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1. Photon Emissivities and CEP

Hypothesis: a second first-order transition in QCD phase diagram

atmu>0 oo
T Critical Poind
deWolfe,
Tt/ Gubser,
Rosen,
(e, Te) PRD (2011)
Hadron Gas
Non-CFL CFL
\ Color Supepunducﬁng
v
reminder: QCD (mu = 0) displays a cross over,
no reliable lattice data for mu >> 0
options for the phase transition: Steinheimer, Randrup, Koch, PRC (2014)
. . Hempel, Dexheimer, Schramm, losilevskiy, PRC (2013)
hadron-quark vs. gas-liquid
—> different p_c(T) curves,
different isentropic curves s :i L ——
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Toy Models (i) CEP

s(T,mu) =s_reg (T,mu) + s_sing (T,mu,

\ }
Bluhm, BK, PoS (2006) !
based on Nonaka, Asakawa, PRC (2005) . . .
based on Giuda, Zinn-Justin, NPB (1997) 3D ISIng Wlth proper crit. eXpS-

special construction

G = hoMoR*> “g(8) — Mh

G(r,h): Gibbs free energy _R(#)

M(r,h): magnetization ,)

h: external mag. field h = hoRP®Y ay;1671,
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i
Toy Models (ii) 1st order transition

ad hoc construction: two-phase model
P2=ATM+C mu™M-B

phase border curve/coexistence region: pl = p2 - Tc(mu), pc(T) etc.

| TT Tk) TL4 TT/ TT\
mu — MU mu MU — MU mu

alc > AlIC

A s/T"3 n/T"3
T s/n = const 4 / A /
alc <AIC

> mu > T - >
Tc(mu) Tc(mu)
~ . e
e ) MR
.
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one alternative:
PNJL: J.M. Torres-Rincon

A 2 2 2
T (0- ‘I‘ - — é’) - HO—: CEP discussion:
4 Scavenius, Mocsy, Mishustin, Rischke, PRC (2001)
1 Schaefer, Wambach, NPA (2005)
_ H H Schaefer, Pawlowski, Wambach, PRD (2007)
- (aau cd"o T aau nd E)? Herbst, Pawlowski, Schaefer PLB (2011)
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OQmEa = -Qqq —|—U(1’, 0) Q1 pa :(U(l"—l—ﬂ,ﬁ)) + (Q(}q(m(})>
Mg=gVv
/ /\ - Lnfy (A%) — l!?!?}(ﬂ:z‘) +Qp + Qg
sigma pi 2 2
m, = gv ’”;:3<V0'2+732>-.
%0 . %2 9°Qyq 2 2 2
mi2 = ;qlf;q—g‘ LA =), my” = < 542 +A(3v +3{(A%) + (") — ),
2
d0,, 2 [978 2 N
m;‘rz = 2g° 8;?1? +1(v* =), My = < P >+A(L +(4%) + 3(” ) —C).
9 {m,=o
9| " 0= Av(v’+3(A%) +(x*) =) —H,
Qg —
0= T LAV = vE) —H.
v e (A%). () =20Q06 1/ (Mg 1,).

Mocsy, Mishustin, Ellis, PRC (2004)
Bowman, Kapusta, PRC (2009)
Ferroni, Koch, Pinto, PRC (2010)

parameters: g =3.387, € = 7874 MeV"2, A = 27.8, H = 1760000 MeV"3

.
(from vacuum values of m_q, m_pi, m_sigma, f_pi) DRESDEN :}‘ T P [
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note: improper CEP
proper 1st oder transition

pattern of mass relations
changes over the phase plane
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disclaimer:
| -at T = 0 too small pressure

(no proper baryons)
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(a) pion mass (b) sigma mass
(c) quark mass (d) quark susceptibility (norm.)
wishful thinking: m(T, mu) reflect phase diagram

an YETR—

e ) MR
g

Member of the Helmholtz Association

B. Kampfer | Institute of Radiation Physics | www.hzdr.de



coupling in photons

Ly yLeM — ACLUM = ACA!. -+ ‘Cint-
- 1 1 -
Lie = —eQpphi) + oenn” AAy + SeA, (n70"n" +770"n7),

NJL analog:

di o i v di v
/_,-/"“ Fukushima, Ruggieri, Gatto, PRD (2010)
I\ LsM:
) ) / ' Mizher, Chernodub, Fraga, PRD (2010)
o i g o’ . d; 7‘_ q;

><(/ :l/ >C‘M
(BN
] N

a,.mw qj o, m qj.

gi+o.r—qj+v  (Compton scatterings off quarks),

_ _ . checked by
gito.t—qgj+y (Compton scat. off antiquarks),
i} ' L FeynCal
qgi+q; 0o, n+Yy (annihilations)
d"Ni>_,3y d>p; d*p> d°ps
O— a5 = ~S(p1+p2—p3—k
dx*dk3 2p9 2p9 28 (P1+p2—p3—k) ~
. DRESDEN h N
X “%’12_7.3}42‘}(1 (j)l)fZ()DZ)(] :I:f3(1)3)) ccccc pt v} H‘DR
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270 MeV

g+ pi—>qg+gam

g + sigma 2> g + gam

g + q_bar = pi + gam
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wd N /dM x d*3 k MeV"2
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adiabatic expansion: s/n = const

10° = . . ' ' . .
— 5/nN=1.8
10° = s/n=2.0
m— 5/n=2.2
A —— g/n=2.4
10 — s/n=2.61

100"'l ---- f====n_=/ “g"-.:-.-—:-:-.l;'_‘_',
0.2 0.4 0.6 0.8 1.0 1.2 1.4
/T,

reference: s/n = 2.8 (does not touch CEP and phase border curve
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two effects: - rate(s) over T — mu plane reflect m(T, mu)
- adiabatic paths affected by phase border curve
an YETR—
we leave out the improper CEP (reminder: CEP - critical opalescence) oresoen A VA [
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holographic avenues

