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Supersymmetry

If symmetry of Nature
AdS/CFT duality

supersymmetric plasma 
is a physical object

strongly couled
N = 4  super Yang‐Mills

QCD vs. super Yang‐Mills?

weakly coupled
gravity in AdS
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MotivationMotivation



Does rudimentary SUSY induce 
instabilities in fermionic sector?

QED PLASMA SUSY QED PLASMA

There are unstable 
photon modes

Are there unstable 
photino modes?

SUSY
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MotivationMotivation contcont..



Bigger projectBigger project

A systematic comparison 
of supersymmetric plasma systems 

to their non‐supersymmetric counterparts
in a weak coupling domain

A. Czajka & St. Mrówczyński, arXiv: 1203.1856 [hep‐th]

A. Czajka & St. Mrówczyński,  Physical Review D83 (2011) 065021
A. Czajka & St. Mrówczyński,  Physical Review D84 (2011) 105020

SUSY 
QED

N=4 super Yang‐Mills
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Lagrangian ofLagrangian of NN=4 super=4 super YangYang‐‐MillsMills



QGP N=4 SYMP

energy density ‐ ε

particle density ‐ n

Debye mass ‐mD
2

plasma parameter ‐ λ
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BasicBasic plasma characteristicsplasma characteristics
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CCollective modesollective modes
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0)()]([ 2 =Π−− kAkkkgk ν
µννµµν

0)](det[ 2 =Π−− kkkgk µννµµν

Equation of motion of  gluon field Aμ (k)

Dispersion equation

),( kωµ ≡k

Collective modes ‐ solutions: )(kω

Gluon dispersion equationGluon dispersion equation

Πµν – retarded polarization tensor encodes gluon interaction with surrounding plasma



0)](det[ =Σ− kk µ
µγ

Fermion field

Scalar field

0)(2 =+ kPk
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Fermion Fermion && scalar dispersion equationsscalar dispersion equations



Description of non‐equilibrium many‐body systems

c1
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Contour Green function of scalar field

T~ ‐ ordering along the contour
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KeldyshKeldysh––Schwinger formalismSchwinger formalism



KeldyshKeldysh––SchwingerSchwinger Green functionsGreen functions
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Unordered functions – phase‐space densities

),( yxG> ),( yxG>

),( yxG<

),( yxGc

),( yxGa

Ordered functions – propagators



Dyson–Schwinger equation

DDDD Π−= 00

Full contour 
propagator

Free contour 
propagator

Contour 
polarization 

tensor

)(),( yxDyxD −= homogeneity, translational invariance
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PolarizationPolarization tensortensor
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Lowest order contributions toLowest order contributions to ПП

Contour–ordered Green functions have perturbative 
expansion similar to that of time‐ordered Green functions

gluon

fermion

scalar

ghost. . . . 



FermionFermion‐‐looploop contribution tocontribution to ПП

Contour polarization tensor

)],(),(Tr[),( 2 xySyxSNigyx abcab
νµµν γγδ−=Π

x y
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From contourFrom contour toto retarded retarded ПП

( ) )],(),(Tr[),( 2 xySyxSNigyx abcab
νµµν γγδ−=Π

Contour polarization tensor

Unordered polarization tensor
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FermionFermion‐‐looploop contribution tocontribution to ПП++
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ContributionsContributions to to ПП inin NN=4 SYM=4 SYMPP
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Wavelength of a quasi‐particle is much bigger 
than inter‐particle distance in the plasma

d>>λ

d

λ
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Hard Loop ApproximationHard Loop Approximation



µµ pk <<collective modescollective modes

The only dimensional parameter  in free ultrarelativistic equilibrium 
plasma is temperature T. 

||~1 k
λ

33
3 |~|~1~ pT
d

ρ

wave vector of  collective mode

momentum of  plasma constituent||~1 p
d
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Hard Loop ApproximationHard Loop Approximation contcont..

particle density



the same structure as in QED and QCD

symmetric

transversal
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HL HL ppolarizationolarization tensortensor
µµ pk <<

