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ABSTRACT:

We propose an algorithm which builds a concrete dual for large-radius 3d de Sitter with a time-
like York boundary for both gravity and bulk effective fields. This generalizes the solvable TT + Ao
deformation, whose finite real spectrum accounts for the refined Gibbons-Hawking entropy as a mi-
crostate count while reproducing the radial static patch geometry. The required generalization to pro-
duce approximately local boundary conditions for bulk quantum fields requires a scheme for defining
double-trace operators dual to deformed boundary conditions to realize the finite timelike boundary,
valid at finite N. By starting with a small stint of a pure 7T trajectory, the theory becomes finite,
enabling well-defined subtractions to define the double-trace deformation so as to match the large-N
prescription of Hartman, Kruthoff, Shaghoulian, and Tajdini to good approximation. We incorporate
the matter effecting an uplift from negative to positive cosmological constant, and analyze the effect
of matter on the energy spectrum of the theory arising from time-dependent bulk excitations. This
validates the cosmic horizon dS3 microstate count for large-radius dS3 holography, embedding 7T + A
concretely into a larger theory consistent with bulk locality for matter fields. We comment briefly on
potential upgrades to four dimensions and other future directions.
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1 Introduction and high-level summary

Recently the de Sitter entropy in three dimensional gravity [1, 2],
S~ A/AGN — 3log(A/4G N) (1.1)

along with the radial geometry of the static patch has been captured by an explicit boundary dual
defined by the solvable TT + Ay deformation [3-5] of a holographic seed CFT. In this formulation,
there is a clear explanation for the finiteness of the de Sitter entropy: it is a direct consequence of the
finite real spectrum of the TT-type theory [6-8]. This construction includes a timelike non-asymptotic
non-gravitational boundary on the gravity side, in whose presence the thermodynamics matches that
of ordinary quantum systems [9, 10].! The existence of such boundaries in quantum gravity with

IVarious subtleties with arbitrary Dirichlet boundary conditions arise in 4d General Relativity (see e.g. [11-17]).
In this work we will stick to 3 external dimensions in the special case of a cylinder boundary within which we solve
the matter plus gravity field equations to ensure a good initial boundary value problem. In Lorentzian signature in 3



matter is a priori an open question, whose resolution may involve direct gravity-side analysis in string
theory (e.g. along the lines of [25, 26])2, or may be established indirectly by formulating a boundary
dual matching the low energy bulk theory in a bounded spacetime.

The boundary theory [3] independently computes universal features such as the horizon entropy
and geometry, agreeing with that predicted by bulk semiclassical gravity. But it does not accurately
capture importand model-dependent details. These include the fine structure of the band of energies
corresponding to horizon entropy, the details of the uplift from AdS to dS spacetime, and local bulk
matter excitations contained within the bounded patch. These details are subleading in the calculation
of the total state count (entropy) and the large-radius geometry, but are important to obtain in a
complete theory of de Sitter quantum gravity. It is the goal of this paper to fill in this gap and present
a concrete proposal for constructing a boundary theory formulating the large-radius 3d de Sitter static
patch with timelike boundary.? After developing this theory in the main paper, we will comment on
potential generalizations to 4d in the discussion section.

To begin, let us summarize the structure of the universal part of the theory, captured in [3]. A
holographic seed CFT of central charge ¢ has two universal bands of energies: the vacuum and a band
of energies within order ¢ = 1 of A = ¢/6 with a state count obeying the Cardy formula [44, 45]
which matches the Bekenstein-Hawking entropy for the black hole of radius equal to the AdS curvature
radius. Deforming this theory by the TT + Ay deformation in the way defined in [3], one solves for the
spectrum all along the deformation via the method discovered by [6]. For these universal bands, the
dressed energy [6] of the solvable model as a function of the deformation parameter (see (4.1) for its
explicit form) matches the Brown-York quasilocal energy of the corresponding bounded patches of de
Sitter as a function of the boundary size.* This precise map includes the contributions of the extrinsic
curvature fluctuations known as ‘boundary gravitons’, as worked out in detail for Dirichlet-bounded
AdS3 in [20].° Along the integrable deformation, one can follow the energy levels individually, with
the count of states in the real dressed spectrum matching the horizon entropy. The solution of the
theory via the method discovered by [6] is valid at finite central charge c.

This universal and solvable deformation captures the gravitational sector of the theory, but not
the model-dependent details of bulk matter, including the fine structure in the dressed A ~ ¢/6 energy

space-time dimensions, there is no pileup of states with large extrinsic curvature (cf [15, 18, 19]), as can be seen by
the finiteness of the real spectrum related to the square root appearing in the dressed Hamiltonian (derived explicitly
for Dirichlet boundaries in [20, 21]). We comment on this in §2 and on potential generalizations to 4d with conformal
boundary conditions [12, 15, 22—-24] at the end.

2We thank A. Ahmadain, R. Khan, and A. Wall for discussions of this point

3This accords with recent work exhibiting simplifications of bounded patch thermodynamics in terms of the quasilocal
energy [9, 10] and with many works over the years such as [22, 27-35] analyzing static patch and dS/dS patch holography,
including the role of timelike boundaries or observers and the maximal mixing of the correspondinig microstates in global
de Sitter [36-40] as well as probes of complexity such as [41]. Moreover, it may connect to approaches with the dual
formulated on a spacelike boundary which also admit a formulation in terms of a T2 deformation [42]. See e.g. [43] for
a review of some recent developments.

4We should stress that the vacuum and A ~ ¢/6 energy bands are captured in a single theory (whereas in parts of
[3], they were studied separately using different deformation trajectories). They arise together in the same theory once
we retain both signs of the square root in the dressed energy formula (4.1) and hence in the Hamiltonian.

5In particular, they reproduce on the gravity side a square root formula for energies, matching the T'T deformation.
This cuts off the real spectrum at a finite energy level, giving a finite quantum system which does not contain divergent
extrinsic curvature fluctuations. The authors [20] report that this reduces explicitly to [18] in 2d (see [19] for another
interesting prescription for UV completion of the 2d problem). It would be interesting to generalize the analysis of [20]
to the TT + Ao phase, but the same general map between gravity equations and the deformation equations indicate a
square root cutoff on the spectrum also in this case. We discuss this further in §2.
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Figure 1: Schematic of the seed spectrum dual to the states of quantum gravity in AdSs; deforming into the
spectrum of the finite quantum theory dual to a bounded patch of dS. Starting from a holographic conformal field
theory and deforming according to a specific generalization of the T'T" deformation brings the system to a finite
quantum system matching the entropy and quasilocal energy (hence radial geometry) of a bounded patch of de
Sitter. Previous work [3] obtained this for the universal gravitational sector which contains the deformed A ~ ¢/6
band of energies and the vacuum state. These are captured with the solvable 7T + A, deformation whose finite real
spectrum explains the finite de Sitter entropy. The present work generalizes the deformation to capture bulk matter,
defining a finite quantum system whose leading approximation at large ¢ matches general relativity plus matter with
local Dirichlet boundary conditions at the timelike boundary. In this system without fluctuating boundary gravity,
the thermodynamic relations take the standard form for an ordinary quantum system [9, 10]. In addition to the
depicted states, the theory admits domain wall configurations between AdS and dS.

band. Aside from any energy level which precisely sits at A = ¢/6, states in this band of energies
are not exactly continuous in the pure 7T + Ay deformation®. These discontinuities do not affect the
solvability of the theory, as we can follow these subleading jumps in the energy and obtain an explicit
finite real spectrum of energies F, which simply defines the Hamiltonian H = >, .. ,, En|n)(n]
everywhere along the deformation. Happily the universal sector contains the most entropic energy
band, whose fine structure is not needed for the state count (entropy) which matches the horizon area
of black holes in AdS and the bare cosmic horizon in de Sitter.

The solvable theory captures the first two terms in the generalized entropy
Sgen = A/AGN — 3log(A/AG N ) + Shelds; (1.2)

in terms of the horizon area A, along with the appropriate notion of energy defined in the presence of
a timelike boundary by Brown and York [46]. It contains subleading contributions from bulk matter,
which also imprints order G, contributions to the area term (via order Gy back reaction on the area)
as well as to the Brown-York energy. With a timelike boundary with frozen gravity, general relativity

6This occurs at the step where Ao enters and the branch choice flips in the square root appearing in (4.1). In the
present work, full continuity will be restored via matter effects that capture the uplift from AdS to dS.



plus effective quantum field theory (GR + EFT) obeys the standard first law of thermodynamics
5EBrown—Y0rk = 5Ebu1k—matter +T4S (13)

discovered in [9, 10]. This thermodynamics emerges from the statistical mechanics of the boundary
theory we develop in this work, adding matter to the solvable TT + Ay deformation to produce an
ordinary quantum system.

To capture the details of bulk matter fields, relevant both for fine structure of the dominant
A =~ ¢/6 energy band and for less entropic energy bands of the system, we must generalize the
formulation of the theory. The reason is well known [47][48]: the solvable TT'(+Az) theory is consistent
with a bulk cutoff [49] ([3-5]) for gravity, but does not endow bulk quantum fields with local boundary
conditions at the Dirichlet wall [47, 48]. One way to see this intuitively is that multitrace deformations
[50, 51] change the boundary conditions of bulk fields [52-54]; the pure T'T + A deformation does this
only for gravity. A generalization to other bulk fields dual to operators O would require a generalization
of the schematic form

018 ~ /TT+OO+A2 (1.4)

along with an explicit uplift from AdS to dS to account for the transition to nonzero A,. This has
an immediate difficulty: adding such (generically irrelevant) composite operators leads to ambigui-
ties, suggesting that such a construction would have meaningless output wholly dependent on input
assumptions. At infinite ¢, composite operators factorize, enabling a clear treatment of (1.4) reverse-
engineered from the gravity side to ensure local Dirichlet boundary conditions for all fields at the
boundary (along the lines of Section 3.3 of [55]). But that as it stands leaves open the question of the
existence of a finite-c completion.

