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Shuryak at KITP, Nov.2004

Digression: my 1970’s answer to:
why should one collide heavy ions?

The  QCD vacuum vs the QGP

• The ``physical vacuum” is 
very complicated, 
dominated by 
``topological objects”, 
Vortices, monopoles and 
instantons

• those shift the vacuum 
energy down compared 
to an “empty” vacuum => 

• the Bag terms,

• p=#T4-B
ε=#T4+B

• The QGP, as any 
plasma, screens them 
out =>

• So, when QGP is 
produced, the vacuum 
tries to expel it

(recall here pumped out 
Magdeburg 
hemispheres

By von Guericke in 1656 
we learned at school)
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Magdeburg hemispheres 1656
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•Good equilibration (including strangeness) 
is seen in particle rations (as at SPS)

� �"	A���"����	��	�+:��	
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��	�����	�����1	

•Viscosity is the first order  O(l/L) effect, » velocity 
gradients. 

•Note: ηηηη» m.f.p.» 1/σσσσ is inversely proportional to σσσσ and is 
thus (the oldest)  strong coupling expansion tool

����������������	
���������������������������	
�����������

ππππππππ����������ΩΩΩΩΩΩΩΩ��������

������
����������������������

���������������� ���!��"


#$%&%'%()

*�+,-�!,�..�/0#�012302!456)7-�!,839�/01�9:#109;

 ������
	)��!	
�������	
����	!��"	
����
#
���	!	
"�0	��������
HH'"	��)���	
�����=���
 ����	�"	�C(	
!��"	"��"
�+εεεε �����I



��������	
�����	�����������	�������	��	���	���	���	����	��

 �!���	�"������	�����	�����	#����	$%&'(	�����������	���)	**+*,+-�. D

*�����
����+,�*�����
����+,�
+,���
���-.����/�
����
#��/�
������

��!���0�����������
�$��
�	��1�2����
��
����!����
����������������	���
#�2%%%�/���!�������/�������������������������������

� ����!�������
���
2�
 ����������
���
����
�����3

ΓΓΓΓ� 3�!����

��!�
���
���4
#

��������	����
�	����
��5�����67%&8

�9ηηηη+�	¼*+*-

$�1'����2--E.

����» $ηηηη+�.��2

Shuryak at KITP, Nov.2004

Very large cross sections are needed to 
reproduce the magnitude of v2!

Huge cross sections!!
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New QCD 
Phase Diagram, 
which includes 
``zero binding 

lines” at which σ
can be large! 
(ES+I.Zahed

hep-ph/030726)

gg
c c
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q q
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SPS

SPS low

qq

CSCM

E

H

Tc

QGP
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The lines marked RHIC and SPS show the 
paths matter makes while cooling, in 
Brookhaven (USA) and CERN (Switzerland)
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The coolest thing on Earth, T=10 nK or 
10^(-12) eV can actually produce a 

Micro-Bang !
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Shuryak at KITP, Nov.2004Shuryak at KITP, Nov.2004

Back to QCD and QGP:Back to QCD and QGP:

How How large may effective large may effective ααss be?be?

How large should it be to have bound How large should it be to have bound 
states in states in deconfineddeconfined screened QGP at screened QGP at 
T>T>TcTc? Are there evidences that such ? Are there evidences that such 
states exist?states exist?

If so, how many? What role do they play in If so, how many? What role do they play in 
global thermal quantities?global thermal quantities?
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Shuryak at KITP, Nov.2004

For a screened Coulomb potential, 
a simple condition for a bound state
• (4/3)αs (M/Md) > 1.68
• M(charm) is large, Md is only about 2T
• If α(Md) indeed runs to about .5-1, it is 

large enough to bind J/ψ till about 
T=2Tc=340 MeV 

(accidentally, the highest T at RHIC)

Shuryak at KITP, Nov.2004

Fitting F to
screened Coulomb

• Fit from Bielefld group 
hep-lat/0406036
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Shuryak at KITP, Nov.2004Shuryak at KITP, Nov.2004

There is J/There is J/ψψ at T>at T>TcTc!!

