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QCD phase diagram in the presence of electric and magnetic fields
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In this contribution, We revisit the effect of electd and magnetic field.B and on the critical temperatuf®“ of the chiral symmetry
breaking/restoration and confinement/deconfinement phase transition in the QCD Phase diagram. In this context, we use the symmetry
preserving vector-vector contact interaction model of quarks, in the Schwinger-Dyson equations framework and in the proper time regu-
larization scheme. We also describe the phenomenon of inverse electric catalysis in the pure electric case, magnetic catalysis (and invers
magnetic catalysis) in the pure magnetic case and inverse electromagnetic catalysis in the presence of both electric and magnetic backgrour
fields.
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1. Introduction with the magnetic field) [13-19]. In contrast to the mag-
netic field background, the strong electric field suppresses

i h q . CD)i -k th fthe dynamically generated quark masses and formation of a
Quantum chromodynamics (QCD) is a well-known theory o quark-antiquark condensate and thus restores the chiral sym-

the strong color interaction among quarks and gluons with it?netry such a phenomenon is usually referred to as the chiral
two importf'int prpperties: the asymp_totic freedom (high en'electric inhibition effect [1,2,9,18,20-23], or the chiral elec-
ergy d_omam) which can be tackled W'th. Feynman-based pelgic otation effect [24]. At finiteT", the pseudo-critical tem-
trbation methods and the quark confinement (low energy eratureTx:¢ for the chiral phase transition decreases with
which can be handleq with t.he non-perturbative .technique n increage of electric fieldF and is dubbed as thaverse

of QC.D' The Dynamical chiral symmetry b_rea_kmg IS an- gjectric catalysigIEC) [22, 25]. In heavy-ion collisions ex-
other Important of non-perturbatlve QCD Wh'Ch. is related to eriments, the electric and magnetic fields produced with the
the generation of dynamical quark masses. It is well know ame order of magnitude-(10'® to 1020G) [26-29] in the
that the fundamental degrees of freedom (QCD) at zero Oévent-by-event collisions using A4 Au at RHIC-BNL, and

low temperaturel’, is the low energy hadrons. Whereas ati 2 non-central heavy-ion collision of Pk Pb in ALI'CE-
sufficiently highT, the interactions become weak, CaUSingLHC. Upon considering the effect of both electric field and
hadrons to melt down to a phase where quarks qnd gluoq‘?tagneticfield on the chiral phase transition paid much atten-
become the new degrees of fre_edom._ The deconfinement gf, 'y, ¢ exploration of the above-mentioned phenomenon
quarks occurs and the dynamical chiral symmetry restores ihe low energy effective models [22, 24,30, 31].

in this new phase. The situation becomes more interesting _ _ _ o
when the hadronic matter is subjected to an external electric N this manuscript, we discuss the phenomena of mag-
and magnetic field. It yields a significant impact on phasenet'c catalyss{myerse cataIyS|s,'|nyerse electric catalysis and
transition. In the pure magnetic case at zero temperaturélectr_omagnetlc inverse catalysis in the_z presence_of exter_nal
the strong magnetic field tends to enhance the formation dfl€ctric and magnetic fields. The detailed analysis and dis-
quark anti-quark condensate and the dynamical mass increaSeSSion on the subject are found in Ref. [18]. Here, we just
as we increaseB, this phenomenon in the literature dubbed °utline the general formalism and expressions in the pres-
asmagnetic catalysi§MC) [1-8]. Even at finite temperature €NCe of_ backgroundll‘.lelds and desc.nbe.how thg results can
T the magnetic catalysis predicted, i. e., the pseudo-critica?® oPtained. Our unified framework in this work is based on
temperaturel’XC (where the superscript indicates chi- the SCthnger-Dyson equations (SDE) in the rambow-lad(_jer
ral symmetry breaking-restoratio6, refers to confinement- runcation, in the Landau gauge, the symmetry preserving
deconfinement, and the subscripstands for criticality) is  ¢@nfining vector-vector contact interaction model (Cl) [32],
increased with an increase B [1, 2,4, 9]. However, in and the Schwinger proper time regularization scheme [33].
the past few years, the lattice QCD Simulation [10-12] pre-  This article is organized as follows. In Sec. 2, we present
dicted that at finit", the 7 is decreases with the increase the general formalism of the contact interaction model. In
of eB, such a phenomenon is referred toths inverse mag- Sec. 3, We set up the gap equation in the presence of back-
netic catalysigIMC). such a phenomenon is also supportedground fields. in Sec. 4. We sketch the phase diagram at finite
by low-energy QCD models by using the magnetic field de-temperatures and in the presence of background fields. The
pendent coupling {.e, monotonically decreasing function last Sec. 5 is devoted to the conclusion.
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2. General formalism

Here,r,,! = A, is an ultra-violet regulator, which plays the
dynamic role. The—;1 = A, stands for the infrared regula-

The Schwinger-Dyson’s equations (SDE) for dressed-quarkyy whose non-zero value implements confinement by ensur-

propagatolS, are given by:

S™Hp) =iy -p+m+(p), 1)
with
d*k 9
X(p) = Wg A;w(P — k)
A A
X ?Wus(k)?ru(pa k) ) (2)

is the quark self-energyyg is the coupling constant, and
is the current quark mass. Thé’s are the usual Gell-Mann
matrices,I', is the dressed quark-gluon verteX,,, is the
gluon propagator.

