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(Under what circumstances)
can spinodal phase separation
occur in nuclear collisions?

JR: CPOD 2010



Spinodal phase decomposition
with dissipative fluid dynamics
Nuclear spinodal fragmentation
Equation of state
Inclusion of finite range
Dissipative fluid dynamics => dispersion relations

Dynamical phase trajectories => spinodal amplification
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Nuclear liquid-gas phase transition

20

Temperature T (MeV)
=

&)

—_
)]
T T T

(o,T) phase diagram

I % I I " 1

p - T phase plane

:ga/s’/ v liquid

L 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1.0

Baryon density p/p,,

Phase coexistence
e ©
®o
® O
@
@ ® [ ]

gas liquid

JR: CPOD 2010

Pressure P (MeV/im®)

Equation of state: p.(p)
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Nuclear spinodal fragmentation
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3 Density undulations

< are amplified in

: the spinodal region:
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Long-wavelength distortions grow slowly ™~ % ®,

(it takes time to relocate the matter) G

— >

Short-wavelength distortions grow slowly Wave number k = 27/A

(they are hardly felt due to finite range) > There is an optimal length scale

that grows faster than all others:

Ph Chomaz, M Colonna, J Randrup:
Nuclear Spinodal Fragmentation,
Physics Reports 389 (2004) 263

=> Equal-size fragments!
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Spinodal phase decomposition
with dissipative fluid dynamics

Equation of state
Inclusion of finite range
Dissipative fluid dynamics => dispersion relations

Dynamical phase trajectories => spinodal amplification
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Idealized equations of state: HG -> QGP
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Phase coexistence: Comparison to LG

(u,T) phase diagram
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- qualitatively similar to LG
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Spline between HG & QGP:

Free energy density

Density

Phase coexistence <> common tangent:
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Spinodal phase decomposition
with dissipative fluid dynamics

Inclusion of finite range
Dissipative fluid dynamics => dispersion relations

Dynamical phase trajectories => spinodal amplification
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Equation of state: Finite range

Free energy density for uniform matter:  fy(p, 1)

~

But we need to treat non-uniform systems: ,5(7"), T(’l")

The local density approximation: f[5(-), T()](r) = fo(p(r), T (7))

... implies:

F = r LI T

No good! => Finite range must be taken into account

JR: CPOD 2010



Non-uniform densit p(r)

gradient w(r) = we(p(r)) + %C’(V[)('l’))2

contribution

local entropy density: — &(r) = o(&(r),p(r))
= 4

= total entropy: S[E(r), p(T)] = /&(r)d'r L a(r) = dp(r)

~

=  local pressure ﬁ('r) & local enthalpy density h('r) &

fr(r) = fr(p(r)) + 3C(Vh(r))’

Free energy density:

J. Randrup, Phys. Rev. C 79, 054911 (2009)
H. Heiselberg et al., Phys. Rev. Lett. 70, 1355 (1993)
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Interface equilibrium

Density p (in units of po)

Interface tension 712 (MeV/fmZ)
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Global equilibrium requires constant T, u, p:

0= 85 — BodE — apdN = / dz {[B(x) — Bo)dé(z) + [a(z) — ao](5ﬁ(:1:)}
= B(z) =P & a(z) =ay = pz)=po

fr(®) = fr(p(r) + 1C(Va(r)? =>
The interface density profile is determined by

Cozp(z) = pr(p(x)) — o = 8,A fr(p(2))
where - Afr(p) = fr(p) — 17 (p)

) = fr(p) +polp—pi) < fr(p)

The interface tension is given by

W = [ apRoss (e} pfx) not
p1 needed!]

J. Randrup, Phys. Rev. C 79, 054911 (2009)
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Dynamical effect of the gradient term:
The local pressure is modified

Small deviations from uniformity:
p(r) = po(&(r), p(r)) — CpoV=p(r)

Small harmonic density undulations:

1tkx—iwt

ﬁ(’l“,t) — PO + 5,0(£U,t) = Po + Pk€

P
A 4

.

