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Strong magnetic fields

A common, Magnetar Heavy-Ion collision

hand-held magnet

Z
Reaction /_.
plane

(¥a) \\

Y (defines \¥y)

0.6 (Gauss 100 (auss 10% (3auss 1017718 (3auss

AéCD ~ 10* MeV* ~ 10'" Gauss

1 Gauss = 1.95 x 10~ MeV?
2 /45



Chiral properties of (2+1)-flavor QCD 1n

strong magnetic fields at zero temperature

HTD, S.-T. Li, A. Tomiya, X.-D. Wang and Y. Zhang, arXiv:2008.00493

¢ GGell-Mann-Oakes-Renner relation
¢ gB scaling

¢ Masses of pseudo-scalar mesons
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ChPT: T=o0:eB T <¢¢> T =>Tp(:/|\

12 June 1997

PHYSICS LETTERS B

ELSEVIER Physics Letters B 402 (1997) 351-358

An external magnetic field increases the condensat
which means that it should make the chiral restora
tion phase transition in temperature and/or in baryo

Quark condensate in a magnetic field chemical potential more difficult. That means, in par
ticular, that the critical temperature 7, (at A = O, |
I.A. Shushpanov?, A.V. Smilga®®

| . . . | is estimated to be of order 200 MeV [1]) should in
A Institute for Theoretical and Experimental Physics, B. Cheremushkinskaya 25, Moscow 117259, Russia

b TPI, 116 Church St. S.E., University of Minnesota, MN 55455, USA crease with H. According to recent work [18], fo
Received 5 March 1997; revised manuscript received 25 March 1997 strong fields, 7, is of order of the dynamically gener

Editor: M. Dine ated mass (23) and grows with H, indeed. The esti

mate T, ~ a;+/|e,H| obtained earlier in [19] is prob
Abstract ably too rough and can be treated as an upper limit fo

™

We study the dependence of quark condensate 2, on an external magnetic field. For weak fields, it rises linearly:
S(H)=3(0)[1+eHIn2/(1677F2) +...]. M, and F, are also shifted so that the Gell-Mann-Oakes—Renner relation is
satisfied. In the strong field region, 3 (H) o (eH)*?. © 1997 Published by Elsevier Science B.V.
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Early lattice results: Magnetic catalysis & T

naive staggered fermion, larger-than-physical pion mass
not-continuum-extrapolated
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M. D’Elia, S. Mukherjee, F. Sanfilippo, Phys.Rev.D 82 (2010) 051501
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Surprise came later...

Continuum extrapolated lattice QCD results with physical pion mass
Bali et al., JHEP02(2012)044
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Chiral condensate always increases as eB at T<<Tpc
reduction of Tpc associated with inverse magnetic catalysis® 6 /45
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HTD, P. Hegde, O. Kaczmarek et al.[HotQCD],
Phys. Rev. Lett. 123 (2019) 062002

HTD, arXiv:2002.11957
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Bali et al., PRD 97, 034505 (2018)

Is (neutral) pion still a
Goldstone boson at eB=/=0 ?
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Gell-Mann-Oakes-Renner relation

M. Gell-Mann, R. J. Oakes, and B. Renner, Phys. Rev. 175, 2195 (1968), J. Gasser an d H. Leutwyler, Nucl. Phys. B 250, 465 (1985)

(mu +ma) ((Y¥)u + (WPh)q) = 2f2 M2
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Gell-Mann-Oakes-Renner relation

M. Gell-Mann, R. J. Oakes, and B. Renner, Phys. Rev. 175, 2195 (1968), J. Gasser and H. Leutwyler, Nucl. Phys. B 250, 465 (1985)

Explicit chiral
symmetry breaking _ _

~ (i + ma) (P9)u + (P9)a) = 2f2M
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Gell-Mann-Oakes-Renner relation

M. Gell-Mann, R. J. Oakes, and B. Renner, Phys. Rev. 175, 2195 (1968), J. Gasser and H. Leutwyler, Nucl. Phys. B 250, 465 (1985)

Explicit chiral
symmetry breaking

— (my +ma) ((YY)u + WP)a) =22 M2
/

Spontaneous chiral symmetry breaking
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Gell-Mann-Oakes-Renner relation

