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We point out that chiral condensates at nonzero temperature and magnetic fields are in strict connection
to the space-time integral of corresponding two-point neutral meson correlation functions in the
pseudoscalar channel via the Ward-Takahashi identity. Screening masses of neutral pseudoscalar mesons,
which are defined as the exponential decay of the corresponding spatial correlation functions in the long
distance, thus are intrinsically connected to (inverse) magnetic catalysis of chiral condensates. To study this
we performed lattice simulations of (2 4 1)-flavor QCD on 323 x N, lattices with pion mass M, ~
220 MeV in a fixed scale approach having temperature 7 € [17,281] MeV and magnetic field strength
eB € [0,2.5] GeV?. We find that screening lengths, i.e., inverses of screening masses of z°, K° and 7Y,
turn out to have the similar complex eB and T dependences of the corresponding chiral condensates.
Although the transition temperature is found to always decrease as eB grows, we show that the suppression
due to magnetic fields becomes less significant for hadron screening length and chiral condensates with
heavier quarks involved, and ceases to occur for 7% and strange quark chiral condensate. The complex eB
and T dependences of both screening masses and chiral condensates, reflecting the crossover nature of the
QCD transition, are attributed to the competition between sea and valence quark effects. These findings

could be useful to guide low-energy models and effective theories of QCD.
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I. INTRODUCTION

The properties of thermal medium governed by quantum
chromodynamics (QCD) in the magnetic fields have
attracted a lot of interest recently since the strong magnetic
field, which is at the order of QCD scale AéCD ~
10* MeV? ~ 107 Gauss, is expected to exist in the
peripheral relativistic heavy-ion collisions [1-4], the early
Universe [5], and magnetars [6]. One of the most interest-
ing established features of QCD with physical pions in the
strong magnetic field is that the pseudocritical temperature
T ,. reduces as the magnetic field strength eB grows [7].
This, however, was not predicted from all the effective
theories/models, since the chiral condensates were previ-
ously found to be enhanced by the magnetic fields (so-
called magnetic catalyses) at zero temperature and a larger
temperature was thus expected to restore the chiral sym-
metry at nonzero magnetic fields [8]. The reduction of T,
accompanies so-called inverse magnetic catalysis, meaning
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that the averaged up and down quark chiral condensates are
suppressed due to eB in the proximity of 7). [9].

Many investigations have been taken to understand the
unexpected inverse magnetic catalysis as well as the
reduction of T, (see recent reviews, e.g., Refs. [10-13]).
It has been established that the inverse magnetic catalysis is
driven by the sea quark effects rather than the valence quark
effects. In the former the magnetic field is encoded in the
fermion matrix but not in the quark propagator, whereas in
the latter the magnetic field is only included in the quark
propagator [14,15]. However, the connection among the
reduction of 7', inverse magnetic catalysis and catalysis
still remains elusive. Moreover, it is found recently that
the reduction of 7', in stronger magnetic fields is observed
even when the inverse magnetic catalysis of light quark
chiral condensates is absent in QCD with very heavy pions
[16,17]. This thus challenges the commonly adopted
assumption of strict connection, or even identification
between the reduction of 7T,. and the inverse magnetic
catalysis of chiral condensates.

The reduction of 7', in a background magnetic field, due
to the crossover nature of the QCD transition, is also
manifested in other observables, e.g., fluctuations of con-
served charges [18,19], Polyakov loops [15,16], the string
tension [20] and the ratio of pressure over energy density
[21]. These observables may reflect the deconfinement
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aspect of the QCD transition. On the other hand, the chiral
aspect of the QCD transition can be reflected in the
properties of light hadrons, e.g., Goldstone pion at zero
magnetic fields [22,23]. At eB = 0 it has been shown that
T, decreases with lighter pions in lattice QCD simulations
[24-27], and the difference between pion susceptibilities,
defined as the integrated pion correlation functions, and
chiral susceptibilities, defined as the quark mass derivative
of chiral condensates, measures the SU;(2) x SUR(2) =~
O(4) chiral symmetry breaking [22,28-30]. The pion
screening mass, or the inverse of screening length, which
is defined as the exponential decay of spatial hadron
correlation functions in the long distance, could also reflect
the critical behavior near the chiral phase transition [31,32].
At zero magnetic fields the pion screening mass in (2 + 1)-
flavor QCD was found to increase as either temperature or
light quark mass increases [28,33-35].

