
The hedghog is the mascot of the SB 
Nuclear Theory group for 20 years, 
selected for its cute topology! 







“We cannot pump the QCD vacuum out, but we can 
pump in something else, namely the Quark-Gluon 
Plasma and measure the pressure difference…” ES 

 Now we found a lot of topology in QGP as well: 

Perhaps the easiest way to understand topology is right 
above Tc… 



Let us start at the beginning 
(the potential will be explained later) 



“Instantons are not toys!” (P.van Baal) 



The Instanton Liquid 
Model ES (1982)   also 
has 2 parameters 

It also describes all the chiral physics 
 correctly 

It can be and was solved to all orders 
Rho and nucleon are bound and     
 many correlators are  well described 

 eta’ is now heavy, due to  repulsive 
4-fermi term from ‘t Hooft! 









ES,RMP,1993 



The tiny fraction 0.01% of fermionic states (about 1 per instanton) is 
indeed enough to reproduce most of light quark hadronic physics 

Compare 
these  
numbers 





The first try, 
which 
happened 
 to be wrong 

So the states making the quark condensate are 
locally (anti) selfdual, thus topological! 

L R 



So, the  instanton liquid => dyon plasma 



Understanding of the  transition from the 
“instanton liquid”  to “dyonic plasma” is badly 
needed ! 









Left: the snapshots of the r^2 energy 
Right: the spectrum of the produced fermions 











•  We since have learned that A.R.Zhitnitsky had the same idea before us , he also 
calculated such decay in hep‐ph/0003191 

•  All the parameters in the answer coinside, but he considered 2 flavors and we 
did 3 with eta‐eta’ mixing., amplitude different by factor 3 

•  (At that time Kharzeev, Pisarski and Tytgut proposed metastable minima, 
domains of theta vacua: this is a different Idea which did not worked out. Now 
we  all consider just the CP‐odd fluctuations which do not require any new 
minima) 

arXiv:
0912.4894 

Rafaelle Millo is Ph.D.student of my former student P.Faccioli who is 
professor at University of Trento. He visited in Dec. 09 for a week and we 
made (in 2 days) the following paper 



•  Decays which were forbidden are now allowed:                                                                       

η=>π+π-, η’=> ηπ,     η’=>π+π- 

•   in  the CP‐odd spot <theta> is nonzero => disbalance between instantons and 

anti‐instantons even at freezeout in the near‐vacuum state 

•  Calculated from the chiral Lagrangian at nonzero theta 

So,  for theta=O(1)  
thetabar is few percents 

it is clear that any theta effect 
can  
only be visible if no quarks is 
massless: 
 thus theta-bar variable.    



What is the size of the “chiral spot” at 
freezeout? 

+- is strongly quenched in 
AuAu, 
 but it is nearly symmetric in 
CuCu 
⇒ At freezeout the spot size 
seem to be comparable to the 
Cu nucleus 

B 



Can forbidden decays be observed? 

•  Because the chiral spot is so large, theta(x)contributes 
relatively small momentum  

•  k=O(1/Rspot) 

Which is comparable to best experimental resolution in the 
invariant mass. 

 Small signal but with 10^9 events and about 10^6 pairs/event 
perhaps doable 

No magnetic field needed, if it gives the same θ as 
charge asymmetry, it will prove that it is CP‐odd 





Magnetic objects and their 
dynamics: classics 

•  Dirac explained how magnetic charges may coexists with 
quantum mechanics (1934) 

•  ‘t Hooft and Polyakov discovered monopoles in Non-Abelian 
gauge theories (1974) 

•  ‘t Hooft and Mandelstamm suggested “dual superconductor” 
mechanism for confinement (1982) 

•  Seiberg and Witten shown how it works, in the N=2 Super -
Yang-Mills theory (1994) 



“magnetic scenario”:   
(color) 
magnetic monopoles 
are important 
excitations near Tc 

•  Strongly coupled plasma with electric and magnetic 
charges. 
  Liao,ES,   Phys.Rev.C75:054907,2007.  
 hep-ph/0611131 

•   Magnetic component of Yang-Mills 
plasma,M.N.Chernodub and V.I.Zakharov, 98, 082002 
(2007)  [arXiv:hep-ph/0611228]. 

•  Electric Flux Tube in Magnetic Plasma. 
Liao,ES, Phys.Rev.C77:064905,2008.  
 arXiv:0706.4465 

•  Magnetic monopoles in the high temperature phase of 
Yang-Mills theories, A.D'Alessandro and M.D'Elia, 
Nucl.Phys.B 799, 241 (2008)  [arXiv:0711.1266  

•  Magnetic Component of Quark-Gluon Plasma is also a 
Liquid! Liao,ES,  
Phys.Rev.Lett.101:162302,2008.  
e-Print: arXiv:0804.0255  

•  Angular Dependence of Jet Quenching Indicates Its 
Strong Enhancement Near the QCD Phase Transition. 
Jinfeng Liao,, Edward Shuryak Phys.Rev.Lett.
102:202302,2009.  
e-Print: arXiv:0810.4116 

•  Thermal Monopole Condensation and Confinement in 
finite temperature Yang-Mills Theories. 
Alessio D'Alessandro, Massimo D'Elia, Edward 
Shuryak, . Feb 2010. 17pp. 

Four lectures on strongly 
coupled Quark Gluon Plasma. 
Edward Shuryak, (SUNY, Stony 
Brook) . 2009. 46pp.  
Published in 
Nucl.Phys.Proc.Suppl.
195:111-156,2009. 



