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Magnetic field and vorticity




Angular momentum and magnetic field
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Magnetic field
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Strongest B fields we have known in current universe:
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Vorticity by global angular momentum

Global angular momentum
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Local fluid vorticity
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Energy dependence of initial vorticity
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(Deng-XGH 2016; Deng-XGH-Ma-Zhang 2020; XGH 2020)

The most vortical fluid: Au+Au@RHIC at b=10 fm is 10%? — 10%1s1
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(See also: Jiang-Lin-Liao
2016; Becattini-Karpenko
etal 2015,2016; Xie-Csernai
etal 2014,2016,2019; Pang-
Petersen-Wang-Wang 2016;
Xia-Li-Wang 2017,2018; Sun-
Ko 2017; Wei-Deng-XGH
Vorticity 2018; ... ... )
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Vorticity by inhomogeneous expansion
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Effects of w and B

* They can induce many novel effects

e W .
@ A spin polarization I —
@ O and K Spin alignment A e

» / ®

@ Chiral vortical effect,
chiral vortical wave, ...

€ Reduction of scalar condensate,
rotational chiral soliton lattice, ...

- B:
@ Chiral magnetic effect
@ Chiral separation effect, chiral magnetic wave
@ (Inverse) Magnetic catalysis of ChSB
€ EM-induced directed flow, Hall effect, photon elliptic flow,

photoproduction of hadrons, anisotropic pressure and viscosities,
vacuum birefringence, ... ...




Chiral magnetic and vortical effects




Chiral anomaly as spin-polarization phenomenon

* Lowest Landau level of massless fermion: spin polarized
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Chiral anomaly as spin-polarization phenomenon

* Lowest Landau level of massless fermion: spin polarized

&

* One conserved current

Jy =g+ =Yy

Ji =Jr =, =Pr*ysy
is no longer conserved:
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(Adler 1969;
Bell-Jackiw 1969)
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Chiral magnetic/separation effects (CME,CSE)

 Remove the E field but put Fermi surfaces

&
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Jr = Ny
JL = —ny

d*Ng;.  eBpR/*

TRIL= Gxdydz 27 27

eB
_ _ R _ L
Jv=Jrt]L = 4772 (oF — PF)

eB
= 2_7_[2.UA CME current

eB
_ _ R | L
Ja=Jr =L = 12 (pr + DF)

~ 572"V CSE current

(Kharzeev et al 2004-2008;
Vilenkin 1980; Son-Zhitnitsky 2004; ... ...)
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Chiral vortical effect (CVE)

* Charged particle in magnetic field and in rotation

In magnetic field, Lorentz force: In rotating frame, Coriolis force:

F = e(x X B)

Larmor theorem: eB~2cw

Jr = Ny
JL=—"ng
R/L R/L
__ Pr WwWpr
RIL= T on

More rigorous calculation shows
a (T?/6)w term in J 4 (Landsteiner

etal 2011; Glorioso etal 2017)

F =2¢(x X ) + 0(w?)

“Lowest Landau level” (omit centrifugal force O (w?))

Jv = 4i7t2 ((pllg)z_(pﬁ')z) = %MV”A

Ja =75 (@R +@B) = 5 (af +122)

CVE currents

(Erdmenger etal 2008;
Banerjee etal 2008;
Son-Surowka 2009; ......)
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Chiral electric separation effect

e Electric field induced anomalous transport
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4
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Table of anomalous chiral transports

* Transport phenomena closely related to chirality and
guantum anomalies

I N
1 1

]V o 27_[2 HUa 7_[2 Uy Ua
Ohm’s law Chiral magnetic effect Vector chiral vortical
effect
2 2 2
o7 Uy Ua - i T ‘uV -|—‘uA
T2 > Hy +
Ja | | 21 6 212
Chiral electric

_ Chiral separation effect  Axial chiral vortical effect
separation effect

Wave €= C.IAnA\/ ZUZXe.aVaAk'E e =aonfayak-B o = 'qu e o i
mode Chiral electric wave Chiral magnetic wave 2oy,

Chiral vortical wave

Well established in theory. But where to observe them:

strong B or w; massless fermions; violation of parity (CME, VCVE,CESE).