Once the magnetic field is turned on only one Goldstone
boson in two-flavor QCD, i.e., z°, exists, and the chiral
symmetry becomes U, (1) x Ug(1) = O(2). In analogy to
the case at zero magnetic fields the thermal properties of the
Goldston boson, 7%, could be the key to understanding the
QCD phase structure, including the reduction of 7). and
inverse magnetic catalysis. Unfortunately, current lattice
QCD studies on the hadron properties in nonzero magnetic
fields are restricted to the case at zero temperature [7,36—43].
It was found that z° becomes lighter in stronger magnetic
fields at zero temperature [37-39,43]. This, as argued in
Refs. [39,43], could lead to the reduction of T pe in stronger
magnetic fields. On the other hand, studies based on
effective theories/models on the pole masses of z° in a
background magnetic field in both vacuum and thermal
medium have been carried out extensively [44-59].
However, similar studies on screening mass of z° in the
thermomagnetic medium using effective theories/models
are limited [45,51,54,60], and the connection between
pole/screening mass of pion and chiral condensates is
not established. Moreover, the strange quark could be
important in the QCD transition, and its role, however,
is not yet studied in the thermomagnetic medium in the
current literature.

In this paper, we point out that, up, down and strange
quark chiral condensates are in strict connection to the
space-time integral of corresponding two-point neutral
meson correlation functions in the pseudoscalar channel.
We show the complex ¢B and temperature dependences of
up, down and strange quark chiral condensates and screen-
ing masses of 7%, K° and 7% extracted from the corre-
sponding spatial correlation functions, as well as the eB
dependence of T,.. The sea and valence quark effects
leading to these phenomena are also discussed.

The paper is organized as follows. In Sec. II we introduce
the Ward-Takahashi identity, and basic observables used
for the analyses, e.g., chiral condensates, two-point corre-
lation functions of neutral pseudoscalar mesons as well as

screening masses. In Sec. III we describe our lattice
simulations of Ny =2+ 1 QCD using highly improved
staggered fermions in a fixed scale approach. In Sec. IV we
show our main results obtained in the thermomagnetic
medium and in Sec. V we finally draw our conclusions.

II. WARD-TAKAHASHI IDENTITIES, CHIRAL
CONDENSATES AND SCREENING MASSES

Although the quark chiral condensates and the neutral
pseudoscalar meson correlation function seem to reflect
different perspectives of the thermomagnetic medium, they
are in strict connection via the following Ward-Takahashi
identities at eB # 0, which were derived very recently by
some of the current authors [43]:

(mu + md))(ﬂo = <l/_/l//>u =+ <l/_/w>d’ (1)
(mg+mg)ygo = (pw), + (Pw)s, (2)
mytyp = (Pw)s. (3)

Here m,, 4, is the mass of up, down and strange quark, and
xr 1s the neutral pseudoscalar meson susceptibility and is
defined as the integrated Euclidean two-point correlation
function of neutral pseudoscalar mesons H with H = 7°,
K° and 7Y,

tn = [ d:6u(2)

E/dZAl/TdT/dY/dxgH(Tvz)' (4)

We remark here that the UV divergence appears in the same
manner in chiral condensates () ¢ and meson suscep-
tibilities ;(H.l The Ward-Takahashi identities shown in
Egs. (1) and (2) thus naturally bridge the eB dependences
of quark chiral condensates, e.g., magnetic catalysis and
inverse magnetic catalysis to the properties of Goldstone
bosons, 7° and K°, in the magnetized medium.” Here to
check the role of the strange quark we also investigate a
fictitious lightest neutral pseudoscalar meson 7% made of a
strange and antistrange quark pair.

The single flavor quark chiral condensate (yy), at
nonzero magnetic fields can be expressed as

1;(;, should include contributions from both connected and
disconnected diagrams [43]. The contribution from disconnected
diagrams arises in, e.g., y 0 due to isospin symmetry breaking of
up and down quarks in nonzero magnetic fields.

>The Ward-Takahashi identities shown in Egs. (1)—(3) hold
true for any values of T and eB, and thus the arguments of 7" and
eB are suppressed here to avoid clutter.
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TOWZ(B.T) T

(o) (B.T) =, o, =y TMzL ()

where Z(B, T) is the partition function of QCD,

Here V is the spatial volume, the Dirac matrix M=
M(U.q;B.my)=D(U,q;B)+m,1 with g, and m, being
the electric charge and mass of the quark flavor f, and S, is
the gauge action.

