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outline

• motivation: patterns of radiation

• gauge/gravity duality

• synchrotron radiation

• outlook



• accelerated charge radiates

➡ total power radiated (energy loss)

➡ free propagation of radiation 
(distribution of power)
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radiation in classical electrodynamics

analogy in strongly coupled gauge theories?
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factorization in jet production 

‣ hard production process

‣ showering

‣ hadronization

radiation in gauge theories? - jets

e+e− → γ∗ → hadrons

understanding from first principles challenging?

➡ guidance from other approaches?



conformal collider physics
D. Hofman, J. Maldacena [arXiv:0803.1467]

study decay of off-shell bosons in a 
strongly coupled CFT

strongly
coupled

CFT

�E(r̂)� = lim
r→∞

r2

�
dt�ψ(t)|r̂ · S|ψ(t)�

�E(r̂)E(r̂�)� = . . .

quantities of interest:

transformations Q transforms as a field of conformal dimension two. We can similarly

compute energy and charge correlation functions. One can also easily consider non-abelian

global symmetries, and measure the components of various charges, as long as we do not

put two charge insertions at the same point.

Now let us make some remarks on the operator ordering. Since the energy flux op-

erators commute with each other for different θ, then, it does not matter how they are

ordered. However, it is important that they are inserted between the operator, O, that

creates the state and the one annihilating it, as in (1.2). This is the standard ordering

when we compute expectation values. If we use perturbation theory to compute them it

is important that we do not use Feynman propagators since those are for time ordered

situations. However, to do perturbation theory it is very convenient to use Fenymann

propagators. In such a case we have to be careful to remember that we should use the in-

in [20,21] formalism to evaluate the expectation value. This consists in choosing a contour

that starts with the initial state, goes forward in time to the times where the stress tensor

operators are evaluated and then goes backwards in time.

In a conformal field theory we could also consider the following. Minkwoski space can

be mapped to a finite region of R×S3. In fact, R×S3 can be split into an infinite number

of regions, each of which is mapped to Minkowski space. In that case we can consider one

of the regions as the original Minkowski space and the region immediately to the future

as the region parametrizing the part of the Schwinger-Keldysh contour that goes back in

time, as long as we transform the wavefunction of the in state in the bra appropriately.

We found this picture useful for gaining intuition, but not particularly useful for doing

computations.

2.2. Small angle singularities and the operator product expansion

!

(a) (b)

Fig. 3: (a) Singularities in the energy correlation functions arise when we place
two calorimeters very close to each other, at a small angle θ. (b) At the level of

Feynman diagrams such singularities come from colinear radiation.
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key result: all N-point functions isotropic!



conformal collider physics
D. Hofman, J. Maldacena [arXiv:0803.1467]

study decay of off-shell bosons in a 
strongly coupled CFT

strongly
coupled

CFT

�E(r̂)� = lim
r→∞

r2

�
dt�ψ(t)|r̂ · S|ψ(t)�

�E(r̂)E(r̂�)� = . . .

quantities of interest:

transformations Q transforms as a field of conformal dimension two. We can similarly

compute energy and charge correlation functions. One can also easily consider non-abelian

global symmetries, and measure the components of various charges, as long as we do not

put two charge insertions at the same point.

Now let us make some remarks on the operator ordering. Since the energy flux op-

erators commute with each other for different θ, then, it does not matter how they are

ordered. However, it is important that they are inserted between the operator, O, that

creates the state and the one annihilating it, as in (1.2). This is the standard ordering

when we compute expectation values. If we use perturbation theory to compute them it

is important that we do not use Feynman propagators since those are for time ordered

situations. However, to do perturbation theory it is very convenient to use Fenymann

propagators. In such a case we have to be careful to remember that we should use the in-

in [20,21] formalism to evaluate the expectation value. This consists in choosing a contour

that starts with the initial state, goes forward in time to the times where the stress tensor

operators are evaluated and then goes backwards in time.

In a conformal field theory we could also consider the following. Minkwoski space can

be mapped to a finite region of R×S3. In fact, R×S3 can be split into an infinite number

of regions, each of which is mapped to Minkowski space. In that case we can consider one

of the regions as the original Minkowski space and the region immediately to the future

as the region parametrizing the part of the Schwinger-Keldysh contour that goes back in

time, as long as we transform the wavefunction of the in state in the bra appropriately.

We found this picture useful for gaining intuition, but not particularly useful for doing

computations.

2.2. Small angle singularities and the operator product expansion

!

(a) (b)

Fig. 3: (a) Singularities in the energy correlation functions arise when we place
two calorimeters very close to each other, at a small angle θ. (b) At the level of

Feynman diagrams such singularities come from colinear radiation.

11

key result: all N-point functions isotropic!

no jets at strongly coupling?



where does the isotropy come from?

• choice of initial conditions?

• propagation through strongly coupled vacuum?

parton branching picture: 
Y. Hatta, E. Iancu, A. Mueller [arXiv:0803.2481]

any anisotropy scrambled by successive parton branching?

{
2

Jets in QCD plasma

qq̄ created
perturbative energy loss
strongly coupled evolution

{
parton branching



Motivations from RHIC Partons at strong coupling Phenomenology Conclusions Backup

No jets at strong coupling !

No jets in e+e− annihilation at strong coupling !

weak coupling strong coupling

An isotropic distribution of soft hadrons in the detector
(similar conclusions by Hofman and Maldacena, 2008)

Rencontres QGP–France 2009, Etretat, 15–18 Septembre AdS/CFT and Heavy Ion Collisions

where does the isotropy come from?