M. Gell-Mann, R. J. Oakes, and B. Renner, Phys. Rev. 175, 2195 (1968), J. Gasser and H. Leutwyler, Nucl. Phys. B 250, 465 (1985)

Explicit chiral
symmetry breaking

B (mu + md) (<1Z¢>u + <¢¢>d) — 2f7%M7% (1 — 577)

f At physical
Spontaneous chiral symmetry breaking plg:Nrg;SS
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Gell-Mann-Oakes-Renner relation

M. Gell-Mann, R. J. Oakes, and B. Renner, Phys. Rev. 175, 2195 (1968), J. Gasser and H. Leutwyler, Nucl. Phys. B 250, 465 (1985)

Explicit chiral
symmetry breaking

— (my + maq) ((P)u + (P)a) = 2f2M7 (1 — 6r)

f At physical
Spontaneous chiral symmetry breaking Plg:Nrg;SS

o At T=0, in the weak magnetic field the 2-flavor GMOR relation holds true for chiral
(& pOIﬂt—\Ike) p|OnS frOm I_O ChPT Shushpanov and Smilga, PLB402(1997)351
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Gell-Mann-Oakes-Renner relation

M. Gell-Mann, R. J. Oakes, and B. Renner, Phys. Rev. 175, 2195 (1968), J. Gasser and H. Leutwyler, Nucl. Phys. B 250, 465 (1985)

Explicit chiral
symmetry breaking

— (my + maq) ((P)u + (P)a) = 2f2M7 (1 — 6r)

f At physical
Spontaneous chiral symmetry breaking plg:Nrg;SS

o At T=0, in the weak magnetic field the 2-flavor GMOR relation holds true for chiral
(& pOIﬂt—\Ike) p|OnS frOm I_O ChPT Shushpanov and Smilga, PLB402(1997)351

o At eB=/=0, additional pion decay constants appear due to a nonzero pion-to-
vacuum transition via the vector electroweak current rayazbaknsh & sadooghi, PRD 88(2013)06500

Bali etal.,, PRD121(2018)072001

Coppola et al., PRD.99 (2019)0540312
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Lattice QCD 1n a background magnetic field

No sign problem: detM(eB) >0
¢ B pointing to the z direction & Gauge link multiplied by a U(x) factor

exp[—iga®BNyn,| (ny = N —1)

Uz Mgy Myy Ny, Ny ) = ,
(M, Ty, Mz, ) {1 (otherwise)

Uy (Mg y Tgyy My My ) = exp[iqaanx],

uz(nxanyanzan’r) — ut(naf:any7nzan7) = 1.

¢ Quantization of the magnetic field

27N, qu=2/3e, qd=-1/3e, gs=-1/3e 61N, -

B = —2 —
2= NN, 5= NN,
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|_attice setup

HTD et al., arXiv:2008.00493,2104.06843
¢ Symanzik-improved gauge action with HISQ fermions

¢ 323x96 lattices, with a=0.117 fm (a-'=0.17 GeV), m/ms =1/10 (My =220 MeV)

¢ In our setup fr= 96.93(2) MeV, fk=112.50(2) MeV, fx/fr=1.1606(3)

FLAG 2019: At physical mass point fr= 92.1(6) MeV, tk=110.1(5) MeV, fk/ftr=1.1917(37)

N, N ‘

+ Magnetic flux: Npb=0,1,2,3,4,6,8,10,12,16,20,24,32,48 & 64

+ Magnetic field is quantized as eb =

+ 0<eB<335GeV2(~70 M)

+ Fixed scale approach to nonzero | up to 281 MeV 10/45



UV divergence of chiral condensate

(my +ma) ((YY)u + W)a) =2f2MZ (1 — 6x)

¢ UV-divergence term dominates by the linear-in-quark-mass term

_ 2
W) vy-aiv = "Q—f (f) 1 /i (am") :

al (2m)?
z Commonly used methods to get rid of the UV-divergence part
mny |, —

Wp)s X

Subtracted chiral condensate: <lE¢>sub — <ZZ¢>Z

S

(2m)2 1

Zero T/eB subtraction: (YY) uv free = (Y1) (eB # 0) — () (eB = 0) )(
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A complete Figenvalue spectrum
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via Chebyshev Polynomial filtering technique

