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1. Introduction

The study of strong interactions in presence of backgrouadmnetic fields is relevant to many
phenomenological contexts. Large magnetic fieBls-(10'° Tesla, i.e. \/@ ~ 1.5 GeV) may
have been produced at the cosmological electroweak phasgtion [1] and they may have in-
fluenced the QCD confinement/deconfinement and chiral regtdransition. Lower fields are
expected to be produced in non-central heavy ion collisieeching up to 18 T at RHIC and up
to 101> T at LHC [2, 3]. Fields of the order of 10 T are also expected in magnetars [4].

The influence of electric and magnetic fields on the chirapprties of the vacuum has been
studied since some time, using various approximationsfectife models of QCD [5, 6, 7, 8, 10,
11, 12]: the common feature of these studies are an enhantefrehiral symmetry breaking as a
magnetic field is switched on. An important issue is also tifieence of the magnetic field on the
structure of the QCD phase diagram, in particular on thetimeand the nature of deconfinement
and chiral symmetry restoring crossover. Clarifying thatyrbe important to correctly predict the
phenomenological consequences of the QCD transition omvbkition of the Universe during
its early stages. Some computations exist, based on diffapproximations and QCD-like mod-
els[13, 14, 15, 16, 17, 18, 19], which predict the possipdita quite rich phenomenology, ranging
from a possible splitting of deconfinement and chiral synmynegstoration to a sizable increase in
the strength of the transition. However, the various modetiigtions are not always consistent
among themselves.

Some indications to clarify these issues may come from fitatple lattice QCD computa-
tions. Contrary to the case of a finite baryon density or ofckbeound electric field, no technical
difficulties hinder the numerical simulation of QCD in prese of a magnetic background field and
systematic studies are possible. An investigation of tresehdiagram in presence of a chromo-
magnetic background field has been performed in Refs. [J0w2fere it has been shown that the
transition temperature decreases as a function of the achmagnetic field, with deconfinement
and chiral symmetry restoration remaining strictly rediate each other. Lattice investigations in
presence of an electro-magnetic background field have baes since long with the purpose of
studying the magnetic properties of hadrons [22, 23]; restrties [24, 25, 26, 27] have investi-
gated mostly the chiral properties of the theory and theathiagnetic effect.

We report on an investigation of the QCD phase transitionr@sg@nce of an (electro-) mag-
netic background field. In particular we have considexgd= 2 QCD in the standard staggered
discretization of the theory, and different values of tharjumasses, in order to appreciate how
the effects of the magnetic field change as the mass spectranges (in the heavy quark limit the
magnetic field becomes irrelevant). A complete account ofesults is reported in Ref. [28].

2. Numerical Setup

We shall consider two flavor QCD, with the up and down quarksyoay different electric
charges and additionaly coupled to a background magnelit fihe presence of a background
electro-magnetic field affects the propagation of dynahgoarks and that corresponds to a mod-
ification of the Dirac operator. In the continuum the covatriderivative changes by inclusion of
the electro-magnetiéy, field; on the lattice one has to add appropridtgl) fields to the gauge
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link variables appearing in the fermion matrix which pagbitansport quark fields from one lattice
site to the other. In the case of a uniform background magfietd B, with two different electric

charges for the two quark flavorg, = 2|e|/3 andgqy = —|€|/3 (|e| being the elementary electric
charge), the patrtition function of the (rooted) staggemthion discretized version of the theory is

Z(T,B) = /.‘@Ue‘SG detM%[B,qu]detM%[B,qd] ,where (2.2)
12 . +
Mij[B.d] = amdj+3 5 Miv <U(B7q)i,vui7vé,jf\7 —u (B,Q)ifo,vUi,\;,vfﬁ,jw) - (22
v=1

2U denotes the functional integration over t88(3) gauge link variabled), ;;,, Sg is the dis-
cretized pure gauge action (we consider a standard Wilsmuptte action). The subscriptand

j refer to lattice sitesy is a unit vector on the lattice angl , are the staggered phases. Periodic
(antiperiodic) boundary conditions must be taken for gafigenion) fields along the Euclidean
time direction, while in the spatial directions periodicuibdary conditions will be chosen for all
fields. u(B,q); are the gauge links corresponding to the backgrduitl magnetic field. We
shall consider a constant magnetic file- B2 and the following choice for the gauge field:

