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Motivation & Overview

The enhancement of symmetries arising in the near-horizon region of
extremal black holes has proved an invaluable tool for decoding both
classical and quantum properties of gravity.

The leading temperature effects that break these enhanced symmetries
are controlled by Jackiw-Teitelboim (JT) gravity, both at the classical
and quantum levels, resulting in the resolution of long standing puzzles
about extremal black holes.

The precise relation between extremal or near-extremal black holes in
d + 1 dimensions and JT gravity follows from a dimensional reduction to
two dimensions, keeping the relevant near-horizon modes.

The dimensional reduction of the d + 1 dimensional theory is available
only in highly symmetric cases. Typically, a dimensional reduction is
possible only after focusing on the near-horizon region, which obscures
how the JT sector interacts with the full higher dimensional theory.
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An alternative way to identify the JT sector within higher dimensional
gravity is the evaluation of the Euclidean path integral around the finite
temperature geometry, tracking the quantum corrections in the zero
temperature limit. This was done initially for the near-horizon region in
[lliesiu, Murthy, Turiaci '22], and was later extended to the entire geometry
in [Kapec, Law, Toldo '24; Kolanowski, Marolf, Rakic, Rangamani, Turiaci '24;
Arnaudo, Bonelli, Tanzini '24].

In [Castro, Mancilla, IP '25] we propose yet another approach to the
identification of the JT sector without zooming in the near horizon region,
applicable directly to Lorentzian AdS,;y1 black holes near extremality.
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The construction relies on the identification of a suitable reduced phase
space of AdS,411 gravity that generalizes the black hole solution and is
valid in the entire geometry. This forces us to focus on AdS3 gravity and
the algebraically special sector of AdS, gravity.

Utilizing the AdS441/CFT, dictionary, the reduced phase space is
parameterized in terms of local sources and operators in the dual CFT,.
It is off-shell in the sense that the CFT,; Ward identities are not imposed.

We identify the JT sector within this phase space by introducing a
suitable off-shell decoupling limit.

This decoupling limit can be imposed to any CFT,, even non-holographic
CFTs!
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JT gravity

JT gravity describes the dynamics of a two-dimensional metric g, and a
dilaton ¢ through the action

1 1 1
Syt = 52 /., d2xf¢<R+£2) —Q/aM dxm¢(K—€2>

The equations of motion take the form

2 a
R+€2 =0, (V, Vb—gabD)qS—kgEquS_O

and imply that there are no propagating degrees of freedom. In particular,
the first equation fixes the two-dimensional metric to be locally AdSs.
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Bondi gauge phase space

The JT equations of motion can be solved exactly in a number of gauges.
The phase space parameterization that facilitates the simplest decoupling
limit is the Bondi gauge, in which the 2D metric takes the form

ds* = — f(u,r)du® — 20(u)dudr
Solving the radial equation of motion determines that the function
f(u,r) and the dilaton ¢(u,r) are given respectively by

2
2T i

() = o)+ Filw) -+ fo(w)
and r
p(u,r) = V(u)g + ¢o(u)

where a(u), v(u), fi(u), fo(u) and ¢g(u) are arbitrary functions.
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Local symmetries

There are three distinct local symmetries that preserve the Bondi gauge:
m Time reparameterizations: u — @(u)
m Local rescalings of the radial coordinate: r — ("

m Local shifts of the radial coordinate: r — r + ((u)

The functions a(u), v(u), fi(u), fo(uw) and @o(u) transform nontrivially
under these transformations.

In particular, under the local shift symmetry r — r + ((u), o(u) and
v(u) are invariant, while ¢o(u) transforms additively: ¢g — ¢o + v(/ L.

This leads to shift-invariant versions of the functions fi(u), fo(u):

2 ¢>0 a2 % o

fi=fi -2 fo=fota? % P p o0a,(%)
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Off-shell reduced phase space

The reduced phase space obtained from the quotient by the local shift
symmetry is parameterized by the four invariant functions a(u), v(u),
f1(u) and fo(u) that form a symplectic space.

These can be identified with sources and local operators in the dual

quantum mechanics. This identification is guided by the (remaining)
local symmetries, the symplectic form, and the Ward identities, but

contains some inherent ambiguity.

The functions «(u), v(u) are unambiguously identified with the sources
of the stress tensor, O, and the scalar operator dual to the dilaton, O.

