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Need a rigorous  
understanding of  
the initial state

Fluid dynamics apparently 
describes the bulk observables 
in heavy ion collisions

? ? ?

Final results are strongly dependent 
on the initial state and  
its fluctuations

H E AV Y  I O N  C O L L I S I O N S ,  F L U I D  
D Y N A M I C S  A N D  T H E  I N I T I A L  S TAT E



• Gluon number increases with decreasing gluon momentum 

• Gluon saturation at  

• Strong fields with occupation  
Classical description possible 

• IP-Sat model parametrizes  
(simple way to include impact parameter dependence) 

• Fit parameters to HERA diffractive data  

C O L O R  G L A S S  C O N D E N S AT E   
I N I T I A L  S TAT E
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B . S C H E N K E ,  P. T R I B E D Y,  R . V E N U G O PA L A N ,  P R L 1 0 8 ,  2 5 2 3 0 1  ( 2 0 1 2 ) ,  P R C 8 6 ,  0 3 4 9 0 8  ( 2 0 1 2 )
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• Sample nucleon positions from Woods-Saxon distribution 

• Add all (Gaussian) thickness functions  

• Extract                 and get color charge density distributions

C O M P U T I N G  T H E  I N I T I A L  S TAT E
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C L A S S I C A L  G L U O N  F I E L D S

Solution in covariant gauge or A-=0 gauge:

Jμ1 = �μ+�1(x�,x�) Jμ2 = �μ��2(x+,x�)

[Dμ, Fμ� ] = J�
1 [Dμ, Fμ� ] = J�

2

A+
cov(x

�,x�) = �g�1(x�,x�)

�2
� +m2

Solution in lightcone gauge:

A+
(1,2)(x�) = A�

(1,2)(x�) = 0

Ai
(1,2)(x�) =

i
g
V(1,2)(x�)�iV

†
(1,2)(x)

m � �QCD

Sample color charges                      - SU(3)�(1,2)(x±,x�)
M C L E R R A N ,  V E N U G O PA L A N ,  P H Y S . R E V.  D 4 9  ( 1 9 9 4 )  3 3 5 2 - 3 3 5 5  



G A U G E  F I E L D S  A F T E R  T H E  C O L L I S I O N
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B . S C H E N K E ,  P. T R I B E D Y,  R . V E N U G O PA L A N ,  P R L 1 0 8 ,  2 5 2 3 0 1  ( 2 0 1 2 ) ,  P R C 8 6 ,  0 3 4 9 0 8  ( 2 0 1 2 )

x x- +
t

z
Aµ

(1) Aµ
(2)

Aµ
(3)

Aµ
(4)=0

pure gauge pure gauge

=?

C O N F I G U R A T I O N  I N  
S C H W I N G E R  G A U G E

Solution:
Ai

(3)|�=0+ = Ai
(1) + Ai

(2)

A�
(3)|�=0+ =

ig
2 [Ai

(1),A
i
(2)]

We solve for the gauge fields 
numerically
K R A S N I T Z ,  V E N U G O PA L A N ,  N U C L . P H Y S .  B 5 5 7  ( 1 9 9 9 )  2 3 7

Time evolution follows free Yang-Mills equations



M U LT I P L I C I T Y  D I S T R I B U T I O N S
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T R A N S V E R S E  E N E R G Y  D I S T R I B U T I O N
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At fixed impact 
parameter, the 
multiplicity and 
energy distribution is 
given by a negative 
binomial 

A L S O  S E E  F.  G E L I S ,  T.  L A P P I ,  L .  M C L E R R A N ,  N U C L . P H Y S .  A 8 2 8  ( 2 0 0 9 )  1 4 9 - 1 6 0



• Compute energy-momentum tensor  
of the gluon fields 

• Extract energy density and flow vector via 

• This provides the initial conditions  
for fluid dynamic simulations 

• In first calculations used 

• We can also match the shear viscous tensor

I N I T I A L  S TAT E  A N D  F L U I D  D Y N A M I C S
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C . G A L E ,  S . J E O N ,  B . S C H E N K E ,  P. T R I B E D Y,  R . V E N U G O PA L A N ,  P H Y S . R E V. L E T T.  1 1 0 ,  0 1 2 3 0 2  ( 2 0 1 3 )

/ê�

Õê/ê� = �Õ�

�ê� = �



E V E N T- B Y- E V E N T  F L U I D  D Y N A M I C S

• Evolve many initial shapes using viscous fluid dynamics 

• Convert energy density to particles (“freeze-out”) 

