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Strong magnetic fields in heavy-ion collisions

eBτ=0 ~ 3  in RHIC M2
π

eBτ=0 ~ 40  in LHC M2
π
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A. Bzdak et al. Physics Reports 853 (2020) 1–87
Anping Huang et al.Phys.Lett.B 777 (2018) 177-183
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Wei-Tian Deng, Xu-Guang Huang 
Phys.Rev.C 85 (2012) 044907
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Inverse magnetic catalysis 

G. Endrodi, JHEP 
1507(2015) 173

eB induced effects

CEP in T-eB plane
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     eB Tpc Chiral magnetic effects

see recent reviews e.g. 
D.E. Kharzeev and J. Liao, Nature Rev. Phys. 3(2021)55

See also Fuqiang Wang 09/04 Plenary talk

H.-T.Ding et al. ,Phys.Rev.D 105 (2022) 3, 034514
also see G. S. Bali et al. Phys. Rev. D86 (2012) 071502
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A clear effect but Not 
accessible in HIC 

experiments!
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Isospin symmetry breaking at  manifested in chiral condensateseB ≠ 0

H.-T.Ding, S.-T. Li, A. Tomiya, X.-D. Wang and Y. Zhang, PRD 126 (2021) 082001
See also in reviews e.g.  M. D’Elia, Lect.NotesPhys.871(2013)181
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Fluctuations of net baryon number, electric charge and strangeness

Taylor expansion of the QCD pressure:

Taylor expansion coefficients at  are computable in LQCDμ = 0

Allton et al., Phys.Rev. D66 (2002) 074507 
Gavai & Gupta et al., Phys.Rev. D68 (2003) 034506 
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See recent reviews: 
LQCD:  H.-T.Ding, F. Karsch, S.Mukherjee, 
Int. J. Mod. Phys. E 24 (2015) no.10, 1530007 
Exp.: X.-F. Luo & N. Xu, Nucl. Sci. Tech. 28 
(2017)  112
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also see Toshihiro Nonaka 09/04 plenary 
talk

At  a lot more need to be exploredeB ≠ 0
HRG: G. Kadam et al., JPG 47 (2020) 125106, Ferreira et al., PRD 98(2018)034003, Fukushima and Hidaka, PRL117 (2016)102301, Bhattacharyya et al.,    
EPL115(2016)62003
PNJL: W.-J. Fu, Phys. Rev. D 88 (2013) 014009
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Fig. 2. Temperature dependence of quadratic fluctuations of B,Q, S at various values of Nb. The corresponding values of eB
can be found in Table 2. From left to right: �B

2 /T
2, �Q

2 /T
2, �S

2/T
2. Bands denote the spline fits to data.

Fig. 3. Same as Fig. 2 but for �BQ
11 /T 2, ��BS

11 /T
2 and �QS

11 /T 2 from left to right.

be consistent with a decreasing transition temperature in
larger eB as determined from light quark chiral conden-
sates and the strange quark number susceptibility [19].

On the other hand, it can also be observed from Fig. 2
that the peak height becomes higher in a stronger mag-
netic field. This suggests that the baryon, electric charge
and strangeness carrying degree of freedom changes more
rapidly across the transition in the stronger magnetic field.
The higher peak and faster increasing around the transi-
tion temperature observed in the quadratic fluctuations
of B, Q and S is consistent with the finding that the
strength of transition becomes larger in a stronger mag-
netic field [20,81]. This may signal the approach to a pos-
sible critical end point in the phase diagram in the T -eB
plane as suggested from Ref. [81].

We also show the quadratic correlation among B, Q
and S in Fig. 3. �BQ

11 , which denotes the correlation be-
tween baryon number and electric charge, is dominated
by the contribution from protons at low temperature and
goes to zero in the high-temperature limit with vanishing
quark masses. It thus naturally develops a peak struc-
ture already at zero magnetic field [82], which can also
be observed in our current study. At nonzero magnetic
fields, the peak structure in �BQ

11 becomes more striking
and the peak location also shifts to lower temperatures in
the stronger magnetic field. ��BS

11 and �QS
11 , as shown in

the middle and right panel of Fig. 3, respectively, possess
similar features as seen in �B,Q,S

2 .