It follows that the remaining functions fi(u) and fo(u) are related with
the one-point functions of these operators.
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One way to determine the relation between the variables fvl % and the
dual operators O, O, is to use the remaining (transverse) equations of
motion, which take the form

By 2
Fi= %a—y B0 (22]%) —0

Parameterizing fl ﬁ) in terms of the operators O,,, Oy as

JFl( ) = 2k5 72—/dua(9 +(’)¢)+2(1_w7 )gzaa V7
v
a?

£ 2
folu) = 2“37@(% — w03 (8212/)

where v and w are constants, these equations become the Ward identities
of the dual conformal quantum mechanics, namely [Cvetig, IP '16]

O, +o¢_‘2fjau(%>, 0,0, —0¢Q:o

2
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The local term on the RHS of the trace Ward identity corresponds to a
trivial (type C) conformal anomaly, i.e. its coefficient can be modified at
will by a local counterterm. The constant w reflects this ambiguity.

Even though classical thermodynamics is blind to the value of w, the
coefficient of the 1D conformal anomaly multiplies the Schwarzian
effective action of JT gravity, and hence the T log T correction to the
free energy [Charles, Larsen '19; lliesiu, Turiaci '20].

As an effective low energy theory of gravity, JT gravity does not
determine the value of w. Fixing w requires input from its “UV
completion”, i.e. the higher dimensional theory. In particular, JT gravity
without any further local boundary counterterm corresponds to w = 1.

A reduced phase space parameterized by the variables o, v, O,, Oy that
satisfy the 1D Ward identities can be used to identify a JT sector within
AdS,.1 gravity, or CFT,. This is the goal of the off-shell decoupling
limit that we identify.
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CFT, on a curved background
Let us consider a 2D CFT on a background of the form
ds2, = —a’du® + v*(df + pdu)?

where a(u), v(u), p(u) are arbitrary functions corresponding to specific
components of the 2D metric g2} .

Accordingly, the CFT stress tensor can be decomposed as

Tge = VO%D
Tup = a OF° + pv OF°
T = v O3° 4+ 2pa O3° — o*v 1O

so that the variables O;”, OF°, O%" are sourced respectively by a, v, p:
1
5 / d?2/=gap Tup 6925 = /de( - OPvép+ O av='6v + OPda)
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CFT, Ward identities

The 2D stress tensor satisfies the Ward identities

©
aTab _ T — (2)
\Y% 0, " 247TR

where ¢ the central charge and the Ricci scalar is given by

R® _ iau(aul’)

v «

Decomposing the 2D metric and stress tensor as above, these Ward
identities take the form

(D — 100)OP + owa + Z‘a OP —
(D — 199) O — OZ° @ + Z‘a o =

2D ap _ € 2 %
05"+ 0, 247raau( « )
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AdS; gravity reduced phase space

Standard holography allows us to embed the CFT, phase space and
Ward identities within AdSs gravity in Fefferman-Graham gauge.

In order to identify a phase space that can accommodate the decoupling
limit in a clean way, it is necessary to use instead the Bondi gauge metric

dsy, = —F(r,u,0)du® — 2a(u)dudr + ®*(u,r)(d6 + A(r,u, t9)du)2

Solving the radial equations of motion determines that functions
parameterizing the metric take the form

2 2
[0 2 F_Q(U70)
F(r,u,0) = ﬁ(b —|—F1(u,9)<I>—|—F0(u,0)-|-T
F_
A(ryu,0) = p(u) + M , D(u,r) = Z/(u)i + g
o l5

where Fy(u,0), Fy(u,0) and F_o(u,0) are arbitrary functions of the
transverse coordinates and ®y a constant.
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The remaining equations of motion are differential constraints on the
functions F(u, ), Fo(u,0) and F_5(u,8). These constraints coincide
with the 2D CFT Ward identities provided we parameterize these
functions in terms of the variables O3° (u,0), O;°(u,0), O3"(u,0) as

2
Fi(u,0) = 2/{%% /dua (O3 +O2P)
Fo(u, 0) = 2£sr2 (’)2‘3 — 2 (ay”) — B Fy(u, 0)
v
F_y(u,0) = l3k3 0 OF°

In particular, the central charge c in the trace Ward identity is given by
the Brown-Henneaux central charge

_ s
2G,

I. Papadimitriou 16



BTZ black hole

In order to motivate the decoupling limit it is instructive to see how the
BTZ black hole is embedded in the AdS3 reduced phase space.