In this work, we resolve this, constructing a finite-c completion and incorporating local bulk
matter into the duality [3]. To do so, we formulate a finite system whose large central charge (¢ >
1) approximation reproduces the deformation required by the large-c factorization results and their
implications for the dressed energies. The finiteness of our system is obtained by regulating our
construction with an arbitrarily small initial pure 77 deformation, giving a finite real spectrum.
Starting from this finite quantum system, we can define the operators required in the deformation
(1.4) by implementing explicit subtractions of singular terms, so as to match the large-c definition of
the operators up to small corrections. The theory is defined by this algorithm: at each step of the
deformation we update the theory by recomputing 7', O and add the appropriate composite operators
(1.4) with the subtractions. In order to capture bulk processes involving not only low energy fields,
but also Kaluza-Klein modes and other high energy excitations one needs operators corresponding to
each. In our full trajectory, the internal space is never larger than the bounding cylinder, with scale
separation in the de Sitter phase arising from the standard 3-term structure of moduli stabilization
[31, 56]. On the other hand, to capture only processes accessible at low energies in the bulk, the
additional specifications are not needed. In either case, the theory thus defined serves to define the
quantum gravity theory, which contains corrections beyond leading order in large c.

GR + EFT is not always valid; we match its predictions when it applies. For example, during
the uplift step of the deformation, the low energy GR and EFT description breaks down for the states
near A = ¢/6: in the gravity-side description, the boundary skirts the horizon, leading to strong
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Figure 2: A schematic of our algorithm to define a holographic dual for the dSs static patch with timelike
non-gravitational boundary. The explicit cut off on the real spectrum from a small initial TT deformation enables
one to prescribe a concrete subtraction procedure to define the operators (OO), required to endow bulk matter
fields with approximately local boundary conditions.

fluctuations.” We can view this as a feature rather than a bug: the theory is less constrained at this
step. For states well below A = ¢/6, the uplift occurs within the regime of validity of GR + EFT
and we define it consistently with that simply by deforming the boundary conditions of an internal
scalar to interpolate from the value it takes in an AdS vacuum to a value it takes in a dS vacuum.®
This restores continuity of the model-dependent low-lying energy levels far from A ~ ¢/6 along the
trajectory.

This subtraction criterion does not specify a unique theory; different versions of the theory which
all agree with low energy general relativity and effective field theory in its regime of applicability differ
in a way that is subleading at large c. It may be that additional criteria are desirable, beyond simple
matching the low energy theory obtained by deforming AdS/CFT dual pairs. We note, however, that
the landscape of string vacua leads to a vast multiplicity of internal configurations consistent with
similar low-energy physics, including infinite sequences of tractable models [57]. We may view the
non-uniqueness of our construction in a similar vein, though the origin of the multiplicity is different.

See Figure 2 and Algorithm 1 for a summary of the defining algorithm for our theory. The
prescription agrees with GR + EFT in where they apply (including for the description of the dressed
A =~ ¢/6 states far from the uplift step). The strong quantum gravity effects arising from the details
of the boundary, at the uplift for the dressed A ~ ¢/6 states, and for high energy processes in the
bulk are defined by the non-gravitational boundary quantum mechanics theory. This construction is
quite formal and rather indirect; it is defined by an algorithmic update rule and does not include a
full resummation of the Hamiltonian.® But it can be used to address key questions in de Sitter, in
particular verifying the microstate-count interpretation of the refined [2] Gibbons-Hawking entropy [1]
derived from the solvable TT + Ay core of our more general model.

To use our boundary theory to illustrate the emergence of bulk locality, we generalize the cal-
culation of dressed energy levels to capture time-dependent matter excitations (O(t)) ~ sinwt in

"This was studied in [26] for a Neumann boundary condition for compactification degrees of freedom in string/M
theory.

8Explicit compactifications uplifting AdS/CFT to dS are available in 3 and 4 external dimensions [31, 56].

9See e.g. [34, 58]



the leading nontrivial order. In general, this would require generalizing the steps of Smirnov and
Zamolodchikov’s derivation of the differential equation for dressed energies [6] to incorporate general
time dependent excitations. We can more simply analyze situations where the expectation value of
the pressure in an energy eigenstate takes a simple form. As we will see, at least in that case this
independent boundary-side calculation can be done trivially and matches the physics of the gravity
side, including bulk matter with local boundary conditions.

Our analysis of the gravity-side solutions in general illustrate basic differences with respect to the
pure gravitational case. In particular it is important to note that the deformation cannot be described
as moving a boundary through a pre-existing bulk solution. Rather, the gravity-side counterpart to
the dressed energy spectrum arises by keeping track of the solutions as a function of the bounding
cylinder size L.; for each L. there is a new space of solutions. In addition, the solution space of GR
+ EFT that we derive below will reveal another significant feature: the effect of matter excitations on
the dressed energy formula (4.1) appears multiplying the square root factor in that expression, thus
not affecting the reality of the finite spectrum.

Another outcome is the determination that cosmic horizon patch holography has a type I Von
Neumann operator algebra. One can think of the boundary here as somewhat analogous to the
observer in [39], where the Newton constant was taken to zero at the end, engendering a type II
algebra. In our finite quantum system matching gravity-side physics at finite Gy, we obtain type I.
We note that the effect of bulk matter on the generalized entropy (1.2) is subleading to the A/4G y
term, contained in model-dependent contributions to the logarithmic term (as computed in [2] but
with the Dirichlet boundary conditions on the wall). As stressed above, the TT + Ay deformation
captures the area term plus the universal part of the logarithmic correction [3]; in this work we see
this survives with matter included in a finite quantum system.

Altogether, this brute force but well-defined prescription provides a holographic dual for the large-
radius dSs static patch with timelike boundary, with the correct emergent static patch geometry,

entropy, and approximately local bulk matter dynamics.'°

2 Comments on the gravitational sector

Before introducing our framework for local bulk matter, we would like to clarify some aspects of the
gravitational sector covered by the solvable T'T + Ao deformation in [3, 4].

2.1 The dressed classical action for 7T + A, and role of ‘boundary gravitons’ (extrinsic
curvature fluctuations)

The key relation underlying the duality at the pure gravity level is the following [4, 49]. The 3d bulk
Einstein equations in the presence of a Dirichlet boundary imply the defining equation of the 7T + Ao
deformation

i T 1 — T _ 1 _
T) =4mdTT ~ — (1 - 1) > 0,5 = /[QWTT sz (L= )] (2.1)

10Tt would be interesting to connect it to recent proposals for a concrete dual to dimensionally reduced dSs via the
SYK model [34, 58].



Algorithm 1 TT + OO + uplift + A2. Ay: step-size in theory space (default: infinitesimal).

1: Require: A holographic seed CFT of central charge ¢ living on a cylinder with size L, with its
generating functional of correlation functions W and set of energy eigenstates {cp%o)} with energies
{E,(lo)}, and large-N EFT 4+ GR correlators.

2: Require: A scalar field & with a potential V interpolating from the holographic AdS vacuum at
® 4 to a dS minimum at ®g.

3: Require: yr (explicit regulator).

4: y <+ 0 > Initialize dimensionless deformation parameter
5 yo < 3/cm?

6: function TRUNCATESPECTRUM({E,. }, {¢n})

7: for £, ¢ {E,} do

8: if F; is complex then

9: remove (F;, ;) from ({En}, {on})

10: end if

11: end for

12: return {E,}, {p,}
13: end function

14: < Dy
15: while y < yr do
16:  {E.},{¢n} + TRUNCATESPECTRUM({E,}, {¢n})
T e 2w
t V= &y
18 W W= LP5Ay [ d*zxy/=y(T9T;; — (T})?)
190y eyt Ay
20: end while

21: while y > yr do
22: if y = yo then

23: D+ g > Do the uplift to dS (at y ~ yo = Ay in the discrete version)
24: end if

25: {En},{¥n} < TRUNCATESPECTRUM({E,}, {¥n})

26 Ty 2%

21 O« -2

28: (universal|(00), Oy ... Opluniversal) < (universal|(00), Oy ... Op|universal) grricr

200 W W= LAy [ o/ (TVTi; — (T7)* — zapz (1 + sign(V(D)) + (00),)
30: y+—y+Ay
31: end while

where in the gravity-side variables, T is the Brown-York stress tensor [46], and where TT = —1 det(T).
This indicates that pure gravitational configurations in the Dirichlet problem in 3d are governed by
the TT + Ao deformed theory.

Among the TT + A, dressed states of the CFT are boundary graviton excitations. Since these
figure into some of the analyses of subtleties with Dirichlet boundaries [11, 15] (see also [18, 19] in 2d),
it is worth spelling out how they fit in.'' The boundary gravitons are extrinsic curvature fluctuations
arising from deformations of the embedding of the boundary, consistently with the Dirichlet condition
that it have fixed intrinsic geometry. This scalar degree of freedom ¢, was studied at the linearized

HWe thank H. Maxfield and D. Stanford for discussions of this point.



level in bounded patches of AdS3 e.g. in [11] and nonlinearly in [20, 21]. The latter works provide
extensive evidence directly on the gravity side that this degree of freedom is governed classically by
the Born-Infeld Lagrangian, which is indeed the T'T dressed theory of a free boson. Generalizing the
calculation of the dressed classical action for a free boson to include the 7T + Ay deformation, e.g.
using the elegant prescription in [59], yields

1
L=-= (1= V0 + 70,0407, ) (2.2)

which satisfies the deformation equation (2.1). Moreover, [20] report that the theory they derive
reduces explicitly to a version of cut off 2d JT gravity [18] (see [19] for another interesting prescription
for UV completion of 2d JT gravity with finite renormalized boundary).

Linearized boundary graviton dynamics [11] arises from expanding this action around a suitable
background configuration [60]. In the full nonlinear quantum system, since the real spectrum of the
TT + Ay deformed theory is finite, and matches to the Dirichlet problem in 3d gravity, there is no
buildup of arbitrarily strong extrinsic curvature fluctuations.

2.2 A single theory captures all the universal energy levels

Universal states of bounded de Sitter quantum gravity include the cosmic horizon patch and the pole
patch, as depicted on the right side of figure 1. In this subsection, we would like to clarify that the
version of the TT + Ay trajectory defined in [3] — which we briefly review here — can capture in one
theory both the quantum state corresponding to the cosmic horizon patch and the pole patch.