• choice of initial conditions?

• propagation through strongly coupled vacuum?

parton branching picture: 
Y. Hatta, E. Iancu, A. Mueller [arXiv:0803.2481]

any anisotropy scrambled by successive parton branching?



a simple experiment

‣ real-time propagation

‣ power spectrum at infinity

‣ depletion of short-wavelength 
modes?

radiating source in compact domain

concentrate on theories with classical gravity dual
>exact solution for synchrotron radiation<



ads/cft

➡ classical dynamics in 5d captures dynamics of 4d QFT

Maldacena’s conjecture: 

geometrical realization / ‘dictionary’:
J. Maldacena [hep-th/9711200]

string theory on aymptotic  AdS5 ×X5 (supersymmetric) CFT4d

classical gravity large Nc , λ

4d CFTgravity in 5d

gravitational fields source for stress-energy tensor

open strings quarks

Sgravity[φ] = Sboundary
gravity [φ0] = SCFT[φ0]



the gravitational setup

AdS background:

➡ rotating string 

➡ gravitational waves               towards boundary

➡ stress-energy tensor/energy density

AdS5 radial
direction

Boundary stress

ds2 =
L2

u2

�
−dt2 + dx2 + du2

�

Xµ(σ, τ)

hµν(x)

Tµν(x) = lim
u→0

2√
−g

δSgravity

δhµν(x)

simplification: → gravitational response linearGNewton ∼ 1/N2
c



the rotating string

• Nambu-Goto action in AdS background:

• parameterization of worldsheet:

• solution (remarkable luck!):

• bonus: energy loss from flux on string

SNG = −T0

�
dtdu

�
−det(γab) , γab = GAdS

µν XµXν

Xµ = (t, R(u), π/2, φ(u) + ω0t, u)µ

R(u) =

�

R2
0 +

v2u2

√
1− v2

, φ(u) = − uω0√
1− v2

+ arctan
�

uω0√
1− v2

�

A. Mikhailov [hep-th/0305196]

E = −πu
t ≡

δSNG

δ∂uXt
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2π
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gravitational waves and gauge invariants

• linearized equations of motion for                                    from

• decomposition into helicities:

• coordinate invariance/conservation laws: only one gauge invariant per helicity required

• scalar equation

• energy density:

GMN = GAdS
MN + hMN

RMN −
1
2
GMN (R + 2Λ) = 8πGNewton trotating string

MN

hMN = htensor
a Ta

MN + hvector
a Va

MN + hscalar
a Sa

MN

∂2
uZ(u)− 5

u
∂uZ(u) +

�
−∂2

t +∇2 +
9
u2

�
Z(u) = S(u)

E(t, r) = lim
u→0

Z(t, r, u)
u3



analytic solution for energy density

• energy density via convolution:

where

• analytic solution up to        (as in electrodynamics)

• similar dependence on       as in electrodynamics

t− tret − |r− rquark(tret)| = 0

Ξ ≡ |r− rquark(tret)|− r · ṙquark(tret)
r

rquark = quark’s trajectory , r ≡ {r, θ,φ} = observer , γ = 1/
�

1− v2

tret

Ξ

E(t,x) =
√

λ

24π2γ4r6Ξ6

�
− 2r2Ξ2 + 4rγ2Ξ(tret−t) + (2γ2−4r2v2γ2ω2

0 sin2 θ+3r2γ4ω2
0Ξ2)(tret−t)2

+7rγ2ω2
0Ξ(tret−t)3 + 4γ2ω2

0(tret−t)4 + 8vγ2ω0r(tret−t)(tret−t+r Ξ) sin θ cos(ϕ−ω0tret)

�



illustration of E(t, r)
v = 1/2 v = 3/4
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Thursday, December 3, 2009

radial thickness:              , azimuthal thickness:     ∼ 1/γ3 ∼ 1/γ
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• radiation does not broaden in far 
zone!

• similar struture as classical 
synchrotron radiation

• negative energy density                          
quantum effects

behavior in far zone

v = 1/2



geometrical interpretation



geometrical interpretation

• radiation in fixed relative direction and free without broadening propagation: spiral structure
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geometrical interpretation

• radiation in fixed relative direction and free without broadening propagation: spiral structure

• radiation in cone with width     :  - when radiated in moving direction                        
radiation in cone with width     :  - otherwise
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α ∆ ∼ αR0/v − αR0 ∼ R0/γ3

∆ ∼ αR0



geometrical interpretation

• radiation in fixed relative direction and free without broadening propagation: spiral structure

• radiation in cone with width     :  - when radiated in moving direction                        
radiation in cone with width     :  - otherwise

➡
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α ∆ ∼ αR0/v − αR0 ∼ R0/γ3

∆ ∼ αR0

Lesson: - radiation more or less isotropic in rest frame (            )

- free propagation without broadening

- strong similarities to ED/weak coupling regime

α ∼ 1/γ



comparison to weak coupling and ed

• time-averaged power distributions:

• weak coupling: one vector and one scalar field 
coupling to 

• overall power radiated:
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different parametric dependence on coupling, but similar profiles

v = 0.9



summary

• gauge/gravity duality nice tool to study real-time 
evolution

• synchrotron radiation solved analytically

➡ no isotropization observed

• hope/ideas for modeling jets - also at finite 
temperature

Thank you for your attention!


