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Motivation �
Strong	  interactions	  under	  strong	  magnetic	  fields	  can	  be	  found	  in	  nature	  in:	  

• 	  Magnetars	  

• 	  The	  early	  universe	  	  

• 	  Non-‐central	  heavy	  ion	  collisions	  

The earth’s magnetic field   �

A common hand-held magnet �

The strongest steady magnetic fields 
achieved so far in the laboratory�

Surface  field of magnetars�

Heavy ion collisions: the strongest 
magnetic field ever achieved in the 
laboratory �

0.6 Gauss �

100 Gauss �

4.5 x 105 Gauss �

1015 Gauss �

1018 Gauss �



non-‐trivial	  gauge	  field	  
configurations	   strong	  magnetic	  field	  

Au-‐Au,	  62	  GeV	   Au-‐Au,	  200	  GeV	  

[Kharzeev,	  McLerran	  &	  Warringa,	  
2008]	  

If	  topological	  charge	  is	  there	  how	  to	  see	  it?	  

	  THE	  CHIRAL	  MAGNETIC	  EFFECT	  

Charge	  separation	  





•  	   How	   does	   the	   QCD	   diagram	   look	   like	   including	   another	  
external	  control	  parameter,	  the	  magnetic	  field	  B?	  

• 	  Are	  there	  modifications	  in	  the	  nature	  of	  the	  phase	  transition?	  	  

• 	  How	  do	  the	  chiral	  and	  deconfinement	  transitions	  react	   to	  this	  
magnetic	  field?	  

• 	  How	  is	  the	  interplay	  between	  this	  two	  transitions?	  





Step by step�

• 	  Effect of a magnetic background on the chiral transition �
  Linear sigma model at finite temperature�
  How to introduce the magnetic field?�

•  Effective theory for the chiral and deconfining transitions: �
   The linear sigma model coupled to quarks and the 
Polyakov loop �

•  Incorporating an external magnetic field �

•  Free energy at one loop �

•  Phase structure�



Effective theory�
 [AJM, M. Chernodub & E.S.Fraga (2010)]�

A. Degrees of freedom and approximate order parameters�

Chiral field:	


Quark spinors:	


Polyakov loop:	




McLerran	  &	  Svetitsky	  (1981)	  

The Polyakov loop is related to the free energy of an infinitely 
heavy test quark �

In case of deconfinement the Lagrangian remains Z(N) 
invariant, but the Polyakov loop is not: spontaneous 
symmetry breaking. �

Confinement implies restaured Z(N): �

€ 

L = 0
€ 

€ 

L = e2πij /NL0

€ 

High temperature = low coupling constant :  �

€ 

L →1

Confinement: the Polyakov loop �



Polyakov	  loop	  models	  

•  R. Pisarki, A Dumitru, O. Scavenius, J. Lenaghan, A. Jackson 
(2001-2006): Polyakov loop model�

•  R. Pisarki, A Dumitru, D. Zschiesche: matrix model�

•  K. Fukushima (2004-today): Haar measure of SU(3)�

•  C. Ratti et al (2004-today): Polyakov loop model / Fukushima model�

Models	  fit	  lattice	  data	  

Bernd-Jochen Schaefer, Mathias Wagner, Jochen Wambac (2009): �
which model is in the best agreement with lattice -> Ratti.�



D. Confining potential	


[Roessner et al. (2008)]	  



 [Gell-Mann & Levy (1960); Scavenius, Mócsy, Mishustin & Rischke (2001); …]�



B. Chiral Lagrangian�
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effective potential	


(v used as mass scale) �
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The fermions provide a thermal 
bath for the long wavelength chiral 
fields. Integrating over quarks: �

Effective potential for the 
chiral field σ for different 
values of the temperature. 
For low temperature the 
expected value of σ  is 
non-zero. As the 
temperature increases it 
approaches to zero 
restoring the chiral 
symmetry. �  [Scavenius, Mócsy, Mishustin 

& Rischke (2001); …]�



Interaction between the mesons and the Polyakov loop only via 
quarks: minimal coupling �

•   Crossover for both 
transitions.�
•  With no magnetic field 
the critical temperature 
is the same.�

€ 

/ D = γ µDµ
q( )

€ 

Dµ
q( ) = ∂µ − iAµ

The interaction with the Polyakov loop is implemented via the 
field Aµ in the covariant derivative �



Including an external magnetic field�

Gauge choice�

[E.S.Fraga	  &	  AJM,	  2008]	  

Inserted via gauge field in the covariant derivative. For systems 
containing only chiral fields:  �



For the quarks interacting with the gauge filed: �

Abelian:	  magnetic	  field	   Non-‐Abelian:	  Polyakov	  loop	  

Integration length: �

Finite	  temperature	   External	  magnetic	  field	  

l: Matsubara index �
n: Landau level index �



0 10 20 30 40 50
eB(m

!