4.2 Isospin symmetry breaking e↵ects at nonzero

magnetic fields

In our lattice simulation, the up and down quark masses
are degenerate at eB = 0. Since up and down quarks have
di↵erent electric charge, the isospin symmetry is obviously
broken once the magnetic field is turned on. As seen from
the top panel of Fig. 4 the ratio of up to down quark
number susceptibility, �u

2/�
d
2, is unity at all temperatures

at eB = 0, and becomes larger than 1 at eB 6= 0. As
in the ideal gas limit with

p
eB/T ! 1 �u

2/�
d
2 equals

to 2, it is expected that �u
2/�

d
2 increases from 1 towards

2 as eB grows. Results shown in the top panel of Fig. 4
are consistent with this expectation. It is also interesting
to see that �u

2/�
d
2 increases faster at lower temperatures.

This suggests that the isospin symmetry is broken more
seriously at lower temperatures at a fixed value of eB.

We further investigate the isospin symmetry break-
ing e↵ects at the level of B, Q and S. At eB = 0 due
to the isospin symmetry of up and down quarks, the six
quadratic fluctuations and correlations of B,Q and S are
not independent and constrained by the following two re-
lations as �us

11 = �ds
11

2�QS
11 � �BS

11 = �S
2 , (27)

2�BQ
11 � �BS

11 = �B
2 . (28)

As a consequence of Eq. 22, Eq. 27 also holds true in the
ideal gas limit with eB 6= 0. (2�QS

11 ��BS
11 )/�

S
2 thus equals

to unity at all temperatures with eB = 0 and at high
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be consistent with a decreasing transition temperature in
larger eB as determined from light quark chiral conden-
sates and the strange quark number susceptibility [19].

On the other hand, it can also be observed from Fig. 2
that the peak height becomes higher in a stronger mag-
netic field. This suggests that the baryon, electric charge
and strangeness carrying degree of freedom changes more
rapidly across the transition in the stronger magnetic field.
The higher peak and faster increasing around the transi-
tion temperature observed in the quadratic fluctuations
of B, Q and S is consistent with the finding that the
strength of transition becomes larger in a stronger mag-
netic field [20,81]. This may signal the approach to a pos-
sible critical end point in the phase diagram in the T -eB
plane as suggested from Ref. [81].
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be observed in our current study. At nonzero magnetic
fields, the peak structure in �BQ
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11 and �QS
11 , as shown in
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In our lattice simulation, the up and down quark masses
are degenerate at eB = 0. Since up and down quarks have
di↵erent electric charge, the isospin symmetry is obviously
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the top panel of Fig. 4 the ratio of up to down quark
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2/�
d
2, is unity at all temperatures

at eB = 0, and becomes larger than 1 at eB 6= 0. As
in the ideal gas limit with

p
eB/T ! 1 �u

2/�
d
2 equals

to 2, it is expected that �u
2/�

d
2 increases from 1 towards

2 as eB grows. Results shown in the top panel of Fig. 4
are consistent with this expectation. It is also interesting
to see that �u

2/�
d
2 increases faster at lower temperatures.

This suggests that the isospin symmetry is broken more
seriously at lower temperatures at a fixed value of eB.

We further investigate the isospin symmetry break-
ing e↵ects at the level of B, Q and S. At eB = 0 due
to the isospin symmetry of up and down quarks, the six
quadratic fluctuations and correlations of B,Q and S are
not independent and constrained by the following two re-
lations as �us

11 = �ds
11

2�QS
11 � �BS

11 = �S
2 , (27)

2�BQ
11 � �BS

11 = �B
2 . (28)

As a consequence of Eq. 22, Eq. 27 also holds true in the
ideal gas limit with eB 6= 0. (2�QS

11 ��BS
11 )/�

S
2 thus equals

to unity at all temperatures with eB = 0 and at high

Second order fluctuation from Lattice QCD

Peak locations shift to lower T in a 
stronger magnetic field. 

Peak height becomes higher in a stronger 
magnetic field.

Consistent with the reduction of Tpc in a 
stronger magnetic field

Close to the critical end point in T-eB plane?