HTD, S.-T. Li, S. Mukherjee, A. Tomiya, X.-D. Wang, Y. Zhang, Phys. Rev. Lett. 126 (2021) 082001
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Magnetic catalysis at |
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Dimensional reduction & Quark mass gap
T. Kojo and N. Su, Phys.Lett.B 720 (2013) 192
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In contrast to 1-loop ChPT in chiral limit:

S(H) =3(0)[1+ eHIn2/(1677F2) +...]
Shushpanov and Smilga, PLB402(1997)351  14/45
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Comparison to GhP'1
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ChPT: Extended to nonzero values of pion mass
all consider degenerate u and d chiral condensates

1i-loop: T. D. Cohen, D. A. McGady, and E. S. Werbos, Phys. Rev. C76, 055201 (2007)
2-loop: E. S. Werbos, Phys. Rev. C77, 065202 (2008)
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gB scaling of up and down qguark chiral condensates

qu=2/39, qd='1 /39

1.04 l
2y (layBul)/Zg(1agBgl) - . .
1.03 [“ull%Pu ] )\gu\g . different estimates of UV
1.02 ¢ R divergence in the chiral
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Masses of charged pseudo scalar mesons

0 10 20 30 40 50 60 eB/M:
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In contrast to Quenched QCD results where M increases monotonously with eB

Bali et al., PRD 97, 034505 (2018) Luschevskaya et al, PLB 761 (2016) 393

Not point particles anymore? Eftects from dynamic quarks? 17/45



Masses of neutral pseudo scalar mesons

30 40 50 60 eB/M?
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Mass of neutral pseudo scalar qB scaling observed in
meson decreases with eB the up and down quark flavor components

of neutral pion mass
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Decay constants of neutral pion and kaon
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Gell-Mann-Oakes-Renner relation

50 60 eB/M?

dm, <";¢>u — 2f7%2M722 (1 — 5%2)
dmg (Y)a = 2f7%3M7%3 (1 —0x0).
? . (M +ma) (G)u + (G)a) = 2f2M2 (1 65)
________________________ T
Aovo=0.12 AD' =0.36 _ . .
e neutral pion remains as a Goldstone
DERDE boson with eB up to ~3.5 GeV?2
25 3 35
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Gell-Mann-Oakes-Renner relation
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Toc decreases with eB regardless of

(Inverse) magnetic catalysis
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l.ow 1: Hadron

resonance gas model

Dashen, Ma & Bernstein,

Non-interacting hadron resonance gas Phys. Rev. 187 (1969) 345.

With eB=/=0 pressure: P = PM/ S+

pM/B

S

Charged Meson/Baryons: p.

Neutral Meson/Baryons: p,,

M/B _ __d;

M/B _ ‘Qz‘BT Z Z/ dp, In |:1:Fe_(Ec—ﬂ'i)/T:|
0

Sy,=—s8; =0

~ Tor

1; / dp‘ﬂz In [1 == 6—(En—uz‘)/T]
0

Bhattacharyya et al., EPL 115 (2016) 62003

Fukushima and Hic

aka, Phys.Rev. Lett. 117 (2016)102301

HTD, S.-T. Li, Q. S

i and X.-D. Wang, arXiv:2104.06843 51/45



Contributions to pressure and energy density
from individual hadrons in HRG

x10~?
7 . I , | | |
p [GeV™] '
6 eB =0 7%+t —— ',_
KO+, — — ,
= eB ~ 4.3 ]\'-I;‘iz ) - - - K
J I |
s ,1 «
KO mim.a ,
AT K+H— == K i
3 F . -
’I' ./0
2 N . - /./ /_‘
o 2 7
’ 2
- - ./ /.\
LT 2 _2F :
O e eI LAY 1“ | '
60 80 100 120 140 160
T [MeV]

. x10—4

e [GeV?]
7 -
6 -

80

| T T l

eB=0: 7Vt~ ——
KOt~ —

eB ~4.3 ]\-*‘I;‘?: a0 - - -

100 120 140 160
T (MeV|

HTD, S.-T. Li, Q. Shi, A. Tomiya, X.-D. Wang, Y. Zhang, arXiv: 2011.04870
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https://arxiv.org/abs/2011.04870

Ward ldentities

Ward identities hold true at eB=/=0!