• Determine     coefficients of particle distributions 

• Average and compare to experimental data

10

C . G A L E ,  S . J E O N ,  B . S C H E N K E ,  P. T R I B E D Y,  R . V E N U G O PA L A N ,  P H Y S . R E V. L E T T.  1 1 0 ,  0 1 2 3 0 2  ( 2 0 1 3 )

Û�



F L O W  H A R M O N I C S
C M S  C O L L A B O R A T I O N ,  P R C  8 7 ( 2 0 1 3 )  0 1 4 9 0 2 ,  A R X I V: 1 3 1 0 . 8 6 5 1

Û�
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E V E N T- B Y- E V E N T  F L O W
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A T L A S  C O L L A B O R A T I O N ,  J H E P  1 3 1 1  ( 2 0 1 3 )  1 8 3  
C .  G A L E ,  S .  J E O N ,  B . S C H E N K E ,  P. T R I B E D Y,  R . V E N U G O PA L A N ,  P R L 1 1 0 ,  0 1 2 3 0 2  ( 2 0 1 3 )
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E V E N T- B Y- E V E N T  F L O W
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A T L A S  C O L L A B O R A T I O N ,  J H E P  1 3 1 1  ( 2 0 1 3 )  1 8 3
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G O I N G  3 D

B j ö r n  S c h e n k e ,  B N L

E X I S T I N G  3 D  I N I T I A L  S TA T E  M O D E L S  A R E  V E R Y  S I M P L I S T I C  
N O W  D O  A  F I R S T  P R I N C I P L E S  3 D  C A L C U L A T I O N  U S I N G   
C L A S S I C A L  YA N G - M I L L S  +  Q C D  J I M W L K  E V O L U T I O N



3 D  G L A S M A  I N I T I A L  S TA T E
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R A P I D I T Y

B .  S C H E N K E ,  S .  S C H L I C H T I N G ,  P R C 9 4 ,  0 4 4 9 0 7  ( 2 0 1 6 )  



3 D  G L A S M A  I N I T I A L  S TA T E
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B .  S C H E N K E ,  S .  S C H L I C H T I N G ,  P R C 9 4 ,  0 4 4 9 0 7  ( 2 0 1 6 )  

R A P I D I T Y

ξ is Gaussian noise with zero average and

Rapidity evolution of Wilson lines in Langevin form:

Kmod
x�z = m|x � z|K1(m|x � z|) x � z

(x � z)2

The JIMWLK Kernel is modified to avoid infrared tails: 

H .  W E I G E R T,  N U C L .  P H Y S .  A  7 0 3 ,  8 2 3  ( 2 0 0 2 ) .  
T.  L A P P I  A N D  H .  M A N T Y S A A R I ,  E U R .  P H Y S .  J .  C  7 3 ,  2 3 0 7  ( 2 0 1 3 )



3 D  G L A S M A  I N I T I A L  S TA T E
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G L U O N  F I E L D S  I N  A  N U C L E U S  A T  D I F F E R E N T  x :

Y = −2.4 (x ≈ 2×10−3)        Y = 0 (x ≈ 2×10−4)        Y = 2.4 (x ≈ 1.6×10−5)

B .  S C H E N K E ,  S .  S C H L I C H T I N G ,  P R C 9 4 ,  0 4 4 9 0 7  ( 2 0 1 6 )  



3 D  G L A S M A  I N I T I A L  S TA T E
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• C O L L I D E  T W O  J I M W L K  E V O LV E D  N U C L E I  

E N E R G Y  D E N S I T Y

B .  S C H E N K E ,  S .  S C H L I C H T I N G ,  P R C 9 4 ,  0 4 4 9 0 7  ( 2 0 1 6 )  



G L U O N  R A P I D I T Y  D I S T R I B U T I O N
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B .  S C H E N K E ,  S .  S C H L I C H T I N G ,  P R C 9 4 ,  0 4 4 9 0 7  ( 2 0 1 6 )  

E X P E R I M E N TA L  D A TA :  
A L I C E ,  P H Y S .  L E T T.  B  7 2 6 ,  6 1 0  ( 2 0 1 3 )

Gluon multiplicity relative 
to its value at Y = 0  
m = 0.4 GeV 

Dashed lines show results 
from three single events for 
each value of the coupling 
constant.