This trajectory is defined by (2.1), proceeding in two segments. First is evolution by pure 7T with
7 = 1 until a value y = yo, after which one turns on the Ay part with 7 = —1. (In the present work,
we will resolve this step with a matter sector modeling the uplift from AdS to dS.) With yo = 3/cm?,
the resulting dressed energy formula is [3]

1
EL=¢=— (17 77+£(1—77)747r2y(Af£>+47r4y2J2 , (2.3)
Ty Yo 12
where A is the dimension corresponding to each seed CFT energy level that is being dressed.

We have indicated the possibility of states with both signs of the square root here. Indeed, the
quasilocal energies of the cosmic horizon patch and the pole patch fit the upper and lower signs of
(2.3) with A = ¢/6. We may construct the Hamiltonian H = ) E,|n)(n| keeping states with both
signs of the square root. This fits with the gravity side: fixing the proper geometry of the boundary
according to the Dirichlet boundary condition does not constrain the extrinsic curvature K, which
may take either sign. As explained in [3] and reviewed below, this corresponds to the two branches of
the square root in (2.3).

This does not imply that there are equal numbers of states in the two sectors corresponding to
the two branches of the square root. In the gravity description, one determines nonsingular solutions
obeying the boundary conditions, whose existence and properties can depend on the sign of K. In the
dual deformed-CFT description, in constructing the Hamiltonian at each step in the trajectory, the
number of states with each sign of the square root can be different. At y = yo = 3/cn?, where we turn



on Ao, this works as follows. Constructing the pole patch from the — sign in (2.3), we include one such
state,!? while for the cosmic horizon patch we keep all of the A ~ ¢/6 states comprising the horizon
microstates. For the latter states, the gravity description at y = yg consists of a boundary skirting
the horizon, for which the AdS BTZ black hole and the dS cosmic horizon are indistinguishable.!?

So far we have obtained both the cosmic horizon (CH) patch and the pole patch from the A ~ ¢/6
part of the energy spectrum. We must also address the fate of the CFT vacuum state (A = 0)
along our trajectory. This yields a state with a gravity-side description involving a domain wall: as y
approaches yo = 3/cr? where the uplift will occur, the Dirichlet wall on the gravity side still bounds a
large region of AdS, distinguishable from dS. Continuing (increasing y) after adding As pulls out the
boundary, changing the quasilocal energy according to the radial evolution in dS.

3 Defining the bulk-local deformation as a finite system: type I operator
algebra

In this section we will build up the definition of our deformed theory. First we will lay it out at
large ¢, refining the treatment in section 3.3 of [55]. Then in §3.2 we will explain how to adjust the
construction to obtain a well defined system at finite c.

Our construction will generalize the duality [3] between solvable models and pure 3d gravity
quantities. The precise dictionary between bulk and boundary theory parameters derived in [4, 49]
and applied in [3] will still apply in our theory.!* The seed CFT has large but finite central charge c.
The deformed CFT lives on a cylinder of fixed spatial size L, evolving along a trajectory parameterized
by the dimensionful parameter \. It is useful to define a dimensionless deformation parameter

A 8GN/
V=TI (3.1)
where the last expression uses the dictionary to the gravity side
3¢ L?
=——, A=8Gnl—=. 3.2
TGy N2 (3:2)

Here ¢ is the curvature radius of the AdS or dS that we start and end with along the trajectory we
will define.

Along our trajectory, L, c and Gy, £ are fixed on the boundary theory and gravity side respectively.
On the boundary theory side A evolves along the trajectory, and on the gravity side the proper size
L. of the bounding cylinder changes along the trajectory. These agree on the evolution of y (3.1).

12The small entropy of the pole patch, whose boundary excludes the cosmic horizon, is independently checked by a
different TT + Az trajectory with yo — oo [3, 4].

13 An argument for this persisting in string theory, with its internal degrees of freedom from compactification, appears
in [26]

4 The construction [3] in turn realized and explained the ‘numerology’ in [61].



3.1 Large c construction

In this subsection, we will derive the necessary generalization of TT + Ay to incorporate local bulk
matter, at the large-c level. This by itself is not a complete theory, but it will be a good approximation
to the finite-c theory we develop in the subsequent sections.

As described in [62], in the large ¢ limit we fix Ac. At a given step in the deformation, we will add
contributions including the double trace terms

SL = 276ATT + fo(c\)0O. (3.3)

The first coefficient here is of order 1/¢, matching the prescription for multitrace deformations for
matrix-like theories introduced in [50]; in our bulk 3d context an example of such a seed theory is the
CFT obtained from the low energy limit of the D1-D5 system. In general we treat the operators O
dual to bulk matter fields according to their particular representations (which can include for example
composites of singlets and fundamentals in addition to traces of products of adjoints and bifundamen-
tals). We will consider to be specific bulk matter fields whose internal dynamics is independent of G
and will specify below our convention for the definition of these operators.

Following [4, 48, 49, 55] we work from the Einstein equations, including matter stress-energy. The
type of matter that is most relevant is (i) bulk gauge field sectors, which are naturally light, and (ii)
a sector effecting the uplift from negative to positive bulk cosmological constant. Since in the three
dimensional bulk we can dualize vector fields to scalars, we will write everything in terms of scalars.

Let us start by deriving a formula for the deformation including a bulk scalar field with stress-
energy tensor 7. We will work with a patch of spacetime bounded by a cylinder of proper size L..
We can coordinatize this with metric

ds? = dw* + g;j(w, z)dz" dz? (3.4)

where we impose boundary conditions on g;; such that there is a boundary cylinder of size L.. Without
loss of generality we denote its radial position as w = w.. The three-dimensional bulk action is

1
87TGN OM

d*z/—g (K - Bmf”) , (3.5)

1 1

S = / Bz /=g [R@ — Z(09)? — V(@)} +
M 167G N 2

with metric signature (— + +). For a pure AdS solution, V = —2/¢? and Ber = 1, but we allow

for a more general matter potential. The boundary term proportional to the trace of the extrinsic

curvature is needed in order to have a well-defined Dirichlet variational principle; we have also allowed

for a boundary conterterm action determined by the function Bor(®).'?

We denote the bulk matter stress tensor by

2 6Smatter
V=g 69"

15There is much freedom in the counterterm action, which must cancel all divergences at the beginning of the trajectory.
It is also possible to add counterterms containing derivatives, such as R(2) and (06)?, but these will not play an important
role in our discussion; so we will not consider them.

7;1,1/ - - 5 (36)

~10 -



and the Einstein tensor

1 1
E,u.l/ - m <Rl“’ - 2gﬂyR> . (37)

The radial-radial Einstein equation E}, = 7. combined with the definition of the Brown-York
stress energy tensor,

2 5Son—shell 1 BCT
T — _ shell Kii —ai K g 3.8
i V=g 0gi 87GN ij — Gij 1 + Gij 1 (3-8)
yield
T} = —— |4nrGnl (T — (T})?) + é(au@)? — fa@ai@ — 4V — ——— Bor(®)? (3.9)
" Beor(®) I ¢ 2 2 8TG Nl
at the boundary w = w,. '©
Next, we apply the £ Einstein equation
w 1 i w
Ej = 87TGNV (K” - Kg”) = 7—] = 3w(I)8J(I) . (310)
Using (3.8) to trade Kj;; for T;;, this becomes
; 1

As expected, z-dependent sources (i.e. 0;® # 0), generically break space-time translations and lead
to a non-conserved T;;. Here we will be interested in a conserved energy momentum tensor, obtained
for boundary conditions that can be either local Dirichlet (® = &) or local Neumann-like (0, ® +
deBer(®) = 0). In the Dirichlet case, for example, we see that the —9;®9'® term in the trace flow
equation vanishes. Let us focus to be specific on the Dirichlet boundary condition for all fields, though
we see no obstruction to extending our results readily to other choices of boundary conditions.

The next step is to identify the boundary theory operator corresponding to the bulk scalar field.
This proceeds as in e.g. [5, 55]. The natural generalization of the identification of T;; with the extrinsic
curvature [46] is the identification of O with the radial field momentum II corresponding to ®:

A —A/2
O — —-A+3/2 (%) = (i‘;) 7372171 . (3.12)

In AdS/CFT, this normalization ensures that (O(z)O(0)) ~ 1/|z|?2.17 Here we have chosen the same
definition for the deformed theory, which gives a c-independent 2-point function. We note that this
normalization differs from the one used in the double-trace deformation literature, where single-trace
operators are IV times a trace of products of adjoint fields. These single-trace operators have 2-point

16 This is essentially equation (A.6) of [4] with 7 in the A2 term replaced by n — —V + %(76¢<I>8i<b + ®'%), which is
the combination that appears in the bulk stress-energy tensor component 7. Some terms have different signs from [4],
because we define the Brown-York stress tensor as in (3.8).

Intuitively, the power of (L./L)® cancels a power of the radial cutoff that appears in the gravity calculation, while
the power of £ ensures that the engineering dimensions match.
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functions of order N2, as opposed to the N-independent normalization we use in this work.

Although we have written for brevity a single scalar field and its dual operator, we will be interested
in including two matter sectors. First, in our construction we will require a scalar sector encoding
the uplift from negative to positive bulk cosmological constant. In §4 we will show that this ensures
continuity of the energy levels, including for those below the dominant A ~ ¢/6 states. Given our
choice of normalization with a G n-independent bulk kinetic term, the 1/Gy effects from the uplift
sector ®,, are encoded in a nonlinear potential of the form

V(@) = -V (/Gre,). (3.13)

Second, we will include a probe sector that contributes at O(G%;), in order to capture local dynamical
bulk fields in the bulk effective field theory. Such fields arise naturally if their mass is protected to be
< 1/Gpn (the bulk Planck scale). Examples include gauge theory sectors. In three dimensions, such
gauge fields A can be dualized to scalars ¢, dA = xd¢. A Dirichlet boundary condition for the scalars
corresponds to a Neumann one for the gauge fields and vice versa.'® The interaction potential in the
probe sector can in general be nontrivial; but for that sector we will find it convenient to illustrate
our main points in terms of a free bulk scalar field (with the aforementioned uplift sector illustrating
nonlinear matter).

