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Spinodal Instabilities in Phase Transitions
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Lecture I: Phase coexistence (equilibrium) TUE 11:30-12:30
Lecture Il: Phase separation (non-equilibrium) THU 10:00-11:00
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Possible (p, T) phase diagram of strongly interacting matter
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Lecture I: Phase coexistence (equilibrium)

Thermodynamics: o(p)
large & uniform systems
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Temperature T (MeV)
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Lecture IlI:

- VT(p,T)=0
— v T)=0

Coexistence

n 6
Compression p/p

Phase separation (non-equilibrium)

Equation of state:
interpolate between hadron gas and quark-gluon plasma

Spinodal instabilities:
fluid dynamics, growth rates
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Confined phase:

Hadron gas

Equation of State
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Deconfined phase:
Quark-gluon plasma



Hadron Gas versus Quark-Gluon Plasma

pQ = Pg ‘|_pq‘|_p(7_B

pH = Pr + PN T PN T+ Puw

Free pions, nucleons, and antinucleons: Free gluons, quarks, and antiquarks:

0o 2
pede  Be m
Pr(T) = —gx /m 9r2 In[l —e g ] Pg = dg %T4 ,
405 360 1271 242"

pn (T, po) = QN/ pw) In[1 4 e~ Alemro)]

my
pede _B(e
px (T, o) = QN/ orZ In[1 4 e~ Aletro)]

mn

Phase crossing:

600

+ compressional energy density:
400

o B —
wo-[a(@) s (2] 3
Ps Ps Ql_—
o 200
Pu(p) = pdpw(p) — w(p) 2
£ o

-~
/ - NUC'eOﬂ gas -
— — —— Quark plasma
p= po + Opw = g 200 i
; ) 1 ) 1 . ] )
1000 1200 1400 1600 1800 2000

Chemical potential u (MeV)

JRandrup: Dubna School I, 2012



Hadron Gas versus Quark-Gluon Plasma
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Free energy density f-(p)
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Equation of State: spline QGP

Maxwell line
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(e, p)

f=e—-To

Thermodynamic relations

B=0c0(e,p)=0.=1/T

m=0—P3e—ap=p/T
a=0,0(¢,p) =0,=—p/T

pr(p) = pd, fr(p) — fr(p)

pr(p) = 8pr(,0)
er(p) = fr(p) —TOr fr(p)

or(p) = —0r fr(p)
hr(p) = pr(p) +er(p) = pOy fr(p) — TOr fr(p)  Enthalpy density

Isentropic sound speed

2 p (Op T . o 2
o P (0Op p pT 2
v = » (_(9p>T = _EO—%[UE eOpp — 0‘5'0] Isothermal sound speed
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A Ideal fluid dynamics without conserved charges

n, & k=0
Energy-momentum tensor: ~ T"” = (e + p)uru” — pg"” ut = (7, V)
" v=0: 0=09,T" = d;(c + pv*)y* + 9;(e + p)y°v" E
" { v=1i: 0=0,T" = (e + p)y°v" + 9;(e + p)y*v’v" + 0'p M
- v=20: 8t6:—8¢(6+p)vi E
Non-relativistic flow (v << 1): - : ; ;
( ) | v=1i: O(e+p)v' =-0D M
O, E — 9;M : 07 e(x) = 0;0"p(x) Sound equation
: : , %) .
Equation of state: p,(e) p(z) =po(e(x)) = 0;0'p(x) = pg(e) 0;0"e(x)
£
Ofe = v;V’e vi=0:p0  (sound speed)? o
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Evolution of small disturbances

Smalldisturpance in a 5(3},75) = g9 + 55(3;’75) , 0 K &g

uniform stationary fluid \
Oioe(x,t) =~ (e¢+ po)Oyvz(x,t)

9,
(€0 + po)Orvz(x,t) ~ Opp(x,t) =~ 81;0 O0e(x,t)

=> y<<1

First order in O€&: {

0
Sound equation: 026e(x,t) = 8]5)0 026e(x,t) 0?2 = £
0

Harmonic disturbance:  dep(x,t) ~ ptkr—iwt

2
s

>0: wp = vk

v
Dispersion relation: wi — Vg ]C2 {
0: wr = Fivy = ti|vg|k

\ @GS for Ia@
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Ideal fluid dynamics with one conserved charge
/ | | e(x) =eo + de(x }
_ lv(x)] <1

- )\ —>

p

=0
77;@’( p()—po—|—5p
T™(x): T ~ ¢ T = 79 ~ (e +p)fui TY =TI dijP
E 0=09,T" = 0,T + ;T = Oy + (¢ + p)ov" = weg = (g0 + po)kvg
M 0=09,T" = 9;T" + 9;,T"" = (¢ + p)ow" + 9;T"
c Op = —pdiv' = wpr = pokuy Continuity equation

p tracks e when k=0

p (019)
e+p \9dp/,

2 2 7.2 _ . . .
== wip = vgk => Yk — ’Us‘k Dispersion relation
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E&C=> (50 + PO)Pk = POEk

oE —o;M = 8?5 — (‘9-8-Tﬂ = 0,0'p => wiep = k*py, Sound equation

lex = vgsk v

dp dp Op po  Op
:> = — — =
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Inclusion of gradient correction

fr(r) = fr(p(r)) + 3C(Vp(r))?