The change of the up and down quark chiral condensates
due to the magnetic field is thus reflected in the following
renormalized UV-free quantity [9]:

m, +my

AY, (B, T) = 2M2f

() (B.T) - Gy
=u,d

)7(0.7)).
(7)

Here M, and f, are the pion mass and decay constant of
pion at zero magnetic field in the vacuum, respectively.
These two equations are based on the two flavor version of
the Gell-Mann-Oakes-Renner (GMOR) relation [43,61].
In the same spirit based on the three flavor GMOR relation
[43,62], a quantity involving down and strange quarks can
also be defined:

mg —+ my
g 2
2M% xSk =1

AZy(B.T) = w)¢(B.T) = ()0, T)),

(8)

where My and fy are the mass and decay constant of the
kaon at zero magnetic field in the vacuum, respectively.
One can also investigate the change of strange quark chiral
condensate in a similar way,

my + myg

AS,(B.T) =
2Mifk

() (B.T) = (pw),(0.7)).  (9)

On the other hand, two-point Euclidean spatial correla-
tion functions of pseudoscalar mesons are defined as
follows’:

3 At zero magnetic field the correlation function is isotropic in
the spatial direction, while at nonzero magnetic fields the spatial
correlation functions separated along the direction parallel and
perpendicular to the magnetic field are different from each other.
Examples of such an anisotropy in magnetic fields can also be
seen e.g., in the electric conductivity [63], heavy quark potential
[64] and meson deformations [65]. In our current study we focus
on the spatial correlator separated in the direction that is parallel
to the direction of the magnetic field, i.e., Gy (z).

Gy(B,T,z) = /I/Tdr/dy/dxgH(B,T,f)

Ol/Tdedy fdx/DUe—S

X H detM(U,qu,m,-)gflf2(B,x),

f=ud.s
(10)
where gf]fz(B,X) = Oflfz (B,x)(Of]fz(B,()))T with
Of]fz(B,X) = l/_/fl (B,x>]/51//f2 (B,X) and X = (T, )—C}) =

(7,x,y,7). The spatial correlator Gy (B, T, z) decays expo-
nentially at a large spatial distance z [66,67]:

lim Gy (B, T, z)

7—00

= Ape ™Mz, (11)

where Ay is the amplitude and M is the screening mass or
the inverse of the screening length of the corresponding
hadron H. At zero temperature the screening mass My is
the same as the pole mass of the ground state of pseudo-
scalar meson H, and at nonzero temperature they differ
among each other [68].

To investigate the sea and valence quark effects to the
behavior of the screening masses, we thus define the
following two types of spatial correlation functions follow-
ing the similar techniques used for light quark chiral
condensates in Refs. [14,15]:

W Tde [dy [d
Gy{\(B,T.z) = BTny][ x/DUe_SI/
X H detM U,quZO,mf)gflfz(B,x),
f=ud,s
(12)

1T
G2 (B, T, z) = 0 dedyfdx/DUe‘S

X H detM(U,quB,mf)gflfz(B:O,X)
f=ud,s

(13)

Thus the eB dependence of G}f‘(B, T, z) only comes from
Gr,r,(B,x), whereas the eB dependence of Gj*(B. T, z)
only comes from the fermion matrix M (U, q;B, m). The
screening masses M} and M5 can thus be extracted from
Gy(B,T,z) and G$*(B,T,z) according to Eq. (11),
respectively.

III. LATTICE QCD CALCULATIONS

The highly improved staggered quarks (HISQ) [69] and a
tree-level improved Symanzik gauge action, which have been
extensively used by the HotQCD collaboration [70-74], were
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adopted in our current lattice simulations of Ny =2+ 1
QCD in nonzero magnetic fields. The magnetic field
described by a complex phase factor is introduced along
the z direction, and is implemented by multiplying the gauge
links of lattices. To satisfy the quantization for all the quarks
in the system the magnetic field strength e B is thus expressed
as follows [7,75]:

6zN N2
B =047 = 6xN,T> L,
N N

(14)

where N, € Z is the number of magnetic fluxes through a
unit area in the x-y plane, and a is the lattice spacing. Here N
and N, denote the number of points in the spatial and temporal
direction, respectively. The implementation of magnetic
fields in the lattice QCD simulations using the HISQ action
is detailed in Ref. [43].