(Reviews: XGH ROPP2016; Kharzeev-Liao-Voloshin-Wang PPNP2016; Hattori-XGH NST2017; Zhao-
Wang PPNP2019; Li-Wang 2020; Liu-XGH 2020) 15



CME in heavy ion collisions




CME in heavy-ion collisions

QCD triangle anomaly

QED triangle anomaly

A probe of nontrivial
topology of QCD using
B field!

R —
Y q= 3;1_2 /tf41 (wa(ﬁu
0000/ G,

CME

Initial state
topological
fluctuations
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The observable of CME

Event-by-event charge separation wrt. reaction plane

The gamma correlator (Voloshin 2004)
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Background contributions

Back-ground contributions to gamma correlator

Transverse momentum conservation(Pratt 2010; Liao, Bzdak,Koch 2011):

pyl‘ / | Yap
| e Charge blind
| X centrality ¢ Y X —U /N
| Px ' * Can be subtracted in
/' \ - Ay = v0s — ss
same- and opposite-sign

Local charge conservation(Pratt, Schlichting 2011) or
neutral resonance decay (Wang 2010) :

v / t Yap opposite-sign
|
. Yos o v2/N,7vss ~ 0
- | & centrality
" same-sign

\

Main challenge: how to separate the background effects?
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Experimental methods

Recall the challenge: How to separate the CME signal from
the elliptic flow induced backgrounds?

Way 1: Fix the magnetic field, but vary the flow: central U
+ U collisions or event shape engineering

U nucleus is deformed,

Very central body-body: Voloshin 2010
B=0 while v, # 0

e |
% | %200 GeV Au+Au , ﬁ
& 200/ @193 GeV U+U @ Wang 2012
= B ,‘, *
> * Updated:
_81001 6 J.Zhao for STAR@QM2019
L *r'+
0 | L .!. [ 1 pa ey ] ]
0 1 2 3 4 5 6 7 8
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Experimental methods

Way 1.1: Turn off (?) the magnetic field: high multiplicity
p+A, d+A

1 0_3 = e P'Z;'?,b cenérsenlity(%) T T
. T T T ams @ ',} syy = 200 GeV p+Au d+Au |
7) \Snn = 5.02 TeV ) = ook . e e Aninv {250
(? i 2 : Aninv {2} 0.5
D 1= ® pPb, ¢_(Pb-going) ]| IT —— —— Aninv,{2}:1.0
o ™ pPb, ¢ (p-going) | = ~- Aninv{2) 14 |
>:: - ! o7 PbPb ] 0.005
& 05 F =
= L ?ﬂlq}. 4
¥ | i 1 ob—— T TS -
= i . . i o Au+Au (Y2004)
8 ) CMS PRL2017 LI =ptAu e d+Au Au+Au (Y2007)
T o . ————— 10 10°

10? 10° dN,/dn _

N:)rflfline
Ay in p+Pb and Pb+Pb at LHC Ay in p+Au and d+Au zero at RHIC

Purely background? (B lifetime different; no correlation to
reaction plane), why p(d)+A = A+A?

Xe-Xe at 5.44 TeV show similar trend (QM2019)
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Experimental methods

Some other proposed methods:

* Pair invariant mass dependence
* Check different event planes
 Signed balance functions

* R-correlator

Zhao-Wang 2019

Xu etal 2017
Tang 2019

Magdy etal 2017
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Experimental methods

Way 2: Fix the flow, but vary the magnetic field: isobar
collisions

06 06
40 Zr + 40 Zr

At same energy, same centrality, they would have equal
elliptic flow but 10% difference in magnetic field.
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Isobar collisions

Initial magnetic field and initial eccentricity

By, = <(eBlm§)2cos [2(Pg-Fre)]>
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Deng, XGH, Ma,
and Wang, 2016

B, quantifies magnetic-field fluctuation (Blozynski, XGH, Zhang,

and Liao, 2013)
R is the relative difference: 2(RuRu-ZrZr)/(RuRu+2ZrZr)

Centrality 20-60%: sizable difference in B (Rp, ~10 —20%) but
small difference in eccentricity (R,, <2%)

See also: Xu etal 2017, 2018; Magdy etal 2018; Sun-Ko 2018; Shi etal 2019
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Gamma correlator S = N,,.Ay, here N,,,, compensates

Isobar collisions

dilution effect, as both CME and v2 background « 1/N ;¢

As Rp, and R,, are small, we do perturbative expansion:
Rs = (1 —bg)Rp,, +bg - R., with bg the background level

Deng, XGH, Ma, and Wang, 2016, 2018
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Spin polarization




How vorticity polarizes spin?

Early idea: Liang-Wang PRL2005; Voloshin 2004

Vorticity interpretation (at thermal equilibrium)

dN
H=Hy—w-S — e

| g
D -4 Gh

—(Ho—w'S)/T

_ Ny— N, w
— P =N+ N, 2T
More rigorous derivation (Becattini etal 2013; Fang etal 2016; Liu etal 2020)
[ azap*f' (x, P)@pe (%)
J azp?f (x, p)

Valid at global equilibrium. f(x, p) is the distribution function (Fermi-Dirac)

Thermal vorticity @, = (%) (0585 — 0pB5)

Spin polarization is enslaved to thermal vorticity, not dynamical
Friendly for numerical simulation (a spin Cooper-Frye type formula)

1
PE(p) = €7D, +0(@?)
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Global A spin polarization

The global polarization: Experiment = Theory
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PRC2019; Xie-Wang-Csernai
PRC2017; Karpenko-Becattini
EPJC2016; Li-Pang-Wang-Xia
PRC2017; Shi-Li-Liao PLB2018; ...)
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Global A spin polarization

The global polarization: Experiment = Theory

6 ﬁ
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Differential A spin polarization

The global A polarization reflects the total amount of angular momentum retained in
the mid-rapidity region. How is it distributed in different ¢ ?

dp,,
 Spin harmonic flow: d¢ =Py, +2f3,,5in(2¢) + 295, ,c08(2¢) + -

1) longitudinal polarization vs ¢ 2) Transverse polarization vs ¢
(Becattini-Karpenko PRL2018) o (Wel-Deng-XGH PRC2019)
3P, Vsyy =200 GeV RHIC :/*\Q Au+Au \[sy, = 200 GeV AutAu 2050 % ) STAR200Gev
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7] 3t
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0.004 o .. \ I / \—r) i ”,’ ’,-""-.\\\\\\ ]
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We have a spin “sign problem”
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Vector meson spin alighment

Vorticity can also polarize spin of vector mesons, e.g. & meson
Consider recombination q + q — ¢, the density matrix of q:

1
q — _
=5

1+P, 0
0 1-P,

The density matrix of ¢ is obtained from p?®p1 in basis of |11), | T1)- |LT1), and (! |

(1+Pg)(1+Pq)
3+ Py Pq

P-

Suppose P, = Pg,

p(rec) _
00

If fragmentation

V(frag) _

00

3+Pq2

0 0

P,
0 (]_Pq)(]_Pq)
3+P, Py

2
1 - P

1
< =
3

1+ BP; 1

3—5]3(12 3

Liang-Wang 2005

Given that P is few percent, p( is expected close to 1/3



Vector meson spin alighment

ALICE@QM2019
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Spin signh problem and alignment puzzle

Attack the puzzles from theory side:

Understand the vorticity (©)

Effect of feed-down decays (xia-Li-xGH-Huang PRC2019, Becattini-Cao-Speranza EPIC2019)
(Measured A may from decays of heavier particles)

Go beyond equilibrium treatment (spin as a dynamic d.o.f)

spin hydrodynamics

spin kinetic theory

Initial condition

(Initial polarization, initial flow, ... ... )

Other possibilities

(chiral vortical effect (Liu-sun-Ko 2019), mesonic mean-field(Csernai-Kapusta-Welle
PRC2019), other spin chemical potential (wu-Pang-XGH-Wang PRR2019, Florkowski etal2019),
contribution from gluons, ... ... )

New observables (ExHIC-P Collaboration 2002.10082)



Spin hydrodynamics

Relativistic idea spin hydrodynamics (Florkowski etal PRC2018)
Relativistic dissipative spin hydrodynamics  (Hattori-Hongo-XGH-Matsuo-Taya PLB2019)

Identify (quasi-)hydrodynamic variables: T and u* (4 for translation), "V =
—w"#(spin chemical potential, 3 for rotation, 3 for boost).
Derivative expansion. Apply 2" law of thermodynamics.
Constitutive relations up to 0(9)
T ?OV) = eutu’ + p(g"¥ + u*u")
heat current shear viscosity  pulk viscosity

T(y) = —2K (Du(” -+ ﬂ@&”ﬂ‘l) u?) — 2187 u> — 7(8,ut) AP

—22 (—Dult + B g1 + 4u,w ) ul — 2y (8'u") — 24583 w?)
boost heat current rotational viscosity

Hydrodynamic equations

0 (T”V + T + 0(9? )=0 a,(u's®®) = TP —1°¢ } 0(92 p = p(e,sF)
(T + Ty +0(0%) ( )=Ta) =Ty + 0007 Equation of state
Energy-momentum conservation Angular momentum conservation
Israel-Stewart type theory
(Do) L + oy = anftu‘”), T (Dg") L +q" = AM(Dut + Bo' T — 40wy ),

w(Dol) .+l = 7oA, T, (DY) 1 + M = 29(3'u) 4 2007),



Spin dependent hadron vields
Vorticity is the “spin chemical potential” (ExHIC-P Collaboration 2002.10082)
Ey = 4 /771% +p2 _ “ch Q, — LUChSZ

Nstat/coa,l(w) - 8(1 + S) (W)Q
# Nstat/coal (w — 0) 6 T

Naively, it is the same order as p((, could be cross-check of vector
spin alignment

1.7:\ T T T T T T T T T T T T T T T T T T T T T T T T 1.77\ T T ]
16F s=1 meson 1 16F 5=3/2 baryon
150 === 5=0meson 1 15-  ——— s=1/2 baryon :
) 3 o £ ]
5 14; * coal. E 4 145 o coal ]
Z 13- 1 = 1af 1
= [ e stat ,g:. 3 F e stat ]
3 E 3 3 E ]
= 1.2F S 12F ]
= 7L e Boltzmann = 7 e Boltzmann ]
1.1:’ B 1_1% ,__——5?
10 e — e e —— — — 10E E
0.0 0.2 04 06 0.8

. N N . .
Observable: ratio of e.g. N—¢ or N—“ as function of centrality and energy
K =



Summary

e Strong magnetic field and vorticity in heavy-ion collisions

* They provide novel probes to QCD matter through chiral
anomalous transports and spin polarization

* |sobar collisions are very promising to disentangle the CME
signal and the flow backgrounds

* Differential spin polarization and vector meson spin alignment
remain as puzzles

Need more works in both theory and experiments

Thank youl!



Back up




Other sources of vorticity

1) Jet

® 1 =0 oY) " lngV]

0.01 [GeV]
T

=5 g@_ -0.5
e
~
-10 L : -1.0
-10 -5 0 5 10
X [fm]

(Pang-Peterson-Wang-Wang 2016)
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Einstein-de-Haas effect




More about w and B

* We know w = w(b, /s, r, t) in different collisions systems (Au +
Au, Cu + Au, ...) for various w (kinematic, thermal, temperature,
nonrelativistic, ...)

We know e-by-e fluctuation of w and its correlation with
collision geometry

* We know other sources of w (jet, Einstein-de Haas effect, initial
vortical fluctuation, ...), but they are not carefully examined

We know B=B(b, +/s, r) at t=0 in different collisions systems (Au
+ Au, Cu + Ay, ...)

We know e-by-e fluctuation of B and its correlation with
collision geometry

We don’t know time evolution of B



Time dependence of B

* |f quark-gluon matter is insulating
| ' ' ' : (Deng-XGH 2012; XGH 2015)

10Au+Au, Vs =200GeV |
f— b=10fm
- (eB,(0))

R
S
= (eB\(1)) ~
< ’ (1 + 25>
¥ 2mN
g~ Ral(yv,) & - Ry
t(fm/c)
* |f quark-gluon matter is conducting (the realistic case)
S d]BJ\k‘MHD * Maxwell + Boltzman Egs.
o | ECH‘(;@ e 2-2 scattering (gg-gg, ga-gq)
g Ny * Assume Bjorken symmetry
vacuum h B field retained much longer

(XGH-Yan to appear)

1073
10
t(1/Qy)



Isobar collisions: by-product 1

By product 1: which nucleus is more deformed, Zr or Ru?

Case 1 5.085 0.46
Zr 5.02 0.46
Case2 Ru 5.085 0.46
Zr 5.02 0.46
5 "t "s_“"=2_°° Gev %0'1;//1 . ] Measurement of the v_2 at
5 oosf - | central collision can tell us
£ o . : ] about the deformation of the
e | ,‘"'" 0051 SLyd-HFB i nuclei
005 s » :gez:l(g;)
H —R_, (case 1) P %Rum)
T "R (case2) e Xu, Wang, etal 2017
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Isobar collisions: by-product 2

By product 2: difference between Lambda and anti-Lambda
polarizations, Magnetic field or others?

) ® P, this study
Q\, 8 — P this study
- P, PRC76 024915 (2007)
ICLE = P,, PRC76 024915 (2007)
S
0 n M| Au+Au 20-50%
4 =
i | | 2:g?mmary Expect 10%
2 - i | difference
- #] LT between Zr+Zr
0 S T EE : and Ru+Ru, if it
5 B — | isdueto
- [, Cf. lisaand Upsal 2016 | , magnetic field.

1

Magnetlc ),

1

Vortlcal 2

8 P ~(P,+P5) P —(P,—P;)
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Isobar collisions: by-product 2.1

By product 2.1: local polarization and nuclear structure?

Xu, Wang, etal 2017

p (fm?)
o
I
\
]
/

0.05 |-
SLy4-HFB

| —96Ru (p)
r —96Zr (p)
t  —-96Ru (n)
| —-96Zr(n)

Spin polarization vs centrality in donut-donut collision would be different
from bread-bread collision?




Isobar collisions: by-product 3

By product 3: is magnetic field responsible to the PHENIX
direct photon puzzile?

When do direct photons emit, early stage or late stage?

PHENIX@QM2012: direct photon has high yield and large v2.
This is puzzling.

hadronic gas

o . described
SIS > by hydrodynamics
L “high yield -> early emission, high anisotropy -> late emission”

pre-equilibrium stage

initial prompt photons

One possible solution: anisotropy in the early stage, like the magnetic field.

(Basar, Skokov, Kharzeev 2012, Tuchin 2012, Muller,

Wang, Yang 2013, Yee 2013, ...)
Anisotropy is proportional to BA2, thus can be

tested in isobar collisions
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Isobar collisions: by-product 4

By product 4: enhanced dilepton production in very
peripheral collisions? Useful for UPC.

L Wik Centrality: 60-80% j
f” (o
It :

0.00<p _<0.15 GeV/e

7 :-: 104
— ; -5
O W\%f{f > § 10°
I Iff 5 sl
b>R1+R2#/\Wm.'f = 10
| 2
} Z w0

STAR Preliminary

/) g :
f I N TR BT P AT AR B |
/ K |\ 0 05 1 15 2 25 3 35 4
o M,, (GeV/c?)
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Isobar collisions: by-product 5

By product 5: probe the neutron skin
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Provides useful information about symmetry energy.