Since MatsuiSince Matsui--SatzSatz 1986 paper it was believed 1986 paper it was believed 
that even heavy that even heavy charmoniumcharmonium dissolves in dissolves in 
QGP (thus the QGP signal)QGP (thus the QGP signal)
And yet recently (2003) And yet recently (2003) AsakawaAsakawa--
HatsudaHatsuda,,KarschKarsch et al  have found, usinget al  have found, using

lattice finitelattice finite--T T correlatorscorrelators and MEM, that it and MEM, that it 
survives up to about T=2Tc survives up to about T=2Tc 

Very recently studies were extended to Very recently studies were extended to \\phiphi
And  light quark statesAnd  light quark states

Shuryak at KITP, Nov.2004

Asakawa-Hatsuda, 
T=1.4Tc
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Shuryak at KITP, Nov.2004Shuryak at KITP, Nov.2004

The pressure puzzle The pressure puzzle 
(GENERAL)(GENERAL)

0.0

0.2

0.4

0.6

0.8

1.0

1.0 1.5 2.0 2.5 3.0 3.5 4.0

T/Tc 

p/pSB

3 flavour
2 flavour

2+1 flavour

'�����=���

�����������
��������������
�����
���-��

������"-�I��	�� �
�����
���
���		�����	�������
����������������J���
��

��
���������������	���������	��

�'"��	�����	���	��	3	�"	
����	���������	��
���	!	
"���	)������	��	)��	�����	2-	
����

��A��*<�K;:�������%��
�;1� �?
�������
���������;�)�
�����
����	�����������
�

��
���
����
�����	����
�����=�����0;#��
��������%����	����-��
���������"
	����	�����%��&

<L�$�=�������
���������
��
�
	
���������������	�
���%��
�0;:�
�	�=�>



��������	
�����	�����������	�������	��	���	���	���	����	��

 �!���	�"������	�����	�����	#����	$%&'(	�����������	���)	**+*,+-�. *2

Shuryak at KITP, Nov.2004Shuryak at KITP, Nov.2004

(The pressure puzzle, cont.)(The pressure puzzle, cont.)

How How quasiparticlesquasiparticles, which according to , which according to 
direct lattice measurements are heavy direct lattice measurements are heavy 
((MqMq,Mg = 3T) (,Mg = 3T) (KarschKarsch et al) can provide et al) can provide 
enough pressure? (exp(enough pressure? (exp(--3)3)»»1/20)1/20)

(The same problems appears in N=4 (The same problems appears in N=4 
SUSY YM, where it is parametric,       SUSY YM, where it is parametric,       
exp(exp(--λλ1/21/2) for large ) for large λλ´́ gg22NNccÀÀ 1)1)

�������		������JJ���	���	����>�������		������JJ���	���	����>
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Shuryak at KITP, Nov.2004

Now we are ready to move to 
N=4 SUSY YM at finite T

• (reminder) Weak vs strong coupling for p(T)
• (reminder) Summing ladders for a potential=> 

how instantaneous?
• (reminder) Falling on a center

• (reminder) M» λ1/2 T
• Yes, there are binary bound states at any 

coupling and M» T only
• Yes, p» Nc

2 T4 due to colored ones
• Yes spin forces can be neglected
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Shuryak at KITP, Nov.2004

QCD vs CFT: The famous .8 again:

Shuryak at KITP, Nov.2004

QCD vs CFT

• Viscosity is ηηηη/s» .1-.3 in 
QCD at RHIC (Teaney)

• It is ηηηη/s=1/4ππππ (Son et al) in 
CFT at infinite λλλλ
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Shuryak at KITP, Nov.2004

Reminder: potential in strong 
coupling via  AdS/CFT 

correspondence

Shuryak at KITP, Nov.2004
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Spin-spin and spin-orbit forces 
at Strong coupling: 

ES and I.Zahed, hep-th/0310031,plb
• Non-static Wilson 

lines with spin

���	��	������	
��������	�����	���������	
��������������	���	�"��	�"�	��	��	���	����I

���������	���	�������3��	)��
�	��	������	
�������4	&O	���	 ��	

"���"+-E*--E*1	
���1
�5��	
�������	�@�3���	������	��	������
�4
�8�	��	���	������	
�������	�����������4

/��	����	@
��	0��
����0��
���	$/���.	���	��	
�
������	����������	�����������0����
 �����
3�	�"	�����	)�
���	��	µµµµ



��������	
�����	�����������	�������	��	���	���	���	����	��

 �!���	�"������	�����	�����	#����	$%&'(	�����������	���)	**+*,+-�. *,

Is there formation of a string-like 
configuration in high orders, in spite 

of Conf.Sym.? Seems to be:

Some higher order 
diagrams have extra 

s d4x λλλλ » O(1): 
multibody Bethe-

Salpeter

Shuryak at KITP, Nov.2004

What is the potential at finite T?

