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During the last years the community has tried to understand the QCD phase diagram
under extreme conditions
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Temperature and Magnetic Fields in peripheral heavy ion collisions. It is hard to
believe that the field strength will be constant in the collision plane....Also it is
not obvious that we are in thermodynamic equilibrium
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Peripheral Heavy ion collisions




Replica trick |

@ The replica method was introduced through the spin glass

model:
H = — E LEd,0,
ik

where the .J;,. are uncorrelated Gaussian random variables with
zero mean and variance J3 = K.

@ It is necessary to obtain the proper averaged thermodynamic
potential

FS =KT (In 2755



@ In order to average over macroscopic samples wherein a vast
number of different configurations of the .J;;. are operative, they
introduced the so-called "replica trick":!

) Zn sl |
In/Z =1lim —
n—0 mn

@ The average is computed before taking the limit n — 0. It was
introduced by Parisi as a method to average the free energy,
defined via the logarithm of the partition function In Z, of a
system over quenched (or frozen) disorder.

1Meézard M, Parisi G, Virasoro M. 1987. Spin glass theory and beyond: An An
Introduction to the Replica Method and Its Applications. World Scientific,
Singapore. 476pg.




It is used In

Spin glasses,

Polymer networks,

Z, field theory,
intermittency of turbulence,
Euclidean random matrices,
granular matter

AdS/CFT

etc.



We assume a non-equilibrium scenario, where temperature is not
defined uniformly through the whole system, but smaller regions may
still be pictured as nearly-thermalized subsystems. Therefore, we
model this situation by an ensemble of subsystems whose individual
temperatures 1" = 1 + 01" are subjected to stochastic fluctuations
with zero mean 67 = 0, but finite variance 672 = A. In terms of the
inverse temperature

(I =Ty — Byt O



These statistical features are captured
by a Gaussian distribution with zero
mean.

o = —T3%5T = 0,

87 = T5*6T% = BIA = A,




We can apply this idea to any thermodynamical
T 0 quantity. For example to the grand potential
InZ = lim———
n—( n

of = spH1 =0,
5_/} = _Tazﬁ =0, W = Aﬁ.

S =T 46T = fiA = A 3 = Aj(2j — 1)L,



« We will discuss termal fluctuations for the relativistic Fermi gas, the photon gas and
the “gluon” gas. Finally, and application in the frame of the bag model will be
considered

In general, let us consider the grand canonical partition funtion

The statistical average over temperature distribution is obtained via the replica method

. 1 n .
InZ=1lim—|(T —(Bo+ 8P K94 —1
3 m( r[exp{ hrny- }] )

Where each replica 1 <r < n has an associated operator




Expanding the exponential in powers of the fluctuation and taking the statistical
Average of each term




In fact we find

- 7h-
/02 = InZ = lim = [

7?%] - The idea is to consider only the first order in thel
fluctuation A

n—0

y et InZy _ 1
o [ i
. VA &
nZ/Z, = %Wln Zy+ 0(A7)
0
= Bo(PV = (PV);,).




Remember: the equation of state for the ideal gas is

Therefore, up to order O(A?), we have an excess of pressure due to the average effect of
temperature fluctuations

A,
o / 2
b}c =]C_}C.": —l Z A
S VRV o)

In the article we have shown that this excess of pressure is positive (too long to be
presented here)




Relativistic Fermi gas with termal noise

Pt (%)l - (=iV) + m = Pl (x)

gas (represented by Grassmann fields W (x), r the

n

n f)
VA= H/D[lp, W, exp [ / ’ (ZTZI/J, (x. )0, —p) +7-p+my,(x.7)

=det [0, —pu + "y - p + my"]’
=exp {nTrin [0, — u + Py - p + my°]}
=exp (nlnZy),




The partition function for the fermion gas

InZpy="Trin[o, —p+ Prop+ m}’o]
& p

= Vf—Ztr In[iw, —p + Py-p+my°
(27) (=2

Where we diagonalized the operator in Matsubara momentum space

d’p In i E
) Z{ n iy — p + E,|

ke”Z

In ZF() =2V [

w, = 2k+ zr/py (ke )

After some calculations (for details, please refer to the article) we
ind

+Inlio; —u — E,]}

[ d&p B
- / S I (1 + )

+1In (] + Eﬁn(#ﬂLEp)) }




Ay 02
= exp [—ﬁ 1lim

nZ, = li Zp |
n = lim
F : 2 aﬁ{l) n—0

n—0 n

[Afi (32 et InZg _ |
= exp |—

Ay P

= CXp [7?%

Equation of state: we get an explicit expression for the excess pressure




For different values of .