In order to compute the conjugate momentum associated to the radial evolution of the scalar field,
we note that the counterterm in the action (3.5) can be written as a bulk total derivative,

b
87TGN£

1

d*x\/=gBep = ————
/8/\4 ‘ gzer 8rG Y

1 ..
/ d>zdw/—g (2g”5‘wgij Ber + (0o Ber) awq’)
M
(3.14)
The first term here, proportional to 0,,9;;, is responsible for the Bop contribution to the stress tensor.

The second term, on the other hand, contributes to the scalar canonical momentum,

1 08 1

I= =50, ~ —Ou -

For our Dirichlet boundary condition, the conjugate momentum II is free to fluctuate, as befits a
dynamical operator in the boundary theory.

do Ber - (3.15)

Variations of the boundary value ®(w.) — ®. + J®. of the scalar can be identified with a source
J x 6®.. A calculation similar to that in (3.12) gives

e AJ2-1
J= (12) Y253, (3.16)

The source vanishes, J = 0, for our self-contained system at fixed energy at any point along the
deformation trajectory including during the uplift. But we keep track of it because it enters into
the derivation of the operator O required to move along the trajectory, adding the new OO at each

18 An advantage of the gauge theory sectors is the simplicity of identifying the operator in a simple way in the boundary
dual. It is obtained via the Noether current J for the corresponding global symmetry in the dual. An ensemble with
fluctuating my = Ow@ + ... as we layed out above corresponds to fixed rather than fluctuating J, so it is obtained by a
Legendre transform.
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step. In the boundary theory language, the operator OO that we need to add is obtained from
(0...0) = % ... % log Zgresssed- In these variables, the trace flow equation becomes

/
T = L lunaye (T = (T})?) + gnz} v L Bery

o BCT 2 87TGN BCT
l : ‘ 1 (¢ (B..\° B2
— 0;90'® — —V 4+ — | = or — T ) 3.17
2BCT BCT + BCT ( 2 < 8’/TG€) 87TG£ ( )

Lets focus on the term proportional to Bg,II in the above expression, which is linear in O.
Perturbing the action by [ d?z /=7JO (with ~ the 2d metric) gives rise at first order in O to

/d%MT; ) —/d%ﬁﬁu)o, (3.18)

with 8(J) = L.0r,J the QFT beta function for J. Thus, comparing with (3.17), we read off the beta
function

A—2
aJ 1 ()\C) 0yBor(®.+ J) (3.19)

o =Lteg =22 Ber(®.+J)

8Lc s
In an asymptotically AdS region, and choosing Beor as the standard holographic counterterm, this
reproduces the correct holographic beta function (see e.g. [63]).

On the other hand, defining W[w,, J] as the generating functional of correlation functions in the
dual QFT at finite cutoff, we know that

dw

dL,

; ow ow ow
/de\/—ng =L~ = Lo +/d2m\/—7LcaL,J— = Lo — /d%\/—w(‘])o (3.20)
OL, o 0J 0L,
where we made use of %}) = —0. Therefore we conclude that terms proportional to 5(J) cancel. So
far our discussion pertained to any scalar field. We will illustrate our prescription with two scalar
sectors: a nonlinear uplift sector scalar ®, and a second, Gaussian scalar sector dual to the operator

O. Writing L.0r, W = —2 0\ W, we end up with

ow
oA

-1
77BCT(¢’uc + Ju)

1/2 3 A-1 9
_ <>‘C> (LC> V((I)uc + Ju) + 1 (AC) B/(,*T((I)uc + Ju) _ M

A = [ &«

o+ 1 (2 ot o.00 -1 (29) T 0y
T 1\ 12 wHul T\ 12 i

48 L 4m2)\2 \ 12 27\

(3.21)
where the derivative in Bl is taken with respect to J,."

Below we will analyze in more detail the definition of the composite OO operator in the field theory
side. Besides the semiclassical factorized contribution ~ ((0))?2, there are additional terms controlled
by short-distance correlators. Our dual theory will turn out to be a finite quantum-mechanical theory,
where these contributions are well-defined. Given this, we will define the OO contribution to the trace

19The third and the last term in (3.21) contain L. and Py, but they can be expressed purely in terms of boundary
quantities upon substituting explicit expressions for V(®) and Bo(®). For example, in the absence of sources J,, = 0,
when the potential V(®y.) is at its AdS/dS minimum, they reduce to the A term, (n — Bor)/27A.
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flow equation by subtracting these effects; see the discussion below (3.32).

We work with vanishing sources (J = 0) to construct a self-contained bounded patch of spacetime.
Putting all this together and looking ahead, we will arrive at a definition for the dual theory of the
form of an explicitly renormalized version of (1.4). Its existence is aimed first of all to validate the
entropy count in [3]. Moreover, in §6 we will show how to use it to compute some simple quantities of
interest in the boundary theory and compare them to the gravity side.

3.2 Finite system at finite ¢

As stressed in §1, the addition of the OO terms in our defining equation introduces new complications
in the finite-c setting of interest. In order to obtain a well-defined theory, we will adjust the above
prescription as follows. The resulting theory is not as easily solvable as the pure TT + Ao theory,
but it is well defined and we will see below that in simple cases we can generalize the dressed energy
calculation to the leading nontrivial order in the effects of matter.

Starting from the seed CFT, we first carry out a pure 771 deformation to a very small value of
the dimensionless deformation parameter y = \/L?; let us denote it yr < 1. At this point, the real
spectrum is finite [6]. From this point on we embark on the TT + OO + A, deformation.

Of course, the reason we include the OO terms in the first place is to ensure bulk locality at
the level of approximation corresponding to low energy bulk EFT. The reason this is consistent with
our initial pure TT trajectory is as follows. We are free to take yr small enough that the initial
violation of locality introduced by the pure T'T deformation from y to yr is only applicable to such
high energy excitations that quantum gravity effects enter (for which there is no expectation of locality
[64, 65]). Related to this, we stress that only infinite-energy excitations actually reach the original
AdS boundary in AdS/CFT. This includes excitations of massless fields for which the wave dynamics
beyond the geometric optics approximation is important; a finite-energy excitation does not just follow
the null geodesic trajectory (which does reach the boundary). Our finite theory may be taken as the
definition of the bulk quantum gravity, which appropriately deviates from EFT at such high energy
scales.

Once the theory has a finite-dimensional Hilbert space, the additions along the main trajectory,
including the OO terms, are all well defined: in a basis of energy eigenstates the (unrenormalized)
operator is

(n|0O|m) = " (n|O|p)(p|O|m) (3.22)
P
which is unambiguous since the sum over p is finite. In general the expectation value (n|OO|n) does
not factorize, in contrast to the special case of TT which factorizes up to a total derivative. Moreover,
formally subleading contributions in the expansion around large N can diverge as yr — 0. Below
in §5, we will estimate the corrections to factorization and define an appropriate renormalized OO
operator to add to our theory at each step in our algorithm.

After our TT deformation up to the small value y7 of the dimensionless deformation parameter
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1y, the dressed energies take the form

1
Ep=— (1 - \/1 = 2myr€) + 47T4J2y%> (3.23)
YT
First, we note that with J = 0, the cut off on the real spectrum arises for seed dimensionless energy
£y = 2m(A — ¢/12) of a maximal value &) maz = 1/27yr. In fact, this scaling with yr persists in
the presence of spin, as we can see in the following way as a consequence of the unitarity bound.

We would like to determine whether there is an upper cutoff on £(g) such that for higher energies
€ becomes complex. This is controlled by

Do =1 —2me ) yr +4n*J? y3.. (3.24)
At a fixed yr, one could think about trying to increase the spin J such that Dy > 0. However, the
unitarity bound in d = 2 is
1 c
J<A = T (s +35) - 3.25
= EETACCRRT (8.25)
We are interested in the universal heavy states, which have €y ~ ¢, and we want to see whether we
can make ¢ () arbitrarily large, at the same time increasing .J, such that ¢ stays real in the window of

interest for yp. So let us set
J = QE(0) (3.26)

and at sufficiently high energies unitarity requires

1
a<o . (3.27)
Returning to (6.27d), we have
Dy =1-2myreq) + 4n'yt o® 5?0) . (3.28)
So Dg has two roots as a function of ¢,
+ 1
<t = T (1 + /1 (2m)2> . (3.29)

For ¢ — 0, Dy > 0. If the two roots are complex, this means that Dy will always stay positive for
all (g, and then we could go to arbitrarily large €9 without the dressed energy becoming complex.
However, because of the unitarity bound (3.27) on «, we see that Dy = 0 always has two real roots.
We conclude that for a given choice of spin compatible with unitarity, we need to impose a cutoff

(1 - \/1—(Ta)2) =S (3.30)

yr

1

€(0) <€) = 747r3a2yT

so that the dressed energy stays real. From (3.30) we see that including spatial momentum J, the
spectrum cuts off at a dimensionless energy o< 1/yr.

Let us now apply this to the question of the contributions to (3.22). We note that although there
are e° states appearing in the spectral decomposition (3.22), almost all of them have negligible form
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factors (n|O|p). The usual UV ambiguities in defining the irrelevant deformation arise from the high
momenta entering into the spectral decomposition of OO, corresponding to a dimensionless energy
Ep ~ |p|L. For an operator in the seed CFT of dimension A, this goes like

M, c 2A
[ et (o) (3:31)

where M, is a UV cutoff scale, which for us is proportional to yTLL right after the first, pure 77T

segment of our 4-part trajectory. In an energy eigenstate, we obtain for (3.22)

c 2A
(nOOIn) = (n]Oln)? + 0 (f({@»}) (yT) ) . (3.32)

where f({Q;} depends on the detailed content of the dual seed CFT (e.g. in the D1-D5 theory, it
includes Q1 and @5 dependence).

In [55], at the large-N level (meaning large-c in 3 bulk dimensions), the operator (O0).—., was
defined by subtracting self-contractions, retaining the leading term in the OPE of O(2)O(y) as x — y
that is not the identity and that survives in the strict ¢ = oo theory. Our goal is to approximate this
in a finite-c theory. In our explicitly regulated system, the Hilbert space is of course different from the
large-c one in [55]. Below in §5, we will spell out the prescription to match correlators in the regime
where GR 4+ EFT applies. We can define the operator (n|OO|m) by hand to match the correlators
of GR + EFT to very good approximation at large but finite ¢. This is a brute force method, but
the essential point is that it is well-defined thanks to the power of the T'T deformation to serve as an
explicit regulator by cutting off the real spectrum in a calculable way [6, 8].