• Scalar, electric and magnetic gluon exchanges 
now become all different => different polarization 
operators, so it is rather involved calculations, 
see paper

• Approximate form

• V(L,T)» λ1/2/L/sinh(π T L)
• Thus the Debye radius has no λ,
As obtained from ads/cft previously (Rey et al)
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Shuryak at KITP, Nov.2004

Are there binary bound states? ² 
• We observed that 

the exchanged 
gluons move with 
the superluminal
speed

Shuryak at KITP, Nov.2004

Light bound states exist  for any coupling 
(Zahed and ES, 2003, the formula is from 
Darwin, Gordon, 1928)

Effective coupling=g2 N(colors)
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Shuryak at KITP, Nov.2004

Relativistic eqns have a critical Coulomb 
coupling for falling onto the center    

(known since 1920’s)

• (4/3)αs=1/2 is a critical value for Klein-Gordon eqn, at 
which falling onto the center appears. (It is 1 for Dirac).  
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Shuryak at KITP, Nov.2004Shuryak at KITP, Nov.2004

New ``free energies” for static New ``free energies” for static 
quarks (from quarks (from BielfeldBielfeld))

�����	)����	��	
�������A�	��	�����	
������
�4	��	
��	
�	�"��	�"�	��	
����	HH))
��0	
����=	)��	�	�����
	
�����	��	'�'
1
�#��"	��	���	��	
�"	���������I

�'"	��!�	)����	
�"�!�	�"	))
��0	

�������	
�������

4�����	�
���%�����������P�	��0�PQ#4�����	�
���%�����������P�	��0�PQ#



��������	
�����	�����������	�������	��	���	���	���	����	��

 �!���	�"������	�����	�����	#����	$%&'(	�����������	���)	**+*,+-�. 2�

4�=�
����
�M0�
���	�4�=�
����
�M0�
���	����"���"σσ((

�� 5	����
�	�"��	�����	3����	�����		���Q�	���	5	����
�	�"��	�����	3����	�����		���Q�	���	
���	��	���	��	'
'

�� ���	���	"�0	������	���	���	"�0	������	��
���������
���������3����3��⇔⇔⇔⇔⇔⇔⇔⇔
��������
7�����
	�"��
����	$7�����
	�"��
����	$O�"�O�"����	 ��2--E.���	 ��2--E.

�� 8��	
����	�
����	��	��	������
	8��	
����	�
����	��	��	������
	
�"��
���	
����		�"��
���	
����		������
	)��!	�)	������
	)��!	�)	 ������	������	
:�	�����:�	�����

Shuryak at KITP, Nov.2004Shuryak at KITP, Nov.2004

Resolved by correct treatment with entropy Resolved by correct treatment with entropy 
removed (see below, when we put it into removed (see below, when we put it into 

SchrSchr. Or KG). Or KG)
The lattice potentials come from a The lattice potentials come from a correlatorcorrelator of of 
static quarks. Then the free energy static quarks. Then the free energy 
exp[exp[--F(T;R)] =< L(T)L+(0) > should be related to F(T;R)] =< L(T)L+(0) > should be related to 
potential energy V (r) = F potential energy V (r) = F -- TS where the latter TS where the latter 
entropy part is just a derivative over Tentropy part is just a derivative over T
This simple fact (pointed out only recently by the This simple fact (pointed out only recently by the 
BielefeldBielefeld group) group) makes potentials much makes potentials much 
deeper and the effective coupling strongerdeeper and the effective coupling stronger ..
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� In a QCD vacuum the domain of perturbative QCD (pQCD) is 
limited by non-pert. phenomena, e.g. by the 

Q(chiral)  of about 1 GeV , as well as by  confinement etc.:
αs< 0.3 0r so
� At high T we get weak coupling because of screening

α<α(gT) ¿ 1 (the Debye mass Md» gT sets the scale)
� In between, Tc<T<few Tc, there is no chiral/conf. scales

While Md is not yet large: here α(Md) may be » 1 (?)
(Md¼ 2T» 350-400 MeV only)
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