The symmetry preserving four-fermions vector-vector
contact interaction (Cl) model with a finite gluon mass [34]in
the Landau gauge and the rainbow ladder truncation is given

by:

g2A,uu(k)Fu(pa k) = 5,U,V72' = 5,u1/04cf’f'7u 5 (3)
mg

wheremg = 800 MeV is the gluon mass scale [35, 36] and
the parametery;, = 0.937 is the infrared-enhanced inter-

action strength. Using the Cl model EB) n Eqg. (1), and

performing the “Trace” over Lorentz and color matrices, weof parameters of Ref. [34].e., 7, =

have the gap equation:

A
doeg [ d*k
M=m+ aﬁ/“Tr[S(k)].

3 2m) @)
The Eq. @) can be further simplified as
160 ' d*k M
M =m+ — /(277)414124%\427 (5)
where M is the dynamical quark mass. Usinijk =

(1/2)k2dk? sin? §df sin pdpdyp, performing the trivial reg-
ular integration’s and using the variabde= k2, the above
expression reduces to:

aeg M S
M, = d 6
- /33+M2 ©)
0

ing the absence of quarks production thresholds [37]. Hence,
T 1S corresponds to the confinement scale [17]. Upon us-
ing this regularization procedure, the quadratic and logarith-
mic divergences remove and the axial-vector Ward-Takahashi
identity [38, 39] is satisfied. The Edr)represents that the
location of the pole is at = —M?, which is cancelled by
the numerator. In this way, the singularities have been re-
moved and hence, the propagator is free from real as well
as the complex poles, which is according to the definition
of confinement.e., “an excitation described by a pole-less
propagator would never reach its mass-shell” [40]. It should
be noted that the confinement and chiral symmetry breaking
occurs simultaneously in this model [41].

After performing integration we have:

M3a,
M=m+ = S (~1,72, M2, 72M?) | (8)
s
where
I'(a,z1,22) =T(a,21) — T'(a, 22), (9)

with

oo

I(a,z) = /t"‘*le*tdt,
is the incomplete Gamma function. With a particular choice
(0.24 GeV)~! and
Tww = (0.905 GeV)~!, with the bare quarkn,, = my =
0.007 GeV, from the numerical solution of the gap equation
Eq. 8), we get the dynamical madg, = M,y = 0.367 GeV.

3. Gap equation in the presence of £ and eB
atzeroT

In QCD Lagrangian, the electromagnetic fiel** embed-
ded in the covariant derivative as,
D, =0, —iQsAS"

P (10)

with Q5 = (¢u = +2/3,94 = —1/3)e is refers to the elec-
tric charges ofu and d-quark respectively. Where With a
particular choice of t the symmetric gauge vector potential
Afft = (iEz,0,—Bz,0) in which electric and magnetic
field are chosen along the z-axis. The gap equation in the
presence of electric and magnetic field continues to be of the
form Eq. @) but now dressed with the electric and magnetic
Schwinger propagatée.,S; (k) — S¢(k) [1,2,4,20,24,33].

The integral in Eq.6) is divergent and we need to regularize Thys, the final expression for the gap equation in the presence

it through proper-time regularization scheme [33] as:

oo

+1M2 :/dTe_T(S+M2) — /dTe_T(SJer)
s

0 T
e—‘rfw (s+M?) _ e—‘rfr(s-&-lwz)

- s+ M? ’ ()
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of background fields is given as [18]:

~2
Tir

>/

=u,d
fmwdr,

X{ 1Q/E| QB ]
tan(|QsE|7) tanh(|QsB|7) |’

"~ Qleff
M=m
+ 32

dr Me~ ™M’

(11)
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The confinement scale now slightly varies with the back- 0.2s8l ,\;[C_ Eo G;\/z . (0)'
ground fields: ' et
0.26f = mmmeee- IEC: eB=0 GeV?, acft (0)
Fir = Tm«%, (12) %' 024 = memeee IMC: eE=0 GeV?, aefr (€B) ]
f A 7 B ———
where M is the dynamical mass without background fields . g.20} IRl —
ande is the electric and magnetic field dependent dynam- = T .
ical mass. When both the field#, eB — 0, the Eq. 1) ’
reduces back to EJ8). The gap equation for a pure electric 0.16}
field can be obtained by settingB — 0, while for a pure 0.14 . . . . .
005 010 015 0.20 0.25 0.30

magnetic fieldeE — 0. The numerical solution of the gap
equation Eq.l11) as a function ot B for fixed values ok FE

has been discussed in detail in Ref. [18], which shows that
in pure electric background the dynamical quark msand

the confining scalé decreases as we increasedg(i.e., the
chiral inhibition effect), whereas in the pure magnetic back-
ground the dynamical mas%/ and the confining length scale

eE, eB [GeV?]