Altogether, the operator (3.22) and, given appropriate subtractions, the deformation (1.4), are well
defined in the full theory. This will be constructed by hand to complete the duality and microstate
count of [3]. The full theory with mattter is not as readily exactly solvable at finite ¢ as in the
case of TT + A,. This befits the system of interest, with sufficiently rich dynamics to realize large-
radius gravity probed by light quantum fields. Still, below we will find methods to calculate physical
quantities of interest, finding agreement on the two sides of the duality.

3.3 Implication for operator algebra

Since we have a finite system, its Von Neumann operator algebra is type I. In a strict Gy — 0 limit,
[39] found a type I1; algebra. Our system has finite ¢, hence finite G, and the algebra is simply type
L.

4 Uplift and energy continuity

The transition from TT + (OO), to TT + (O0), + As involves a particular form of bulk matter.
Specifically, we should incorporate a scalar potential that contains holographic AdS and dS minima
and take into account the uplift from one to the other during the trajectory. String-theoretic models
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uplifting AdS/CFT to dS include [31, 56]. The relevant matter sector for this sector in the gravity-
side description is an uplift scalar ®, whose potential V(®,) contains both an AdS minimum at
®,4 and a dS minimum at ®,s5. The uplift step occurs at fixed y = yo = 8(Gn /L%, = 3/cn?. We
continuously adjust the Dirichlet boundary condition for the scalar, which is a coupling constant in
the boundary theory, from ®,4 to ®,5. In the gravity-side description, the classical solution space
for matter excitations continuously deforms according to this continuous deformation of the scalar
boundary condition (which resolves the jump in As in [3, 4]). After the uplift step, we proceed with
the TT + (00), 4+ Ay deformation, increasing y from g to capture the bounded cosmic horizon patch.

The detailed uplift was not required for the pure gravity results in [3], but plays a significant
role in the presence of matter, leading to continuity of the energy spectrum. We can see this by
reviewing the behavior of the various classes of states as we evolve along the TT + A, trajectory, for
which Ay jumps to a nonzero vallue at y = yo. Without the (OO), contribution, the trajectory in [3]
does exhibit continuity of the dressed energy along the trajectory for the dressing of the seed states
in the energy band A ~ ¢/6 (up to very fine discontinuities that are invisible to the course-grained
gravitational description). In the gravity description, this arises from bringing in the boundary with
TT to the horizon of a BTZ black hole, then bringing it out with 77 4+ A, to obtain the dS3 cosmic
horizon patch (the static patch, with boundary). At the junction between the two trajectories, at
a dimensionless deformation parameter yo = \o/L? = 3/cm? the square root term vanishes in the
dressed energy

1 _

E=— (1$\/77+y(1 -n) —4772y(A—c/12)> (pure TT + As), (4.1)
Y Yo

so that the As-dependence (in 7) drops out for the entropically dominant A ~ ¢/6 band of energies.

For that band of energies, to capture the cosmic horizon patch the branch of the square root is positive

in the T'T + A5 phase.

The other universal state is the vacuum, which is captured by the original (-) sign of the square
root. In particular, as discussed in §2 we stress that once we turn on As, our spectrum includes both
signs of the square root. In gravity-side language, this reflects the fact that the cylinder size L. is
fixed, but the extrinsic curvature is not. It can take both signs; the spectrum includes both universal
sectors A ~ ¢/6 dual classically to the cosmic horizon patch, and the vacuum A = 0 dual classically to
the pole patch.?’ From the boundary theory perspective, our Hamiltonian Y, E,|n)(n| can include
both types of levels. In the path integral formalism, a model that illustrates this very simply is the

relativistic point particle. Its action S = —m [ dry/—XrX x can be rewritten as a quadratic action

in X x by introducing a dynamical world-line vielbein [64]. The equation of motion for the vielbein
admits two solutions corresponding to both branches of a square root. This structure arises in the
complete path integral representations of 7T + Ao, both using JT gravity [7] and massive gravity
[66—68]. We note that before we turn on Ag, there is not a role for both signs of the square root. In
gravity language, this is because although the extrinsic curvature is not fixed, the 4 sign corresponds
to filling the patch toward the asymptotic boundary, which is not a normalizable excitation.?!

20The T} component of the Brown-York stress tensor is given by T} = ﬁ (Kf{— (K —-1/0) = ﬁ (7 - K9).

For a metric of the form ds? = dw? — g(w, t)2dt? 4 r(w, t)?d6?, Kg = %g—; determines the square root part of T}.
21See however interesting works such as [69] [18] which consider both signs in the AdS theory.
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More general states with 0 < A < ¢/6 on the other hand are not captured by the pure gravity
sector. They are model dependent; in gravity language, they can include BTZ black holes below the
Hawking-Page level, particle states, and quantum field excitations. In the gravity description, we
deform from y = yr < 1 to yo = 8¢Gy /L%, = 3/cr? by changing the boundary condition governing
the bulk solutions, specifically reducing the bounding proper cylinder size L. to L. At this value Lo,
the low-lying states do not typically reach the boundary. (If they do so at one time, they bounce off of
it back into the bulk, given the OO contributions ensuring a local boundary condition.) So (looking at
the state at a generic time) the deformation to the matching point yo only brings the boundary in to a
radial position outside of the black hole horizon or particle position. If we then simply add As, without
an uplift sector, and continue with the trajectory (decreasing L.y with n = —1 and the opposite branch
of the square root) we get a discontinuity. That is, in the absence of an explicit uplift sector, the square
root term in the energy (4.1) does not vanish at y = yo in this case, so reversing its sign implies a
discontinuity. As stressed in [3], this is as expected since these low-energy model-dependent states
involve the matter contributions, which should therefore be included to restore continuity. It is this
point we will establish in this section.

After adding matter contributions and the uplift sector, as discussed above there is a continuous
trajectory that combine both branches. This means that both signs are contributing to the path
integral. Of course, the nonlinear nature of the equations complicates the solutions matching the
boundary value of ®,. in between its AdS and dS values. An interesting question is the degree of
quantum mechanical mixing among semiclassical states with different signs of the extrinsic curvature
in the full theory including matter. A quantum mechanical model of such mixing can be given in
terms of a potential with two minima, corresponding to the two branches. Small fluctuations around
each minimum give rise to dressed energies EX and eigenstates |UF). Furthermore, the quantum-
mechanical Hamiltonian contains off-diagonal terms that mix both sectors, (U;F|H|¥ ) # 0; these
reflect the finite-energy trajectories that connect both types of states.

In addition to the states described above, our theory contains configurations which access the
landscape of AdS and dS vacua given the uplift sector potential. These are also continuous along our
trajectory. We can construct a domain wall at a fixed time ¢ which interpolates between ® 4 and ®g.
For these states as well, we would like to see how the deformation including matter, as expressed for
example by the trace flow equation (3.9), automathically yields continuity of the states making up the
model-dependent sparse light spectrum. In the gravity description, given the uplift potential we can
construct a state which at a moment of time symmetry contains a domain wall interpolating between
the locally AdS and dS regions. In these variables, there is a manifestly continuous trajectory obtained
by moving the Dirichlet condition on ® to interpolate between these two values. The boundary cylinder
grows in the AdS region as we move away from the particle or BTZ horizon, and it shrinks once we
continue into the dS region. Therefore it will have a maximum somewhere at which dggg/dw = 0 as
it flips sign. This implies that the extrinsic curvature component Kg, which determines the square
root part of the dressed (=Brown-York) energy formula vanishes, and it connects continuously to the
opposite sign of the square root.
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5 Summary of Boundary Theory Prescription

We now express the construction of our deformed theory in 2d boundary variables and explain how
to apply it to derive properties of the emergent geometry. We will focus on new features and issues
arising from the addition of matter. In particular we will use the matter at the leading nontrivial
order to validate and probe the emergent large-radius de Sitter geometry.

The deformation of our theory was written in (3.21) in Lagrangian language at large ¢. In order
to make contact with the finiteness of the real spectrum at finite ¢, it is useful to recast this in
Hamiltonian language where the path integral for a transition amplitude with sources takes the form

(x(0,0)X" (0", ) 1. = i DxDmy exp (i/dsz&ﬂx = H(x ) + Jxx + Krmy + JO]) (5.1)

Here we use x to denote the deformed-CFT fields.

We will include an uplift sector denoted with a subscript u here, and a marginal scalar O with
A = 2 dual to a gauge field which will realize the required approximate bulk locality. Including the
initial stint of pure T'T to instate a finite real spectrum as explained in §3.2, and defining Sy = [ dPzH
where H is the Hamiltonian density of the theory, we have

)\887):\\} :7)\% = 7/d2x\/7’)/271')\TT, y <yr (5.2)
)\371/\7__/\35%_/6[2 - -1 2)\TT+1 e A_l[(OO)—&-((’)(’))]—
ox = on )Y  Ber@ue ) |0 a1 o

YA A 1 /a2t Bor(®ue + Ju)?
_ <48> (;) V(®@ue +Ju) + 1535 (12) Bl (®ue + Ju) — # Ly > .

(5.3)
where we indicated renormalized operators we will shortly define, and A refers to the CFT dimension
of the appropriate (uplift or probe) operator. For a given seed theory, the light spectrum may contain
multiple such sectors, which enter similarly in the definition of the deformation.

For the first segment (5.2) of our deformation, for a given total spatial momentum py, the Hamil-
tonian manifestly goes complex outside a finite region of phase space. This is related to the energies
going complex as reviewed above in §2.2. It pertains to the dressed classical Hamiltonian as was
computed for a free scalar seed theory: see e.g. equations (2.16-17) of [48]. If we restrict the path
integral to this region, we respect unitarity. Combining this with the discretenesss of the spectrum,
we realize the finite real spectrum of the theory, while retaining use of the tool of continuous path
integration. This formalism will be useful for deriving the operators we add along the trajectory.

Once we start adding the (O0O), contributions, we will not be able to analytically resum the
Hamiltonian in the same way as was done for the solvable TT + Ay deformation. This complication is
as expected: in general energy levels do not evolve independently in the more general case.