p(r) = po(e(r), p(r))C CpoV7p(r)

p(r,t) = po+ 6p(a,t) = po + pre™* it

2
P — pk: = [fU? + Cé‘oljf)po k2]6k resists

wriggling
A maximum!
2 e o /,
3,
wi = v2k? + c—F0__pA g Nk ‘/
€0 + Po AR

2 5

i = Kt - 0L >

€0 + Po

Wave number k = 27/A
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Viscous fluid dynamics with one conserved charge

/ p

*‘—_7_&___’4 ) 8( >_80—|—58 } | ‘<<1

n, &> 0 p(x) = po + dp(x
k=0
790 ~ 710 — 700 (
Tiv(x): { T ~ (Etp
TV =17 ~ 5¢jp — ?7[8@'?)‘7 + 83-1/‘ — %%V y ’U] — C(S,UV v

=> V-T =~ Vp—nAv—[in+(]V(V-v)

E 0=0,T" =T +0,T" = die + (¢ + p)Ojv* = weg = (g0 + po)kvy
M 0=09,T" = 0,T% + 0, T = (¢ + p)Op* + ;T
C Orp = —pdiv' = wpy = pokvy Continuity equation
E&C=>  (0+Dpo)pk = pock p tracks ¢ when k=0
OHE — M = 0fe = 0;0;T7" = 9;0'[p — (31 + ()0;v”] Sound equation
=> w?ep = kp, — i€kPv, = v§k25k — 1€ - k2es,
€0 + Po
- 2 1..2(1.2 P% 4 k? . : .
= Vi = |vilk® — —— E*—¢ ——— Vi Dispersion relation
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n.&x>0 — Dissipative fluid dynamics

Enersiy- T ~e & TYUx(e+p'+q¢ & A Muronga, PRC 76, 014909 (2007)
mtoemn:(r)]rtjm TY =~ (5,L'jp — ?7[82'2)] + 8ij — %51]8kvk] — Cdijakvk okl < po = |v] <1
VT = Vp—nAv—[gn+(V(V -v) < d,p—[gn+(Jojv FEckartframe
[ C: Op =—poV - v = wpr = pokug charge
Equations _
of motion: 7 M : hodyw =-V[p—-(V-v]-V .7 —0q momentum
L E: Oie =—-hyV-v—-V.gq energy
Sound OWE -~V -M: hodie = Alp—(V - -v]+V (V. m)
equation: . : W _
q => w’e, = k’py —i[3n—+ C]%k%k §=3n+¢
o Tow? ~ L To(op
Heat flow: q~ —kK[VT +Todw] : qr = —ik|kTy — %7%] Tem~ 7 ik [t Do (88)ppk
Equation (8}9) ho o
} = == e, IJp. + —v
of state: pr(p) Pk 9c ), LI TPk
Dispersion 2 - 272 Po 4 oW o Vi — vt 2
equation: W' = vkt Ch_ok B Zgh_ok L mk2/wcvk
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Transport coefficients

K0 Z 1
1) Bulk viscosity : Ignore (K= &= 31+ (=~ 37
2) Shear viscosity n:
p=0: h=p+e=To p>0, T<me?: h=mc*n>To
0 S h h h 5 he
— : — = — — — . ~J — =
/’7(/07 T) _ 770 c d(p7 T) h(p7 T) )\VISC - c h(p, T)/C2 ~ 3770 €o d(p? T)
3) Heat conductivity k:
_ - 2
77%%%]56 Ko G D = mu h,\Trgcn
K~ %Mcv n o hje? ¢y = Orer(p)  Cv = N
1 k(p, T
k(p, T) = kococd(p,T)cy(p,T) Aheat = . cf(Z,T)) = Kkocod(p,T)
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Evolution of density fluctuations

with dissipative fluid dynamics

Wi = € + 17k o ' — -
Ak~exp('iwkt) — o8} T=70MeV JEGEEERN :

E p=6.5p, e \\
. . . ;:.‘0.6- /’/ \\ E
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% 0.4 EK V4
0,0 U
|deal fluid 2 . 279 (% 02-_ 1,0 .
dynamics: Y = vsk | 0 ! ]
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+grad|e_nt W= Rk cPoa - o — P+ Cpok®pr
term: ho

+ shear & bulk : P(% 4 W9 _ _ 4
viscosity: w? = U§k2‘|‘c_k —1§—k <= f=§77‘|‘C

ho ho
+  heat 2 - 212 CP(% 1A W 1.2 U? — U'_2r 1.2 =
conduction: = vrhT ho th—o + 1 +ikk?/we, - "
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Fastest growth rate vy,
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