Quark Matter 2022 6/13

Nf=2+1 QCD, , with  and HISQ action, fixed  approach ( / )Mπ(eB = 0) ≈ 220 MeV a−1 ≈ 1.7 GeV a T = a−1 Nτ

H.-T.Ding et al. , Eur.Phys.J.A 57 (2021) 6, 202

No sign problem！
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Preliminary

χB
n ∝ (−2κq)n/2 h(2−α−n/2)/βδ f (n/2)

f (z)

Friman et al., Eur. Phys. J. C 71(2011)1694

At :eB = 0

An estimate of the location of  CEP in T-eB plane

χB
2,max = b (eBc − eB)(1−α)/βδ + d

Quark Matter 2022 7/13

 1st order phase transition observed ~ 9  M. D’Elia et al. 
Phys.Rev.D 105 (2022) 3, 034511

GeV2
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Central Collisions Peripheral collisions

X (eB, Tpc(eB))
X (0,Tpc(0))

:  like 
observable

Rcp

At :   ~1.3-1.4eB ≃ 9M2
π

 Ratio for 2nd order diagonal fluctuations

Nf=2+1 QCD, , ,with HISQ actionMπ(eB = 0) ≈ 135 MeV Tpc(eB = 0) ≈ 157 MeV

Quark Matter 2022 8/13

Wei-Tian Deng, 
Xu-Guang 

Huang 
Phys.Rev.C 85 
(2012) 044907

Preliminary
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At :   ~2-2.4eB ≃ 9M2
π

 Ratio for 2nd order off-diagonal fluctuations

Nf=2+1 QCD, , ,with HISQ actionMπ(eB = 0) ≈ 135 MeV Tpc(eB = 0) ≈ 157 MeV

Quark Matter 2022 9/13

X (eB, Tpc(eB))
X (0,Tpc(0))

:  like 
observable

Rcp

Central Collisions Peripheral collisions
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 Ratio for other 2nd order fluctuations

At :eB ≃ 9M2
π

Ratio of  ~ 1.1χS
2

Ratio of  ~ 1.07χQ
2

Ratio of  ~ 1.25χBS
11

Ratio of  ~ 1.03χQS
11
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Lattice QCD meets experiment

Lattice QCD χBS
11 /χS

2Proxy of 

0 200 ⟨Npart⟩

Larger eB Smaller eB

STAR, Phys.Rev.C 100 (2019) 1, 014902 
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Larger eBSmaller eB
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Lattice QCD meets experiment

Lattice QCD χB
2Proxy of 

ALICE: Nucl.Phys.A 982 (2019) 851

Volume!

C2 = VT3χB
2

Larger eBSmaller eB

Quark Matter 2022 12/13

Larger eBSmaller eB
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Summary and outlook

The 2nd order fluctuations and correlations of B,Q & S are 
strongly affected by  eB

Quark Matter 2022 13/13

 like quantity could be useful to detect the existence  
of the magnetic field in HIC
Rcp

work in progress

Computation with higher  is on the way eB
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Thank you for your attention!
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Thanks page
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Backup

Backup
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B pointing to the z direction 

ux (nx, ny, nz, nτ) =
exp [−iqa2BNxny] (nx = Nx − 1)
1  (otherwise) 

uy (nx, ny, nz, nτ) = exp [iqa2Bnx]

uz (nx, ny, nz, nτ) = ut (nx, ny, nz, nτ) = 1

Quantization of the magnetic field 

eB =
6πNb

NxNy
a−2

Lattice QCD in strong magnetic fields

G.S. Bali, F. Bruckmann, G. Endrodi, Z. Fodor, S.D. Katz,  
S. Krieg et al.,   JHEP 02 (2012) 044.

Landau gauge

 
 

qu = 2/3e
qd = − 1/3e
qs = − 1/3e

No sign problem !

Quark Matter 2022
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Second order fluctuation in  caseNτ = 8

Quark Matter 2022

Nf=2+1 QCD, , ,with HISQ actionMπ(eB = 0) ≈ 135 MeV Tpc(eB = 0) ≈ 157 MeV
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ms = mphy 
s , ml = mphy 

l , mπ ∼ 135MeV

 The Nσ is fixed to 32,48; Nσ = Nx = Ny = Nz

 The Nτ is fixed to 8,12

 T window: (144MeV,165MeV) around (0.9Tpc,1.1Tpc)

a is changed to get the targeted T , T =
1

aNτ

 eB window:  (0,1GeV2)

Lattice QCD setup

Quark Matter 2022
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Isospin symmetry breaking in  latticeNτ = 8

2χQS
11 − χBS

11 = χS
2 ,

2χBQ
11 − χBS

11 = χB
2

Due to  at  case, we get:χus
11 = χds

11 eB = 0

Quark Matter 2022
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Transition line on  planeT − eB

Σ =
1
f4
K

[ms⟨ūu + d̄d⟩ − (mu + md)⟨s̄s⟩]

χΣ = ms ( ∂
∂mu

+
∂

∂md ) Σ

Finding the peak location of 
at each  value

χΣ

eB

Quark Matter 2022


