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Introduction



Black Hole Entropy

Bekenstein-Hawking formula for Einstein gravity
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Higher derivative corrections

SBH —

under diffeo/gauge trans.

-For Lagrangian satisfying 6, Lcoy, = L¢Leoy L= (6A)
— Wald formula [wald, lyer-Wald, Jacobson-Kang-Myers]
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- For Chern-Simons terms — Tachikawa formula

[Tachikawa, Bonora et al.]

— Main subject of this presentation




Chern-Simons Term

Consider a system with gravity + U(1) gauge field

Examples of CS terms in (2n+1)-dim [-¢ @, F,@R]
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Non-covariance of Chern-Simons terms

under diffeo/gauge trans.
O0nIcs = Lelos + df...) x = {&A)
Why Chern-Simons terms in gravity ?
- String theory
- Holographic duals of 2n-dim CFTs with anomalies
CS terms in the bulk < Anomalies in CFT

(ex) 3d topologically massive gravity (in AdS;)
(ex) anomaly-induced transports




Before talking about CS-terms ...

Let’s start with
a sketch of the Wald formalism

MAIN IDEA

"Black hole entropy is the Noether charge’

[Robert M Wald Phys. Rev. D48 (1993)3427-3431]



Noether Procedure

How to construct charges for diffeomorphis/gauge trans.?

Step 1. Pre-symplectic current
.. 1 _
defining eq. va(52QPSympl)a = —1 — 01 <\/—G525> +
with j& = §6gabT“b + J,0A”
Step 2. Noether’s theorem

Existence of on-shell vanishing current for diffeomorphism/gauge trans.
VoN*=§.E  NO=§T" + J(A+E°A)

1
V-G

5 (V=G#.£)

—> V. | (46, Qpsymp)® + EFE \/%—Gé (V=G N)] — 0

Step 3. Differential Noether charge
—Vu(#QNoether) ™ = (#8, Qpsymp1)* + £ FE — \/%—G(S (\/j Na)
How to integrate by parts ?




Wald formalism

[Wald, Lee-Wald, lyer-Wald]
(Key 1) Pre-symplectic potential = Pre-symplectic current

Defining eq : variation of Lagrangian #€ + V.$Ogs,mp = \/%—G ) (\/—G E)

: 5 (VG108 sy
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(Key 2) Komar decomposition — Differential Noether charge
N = fai - é‘X@aPSympl + vbliab
Substituting into
1

_vb(é‘QNoether)ab — (55XQPSympl)a + 5%5 - ﬁ (m Na)

V —G I@;b) -+ €a(5(:)PSympl)b — (5(:)P8ympl)a£b
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BH entropy = Noether Charge

For stationary solutions & on-shell
For the time-like Killing vector (vanishing at the bifurcation surface)

£ =0+ Quoy

Conservation of differential Noether charge

(JQNoether) ~ ()
—> JQNooether — / JQNooether

Bif

Wald entropy OM + Qdd +---

1st law of thermodynamics



Extension to CS Term

For theories with Chern-Simons terms  [tachikawa, Bonora et al.]

Pre-symplectic current

Straightforward generalization of Wald formalism
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Non-covariant boundary terms in 5d and higher
Differential Noether charge

Non-covariance of pre-symplectic current is inherited

Non-covariant bulk & boundary terms in 5d and higher



Short Summary

-Wald formalism
For theories SatiSinng 5)(1_;00’0 — »Cﬁicov

Pre-symplectic potential — Pre-symplectic current
— Differential Noether charge — Wald entropy formula

- Tachikawa’s extension
Simple generalization of Wald formalism to CS terms
— Not covariant in 5d and higher !

Our Goal : Manifestly covariant formulation of Noether charge



Our Formulation



Noether Procedure

How to construct charges for the local/global symmetry ?

/Step 1. Pre-symplectic current A
defining eq.
Vo (2 psomol)” = — —— &, <\/—G5 é’) L, (\/—Gé 5’)
N . e NEe ’ V-G )

Step 2. Noether’s theorem

Existence of on-shell conserved current for diffeomorphism/gauge trans.
VN =§.¢E N = T + J*(A + £°AL)

_ _ 1
— v, {(Mxﬂpsymm)a HEPE— =20 (V=G Nﬂ — 0
Step 3. Differential Noether charge
_vb(é‘QNoetheaab — (55XQPSympl)a + gaé‘g — \/%—G(S (m Nd)

How to integrate by parts ?



Manifestly Covariant Formalism

OQur strateqgy

Integrate by parts RHS of the defining egs. directly

Remark Anomaly polynomial Pepr|F,R] = dlcg

(ex) tr (I‘AdI‘+§I‘3> —  tr[R?]
AANtr[RAR] — F Atr[R]

(Derivatives of) anomaly polynomial is covariant



Manifestly Covariant Formalism

Pre'SvmpleCtiC current [TA-Loganayagam-Ng-Rodriguez]
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Differential Noether charge
(FQmernes )t = |Va€? @ e + (A+ €A - D | o0,
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n % [(EH)(cd agh _ (EH)(cd bga} 5Gu
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Covarlant!
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‘Tachikawa Formula’

[Tachikawa, Bonora et al.]

Entropy formula for theories with CS term
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Subtlety in the derivation

To derive Tachikawa formula, one needs extra
assumptions like choices of specific coordinates/gauges

Derivation in our formalism :
Just compute our charge at the bifurcation surface!
No extra aSSUI’nptiOnS! [TA-Loganayagam-Ng-Rodriguez]



Comparison

- Manifestly covariant

covariant pre-symplectic current
— covariant differential Noether charge

- Covariant proof of Tachikawa formula

No extra assumptions for the derivation

Straightforward generalization to multi-trace cases



Application

Rotating charged AdS BHs in fluid/gravity expansion

(Einstein-Maxwell-Chern-Simons system)
¢ [TA-Loganayagam-Ng-Rodriguez]

conformal fluid with anomalies

CFT predictions: Replacement rule

Various anomaly-induced quantities are determined
from the anomaly polynomial through a simple rule

[Loganayagam-Surowka, Jensen-Loganayagam-Yarom, ...]

Anomaly-induced currents computed through our formalism
indeed reproduce the CFT replacement rules !



Summary

We propose a manifestly covariant formulation of
differential Noether charge in the presence of
Chern-Simons terms in higher dimensions

Our formulation covariantly proves the Tachikawa formula
for Chern-Simons contribution to black hole entropy

Application to rotating charged AdS BH reproduces
CFT replacement rules for anomaly-induced transports