However, such a resummation is not needed to define the theory. As in the familiar 77T deformation
we can think of this as an algorithmic step by step procedure, advancing along the trajectory in the
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space of theories according to (5.2)-(5.3) as A infinitesimally increases by AX. In order to determine the
operators associated to conserved currents, we may go between the Hamiltonian and Lagrangian for-
malisms, using the latter to derive the currents and the former to manifest the finiteness of the real en-
ergy spectrum. In particular, at each step in the deformation, we recompute 7}, = fﬁég%é’dmssed
in order to add ANTT to the Hamiltonian density. Similarly, for a sector consisting of a conserved
current J corresponding to a global symmetry x — x + AX, Ldressed = Ldresseda + 0, V", we recom-
pute J# = g(ﬂad‘fi;js&;l( — V#. (We could also use the Noether procedure for the stress-energy tensor
itself.) These fields associated with symmetries are naturally light on the gravity side and hence well
motivated as appropriate probes of the bulk locality.

In the more general case, the operators O can be obtained in principle as follows. They satisfy
(O, ...01) =50 ... 55 W = —50r ... 57 (Su—i [ d®xJO). With the initial pure T'T trajectory
in place (5.2), (O(x1)O(x2) [ [, Ok) will be finite as we take 1 — 2. This follows from the discreteness
of the spectrum and the finite range of real energies in the phase space region of real H. In the finite
system, the labeling of operators O(z) in terms of  will yield redundant operators. Thus the operator
(O0),. that we deform by is well defined and in principle determined by calculating all of its correlators
(or enough for the desired precision) at a given step in the trajectory, comparing it to the results of
GR + EFT when available, and explicitly subtracting deviations from the latter in order to determine

what to add at the next step.

More specifically, we can arrange this agreement as follows, taking into account the difference in
Hilbert spaces between our finite theory and the formal large-N theory [55]. Start from an energy
level or band of energies visible in the universal, pure gravity, sector. In the bounded AdS part of
the trajectory, this includes states whose gravity description matches the external geometry of the
BTZ black holes with masses corresponding to operator dimensions which exist in the seed CFT
spectrum, along with the vacuum state matching empty AdS. In the bounded dS phase it includes
states matching the pole patch and the cosmic horizon patch. From there we can construct, in our
finite theory, correlators

(universal|(00(x))rO(y1) - . . O(ym ) luniversal) (5.4)

which probe matter excitations. These are limited in GR + EFT in several ways. The distance
between points on the boundary cannot fall beneath the Planck length, |y; — y;|> Gn, |z — yi|> Gn.
The lifetime of the theory is uncertain in semiclassical GR + EFT after a timescale T' ~ G exp(.S) (for
entropy S), corresponding to energy resolution bounded by AE > ijl exp(—S5). These limitations
reduce the number of independent time-ordered correlators to match to be less than order S exp(S).
In fact this is a conservative over-estimate of the count of correlators to match between our theory
and GR: GR + EFT is only a good approximation down to length scales > G . Moreover, matter
containing too much entropy will condense into a black hole, thus joining the universal sector of states
corresponding to pure gravity. Altogether, we have the freedom to tune the e matrix elements
(n|(OO),|m) such that our correlators match those of GR + EFT when it is under control.

This leads to an equation for the deformation of the expectation value of the interaction Hamito-
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nian in the nth energy eigenstate as in [6] as

ax \\ 12 12 271 \2
(5.5)

A,—1 A—1 2
Ox(n|Hln) = (n|2rT T+ ((A) ©.00. +(35) (oo») 1) =T (@0 (1))~ 2L Buel DS

where again the last two terms account for the uplift explained in the previous section.??

For the pure TT + Ay theory (with no OO terms and with V and Ber constant), the dressed
energies E, = (n|H|n) can be analytically determined [6][3]. This proceeds from either the trace
flow equation (2.1) or (5.5) by relating the independent stress-energy components T, T}, and 77
to the energy, dE/dL, and conserved spatial momentum respectively. Consider the Tg component
of the dressed stress energy tensor (with 6 the spatial direction around the cylinder —dt? + L2d6?
that the boundary theory lives on). For a homogeneous time-independent state this is the pressure
Tg = —dE/dL. Tt is useful to work with the dimensionless deformation parameter y = \/L?. With
these substitutions, one obtains the differential equation

’ _ o ™ 2 _ 1 —-n 3 72
myE(Y)E' (y) — E'(y) + 25(@/) = +27°J (5.6)

in terms of the dimensionless dressed energy.

E=EL. (5.7)
For a seed CFT,
c
Ely—omr = Ecrr =2 (A= 55 . (5.8)
An equivalent way to determine the dressed energies is to apply the trace flow equation
. _ 1 )\ A,—1 )\ A—1
TiZ = AT \TT + 5 ((15) (Ouou)r + (1;) (OO)T - A2 +... (59)

Without matter, one can substitute 7§ = —dE/dL and again obtain a differential equation for E(L)
[4]-

With local bulk matter, we must account for states with more general time and 6 dependence.
In the general case, T¢ (t,0) # —dE/dL and we have the additional (O0), ~ (O(t,6))? terms in the
defining equation for the deformation. As stressed above, the procedure is algorithmically well defined,
but it is interesting to ask if we can derive a tractable differential equation for the dressed energies
(and dressed operators) in the case with approximately local bulk matter. We do not have any reason
to expect a simple expression in general, but in the next section we will find this to work out in a
simple class of time-dependent states (at fixed energy) which directly probe the approximate locality
of the bulk matter. Moreover, in the analysis of the GR + EFT solution space, we will discover that
the matter excitations lead to an effect on the energy multiplying the square root term in the dressed
energy (2.3), retaining their branch structure dictating their reality properties.

1/2

- - 3
221n (5.5), V is the term proportional to the uplift potential in (5.3): V(®uc) = (%) (%) V(®uc).
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6 Dressed energies capturing time-dependent local bulk matter

In this section, we derive the leading effect of matter on simple states. We begin by deriving its
structure on the boundary side of the duality. We then derive time-dependent solutions with matter
in the classical approximation on the gravity side and comment on the correspondence.

6.1 2d boundary side derivation of dressed energies in simple cases

We can obtain the leading matter contribution to the dressed energies in a simple way in some cases.
Suppose we consider a state with no bulk matter excited, and then add energy by exciting the bulk
matter. Such states include oscillating solutions for the bulk matter.

In general, we have from the defining equation of the deformation (with T} = 0 for simplicity)
O (n|H|n) = L<n|_ngTg +c000 + Asln) (6.1)

where the Hamiltonian H = —LT} and co is a constant that may depend on the operator O as
described in §3.1. We are interested in capturing the effect of matter excitations at the leading
nontrivial order, denoting as AT}, AH the new contributions to these quantities generated by the
matter excitation.

The trace flow equation is

T! +TY = —nATITS — 2A5 + 2000 (6.2)

We can now substitute (6.2) into (6.1), which in general gives
1
OE = ﬁ(LTf + LTY). (6.3)

with time-dependence arising in 7)) in the general case.

Expanding this in the effects of the matter, in the case of a general equation of state (n|ATY |n) =
F(N) (n|AT/|n), yields the differential equation

_ @+ r)
NAE = — "2 AR (6.4)

with solution
exp (_ fl (1+f(>\))d)\>

exp( f1* 1+f(A d)\>

Thus in this situation with the expectation value of the pressure being proportional to that of the

AE = AE(\.) (6.5)

energy, the effect of matter on the energy levels is straightforward to solve for.

In the next section, we will develop the classical matter solutions in our bounded (A)dS patches.
For a spatially homogeneous Gaussian matter variable behaving as a harmonic oscillator of a specific
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frequency, the expectation value of the pressure in an energy eigenstate is the same as its time average.
We will find examples of matter satisfying an equation of state of the above form, with time averaging
playing the role of this expectation value.

6.2 Bulk counterpart: matter waves and bulk gravity with fixed boundary cylinder

We next derive the emergent classical solutions describing excited matter in the bulk. This will exhibit
important physical effects of the fixed-metric boundary condition with cylinder size L.. This boundary
condition — which freezes the boundary geometry leaving us with a gravity-free dual theory — is distinct
from that of global de Sitter. A major implication of the timelike boundary deduced in [9, 10] is the
presence of the standard sign in the first law of thermodynamics when written in terms of the boundary

energy Eprown-York:
6EBrown—Y0rk = 6Ebu1k matter T T(SShorizon . (66)

In this section, we will illustrate the effect of matter in explicit classical solutions. In an ongoing work
we are also studying quantum effects associated to imposing boundary conditions on matter at the
timelike boundary. In particular, the resulting negative Casimir energy of the matter in its vacuum
state has interesting effects on the causal properties of the spacetime?3. See [70] for related discussions
in dS JT gravity in the absence of timelike boundaries.

Let us consider the purely AdS or dS part of our trajectory (i.e. before or after the uplift steps in
our deformation trajectory), and work with the action:

B 1
N 167TGN

/\/jg (r- 2%) - /\/jg <;(v¢)2 + V(¢)> + Sty - (6.7)

On the gravity side, we can work at the probe order, where the bulk quantum fields propagate on the
un-back-reacted bounded geometry, up to corrections suppressed by powers of G times gradients. In
order to capture the Brown-York stress-energy

1 1

in this probe regime, we do need to calculate the order G back reaction on the metric. The system
of probe scalar and back reacted metric have simple standing wave solutions satisfying fixed bound-
ary conditions. We stress again that in the general time-dependent setting with local bulk matter,

Changing L. is not the same as moving a cylinder within a solution for the original L. to adopt as a
new boundary, since the quantization of modes depends on L.. In other words, we are not ‘moving in
the boundary’ in a pre-existing solution, but are instead changing its proper size.

We can organize the calculation in an expansion in G times the energy scale of the bulk EFT
matter, and will work in the leading nontrivial order in this expansion, as follows. We treat the bulk
scalar as a probe of the original geometry, but we include the back reaction on gravity necessary to
capture the order 1 contributions to both the Brown-York energy and the generalized entropy. That
is, we compute the order G contribution to the extrinsic curvature K at our boundary, and the order
Gy contribution to the horizon area A.