Ay = BX; Ay=0 for p=xzt. (2.3)
That corresponds to the following choice for the lattit€l) links:
u(B,g)ny = ga’aBn.. u(B,g)ny =1 for u =x,zt (2.4)

This choice corresponds to a magnetic fa#B going through each plaquette in tke-y plane,
except at the boundarfLy,y,zt) due to the presence of periodic boundary conditions aloag th
spatial directions. In order to guarantee the smoothnetisedbackground field across and gauge
invariance, théJ (1) gauge fields must be modified at the boundary ofxth&ection [29]:

U(B, Q)nyr, = & > ABTY, (2.5)

It is easy to check that the magnetic flux through all the pitigs in the priodix — y plane remains
constant only if one uses a quantized magnetic fielkeB = 2mb/LxLy, whereb is an integer.

The quantization oB in our case is set by thetquark chargeyy = —|e|/3,
2
|e|B:67TT2<LM> b, (2.6)
S

T =1/(Nia) is the temperature and, = Ly = L.

Our simulations have been carried out of 64 lattices. We have done simulations for three
different sets of bare quark masses= 0.013350.025 and (075. The corresponding (Goldstone)
pion masses ar@m,; = 0.307(3),0.417(3) and 0707(3). The temperatur& = 1/(N:a) is changed
by varying the lattice spacing through the inverse gaugeloug 3.

T = 0 estimates of the string tension, done at the s8malues where the transition at zero
magnetic field takes place, lead to estimateinging from 0.29 to 0.31 fm as the quark mass is
decreased, correspondingTigB = 0) ranging from 170 to 160 MeV. The corresponding physical
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Figure1: Chiral condensate and Polyakov loop &on= 0.01335 (left) andam= 0.075 (right).

values of the (Goldstone) pion mass ang ~ 195 275 and 480 MeV. For each of these pion
masses we have done simulations using magnetic fields porréing tob = 0,8, 16 and 24i.e. for
le|B = 0,37T?,6mT? and 97T 2. Thus, for the lightest quark mass and taking the actual piass
used in our simulations as a reference, our magnetic fietthesavalues up to aboléB ~ 19 m?,
which corresponds tq/[e[B ~ 850 MeV in physical units. Note that, since we are workinghwit
a fixed value of\;, the magnetic field changes with changing temperatuae a§] T2. However,
for all the quark masses the range of coupliing,the range of, that we explore corresponds to a
< 2% change ifT and hence the magnetic field only changes at most by a fewngerce

We have made use of an RHMC algorithm to simulate rooted staggermions: even if we
have two flavors, we need to treat separately each of themharsdtake the fourth root of the
fermion determinant. Typical statistics are of the ordet@{ molecular dynamics trajectories.

3. Numerical Results

In Fig. 1 we show the behaviour of the quark condensate (geevbu andd condensates) and
of the Polyakov loop as a function of the magnetic field,dor= 0.01335 in the left panel, and for
am= 0.075 in the right one. Results are presented as a functioreahtferse gauge coupling,.

The quark condensate increases as a function of the madjedtilmdependently of’, as ex-
pected from various analytic predictions. If we interptet trop of the condensate as the signal for
chiral symmetry restoration, then the transition tempegaincreases as a function of the magnetic
field and, especially for the lowest quark masses, a muclpshdrop is observed for the highest
magnetic fields explored, indicating a sizable increaskarstrength of the transition. The increase
in the strength of the transition is also clearly visiblenfrthe behaviour of the disconnected chiral
susceptibility, which is shown in right panel of Fig. 2 foetltowest quark mass.

Regarding the Polyakov loop, from Fig. 1 we see that, whilthanlow temperature regime
it decreases as a function Bf (as one would expect qualitatively from the fact that theraihi
condensate increases), at hight increases. Such behaviour should be better understood dr
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Figure2: Disconnectedy ) susceptibility (left) and Polyakov loop susceptibilitjgint) foram=0.01335.

theoretical point of view, however we notice that a qualiely similar behaviour can be observed
in the data reported in Ref. [17], which were obtained by alPiddel analysis.

