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We construct a holographic map that reconstructs massless fields (scalars, Maxwell field, and Fierz-Pauli
field) in half-Minkowski spacetime in d + 1 dimensions terms of smeared primary operators in a large-N

factorizable CFT in R4~!'!. This map is based on a Weyl (rescaling) transformation from the Poincaré
wedge of AdS to the Minkowski half-space and on the Hamilton-Kabat-Lifschytz-Lowe smearing function,
which reconstructs local bulk operators in the Poincaré AdS in terms of smeared operators on the conformal
boundary of the Poincaré wedge. The massless scalar field is reconstructed up to the level of two-point
functions, while the Maxwell field and massless spin-2 fields are reconstructed at the level of the one-point
function. We also discuss potential ways the map can be generalized to higher dimensions, and to the full

Minkowski space.
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I. INTRODUCTION

Maldacena’s holographic duality or AdS/CFT corre-
spondence [1-4] has provided us with a nonperturbative
formulation of quantum gravity in asymptotically anti—de
Sitter (AdS) spacetimes in terms of a nongravitational
(large-N factorizable) conformal field theory (CFT).
Equipped with this nonperturbative formulation, substan-
tial progress has been made in understanding fundamental
foundational aspects of quantum gravity, such as how a
quasilocal bulk spacetime emerges from the underlying
CFT degrees of freedom, how the quantum entanglement
dynamics of the CFT give rise to gravitational dynamics in
bulk AdS, quantum properties of black holes including the
black hole entropy puzzle, and even led to the prospects of
a resolution of the black hole information paradox via
unitary dynamics of the CFT. However, the situation is
starkly different in backgrounds that are not asymptotically
AdS. Although generic arguments from black hole physics
suggest that, analogously to AdS/CFT, one must have
holographic dual definitions or formulations of quantum
gravity in generic spacetimes, e.g., asymptotically flat or de
Sitter (dS) spacetimes, unlike AdS/CFT we do not have
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generic formulations of such holographic dualities apart
from isolated examples [5,6]. Nevertheless, by examining
the (asymptotic) symmetries of a given spacetime, it is
possible to infer the global symmetries of the holographic
dual (field) theory [7-17]. Subsequently, from the infor-
mation about the (global) symmetries of the dual field
theory alone, a lot of the quantum gravitational dynamics
in/of the bulk can be reconstructed or derived. As was
done for AdS in the Hamilton-Kabat-Lifschytz-Lowe
(HKLL) program [18-24], purely using the generic
constraints of conformal symmetries of the dual CFT,
one can reconstruct dynamics quasilocal bulk fields in the
large-N approximation. In this work our interest is in
asymptotically flat spacetimes. There has been tremen-
dous activity on holography in asymptotically flat space-
times, especially in 3 + 1-dimensions, over the past ten
years. The so-called Celestial Holography program (see
[25-30] for a review) whereby one attempts to reconstruct
scattering matrices of interacting local bulk fields (includ-
ing gravitons) in R*! out of correlators of conformal fields
[SL(2,C) primaries] supported on the so-called celestial
2-sphere S? obtained by suppressing the null direction of
future null infinity. A second approach is the Carrollian
Holography program [13,31-36]" whereby the Poincaré
group realized as conformal symmetries of (future) null
infinity, Z, and the so-called Carrollian conformal fields
supported on Z being dual to local fields in R>! (see [37]
for some details).

"This list is by no means exhaustive. Interested readers are
referred to the references and citations of these papers.
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For an alternative approach to flat space bulk
reconstruction in terms of holography of information see
[38]. However, in the case of the Celestial Holography or
Carrollian Holography program, the boundary dual field
theory is unknown.” More generally, one must note that
unlike in the case of the Maldacena duality, one does not
know how to construct explicit gauge theory duals of
asymptotically flat space gravity from top-down string
compactifications.” While the Blanks-Fischler-Shenker-
Susskind (BFSS) matrix model [5] formulation of M-
theory in the light cone frame does provide a dual quantum
mechanics model of an asymptotically flat gravity back-
ground, the role of conformal infinity and asymptotic
symmetries is not clear in this approach (see [43,44] for
some recent attempts), so the conventional tools of holog-
raphy such as the HKLL map etc cannot be utilized readily.
Notwithstanding, one can try to gain insight into flat space
gravity by constructing the smearing functions for flat
space gravity either in the Celestial or Carrollian hologra-
phy program by replicating the success of the HKLL
program for asymptotically AdS gravity. In this work,
we take a step towards this direction. We consider here half-
Minkowski space, described by the metric in Cartesian
coordinates ¢, x, z,

