Dense QCD Phases in Heavy lon Collisions
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Phase Transitions & Instabilities
Jargen Randrup (LBNL)

Lecture #1: Phase coexistence

Lecture #2: Phase separation
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Transport model: Dissipative fluid dynamics

Energy- T ~e & TV (c+pp'+q & A Muronga, PRC 76, 014909 (2007)
momentum T j i 2 k. k k., k
{eNSor TY =~ (5ijp — ?7[82"0] + Ojv — 551-3-8 v ] — Cémﬁ v okl < po = v <1

V-T ~ Vp—nAv—[5n+(V(V-v) < 0p—[5n+(]ojv  Eckartirame

Couat C: Oip =—poV-v = wpr = pokug charge
quations .
ofmotionn 1 M : hgOyw =—-V[p—(V . -v|-V -7 —0q momentum
L F: Oie =—-hyV-v—-V .gq energy
Sound OHE -~V -M: hodlce = Ap—(V-v]+V- (V- 7)
ion: . . W
equation: wle, = k2pk o Z[%U + C]p—kQPk €= %77 +¢
0
Heat ' Ty w? 1 Ty (Op
flow: g~ —H[VT +Todw]: qp = —in[kT} — p_(??pk] e ™ Tk Jose 7o (E)ppk
Equation dp ho o
— () 1.+ 20
of state: pr(p) = Pk (65)pc kT 0 U Pk
Dispersion o . oo P4 W o v —vE Heiselberg, Pethick, Ravenhall,
equation: e R I B ) Ann. Phys. 233, 37 (1993)
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Ideal fluid dynamics

Energy-momentum tensor:  [HY — (5 +p)uﬁ‘ Y — pgt”

ut = (7,7v)
0—8T’“’~[ v=0: 0=209,T" = 9i(c + pv*)y* + 9;(c + p)y*0’ E
g v=1i: 0=0,T" = 0i(e +p)y°v" + 9;(e + p)yv*v/v" + 'p M
T v=0: Ok ——8(6+p) E
Non-relativistic flow (v << 1); - ,
L v=1i: Oe+pl' =0 M
WE — ;M : O7e(x) = 0;0"p(x) Sound equation
Equation of state: p,(¢) p(z) = pole(x)) = 0;0'p(x) = 8p§£6) 0;0"(x)
07 = v? V3¢ v =0-p0  (sound speed)? o

‘\‘ pe

Wiﬂoen 4
JRandrup: Dubna School, 2010



Evolution of small disturbances

= y<<1

v

Small disturbance in a

uniform stationary fluid € (‘E ; t) = &9 + o¢ (ZE, t) , 0 K €9
Opde(x,t) = (g9 + po)0zvs(x,t)

First order in O€: { { Ipo .

(€0 + po)Osvz(x,t) ~ Ozp(x,t) = 8—d$(55(:r,t)
€0

. Ipo dp
Sound equation: %8¢ xr,t) = d255 v = =
2oc(ant) = S0 020e(a, o

Harmonic disturbance:  0cp(x,t) ~ pthkr—iwkt

2

v >0 wi =tvsk
Dispersion relation: w]z — Vg k2 {
0: wr = Fivy = ti|vg|k

\ @GS for Ia@
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Ideal fluid dynamics with one conserved charge

p
/ e b e(z) =eo + de(x
n’g)K_zo M _ ( ) } |U ‘<<1
p(z) = po + dp(z

Tiv(x): T ~ ¢ TP =T" =~ (e+pv* TY=T"= §;p
E 0=0,T" =0,T%° + ;T = dc + (¢ + p)Ov" = wey = (g0 + po)kvy
M 0= 9,T" = 0,1 + ;T = (¢ + p)Opv’ + ;T7
C Oep = —pOiv" = wpi = pokuvy Continuity equation

E&C=> (€0 + Po)Px = pPock p tracks & when k=0

oFE—0;M = 8?8 = 8~8~Tji = 0;,0'p => W25k — kZpk Sound equation
dp Op dp po  Op, 2 5 p (0Op
€ = = - — Pk = Ek = VU E =
p(e.p) Pk = 5 ck * (9,0pk [85 i g0+ po Op k= UsCk Vs e+ p (6,0)8
=> wl% — U? k* = Yk = |USUC Dispersion relation

\ @GS for /3@
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Inclusion of gradient correction

p(r) = po(e(r), p(r)) — CpoV2p(r)

p(r,t) = po + 6p(x,t) = po + pretke—ivt
Pk — Dk ‘|‘Cp0k2pk

A
2 27.2 P54 e 5o,
wp = v k”+C k g 2
€0 + Po £ A
G :
Vi = s |k? = C——k* >

50 —|_ po Wave number k = 27/A
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Viscous fluid dynamics with one conserved charge

/’ p

*‘—_7_&__—’4 ) 8( ) _80+5€ } | ‘ <<1
£=0 p(x) = po + dp(x
T#Y(x): { T~e  TO=T"=x (c+pp’
. Tij — Tji ~ 5¢jp — n[ﬁivj + éb-vi — %%V . ’U] — C(S,UV -V

=> V-.T = Vp—nAv—[3n+(V(V -v)

E 0=09,T" = 5,T + 0;T° = Oye + (e + p)Oiv" = wer = (€0 + po)kuvy
M 0=0,T" = 0,T" + 0;T?" = (e + p)Opv" + 0, 1"
C Op = —pOiv" = wpr = pokuy Continuity equation

