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Conventional picture of QGP dynamics

hadronic gas

: described
mixed phase by hydrodynamics
QGP

pre-equilibrium stage

[Heller, Janik, Peschanski]

Early stages: Glauber, CGC, problem of inital conditions
Middle: low-viscosity hydrodynamics

Late: hadronization



Evidence for QGP phase: elliptic flow
vy = (cos(2¢))

| T T [ T | T | ]
ALICE VISHNU -— Pb+Pb2.76 A TeV Ij

[arXiv:1311.0157]

This scenario requires fast thermalization ~ | fm

Recent simulations cast some doubt and allow for
slower build-up of the flow
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Bjorken’s mechanism

assumption: Y =71

1 E-|—p 1 To + 21
y=glog|{ =—| ; n=;log

The boost-invariance (y-independence) of the
fluid translates into the 7] - independence of the
hadron distribution



Bjorken flow in CFT

In proper time coordinates

ds® = —dr* 4+ m%dy® + dz?

Tracelessness and conservation of 1.
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Positive energy - I <o f~TT% O0<a<4

€

Perfect conformal fluid 7. = (e +plugu, +pn P = 3

Free-streaming fluid pr =0 a=1

(weak-coupling phase)

Viscous conformal fluid Ty = (e +p)uyuy + DNy + 10,0,

_ 1
Fr)~ == 55) o=



Gravity dual of conformal Bjorken flow  [Janik, Peschanski]

Most general Ansatz with the simmetries of the flow in FG gauge

dZ2 _ea(T,z)d7_2 + TQGb(T,z)dyQ 4+ GC(T’Z)d.Q?i

ds? =
22 22

2
Assuming a scaling form V= A

Einstein’s eqgs allow a late-time expansion
a(r,2) = a(w)+0 (Ti#)
b(r,z) = bv)+0O (T—#)
o(r,2) = cv)+0 (#)



Late-time equations
v(2d (v)d (v) +a (V)Y (v) +2b (v) (v)) — 6a' (v) — 66 (v) — 12 (v) + v (v)* = 0

3vd (v)? + vt/ (v)? + 200" (v) + 4o’ (v) — 66’ (v) — 12 (v) + 20b' (v)d (v) =
2usb” (v) + 2sb (v) + 8/ (v) — vsd (V)Y (v) — 8b' (v) + vsb'(v)*+
4usc”’ (v) + 4sc (v) — 2vsd (v)c (v) + 2vsc' (v)* =0 .

Constraint (4 = 3s)a(v) + (s — 4)b(v) + 2sc(v) =0
Basis of solutions a(v) = A(v)—2m(v)
b(v) = A(v)+ (25 — 2)m(v)

A(v) = % (log(L + A(s) ") + log(1 — As) o)) . \/352 s
1 ’ ; (#)= 24
m(v) = IA(S) (log(1 + A(s) v*) —log(1 — A(s) v*))

A~® m e~ ot



Potentially singular geometry at  v* = A(s)

.9 P(v,s)
Riem” = (1 — A(s)?v8)4

4
P(U, 8) cancels the pole for s = -

The geometry becomes a black hole with a time-dependent horizon

Zh N ZQT1/3
. 1 1 1
At higher orders a(z,7) = ap(v) + ;ar(v) + Tgram@) + T_%CLQ(U) +
2 1
Regularity implies r= - Mo =

o
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pressure

1.0

(&=-3P)/T*

Deviation from conformality

W g =0 Melv ‘ ‘ll loop a;; /'\]\E:176 MeV

— NNLO HTLpt
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The study of deviations tfrom the conformal behavior in the
QGP dynamices has started only recently

Buchel, Heller, Myers||Janik, Plewa, Soltanpanahi, Spalinski|
consider the equilibration rate determined by lowest
quasi-normal modes in non-conformal theories

Einstein-scalar with

N=2*
V(¢) = cosh() + ¢* + ¢" + ¢°

Variation of the imaginary part = attenuation rate by factor of ~ 2

14



Ishii, Kiritsis, Rosen| consider thermalization after a quench

and are mostly interested in the dependence on the quench

parameters

10
1.
0.1+

§(Tyyx) 001
0.001¢

1074 L

107

10°

104,

<Ttt> 100+

0.01

—
T

’
C
.
.
*
.
o*
.

