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Introduction

Color Glass Condensate

« Early times (r < 0.1fm/c) semi-hard ( ()s) gluons dominate.
* Coupling is weak (as(Qs) < 1) but high occ. number ~ 1/a.
» Effectively described by classical Yang-Mills fields (glasma).

[picture from: Gelis,lancu,Jalilian-Marian and Venugopulan (1002.0333)]

Holographic Heavy lon Collisions

» HICs from colliding grav. shock waves on AdS5.
 N=4 SYM theory at infinite coupling, not QCD.

« Fast hydrodynamization.

* [nitial conditions?

[picture from: Chesler and Yaffe (1011.3562)]

Semi-holographic model realizes a self-consistent coupling between the Yang-Mills
fields of the Color Glass Condensate and a strongly coupled AdS/CFT sector.

[proposed by: lancu and Mukhopadhyay (1410.6448)
developed further by: Mukhopadhyay,Preis,Rebhan and Stricker (1512.06445)]
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Combined Action

Combined action describing interaction between hard and soft modes

S = Sym + Werr [gwaqb(b)a x®].

Classical Yang-Mills part describing the hard sector
4_. /[
SYM—_W d*x TI' FM,/F'MV

The generatln% functional W pr describes a marginally deformed CFT in presence of
the sources (¢'?), »® (), which are gauge invariant functions of the Yang-Mills fields.

1
(b) — g;w + -Q%l-t/w by = ﬁTr(FuaFa 4gu o Fa Faﬁ) (EMT)
1
o) = éh h = i (Eu FHY) (Lagrangian density)
1 .
(b) _ %a a = N Tr(F,, F") (Pontryagin density)

dimensionless couplings (, 3,) are free parameters of the model
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Bulk Fields in the Holographic Sector

The sources (gg’,,), qb(b), x(b)) couple to the energy momentum tensor (7,,), the glueball
operator () and the topological charge density operator (A) of a holographic CFT.

The bulk fields dual to these operators are the metric (G5, 7), the dilaton (¢) and the
axion (X) which have the following Fefferman-Graham expansion

13

-

12 4G
Guv = (QZVM + &tuv +. o+ 2t ( 2T+ XW> +O(z* 1ogz)>
~— (holographic EMT)

9%
ﬁ 47TG5
¢=——h+...+2 E H I+ O
—— (Lagrangian density operator)
¢(b)
o) 4G
X=—za+...+z E 2 AH 0%
—— (topological charge density operator)
(b)
X
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Equations of Motion

The equations of motion follow from the variation of the combined action w.r.t. AZ

A, 5Au 5600 04, T 5y OA,

The standard Yang-Mills equations are modified by the marginal CFT-operators

7-@5 L 2 5WCFT ,H _ 1 5WCFT .A _ 1 5WCFT
—g® 56 V—g® dp® J—g® ox®
D’UJF,UJ/ _ 63/41) (TMQFV %V&F(,:LVL 17'OzFuI/) _|_ é (HF,LLV) _|_ @(a A)};ﬂ/ﬂ/
where THY = \/:V_QY(ZTW, ... are tensors living in the background metric g,fyM
—4g
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Total Energy Momentum Tensor

The energy momentum tensor of the combined system contains contributions form the
classical Yang-Mills sector, the holographic sector and mix-terms

2 0S

vl SaY M

_gYM 5g,u,y

For gaM = N the mix-terms are given by

1

:T““:t“y+7'“”+mixed.

mixed = — Q4 N, TP Tr(FLEY) — STap Tr(FHPEY) + 55 0% Tr(F?)]
5 § R nl” Q v oA
—QZSLNC%TI'(F’UJ Fa)_Q—gnM ACL.
The total EMT is conserved on flat space, the holographic EMT fulfills a Ward identity
0, T" =0 V., TH = —%Hvyh with V, Levi-Civita ofg( )

[for proof see: Mukhopadhyay,Preis,Rebhan,Stricker (1512.06445)]
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Self-Consistency Loop

Generate initial guess by solving
sourceless Yang-Mills equations

D, F* =0

AH

mni

Compute sources for gravity system
b Y M Y
g/(u/) =9 + @tMV[A]
S

o® = ﬁh[A] X(b) _ @

= o Q4a[A]

{g0), 6, x )}

Solve the gravity problem with boundary

sources and extract normalizable modes

47TG5

4G
d=...+2 7;3 29 +

4G
Y=...+ 2 7;35A+

False

AH

new

{7 H, A}

Finish

True

Check Ward identity of hol. EMT

v /6 v
VMTH = —Q—ZSLHV h

and conservation of total EMT

0, T" =0

AH

new

Solve the modified Yang-Mills equation

D, F™ = J'IT,H, Al
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Example

Consider homogeneous and isotropic SU(2) Yang-Mills theory on 2+1 dimensional
Minkowski space (g, = n,,,) with dilaton coupling only (o =~ =0, 8 # 0).