2)

1

1.2

1.4

1.6

1.8

2

<"
>

Magnetic	  catalysis	  

In the vacuum the value of the 
condensate increases as the 
magnitude of the magnetic field is 
increased.�

Reinforcement of the chiral symmetry breaking �

Dependence of the 
condensate on the field: 
approximately linear and 
quadratic for small B �

AJM,	  E.	  Fraga,	  M.	  Chernodub	  (2011)	  



Other	  results	  for	  the	  condensate	  dependence	  on	  B	  	  

N. Callebault and D. 
Dudal (2011): Sakai-
Sugimoto (AdS/CFT)�

P. V. Buividovich, M. N. 
Chernodub, E. V. 
Luschevskaya, M. I. 
Polikarpov (2010): 
lattice   �

M. D’Elia, F. Negro 
(2011): lattice�
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AJM,	  E.	  Fraga,	  M.	  Chernodub	  (2011)	  



 Paramagnetically-induced breaking of Z(3)	
  [AJM, Chernodub & E.S.Fraga (2010)]�



Without vacuum corrections	


With vacuum corrections	


(i) Chiral condensate direction: �

Effective potential	




(ii) Re[L] direction: � Without vacuum corrections	


With vacuum corrections	


•  Smooth modification of the effective 
potential (no jumps) – crossover.�

•  σ is at the minimum for each 
temperature.�

•   No jump in σ.�

•  Jump in the evolution of the effective 
potential with T – 1st order transition.�

•  σ is at the minimum for each 
temperature.�

•  Jump in σ.�



Phase diagrams	

Without vacuum corrections	


With vacuum corrections	


•  Chiral and deconfinement (crossover) 
lines initially coincide, then split (3 
phases).�

•  The deconfinement line flattens out 
for high enough B (does not go to 
zero).�

•  Chiral restoration becomes more and 
more difficult for high B.�

•  Chiral and deconfinement lines 
coincide.�

•  The transitions are 1st order: very 
weak for B=0 (artifact), strong for 
large B (physical).�

•  Magnetic catalysis reproduced in the 
vacuum. [ESF & A.J. Mizher (2008)] 	




Results	  in	  other	  approaches	  

M. D’Elia, S. Mukherjee, F. Sanfilippo (2010): lattice�

M. Ruggieri, R. Gatto (2010-2011): NJL and extensions�



Final remarks�



Further investigation �

•  Different behavior of u and d quarks.�

•  Magnetic field inhomogeneous in space.�

•  Dynamical studies: time scales, transition rates, etc. -> 
magnetic field inhomogeneous in time.�

•  Application to the early universe.�

•  Compact stars: dense systems.�

•  Interplay with topological effects [AJM, E. S. Fraga (2009)].�

•  Hidrodynamics in the presence of a magnetic background.�

•  Still a lot to understand from what model and lattice results 
have given so far. �



In progress: �

-  comparison with results obtained using Schwinger proper-time 
method.�

-  weak field limit (based in previous work by A. Ayala et al) 
applied in theories of the λφ4.�

-  Cosmology – inflation.�



Muchas gracias a el 
departamento de altas 
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Muchas gracias a el 
departamento de altas 

energias y a todo el ICN  
por recibirme tan bien! 



Back	  up	  



McLerran	  &	  Svetitsky	  (1981)	  

The Polyakov loop is related to the free energy of an infinitely 
heavy test quark �

In case of deconfinement the Lagrangian remains Z(N) 
invariant, but the Polyakov loop is not: spontaneous 
symmetry breaking. �

Confinement implies restaured Z(N): �

€ 

L = 0
€ 

€ 

L = e2πij /NL0

€ 

High temperature = low coupling constant :  �

€ 

L →1

Confinement: the Polyakov loop �



Free energy at one loop and some results�
 [A.J. Mizher, M. Chernodub & ESF (2010)] �

A. Vacuum contribution	


(v used as mass scale) �

€ 

x f =
mf
2

2qf B



B. Paramagnetic contribution	




  

€ 

h =
 p ⋅  s 

The interaction of the quarks with the non-trivial gauge fields gives 
rise to a difference between the number of quarks left and right. In 
the presence of the magnetic field it generates a current in its 
direction and a charge difference between the two hemisphere 
opposite to the reaction plane.�

Spin	  

Momentum	  