P — Pr+ Cpok?p
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Spinodal phase decomposition
with dissipative fluid dynamics

Dissipative fluid dynamics => dispersion relations

Dynamical phase trajectories => spinodal amplification
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Energy-
momentum
tensor:

Equations
of motion:

Sound
equation:

Heat
flow:

Equation
of state:

Dispersion
equation:

Transport model: Dissipative fluid dynamics

T ~e & TY~(e+p'+q &

A Muronga, PRC 76, 014909 (2007)

T & §;;p — [0;v” + 0jv° — 26;;00%]) — (6;;0"0" okl < po = Jv] <1
V-T =~ Vp—nAv—[5n+(V(V-v) = 8,p—[gn+ (050  Eckartframe
C: Op =—poV-v = wpr = pokvs charge

M : hoOyv =—-V[p—(V - -v]-V -7 —0q momentum
E: O =—hyV-v—V -q energy
OE -V -M: hydie A[ cv v]+ V- (V-
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TO w
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0 h
m@%¢m=(§)%ﬂ+£%%
3 0 Po
vZ — 02,

k2

w? = v%kQ—I—C’pOkA i{hik2—|—
0

ho 1+ ikk? /wey,
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N 1 dp
14—zmk2/au%,p0 9e ) P

Heiselberg, Pethick, Ravenhall,
Ann. Phys. 233, 37 (1993)
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Transport coefficients
K0 Z 1

1) Bulk viscosity &: Ignore (K = &= %77 + (=~ %77

2) Shear viscosity n:

p=0: h=p+e=To p>0, T<me?: h=mc*n>To
0 S h h h 5 Ko

o : 0 = — — _N - ~ —

P n= A Ar T p=0: n~T° = T dmeg d

o 1 &(p,T) 4
T — — T T : = > ' 7 o~ =
n(p’ ) To c d(p7 ) h(p7 ) Avise c h(p, T)/CQ 370 Co d(pa T)
3) Heat conductivity k:
e - 2
77%%”]75 K Cy P = muv h/\mécn
K~ %@Ecv n  h/c? ¢y = 0rer(p)  Co = M

1 k(p, T
H(p’ T) = koCo Cd(p7 T) Cy (p7 T) >\heat = Z C ((pp T)> = hoCo d(107 T)
1 3 3
JR: CPOD 2010 o= 1~ [(gg + %gq)i_” ~ 0.12779

V Koch & J Liao, PRC81, 014902 (2010)




Temperature T (MeV)

Spinodal growth rates
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Spinodal phase decomposition
with dissipative fluid dynamics
Nuclear spinodal fragmentation
Equation of state
Inclusion of finite range
Dissipative fluid dynamics => dispersion relations

Dynamical phase trajectories => spinodal amplification
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Dynamical phase trajectories
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Dynamics of collective modes in many-body systems

Amplitude evolution: Wy = €, + i’)’y /—

d !
ﬂA”(t) = _?'wl/AV(t) + BV(t)

Correlation function:
O'V“(t]_,tg) = < Ay(tl)Au(tg)* -

Markovian noise:

< B,(t)B,(t")* == 2D,,6(t—1t)

Evolution: o
d seed feedback !
Variance of a single mode: Amplification coefficient: | | | | |
1'5-3“”2IIII 1“‘;0“”1....2““3
d 9 9 Time t
70 = 2D, + 2v,0, .
Lalime Equation SARARARARERARRRRREREARERER
\ o 02(t) /02 :
t / Ng of 7
=> o2(t) = [21%/ e 20w () gy 4 O’S] 2w (t) e
0 § 4:— -
2 of |
Y <0: o.(t) — —=D,/v
03"".'2""'1"'T.'6't'"'1""5""3

Colonna, Chomaz, Randrup, NPA 567 (1994) 637 JR: CPOD 2010
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Spinodal amplification
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(Under what circumstances)
can spinodal phase separation
occur in nuclear collisions?

ponclusion

Spinodal decomposition may occur
at £,,, = 5-10 GeV/A (FAIR & NICA):

1) Exists an optimal E range
2) Significant amplification
- but:

Suggestion: Use fluid dynamics with finite range

Need: Transport coefficients n(p,T), &(p,T), k(o,T)

Important

JR: CPOD 2010
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Full dynamical calculations @
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MODEL REQUIREMENTS:

EoS p(p,T) with phase transition
Confined & deconfined phases

Phase coexistence, incl interface™
Spinodal modes™

Dynamics with instabilities™

* Requires finite range