3 D  G E O M E T R Y
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B .  S C H E N K E ,  S .  S C H L I C H T I N G ,  P R C 9 4 ,  0 4 4 9 0 7  ( 2 0 1 6 )  



D E C O R R E L A T I O N  M E A S U R E
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B .  S C H E N K E ,  S .  S C H L I C H T I N G ,  P R C 9 4 ,  0 4 4 9 0 7  ( 2 0 1 6 )  

E X P E R I M E N TA L  D A TA :  C M S  C O L L A B O R A T I O N ,  P H Y S .  R E V.  C  9 2 ,  0 3 4 9 1 1  ( 2 0 1 5 )



D E C O R R E L A T I O N  M E A S U R E
B .  S C H E N K E ,  S .  S C H L I C H T I N G ,  P R C 9 4 ,  0 4 4 9 0 7  ( 2 0 1 6 )  

T O R Q U E :  P.  B O Z E K  A N D  W.  B R O N I O W S K I ,  P H Y S .  L E T T.  B  7 5 2 ,  2 0 6  ( 2 0 1 6 )  
A M P T:  L . G .  PA N G ,  H .  P E T E R S E N ,  G . Y.  Q I N ,  V.  R O Y,  A N D  X . N .  W A N G ,  E U R . P H Y S . J . A 5 2 ,  9 7  
3 D M C G :  A .  M O N N A I  A N D  B .  S C H E N K E ,  P H Y S .  L E T T.  B  7 5 2 ,  3 1 7  ( 2 0 1 6 )  
E X P E R I M E N TA L  D A TA :  C M S  C O L L A B O R A T I O N ,  P H Y S .  R E V.  C  9 2 ,  0 3 4 9 1 1  ( 2 0 1 5 )



Q U A N T U M  F L U C T U A T I O N S  
( N O W  I N S TA B I L I T I E S ! )

23

Quantum fluctuations beyond the logarithmically 
enhanced contribution should be taken into account 

At one-loop level these fluctuations only enter in the 
initial state, not the time evolution 

Full 3-dimensional Yang-Mills simulations can be 
performed - they will include instabilities and a  
possible way to isotropization 



C L A S S I C A L  S TA T I S T I C A L  S I M U L A T I O N S
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Initial condition: 
Sum of the LO classical field Aμ and a fluctuating part

Alternative: 
Classical gluon gas with distribution f(k) 
no non-fluctuating part

T. Epelbaum, F. Gelis, Phys.Rev.Lett. 111 (2013) 232301

J. Berges, K. Boguslavski, S. Schlichting, and R. Venugopalan, Phys. Rev. D89, 074011 (2014)



The two initial states describe very different systems, 
despite their similarity: 

• The flat spectrum of fluctuations on top of a classical 
field describes a quantum coherent state 
Combined with classical time evolution leads to  
results that are very sensitive to the ultraviolet cutoff  

• The compact spectrum describes an incoherent  
classical state

C L A S S I C A L  S TA T I S T I C A L  S I M U L A T I O N S
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T. Epelbaum, F. Gelis, Phys.Rev.Lett. 111 (2013) 232301

J. Berges, K. Boguslavski, S. Schlichting, and R. Venugopalan, Phys. Rev. D89, 074011 (2014)



First approach at coupling g=0.5 
leads to fast isotropization, but  
strong dependence on UV cutoff 

Second prescription has been used 
at much smaller coupling and  
extrapolated - no fast isotropization  
seen 

Generally issues with  
renormalizability 

P L A S M A  I N S TA B I L I T I E S

26

-1

0

1/3
1/2

+1

0.1 1.0 10.0

1

Qs τ

τ   [fm/c]
0.01                          0.1

10.0 20.0 30.0 40.0

2 3 4
  

PT / ε

PL / ε

LO

g=0.5

T. Epelbaum, F. Gelis, and B. Wu, Phys. Rev. D90, 065029 (2014)

T. Epelbaum, F. Gelis, N. Tanji, and B. Wu, Phys. Rev. D90, 125032 (2014)
J. Berges, K. Boguslavski, S. Schlichting, and R. Venugopalan, Phys. Rev. D89, 074011 (2014)



S U M M A R Y
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• Fluctuating initial state for high energy collisions well 
described in classical Yang-Mills picture 

• Extension to non-boost-invariant framework underway 

• Simulation of fully 3+1 dimensional dynamics including 
quantum fluctuations not conclusive  
due to issues with ultraviolet cutoff dependence 

• Should include quantum fluctuations without sacrificing 
renormalizability. 2-particle irreducible approximation of the 
Kadanoff-Baym equations can achieve this. Also kinetic theory 
can be used to study effect of quantum fluctuations.
Y.  H A T TA  A N D  A .  N I S H I YA M A ,  N U C L .  P H Y S .  A 8 7 3 ,  4 7  ( 2 0 1 2 )  
A .  K U R K E L A  A N D  Y.  Z H U ,  P H Y S .  R E V.  L E T T.  1 1 5 ,  1 8 2 3 0 1  ( 2 0 1 5 )



H A P P Y  B I R T H D A Y,   
S TA N I S ŁA W !