The BTZ black hole metric can be written in the form

2 r? j? 2 2 J ’
dsgry = — (63 —m+ 47"2) du® — 2dudr + r <d9 + 2T2du>
where m and j are constants related to the outer and inner horizons,
located respectively at r4, via m = (ri +r2)/(3 and j = 2rr_ /{3

In particular, they correspond respectively to the energy and angular
momentum of the black hole: Mgy, = % and Jgry = 8573

The temperature, angular momentum and entropy are also expressed in

terms of r4 as

i —r? r oy

o 2nl3ry T Uy - 2G3
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Comparing the BTZ metric with the general Bondi gauge metric we
determine that values of the sources corresponding to the BTZ are

a:l, U:é3, MZO, (I)OZO

while the values of the corresponding one-point functions are

- 1 1
OiD _ _O‘;D — —%JW'BTZ ’ OED = 27r£3 Tor
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Near-extremal limit of BTZ

At extremality, the temperature of the BTZ black hole vanishes, while the
energy is determined by the angular momentum through /3 Mgr; = Jpry.

These conditions are equivalent to the coincidence of the inner and outer
horizons, namely rp =r_ = ry.

The low-temperature, near-extremal, regime can be studied by expanding
r+ = 1o+ € + O(€?) such that Jgr; is kept fixed.

To leading order in € the temperature is then given by

_ 2€
- 7T€§

while the deviations of the energy and the entropy away from extremality
are given respectively by

c C
AMBTZ == 7T2E£3T2 5 AS == 7726£5T
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In terms of the operators O3°, O;”, O3 the extremality condition can
be expressed as

0" +0OP* =0, OP*+07" =0

Moreover, the angular momentum is related with the radius r( of the
coincident horizons as )
oD, 1D

)

i T 22
k3l

These relations provide some guidance for identifying the general off-shell
decoupling limit.
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The off-shell decoupling limit

Recall that as radial coordinate in the Bondi gauge parameterization of
AdSs gravity solutions we used the function

D(u,r) = vl i D
£

For standard BTZ black hole we have v = /5 and ®; = 0 so that & = r.
The extremal limit then zooms in the region r = ¢, i.e. ® = ry.

However, our goal is to formulate the decoupling limit without reference
to the radial coordinate. This motivates the limit v — 0, keeping ®q # 0.

In order to keep track of the behavior of all variables we implement this
limit by defining
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An important ingredient of the extremal limit is keeping the angular
momentum fixed. In the presence of a non-trivial v(u), the angular
momentum is proportional to vO%”, which implies that

G
O;D _ J

A
with Olg_l) fixed in the decoupling limit.

Demanding that the Bondi gauge metric remains well defined as A — 0
requires that O° = {OzP, 03"} admit expansions of the form

u

where the expansion coefficients satisfy

2
c Pf

S oW = _00) =
12002 o’ v “

1 -1 _
o =05V =0l =
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Moreover, the function p(u) must diverge as A — 0 according to

with fi(u), 7(u) and a(u) fixed.

With these conditions, the Bondi gauge metric admits a A — 0 limit:

20(u) ?
ds3, o — R (7, u, 0)du® —2a(u)dudr+®3 <d¢9 ~ 5r3%g rdu) +0(N)
where
Fir(r,u,0) = lim F(r,u,0)
A—=0
a’r? a? K3 (1)
=——+2r—— [ dua(O oy
(63/2)2+ rﬁgg wa(O,” +0,")

2 8 ~\ 2
2% R0 - 3 ()
v 14
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Decoupling limit of CFT, Ward identities

The A-expansions of the phase space variables can be inserted also in the
CFT5 Ward identities, leading to the conditions

90V = 0,70 =0, i€ {u,0,j}
01 =0, ie{u,6}

The constraints in the first line are compatible with the conditions
imposed by the regularity of the Bondi gauge metric. The second line
implies that the variables (’)1(1), i € {u, 0}, are only functions of w.

Moreover, to order A, the CFTy Ward identities imply that

@, om_ ¢ Qv 1) _ ol _
o 1 o 24mau(a>7 2,0 — 0N 0
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JT sector within AdS; phase space

Having established the existence of a well defined off-shell decoupling
limit we can now proceed to identify the JT sector within the AdS3 and
CFT5 phase spaces.

