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* The Chern-Simons diffusion rate
* Holographic derivation
* Anomaly induced effects



Plan

 The Chern-Simons diffusion rate
* Holographic derivation

* Incuding the anomaly

A hard to compute real-time observable relevant e.g. for the chiral magnetic effect
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The Chern-Simons diffusion rate

_ ((ANgs)*) _ [ u
ros = =12 = [ dia(@@QO),

* Wightman two point function (real time)

¢« = 62 TrFF topological charge density in Yang-Mills

« ANgg = / d*z Q(z) change in Chern-Simons number
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The Chern-Simons diffusion rate

* In equilibrium state, temperature T, fluctuation-dissipation thm:

2T -
FCS = — lim —ImGR(w, k = 0)
w—0 W

* Kubo formula for I' ¢ : compute retarded correlator of Q

* In QCD plasma thermal fluctuations can excite sphalerons. Sphaleron
decay induces local variation of Chern-Simons number
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The Chern-Simons diffusion rate
* Why 1s Chern-Simons diffusion rate interesting?
a) Bariogenesis in Standard Model: sphaleron transitions cause A(B+L)#0

b) Chiral magnetic effect in the Quark-Gluon Plasma

3

eB>>p?. Stagel: N;=N; in lowest Landau level. Red: momentum; blue: spin

F. Bigazzi T-d Holography and CS diffusion rate



The Chern-Simons diffusion rate

Chiral magnetic effect [Kharzeev, Mc Lerran, Warringa 2007; Fukushima, Kharzeev,
Warringa 2008]

* Axial anomaly: 09,J% = —2N;Q

ANcg generates a A 2 Ha 7 0 (axial chemical potential)

Non central collisions in QGP have large magnetic field B

* Ay T B generate electric current

J=o0ccyEB OCME = %UA

* Currently under experimental search at RHIC and LHC
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The Chern-Simons diffusion rate

* Magnitude of ' in the QGP?

* Real-time non-perturbative physics: no reliable computational methods
in QCD
» Effective theory result [Moore, Tassler 2010]

Tog ~eXT, A= gy Ne

* Notes: ¢ is non-perturbative; result valid at o, <<I.

" Tag ~ O(NY)
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Plan

* The Chern-Simons diffusion rate
* Holographic derivation
* Including the anomaly
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Holographic derivation

The Chern-Simons diffusion rate in N =4 SYM [Son, Starinets 2002]

* Backgound is BH AdS; x S° generated by Nc D3-branes
* D3-brane action contains

/CTTF/\F

« =» gravity field dual to Q is the RR 0-form potential C
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Holographic derivation

Action for C 1in 5d
5 1 M
/d L\ —(Jgs [—5(‘3]\408 C:|

Solve eq. of motion for C with incoming b.c. at horizon
=» Retarded correlator Gy
Use Kubo formula. Result:

— il T4
25673

I'cs
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Holographic derivation

Non-universal-looking expressions (unlike n/s = 1/4n)

2 4 2
256m 2775 21 v/w
N=4 SYM N=4 SYM, finite B

[Son, Starinets 2002]

[Basar,Kharzeev 2012]

1 N T
27 3672 M2 .

Witten’s YM model
[Craps, Hoyos et al 2012]

A2 )
= 95634 (T

Mateos-Trancanelli
anisotropic N=4 SYM
[Bu 2014]

I'cs =

I'cs
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Holographic derivation

Non-universal-looking expressions (unlike n/s = 1/4n)

Sure??
1 A\
~ 27xb (NC) st

N=4 SYM
[Son, Starinets 2002]

1 A\
T QT gb (NC) s T

N=4 SYM, finite B
[Basar,Kharzeev 2012]
v=v(B), w=w(B)

I'cs

I'cs

. 1/ 2\°
= S
©5 T 915 \ N B
Maldacena-Nunez SYM
FB, Cotrone, Porri 2018

I
L'es = 575 (Nc> sT

Witten’s YM model
[Craps, Hoyos et al 2012]

1/ A\’
Les = 775 (Nc> sT

Mateos-Trancanelli
anisotropic N=4 SYM
[Bu 2014]
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“Universality” of the result

*  Wrapped D-brane models
*  Wrap Dp-brane on p-3 cycle Q ; = 4d gauge theory in IR

e N=4 SYM included

* Other interesting models included (Witten-Sakai-Sugimoto; Maldacena-
Nuiiez etc )

* All computations of I' ¢ 1n the literature performed 1n this class of
models
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“Universality” of the result

Expanding DBI+WZ D-brane action at low energies get

1 o .
Sy = — / d'z [ TrF,, F* + IYM TrF,, F*

Q%M 62

1
—— = %(QWQI)Q/ dP3xe ?y/detg,
Qp_3

9y m

Oyas = (27)2r (270)? / C s
Qp_3

Thus, gravity field dual to Q is

C = 1 (2m)2(2ra)? / C, s

Qp_3
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“Universality” of the result

e Derivation of the 5d action for C
e Action of Fp_2= de_3 in 10d
1 10 —p | -
ﬁ%o d Ty —(gip € 2 [_§Fp—2]

2

e Reduction ansatz: dS%O — €f ng + dSmt

* Reduction ansatz for F

sz_2 — 8MC~’8MC~'[det(gE,Q;_3)]_le_f
 where

Jo,-o /IR, = Vol(Qy-3)  /det(gr.a, )