23We thank Edgar Shaghoulian for many helpful discussions on this topic.
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24 We consider for

In this section, we summarize the calculation of the metric back-reaction.
simplicity backreacted configurations that preserve a U(1) symmetry around the 6 circle, and we
display here an explicit class of solutions on bounded patch that includes the de Sitter observer,
imposing Dirichlet conditions at the boundary of this patch. We work with the metric ansatz of the
form:

2 4 ( 21 —2D 7,2 1,0, P ( P2>2 2)
dss = ——5— | =p*Be “"dt*+ B dp* + — (1 —s— | d§* | . (6.9)
(14 557)2 4 02
When B =1 and D = 0, this metric corresponds to BTZ, Rindler, and the static patch for s = —1,0,
and +1 respectively. In these coordinates, the pole of the static patch is at p = ¢, and the horizon is
at p = 0. We will study perturbations around the background geometry including those sourced by
matter excitations by writing (with x? = 167G y)

B=1+#k?AB(t,p), D=0+rk>AD(t,p). (6.10)

Before we proceed to the calculations of the back-reactions AB and AD, we note that the Brown-
York energy of the pole patch is given as

-1 2
T! (1 + 8”662\/1 +/€2AB> (6.11)
s

L7 BaGyl 02— 5p2

for a boundary situated at p = p.. The first factor in the second term corresponds to the square root
part of the dressed energy (4.1) in the TT + Ay deformed theory. We can see this as follows. The
relationship between the p coordinate in (6.9) and the radial r coordinate in the usual BTZ/static

patch metric,
s(ri —r?) sl?
dsZBTZ/StatiC =— 7 dr? + R dr? + r2d6? (6.12)

h
is given as
r 62 +P2
— == 6.13
rn 42— p?2’ (6.13)

and applying the dictionary (3.2) we have, for example for the BTZ black hole at the Hawking-Page
level (r, = ¢ and A = ¢/6),

2p.L 47202 8GNl ¢ c
—_— 1— ——=4/1—4n2 — 1—4r2y (— ). .14
E—sp? © \/ i "I 8Gy ™y (33) (6.14)

The last expression is the square root in the dressed energy formula for A = ¢/6. Therefore, from

(6.11), we see that the effect of the matter multiplies the original square root and does not affect the
reality of the spectrum at the level of the classical solutions, as we advertised earlier.

In the following, we will solve the linearized equation in specific situations. Before doing that,
we discuss here their general structure. Upon linearization, we have 1 equation for the scalar (Ey)
and we organize the Einstein equations as the Hamiltonian constraint (Ho = Ey,0), the 2 momentum
constraints (#; = Ey;), one which is automatically zero in our ansatz because of translation symmetry
along the circle, and the remaining Einstein equations E, , and Ej g, so that we have 5 total equations.

240ur analysis generalizes the linearized part of the analysis of [71] to the case with finite timelike boundary in (A)dS.
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The Hamiltonian constraint is preserved by time evolution. Indeed, combining the linearized equations
one can see that there exist ¢;(p) such that

BiHo = c1(p)0yHa + ea(p)H + ea(p) Eo. (6.15)

Thus, we only need to enforce Hg at the initial time. In addition, for s # 0, Ey ¢ is redundant, being a
combination of the other other ones, their derivatives, and the equation for the scalar. Summing up,
our linearized system is composed by the equation for the scalar (Ey), a constraint equation for the
metric initial data (Ho), and three other equations.

6.2.1 Scalar solutions and bakcreactions in the Pole Patch

We start by considering fluctuations of the scalar around the background, and we choose s = +1 and
work with the pole patch p € [p, f] in this section. Due to linearity of the scalar equation, we can
decompose a generic scalar fluctuation as a superposition of modes

o1(t,p) = chem"‘t@k(p) (6.16)
k

and we impose regularity at the pole by requiring ¢’(¢) = 0 and the Dirichlet condition at p = p. by
setting ¢(p.) = 0. With these conditions, the set of frequencies w? is discrete and dependent on the
cylinder size L. = L(p.). We stress here again the difference between our prescription and ‘bringing in
the boundary’ in a pre-existing solution. Fixing the proper size L. of the cylinder for each point along
our trajectory leads to new solutions with different scalar frequencies as we evolve along the trajectory
by changing y = 8¢Gx/L?. Explicitly, the equation of motion for a minimally-coupled massless scalar
reduces to the eigenvalue problem

_9 ﬁa — Qﬁ 6.17
P P 2 p@k' 7Wk,0<£2+P2)80k ( . )

with boundary conditions 9,¢x(¢) = 0 (regularity) and ¢i(p.) = 0 (Dirichlet). Some examples of
solutions are shown in Fig. 3.

10000

®
30 wi? =11.439 1001
ol wi? = 62.8485
1l wi? = 155.297 B
‘ ‘ ‘ wi? = 288.825
-1t g i é ’ wi® = 463.435 02 0.4 06 0.8 ke
(b) Behavior of the first 5 scalar frequencies as
function of p. (which determines L. in the metric
(a) First 5 scalar modes for p. = 3 (6.9)).

Figure 3: Example modes solving the scalar equation (6.17) for ¢ = 1.
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We can now turn to the equations for the metric backreaction. We have one constraint equation
plus two equations for the metric perturbations AB and AD. Explicitly, they read

7 (=) (PR e
% (MAB> N 802p (02 + p2) Y (6.18a)
P _Pr (2 —p?) & b1
o (WAB) T4z (21 p?) (6.18b)
(e*=p*) (P*(81)% + $12 (2 + p?)?
apAD = (8€2p3 ) — 45352 g¢_ (618(3)

Here & is related to the energy density of the scalar field,

2 0S8 1
£ =N T = e = VYo~ 5o (2 +(V0)') (6.19)

where u* is a unit future-pointing time-like normal vector.

The first equation is the Hamiltonian constraint, and once imposed at ¢t = 0, it is automathically
solved for any ¢, provided the other equations are solved. To display an explicit backreacted solution,
we now choose as initial condition for the scalar ¢1(0, p) = 0 and we consider single mode solutions.
That is, we write the scalar perturbation as

¢1(t; p) = sin(wit)pr(p), (6.20)
for a given fixed pair (wg, ¢r).

Since the appearance of the scalar in the metric equations of motion is quadratic, a single mode
will give rise to a piece constant in time and a piece proportional to sin? (wgt). We can thus parametrize
the backreaction as

AB(t, p) = ABo(p) + sin®(wit) ABi(p) (6.21)
AD(t, p) = ADg(p) + sin®(wxt) AD1(p) (6.22)

Plugging in the equations of motion (6.18) we find

(¢* = p*) o),

AB, =
! 802p

(6.23)

and the system of ODEs

+p 82p (£2 + p?)
2,2 4 4
prwp (¢4 = p*)
(¢ = %) (7 () = 0e)
8023

AD) = —

(6.24c¢)
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When solving these equations, we impose regularity of the solution at the pole
ABqy(t,l) = ABy(t,£) = 0. (6.25)
Finally, to enforce the Dirichlet condition at p = p., we also impose
Agul,—,, =0 <& ABo(l pc) =2ADo(t, pc), ABi(t, pc) = 2AD1 (1, pe) (6.26)
Given (6.23), the regularity of AB; at the pole is automatically satisfied if the scalar field is
regular. There are three integration constants to fix when solving the ODE’s (6.24). The regularity
of ABy at the pole fixes one. Imposing (6.26) fixes the remaining two integration constants. After

imposing the regularity condition and the Dirichlet condition for the time-dependent part of Agy
(setting ABy = 2AD; at p = p.), we get

Ap — =) e(p)e ()

1= 802, (6.27a)
(P47 P wp (= 5P) e(p)?
ABy = /g oF ( e I (6.27b)
P (P2 m2N\2, (= 4 ,
AD, — /p | (¢ p4)€2<€§p) dp+ G 8)€2pp)<p () (6.270)
ADy = / P wie(p 25 EQ@; )dﬁ + (6.27d)

as the solutions to the equations (6.24). Fully imposing the Dirichlet condition (6.26) then fixes the
remaining integration constant as

(ELf [ PeGr
£

2
207 SCHE 1 57) P (6.28)

Yo =

completely determining the solutions. Fig. 4 shows some plots of the metric back-reaction for the first
three modes in this case.

ABy 2ADy-ABy — 2AD;-AB,
1.V\ 4.&\ 10.
S~
| ‘ ‘ ~— p
0.6 0.8 1.7 0.6 0.8 1. 0.6 0.8 1"
-1. -4. -10.
-2 -8 -20.

Figure 4: Metric backreaction with Dirichlet boundary conditions for the first three scalar modes
(pe =0.5,0=1).

We can compare the time-averaged change in Brown-York pressure and energy on these back-
reacted solutions, in order to obtain an equation of state. Explicitly, the change in the (¢,¢) and (6, 6)
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components of the BY tensor after taking backreaction into account is given as

—2p.AB(p)
1
AT = g (= p)AB(p0) + el + p2)(AB (pe) ~ 28D () (6.30)

Using the Einstein’s equations (6.18a) and (6.18¢), we have

(2 = p2)(* + p2)?

pc(gQ + p?) (AB'(p.) —2AD' (p.)) = —2(62 - p?)AB(pC) - 1664

#'(pe)?. (6.31)

Combining the results, we can relate the order-1 change in the BY pressure and the energy density as

02 _p2)2 (62 _p2)(g2 +p2)2
ATY = (7CATIL‘ — £ ¢ (pe)?. .32
[4 4€2pg t 16€4Pc ¢ (pc> (6 3 )

We consider a single-mode scalar with ¢ = sin(wt)p(p) and time-average the above equation over a
. 27w
period ( [y dt) to get

2 = p2)° (€% — p2) (&% + p2)?

The terms (ATY) and (AT}) are proportional to w, as a consequence of the relevant metric backreaction
being proportional to w?, as seen from (6.27), and of the time-averaging introducing an w~? factor. For
large w, the final term in (6.33) is also proportional to w , by virtue of the fact that ¢’(p.) & w. This
latter statement can be understood from the large frequency behavior of the scalar modes, which for
large w approach the flat space oscillatory behavior ~ e?“*  or numerically by using the explicit mode
solutions of (6.17). This assumes a common normalization of the solutions to (6.17). Regardless of
the normalization we can consider ratios, and combining the arguments above we obtain the equation

of state of the form

4
AL Fed0). (634

where k denotes the index of the mode, with frequency wy. This relation realizes the case discussed

above in boundary language in §6.1.