ds* = —di* + dx - dx + d7z?, (1.1)

with a maximal range for ¢, x, i.e., f,x € (—o0, ), while z
is allowed to take values on the half-line ze& (0, ),
instead of full Minkowski space. In some ways, the
half-Minkowski space will be a counterpart of the
Poincaré wedge of the global AdS space and are related
to each other via a Weyl rescaling of the metrics. As such,
the dynamics of local fields propagating in half-
Minkowski space which transform nicely under Weyl
rescaling transformations can be obtained from their
dynamics in the Poincaré AdS wedge but the dynamics
of the local fields in the Poincaré wedge of AdS, | can be
obtained from their nonlocal holographic CFT dual
operators living on the conformal boundary (z = 0) of
the Poincaré wedge namely Minkowski space RY~""!, via
the HKLL smearing function construction [19,20]. Putting
these two facts together we obtain a holographic smearing
function map for the local operators in the bulk of

“However, see [39-41] for a boundary description of flat space
Jackiw-Teitelboim (JT) gravity in 1 + 1-dimension in terms of a
matrix model (ensemble of celestial theories).

*One can perhaps consider the M3/LST duality obtained by
deforming a CFT, by irrelevant couplings [42] as an exception, in
the sense that the background metric is asymptotically flat.
However, in this case, there is a nontrivial dilaton background
that diverges at spatial infinity, and the dual theory (little string
theory) is not a local field theory that does not admit UV
completion.

half-Minkowksi space, and nonlocal CFT operators in
full Minkowski space with one less spatial dimension.”
We note that this map, just like the HKLL map, is obtained
in the planar limit N — oo, i.e., the leading semiclassical
approximation in the quantum gravity in the bulk (vanish-
ing Planck length). In this limit, the equations of motion of
the local fields in the bulk are linear (free fields). One can,
of course, perform 1/N corrections to this map and
reconstruct the interacting physics of bulk fields in the
half-Minkowski space as well, as was done for AdS
[21,22,24]. However, we leave that exercise for followup
works.

The plan of the paper is as follows. In Sec. II, we
reconstruct the massless scalar propagating in half-
Minkowski space by smeared primary operators in a
CFT by first mapping the massless scalar to a conformally
coupled scalar in the Poincaré wedge via a conformal
transformation (Weyl rescaling) and then appropriating the
HKLL map (smearing functions) [18-20,23]. Our analysis
is restricted to the case of CFT dimensions, d = 1, 2 for the
sake of convenience; for these conformally coupled scalars,
the HKLL smearing functions is not the correct one for
d >3, and one should work with more general smearing
constructions [46—48]. After reconstructing the scalar field
itself (one-point function), in Sec. II A, we proceed to
reconstruct the Wightman functions in the half-Minkowski
space in Sec. I B. For d = 1, we are able to reconstruct the
bulk Wightman function (for both spacelike and timelike
separations) analytically, while for d = 2, the smearing
integrals are performed numerically for the timelike sep-
arated case and shown to be equal to the bulk supergravity
(SUGRA) Wightman function. In Sec. III, we take up the
reconstruction of the Maxwell field in 3 4 1 dimensions for
obvious phenomenological reasons. This is accomplished
straightforwardly since the Maxwell equations are con-
formally invariant in 3 + 1 dimensions. We end the section
with comments on extending to higher spacetime dimen-
sions. In Sec. IV, we look at linearized metric fluctuations
in (3 4 1)-dimensional half-Minkowski spacetime. To this
end, we begin with the equation for linearized metric
fluctuation in the holographic gauge [23] in the flat side
and then perform a conformal transformation to the AdS
Poincaré wedge. Conveniently this turns into the equation
of motion for a free massless spin-2 field in AdS space with

