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Abstract: There must be electromagnetic fields created during high-energy heavy-ion collisions. Although the elec-
tromagnetic field may become weak with the evolution of the quark-gluon plasma (QGP), compared to the energy
scales of the strong interaction, they are potentially important to some electromagnetic probes. In this work, we pro-
pose the coupled effect of the weak magnetic field and the longitudinal dynamics of the background medium for the
first time. We demonstrate that the induced photon spectrum can be highly azimuthally anisotropic when the quark-
gluon plasma is in the presence of a weak external magnetic field. On the other hand, the weak magnetic photon
emission from quark-gluon plasma only leads to a small correction to the photon production rate. After hydrodynam-
ic evolution with a tilted fireball configuration, the experimentally measured direct photon elliptic flow is well repro-
duced. Meanwhile, the used time-averaged magnetic field in the hydrodynamic stage is found no larger than a few

percent of the pion mass square.
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0 Introduction

In high-energy heavy-ion experiments carried out at
the Relativistic Heavy-Ion Collider (RHIC) and the Large
Hadron Collider (LHC), a novel state of matter, known as
quark-gluon plasma (QGP), has been created, which with
quark and gluon degrees of freedom!!]. Studying the dy-
namic properties of QGP is an important means to enhance
our understanding of quantum chromodynamics (QCD)[Z].
It has been established that QGP behaves as a perfect fluid
theoretically, and viscous hydrodynamics has been proven
to be a remarkably successful model that can account for
many experimental observables related to charged
hadronst> 41,

As penetrating probes, photons have a large mean-free
path in the quark-gluon plasma. They are emitted immedi-
ately after their production and provide information about
the system, rendering them a more direct means of study-
ing the properties of QGPP ™71, Unfortunately, the hydro-
dynamic model fails to reproduce the photon spectrum. At
the top RHIC energies, in the low pr region, experiment-
ally measured direct photon yields (i.e., photon yields ex-
cluding those from hadron decays) exceed the current the-
oretical predictions. In particular, it has been found that dir-
ect photons exhibit a large elliptic flow v,, comparable to
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that of pions[gfu]. However, according to theoretical ex-
pectations, the direct photons should be isotropic because
they are dominantly from the early stages, where the mo-
mentum anisotropy has not been fully developed. The ob-
servation of the yield excess and the large elliptic flow of
direct photons, which contradicts theoretical expectations,
is often referred to as "the direct photon puzzle"[lz*15 1,

Incorporating a significant emission anisotropy for the
direct photons in hydrodynamic models is challenging. In
the most updated multi-messenger calculation focusing on
direct photons[13], many ingredients have been taken into
account: (i) the photon emission from the pre-equilibrium
stage based on KoMPost is considered; (ii) the quark chem-
ical equilibration time is also studied; (iii) the updated next-
next leading order perturbative QCD is used for prompt
photons; and (iv) the distribution functions with shear and
bulk viscous corrections are used to calculate the photon
emission rate. However, the yield excess at the low pr re-
gion is still notable. More importantly, the v} is still under-
predicted.

The presence of a magnetic field provides a possible
solution to the direct photon puzzle. In high-energy heavy-
ion collisions, as a consequence of the relativistic motion of
ions, magnetic fields are generated with extremely strong
field strength, with |eB|~ 10m2 at the top energies of
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RHIC and |eB| ~ 10*°m?% at the LHC, where m? is the pion
mass! ! 1], But the magnetic field decays drastically and is
expected weak as the system starts to evolve hydrodynam-
ically. For instance, at around 0.4 fm/c and in the center of
the fireball, the residual strength of the magnetic field can
drop to |eB| ~ 0.01m% in a non-central Au+Au collision at
the top RHIC energy. Nonetheless, after the pre-equilibri-
um stage, the detailed evolution of the magnetic fields in
QGP remains undetermined, owing to the lack of know-
ledge of the properties of the QGP
medium!20~26],