6.3 First law of thermodynamics for the Cosmic Horizon patch

In this section, we study the back-reaction in the cosmic horizon patch and verify that the solutions
satisfy the first law of thermodynamics (6.6) in [9, 10] at the probe level. We modify the metric ansatz
a little by writing the back-reaction in terms of f1(¢, p), f2(t, p) defined as

(0% + s5p?)? 1 fi(t, p)
= _— D = —1 .
B(t,p) fl (t7p) ( 4p2€2 ’ (t7p> 2 0og fz(t,p) ) (6 35)
in terms of which the metric ansatz reads
60°p? (% —sp*)?
2 2 2 2 2 2
ds® = —sl” fodt* + @+ 52 dp® + /¢ @7 sp2)2d9 . (6.36)

— 98 —



On the background, we have

O _,_ (=350 0 _ 0
R e ER L L (%47

and the zero-th order solution describes the static patch/BTZ for s = +1/—1 as before. To work with
the cosmic horizon patch, we set s =1 and p € [0, p.], and impose Dirichlet boundary conditions for
the metric back-reaction at p = p.. We look for linearized solutions of the form

A=A 410, fa= 0+ K2Af. (6.38)

The change in the horizon entropy AS = AA/4Gy is captured by a shift in the position of the horizon
from p = 0 to p = pp. To find this shift, we need a solution for A f;, which can be found by integrating

(& =) (p°d +9%) _ €

0, Af1 = . 6.39
P fl 2p(£2 +p2) ; ( )
Vanishing of g”? at the new horizon p; means that we have
4£2P2
filt,pn) = ——1— + K2Af; = 0. (6.40)
(¢ + pp)?
The solution for Af; can be written as
rES
Afilto) = [ “rdicy,. (6.41)
Pe
and using this solution, (6.40) becomes
4(2/)% 5 Ph qu
——th —dp+rK°Cy, =0. 6.42
(€2+p,21)2+ﬁ /pc 7 p+rCp (6.42)
Each term in (6.42) can be re-written using
TAA pz 0% 4 p?
TASpor = =——h <, 6.43
LTE AGNLp. 02 + p? (6.432)
024 p?) [PeE?
ARy = T PE) / _dp, (6.43b)
Epe Ph ¢
C EQ 2
AEBY — w (643C)
lp.
to yield
K20p, CTAShor
— — AFE . + AFE =0. 6.44
m(£2 + p) ( 2+ pj, o BY) (649

The shift in the horizon p7 ~ Gy is suppressed in our approximation scheme, and therefore, at the
probe level, the above equation implies

AEpy = AEmat + TAShor (6.45)
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confirming that the first law of thermodynamics (6.6) holds for our solutions, with the positive sign
[9, 10].

7 T?+ J?+ Ay, and a charged static patch horizon

A special time-independent case of the TT + O? + A, deformation is the case where O corresponds
to a conserved U(1) current J in the boundary theory. A CFT deformed this way has been discussed
previously in [55] as being dual to a U(1) gauge field A, in the bulk, with J being the corresponding
conserved current. At large c <J 2> factorizes, and one can solve for the deformed energies in closed
form. Here we present this solution for d = 2. For d > 2, the deformed energies are solved for in [55].

The deformation of the Lagrangian is given by

oL - Ay L=

1—n
2mA2’

(7.1)

The differential equation for the deformed energies is computed using the Hellman-Feynman theorem:

oE,

it = (nl OH |n) (7.2)
_ 1 (om0 gy - Lo
—L <27T<TT> = 5 (J) 2m2> (7.3)
27 oE, P? Q*> (1-nlL
=7 <E oL " L) SV TSR (7.4)

where we used that in Euclidean signature Hype = [ d¢Line, and <Jj> =(J) <j> = % = A?; at

large c. In terms of the dimensionless energy &, = E,L and y = \/L?, the solutions to the above
differential equation are

1
€(y) = — [1 Vi + oy 4n T 5 2nQPylog(y) (7.5)

with C7 a constant. Here, we have the freedom to choose the sign in front of the first square root,
and the sign in the square root is fixed by the sign of the J.J term in the flow equation. The above
solution differs from the pure T'T solution in the extra ylog(y) term inside the square root.

These deformed energies are reproduced via a bulk analysis by considering a 3d Einstein plus
Maxwell theory with cosmological constant

1 n 1
— 3 v

We consider Dirichlet boundary conditions for the gauge field A,,, so that the variation of the action
with respect to A at the boundary goes to zero

5AShary = — / B/ g0, (6A, F*) = 0, (7.7)
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eliminating the need to add a boundary term associated to the Maxwell field to the action. The
solution to the corresponding equations of motion is the Reissner-Nordstrom black hole in AdS, and
the static patch with a charged horizon in dS. The metric is [72]

dr? 4GT \°
ds? = —f(r)dt? + — + 712 [ dp? — —= )
s f(r)dt® + ) +r < 10) 2 dt) , (7.8)
where
r?2  16G2J? r
flr)y=-8GM + U + 2 87Gq? log 7 (7.9)

In d = 2 the electric charge renormalizes the mass, and we can write f(r) in terms of the renormalized
mass at some scale 7o [72],

r2  16G2J? r
f(r) = =8GM(ro) +nyz + —5— = 87Gq* log o (7.10)

M(ro) = M + 7q¢* log %O. (7.11)

To derive the deformed energies, we again use the holographic stress tensor

Tij = el (Kij - Kgij + lgij) (7.12)
to get
1 ¢ 1 2 £2 r
ot _ & 1/2) _ _ . £ . re
= ga (1 7ncf(rc) ) e (1 \/77 SGMT(% 87Gq 2 log (r())) : (7.13)

We note that this energy matches with (7.5) upon applying (3.2) and identifying 72£¢® = Q? to get

1
—L*T! = P <1 — \/n —2my&, — 271Q%y log (l/yo)) (7.14)
T

where we defined yo = 8G¢/(2771()? so that

e 1 L? 1 Yo
log (To) =3 log (L%) =3 log <y> . (7.15)

This evaluates to a result that matches Eq. (7.5):

1 A
Tt — _ _ Z 2 —_
T, - 1 \/17 LM (rg) oLl log — + (7.16)
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8 Summary and Discussion

In this work, we have developed a concrete proposal for a holographic dual definition of weakly curved
three-dimensional gravity plus matter with positive cosmological constant, in the presence of a non-
gravitational timelike boundary. This finite quantum system validates the microstate count obtained
from the universal and solvable 7T + Ay deformation in [3] (matching [1, 2]) by embedding the latter
into a theory which captures effective field theory matter with local boundary conditions.

The algorithm we presented to construct the theory prescribes brute-force tuning steps which
are possible thanks to various technical developments in the field. In particular, the utility [73] of
specifying theories through a differential equation extends beyond the simple solvable T'T case [55],
but requires extra ingredients to address bulk matter. We can work with an explicitly regulated,
finite theory using the cutoff on the real spectrum from pure TT as the first, infinitesimal step in
our procedure. With this regulator in place, we can tune away divergences in composite operators
required to deform bulk matter boundary conditions, matching to their large-N definition (worked
out in [55] and generalized here). This enables one to formulate the boundary theory as in algorithm
1. This theory matches, by construction, GR + EFT where that description applies, and defines
the quantum gravity theory beyond that (including at the bounding wall, which is a UV-sensitive
ingredient). Along the way, we analyzed the solution space of bulk matter interacting with gravity,
illustrating their interplay and reproducing the thermodynamic relations [9, 10] appropriate to the
dual as an ordinary quantum system: e.g. the first law of thermodynamics takes the standard form
(6.6) in terms of the quasilocal (dressed) energy.

A key outcome is, as already emphasized, the confirmation that the Gibbons-Hawking entropy
admits a precise microstate count explanation [3]|, in a finite quantum system with a type I Von
Neumann algebra which captures the local dS geometry. Although defined concretely by algorithm 1,
we do not have a closed-form expression for the Hamiltonian. Still, we found some observables — such
as the effect of matter excitations with a simple equation of state on dressed energies — whose structure
is calculable on both sides. More could likely be done along those lines. Moreover, as already stressed,
our theory contains a core, universal sector matching de Sitter gravity that is described by the solvable
TT + Ay deformation with explicit Hamiltonian (up to matter-dependent fine structure among the
cosmic horizon microstates that is not visible in the gravity description). It would be interesting to
connect to other proposals under development for finite quantum systems with de Sitter features such
as [29, 34, 35, 74], including the method of trading fluxes in explicit compactifications for branes which
reveal some of their microscopic content [75], applying that to modern examples such as [31, 56, 76].

In general, the non-gravitational timelike boundary included in this work simplifies holographic
duality. It is of course essential to upgrade to four external spacetime dimensions (with uplift exam-
ples starting from AdS/CFT available in [56]). There, at least naively we lose one of our essential
ingredients: the 2d T'T prescription for regulating (cutting off) the theory. The obstruction lies in the
graviton sector of the 4d gravity theory, which is absent in 3d. This 4d graviton sector is analogous to
the bulk matter in 3d. Perhaps it is possible to define a solvable quadratic operator even in 4d which
only provides a Dirichlet condition for the non-graviton gravitational degrees of freedom. As in the
present work, one would obtain this regulator via a very short initial segment of the trajectory, after
which the full quadratic operator [55, 77] would enter (analogously to (OO), in the present work).
Also in 4d, the subtleties with Dirichlet boundary conditions may require switching to other options
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such as conformal boundary conditions as in [12, 15, 22-24].%°

Let us finish with one final comment. In addition to simplifying holography, manifolds with
boundary are as generic (perhaps more so) than the case without. However, such holes in space
might be expected to have been diluted by inflation, similarly to monopoles and other exotica. In any
case, independently of theoretical motivations, the observed positive cosmological constant and other
data is presumably compatible with the existence of such boundaries at some level, provided they are
sufficiently small and of sufficiently low density. It might be interesting to develop signatures — such as
novel types of mirrored images that are not caused by gravitational lensing — and use observations to
place bounds on the presence of non-gravitational timelike boundaries within our observable horizon
(in the spirit of e.g. [78, 79]).
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