AdS radius scaled up by a factor of /3, again in the
holographic gauge. This readily allows us to reconstruct the
linearized metric fluctuation in the half-Minkowski space
from the HKLL metric fluctuation reconstruction in holo-
graphic gauge [23]. We end this section with comments on
extending this construction to arbitrary spacetime dimen-
sions. In Sec. V, we discuss our results and provide an

*“In this regard, we should point out to the recent work [45]
where the authors have reconstructed massive fields in full
Minkowski space from observables at the spatial infinity.
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outlook for future work. Finally, in the appendices, we
collect some useful mathematical details.

II. CFT RECONSTRUCTION OF SCALAR FIELDS
IN HALF-MINKOWSKI SPACE

The Poincaré wedge of AdS,

2

l
ds* = = (dz* + dx*dx,),

220, (2.1)

is conformal to half-Minkowski space, with the conformal
factor Q?(x) = I?/z% Consider a massless conformally
coupled scalar in Poincaré AdS,

= d-1_
O-——R)p=0,
(- )

where [ is the d’ Alembertian operator in Poincaré AdS,. ;.

(2.2)

Since the Ricci scalar for AdS,,; is a constant, R =

d(";H) the equation of motion of the conformally coupled

scalar turns into that of a minimally coupled massive scalar
field,

(2.3)

of mass

(2.4)

Note that this mass-squared is in the Breitenlohner-
Freedman stability regime u> > —%2. This conformally

coupled scalar is then dual to a quasi primary field in
the CFT with conformal dimension

A4t
2

(2.5)
Under a Weyl rescaling by the conformal factor, Q?(x), we
get

_d-1

p=Q7 7¢, (2.6)
and Eq. (2.2) turns into a massless (conformally coupled)
scalar field propagating in half-Minkowski space,

Og = 0. (2.7)
Here [ is the d’Alembertian operator in R%!. To see this

we use the transformation properties of [ and the curvature
scalar, R under Weyl rescalings [49],

= + 1- +
Op=Q%0p + TdQ_dZ_S((p 0Q)
(d=1)(d=3) ( s >
f(g 2¢)|VQ . (28)
d=1._ d—=1__us l—d__ as
(d=1)(d=3) ( s 2
_ ) (g z(p>|VQ , (2.9)

where the unbarred quantities are in flat space, and the
barred ones are in AdS space. Putting the above equations
in (2.2) along with the fact that R = 0 in flat space we
get (2.7).

A. The CFT to half-flat smearing function

The conformally coupled scalar in Poincaré AdS can be
reconstructed from the dual CFT defined over R'*~! using
the HKLL smearing function [18-20,23],

P(2.x) = / AR (x, 2 ¥) 0L (), (2.10)

where

Ka(x, z|x) = C(A, d)(67)20(c7), (2.11)

where o = o(x, z|x/, /) is the AdS-invariant distance func-
tion for a pair of points namely (x,z) and (x,z’) in AdS,
and 67’ = lim,_ 67. The normalization constant, C(A, d)
depends on the boundary spacetime dimensions and the
conformal dimension of the primary” after setting A = %.
Then, upon performing the Weyl rescaling transformation
(2.6), the massless scalar in the half-Minkowski space in
d,1 dimensions can be reconstructed from the CFT in
R1d-1,

@(z,x) = /ddx’KA(z,x|x’)(’)A(x’), (2.12)

K — Q5K, — <l)%C(d) (6)20(67),  (2.13)

where C(A = 4t1, d) = C(d). This CFT to half-flat space
smearing function for conformally coupled scalar fields,
(2.13), can be expressed in Lorentz-invariant form as

K(s) = 27C(d)s™7 0(s), (2.14)

>See Appendix A for a short derivation.
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where s = 72 — (1 — 1')? — (y —y')? is the Lorentz invariant
interval Wick-rotated in the boundary spatial coordinates
(i.e.,yy = x). One can directly check (see Appendix B) that
this smearing function satisfies the equation of motion for
the conformally coupled field; namely,

OK(s)=0.
However, since the HKLL smearing function CFT integral

for a scalar is only well-defined for A > d — 1 [23], this
|

(@(z1,x1) (22, %2)) :/ddxllddxlzKA@l?xl|x/1)KA(ZZvx2|x/2)<0A(XII)OA<x/2)>CFTd7

where

(Os(x1)On (%)) crr, = (2.16)

1
(v =)

Recall that we can have either d = 1 or d = 2; we take up
these two cases separately.

