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Magnetic field and vorticity



Electromagnetic fields in HIC

* Non-central collision generates magnetic field
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Reaclion plane

 How strong is the B field?

» RHIC Au+Au collision, Z =179, /s = 200 GeV (= v, ~ 0.99995¢),
impact parameter b = 5 fm
» The B field at the colliding time, ¢ = 0. Biot-Savart law

2
eBy, ~ 2 x 'yZ—Z'UZ(Q/b)Q ~ 40m> ~ 10" Gauss
s

Skokov etal 2009, Voronyuk eatal 2011, Deng and XGH 2012, 2015, ... ...



Electromagnetic fields in HIC
Comparison of magnetic fields

£ ;,; The Earths magnetic field 0.6 Gauss

A common, hand-held magnet 100 Gauss

The strongest steady magnetic fields 4.5 x 10° Gauss
achieved so far in the |laboratory

The strongest man-made fields 10" Gauss
ever achieved, if only briefly

Typical surface, polar magnetic 10" Gauss
fields of radio pulsars

Surface field of Magnetars 10" Gauss

http:/isolomon.as.utexas edu/~duncan/magnetar.htmil
Heavy 10n collisions: the strongest magnetic

field ever achieved in the laboratory
Off central Gold-Gold Collisions at 100 GeV per nucleon
eB(Tt=0] ~10" Gauss




Electromagnetic fields in HIC

* More realistic computations of the B flelds
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e Strongest B fields we have known in current universe:

eB~1018 G (RHIC)- 10%° G (LHC)
Hirono and Hirano, 2012,
* Strong Electric f|eId in Cu+Au coIhsnon STAR 2015
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Flow vorticity in HIC

Non-central collision generates flow vorticity

Finite angular momentum (AM)

1

Manifested as flow shear

U

Finite vorticity(local rotation)

e How strong is the vorticity? LS
: v

Total angular momentum: Jo~Ab+/s /2

The angular momentum: J~ [ d3x I(x) w(x)

The moment of inertial: I1(x)~[x* — (x - @®)?]e(x)

Total moment of inertial [ d3x I(x)~+/sb?%, Thus (b=10 fm)
w~A/b~10%*s71

* A very fast local rotation.

Fastest man-made rotation via laser light ~ 107s™1 (Arita etal

Nat.Comm. 2013)
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Flow vorticity in HIC

* More realistic numerical simulations
Deng and XGH 2016, Jlang, Lin, Liao 2016 _
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e Vorticity in Au+Au@RHIC at b = 10 fmis 10%1s~1

At RHIC, T~300 MeV, Tw~10*MeV4which is
comparable to eB~10*MeV?~. But at LHC, Tw is
much smaller than eB



Flow vorticity in HIC

* Experimental measurement of vorticity: A polarization

Quark—gluon
plasma

A hyperon JT | —

Nuclear fragment < A
f— ,}
Gluon
¢
o o L% Yy € ‘%
‘ Collision plane 1{ € iujrk k,,:

0.10 AuvAu
o U.OB? based on energy flow
g 0.06 15=0.4 fm
3 004
~ 002
0.00 Deng and XGH 2016
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y/s (Gev)
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Global spin polarization
of A hyperon due to

spin-vorticity coupling
(Liang, Wang 2005)
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- @ A Nature 548, 62-55 (2017)
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* Heavy-ion collisions can generate

4o

Strongest EM fields Largest local vorticity

\ |
Y

What are the novel effects to the QGP?
Anomalous chiral transports

10



Anomalous chiral transports (ACTs)

11



Chiral anomaly

 Lowest Landau level of massless fermion in B

E A

\j
Helical path

EZ = p7 + 2neB

12



Chiral anomaly

e Lowest Landau level of massless fermion
LH &4 RH
L

tB

* One conserved current

Jy =Jg +]; = y*y

Ji =Jr =1 =v*ysy
is no longer conserved:

R/L
> NR/L — I’pF_2

4 d21‘l’ 2T
» —N,=—(Np—N
2 Na dt(RRL L)
r—Pr eB eE eB
:VpF pF_:V__

2w 2m w21

u_ e’
ﬂa”_]A—ﬁEB

Adler 1969, Bell and Jackiw 1969
13



Chiral magnetic effect (CME)

e Remove the E field

LH &A RH HUgp # UL
tt"‘ Ha =0

-
PR
-

-
-
“
-

>
Pz

» B
> Jv
JR — €ENng = 2B
Jv =Jr +J1 =gz (F — PF)
JL — —eny, 25
R/L = dxdydz 27 2m Kharzeev et al 2004-2008,

- Vilenkin 1980, ...... 14



Chiral magnetic effect (CME)

* CME: vector current induced by B in matter with 1,
_ e’y
2172

* Macroscopic quantum phenomenon

B

Jv

* P- and CP-odd transport
* Time-reversal even, no dissipation

* Fixed by anomaly coefficient, universal

v To realize CME, we need:

environmental parity violation (14) and
external magnetic field (B)

15



Chiral separation effect (CSE)

* A dual effect to the CME: axial current induced by B in
matter with uy

» B
ﬁ ]A
JR — EeNnpg
JL — —€ny
Np/r = d’ Nr/L _ eBpﬁ/L
RIL = dxdydz 27 2m

CME CSE
e’B
Ja=Jr—J1L = A2 (p¥ +pF)
e’B

=57l CSE current

Son and Zhitnitsky 2004 ......
16



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) F =2&(x X w) + 0(w?)
Larmor theorem: eB~2&w

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

_ ew ew
Jr = eng 1 =52 (@D -00%) = S rma
J, = —eny
R/L . R/L 9 5
R/ = P W Pr Ja= 4n2 ((PF) +(PF) ) = om2 (HV + HA)

27T 27T -
CVE currents

Erdmenger etal 2008, Banerjee etal 2008,
Son and Surowka 20009 ......

More rigorous calculation shows
a (T?/6)ew termin J yrelated
to gravitational anomaly.

(Landsteiner etal 2011) 17



Chiral electric separation effect (CESE)

* Electric field induced anomalous transport

AVAVAVAVAV - NV U

Hy

E Ja

AVAVAVAVAV y AVAVAVAV
uypa €T

E

J 4~ 145163 Trs (Q.Qa) 5 ¢t In(1/g)

« P-odd, C-odd, T-odd transport (may be dissipative)

« Non-universal (receive perturbative correction)

XGH and Liao 2013, Jiang, XGH, Liao 2015 ... ... 18



Chiral magnetic wave

Look at the CME and CSE

2 2
ey _ e ly

B

CME + CSE give gapless wave modes: chiral magnetic wave
(Kharzeev and Yee 2010)

. ﬁTCE E}FLR
472 Onp

B B B Y AASNS-

o

19



Chiral vortical wave

The vortical analogue of chiral magnetic wave

TZ IJ.2+IJ,2
Ja=— + ==~

1
-t 2w, Jv=— vl o,

8 B B
By B By

e To reveal its dispersion we use continuity eq.

onpp +V ']_)L,R =0

eSubstitute CVE currents. Obtain Burgers wave equation which is
linearized to normal wave equation

_, wa 2 2wa’
6tnLR = + — ax(nL,R) ——— > 4 — noax(nL,R)
_ou \
ad = 3 — ~ inverse baryon susceptiblity CVW velocity
n

Jiang, XGH, Liao 2015



Table of anomalous chiral transports

* Transport phenomena closely related to chirality and
quantum anomalies.

- E | B | e
e? e

Jv o ooz Ha 2 Fvia
Ohm'’s law Chiral magnetic Vector chiral
effect vortical effect
2 2 2,2
o HvHa - e e(T N #V"'ﬂA)
Ja T? o2 MV 6 ' 2m2

Chiral electric Chiral separation Axial chiral vortical

separation effect effect effect

And the collective waves (chiral magnetic wave, chiral
vortical wave, chiral electric wave, etc)

21



Where are anomalous chiral transports?

* Universal phenomena that may happen across a very
broad hierarchy of scales.

10~ 10K 1— 102K 1010k 1012

Temperature

Supernovae

Weyl/Dirac semimetals Heavy-ion collisions

| |
Electromagnetic force Electroweak force || Strong force |..




CME on desktop

e Chiral fermions in 3D semimetals

Weyl semimetal

(non-degenerated bands)

€ 7
X
U

’#{W\

k bi_’ \v//
J - B /A\KJ, A

e TaAs
7y NbAs
A € NbP )
y \ TaP
Dirac semimetal - J'j L Jik Ek
(doubly degenerated bands) 204 () 0049 CME — Y CME |
g 2 3 2 3
e\ 7 ZrT 2 OonE = £ 20l v B’
\ s = CME ™ 7k 8he 8 T2 4 v
_, NasBi, T
/ CdsAs,

Li et al 2015, ... ...




ACTs in heavy ion collisions

24



Chirality generation and CME,CVE

QCD triangle anomaly

a \I
0000, Gy, =—

<
-

W)
Ha

\ Q000, Gy,

VWWW\ Ji, = | CME,CVE

QED triangle anomaly @
5 1
A probe of nontrivial N/ A I“'t'?l s_tatle
topology of QCD using + :_IOP‘;: ogtl_ca
B field and vorticity! uctuations

| 25
1‘2.-



Experimental test of CME

Event-by-event charge separation wrt. reaction plane

(cos(e, +9,-2¥gp) )

The observable:

1
2 The gamma correlator (Voloshin 2004)
LorB - | 2 —
) GAL vomr Y19 STAR 2009
+ 3

—~~ T .
o =
o E
a- ¥ £ HUING + v, ]
= urQm =
«s—ﬂo'z - SMEVSIIJM N
— *a i = i
% ol e T ——e g T
- o N o =xe@B- == - i
] o . 53 » i
1 - :-. I| &= -0.2 j Il-- » i
& i 4
F 'r - . ]
_— ’ 1 0.4 —
. I. : = Red : same charge ]
"2" L + Blue: opp charge a
-O-sl]llil.lLlIlJllllllllllllllllllll—
70 60 50 40 30 20 10
ALICE 2013 % Most central STAR 2014
10°®
06 x T T T T TTT T T T TTT T T T L I
same opp. L 1 1 1 <}> |
Py O  ALICE Pb-Pb @5, = 2.76 TeV X - 10, %276 TeV Pb+Pb @200 GeV Au+Au %62.4 GeV Au+Au 39 GeV Au+Au
041 4 & STARAuAU @5y =02TeV ' X 8 4 1 —mevsm T+ \ 5
= ' ?
02k (ALICE) same+opp. mean +¢( = énwv cae \ e - A “o.. .
v B-'I _*,*—*’ '*_f('g R 3R . **g:'g o
« R * By * S
Y ST Tk’ + + E
=2l t t t t H } t t t HH—— t t t
+ il
02| L &% 4ok 27 GeV Au+Au | 19.6 GeV Au+Au ?11 5 GeV Au+Au 1 7.7 GeV Au+Au |
o, ‘8’ sl © opposit: charge | , | 1)
. +* same charge \ 3
0.4 ® &) ) 1
Vo (€os(9, + - 20)), e Vai2} L} +* o 20-3 T¥ ; T $
-0.6 |- _I CME ex;?ectation (lsame chalrge [13]) | = \:;:O“'o
210 X e W W, W2 V"N N . _ Do)
0 10 20 3 40 50 60 70 O e B R RO, @R R AR RRE] T RRRE
80 60 40 20 080 60 40 20 080 60 40 20 080 60 40 20 0

centrality, % % Most central



Experimental test of CVE

Event-by-event baryon separation wrt. reaction plane

vortncnty The vortical gamma correlator
0.015F
- [ Au+Au 200 GeV
~  0.01F >
3 F | STAR 2014
Barlvon = = o
~ 0.005:— STAR preliminary
_.fal'lt:i"n'ar'lon j\> _;fq_ 0 C . A N
: = n = o) Fai 2 AR S
FAL " + - T 5
& | ¥ -0.005F
& _— A S
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V"2" -0.0153— %’ * A=p and A=p
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% Most central

Positive opposite-sign correlation, negative same-sign
correlation

Increase with centrality = vorticity increases with
centrality

27
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Experimental test of CMW

Phenomenology of CMW in heavy-ion collisions:

Elliptic flow splitting of charged pions (Burnier, Kharzeev,
Liao, Yee 2011)

Intuitive picture

AN

o

» CMW = uy(m) £ Ug(ﬂ' ): va(m™) —wa(n™) & TA_l; linear
approx. in net charge asymmetry Ay = (N, — N_)/(N, + N_)
- Au+Au 200 GeV: 30-40% 5L STAR 2015
3.3 0.15<p_<0.5GeVic 5 - gL -
—~ | o
e e 5 @ 2,
=" 3.2} _ é <
[T L -4
[ ¢ o
2f  STAR2015 S
I CL w 5

005 0 0.05
Observed Ach 28



Potential experimental test of CVW

Experimental implication: baryon charge quadrupole
&{CVW Quadrupole
eMore baryon charges at the tips

of the fireball, more antibaryon
charges at the center

eStronger in-plane radial
expansion lets antibaryons
get larger elliptic flow than
baryons




Back-ground contributions to CME

Back-ground contributions to gamma correlator

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

Pyl / [ Yap
* Charge blind
N centrality> * Y X —UQ/N
e * Can be subtracted in
/' — Ay = v0s — 7ss
same- and opposite-sign

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

V‘l / t Yagp opposite-sign
neutral )
S— . centrality
X >
same-sign

|

J

Main challenge: how to separate the background effects?

30



Theoretical uncertainties

Quantify the CME signal from theoretical calculations. But
now there are still many uncertainties.

1) The time evolution of the magnetic field.
(coupled Maxwell + hydro or kinetic equations)

2) Modeling the production of initial axial charge.
(Real time simulation of sphaleron transition)

3) Pre-hydro evolution of CME, very early stage.
(CME current far from equilibrium)

4) Frequency and momentum dependent CME coff.
(The B field is neither static nor homogeneous)

5) Finite mass effect, finite response time, high-order corrections.
(New theoretical calculations)

6) Modeling background contributions, new observables.
( LCC, Resonance decays, ...... )

Challenges but also opportunities for theorists!

31



Chiral kinetic theory

* Kinetic theory with chiral anomaly encoded

B - quantum
p+Bxi= _ region
and the Berry monopole b p |
2|pl?

phase space is VG where G = (1 +b- B)?

* Provide a basis for quantitative description of ACTs in the
early and parton stages of HICs

* Accurate at 1 order and valid for weak fields

» Fast developing (higher order, strong fields, rotation, ...)

Son-Yamamoto 2012, Stephanov-Yin 2012, Gao-Liang-Pu-Wang-Wang
2012 ... ...



Anomalous hydrodynamics

* Hydrodynamics with anomalous currents

T = eF" s, 7 = nu'+kgB" + Kk ,0*
aﬂjj: 0, f; = n5u“+§BB“+§ww“
dujs = —CE"B,

e Anomalous coefficients are self-determined via
second law of thermodynamics (Son Surowka 2009)

* Provide a basis for quantitative description of ACTs in
the hydro stage of HICs

* Fast developing

* related developments: hydrodynamics with strong
magnetic field, with spin d.o.f, ... ...

Hirono-Hirano-Kharzeev 2014, Shi-Jiang-Liao 2017, Guo-XGH-Deng-Hirono-
Kharzeev 2017, ... ...



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

STARU+U 193 GeV  p.100 %
—m— Multiplicity binning 0-10%
-:rc -8~ Spectator binning ;
: 05 STAR Au+Au 200 GeV ‘ Wa ng 2012
ey —a— Year 2004 (0909.1717) Y )
] —s— Year 2007 (1302.3802) %6 I Tribedy 2017
= —8- Year 2011 (0-1%) -
& m
0 - . - :
0 0.01 0.02 0.03 0.04 0.05

<€ > Vo {2}
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Experimental methods

Way 1.1: Turn off (?) the magnetic field: high multiplicity

p+A, d+A

%1073 65

PbPb centrality(%)
55 45 35
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[ o, CMS 2016
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10?

10°

Nofﬂine

trk

y in p+Pb ~ in Pb+Pb at LHC

High energy: Pur
background? (B |

too short; no correlation

to reaction plane

ely
ifetime

)

Strong energy

dependence of the

signal

- H,.) = 10*

(H

x107°

L T rrTTg
Sun = 200 GeV
p+Au @ TPC EP

sk d+Au #TPC EP

BBCEP o-MB OHT

ZDCEP oMB OHT

J.STAR 2016

Au+Au mTPC EP %BBC EP |

. ’ N (NN
Ay in p+Au and d+Au zero at RHIC
z:_'"'ﬁmhu' 30-60%  FhePh
SR STAR 2014
:«% o Experimental data ]
i | EESIIerrurpruiEGtinnl jI
"'"} I 10 - ””1Iﬂ! 0
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Experimental methods

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

96 06 96 96
4UZr +4OZr 44F§u +44Ru

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

36



The isobar collision

37



Isobar collisions

Nucleus shape, Wood-Saxon distribution

_ Po
Q A0 = T e [ — B — BaRoYS(0))al

Current experimental data for the parameters:

Case 1: e-A scattering experiments (nucl. Data tab. 2001)
Case 2: comprehensive model deductions (nucl. Data tab. 2001)

L

Case 1 5.085 0.158
Zr 5.02 0.46 0.08
Case 2 Ru 5.085 0.46 0.053

r 5.02 0.46 0.217
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Isobar collisions

Initial magnetic field and initial eccentricity

2 15 S |
=l (a) e (b Rg, _.oomeemrmoee
-t o S —
I e § [
> | Soar s.. =200 GeV
& 10 o | NN
@ I 2
o = |
o2 - ‘l' = i Rcz
DEE i SNN - 200 Gev & c —et e
a 5I- 1 : “o'.. 1 Deng’ XGH, Ma,
O case -, — case and Wang, 2016
mo[ ---- case 2 ol ---- case 2
o % 2|o 4|0 s'cu BIO 100 0' 2|cu 4'0 SIO alcu 100
% Most central % Most central

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 (R, ~10 —20%) but
small difference in eccentricity (R., < 2%)
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Isobar collisions

Gamma correlator § = N,,,:Ay, here N,,,; compensates
dilution effect, as both CME and v2 background o 1/N ;¢

As Rg,, 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

Relative difference

0.1 ISy = 200 GeV

fi-beb

(Ergr
o

I ," ¢ Rg (case 1)
005 - R (case 2)
i g — R, (case 1)
0.1, - «R_, (case 2)

0.05[-

-

(b)

0 20 40 60

80

% Most central

Centrality 20-60%: clear difference between CME=1/3 and
CME=0 if 400M events.
Very promising to disentangle CME from v2 backgrounds

bg=2/3
400M events

50 signal

If bg=4/5
1.2B events

50 signal
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Isobar collisions

May also determine the background level

)

=
-
o

projection with 400M events

sq

—case 1
---case 2

=
b

Rs -R., = (1-bg)(R,

VSn = 200 GeV

20 - 60%

0 S0 100
Background level (%)

16

—14
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o N A O

Significance

SEEREY

96 96
i Zr + = Zr

96 96
~Ru +  Ru

First run: 2018 @ RHIC
STAR BUR for 7 weeks

Other anomalous transports:

Observable

2CRu 4 1SRu vs.

ESZr +282r

flow
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—~

CME

CMW

V |V

CVE

2
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Isobar collisions: by-product 1

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

i an ,

Case 1 5.085 0.46 0.158
ZE 5.02 0.46 0.08
Case2 Ru 5.085 0.46 0
Zr 5.02 0.46 C
g 0 1:L VSnn = 200 GeV
g o.osf— |
g ety Measurement of the v_2 at central collision can tell us
5 0'5 et about the deformation of the nuclei
~0.05[- ._.’\
ad S
0 20 40 60 80

% Most central
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Isobar collisions: by-product 2

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

) ® P, ihisstudy
o 8 — ‘ : Py this study
i P, PRC76 024915 (2007)
= = iEM PRC76 024915 (2007)
o
< gl
o u M Au+Au 20-50%
X ‘ STAR Expect 10%
i preliminary .
. * | difference
- LJT] Oy ' between Zr+Zr
0 iy T B E : and Ru+Ru, if it
5 B | > | is due to
&y, Cf Lisaand Upsal 2016 | - | magnetic field.
W 10 0 >
b {5y (GeV)

N

Vortlcal ), Magnetlc p)

1

~(P,+P;) P —(p,—P;)
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Isobar collisions: by-product 3

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

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

» described
e s > by hydrodynamics
QGP

pre-equilibrium stage

“high yield -> early emission, high anisotropy -> late emission”

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 B2, 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?

Centrality: 60-80%
0.00<p,_<0.15 GeV/e
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Summary

 Anomalous chiral transports are universal macroscopic
guantum phenomena

* They provides a probe to topological sector of QCD in
heavy-ion collisions

* Experimental signal suffers from strong backgrounds
* Isobar collisions run in 2018 are very looked forward
* A number of theoretical challenges need to be considered

Thank youl!
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What are anomalous chiral transports?

* Transport phenomena closely related to chiral
anomalies: chiral magnetic/vortical effects, etc.

* Usually need environmental violation of parity or
charge-parity symmetries

Mirror Flane

Chirality Triangle anomaly
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Topological sector of QCD

e QCD can have nontrivial vacuum: The theta vacuum
Gluonic field energy

Instanton Sphaleron
tunneling explosion

A 4

1

N, c =
5™ 242

J d3x ek tr[(U~10;U)(U10;U)(U19,U)|, U € SU(3)

* Transition between 2 vacua is topological (e.g.,
Instanton, sphaleron)

1 4. ra FHV
3272 d*x G, G, = N¢s(t =) — Ngg(t = —o0)

Q:

--- P and CP odd transition



Topological sector of QCD

* Topological transition is equally possible for each direction
* Thus we expect to observe only its fluctuation

Imageby Derek [ einweB@BCSSM, U. Adelaide

* |If observed, fundamental importance: 1) local Strong P
and CP violation; 2) topological sector of QCD vacuum
structure

* How to probe it?
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