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Goal: understand quantum gravity in cosmological
spacetimes with positive cosmological constant

Several recent developments are converging:

» Multitrace deformations, T'T" and cutoff holography

Aharony, Berkooz, Silverstein; Witten; Smirnov, Zamolodchikov; Cavaglia et al; Dubovsky et
al; Freidel; McGough, Mezei, Velinde; Kraus, Liu, Marolf; Hartman et al; ...

> UP“ftS of AdS/CFT to de Sitter Dong et al; De Luca, Silverstein, Torroba; ...

> Analysis of time-like boundaries in General Relativity Brown,York;
Anderson; Bredberg, Strominger; Anninos et al; Andrade et al; Marolf, Rangamani; Fournodavlos,
Smulevici; An,Anderson; Anninos, Galante, Maneerat; Liu, Santos,Wiseman; ...

» Thermodynamics of cosmological horizons and refined

entropy counts Mishayita; Draper, Farkas; Banihashemi Jacobson et al; Cardy; Sen;
Hartman, Keller, Stoica; Anninos, Denef et al; Benjamin et al; ...

» Quantum-mechanical models, observers, algebras. Banks et al;Anninos et al;
Narovlansky,Verlinde; Susskind, Rahman; Chandrasekaran et al; Bahiru et al; Jensen et al; ...

See other String’s 2025 talks on these subjects!

In this talk | will describe a particular path through these
developments



| . TT and relation to cutoff AdS [Zamolodchikov, Smirnov; Cavaglia et al]
2. TT -- A2 and ng [Gorbenko, Silvertein, GT, 201 8]

3. de Sitter microstates and entropy gi‘fv"e'f:;?n”’sfﬁfegﬁ:,{;”;bzI]

4. Bulk-local dS3 holography ' \[Batra, De Luca, Silverstein, GT, Yang, 2024]
5. dS4holography [Silverstein, GT, 2024]

S.Yang E. Silverstein



Key role of time-like boundaries: they introduce a well-defined
boundary energy spectrum, with multiple states and associated
thermodynamics.

Our main result: prescription for a finite quantum Hamiltonian
formulating quantum gravity with positive cosmological constant in
bulk 3d and 4d, whose spectrum produces a well-defined cosmic
horizon microstate count.
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has mtrlgumg properties:

_ 1
(TT)(x) = 2 (T* Ty — (TH)?) , App =4 exact, d=2!

What happens if we perturb by TTbar? Breaks renormalizability.
Surprisingly, there is a simple trajectory towards the UV that exhibits

very special solvable properties:
7 5P PTOP A > 0 for us

O log Z\ = —2m / d*z (ITT)x or T} =—4xATT o]

[Cavaglia et al]

* A key result: put the CFT on spatial circle. The theory has discrete energy
spectrum. Deformed energies can be computed non-perturbatively

L A 2T C
_ o~ K0 0 o
FE, = Y (1 \/1 WLEn) recall £y, = I (A 12)

[ :
Natural UV cutoff for A > 0 EO <« = respon.5|ble for real spectrum
wA  and finite entropy




* Relation to holography: take pure 3d gravity with A = —2/¢% < 0
Consider the spacetime with a radial cutoff, where we fix the metric
1
ds® = dr? + Guv(r, x)dxtdz” | cutoff r < r, K., = §arg,uu

Stress tensor of boundary theory is dual to Brown-York quasi-local tensor
[Balasubramanian, Kraus]

2 5Son—shell 1 1
1y = = — | K — Kguw “Yuv
= e = g (o~ Ko+ o)
1

Imposing the radial Einstein equation | = §(K2 — wa) e 0
A rewriting K £ 1 ioe sha TV A o 8GL A
and rewriting 1, In terms of 1, gives the 171" flow eq., wit 72 =72

[McGough, Mezei,Verlinde] [Kraus, Liu, Marolf] c

* AdS black hole in a box:

Quasilocal energy at cutoff surface:
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Agrees w/TTb. And /- -- captures the BH energy



T [Gorbenko, Silvertein,
2. 171 AQ and ng GT.2018]

T TT— —

Generalization: coordinated flow with 7T and the identity operator

_ 1 —n Nontrivial
_ 2 _ |
a)\ lOgZ — /d L ( 27T<TT> | 271-)\2> nonlinear effects
AVH

Equally universal as TTb and also solvable!

* Gravity dual: using the relation between the stress tensor and
extrinsic curvature as before, we learn that A, corresponds to
changing the bulk 3d cosmological constant

AdS
Sgrav = ! / RG) 4 2—77 + (bdry terms) , n = +1 < :
167G J s dSs !




On cylinder of length L, the deformed spectrum is calculated as
follows:

1

Aé’,\H:§/d:p< A

"z, () +

dE J
= (E|TZ|E), — = (E|T)|E

Replacing ¥ = (E|H|FE) ,

gives a diff. eq. with general solution

1
E,=FE, [ = — (1— V1 + Cry + 4t J2y )

Y —

* New features:

= cannot take A — 0 . Need to give a boundary condition and fix C4

= T,/ choice not fixed by boundary condition. In general, both
contribute, corresponding to the extrinsic curvature not being
fixed in gravity dual.