1. d=1 case
For this case, the bulk SUGRA Wightman function is

— )2 )
e e

(2.17)

(see Appendix C).

CFT reconstruction: For d=1, A—d =0 and the
smearing function (2.13) is simply the step function,
restricting the support to the spacelike region. We proceed

J
i 00.0) = [an [ar

)

flat-space smearing (2.13) is well-defined only for d < 3.
For d > 3, one has to work with a different smearing
function (distribution), e.g., one that can be obtained using
a mode sum approach.

B. CFT reconstruction of bulk Wightman functions

Using the universal form of the CFT two-point function,
one has to show that (2.13) reproduces the usual Wightman
function for free massless scalar in flat space i.e.,

(2.15)

separately for two cases. First, we consider bulk operator
insertions at spacelike separated points. For spacelike
separated bulk points, we can choose t; =1, =0 and
the right-hand side of (2.15) is

bal 2 1
.0 0)=C? | df dty——
@090y = [ [Cat s
1

21 1
o [fan (A,
—21 ! t/l - Z2 t/l + Z/Z

(21 = 22)2

=C%In )
: (z1 +22)?

(2.18)

Next we consider the case when the bulk operators
locations are timelike separated. To further simplify the
situation, we choose t, = 0 and z; = z, = z (note that the
condition for no overlap over the boundary smearing
supports is #; > 27),

1
2

n+zo htzodf
= C12 —1 - 71 ’
n-: ty—z+ie J_. i +z+ie

= C,?[In(t; — ie) — In(t; — 2z — ie) — In(t; + 2z — ie) + In(t; — ie)],

(tl - i8)2

=C/’lnhn———~2—.
! n(tl —ie)? —47?

Thus, in both cases, we recover the SUGRA result (C7) if
we identify the factor C,% = —4—1”. The sign discrepancy
arises from the fact that we are using the “mostly minus”
metric convention for field theory (CFT) while on the
SUGRA side, we are using the “mostly plus” convention

(2.19)

I
appropriate to GR. The factor of 47 is due to the difference
in normalizing the coefficient of the two-point function in
CFT (where it is 1) versus the usual SUGRA normalization
of the two-point function. This 4z can be easily fixed by

inserting a factor 1/v/4x in the smearing function (2.13).

026026-4
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2. d=2 case

The half-Minkowski space (bulk) Wightman function
when d = 2 is

(X)) = ( : :

ar\X—7]  [X-7,]

>, (2.20)

where X = (t,x,,21), Y = (t, x5, 2,) are the location of
two local operators and Y, = (f,, —x;, —2») is the location

[(=(1

of the image operator. As is usual for the Wightman
function, one needs to introduce an ie prescription by
replacing t; — t; + ie. Refer to Appendix C for the details.
We are content with reconstructing the case for which X, Y
are timelike separated, X = (#,,0,z) and Y = (#,,0, z),
with #; —t, > 2z so that there is no need for the ie
prescription.

CFT reconstruction: Noting that A =3 for d = 2 from
(2.5), and using (2.13) and (2.15), the CFT integral
representation of the bulk Wightman function for d = 2 is

B t1)2 - 'X’Jl2 + Z%)(_(tlz - t2)2 - x/22 + Z%)]_% i (221)

(9(11.0,21)9(1,,0.2,))) =21C22/dX’1dx/2dfﬁdt’z

The range of the integrals is determined by

(=1 +x2 <22

= =5 = (% )]

(1/2 - 12)2 + x/zz < Z22.