<77E¢>f — meps?,:

At eB=0:
At eB=/=0:

G. W. Kilcup and S. R. Sharpe,

Nucl. Phys. B283, 493 (1987)

HTD et al., PRD 104(2021)014505%

1.004 —
<yy>:/ (M 0
1.002 | <Y¥t/ (M Xps)

HTD et al., PRD 104(2021)014505%
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Fluctuations and correlations of net baryon number, electric
charge and strangeness 1n a background magnetic field

HTD, S.-T. Li, Q. Shi and X.-D. Wang, arXiv:2104.06843

¢ Possibilities to detect the existence of a magnetic field in heavy-ion collisions

24/45



Superconducting phase at '1=0

=
--
=
=
- -

Phase of
o’ electromagnetic
superconductivity

Signaled by the condensation of rho

M. N. Chernodub, Phys. Rev. Lett. 106 (2011) 142003
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Chiral magnetic effects

— —

N B J

Sa 4P L

2 RTR 2
. P - () >
L b Sl J = 2,u5B

@ @) 27T
s # 0 s # 0

Axial U(1) anomaly & deconfined phase & magnetic field

See recent reviews e.g. D.E. Kharzeev and J. Liao, Nature Rev. Phys. 3(2021)55
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QCD critical end point

1-eB plane I-ps plane
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G. Endrodi, JHEP 1507(2015) 173 27/45



Latetime of the magnetic field created 1n the

early stage of HIC

— 1 ev.
—— 100 ev.

001 02 03 0405
t, fm/c

Y (defines ‘¥y)

Skokov, lllarionov and V.Toneev, [UMPA 24 (2009) 5925

‘0 RHIC: eB ~m?
" LHC: eB~ 15mz
28/45



[sospin symmetry breaking at eB#0 manifested
in chiral condensates

0123456780910111213141516 eB/M2

2.2 Z|_2m|/( °f2) * [1P1P|( ) 1P1P|(0)]+1
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HTD, S.-T. Li, A. Tomiya, X.-D. Wang and Y. Zhang, arXiv:2008.00493
See also in Bali et al., Phys.Rev.D86(2012)071502 29/45



Explore the QCD phase diagram through
fluctuations of conserved charges x=B,Q,S

Mz (vs) (N

2(v5)  (ONB) ~ x5 Toup) 12t in)

<
<
— 8
N
=
&
S

HIC
mean: M. Sa:(\/g) O'x(\/g) _ <( N ) > _ Xi(Tv MB) :Rgl (T, ,MB)
variance: O% M (+/5) (Ne) X1 (T, i) LQCD
skewness: Sx <(5N )4> YE(T, up) generalized susceptibilities
2 L 4 ) x
T — — — R CZ—'7 " 1n i
wriosisi VIOV =GN = T ) ) gy < LA
hyper-skewness: Sy Ha
hyper—kurtosiszk}; S;L(\/E) 02(\@) _ <(5Nw)5> _ X%(T7 ,UB) _ pe (T ,UB)
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Proxies:
proton, charge particles, <( SN )6> Y& (T ,UB)
kaons /ﬁ;g /8 o-i \V/8) = * _ A6\ = R%(T, u
VTV =GN T g @) e

See recent reviews e.g. X.F. Luo and N. Xu, Nucl. Sci. Tech. 28 (2017) 112,
HTD, S. Mukherjee and F. Karsch, Int. J. Mod. Phys. E24 (2015) 1530007 30/45



Changes of degrees of freedom 1n thermal QCD

T [MeV]

HotQCD: PRL 111(2013) 082301,
HTD, F. Karsch, S. Mukherjee, arXiv: 1504.05274
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Fluctuations of net baryon number, electric charge and strangeness