If we interpret the rise of the Polyakov loop as the onset abdénement, then we infer that
the shift and the increase in strength of the deconfinemansition is in agreement with what
observed for the chiral transition. Data obtained for théy&amv loop susceptibility, which are
shown left panel of Fig. 2 for the lowest quark mass explolet] to similar conclusions.

In Table 1 we report the pseudocritical couplingsfor deconfinement and chiral restoration
obtained by fitting the peak of the susceptibilities by a gatid function. We have also determined
Bc looking for the inflection point of observables, by means alfypomial fits, obtaining compat-
ible results. Data obtained for the pseudocritical cogdiconfirm what is already visible at a
gualitative level from Figs. 1: no appreciable separatibohiral restoration and deconfinement is
induced by the presence of the background field, at leashéoexplored field strengths.

From the values of the pseudocritical couplings we obtaénrétioTc(B) /Tc(0) as a function
of the dimensionless ratieB/T?, as reported in Fig. 3 (left). We have made use of the 2-loop
B-function to convert the information g8 in a ratio of physical temperatures.

From Fig. 3 we learn that the change in temperature is pretallsand of the order of a few
percent at the highest explored fields. Moreover, there séeive a saturation as the chiral limit is
approached and results fam= 0.01335 ancdam= 0.025 stay onto each other. Notice, however,
that this is true if we plot results as a function |ef8/T2: had we usede|B/m? results would
have been much different for the different masses: the bighagnetic field is about 2€2 for the
lowest mass and about 1, for the intermediate mass. This suggests that, at leashéosttong
fields and for the pion masses used in our simulations, tlegaet scale which governs the effect
of the magnetic field on the shift of the transition is the ptglstemperature itself and naiy,.

We have also tried to understand what is the functional digrere ofT;(B) on the magnetic
field and fitted our data for the lowest mass according to

Te(B) eB\“
O = 1+A<v> (3.1)




The QCD Phase Transition in a Strong Magnetic Background Francesco Sanfilippo

b | BP'0.01335 | B¥¥(0.0) || BP'(0.025) | B¥¥(0.025) | BP(0.075) | B¥¥(0.075)
0 5.2714(4) | 5.2716(3)| 5.2893(2) | 5.2898(3) | 5.351(1) | 5.351(2)
8 5.2739(4) | 5.2741(4)|| 5.2925(3) | 5.2925(3) | 5.353(1) | 5.353(2)
16 | 5.2783(3) | 5.2785(3)| 5.2961(3) | 5.2966(3) | 5.355(1) | 5.357(2)
24| 5.2836(2) | 5.2838(2)| 5.3014(4) | 5.3018(4 | 5.358(1) | 5.360(1)

Table 1: Pseudocritical couplings from fit of the peak of chiral conskete or Polyakov loop susceptibilities.
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Figure 3: Left: Tc(B) for different quark masses. The solid curve is a power lawo fihe lightest quark data
(see text). Right: Reweighted plaquette distributiofigas a function of the external field an= 0.01335
on a 16 x 4 lattice.

finding thata = 1.45(20) andA ~ 1.3 10~*. The fit is reported in Fig. 3 as well.

Finally we discuss the nature of the deconfinement/chirstorang transition. AB =0 it is
still unclear whether a weak first order transition may besen¢in the chiral limit [30, 31], however
no clear signal of metastability or of finite latent heat hidslseen detected at finite quark masses
and on available lattice sizes: the first order transitienef present, is extremely weak, hence
of poor phenomenological relevance. On the other hand culftseshow that the introduction of
a magnetic field makes the transition sharper. The questiovhiether a large enough field can
turn the transition into a first order strong enough to becphenomenologically relevant and also
become visible on realistic volumes used in lattice simoet. To that aim we have analyzed the
reweighted plaguette distribution at the critical cougdirand for different values of the magnetic
field: results are shown in Fig. 3 (right). The single pealtritigtion which is present at zero or
small magnetic field turns into a double peak distributigmidal of a first order transition, for
the largest magnetic field explored. We consider that onlg peliminary indication: numerical
simulations on larger lattice sizes are necessary to makepepfinite size scaling analysis.
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