
Uranium — Oxygen System w'PT,X)=u"PT, X" + ApZe

py (P.T, X)) = py"(P,T, X7) ' (PT, X)) = " (P.T,X7) + Ap Zye

o P T, X)) =u"PT, X)L |
u,PT,X)=up"(PT,X") - Ape

Potential drop at any mean-phase interface
In_equilibrium Coulomb System

| Basic units in NS. — baryons and electrons !




Electrostatics of Phase Boundaries in Coulomb Systems

Terrestrial applications Quark-hadron phase transition in NS
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Non-congruent evaporation in U-O system

Pressure - Temperature Diagram

Pressure - Density Diagram
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Non-congruent phase transformation
in two-phase region
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Isotherms in two-phase region

Standard pressure-density diagram
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Non-congruent pressure-density diagram
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* Isothermal phase transition starts and finishes at different pressures

« Isobaric phase transition starts and finishes at different temperatures



Chemical composition of coexisting phases
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Main issue for study of non-congruent evaporation in U-O system

Non-congruence of phase transition in U-O system -
— is it an exception or a general rule ?

Basic conclusion

— Any phase transition in a system of two or more chemical elements
must be non-congruent

— Congruent phase transition is exception

e Hypothetical example of non-congruent phase transition

* Plasma Phase Transition in H,/He mixture in Jupiter, Saturn, Brown Dwarfs
and Extra-Solar Planets . . .

» Coulomb crystallization in C¢*/O%/He** mixture in White Dwarfs and in multi-
nuclear envelope of Neutron Stars

* Quark-hadron phase transition in interiors of Strange Stars
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BASIC STATEMENT:
Any phase transition in a system of two or more chemical elements must be non-

congruent

Neptune and “Hot-water” extrasolar planet GJ436b

Water (phase diagram)
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T. Mattsson & M. Desjarlais (Sandia Lab.): High energy-density water: DFT — simulations
PNP-12, 2006, Darmstadt, Germany // WEHS-workshop 2007, Bad Honnef, Germany,

Any phase transition in high-T high-P water must be non-congruent



Hypothetical phase transitions in interior of neutron stars:

[ Pasta structures in commpact stars }
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Non-conqgruence 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 et al.)

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

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

QUTER CRUST ¢ NUCLE
| wnerocmusT:  wucLEr 8 neuTRON GAS Heiselberg and Hjorth-Jensen
T ROD 8 PLATE LIKE STRUCTURES 7. .
NUCLEAR MATTERL 0, P, @ Phase Transitions in Neutron Stars

arXiv:astro-ph/9802028v1 (1998)

QUARK & NUCLEAR MATTER MIXED PHASE

DROPLETS OF QM

ok T.Maruyama, T.Tatsumi, T.Endo, S.Chiba
PLATES
susaLES OF Pasta structures in compact stars
~— DENSITY arXiv:nucl-th/0605075v2 31 (2006)
Own 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.

Structured Mixed Phase Transitions — are they congruent or not 7
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What’s the use of talking about non-congruence
besides terminology changing ?



PRESSURE, GPa

Hypothetical phase transitions in interior of neutron stars:
are they CONGRUENT or NON-CONGRUENT ?
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A Tak am BakHa CTpyKTypa (pa30BBIX IIpeBpaleHNI
B NS mpu BBICOKMX TeMIiepaTtypax?

What’s a matter of high-temperature
phase transformations in NS ?



Evaporation of strange matter in the early Universe
Alcock C., Farhi E. (PRD, 1985)
Alcock C., Olinto A. (PRD, 1989)

o anthe Universe had a temperature of

evaporation nf lumps of strange matter hs t‘he Universe cooled to 1 Me

s with baryon
scenarios for strange-

m = 150

o (<}

© = 125

~ o

x Non-congruent phase boundaries 5

> = 100

n 0,5+ - ©

0 @

w _ o 75

E Double-tangent construction e
(standard procedure ) 2 50

- Melting point E
0 Q _
....|....|....|....|....|....|....|

II
2560 500 750 1000 1250 1500 1750 2000
3000 4000 5000 6000 7000 8000 9000 10000 11000 Baryon chemical potential [MeV]

Atomic nucleus




Hypothetical phase transitions in interior of neutron stars:
are they CONGRUENT or NON-CONGRUENT ?

' aaBHBIN BOLIPOC:
— KaKOB cIieHapuii (pa30BBIX ITpeBpalleHNNI
B NS mpu BBICOKMX TeMIlepaTypax?

Main point:
— Phase transformations in NS at high temperature?







Basic feature of non-congruent phase transition dynamics

Parameters of non-congruent phase transformation
strongly depend on rapidity of the transition.

Main point — competition between thermal conductivity and diffusion

e There are two limiting regimes of transformation:
— Slow, totally equilibrium transformation (“Global” equilibrium mode)

— East, partially equilibrium transformation without change of
stoichiometry (Forced-congruent mode - FCM)

e Terrestrial applications:
— Evaporation under the intensive surface heating f ’
(laser, electron or ion beam eitc.)

What's scenario of non-congruent phase transitions in NS and WD

- “Slow” crystallization in WD looks like Global Equilibrium Mode.
- “Fast” crystallization in NS looks like Forced-congruent Mode.




Evaporation of strange matter in the early Universe
Alcock C., Farhi E. (PRD, 1985)
Alcock C., Olinto A. (PRD, 1989)

What's scenario of hypothetical non-congruent boiling up
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Crystallization on C/O mixture in White Dwarf

Phase diagram in C/O mixture Phase diagram in C/O mixture
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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)

“Slow” crystallization in WD looks like Global Equilibrium Mode



Crystallization on C/O mixture in White Dwarf

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

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

“Fast” crystallization in NS looks like Forced-Congruent Mode




PRESSURE, GPa

& Cassini-Huygens

Conclusion

If one takes into account hypothetical non-congruence
of phase transitions in neutron stars
he should revise totally the scenario of all the phase transformations in NS
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