In the scenario of a strong magnetic field, the mo-
mentum anisotropy of photons can be actually generated,
relying on mechanisms such as conformal anomaly or
quark transitions between Landau levels, etc [27-32] Mean-
while, the synchrotron radiation induced by a strong mag-
netic field presents naturally an elliptic model*3]. However,
the required magnetic field is too strong and violates the
weak magnetic field fact during the hydrodynamic stage. In
this paper, we obey the weak magnetic field assumption
where |eB| < m?%. In this particular scenario, while the
photon emissions within the Quark-Gluon Plasma (QGP)
experience a small correction owing to the magnetic field, a
substantial anisotropy in the direct photon spectrum is ob-
served.

electrical

1 Method

1.1 The photon emission induced by weak magnetic
field

The different scales of the magnetic field can modify
the theoretical formalism dramatically. Especially, when
leB| > T -V, where V is the space gradient, magnetohydro-
dynamics should be taken into account, while when
leB| > g°T?, the quark Landau level excitations can not be
neglected. In the hydrodynamic stage, the magnetic field is
about |eB| < mZ. With such a weak magnetic field, the ef-
fect of the magnetic field should be a small correction to
quark distribution. We solve the Boltzmann equation under
an external magnetic field to obtain the magnetic correc-
tion,

Tellleq (1 - neq)
S8agpm T3p-u

fEM=

eQF"pu,, (D

where eQ; indicates the corresponding electrical charge a
quark, o is the electrical conductivity and u, is flow four-
velocity. Eq. (1) is consistent with the kinetic theory defini-
tion of charge current, ji, =0qE'=Y,0;[ % D' fim -
The constant ¢ is used to match this equation and the num-
ber of quark flavors. To be consistent with the perturbative
photon calculations, we take the electrical conductivity as
0./T =6 which is also perturbative[34].

On the other hand, photons radiated from a thermal-
ized QGP are mainly produced by 2 — 2 scattering pro-
cesses among quarks and gluons (1+2 — 3+7). In the
kinetic theory description, the production rate is

& d d
- Z J‘ 14 P> P
2(2n)} 44 2E,(2n)° 2E,(27)° 2E5(27)°
Q@r)*6*(P, + P, — Ps — P)M,|*x

40(1(1

HLPOLAP) £ f(P)] ~ —— LI(P).,  (2)

where the Compton and the quark-antiquark annihilation
channels with respect to the scattering amplitudes | M,
have been summed, and f;, f> and f; are distribution func-
tions of quarks and gluons, correspondingly. At the last line
in Eq. (2), the small angle approximation is performed[36_37],
with £ a Coulomb logarithm, and I.=[d*p/(2n)’
[f;+f,]/p effectively characterizing the conversion
between a quark-antiquark and a gluon in the thermalized
QGPB8I,

After weak magnetic correction, the photon rate reads,

R ~ 40““ 20 L lneg(PY+ fond I, + 1]
40 :
= Lg[neq<P>+fEM]
= R+ Rl 3)

where n,, is equilibrium distribution function, 7. is 7%/8 (36]
and I™=[dp/2n)*fim/p=0. The R’ represents the
photon rate without magnetic contributions and the R}, is
photon radiation induced by the weak magnetic field. After
a space-time integral with respect to the medium evolution,
it leads to the photon invariant spectrum,

g, &N dg jRV(P X)+R.,

&N d*Niu
=E— E,——. 4
oy a @

The elliptic flow of photon is defined as,
[ dydg,cos(2¢,)E,d*N/d*p

vy(pr) =
P [dyd¢,E,d*N/d*p
U, + AvM
A ®)
where,

_ Jdydg,E,d*New/d’p ©

fdyd¢pEpd31V/d3p ’
o [ dydg, cos(2¢,)E,d*Ney/d*p o

UM =
’ [ dydg,E,

U, is elliptic flow without magnetic correction, v5" is

&P New/dp
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photon anisotropy induced by the magnetic field and A is
magnetic photon emission yield over the background
photon yield, namely without magnetic correction.