¢ Taylor expansion of the QCD pressure: Gavas & Gupia e al. Phys.Res. D63 (5003) 034506
~o BQS

p 1 A Xijk UB\" (HQ\! (s \F
2= b= 35 S (s s 22
71 = yrs B2V fh fras fis) ;};_O i \7 ) \r ) T

¢ Taylor expansion coefficients at uy=0 are computable in LQCD

Xifk = O /T fh = 215 + 2 i
ijk = ; ' ; w= 3HB+ 3HQ
0 (4 T) 0 (1a/ TV O (uaf TV | _, 5 s
e “ i = ghB = 3Ha.
.BQS __ 0" Ep /T 11
Xij: — ; J I “szgﬂB_qu_MS'
0 (us/T) 0 (ua/TY 0 s/ T |,

¢ At eB=/=0 a lot more need to be explored

HRG: G. Kadam et al., JPG 47 (2020) 125106, Ferreira et al., PRD 98(2018)034003, Fukushima and Hidaka, PRLi17 (2016)102301

Bhattacharyya et al., EPL115§(2016)62003
PNJL: W.-J. Fu, Phys. Rev. D 88 (2013) 014009 32/45



?nd order fluctuations and correlations
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High '1: Ideal gas limit

/ 2 2 2
& At eB=o0: ES=m- + ‘m Kapusta & (Gale, Finite-temperature field theory: Principles and applications
p 81 Trw? 1, 1 .,
i e D S 1 e
T 45 20 2 4=’ 7

f=u.,d,s

& At eB=/=0: €l2 — pz -+ m2 -+ 2q_B(l + 1/2 — Sz) HTD, S.-T. Li, Q. Shi and X.-D. Wang, 2104.06843

w212 | 12 4 A
f=u,d,s i [= k=1

p _ 8n° Blgf|B |72 A3 \2larIB o s (—1)F! A k/2lar[BL\
P o_ S V24 zzﬂz I cosh (kjig) x K
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High 'I: Ideal gas limit

:2\@ K, (k b \/27)

\J

veB/T — oo
Quantity Value
X2 /eB 1/7°
X251 B 1/(272)
X’f{l/eB X11 /eB le/eBzO 0
x5 /eB 2/(972)
XQ/eB 5/(97%)
X1 /eB 1/(97°)
X11 /eB = —Xls/eB X2/3€B 1/(6’"2)

:\/§K1 (ki)\/ﬂ)+K1 (kb\/l)

e (kbﬂ))

/
X2 — X%S —

Jar' =0

eB =0

—X11 —X2/2—

~

5/3=1/3

/

.

G{olds at both eB=0 and eB=/=0 with T%oo\

S
X2 /x5 = =X /x5 =

1

3 ]
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No evidence for a Superconducting phase at 1 =0

eB/M?

rho is a boson

1
) f(E) = cE/KT _ q

- If the energy of rho becomes zero,
~0.03 - electric charge fluctuation
~0.04 ! ' ' ' ' | X shall be divergent
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[sospin symmetry breaking at eB#0
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Experimentally accessible quantities for probing

1sospin symmetry breaking

0 10 20 30 40 50 eB/M?
BQ
(2X11 —X11)/X2 i
o @ &
g - Ideal_
2o SN I E
o = O © o gas
= @ V
= 4
© v -
\~4 T —140 MeV |—e—|
T—211 MeV l—e—l
Isospin symmetric case - =281 MeV S |
1 1.5 2 2.5 3
eB [GeV?]

1.05

0.95

0.9

0.8

0.8

0 10

20 30

40

50 eB/M?

S
(2x7% — X2 /x5

Ideal gas limit

V‘?V v

T—140 MeV '—e—'
T=169 MeV
Isospin symmetric case T—9211 MeV |—e—|
T=281 MeV

p - v ¥
@ .
‘ﬁ)m, 0, © ©
I
..%I . T o i
o &
[ . o
ﬁ ¢ ; ) }
0 0.5 1 1.5 2 2.5 3
eB [GeV?]

38/45



Experimentally accessible quantities for probing
the (non-)existence of a magnetic field
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2nd order fluctuations of net baryon

number, electric charge and strangeness
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Comparisons to HRG and Ideal gas limat
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