3. de Sitter microstates and entropy

[Coleman, Mazenc, Shyam,
Silvertein, Soni, GT,Yang 2021]

Our next generalization is the following:

Start from large N CFT w/gravity dual. Deform by T'T
Then turn on T'T" + A5 at some joining value )\
continuity of

n=1 Ao 7_7:_1 Corresponds to  energy aty = Yo

— _ TT + Ay
o c— L (1% + 21— ) — dry(A — )
Ty VT T T T

seed CFT

* Use this idea to explain the dS entropy?

We want a trajectory that includes the cosmic horizon. To achieve
this, we will match AdS BH of radius 7, = ¢ to dS horizon of same
size. Near horizon patches, indistinguishable

2

w
ds3 = —Z—thQ + dw? + (02 + nw?)d¢?



describes

pole patch
B E
A A
CFT CH patch
- (A ~ g)
O(1) + A= 6 + 0(1) T dS ground state
window c il
of states TA = -
6
e
A > % : SC’ardy — QW\/g(A — 1_02) SGibbons—Hawking — ?

dS microstates

e
SA=c/6 = ey BTZ microstates

Provides quantum state count for the dS entropy!



[Batra, De Luca, Silverstein,

4. Bulk-local dS3 holography cr vig 2024

The boundary theory so far computes universal features (horizon
entropy, geometry), but does not capture model-dependent details: the
fine structure of energy levels, details of the uplift from AdS to dS
spacetime, and local bulk matter excitations.

The boundary dual that incorporates Dirichlet b.c. for bulk matter is

B [Hartman, Kruthoff, Shaghoulian, Tajdini ]
Oy log Z ~ / (TT + Ay + C’)O) where O < ¢ in the bulk

OK at large ¢, but is there a complete finite ¢ theory? Our proposal:

Yo uplift /_\/
e AdS to dS
yr \ ) \

4 [Silverstein]
I~  TT+(00), o
TT = finite TT + (00), + A,
spectrum




B 0>\10gZ:—27T/TT,O<y<yT<<1

Gives finite real spectrum, with well-defined composite operators,

only affects very

<n‘02 ‘m> — Z<n|0|p> <p\(9\m> — subtractions high UV modes

p
3 _
| yr <y <yp = . . A0y log Z ~ /(ATT+ (Ac)A‘lO;%en +...)

. Uplift TT + O — TT + O + Ay in terms of appropriate

bulk fields ®,, with potential. Examples of dS3 and dS4.

] [Dong, Horn, Silverstein, GT]
’
See B. De Luca’s String talk. [De Luca, Silverstein, GT]

IV. yo <y < oo Deformed CFT with TT + O? + A,

> Finite quantum mechanics, type | algebra

> Describes states in GR+EFT+..., as well as thermodynamics

> Explanation of dS entropy S, = A c1 log A Smat

4G GnN




5. Generalization to dS4 holography

[Silverstein, GT, 2024]
We want to extend previous construction to the realistic 4d case,

starting from CFT on cylinder R x S*, and deforming it to describe dS4.

Novel aspects: special 2d properties of T Tbar absent in d>2; related: bulk
dynamical gravitons.

e Dirichlet b.c. for gravity: TT — T° = Tiu

[Hartman et al; Taylor]

Not solvable, unlike 2d.

J—1 (T[LL)Z (d=3 for us)

(2/3
* New solvable deformation: ANONH = / NT?)s + Ag + =2

1 —
with (E|T",|E) = diag (—E/V, —dE/dV,—dE/dV) , Ag ~ ——

Captures entropically dominating effects. Solvable deformed spectrum:

3 A

VY2E,(y) = p— (1 + (Cay)?/® + \/77 + (Csy)?/? + C1y> TV
™\

integr. const.




Given this, the deformed CFT is defined by the following steps:

Y Uplift to dS

finite spectrum

from (2%)s Y7

(T?)s + (AT?), + (0O0)s

(T%)s + Az + (AT?), + (00),
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(T2)solvable + (ATQ)renarmalized +- (OO)renormalized

/ \

. they capture local dynamics of
captures most entropic . .
gravitons and bulk matter. Requires

energy bands fine-tuning



Fine-tuning is done by matching to GR+EFT+... below Planck scale
<n\def—CFT(T2)r|m>def—CFT = <n\GR+EFT+...(TQ)r\m>GR+EFT+...

taking into account the limited resolution of GR and the huge e/ 46N

available Hilbert space.

In summary, we have defined a quantum mechanics system that

= describes emergent dS radial geometry

= captures local bulk dynamics using its vast Hilbert space

= reproduces the generalized dS horizon entropy and
thermodynamics

Thanks!!



Future directions

* Continue developing UV completions of time-like boundaries
and their quantum properties.

* Consider models with different boundary conditions (e.g.
conformal and umbilic b.c.)

* Observational signatures of time-like boundaries in
cosmology

* Connect with other quantum mechanics model for dS, as well
as explicit constructions in string/M-theory.