1.2 Bjorken analysis

To explain the effect of weak magnetic photon emis-
sion from QGP, we consider the background medium in
terms of the Bjorken flow, namely, a flow pattern with lon-
gitudinal expansion which is boost-invariant, and expan-
sion in transverse directions is neglected. Written in the
Milne coordinates (7,7,), four-momentum and the flow
four-velocity are

P =(prcosh(y —n,), prcosé,, prsing,, prsinh(y —n,)),
u=(1,0,0,0), 3

where y is the rapidity and p; the transverse momentum.
Accordingly, in the presence of an external magnetic field
orientated along the out-of-plane direction, the correction in
the quark distribution function owing to a weak magnetic
field becomes,

o sinh7,
B o eQ.fom”cq oSy, ©)
where for simplicity only factors of relevance are kept.
Owing to the rapidity-odd & of'the charged had-
rons has been observed experimentally[39740] and it has
been captured successfully with a tilted fireball configura-

tion*!, one can expand the background medium asl*?,

neq :AO(T’ nin’ Y) +A1(T’ ns9pT9 Y)COS¢1) 5 (10)

where A, is a rapidity-odd function that represents the
tilted components which are responsible for %, A,
should be an even function of rapidity as it is related to
particle yields. Substitute back to Eq. (9), one has
0 Sinhn
B —
fim e OB, T3 cosh(y —17,)

0 Sinhn [Al
=eQB,— ——— | — + Aycosp+
OB coshy—p 2 FAocs?

2
A,
7cosz¢>]. (11)

(Ag+A cosg,)cosd,

The term outside the brackets is an odd function of y and
n, and the direct photons in experiments are measured in a
symmetric rapidity window, Y €[-Y,,Y,]. Thus, when
space-time integration is performed, only terms with rapid-
ity-odd A, survive and Aycos¢, should vanish. Further-
more, Eq. (11) already implies that v5™=0.5. The above
analysis shows that when the rapidity-odd v, of the charged
hadrons is coupled with a weak magnetic field, the elliptic
flow of photons can be generated.

1.3 A tilted Glauber model

According to the Bjorken analysis, to get the mo-

mentum anisotropy emission of photons induced by a weak
magnetic field, a tilted fireball is required to generate the
rapidity-odd v, of hadrons. Following Ref. [41], we take
the initial entropy density distribution

S(TO7 X, rlv) o f(’]s)[XNcoll + (1 _X)(N;arthr(nx)"'
N;;nfi(ns))L (12)

where Neai, Ny, and N, are the densities of binary colli-
sions and participants of the forward and backward going
nuclei, respectively. As in the standard Glauber model, en-
tropy production receives contributions from binary colli-
sions and participants, relatively determined by the con-
stant y . Longitudinal description in Eq. (12) is introduced
via the functions f(n,) and f*(n,). The symmetric longit-

udinal profile,

(I, = mm)?
= —0 —_— —

Sf(ny)=exp|=6(n|—nu) 20 (13)

accounts for the longitudinal spectrum of charged hadrons,

while

O» s <-MNr
Nr + 1,
frmy)= Tz LAYV (14)
nr
1» 77: > r]T

and f(n,)=f"(-n,) give rise to rapidity-odd component.
For a given collision centrality, the spatial geometry of the
distribution relies entirely on these parameters, 7;, 17, , and
o,, which we choose as in Ref. [41]. Note, in particular, n;
determines the extent to which the fireball is tilted.

With this initial entropy density distribution, we solve
3+1 dimensional viscous hydrodynamics using the state-of-
the-art MUSIC program[43744]. We calculate the weak
magnetic photon emission between the initial time 0.4 fm/c
and an effective temperature cut 7. =145 MeVI3l,

The magnetic field is viewed as a constant in time but
with 7, dependence as Lienard-Wiechert potential[45 1

eB(n,)=eBI(t=0.4 fm/c,n,), (15)

where eB is time-averaged magnetic field strength at 77,=0.

In this paper, we didn't calculate the background
photon yield and elliptic flow @, but used the data extrac-
ted from the most updated hydrodynamical modeling in
Ref. [13]. To get the elliptic flow of photon after magnetic
correction in Eq. (5), we calculate the A and 5™ as
shown in Egs. (6) and (7).