Here we have set x; = x, = 0. For timelike separated points, we can conveniently choose z; = z, = z and f, = 0, and
additionally, we can set #; > 2z so that the two smeared operators in the CFT do not overlap. In such case, the above

expression becomes

(p(11,0,2)9(0,0,z2)) = 2ZC§/

(fj=t1)?+x2<2?

/ / / /
dx\dt| / dx,dt,
124x2<2

(= = 1) = f + )18 =8 + )

(= 5 = () = P

To determine the constant a, we perform the integrals for small z and compare with the small z expansion of the bulk
SUGRA Wightman function (C5) (see Appendix D). We obtain

G

= PPTEYIVER

: (2.22)

Thus, the appropriately normalized (SUGRA norm) smeared CFT two-point function becomes

Linear scale plot

10

Two point function

FIG. 1.

8 10 12

Two-point function as a function of 7 for different values of z.

026026-5



BHATTACHARY YA, DOGRA, and ROY

PHYS. REV. D 110, 026026 (2024)

Log scale plot
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FIG. 2. Log-log plot of two-point function as a function of ¢ for high values of z.

(p(11,0,2)9(0,0,z2)) =

This integral is not tractable analytically and we proceed
further numerically. The integral is computed numerically for
three distinct values of z, and for many different values ¢, for
each z. The results are shown graphically in Fig. 1, where the
CFT integral representation of the bulk two-point function
(2.23) is plotted as a function of #;. The solid curves in the
correspond to the bulk result (C5) while the points are the
numerically computed values of the CFT smearing integral
(2.23). Figure 2 shows the log-log plot version of the same
data [solid curves represent the bulk Wightman function,
while the points represent numerically computed values of
(2.23)]. From the numerical estimates, it is obvious the
smearing of the boundary (CFT,) Wightman function (2.23)
reconstructs that bulk Wightman function (C5) for the
timelike separated case (with nonoverlapping smearing
regions, #; > 2z). The spacelike separated case is a bit more
subtle as one has to keep an ie prescription in the CFT two-
point function due to the overlapping of the smeared regions
along the time direction. We leave this case for future work.

III. MAXWELL FIELD RECONSTRUCTION

Now we discuss the CFT reconstruction of a Maxwell
field in half-Minkowski spacetime, specifically in 3 + 1

o o o [

—nf - )= B )
=B — -

(2.23)

dimensions. We start with the AdS, metric in Poincaré
patch. We remind ourselves that this metric is conformal to
Minkowski half-space with the conformal factor is defined
in the Sec. II. Now we know that Maxwell theory, defined
by the action,

1
S=-3 / d*xF"F,,, (3.1)

remains invariant under the conformal transformation of the
form mentioned below (2.1) in 3 + 1 spacetime dimen-
sions. It can be also shown that, F,, hence A, remains
invariant under this scale transformation in 3 4+ 1 dimen-
sions. In [23], the reconstruction of the Maxwell gauge
field have been done for Poincaré AdS,. Given the fact that
in 3+ 1 dimensions gauge field remains invariant under
conformal transformation, it straightforwardly follows that
we can reconstruct the bulk Maxwell gauge field for the
Minkowski half-spacetime and the kernel will be identical
to that given in [23] provided one use the same gauge as
[23], namely the holographic gauge where we choose

A(z.x) =0, 04, =0. (3.2)

H"

026026-6
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We should note that, here, the CFT data is given at z = 0
hyperplane, which is not the null infinity of Minkowski
space. It is also obvious that the reconstruction of the
Maxwell two-point function using CFT smeared operators
will proceed identically to [23] in a holographic gauge. As
observed for the scalar case, if one projects out the pieces of
the two-point function (in general n-point function) which
are not invariant under translation symmetry, then one
obtains a reconstruct the Maxwell field for the entire
Minkowski spacetime from a CFT.

Note that the Maxwell theory is not invariant under scale
transformation other than 3 4+ 1 dimensions. So the argu-
ment presented here will not hold other than 3+ 1
dimensions. However, as will become evident from the
CFT reconstruction of graviton fields in the next section,
there is a possible way to deal with the CFT reconstruction
of Maxwell fields in general spacetime dimensions even
without the conformal invariance of Maxwell action.