The “semi-QGP puzzle” (Pisarski) 
as T=>Tc  

 what is the other half? 



 =>electric/magnetic couplings (e/g) 
 must run in the opposite directions!    

Old good Dirac 
condition  

the  “equilibrium line” 

αs(el)= αs(mag) =1 
needs to be in the 
plasma phase 

  monopoles should be dense  enough and 
sufficiently weakly coupled before 
deconfinement to get BEC 

 =>αs(mag) < αs(el): how small 

can αs(mag)  be?  

αs(electric)  αs(magnetic)=1 
``magnetic scenario”: Liao,ES hep-ph/0611131,Chernodub+Zakharov  

αs(el) 

αs(mag) 



The monopole density (vs T/Tc)  
in confined and deconfined phases (Ratti,ES.08) 

•  The T=0  lattice point: from 
Bornyakov,Ilgenfritz et al 

•  Near-Tc: condenced and 
uncondenced monopoles, 
from flux tubes (Liao ES) 

•  The solid line represent the 
density of gluons 
suppresed by <P> 

•  Note that the sum (g+mono) 
is about const(T) except the 
peak at Tc (the peak is not 
due to dyons, as their 
density is flat) 

g 

m 



Our MD for 50-50 MQP/EQP 



αs(electric)  and αs(magnetic)                        

do run in opposite directions! 
•  Squares: fitted magnetic 

coupling, circles: its 
inverse compared to 
asymptotic freedom 
(dashed)  

•  Effective plasma 
parameter (here for 
magnetic) 

•  So, the monopoles are 
never weakly coupled! 

•  (just enough to get 
Bose-condenced) 



The lesson: monopoles at Tc, 
behave as He4

 =>Bose-Einstein 
condensation 



Not surprising, large correction to transport 
(Ratti,ES,09) 

•  RHIC: T/Tc<2, LHC T/Tc<4: we predict 
hydro will still be there, with η/s about .2 



1612: 
Galileo 
discovered what we 
now call solar 
corona 



 the``soft ridge” exists even without any 
hard trigger 

(Phobos further observed  
that ridge extends at least till       |y|
=4)  

McLerran,Venugopalan et 
al: Fluctuations of 
color charges at early time  

What happens next, till freezeout  (>10 fm), is quite nontrivial  

y 



The peak width decreases for 
central collisions 

•  L.R
ay 



Naively, ``spots” should excite a wave and get 
expanded to a spherical (or conical, or cylindrical)  
wave  
Like in the case of stone thrown into the pond, 
nothing is left at the original position: so how can 
they be observed? 
Its size =>the sound horizon => is comparable to 
fireball size 6-8 fm/c 
And thus large angular size 

If one wants to get large radial flow, one has to 
wait the time needed for it to develop. The sound 
speed during this time creates large rings.  



Can we restrict its size (at 
freezeout) from the data? 

•  The blue line is how 
asimuthal distribution 
would look like for 
sound cylinders, double 
peak because part of the 
circle is outside of the 
fireball 

•  comparing with data, 
we concllude that there 
no ridges at such angle 

Peak at +- 1 rad, 60o? 
 Have I done hydro correctly? 



Here is a study of F.Grassi and her student 



The sound cylinders and two 
peaks are also seen 



The peaks are at the same 
angles +- 1 rad as I got! 



Moving e-charge leads to 
magnetic coil => e-flux 

tubes above Tc? 
(with J.F.Liao, archive 0706.4465) 

•  Dual superconductivity at T<Tc as a confinement 
mechanism (‘tHooft, Mandelstam 1980’s)  =>                   
monopole Bose condensation =>                     
electric flux tubes (dual to Abrikosov-Nielsson-Olesen vortices) 

•   Dual magnetohydrodynamics at T>Tc ? Electric 
flux tubes in magnetic plasma (M=phase)  

•  monopoles are reflected from  E field => pressure 
=>  metastable flux tubes 





Predictions for energy dependence: ridges 

As energy decreases, M phase 
Goes inside the fireball => 
Much smaller radial flow => 
Disappearance of the ridge   
happens at fixed density of matter! 

L.Ray, 
Also in 
CuCu 



The decay products of the ridge are 
clusters which are larger than in pp! 

they have up to 10 pions and they decay unisotropically 

G.Stephens 



  ``metastable flux tube” option 
for ``cone” and ``ridge”: 

•   there are enough monopoles to stabilize 
the flux tubes  mechanically up to 1.4Tc:  

•  They can survive for a long time, 5-10 
fm/c due to heavy electric quasiparticles 
(q,g,dyons) at Tc  

Mq=300 MeV at T=0 
but about 800 MeV at 
Tc 



•  Instantons provide quantiative description of 
chiral symmetry breaking, solve the U(1) problem 
and produce good correlators: but do not explain 
confinement. => would dyon plasma do it? 
•  Prompt excitation instanton=>sphaleron in 

diffractive pp should be studied at RHIC 
•  CP effects at AuAu collisions  come from O(10) 

exploding sphalerons at early time <= magnetic 
field strongly decreases with (subject of the 
workshop)  
•  Color magnetic monopoles found in MAG behave 

as physical objects: the Coulomb plasma, BEC at 
Tc 
•  “RHIC ridges” are the “QGP corona” made of 
  flux tubes, which are even more stable in magnetic 

plasma than in vacuum! 


