Title: How to count states in gravity
Speakers: Vijay Balasubramanian
Collection/Series: Quantum Gravity
Subject: Quantum Gravity

Date: April 02, 2026 - 6:30 PM

URL: https://pirsa.org/26040077
Abstract:

Gibbons and Hawking proposed that the Euclidean gravity path integral with periodic boundary conditions in time computes the
thermal partition sum of gravity. As a corollary, they argued that a derivative of the associated free energy with respect to the
Euclidean time period computes gravitational entropy. Why is this interpretation correct? That is, why does this path integral
compute a trace over the Hilbert space of quantum gravity? | will show that the quantity computed by the Gibbons-Hawking
path integral is equal to an a priori different object -- an explicit thermal trace over the Hilbert space spanned by states
produced by the Euclidean gravity path integral. | will explain that this follows if the Hilbert space with two boundaries factorizes
into a product of two single boundary Hilbert spaces. To show the latter | will develop a basis for the nonperturbative Hilbert
space of quantum gravity with one asymptotic boundary. | will use this basis to show that the Hilbert space for gravity with two
disconnected boundaries factorizes into a product of two copies of the single boundary Hilbert space, from which our main result
will follow.
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Hppl Bt po oyt b 52185 FOEIF oo

Cosm- Comst

]
i [ (Reany F g ST T =
T Ix]= 6 dx 8161 o | Bitle,
Scalety cuvvatuve X o mAKE
D well- olet wned €0M gre action

Ladilepoints )
) +ﬂ2‘ OZFO—GH EVCLIDEAN

R L2
dsa ) 152[)0 JE + fM) HoRIZON
Eu,clioleam = ORI&IN

+ime
@ Qﬁ Seen from Disc
113}\'\:

thigmr ;eomei’\'g”
, >
— N ] W&WW
= [s- (&0 IP) Tre] L
* A0 | Ao Ailin) s 2 Lil differot Since He Suclckan
MMM,&W (& i3 2 sphee)

Pirsa: 26040077 Page 4/24






Explicit thermal trace
phoms~ Hawking | = | ader Hilbert Space produced

m M/{W % [%;'Ih Infcgv-%[, [ba the Euclidean path '\‘nicg.ﬂljl

@ﬁﬁf%%Mme M
By e it Ahor HE P factrigom Lo
L Lo ;ﬁﬂ,mé';ﬂf
@%Mf?%g/,gmg-
' o abaait
mﬁm,,;{,:Mm MM in & owm 7kt

irsa: 26040077 Page 6/24



Lppef i 8 slps
() For & 7m2ke stes
() Ubyndis and mompoitobatve ovoiaps
Q shing 2 7o goral. Jees
@Wﬂm
@W%%&%"WWW
(O sttent= of Fe pugsle
@) usolilion of e pugzle




s1eP1s How To Meke States

- —Ii’““‘L%’ ¢J GTYAV'\'}q*iahql.
g[ib—,l - 5,334, %fba% @‘P e e
\
Ib ug: —I-B_ETT.G'I-;] JME(R- DNT I’wqﬁcv) - MG jamﬂmbm K -_E,h-\.ea_,“\
— -

Bom ovex ol
WW \ <7’?ﬂ@ M%W’Zﬂ

N
7, /& sZs

Pirsa: 26040077 Page 8/24



Pirsa: 26040077 Page 9/24



STEP L= Acton OF The Hamitonian

(Y '
x ‘
€ BH _ 3 | > . e~AH gy — (sle=BH|s) ;
8) = .
,h_ ‘&
X

MR e
- — - )
ke ”3> Sh':c) er

(A Theymofeeld Dou ble

So: <plIDoRR LB O,

Pirsa: 26040077 Page 10/24




STEP 3: WorMHoLes And Non PERTURBATIVE OVERLAPS

%ouazwﬁ,mu?wlp 5

\J w sieEth - o
wc.mo-f?'naliz.e-

L ( by (j )
Fhon mﬂ Sigpren W

<c\(}7<élt> o O O L-—'—'ﬁ@

NDV\PC“' +U."bﬂ'{“t
" Cowlvih to ke ovelky

+ Z vsormoL B

‘ ipatior
/_/ rncmpe'r{ufbad‘r\je, fine 3Tamea{, cowtyiba
lhogol in BT onpehurt

Pirsa: 26040077 Page 11/24



STep L o Yswe A NON-ORTHOGDNAL BASLS

W;@éi. / ;‘E-M 5_-—7»0,

}fyﬁﬁ"”‘i'”ﬂ'" K m,;fm,kw R 3
A : ?

;WWWW

. E
: iy <ty <N -0 T - %
M 6—) = [{z,[l) Cuzd Lusy v T %Af"?

3 L3112 a1 E > S

irsa: 26040077 Page 12/24



Thon we £an wrde
f- ORTHOGONAL

~Va i = + T=dia aml.)
® l\lz>= Glotl‘ @\J? (G=uDu*, D 7

=1\ = ~| 5 .
o (Vl& V) = G G U g <1 163>

o Tny (&) = Gy <H1O1E

° Ty => W% |= Gﬁ}} 1261 Ao He ﬂ? olpedt 42
" Gr= A G
f.ui n->-l

o dimlH) =Ing (1) = Gy <41y
= fim G <j1id :"«n’%'fﬁ Ta(G")

Mn-2-1

irsa: 26040077 Page 13/24



STEP 5t ConSTRUCTING A BASIS 26 ant weth Ho 2 fomndery
; S e

ConsiogR N<O .