T (MeV)
P B D . I BRI . e Criticality at CEP:
ool sesssey . . DeWolfe, Gubser, Rosen
PRD (2011)
150 _:
mo::
50:
[ Eehel, M (MeV)

Production of Prompt Photons: Holographic Duality and
Thermalization
Baier, Stricker, Taanila, Vuorinen, Phys.Rev. D86 (2012) 081901

Holographic Dilepton Production in a Thermalizing Plasma -~ .
Baier,Stricker, Taanila, Vuorinen , JHEP 1207 (2012) 094 ey, medr
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.2. Viscosities: Holographic Input for midly NeD in HICs

1. Pure gluon medium: SU(3) — 1st order p.t. QPM: Chabrobaty, Kapusta PRC (2012)
Bluhm, BK, Redlich, PRC (2012)

exercise and model for early gluon-rich stage holography: Kiritsis et al.

Gubser et al.

lattice data:
Borsanyi et al., JHEP (2012)

consistent with
Boyd et al., NPB (1996)
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2. QCD: cross over —Tc - Tpc
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lattice data:

+++: Borsanyi et al. PLB (2014)
xxx: Bazavov et al., PRD (2014)
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Holography

based on AdS/CFT correspondence

—

5D Riemann 4D Minkowski
class. gravity + fields QFT (operators)
asymp. AdS + black hole < gz\livekri\r;?e?;l-Hawkings thermo-field theory
metric energy-momentum tensor
dilaton <(gluon field)"2>
tachyon guark condensate
v () HZOR
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At p =0, the equation of state, in parametric form, follows from [13]

LT(¢n) = L{“{“jﬂ }} exp (Aldn) + [ 46| +2x]). 1)
Gss(om) = e (3A(00) + 7 : 1) 2)

for entropy density s and temperature T, where the scalar function X (¢; ¢y ) [14] is deter-

mined by the system (a prime means a derivative w.r.t. ¢)

, 2 3V

X = (1Y =X (14 ), )

- 2.0 Y
Y _—(1+Y—§x)f, (4)

which 1s integrated from the horizon ¢y — € to the boundary ¢y with initial conditions

- _ 3V'(¢n) 1 .
X{ﬂl‘iH - 'Ej - _4 V{ﬁﬁH] + m(f jl!l {"}}

X (e —
Y(ou—e) = 229 | o), 6

¢
and ¢ — 0. The quantity A(dp) encodes the near-boundary behavior of the model. We
assume L’V (@) ~ —12 + Ligﬁ ¢* for & — ¢p = 0 which results in A(¢y) = 'ﬂf_‘ﬁd‘:‘, whereby

we have set LA = 1 [13] and, as usual, L*M? = A(A — 4). We consider 2 < A < 4.

VIE veEl U c ric U - U allv
B. Kampfer | Institute of Radiation Physics | www.hzdr.de




adjusting potentials (phi self-interaction)

fit fit
1E ] ] || || ]-E || || ] ||
QCD
0.8} 0.8} -
V‘IV
0.6F 0.6 -
0.4} 0.4} -
0.2} 0.2 -
v_s"2
0.0 0.0 oguia]  0-1 T/TC
) 0 8 10
dream: lattice QCD thermodynamics = V(phi)
outlook: mu > 0 & phase diagram a la deWolfe, Gubser, Rosen
an YETR—
e ) MR
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3. Longitudinal Dynamics

(i) CF freeze-out

10}
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f(.¥) = 7 cosnly - a(x).

N _ AL /
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=10 -5

2000

g(x, y) = sinh(x — y) &, 7¢(x) + 7¢(x) cosh(x — y).

10 -10

1500 +

S| 1000}

500+

Tf = 140 MeV

)
-~10

10

Milne coordinates

data: ALICE, PLB (2013) Pb + Pb, sqrt(s_NN) = 2.75 TeV

.
) MeDn
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(1) dynamics & fiir |x| < a,
1'E:(‘;rl:lr X) = 4 . 2
goe~Px=asianG))”  fiir |x| > a,
P \
Initial conds. r 3
X fiur |x| < a,
a0, x) = 4

x+ bsign() (0.1 (X[ - a)2+1-1) firlx| 2 a,

2000 . ; , , i _
' reminder:
Bjorken flow: €(7)
1500 . a=y
S| 1000} -
v_s"2 =1/3
‘ tau 0=0.5fm/c \
sook < eps_0 = 100 MeV/fm"3 \
I EEC—i— L, e P e~ = R 'L.. R
D—E -4 -2 0 2 4 6 DRESDEN \ s
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next step: inverting a heavy-ion collision ala Stephanov, Yin (2014)

reformulate hydro in T, alpha coordinates
- Chauchy problem from freeze-out into past
supposed (i) viscosities are small

(i) 1+1 dynamics is applicable

1 + 1 hydro (two 1st order pDEs) = Chalatnikov eq. (one 2nd order pDES)

£ .

' - N ——
e, Fer
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Summary/Outlook

- photon emissivities: phase structure - rates,
adiabatic expansion trajectories
+ phase mixture

- 1-dilaton holography: lattice QCD -> V(phi) = viscosities,

Improvements: 2-field model with

chiral condensate, non-zero mu
- dN/dy (ALICE) - f.o0. hypersurface

Improvements: more dynamics + E0S

DDDDDDD
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