2 Results

Figure 1 shows the photon elliptic flow at RHIC 200
GeV AuAu collisions for 0~20%, 20%~40%, and 40%~60%
centrality classes. The experiment data are well reproduced
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Fig. 1 The direct photon elliptic flow transverse mo-
mentum dependence at RHIC 200 GeV AuAu colli-
sions. The green dashed line is theoretical calculations
without magnetic field contribution. The blue solid line
and brown dashed line are the results with weak mag-
netic correction but under different tilted configura-
tions. The experiment data is from the PHENIX collab-
orationt]. (color online)

for all centrality classes after weak magnetic correction.
The green dashed line is the data from Ref. [13] that is o,
without magnetic correction. The blue line is the v, in the
presence of a weak magnetic field when 7, is 40% of beam
rapidity Ypeam- The brown line represents 7y =Ypeam —2.5.
We find that the fireball with smaller 7; gives a larger en-
hancement on the v, under the same magnetic field. It is
expected because the smaller 77, means the fireball is more
tilted, and under the more tilted configuration the required
B field is smaller to obtain the same v, increment. As cent-
rality grows, the time-averaged |@?| systematically in-
creases, from IEL)I:0.0Zmi at the 0~20% centrality class,
Ie_Bfl =0.04m2 at the 20%~40% centrality class, to
I@iﬂ =0.06m2 at the 40~60% centrality class. All these val-
ues satisfy the weak magnetic field condition, |eB|/m% < 1.
Weak magnetic photon emission leads to a minor increase
in the direct photon yields. In the Fig. 2, the averaged yield
increment is about 10% in all three centralities.

The direct photon elliptic flow is shown similarly for
the PbPb collisions at +/sx\y=2.76 TeV in Fig. 3. Compar-

— =25
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Fig.2  The direct photon yield ratio between that with and

without weak magnetic contributions transverse mo-
mentum dependence at RHIC 200 GeV AuAu colli-
sions. The blue solid line and brown dashed line repres-
ent the different tilted configurations. (color online)
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Fig.3  The direct photon elliptic flow transverse mo-

mentum dependence at LHC 2.76 TeV PbPb collisions.
The green dashed line is theoretical calculations
without magnetic field contribution. The blue solid line
and brown dashed line are the results with weak mag-
netic correction but under different tilted configura-
tions. The experiment data is from ALICE collabora-

tion(!, (color online)
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ing the RHIC data, there exist large experimental uncertain-
ties from the LHC measurements. Nevertheless, with the
effect of weak magnetic photon emissions, the resulting el-
liptic flow is improved significantly. The time-averaged
|e_B$| in the centrality classes 0~20% and 20%~40%, is
0.03m% and 0.05m2, respectively. Similarly, the weak
magnetic field has limited contributions to the photon yield
for the PbPb collisions at /sy =2.76 TeV in Fig. 4.
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Fig. 4 The direct photon yield ratio between that with and
without weak magnetic contributions transverse mo-
mentum dependence at LHC 2 760 GeV PbPb colli-
sions. The blue solid line and brown dashed line repres-
ent the different tilted configurations. (color online)

3 summary

In this paper, instead of a strong magnetic field as-
sumption which has been considered previously, we pro-
pose the effect of weak magnetic photon emission, originat-
ing from the interplay of a weak external magnetic field and
the longitudinal dynamical evolution of the quark-gluon
plasma. The weak magnetic photon emission results in an
extra source of photon production from the quark-gluon
plasma, with a large elliptic flow. In cases of Bjorken flow
and more realistic 3+1D hydrodynamical evolution simu-
lated via MUSIC, the effects of weak magnetic photon
emission are justified. The experimentally measured direct
photon elliptic flow at RHIC and LHC can be well repro-
duced. Meanwhile, the time-averaged magnetic field is still
under the weak magnetic field assumption |eB|/m? < 1.

The non-trivial coupling effect between the weak mag-
netic field and the longitudinal dynamics of the fireball can
be generalized to high-order harmonic flow. For example,
the longitudinally dependent elliptic moment in QGP would
generate direct photon v}, while the longitudinal dynamics
of a triangular moment can contribute to v}, efc. In the fu-

ture, to explore these correlations, one needs to perform
event-by-event simulations!*®). On the other hand, we are
interested in the effect on other electromagnetic signals,
such as local spin polarization!*’! and di-lepton polariza-
tion.

The current calculation is still crude: The space-time

profile of the magnetic field is simplified. Dissipations
from the magnetic forces correct only the quark distribu-
tion function, while their influences on the hydrodynamic
equations of motion have been neglected. Effects from the
electrical field have not been taken into account. We hope
we can develop a systematic hydrodynamic model incor-
porating the electromagnetic effect.
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