AND THE }[ m ]'IR — cﬂﬂl/mojw ﬁa}}uﬁ(b jﬁ
< TANDARD L o IHL@ R
AdS/CFT ”

CORRESPONOEN®E o

BEw

\ :
Tl P Zn €

AdS boundavy _
: )y B

'.-t-.:o L ¢ : L =0

EvLiI0&AAN
BLACK voL&

Pirsa: 26040077 Page 14/24



|Up? =
s EL Eh/ﬂ,@"%k E‘W\/R,

|
— <
- m’; x Omm l’njm)

tiom tempetatuves can be
1o Keep the total
/ {;gmf{'fﬂ‘*u\'& fixe

irsa: 26040077 Page 15/24



il ) FiLL 1N THE
o st Euchidoon Soundary & BULK.
Shell msevted
( e T

: ok
M.ﬁmmfﬁ’fmyﬂ:&%w |
d,ﬁ?t' e g‘i[‘n’) c!,fvi + —?;(:ﬂ) + OLO—J,—I ;/gm&my’.d_
% b i Kind
fuiny= 2y - BTOME (o d>2 ) idh o oo
£> (d-1) \lq 2 a \U/
RSM 7('”0’&‘0”%35{0; micms—taﬁ?ﬁ?

(&) t Yo ()0 EWEZ‘“%W i

Pirsa: 26040077 Page 16/24



2- Sided

St ooy
Fw(efa'fo\{'l"m ""\\ \:'/
L
Qad dle FO v .
fov 7
o\lC*‘lWP 8L B8r = Bu
LU |

NO‘mho[g 8; Br
Conty thulion To 0 ;
<ilj»< ey n‘ N

m o,

f’\ 5 rvn—mf\)

o = Cgalyy = Sew TOLE

- - . Kiss™
These computalions somplify - m — @ (D\scf)

m ag M-—00

Pirsa: 26040077 Page 17/24



Bup = |nverse Haw kiﬂg—Paae Tcmperahvc

PR < Bup B, Br > Bue

Babg Universe

Pirsa: 26040077 Page 18/24



Remembeyr
W j"‘ﬂ"‘?‘ QIL

D <y <m’)
e ovevline =7 grav pecth iutegral cqlcuta{'lo‘h

= ZP)=<pIp>= BV Iga B = BIIT | = Gy <PIi>HE)
= Lm s (Flt3<c}\ﬁ3>
\—/v_"’_)

%;’:’5’1
a W%ﬁﬂW?ﬂW
Mﬂm@ﬂag.@m

Pirsa: 26040077 Page 19/24



?

Z(B) =<pIBy=<Blly, 7= (BIIT | 7= Gig <BVO<AR)
_—_—ﬁIG%‘ {B\WSIBY

SRS RS = fm ,{ﬂﬂ iif"rm)(}&p.t&_) TB) = 71 /
néyf Gy CBISEED = om, S 0™ Z (BT

Pirsa: 26040077 Page 20/24



STER £ FacTorigATION OF THe Two Bovnpary HiILBERT SPACE
PROTECTOR ONTO R-SIDED SHEIL
S TATES
ate inthe product of

Ue necd © <1p®\:}\l\’¥/®> =< % \ 'ﬂ)@> B e ek Tilbert spaces

54 qa{ﬁ in the a-sicled

@< @‘;"S\ 'g}_- ";"YR\§>AS . <@?_$ \ @”D Hibbett space

-<ypfD SHELL STATE

((’Rmi—«:"loi? ONTD ONE

i V12 = " ' v | -
<LlL<§|RE \">L.\&>R_ —’yj&g{] G'&S,RL <°|L<}]R\h>.zs<£]zs\ >l.- ooR //,W /f:a
: - . o 3B
P, Phs= s, Ghlac Ooais <P, 1 el Bl s | =2

HLQ }IR

Pirsa: 26040077 Page 21/24



Step 72 StatemeNT OF The PuzZLE

Ty (€*) =61 Jpe] + LA +§L 1+ } ol

ZBY=L[(E)F] [ §ibbms~FHaukig

%M&MW?

Pirsa: 26040077



Step®: Resorution OF Tee PozzLE
/Idevdciar n fhe A-sided Milbert space
Thexmal

Face: gy (€P") =T’=;Hx(e"¥‘1x e%) =-nj.f’;’>”-; G Gy <o¥ ) € |y <xg € o ®>

Theimal Tvace in A-boundavy Hilbevt space

o e’%‘H = I
MW' feeld Double State
A Thevmo Tdentity im ke

— a-sided Hibbext space

)

_ﬁ); Tnpe (e®) = m’,%g}-. G"E:}' re SBIXD, Lt dq <°‘JIL<“L|RI5>:<5u’ﬁ-5rl’&”3>

BUT: 17(:..@ 17[g o :LK.LUK.R Grprens- HAWKING
PATH INTEGRAL
ety

== g (€P) = <Blix, ® Ly B> = BT 075 B> = <PIEY= ZCF)

b e fave shoun Pt 2 S L
;nac& m ]ﬁli/ﬁﬂi‘wwh

Pirsa: 26040077 Page 23/24



CoNCLUSION
OWMWMZWM ANY _domension.
OWWW/}%’L N=0 2nd N<O | 2symp- f&t{AdS)_
W #W—WW’ 206 _hondd alin ralulal.

0 We Xoot MW* Moy >0 9 W00 el
Yo Aave 2 S coefl aboit lmi. W wen cartfuls

s 1a 7w 4 vey powerful 52 of ot

e £l
# e of %o i

irsa: 26040077 Page 24/24