~

C = 7,(27)%(2ma’)*Vol(Q,_3)C
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“Universality” of the result

 Final result

1
2&5

d°z\/—gs H [——8MC(9MC]

1 1 _ (gYM ) i
(2m)* \ 7,(2ra)? pr_s "7 %\/det g5 87

° Hence, using results in [Son, Starinets 2002; Gursoy,latrakis,Kiritsis, Nitti, O’Bannon 2013]

H =

we get that Chern-Simons diffusion rate has “universal” form

FC’S B Of?(T)
sT — 2373
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“Universality” of the result

* (Can use as a benchmark for QGP:
-a(T,) = 1/2; s(T ¢)=10 T, [ Borsanyi et al 2013, Bazavov et al 2014]

Los(T.) ~ 0.017T:

* Can compute first 1/A corrections: I'q decreases [Bu 2014]

Tes 1 (A)Ql 15¢(3)

sT 2770 N,

* Is holographic result an upper bound on I' ¢ ?

* Problem in extending result to other models: identification of coupling
A and of gravity field dual to Q
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Plan

* The Chern-Simons diffusion rate
* Holographic derivation
* Including the anomaly
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Including the anomaly

Axial anomaly
0,J% = —qQ

Holographically reproduced by Stueckelberg action [Klebanov et al 2002;
Landsteiner et al] formally given by

1 1 1
5%

AM gravity field dual to J#, ; q : anomaly coefficient

From dimensional reduction of many holographic models: N=4 SYM
with flavors, Maldacena-Nunez, Klebanov-Strassler, Witten-Sakai-
Sugimoto
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Including the anomaly

* Define B=dC+qA sothat dB=qF=Fg

 (@Get action for a massive vector

1 1 1
d5 — __F FB,MN = 2B2
2/{2612/ X 95[ 4 BMN o4

1

0 JE+Q~0  (Q@)QO0)r= (3, T4(x)0,T50)r
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Including the anomaly

* Calculation of G on asymptotically AdS BH backgound (can be more
generic).
* Near horizon

A —i%
o (D) o)
rp I'n Ip

e (Get o o (0) 5
L'es =Tes(g=0)[b, " (w — 0)]

2
b,(,l) = (% + regular in w) : bf,o)

* Two possibilities: g=0 ( no anomaly), or

B ~ w? with a>1forw—0 = lcs(q#0)=0
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Including the anomaly

Numeric results on AdS; BH

|bh(0)|2

0.2 0.4 0.6 0.8 1.0

Black dashed: q=0
Blue: q=0.04

Red: qg=0.44
Green: g=3

F. Bigazzi T-d Holography and CS diffusion rate

23



Including the anomaly

Expected?
Anomaly: 3ujﬁ = —qQ > Jog~ <QQ> ~ <8JA8JA>

QA= / d’zJ* not conserved (anomaly) thus

Los ~ (Qa(t — 0)Qa(0))r =0

In fact since Q, not conserved, only gapped modes, expect

(Qa()Qa(0))r ~ e~

T relaxation time
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Including the anomaly

 Definition of I' . makes sense only if there is a separation of time
scales [Moore, Tassler 2010]

At< t, LT

At = (microscopic) time scale of CS number fluctuations
t, = cut — off

7 = relaxation time

e Thus we can define

Mes = / "t / &x (Q(t, x)Q(0))

Note:
@ Can remove cut-off if 7 — o0.

o Large No.: 7~ N2/T > 1/T ~ microscopic time scale.
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Including the anomaly

Hydro model [Iatrakis, Lin, Yin, 2015]

Anomaly 8“Jﬁ = —qQ@ > <(AQA)2> = q2<(AN(;5)2>

For t<<zt

2t 2 T
(AQ)?) ~ xaT [1 - 6—7] VA X: Vt = ¢*TesVit
where y, 1s the axial susceptibility.
Hence 1 B q2p oS
T 2xaT

Makes sense if:  |['cg = 'ogs(q = 0)

(t goes to infinity when q goes to zero)
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F. Bigazzi

Including the anomaly

An analogy:

I'ecs =Tes(q=0)

1 2T
Axial relax time — = 405
T 2X AT
2 2N¢x,q

Witten-Veneziano | Myy = — 5

T-d Holography and CS diffusion rate
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Including the anomaly

In holography:

1 from quasi-normal modes of gravity field AM dual to J#, on black hole
background

« Expected behavior at small q from AM equations of motion
[Landsteiner et al 2014 ]

1/7 ~ q°
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Conclusions

Top-down holography seems to point towards a large coupling
“universality” of ' in terms of s, T, o,

Can use result for estimates in the QGP

Including anomaly:

a) Naive ['-=0 =» must use cut-off or ' = I'~s(q=0)
b) Relaxation time goes as 1 /7 ~ ¢’T'os /xXaT
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Thank you!
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W 1
W R
w? 4 772
QQ _ Y tt 1 9 R
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Diffusion of axial current  j, = —DVJ,.  J% = —ikDJ}
With asource F, = — ijm
linear response <Jﬁ> = —-GL A, G% (w,0) = iwo

pr— pu— A
i) = Zixp = TkD7

8MC+qAM implies 1kC = qu source for Q induced by A,

QR
@ =-cPc=_Ci g _Tos, 680 = i %0 4 Ok)

ik kT ! oT

2
(@) _ iwglesD qlesD _ 1 1 ¢les
U T e - oare TR =0k = or
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