In our lattice simulations, the strange quark mass is fixed
to its physical value m?™ by tuning the mass of a (fictitious)
s5 pseudoscalar meson, 17?3, to Mn?f ~ 684 MeV [43]. The
contribution from the disconnected diagram to the mass of

O_is generally not considered and the mass of 7% can also
be estimated using leading order chiral perturbation theory
M, = \/2My — M7 [28,76]. The light quark mass is
chosen as m, = m,; = mb" /10 and this corresponds to a
Goldstone pion mass M, ~220 MeV, kaon mass
M ~ 507 MeV. In the current lattice setup pion and kaon
decay constants are f, ~97 MeV and fx ~ 113 MeV in
the vacuum [43], and the pseudocritical temperature
T,.(eB=0)~170 MeV as estimated from the discon-
nected light quark chiral susceptibility [18].

Due to the different electric charge of up and down
(strange) quarks they are treated differently in nonzero
magnetic fields. To have the same value of eB in physical
units at different temperatures we adopted a fixed scale
approach, i.e., fixed lattice spacing a ~0.117 fm in our
simulations. We fix N; = 32 and vary N, from 96 to 6 in
order to have eight different temperatures 7 = (aN,)~!
ranging from 17 MeV up to 281 MeV. For each fixed N,,
we have 15 values of magnetic field flux N, chosen from 0
to 48. These correspond to the magnetic field eB ranging
from 0 to ~2.5 GeV?. The gauge field configurations were
generated using the rational hybrid Monte Carlo algorithm
[77,78]. An average of about 3000 gauge configurations
separated by every fifth molecular dynamics trajectory of
unit length were saved for each parameter set to carry out
various measurements. More information on these con-
figurations can be found in [18,43].

Measurements of chiral condensates were done by
inverting the fermion matrices using 102 Gaussian random
sources while those of correlation functions were done
using a single corner wall source on each gauge configu-
ration. It has been shown in Ref. [38] that the quark-line
disconnected part in quenched QCD is negligible to the

0 10 20 30 40 50 eB/M?2
1.04 | @)ut@)y  @Fe)at@e)s  _(¥)s
(muFma)xo  (matme)Xgo  msx,0_
1031 140 MeV D¢ K
1.02 | 281 MeV [ =h = A
0.97
0 0.5 1 1.5 2 2.5
eB [GeV?)

FIG. 1. Ratios of (7}, + (5w) )/ ((m, + ma),e). (), +
(T0),)/ ((mg+m,)ygo) and (), / (myz,p ) as a function of eB
at 7 = 140 and 281 MeV. Data points are shifted horizontally for
visibility.

neutral pion correlation function in the nonzero magnetic
fields. In our current study of neutral pions, we thus neglect
the disconnected contributions which could be small as
well [43]. To quantify the sea and valence quark effects we
compute G3*(B,z) based on the gauge configurations
produced at eB # 0 and with G, , (B = 0, x), and compute
G}¥(B, z) based on the gauge configurations produced at
eB = 0 and with G, f2<B # 0,x). Detailed information on
the techniques adopted in the current work to compute
chiral condensates, correlation functions and screening
masses in the staggered theory can be found in e.g.,
Sec. III B in both Refs. [28,43]. A typical example of
extraction of screening masses at 7' = 140 MeV is also
shown in Appendix B.

IV. RESULTS

To demonstrate the Ward-Takahashi identities
[cf. Egs. (1)=(3)] we show the ratios of ((py), +
) a)/ (my+ma)yo), ((Bw) g+ @w),)/ (ma+mg)ygo)
and (py),/ (ms;(n&) as a function of eB at two example
temperatures in Fig. 1. It can be read off from the plot that
the ratios are consistent with unity according to the Ward-
Takahashi identities.* The case is the same at other temper-
atures, see e.g., T = 17 MeV shown in Ref. [43]. This thus
shows the strict connection between chiral condensates and
neutral pseudoscalar meson correlation functions in the
thermomagnetic medium.