28



B A C K U P
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D E F O R M E D  N U C L E I
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Mult/  Mult 

MC-Glauber+NBD U+U
MC-Glauber+NBD def. Au+Au
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• Select ultra-central 
events based on  
neutrons in the ZDC 

• Study correlation  
between    and multiplicity  

• MC-Glauber gets 
(anti-)correlation 
because of          in
` 
`�

= �pp

�
Ý coll + (� � Ý) part

�
�

 coll

• IP-Glasma finds weaker anti-correlation

B .  S C H E N K E ,  P.  T R I B E D Y,  R .  V E N U G O PA L A N ,  A R X I V: 1 4 0 3 . 2 2 3 2  

Û�



D E F O R M E D  N U C L E I
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B .  S C H E N K E ,  P.  T R I B E D Y,  R .  V E N U G O PA L A N ,  A R X I V: 1 4 0 3 . 2 2 3 2  

U+U, side-side U+U, tip-tip

Au+Au, side-side Au+Au, “tip-tip”

• Uranium: prolate 
• Gold: oblate



D E F O R M E D  N U C L E I
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B .  S C H E N K E ,  P.  T R I B E D Y,  R .  V E N U G O PA L A N ,  A R X I V: 1 4 0 3 . 2 2 3 2   
E X P E R I M E N TA L  D A TA :  S TA R ,  H U I  W A N G  A T  Q U A R K  M A T T E R  2 0 1 4

U+U, tip-tip
Mult: |η|<1U+U

Au+Au

Lines are model eccentricities scaled by the ratio of 
<v2> and <ε2>



L O N G I T U D I N A L  S T R U C T U R E

33 B j ö r n  S c h e n k e ,  B N L

• I N C L U D E  3 D  F L U C T U A T I N G  I N I T I A L  S TA T E   
• S T U D Y  v n  A S  F U N C T I O N  O F  R A P I D I T Y  
• C A N  C O N S T R A I N  R A P I D I T Y  D E P E N D E N C E  O F  η / s  
• W I L L  N E E D  T H I S  F O R  S I M U L A T I O N S  O F  B E S @ R H I C

L O N G I T U D I N A L  D I S T R I B U T I O N :  
I M P L E M E N T  A N  M C  V E R S I O N   
O F  T H E  LEXUS  M O D E L

S. JEON AND J. KAPUSTA, PRC56, 468 (1997)

R A P I D I T Y  D I S T R I B U T I O N S  I N  
H E A V Y  I O N  C O L L I S I O N S   
F O L L O W  V I A  L I N E A R  
E X T R A P O L A T I O N  F R O M   
P + P  C O L L I S I O N S  

A .  M O N N A I ,  B .  S C H E N K E ,  P H Y S .  L E T T.  B 7 5 2 ,  3 1 7 - 3 2 1  ( 2 0 1 5 )

E N E R G Y  D E N S I T Y  ( U P P E R )  
B A R Y O N  D E N S I T Y  ( L O W E R )



C O N S T R A I N I N G  η / s  v s .  T E M P E R A T U R E

34 B j ö r n  S c h e n k e ,  B N L

G .  D E N I C O L ,  A .  M O N N A I ,  B .  S C H E N K E ,  P H Y S .  R E V.  L E T T.  1 1 6 ,  2 1 2 3 0 1  ( 2 0 1 6 )
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C O N S T R A I N I N G  η / s  v s .  T E M P E R A T U R E

35 B j ö r n  S c h e n k e ,  B N L
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E X P  D A TA :  P H O B O S  C O L L . ,  B . B .  
B A C K , E T  A L . ,  P H Y S . R E V.  L E T T.  9 4  
( 2 0 0 5 )  1 2 2 3 0 3

CONCLUSIONS: 
η/s IS NOT CONSTANT    HADRONIC η/s IS LARGE    QGP η/s CANNOT RISE QUICKLY 
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