Comparing the Bondi gauge line elements of AdS3 and JT gravities, as
well as the corresponding Ward identities, leads to the identifications

ly=—, asp=ayp
Moreover, the JT dilaton corresponds to
D Dy=\N—=Lo <+ ¢=u1ep—,
l3 Ly
where the scale L is defined through 27 Lk3 = k3.
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Finally, the JT operators are identified as
L20, = A300 | Lr30, = A0S

while, in this case, the parameters 7 and w of the JT gravity are fixed by
the higher dimensional theory to the values

w?=~7"2=4

This implies that in order to obtain the JT effective action in the IR, we
must add a local counterterm to the IR limit of the CFT4 effective action

I =1
<~ =~

w=1 w

R —3-2 / duv/ T (D, )2
2kK3
=2

The classical thermodynamics obtained from I;1 and Ijr, coincide, but
since these differ in the coefficient of the Schwarzian effective action, the
corresponding T'log T' quantum corrections would be different.
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Topologically Massive Gravity

The TMG action is the Einstein-Hilbert action plus a gravitational
Chern-Simons term [Deser '82]

1 2
ITMG = 5.2 /d3$\/ —g<R+ *)
253 63
L [ @3wy=ge*s (T 05T, + 2T% 1% TO
4I€§‘LL x ge avYBL yu 3 av Bot v

where i is a real coupling constant with the dimensions of mass

_|_

The equations of motion of TMG are

1 1 1
R;,w - §guyR - %guy - _;C,Lbl/

where C,,, is the Cotton-York tensor

Cow = €% Vo (R — igAVR)
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AlAdS; solutions in TMG

Asymptotically locally AdS3 solutions of TMG have a vanishing
Cotton-York tensor

For such solutions, the effect of the topological CS term is a modification
of the boundary conditions, in particular a redefinition of the holographic
stress tensor [Skenderis, Taylor, van Rees '08]

The resulting holographic Ward identities correspond to a CFTs with a
gravitational anomaly [Kraus, Larsen '05; Li, Song, Strominger '08; Hotta,
Hyakutake, Kubota, Tanida '08]

It turns out that this modification of the stress tensor and the
corresponding Ward identities applies to any CFTs — not just holographic!
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CFT, Ward identities with a gravitational anomaly

In terms of the consistent stress tensor T%°, the Ward identities of a
generic CFT5 take the form
ab € be (2) ab a c

VI = —€“V.RY¥ — V,t*, T

_ % p2 _a
48T @ 247TR Pa

where ¢ = (¢r, +¢r)/2, € = (¢, — cr)/2 are the anomaly coefficients, and

E(Gadrgd + €18,)

1
tab = 7§vc(Xcab + cha o Xabc) , Xabc

is the Bardeen-Zumino polynomial for the gravitational anomaly
Hence, in terms of the covariant stress tensor (Tcov)“b =T 4 1% the
Ward identities become
Va(Tooy)® = iebcv)R(Q) (Tooy)%a = _© p®
a cov 487'[' (& ) cov a 247]_
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Gravitational anomaly from stress tensor
deformation

Suppose that 7 is the stress tensor of a CFT, without a gravitational
anomaly. We can construct a stress tensor that satisfies the covariant
Ward identities with a gravitational anomaly by defining

©
(Tcov)ab = Tab o %(eactrcb + GbcTca)

The trace of this tensor is

c
241
while its covariant divergence takes the form

(Tcov)aa — Taa — R(Z)

c c
va(Tcov)ab = _*eacvaTCb =3

be a _ i be (2)
% 206 V.7, €V .R

481
The effect of the gravitational CS term in TMG is exactly this
deformation of the holographic stress tensor

I. Papadimitriou 32



Near extremality in TMG

The above observation allows us to obtain the off-shell decoupling limit
of a CFTy with a gravitational anomaly by relating it to that of a CFT»
without a gravitational anomaly.