Effects of SUSY
• vacuum contribution vanishes (Π(k) = 0  for  f(p) = 0)
• the coefficients in front of the distribution functions are the numbers of dof
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The fermion self‐energy has the same structure  for the N=4 SYM, 
SUSY QED and usual QED plasma
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Fermion selfFermion self‐‐energyenergy
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• independent of k
• vanishes in the vacuum limit

Scalar self‐energy: 
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Scalar selfScalar self‐‐energyenergy
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Hard loop effective actionHard loop effective action



Structure of each self‐energy is unique
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The structure The structure of eachof each term term of the effective action appears to be uniqueof the effective action appears to be unique
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From effective actionFrom effective action toto selfself‐‐energiesenergies



The spectrum of collective excitations of gauge bosons 
in N=4 super Yang‐Mills, QCD, QED 
and SUSY QED plasma is the same

There is a whole variety of possible collective excitations, 
there are unstable modes

0)](det[ 2 =Π−− kkkgk µννµµν

Dispersion equation

),( kωµ ≡ksolutions: )(kω
The structure of

• coincides with the gluon polarization tensor of QCD plasma
• such as of  QED and SUSY QED plasma

)(kµνΠ
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Gauge bosons collective modesGauge bosons collective modes



The structure of fermion self‐energy is

• such as of quark self‐energy in QCD plasma
• such as of QED and SUSY QED plasma

There are identical spectra of collective excitations 
of fermions  in all systems

No unstable modes found!
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Fermion collective modesFermion collective modes

Supersymmetry does not change anything



The self‐energy is independent of momentum, negative and real

meff is the effective scalar mass

2
eff)( mkP −=

The solutions of dispersion equation

22
eff p+±= mEp
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Scalar collective modesScalar collective modes
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CCollisional characteristicsollisional characteristics



S. C. Huot, S. Jeon, and G. D. Moore, Phys. Rev. Lett. 98, 172303 (2007) 30

Elementary processesElementary processes

Coulomb‐like scattering



Collisional processes

transporttransport properties of ultrarelativistic plasmaproperties of ultrarelativistic plasma

Temperature T is the only dimensional parameter

Coulomb‐like scatterings dominate the interaction

14

3

ln
~ −gg

Tη

S. C. Huot, S. Jeon, and G. D. Moore, Phys. Rev. Lett. 98, 172303 (2007)
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Transport Transport coefficientscoefficients

shear viscosity



areare notnot constrainedconstrained byby dimensional argumentsdimensional arguments

K,,,~ 22 EETT
dx
dE

dependdepend on aon a specific scattering process under considerationspecific scattering process under consideration

K,,,,~ˆ 3223 ETEETTq
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Energy loss Energy loss && momentum broadeningmomentum broadening

E – energy of test particle



MMomentum broadeningomentum broadening

Radiative energy loss of a fast parton is controlled by

dt
tpd

q T )(
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≡ Baier, Dokshitzer, Mueller, Peigne & Schiff 1996
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Elementary processesElementary processes inin SUSY QEDSUSY QED



A selectron is traversing an equilibrium photon gas.
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Energy loss and momentum Energy loss and momentum 
broadening inbroadening in SUSY QEDSUSY QED
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Energy lossEnergy loss forfor contact interactioncontact interaction

Energy lossEnergy loss forfor CoulombCoulomb‐‐like interactionlike interaction
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E. Braaten and M. H. Thoma, Phys. Rev. D 44, 1298 (1991)
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Comparison with CoulombComparison with Coulomb‐‐like like 
interactioninteraction



Contact Coulomb

energy change in
single collision

cross section

density

inverse mean 
path

energy loss
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Different interactions leadDifferent interactions lead toto thethe samesame energy lossenergy loss!!
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Energy lossEnergy loss



The collective modes of The collective modes of  NN==44 supersuper YangYang‐‐Mills Mills  plasma plasma 
are the sameare the same asas those ofthose of QGPQGP

• There are no unstable There are no unstable fermionfermion modesmodes

•• The structures of selfThe structures of self‐‐energies appear to be uniqueenergies appear to be unique

TThe he transporttransport characteristics of  characteristics of  SUSYSUSY plasma are similarplasma are similar
toto those ofthose of QGPQGP

Both systems are very similarBoth systems are very similar toto each other each other 
in the weak coupling regimein the weak coupling regime!!
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ConclusionsConclusions


