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P, C, and anomaly basics
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@ P and C are good symmetries of QCD with massless quarks

@ U(1)a suffers from anomaly in QCD : it is not a true symmetry
Oudy ~ e Ty (Guv Gags) (1)
One fact : this anomaly is #—suppressed in large N; limit
c

@ But, SU(NE)a for multiple flavors are good global symmetries free of
QCD anomaly

@ There are also triangle anomaly of AVV and AAA
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Why triangle anomalies can be interesting

@ It is often said that results from anomalies are robust, independent of
dynamics such as coupling constant. This is both good and bad.
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Why triangle anomalies can be interesting

@ It is often said that results from anomalies are robust, independent of
dynamics such as coupling constant. This is both good and bad.

@ But, the important assumption in this statement is that we are
considering low energy limits which results in various low energy
theorems. For finite frequency or momentum w, k # 0, there are in
general no such theorems, and we DO expect the results to depend on
dynamics such as temperature, coupling constants, etc.
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Why triangle anomalies can be interesting

@ It is often said that results from anomalies are robust, independent of
dynamics such as coupling constant. This is both good and bad.

@ But, the important assumption in this statement is that we are
considering low energy limits which results in various low energy
theorems. For finite frequency or momentum w, k # 0, there are in
general no such theorems, and we DO expect the results to depend on
dynamics such as temperature, coupling constants, etc.

@ For strongly coupled QGP with a lot of time/space dependent
dynamics going on, it will be non-trivial to compute such effects

ANOMALY — [ DYNAMICS (T, s, as, No)] — OBSERVABLES

Ho-Ung Yee Waves of Anomaly in QGP : Chiral Magnetic Wave and Chiral Shear Wave



A table of recent interesting discoveries

T<T. T > T. (RHIC,LHC)

- gauged WZW term - chiral vortex current (u # 0)

B=0 0 — 27, etc JH ~ EMVQBUyaaUﬁ

- 1 # 0, Quarkyonic spiral - chiral shear wave (u # 0)
- meson(pion) suppercurrent (u # 0) | - chiral magnetic effect (u # 0)
B+#0 Om # 0 “chiral spiral” J~ éu
- chiral magnetic spiral (u # 0) -chiral magnetic wave (u = 0)
J+ilf#£0

Important difference between chiral magnetic effect and chiral magnetic
wave will be that CMW exists even in the average neutral plasmas
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Chiral Magnetic Wave: Derivation

@ Consider general deconfined QCD plasma with applied magnetic field
B = BX". The plasma can be neutral in general.
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Chiral Magnetic Wave: Derivation

@ Consider general deconfined QCD plasma with applied magnetic field
B = BX". The plasma can be neutral in general.

@ We will treat electromagnetism as non-dynamical external environment
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Chiral Magnetic Wave: Derivation

@ Consider general deconfined QCD plasma with applied magnetic field
B = BX". The plasma can be neutral in general.

@ We will treat electromagnetism as non-dynamical external environment

@ Let’s start from the basic chiral magnetic effects

r Nceé . Nceé
jV - 27[_2 HA ) jA - 271_2 Hv ’

v\ NeB/O0 1 m
()
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Chiral Magnetic Wave: Derivation

@ Consider general deconfined QCD plasma with applied magnetic field
B = BX". The plasma can be neutral in general.

@ We will treat electromagnetism as non-dynamical external environment

@ Let’s start from the basic chiral magnetic effects

r Nceé . Nceé
Jv = WMA s A = Wﬂv y (2)

ZV _NeeB (0 A wy @)
jA 27T2 1 0 HA ’
@ We are interested in small fluctuations out of neutral plasma, so let’s
expand pv 4 in terms of small charge densities j3,A linearly

py  Opy 0 0
Bv o\ _ % o v Y\ _ [ aw own v . @)
JA % Oiia A Qay aaa
v

= 0
E) /'2 JA
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CMW Derivation continued

@ Recall that chemical potentials are defined as p; = g% , i=VA
where F is free energy, so /
PF
- 5
Qijj aj;paj}p ( )

are in fact susceptabilities
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CMW Derivation continued

@ Recall that chemical potentials are defined as p; = g% , i=VA
where F is free energy, so /
PF
= = . 5
Qijj aj;paj}p ( )

are in fact susceptabilities

@ By parity invariance, aay = ays = 0. In a deconfined phase, one also
has ayy ~ aaa = a, so at the end one arrives at

7\/ 7Nceéa 0 1 13 (6)
i) e Lo )
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@ Recall that chemical potentials are defined as p; = g% , i=VA
where F is free energy, so /
PF
- 5
Qijj aj;paj}p ( )

are in fact susceptabilities

@ By parity invariance, aay = ays = 0. In a deconfined phase, one also
has ayy ~ aaa = a, so at the end one arrives at

7\/ 7Nceéa 0 1 13 (6)
i) e Lo )

@ Diagonalize in terms of chiral basis

. 1. . P R .
it=50r=iz) » Ja=500+ia) - (7)
One can also rewrite
o=3 (%) =2 (amp) =2 (5% ) =2 (agog) - ©
2\ ) 2\opap) 2\ai) 2\oRoR)
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The semi-final result is

g Neé , ééﬁ
./L,Fi::F( - a)/E,H_DL(BZ)/E,H+"' ; 9)

272

with a longitudinal diffusion constant D;. This should be taken as a
hydrodynamic constitutive equation in long wave-length expansion
A few comments are

@ What we are claiming is that the above result is valid for arbitrarily
large magnetic field B. Several previous literature considered only
linear in B

@ Note that a will be a non-trivial, non-linear function of B as well as
temperature, coupling constant, etc. We will see this explicitly later
for infinitely large B case and holographic QCD computation

@ It might also be interesting to consider transverse diffusion coefficient
Dr
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New propagating modes out of this

Now, plug the above in the conservation laws 8ijﬁ = 0, and consider only
longitudinal derivative 0y, which results in

N:eB y
(0% M50 - Df) a0 (10)

@ This is a directional (chiral) wave with velocity

XToo2r2 T 4n2 \ 9P ) 4n® \ 9%

(11)

@ The momentum space dispersion relation looks as
w=TFWk— DK+ (12)

The propagating leading part would be absent if there was no anomaly
or magnetic field B, and it is essentially important to have them to
find the propagating behavior
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Large B limit and 1+1 dimensional reduction

We will consider one particular weak coupling limit, eB — oo

@ At first, the expression

_ Ne6B (O

looks worrisome in view of causality

@ It is natural to expect that the quarks are sitting in the lowest Landau
Levels, as the gap A = veB > T. We have an effective 1+1
dimensional reduction.

@ For a chemical potential y;, 14+1 dimensional free fermion density is

51mp1y . We also have transverse space density of state of (2 ),
that the net 3-dimensional density jL is
0 m eB eB
=== —_— == 14
1= (5) (65) =t 9
or (%) = % in the limit of eB — co. This gives
L
vw—1 , eB—x (15)
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1+1 dimensional bosonization

Let’s pursue further aspects of this 1+1 dimensional reduction

@ From @, one gets 1+1 dimensional chiral fermion in LLL, ;. Vice
Versa from gr to get ¥r. Together they form a single 14+1 dimensional
massless Dirac fermion

@ One has U(1)y x U(1)a symmetries with currents ji, and j. 1+1
dimensional y-matrices imply that

Jy =€ jn (16)
This can be written in terms of a real scalar field ¢ by
Jy=€e%0¢ , ji=0"¢ (17)

where conservation of ji; is automatic.

@ Then, the conservation of axial current j implies
Oufp = 0,0"¢ =0 (18)

S0 ¢ is a massless scalar boson
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Bosonization continued...

@ Bosonization says that the two quantum theories are in fact equivalent
with a dictionary

YL~ eloL . YR~ e iR (19)
where ¢ = ¢ + ¢r, or
PrpL ~ €7 (20)

@ The mass term will be cos(¢) under this, which gives us sine-Gordon
model

Our basic identification is : Chiral magnetic wave is a bosonized wave of ¢
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Holographic computation

@ One can study the same phenomena in the framework of holographic
QCD for strongly coupled regime. We choose Sakai-Sugimoto model as
it contains all the necessary ingredients of chiral symmetry and its
triangle anomaly

@ Triangle anomaly is encoded as a 5D Chern-Simons term in the bulk

@ One can study v, as well as D; systematically in the model
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Holography or AdS/CFT approach

Very brief words about AdS/CFT ideas

@ We have an effective theory for large N; and strong t’Hooft coupling
limit of a gauge theory living in five dimensions

@ The additional dimension is roughly energy-scale of the theory. Recall
RG still works in large N; limit. 5D theory involves gravity :

Quantum RG invariance «— Classical general covariance

@ Large N; factorization implies classical or statistical description of
master variables while RG still makes sense : holography is one way
of combining these two

flow
4
' , /vr rk“l’;u\/dwe«s\‘ms
L J RES
[ £}
| 1
J A Energy
VY \r(‘J;l?c\i dimeuSion
{9:)3
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Finite temperature plasma is described by Black Hole

In the 5D gravity description, finite temperature plasma is described by
Black Hole or more precisely, Black Brane

fiH—

IR End Po.,.f irechan
(3+') dfmehit\ong

@ There is no rigorous understanding of this
@ It has been more like “empirical”

@ Hawking temperature is identified with plasma temperature naturally
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How to study physics in AAS/CFT ?

Just two facts we need from AdS/CFT dictionary

@ Global symmetry in gauge theory «— Gauge symmetry in 5D
How it works?

Au(x*,Z) ~ AD + 3 1h(2)AD (21)
n

where ALO) is interpreted as a source for the current J" in gauge theory,
and AE[’) are massive vector mesons that can be created by J*

It is a unified description of external sources and dynamical excitations
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How to study physics in AAS/CFT ?

Just two facts we need from AdS/CFT dictionary

@ Global symmetry in gauge theory «— Gauge symmetry in 5D
How it works?

Au(x*,Z) ~ AD + 3 1h(2)AD (21)
n

where ALO) is interpreted as a source for the current J" in gauge theory,
and AE[’) are massive vector mesons that can be created by J*

It is a unified description of external sources and dynamical excitations
@ An important ingredient for our purposes

Triangle anomaly in 4D «— 5D Chern-Simons term AA F A F
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Results from Sakai-Sugimoto model
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Our next subject : Chiral Shear Wave

Some pictorial cartoon of damping shear waves
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@ Shear modes are waves of transverse velocity field su’' where i = x or
i = y when the wave-vector is K = kZ

@ It is not a propagating mode, but exponentially damping

@ From the constitutive relation of T#", the leading order dispersion
relation starts as

in 2
~-——"—Kk 22
w ctp + (22)

where 7 is the shear viscosity
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Why anomaly affects this and how ?

Q : How come anomaly could affect these transverse shear modes ?

The basic reason : In the charged plasma, transverse velocity
fluctuations §u' induce charge current flow too, i.e. they are coupled
with each other dynamically

Net effect : 6u* and 5 mix with each other, and the correct eigen
modes are definite helicity modes

e

S
2K = po\ar(%gd

T C;>

- —_
Y = polarize d

The two opposite helicity modes turn out to have different sub-leading
dispersion relations from anomaly
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AdS/CFT computation of chiral shear waves

@ As a model theory, we take

(167Gs)L = R+ 12 — LFyyFMV — & MNPGRp £ Fo (23)

4 N

and consider a charged black-hole plasma background

@ Study linear fluctuations, especially helicity +1 transverse shear
modes. One finds that Chern-Simons effect ( anomaly effect) appears
only on these modes

@ From analyzing these modes in AdS/CFT, one can obtain their
dispersion relations. The result depends on the sign of helicity, which
maybe called chiral shear waves

@ Our result is

n K2 i Q@

e+p 8mar}

w ~ =i

K+ o(k“) . helicity £1 , (24)

where O(k®) is the chiral term from anomaly. In fact, any term with
odd powers of k comes from anomaly

@ Domokos-Harvey and Nakamura-Ooguri-Park observed that for a
sufficiently large x, the anomaly-induced term can be big enough to
overcome the leading piece, to induce an instability toward forming
chiral shear waves
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How to observe experimentally ?

@ One helicity mode has a larger imaginary frequency than the other, so
it would decay faster than the other

@ After some time, only one helicity modes should dominate.

It will look like a SPIRAL SHAPE transverse fluctuation

SOME IMPRINTS oF SPT kAL SHAfzzzg;

Ho-Ung Yee Waves of Anomaly in QGP : Chiral Magnetic Wave and Chiral Shear Wave



Thank you very much

Thank you very much for listening
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