In Fig. 2 (top) we show the change of up and down quark
chiral condensates due to eB, AY,,;, as a function of eB
with temperatures from 7’ = 17 MeV up to T = 281 MeV.
The magnetic catalysis of chiral condensates can be clearly

“Note that the deviation of (), + () )/ ((my + mg)y o)
from unity, i.e., at most ~2 percent, might originate from the
contribution of the disconnected diagrams to y o that is neglected
in the current study.
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FIG. 2. The change of the renormalized up and down quark
chiral condensates, AX,; (top), down and strange quark chiral
condensates, AX;; (middle), strange quark chiral condensate A%
(bottom) due to the magnetic field as a function of eB at various
temperatures. The upper x axis in each plot is rescaled by the pion
mass square in the vacuum at eB = 0.

observed at 7 <120 MeV, while the inverse magnetic
catalysis can be seen at 7 = 140 and 169 MeV in the
proximity of 7,,.(eB = 0) ~ 170 MeV. At the highest two
temperatures AX,, are consistent with zero. These obser-
vations are in line with findings from lattice QCD studies
with physical pion mass [9].

In Fig. 2 (middle) we show a similar plot as AX,; but
for the change of down and strange quark condensates
due to eB, AX;. At T <140 MeV AZ,, has similar eB
dependences as AX,;, i.e., an increasing behavior of
AY,; at T <120 MeV, and a nonmonotonous behavior
of AX,, although less significant compared to AX,,; at
T = 140 MeV. At higher temperatures, i.e., T > 169 MeV

3.2

Ay i
28+ eB=0 GeV? =+
© ® eB=0.31 GeV? ¢
241 & eB=0.84 GeV2 +On ]
s eB=1.26 GeV? =¥+ |
eB=2.51 GeV? o
1.6 | © 1
12f X *
x % |
08F O [} o) o
0.4 E
X X X X |
of-E------ EF***E*E**é*l‘ﬁs—g:ﬁ ———————— 8- -
04 . . . . .
0 50 100 150 200 250 300
T [MeV]
1.6
AE,;S
L4r eB—0 GoV? v ]
2l @ © eB=0.31 GeV? ¢+ |
o eB=0.84 GeV? +OH
1r eB=1.26 GeV? +¥+
osh & eB=2.51 GeV? +o |
0.6 |
x X ¥ |
0.4 o X
]
0.2} ©
o
ol BB &
0.2 . . ‘ ‘ ‘
0 50 100 150 200 250 300
T [MeV]
0.8 : .
o7k AY eB=0 GeV? HH |
’ eB=0.31 GeV? >
0.6 © o N eB=0.81 GeV? O -
eB=1.26 GeV? ¥~
05 & eB=2.51 GeV? +o |
0.4 ’ 1
0.3
o
02| ¥ * X ox
x* ©
o1}l © © CC) @| © °
of - SRR VR S S - -
o1 . . . . .
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FIG. 3. AX,; (top), AX, (middle) and AX, (bottom) as a

function of T at several values of magnetic field strength eB.
Bands connecting the data points represent the spline interpola-
tions, while the center and half width of each rectangle show the
location and uncertainty of the inflection point, respectively.

AY,, instead shows an increasing trend as eB grows with
eB > 1.26 GeV?. This increasing trend in AX, comes
from the strange quark chiral condensate (Fig. 2 bottom).
AtT = 169 MeV AX, shows a marked increasing behavior
in eB. Furthermore, AX; is found to always increase as eB
grows in the current window of eB and 7. In other words,
only magnetic catalysis is found in AX,. This is in contrast
to both AY,,; and AZ,.

In Fig. 3 we show AZ,,; (top), AX; (middle) and A
(bottom) as a function of temperature at several values of
eB. It can be seen that the QCD transition in the current
window of the magnetic field is a rapid crossover and the
strength of the transition becomes stronger as eB grows.
Due to the crossover nature of the QCD transition, the
inflection points of all these quantities as a function of
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temperature can be used to define the pseudocritical
temperature 7 ,. of QCD. It can be clearly observed that
the inflection points of all these quantities shift to lower
temperatures in stronger magnetic fields. This thus means
that T'),. obtained from these inflections always decreases
as eB grows. We remark here that although A% does not
show any marked decreasing behavior in eB at each fixed
temperature [cf. Fig. 2 (bottom)] its inflection point still
moves to lower temperatures in stronger magnetic fields
similar to the case of AY,; and AX,. It is also worth
mentioning that Fig. 3 is in analogy to Fig. 14 in Ref. [16).°
Both figures show that T,.(eB) decreases as eB grows
even when the relevant observable is no longer suppressed
due to the magnetic field. However, in the former case the
relevant observable is the strange quark chiral condensate
in QCD with M, (eB=0,T =0) fixed to 220 MeV,
whereas in the latter case the observable is the light
quark chiral condensates with M, (eB=0,T =0) =
664 MeV [16].

In Fig. 4 (top) we show the ratios of screening masses
to their values at eB =0 and same temperature for z°
extracted from the corresponding spatial correlators.
Although y,. or AX,, is enhanced at low temperature
and suppressed around the transition temperature due to the
magnetic field, it is not fully expected that the screening
length, or the inverse of the screening mass of the neutral
pion follows the same eB and temperature dependence of
x.0- This is because it is the long distance part of the
correlation function that decays exponentially with the
screening mass Mo and A, should also depend on eB
[cf. Eq. (11)]. It turns out that the extracted screening length
of 7° has similar eB dependences of AX,; and y,o at each
fixed temperature. At T = 17 MeV, i.e., much lower to the
transition temperature, the screening mass is the same as
the pole mass and decreases as eB grows. As discussed in
Ref. [43] the neutral pion cannot be considered as a
pointlike particle anymore in the current window of
magnetic fields since a neutral pointlike particle should
be blind to the magnetic field. At higher temperatures but
T <105 MeV the neutral pion screening mass M o still
decreases as eB grows. With increasing temperature, i.e., at
T =120 and 140 MeV M o first decreases and then starts
to increase after a turning point at eB ~ 1.26 GeV>. At
higher temperatures, i.e., 7 = 169 and 211 MeV, M ,» show
marked increasing behavior with increasing eB, whereas
at the highest temperature 7' = 281 MeV, Mo shows a
decreasing behavior again. It is also worth mentioning that
the ratio MY(T, B)/M%(T,B = 0) is always smaller than
unity at 7 < 120 MeV and T = 281 MeV, and larger than
unity at 7 = 169 and 211 MeV, while at T = 140 MeV itis
smaller than unity with eB < 2 GeV? and becomes larger
than unity with eB 22 GeV>.

5Figure 6 in Ref. [17] shows similar results as Fig. 14 in
Ref. [16] but along the transition line of T ,.(m, 4).
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FIG. 4. Ratios of screening masses of z° (top), K° (middle) and
1% (bottom) to their corresponding values at eB = 0 as a function
of eB at various temperatures.

In Fig. 4 (middle) we show a similar plot as Fig. 4 (top)
but for K°. Although the trend of these ratios for K in eB at
each temperature is similar to those for z°, the changes
induced by eB are smaller in the screening mass of K° than
that of z°. For instance at T = 169 MeV the screening
masses are enhanced and the ratios for K and z° are about
1.2 and 1.7 at eB~2.5 GeV?, respectively, while at
T = 17 MeV they are suppressed and the ratios are about
0.68 and 0.6 at eB ~ 2.5 GeV?, respectively. This might be
due to the fact that K* is heavier than z°, and consequently
a same level of change in the screening masses of K°
requires a larger eB compared to that of z°.

To further check whether the screening mass of a heavier
particle is less affected by eB, we show in Fig. 4 (bottom)
the influence of magnetic field to the screening mass
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of a fictitious neutral pseudoscalar meson 7%. In the
vacuum at zero magnetic fields Mn?} ~ 684 MeV > My ~
507 MeV > M, ~220 MeV in our current lattice setup.
The screening mass of 7% is not enhanced by the magnetic
field in the current window of temperature and magnetic
field strength, whereas the screening masses of z° and K°
are enhanced by the magnetic field and increase as eB
grows in particular at 7 = 169 and 211 MeV. Note that
although the ratio for 7% is not larger than unity, it seems to
develop an increasing trend as eB > 1 GeV? at T = 140
and 169 MeV.