FIGURE 1. The phase diagram shows all the three phenomena MC,
IMC and IE in theTX'® — (eE, eB) plane.

7 increasesife., M_agr_1etic catalysis effect). Thus, we can 0.24} .eB=0 Gevé
say that the electric field tends to strengthen the restoraton  } = «cc-aa- eB=0.2 Ge\?
of the chiral symmetry whereas the magnetic field enhances P B=0.3 GeV?

the chiral symmetry breaking. When both fields are present,
the strong competition occurred between thesm the mag-

netic field enhances the dynamical mass while the electric ;A 0.20}
suppresses it and vice versa. The pseudo- critical electric =

>
(@
9,

field e EX-C for the chiral symmetry breaking-restoration and 0.18}

confinement-deconfinement can be obtained from the electric

gradient of the quark -antiquark condensate and the confining g 1g . . ; ; "

scale. 005 010 015 020 0.25 0.30
eE[GeV?]

4. Phase diagram afl” # 0 and in the presence
of e andeB

FIGURE 2. The phase diagram shows the inverse electric catalysis
in the TX*“—E plane for various given values ef3. HereeE

. . . . inhibits while e B facilitates the phase transition and hence yields
In this section, we discuss the expression for the gap €U . inverse electromagnetic catalysis

tion and its numerical solution at finite temperature and in

the presence of the background fields and explain how thﬁereM — M(0,0,0) is the dynamical mass aB = cE —

dynamical mass and the confinement length scale behave il.t: 0, whereas\I — M(cE, eB, T) is the variation of dy-

finit_e t_e mperature_ a_md in th_e presence of elect_ric and Ma%amical mass at finiteB, eF andT'. To observe the pattern

_netlc fields. The finitel version of the gap eql_Jat_lon E‘@( of inverse electric catalysis (IE), magnetic catalysis (MC), in-
n the presence of electric fields and magnetic field 5 is verse magnetic catalysis (IMC) as shown in the Fig. 1 and
given by [18] electromagnetic inverse catalysis (IEMC) as shown in the

#2. Fig. 2 and 3, we compute the thermal gradient of the quark-
o Oleff ~ N2 antiquark condensate and the confining length scale for in-
M=m+ 3m? f_zd /dTMe creasing values ofF, eB, andT. Thus, it can be seen
2, that increasing temperature requires larggrto catalyze the
—_— Qs Bl dynamical chiral symmetry breaking and confinement (MC),
X O3 (2, e “2”"“(@-*'}5'”) contrary to the case aff, where increasing temperature re-
quires smaller values @fE for anti-catalyze (IE) the dynam-
y { |QyE| |Qy B ] (13) ical chiral symmetry restoration and deconfinement. Upon
tan(|QfE|7) tanh(|Q¢BlT) |’ taking into account the effect of the3 in the functional form

of the effective coupling [17-19], where the effective cou-
pling decreases with increasirng3, we thus produced the
inverse magnetic catalysis (IMC) as shown in the Fig. 1.
Whereas, in the pure electric fieddz background and at
finite T, the solution of the gap equation supports the inverse
electric catalysis effect. When botliy ande B are taken into

with ©3(7/2,e~"), is the third Jacobi’s theta function . The
confinement scalg;,. is now slightly vary withT’, e £ ande B
is of the form:

M

Tir = Tir—=-

(14)
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FIGURE 3. The phase diagram in tHEX'“ — ¢F Plane for vari-
ous given values of B with e B-dependent coupling [17,18]. Here
both fieldse E and eB inhibits the phase transition and thus, we
have found the IEMC.

account without Fig. 2 and with the magnetic field effective
coupling Fig. 3, the criticaT)?C for the chiral phase tran-

AFTAB AHMAD

the electric and magnetic field background and at finite tem-
perature and conclude that: 1) In the zero temperature case,
The magnetic field played the role of facilitator of the dy-
namical chiral symmetry breaking and confinement, Whereas
the electric field acted as an inhibitor of the chiral symmetry
breaking and confinement. 2) At finite temperature, the so-
lution of our gap equation supports the phenomenon of mag-
netic catalysis and inverse magnetic catalysis when the ef-
fective coupling has taken to be decreasing function of the
magnetic field. 3) At zero and finite temperature, and in pure
electric case, we found the chiral inhibition effect or inverse
electric catalysis effect. 4) At finite temperature, when both
el andeB are considered the critical temperature, we also
observe the inverse electromagnetic catalysis effect with and
without magnetic field-dependent effective coupling of the
model.
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