We start by placing the theory on the same curved background, we then
relate the CF Ty variables to that of a non-chiral CFT5 through the above
map, and finally define the off-shell decoupling limit by using the
decoupling limit of the non-chiral CFTs. Finally, we compare with the
Ward identities of JT gravity

The procedure in completely analogous to that for a non-chiral CFTs dual
to AdSs gravity, except for the fact that what should be kept fixed in the
extremal limit of TMG is the TMG angular momentum, which is a linear
combination of the angular momentum J, and mass, F, in AdS3 gravity

c
Jrng =J — -F
C
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In order to compare the IR limit of the effective action obtained by the

above procedure with that of JT gravity, however, we also need to add a

local counterterm that cancels the gravitational anomaly on the 1D
boundary, namely
ITMG - IIR + Ict ,TMG

Iet rvc —27T)\7/du Oy (Va V)

Comparison with the JT phase space then determines

where

_ c
w=y"2=4—
cL

In particular, the IR effective action is related to that of JT gravity as

Lir = I\TILIS +(1—4£) /d \/7(15 1huu< ¢)

cL
w= w?=4c/cy,
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Algebraically special solutions

A crucial ingredient for the derivation of the off-shell decoupling limit of
2D CFTs from gravity was the knowledge of the exact radial profile of
the bulk solutions

This is not available for 3D CFTs, since the most general AdS, solution
that it describes holographically is only known asymptotically

However, there exist classes of bulk solutions with fixed radial profile that
contain arbitrary functions of the boundary coordinates, subject to a
number of boundary constraints.

Examples include the AdS, algebraically special solutions, the best known
of which is the class of Robinson-Trautman solutions.
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Charged Robinson-Trautman solutions

Although rotating algebraically special solutions are known, it is easiest
to consider the extremal limit of charged Robinson-Trautman solutions

These are solutions of the Einstain-Maxwell theory

4 4 2
S= 22 d*z/—g (R — 2A)ff/d:c\/ F
The radial profile of these solutions is completely determined, while the
arbitrary functions of the boundary coordinates that parameterize the
solution satisfy a number of transverse constraints

As in the case of JT and AdS3 gravity, with a suitable identification of
the holographic variables, these transverse constraints can be identified
as the Ward identities of a CFT3 on a curved background
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Charged Robinson-Trautman metric
The (generalized) Robinson-Trautman metric is given by

dst, = —Q? fdu® + Q72 (—2a(u)dudr + 2®%(r, u)e*Xdzdz)

where
Q(T,U,Z,E):1+%’ @(T,U):I/éﬁ»@o
2 )
oy Y29 « Ui fo foo
Fru,2,2) = —5 0% 4 204 (0, + ®Dux) = = - Ax + o= + T

and the functions f_1(u, z,2), f-2(u, 2,2) and f_3(u, z,Z) are expressed
in terms of CFT3 operators as

= 1, ,a? 3D 3D
fﬁl(u’z’z) = §€4H47(0u _022)
f=2(u, 2, 2) = 203k50> O O

1 . .
Foa(u,2,2) = g lariv(O) + OF)
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Charged Robinson-Trautman gauge field

The Robinson-Trautman gauge field can be parameterized as

O3D+O§D E
A(Tv U,Z,E) = (_W + /l) du

— </ dz I/eQXOZD) dz — (/ dz 1/62X03D> dz

OP =P +OF, 0P =0F - 0P

The combinations

correspond respectively to electric and magnetic currents in the CFT3
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CFT; decoupling limit

The off-shell decoupling limit can be defined completely analogously to
the AdS3 and TMG cases

Comparison of the IR effective theory with that of JT gravity, however, in
this case results in the identification w = 0, so that

I = Iy +—/duf¢ o (00 )?

w=1 w=0

This means that the JT sector in the IR originates entirely in the local
counterterm!
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Summary & Outlook

m We have identified an off-shell decoupling limit of pure AdS3 gravity,
Topologically Massive Gravity, and the algebraically special sector of
AdS, Einstein-Maxwell theory that leads to the identification of a
JT sector without zooming into the near horizon region.

m This off-shell decoupling limit can be applied directly to 2D and 3D
CFTs that do not necessarily admit a holographic dual.

m This limit can be easily extended to rotating algebraically special
AdS, solutions that include the Kerr-AdS, black hole, but its
generalization beyond the algebraically special sector seems hard.

= It would be interesting to extend these results to incorporate
quantum corrections.
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Thank you!

|. Papadimitriou 43



	JT gravity and AdS/CFT2 holography
	Phase space of CFT2 and AdS3
	The off-shell decoupling limit
	Topologically Massive Gravity
	CFT3 decoupling limit and algebraically special gravity
	Summary & Outlook