In Fig. 5 we show the temperature dependence of
screening masses of z° (top), K° (middle) and % (bottom)
at several fixed values of eB. At eB = 0 all the screening
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FIG. 5. Screening masses of 7° (top), K° (middle) and ;7?5

(bottom) as a function of temperature at several values of eB.
Straight lines connecting neighboring data points are just used to
guide the eye.

masses remain almost independent of temperature at
T <140 MeV ~ 0.8T ,.(eB = 0). They then suddenly
jump to a larger value at 7 = 169 MeV ~ T ,.(eB = 0)
and increases as 7 grows. This is compatible with studies
in lattice QCD with physical pion mass [28]. As the
magnetic field is turned on all the screening masses show
a trend that they jump at a lower temperature with a larger
eB. This suggests the reduction of T,. in stronger
magnetic fields, which is consistent with the observation
from the inflection points of chiral condensates shown in
Fig. 3. Note again that although the screening mass of 1’
is not enhanced by the magnetic field its temperature
dependence still suggests the reduction of T',. in stronger
magnetic fields. It is also interesting to point out that the
vacuum mass of 7%, M,p ~684 MeV, in our current
lattice setup is larger than 520 MeV. With the value of
pion mass larger than 520 MeV it is found that QCD turns
from displaying inverse magnetic catalysis to magnetic
catalysis of light quark condensates while 7. still
decreases as eB grows [16,17].

In Fig. 6 we show the valence and sea quark effects to the
ratios shown in Fig. 4. The eB dependences of ratios of
the screening mass of z° (left), K° (middle) and 7% to
their corresponding values at eB = 0 are obtained from
GY¥(B,T,z) [top, cf. Eq. (12)] and G{$*(B, T, z) [bottom,
cf. Eq. (13)], respectively. For the valence quark effects it
can be clearly seen that the ratio decreases as eB grows at
each temperature, while the ratio from the sea quark effects
increases as eB grows at 7 2 120 MeV and remains as
unity at 7 < 120 MeV. Again both the sea and valence
quark effects are less significant in heavier mesons. It can
also be observed that the sea quark effects are more
sensitive to the quark mass compared to the valence quark
effects. Thus these two effects compete with each other and
lead to the results shown in Fig. 4.

In Fig. 7 we further show screening masses of M} (top)
and M (bottom) for z° (left), K° (middle) and 7’ (right)
as a function of temperature at several fixed values of eB.
It can also be clearly seen that M} are suppressed at all
temperatures while M5* is enhanced at high temperatures
and remains almost unaffected at low temperatures by the
magnetic field. As observed from the insets in Fig. 7 (top),
the temperature where M}3! increases most rapidly seems
to be independent of eB. On the other hand, it is obvious
that the temperature where M}* increases most rapidly
decreases with increasing eB. In other words, the reduction
of T, in stronger magnetic fields is only manifested in the
temperature dependence of My?®. This, however, is also
obvious in the sense that the transition temperature is one of
the thermodynamic properties that is encoded in the
partition function and manifested in the “sea quark”
relevant quantities. The same conclusions can be drawn
from the sea and valence quark effects to chiral condensates
shown in Appendix A.
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FIG. 6. Top: ratios of “valence” screening

masses M} for z° (left), K (middle) and 5% (right) as a function of eB at various

temperatures. Bottom: same as top plots but for the ratios of “sea” screening masses M.
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FIG. 7. Top: “valence” screening masses M;}‘l for z° (left), K (middle) and 1123 (right) as a function of T at several values of eB. The
insets instead show the ratio M} (T, B)/M}¥ (T = 17 MeV, B) as a function of T. Bottom: similar to top plots but for “sea” screening
masses Mi*. Straight lines connecting neighboring data points are just used to guide the eye.

V. CONCLUSION AND DISCUSSION

In this work we pointed out that the eB and temperature
dependences of chiral condensates are intrinsically con-
nected to screening masses of the neutral pseudoscalar
mesons. We have demonstrated this, to the best of our
knowledge, for the first time via the first principle lattice
QCD simulations. The observed complex dependences of
chiral condensates on eB and T actually reflect the change of
screening length (mass) of corresponding neutral pseudo-
scalar mesons. These complex dependences are attributed to
the competition between sea and valence quark effects. The
former effect tends to enhance the screening mass while the
latter one tends to suppress the screening mass.