A short parenthesis: In

PHYSICAL REVIEW D 98, 114002 (2018)

Superstatistics and the effective QCD phase diagram

Alejandro Ayala,"2 Martin Hentschinski,'; L. A. Hemzindf:z,"2 M. Lcnwve,"‘l5 and R. Zamora™’
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We have repeated the exercise for a photon gas and a gluon gas with termal noise.

1
EZ _ZFMLF‘H

We might use the Fadeev-Popov technique and, eventually you find

ZBO = Tre FoH

= f D[A,|5[F] det (E) eo” & J £x£

oa

ith a tipica family of covariant gaugesl

FIA,| =0dA,—f(x,7) =0

FlA, —da] = #A, — f(x.7) — Pa




_ A2 — 2 2
InZgy = —Trin|—0°| = =TrIn|—d; — V7|
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_ ) djp Ho — o—Polp| '
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_l thi -
e W, = 2kxt iy, for k€2




In the previous expresion we can susbtracted the linear divergent term(vacuum energy). Proceeding
in this way we find for the grand potential

VT oo
QF = —TyInZgy = vg 2—5’ dxx*In(1—e¢™)
72- [y

VTg [
=—lp—> dx
67~ Jo

— 7R
InZz = lim
As expected n—0

n—() n




Finally we have again an excees of pressure due to termal fluctuations

Ay 07
—L —_In
260V o3

3'32 6 J"Z'2 2
= DB_Af)'/a — Up EAT{) > 0.

SPB =P - ’P;z, = B0
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For the case of gluons, keep in mind that we are dealing with a gas of free gluons!!

L
L==3FaFou Fli = AL — " Alj+ gf e AL A
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In this case, howeve

o

SF ¢ |
da( - ) — det (—0%5¢ + gf“P<a, Al

Zg = / D|AG] det (=0°5¢ + gf "9, A})

o0 de [ sieo,7)

We handle the determinant through the introduction of ghost fields




Zo— [ DU [ Dl el e 25tz
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And now we take g= 0, since life is hard! InZg = lim Zgo — |

n—0 n
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Bag Model. A quite basic approach to hadrons. Inside the bag we have QCD (free)
degrees of freedom and outside we have hadrons (pions) that try to compress the bag.

For the gas of pions

/ Ty o bl
’PPI‘(ISITIQ — (DB —|— —I/F) _0 + O’pplasnm _ B

4

90 B ~200MeV, the bag constant
3772

_ 4 sPlasme
—WT{]—’_OP 1‘»1]1_8-




The critical temperature T_

=T 375
= T4 + §PNet — B,
90 90 ° -

Where we have defined hte net excess pressure as

57)1\1::1 — O‘prlasma _ (373] lad _ 5'})(} _ O‘fpl [ad + 57)(2
2

= 13%AT§+5’PQ > 0,

Solving for T

70 = (45B/17x%)V/* ~ 144 MeV

So, we have a kind of catalysis of the pase transition




Concerning our previous work on magnetic fluctuations, just a fe
ords




The Model: QED in the presence of a classical and static magnetic
field possesing random spatial fluctuations

At (z) — AF(z) + Agg(z) + A5 ()

We consider a white noise spatio-temporal fluctuation with respect
to the mean value, i.e.

(6AL ()0 Ak (z)) A
<5AEG(‘E)}& =




As it is well known, these statistical properties are represented
by a Gaussian functional distribution (which is natural because of the Central
Limit theorem)

In this way, we have the following decomposition

L = Lrpc + LNBG

G = ¢ (i) — edpg — eAd —m) ) — 7 P

Lape = U (—edApg) ¥




The statistical average is given in terms of the Gaussian
functional measure.

Z" is obtained by the incorporation of replica components for

the fermion fields. )(m) e (I)

4 Hﬂuj"j‘
/HD va]/p 44 _fd A g

xﬂlfddrza 1 £I=HG[L A+ Lppe[?])

n

- / H D[QI*G’_. "i‘;'f"a']eig["ﬁaslf)a;A]

a=1




After perfoming the integral over the magnetic fluctuations

iS5 [.;;‘ajﬁ,a; A} = i /dd:r (Z b (i@}_ edgg — ed __mf) b — =

3

/ ddm/ d'y Y YU @)y o (@) () ().

a.b j=1
It reminds us the NJL-action (or the Fermi theory)

We have ended up with an effective interaction between vector currents,
associated to different replica, with a coupling constant proportional to the
fluctuation amplitude Ag .




As a kind of conclusions:

The replica method seems to be an attractive way to explore situations beyond
equilibrium in the dynamics of heavy ion collisions.

\We have extended the scenarios to the presence of electric fields (appea
in collisions between an heavy and light nuclei (Au-Cu, for example).

THANK YOU
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