E&C=> (€0 + Ppo)pr = Pock
OHE — ;M = 07c=0;0,T"" = 0;0'[p — (51 + ¢)9;v’]

o tracks € when k=0

Sound equation
w
=> wier, = k*py — i€k v, = v2k%ey, — i€ k2cy
€0 1 Po
2 2117.2 P(Q) 4 k?
=> Vi = U5k —C———k" — ¢ Vi Dispersion relation
k= o] €0 + pPo €0 + Po P
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Viscous fluid dynamics with one conserved charge

,03 4 k?
2 211.2
Ve — |Us|k - C k* — Yk
€0 + Po €0 + Po
2 2 ]432
- 217.2 Po 4 1
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Linear sigma model: Semi-classical treatment
Chiral O(4) field: o(x) = (o(x),m(x))
$(2)* = d(z) - P(a) = Pu(2)d(x) = o(x) + m(z) - 7 ()

Lagrangian: L(z) =10,¢(x) 0"Pp(z) — 3[p(x)* —v°]> + Ho ()
Hamiltonian: H(z) = 39(2)° + 36(2)* + 3[é(2)* — v — Ho(x) b = O

Equation of motion:  9,0"@(z) + A\(¢* —v?)¢p = Ho
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Separation into order parameter and quasi-particles

Periodic
box

Order parameter:

Quasi particles:

Field fluctuations:

Order parameter:

Quasi patrticles:

{

6 = (06,00 )

< 6¢% = = < 0¢j = +3 < 597 >~
Equations of motion:

07 P+ Mg+ < 6¢° = +2 < d¢f = —v’|p = Hé

0,0" + 2159 = 0
0,0" + 42166 = 0
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Quasi particles:

Effective masses
are determined by
the gap equations:

Thermal fluctuations:

Effective masses u (MeV/c)

Quasi-particle modes

00" + pjogy =
0,0 + i 166

\
12 =\
puy =

A[Bs+ < 6¢° = +2 < 66 = —
Ao 4+ < 8¢ = +2 < 6¢% = —v?]

v?]

1 r 1 1
< 0¢7 == — -
Q% 6(7') ee,(c)/T

Order parameter ¢, (MeV)
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Effective potential for the order parameter

Separation of E(t) = /d3r H(r,t) = Q3 2 + 1 (V¢) V)=Q(Ey+ Eqp +6V)
the total energy:

Bare energy: Ly = %?ﬁ% + 2(¢5 —v*)? — Hepgcos xo = Ko+ Vo Y =01

Quasi particles: Eop Z%«a&%) + (Vi) + pidd) =Y 5> (\w(”\z (k2+u3)l¢(‘7)\ )
. J=0 =0 Kk
Correction:
OV = 3(6¢*) — 3 (00" e ~ —3 (66"

Vr (o, x0) = Vo + (Egp) + (0V)

&V = 28¢%) - 2(6%)c = —3(6Y)c

= (86%)" + 2 Tr((6666) o (§66¢))
~ —3A [<d0f »~? 42 < 8¢f < b9 ~ +5<dp] »?) = dVr

Eq, __ -;-(GQ‘) obyY + VépoViégd + ddoM ¢ dd)
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Free energy density Fr(og) (MeVAm?)

Free energy of the order parameter

£t) = /dgr’}-{('r,t) — Q(Ly? + L(V)2 + V) = Q(Ep + Eqp +6V) b = Oy

Fr = 3N&-v)? - Héyeosxo
T L . i —
+ —ﬁzk.ln(l—e“‘:ﬂ)ﬂkilln(l—e“‘l/7)]

~ %A[46¢2l>-2 +24‘6¢f><6¢"l> + 5 < 8% »?

Fr = Vr(¢o, xo0) — T'St(¢0)

Fr= Vr‘ TSr

----
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Chiral phase diagram
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Phase structure for different pion masses

First-order transition emerges below about half the physical mass

The phase structure washes out when the volume is reduced
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Thermal distribution of the order parameter

Zr = / Dig(r), v(r)] e FEENHIN =5 Z, / dhy o 2K / g e~ B(Vo+av) / D(dé(r), 5v(r)| e~ F =
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Is the equilibrium consistent with the dynamics?

Initialize a sample of fields from the calculated thermal distribution

Then follow their dynamical evolution to check for consistency
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Chiral dynamics

Chiral Road Map
150lll|III|III|III|IlI

i (o,71) = 0(x) = <¢> + 36(x) 1

!
1
‘u
- Q400 .
\
\

>
S
~—~ - ---- Equilibria T
Y A
A 100 \. 300 —
ol N
2 - Soo T=240 MeV T
vV N L |
2 ~~@.220
o @ 200
E Te 180
g 30 | ‘w160 ]
— — » -
hY
< - Supercritical region: o
i i 5 @'
n<0 \
b— ‘ —
0 e b e b e b lll

0 20 40 60 80 100
Order parameter ¢, = |[<d>| (MeV)

JRandrup: Dubna School, 2010

Prepare sample of initial fields

Follow dynamical evolutions



Pseudo Bjorken expansions in D dimensions

Augment the equation of motion
with a dissipative term that
emulates the Bjorken expansion:

Pion mass squared . °/m,’
\ =)

Elapsed time ¢ {fm/c)
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