10*




Bottom-up non-conformal models [Gursoy, Kiritsis...]

Einstein-dilaton gravity

s— 1 [ woy= (R _ §(8¢)2 + V(@)) _ 1 /8 Qo =7 K

T K2

The potential can be tuned to reproduce the beta-function

For asymptotically AdS UV V=Vo+umA+uv+...

For confinement in the IR V ~ A9(log \)¥
Q>4/3orQ =4/3,P >0

Confinement <<= finite-T transition between thermal
gas and BH



We consider a simple setup with an exponential potential

8 I !
V= Vo(l — X2)e 35X X <0 (confining for X < D) )

For X > 1 analytic BH solution [Chamblin,Reall]

2
2 2A(u) 2 i 7.7 du’
ds” =e (= f(u)dt® + &;jdx'da’) +
f(u)
e = eAo\sx fo=1— a5
— o — LA
A=e (01 4X 5)
Thermodynamics 8= wﬁe_AOC; -
1 — X2
X2 4(1-Xx2)
—TF = E +3F = 3¢, (T¢) 1=ax>

1 — X2



Boost-invariant CR flow

(1 — X?)

iy ]
Trace condition ~Tor + 5Ty + 2T = —¢ T* (=

T,, = diag (6(7’), —730,€ — T%€, e+ g@TE — ng, €+ g@TE — §T§>

Assuming 7 =17, the energy is determined

4 cTs

€(T) = €7 3 + 1 3&67‘_0‘g

4
If <3 the trace anomaly determines the

late time behaviour




Ansatz for metric and dilaton

ds? = 7 Tax? (dz2 — e ®Wdr? 4 W r2qy? 4 6C(v)d$i)

3X 2z
A= 2z 1-4x2¢ A1(v) vV =
Ts/4

Complicated system of equations for late time...

Basis of solutions

(v) = —2(1—4X?) m(v) + 2Xn(v)

(v) = A(v) +2 (s — 1 +4X?) m(v) + 2Xn(v)
c(v) = A(v) — (s — 2+ 8X?) m(v) — 2Xn(v)

(v) = S XA) (

The equations decouple

2 1

Alw) = ;w —3 log m/(w) + const. n(w) = Kk m(w) + const.

1 —4X?

w=loguv, X= T 52




The remaining equation for m(v) can be integrated and a closed
form can be found for v(m)

Using ™M as radial coordinate yields a simple form for the metric

2
s S 2 25+2K
ds* ~ 7 20-4x3) {73/2 (TX (e23m — 1) =xZ ¢ 1-x2 " dm?

. 1 S+4K m
+ (625771 . 1) 2(1—X2) . 62(1_X2) €—2X’rnd7_2

S+4K ) m

722X T elsmm gy 2 4 e%me(zxs)mdazi] } :

S, K constants depending on S, K

IR regularity at m — o0 requires

S =

Q| W~

(1—4X%)|, k=0

For these values the metric is that of a BH with a moving horizon

20



The dual stress-energy tensor can be obtained by holographic
renormalization in 5d, or more easily lifting the solution by a
generalized dimensional reduction

S ! / Az 2~y /g (R — 2A>

B 1671'@]\[
Reducing on Rt x 7204 ds = e 19 dg? 4 200y
s 4Woo—d 5 4/d—1 o _ d — 4(d — 1)%z?
CBd-Do—1)  \BRe-D20—d) 3 —4(d — 1)a?
201271
. .« . 1% - S 11%
The uplifted metric is AAdS (T )20 = 167G J6o)

T,uz/ consistent with perfect fluid and e(T) ~ 73 (1=X7)

leading w.r.t. the conformal form

21



Conclusions

We found an analyitic solution describing the late-time
behavior of a class of hon-conformal theories

Our results indicate that the deviation from conformality
results in a slower relaxation to equilibrium, slightly different
than results from quasi-normal modes

1
The relaxation stops at the critical case X =-5

2
separating confining from non-confining theories,
beyond this a new Ansatz may be needed, perhaps

describing relaxation towards the critical temperature

22



Extensions

Higher-order terms and viscosity

Early-time dynamics

Corrections to boost-invariance and isotropy
Critical confining case

Models with two potentials

Matching with AdS UV

23



Thank you