In this case the Yang-Mills equations for the combined system reduce to

I5; A

DFF¢ Dy (HFu,) with Dy, =0, —iAALT®, T = 50Pqu; -

L ANY

Using temporal gauge (AS — () and locking of color and spacial indices (A,f(t) X (57?)
(plus isotropy of the EMT) reduces the gauge field to a single function of time

AL (t) = f(t)d}; .
For this choice the Yang-Mills equations simplify to a single non-linear ODE
(1= BH) " = BH [T+ X1 - BH)f°=0.
The source for the dilaton in the holography sector is given by

b)) = éh with  h = %(Vf‘* —2f"%).

Christian Ecker (TU-Wien) Utrecht, March 28, 2018 8/13




Holographic Sector

Homogeneous and isotropic AdS4 black brane coupled to a massless scalar field

2dtdz
2

ds® = —A(z,t)dt* — + S?(2,t)(dz? + dx3) ¢ = P(z,1)

<

The Einstein-Klein-Gordon system needs to be solved numerically
1 1 1
Rap — §gabR -+ Agab — §aa¢ab¢ — Zgabac¢ac¢ Dng =0

subject to boundary conditions coming from the classical Yang-Mills field
1 1/ 1(b)\2 3
A= 2L - 3(p®"2 7% 4 O(2?) S=1—-3("") 24 0(z")

¢ = ¢(b) + Z¢(b)/ + 22 (%7’[ + i(¢(b)’)3 _ %qﬁ(b)”/) 4+ 0(24)
The solution has to satisfy the Ward identity

760, _ Hgb(b)/ .
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Initial Conditions

The iterative procedure is initialized with a solution of the non-coupled (5 = 0)
Yang-Mills equation which is given by a Jacobi elliptic function.

2=0.5, C=0.2, ty=0
"+ X =0 f(t)

1.0
f() :|:4 QCSH /C')\ |t_t0|‘_1 05/\ /\
EYM = %A2f4 +(f)? pym= %)\2f4
-0.5}
Solution has constant energy: €yy = C -1.0/
On the holography side we have to set the initial energy 7°°(t = 0)and the radial
profile of the scalar field ¢(z,t = 0) on the initial time-slice in the bqu

0.4 ] . ]
All time-derivatives of the non-coupled
0.3} o solution vanish at t=0.
eym(t)

N pe(v  Ward identity fixes H(t = 0) = 0.

i A A A — @™ The initial radial profile is constant
Y A O Phoi (fo) )

/ “‘\ ’,; ““ ’;,' -\“ ;: 1‘\ ¢(/2’7 t — O) — ¢ (O) p— —/BC

5 10 15 20 25 "

Christian Ecker (TU-Wien) Utrecht, March 28, 2018 10/13



Iterations

€hol €tot 1
_ — 1st iteration
0.45 0.612
0.44; 0.610; — 2nd iteration
_ 0.608!
0.43 0.606 — 3rd iteration
0.42;
0.604 — 4rd iteration
0.41 0.602;
¢ , , , , — ¢ initial
5 10 15 20 25 5 10 15 20 25
Ward .
A constraint

1077 ui

10 20 30 10 0 10 20 30 40
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Summary

First semi-holographic simulations featuring energy exchange between classical Yang-
Mills sector and a holographic CFT.

Successful proof of principle: the semi-holographic model can be solved with an iterative
procedure.

Energy is transfered from the weakly coupled (UV) to the strongly coupled (IR) sector.

Increasing the mutual coupling, irrespective of sign, increases the rate of energy transfer.

Improve the numerics such that it is long time stable, allows for larger couplings and
smaller initial energy in the holographic sector.

Simulations for 4 dimensional Yang-Mills coupled to AdS5/CFT4 (numerically harder).
Include tensor and axion coupling.

Ultimate goal: semi-holographic shock wave collisions with CGC initial conditions.
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