We find that the influence of eB becomes smaller to the
heavier neutral meson and associated quark chiral con-
densates. As the neutral meson is sufficiently heavy, the
inverse magnetic catalysis of corresponding quark chiral
condensates ceases to occur. This is the case of 7%
[M,o (T = 0,eB = 0) ~684 MeV] and the corresponding
strange quark chiral condensate. On the other hand, the
reduction of T,. in the magnetic field always holds
based on the temperature dependences of up, down and
strange quark chiral condensates as well as screening
masses of 7°, K° and 7%. This reflects the crossover nature
of the QCD transition in the current temperature and
magnetic field.
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The reduction of 7', accompanying with the absence of
inverse magnetic catalysis of light quark chiral condensates
was also found in previous lattice QCD studies with the
pion masses 500 < M (eB =0) <660 MeV using stout
improved staggered fermions on N, = 6 lattices [16,17].
This is consistent with our current findings and could be
explained as follows. The transition temperature is man-
ifested in the sea quark relevant quantities, and its reduction
in the strong magnetic field seems to hold true as long as
the sea quark effects exist. However, the display of inverse
and magnetic catalyses in QCD is more due to a competi-
tion between the sea and valence quark effects. If sea quark
effects win the inverse magnetic catalysis of quark chiral
condensates occurs, while if valence quark effects win the
magnetic catalysis occurs. In the heavy quark mass limit,
i.e., in the case of quenched QCD and there exist no sea
quark effects, the QCD transition becomes first order and
the phase transition temperature 7, will become indepen-
dent of eB as gluons are blind to eB. Meanwhile, in the
quenched QCD there are no “sea” quark chiral condensates,
and the valence quark chiral condensates are expected to
always get catalyzed by the magnetic field and lead to a
constant 7.

Our simulations of Ny =2+ 1 QCD are performed
using highly improved staggered fermions with larger-than-
physical pion mass, i.e., M, =220 MeV at eB =0 and
with a single lattice spacing a ~0.117 fm. As the eB and
temperature dependence of our results of light quark chiral
condensates are compatible with continuum extrapolated
results obtained using physical pion masses and a €
[0.1,0.29] fm [9], the lattice cutoff effects in our study
should be small. Nevertheless, further studies on the current
complex behavior of screening masses using lattice QCD
with physical pion masses in the continuum limit would be
important in the future. On the other hand, in the very

0 30 50 eB/M? 0

strong magnetic field the transition of QCD at the physical
point is expected to become first order [79], it would be
interesting to study the screening mass in such a strong
magnetic field where the first order phase transition was
observed very recently [80].
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APPENDIX A: VALENCE AND SEA QUARK
EFFECTS TO UP, DOWN AND STRANGE
QUARK CHIRAL CONDENSATES

In Fig. 8 we show valence (top) and sea (bottom) quark
effects to the change of up, down and strange quark chiral
condensates as a function of eB at various 7. Figure 9 is
similar to Fig. 8 but is plotted as a function of T at several

values of eB. ATY | and AXS% = are defined in the same

spirit as those for correlation functions [cf. Egs. (12)
and (13)]. Results of A% shown in Figs. 8 and 9

are actually obtained from y}"*** using the Ward-Takahashi

identities. As seen from Figs. 8 and 9, the same conclusions
on the role of valence and sea quark effects to the (inverse)
magnetic catalysis and reduction of 7, can be drawn as
those drawn from screening masses.
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FIG. 8. Top: changes of valence quark chiral condensates, AZ;?} (left), AZZ;:I (middle) and AXY¥ (right) as a function of eB at various
values of T. Bottom: similar to top plots but for those of sea quark chiral condensates.
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values of eB. Bottom: similar to top plots but for those of sea quark chiral condensates.

APPENDIX B: EXTRACTION OF SCREENING MASSES FROM SPATIAL CORRELATION FUNCTIONS

The method for the extraction of screening masses has been described in detail in Refs. [28,43]. Here we show the

extraction at T = 140 MeV as a typical example in Fig. 10. The following ansatz is adopted to fit the spatial correlation
function [28]:

Gy(n,) = Z {AH’,- cosh (aMH,,- (nz - %)) — (=1)"Ay ; cosh (aMH,,» (nz - %))] , (B1)

where n, = z/a. We choose the plateau of screening mass (the lowest value of M ;) in the pseudoscalar channel based on
the Akaike information criterion (AICc), and then obtain the final screening mass and its uncertainty from the plateau using
a Gaussian bootstrapping method [28,43].
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FIG. 10. Extraction of screening masses of z° (left), K° (middle) and ;723 (right) at T = 140 MeV with N;, = 20 and 40. The fit interval
is [72; min» N5/2]. The bands show the final mean values and errors of the screening masses based on the AICc selected plateaus.
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