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outlook

• No jets at strong coupling! (Stress tensor of 
the expanding Maldacena dipole, Lin+ES,07)

• High energy collisions and weak-strong 
transition. Equilibraiton= BH formation. 
Transition with a jump (0bserved?)

• Two-domain model for AdS/QCD (ES 07)

Had we observed anomalous 
dimensions in strong couping already?



If colliding objects are made of 
heavy quarks moved by an 
“invisible hand” with +/- v“invisible hand” with +/- v

• Stretching strings are falling 
under the AdS gravity

• (Instability of simple scaling 
solution and numerical studies:

may be analogs of longitudinal E,B 
in weak coupling)

Calculation of the hologram



• Holographic image 
of a falling string

• (as far as we know the 
first time-dependent 
hologramm)

• T00 , Toi

• No jets!
• Yet it cannot be 

represented by 
hydrodynamical

explosion => 
anisotropic 
pressure in the 
``comoving 
frame”



Gravity dual for the heavy ion 
collisions

• AdS metric corresponds to extreme BH (mass is 
minimal for its charge and no horizon)

• As collision creates falling “debris”, they will form a 
non-extreme BH with a horizon Nastase 03non-extreme BH with a horizon Nastase 03

• Expanding/cooling fireball= departing horizon
Sin,ES and Zahed 04,

• BH is longitudinally stratching - rapidity independent example 
Janik-Peschanski 05…

• New meaning of dissipation: Relaxation=formation of a horizon 
(trapping surface) where information is lost



Gauge theory Gravity
Interaction with ultrarelativistic charge and mass, respectively

q F02

m

before after

Because of
Anti symmetry

No anti symmetry here,
Boosted tensor looks mostly longitudinal!

Energy is gravity’s source: 
so a kick is proportional not to the mass 
but to the energy of the shock
even large rapidity can be transferred
to the mass



Gravitational shocks are lens

If focussed matter is inside the trapped surface,
Black hole is formed



Entropy production 
estimates of area of trapped surface

• Gubser,Pufu and 

Yarom” Heavy ion 
collisions as that 
of two black holes







Large-b (grazing) collisions => no black hole: it 
disappears with a finite jump!                   

Do we see something similar in experiment? 
• PHOBOS data 

on multiplicity:
• Apparent jump 

between between 
pp_like and 
AA-like

• Should the 
same happen 
in pp, at 
some s? 
(question by 
G.Farrar)



• Strongly coupled 
domain with 
about constant 
coupling

• Weakly coupled 
is also 

Weak
coupling

Strong 
coupling

C
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Iis also 

approximately 
conformal 

• But one 
continuous w.f. 
describing how 
hadrons are 
distributed in size
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From bulk to boundary 
spectroscopy 

• KKSS (Katz et 
al)=> m4

2=4(n+S)
• Nice Regge 

trajectories: but trajectories: but 
outside few 
protected 
operators, why 
no anomalous 
dimensions?



Anomalous dimensions - M5

are nontrivial!



Hard processes in AdS
Polchinski-Strassler =>

Brodsky-Teramond

A is the hard bulk photon
It is about exp(-Qz) =>
Only small-z tail of psi 

• Pions can be produced by the protected
axial current but nucleons obviously have 
anom.dim and twist is >3. 

• why don’t we see anomalous powers in 
the data?

Only small-z tail of psi 
important



Hard processes in the 2-
domain picture 

weak
strong

• Twists 6,8 and a wave 
function with a jump in m5



Is the domain 
wall already 
observed?

• D.Ashery - pion => 2 jets 
(fermilab experiment)

• 2 clearly different • 2 clearly different 
regimes, wave functions upper 
plots

• Power jumps from     
6 (pQCD) => 11 or so, if 
log derivative used



Normalized ff/ff(bare power) and 
the data for pion=> 2 jets

pQCD



QCD instantons: ES 1982



• Confirmed by lattice 
about 10 years later

• As Nc=>large, 
=> delta function of the 

size



• instantons 
affect running of 

the  coupling,
in QCD and 
N=2 SYM
(from Randall, 
Ratazzi,ES,97)

actually for N=2 
SYM the SW 
answer = the 
sum of all 
instantons:
N.Nekrasov



The wall is made of the instanton liquid

• Two descriptions: quark exchange in weak 
coupling domain

• PS mesons exchange at strongly coupled 
domain

• A wall is a substitute for the ``matter brain” of 
the Sakai-Sugimoto model: chiral quarks live 
there



Summary

• AdS/QCD: include weak coupling region z<1/3 fm
• hard processes ignored anomalous dimensions: we 

should see them in experiments!
• The domain wall is made of instantons (large Nc)• The domain wall is made of instantons (large Nc)
and provides artificial “matter branes” e.g. of Sakai-

Sugimoto model
• Gravitational collisions are very different from gauge 

theory: large longitudinal kicks possible=> no jets
• 2 regimes, with and without b.h., with a jump
As a function of b and s: will it happen with pp?��



Old chiral scale of NJL 
(where 4-fermion coupling dies)

• In 1970’s QCD but Λ =1/fm=.2 GeV• In 1970’s QCD but ΛQCD=1/fm=.2 GeV

That lead to a puzzle: why dont these two 
scales match?

Furthermore,  perturbative coupling is still too small αs ∼ 1/3 to reproduce 
the strength of the NJL-type 4-fermion interaction needed to achieve 
chiral symmetry breaking. Thus, already in 1970ﾕs it was clear that 
some important physics at the scale Q ∼ Λχ was missing



Correlators which crucially 
depend on the wall

• Instantons are not • Instantons are not 
floating in the AdS bulk
(thus no divergence)

• But they are at the 
domain wall instead



Correlators which do not see 
the wall (protected casses)

• ES RMP 93 
Euclidean 
correlators from 
experiment and experiment and 
instantons: 
radical 
difference for 
V,A vs S,PS

• T.Schafer 
AdS/QCD

• 0711.0236