IV. RECONSTRUCTION OF BULK METRIC
FLUCTUATIONS

Finally, we will discuss the possibility of reconstructing
the graviton field for half-Minkowski spacetime from CFT.
Note that we want to reconstruct the graviton field, which
satisfies the (3 + 1)-dimensional Einstein’s equations.
First, we note the following property of the linearized
massless spin-2 field under Weyl rescalings,

h,, = Q%h

Q=z (4.1)

H (A

We set the AdS radius to unity at this point for convenience.
We will restore it in the final step. Here h,, satisfies the
linearized Einstein equation in (3 + 1)-dimensional half-
Minkowski spacetime while / is the linearized metric
perturbation in Poincaré AdS [but with a different cosmo-
logical constant, refer to (4.14)]. To be precise, ﬁﬂy satisfies
the corresponding linearized equation obtained by Weyl
transforming the linearized Einstein equation in flat space
to the AdS, spacetime in the Poincaré patch. In (3 + 1)-
dimensional (half)-Minkowski spacetime, the linearized
Einstein equation can be found from the linearized Ricci
flat equation, i.e.,

R, =0. (4.2)

N[ =

Under the conformal transformation (4.1) for generic
metric g, = Q27,, we get,

R, =R, — 3,V In(Q) + (d—2)(-V,9,In(Q)

+ 0, In(Q)d, In(Q) — 7,0, In(Q)0"In(Q)),  (4.3)
where d is the spacetime dimensions. Now we need to
linearize it, i.e.,

g+ h = Q2T + By (4.4)

We will eventually consider the background metrics g,<3>

and g,(,(,),) are half-Minkowski and AdS metric, respectively.
First of all, we note that by linearizing the left-hand side of
(4.3) and setting to zero we get the usual linearized Einstein
equation for £, ie.,

o,h —V h*,.

1 1
Evzhw + Vv,) =0, v, = (4.5)

T2
h is the trace of h,,. Also, we have set d = 4. We can
further simplify this to get,

Phy, — 04(0,h°, + 0,h%,) +20,0,h = 0.  (4.6)

This is the usual wave equation for graviton on the (half)-
Minkowski spacetime.

We also linearize the right-hand side of (4.3). From the
zeroth-order term we get

RY — g9V In(Q) + 2(-V V9, In(Q)
+(9,1n(Q))(9, In(Q)) - 7 (9In(Q))?) = 0. (4.7)

This indeed gives the following equation in 3 4+ 1 dimen-
sions for Q = z,

RY = AgY. (4.8)
A is the four-dimensional cosmological constant,
A= =3,

This is exactly what the AdS, metric should satisfy. Next
we look at the linearized equation for the perturbation 13,,,,.
We get the following:

1

- - - 1~ - -
VOO, +VOR) = 2V,0,h =5 (VO hy, = (V10 In(@)

2

- 1 e - -
+ <~E,O>V(O)/’h",; - Eg,ﬁ?v("”’h +VOhe, 4+ v£°>ha,,> 9, 1n(Q)

+ 50 ROV 1n(Q) - 2(h,, (91n(R))* - Gi) h 9, In(R)dy In()).

(4.9)

026026-7
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Noting that
(VO In(Q) = -3,

we can see that first line of (4.9) is coming from linearizing
the Ricci equation on the AdS background i.e., linearizing
the left-hand side of the equation below,

R, +3g, =0. (4.10)

Next following [23], we choose the holographic gauge i.e.,

h, =0=Hm h

Z
V4l

— () — h?
2z z;t_o_hw

where a takes three values ¢, x, y. Note that, h = h*, 4+ h“ .
By the choice of the gauge A%, = 0 and 2, = 0. Hence,
h = 0. Also, the derivatives are with respect to the back-

ground metric; hence, i.e., v(o)”ﬁﬂ) = 0. So in this gauge,
only nonvanishing contribution to (4.9) comes from the
following terms:

- - - 1=~

VOV R, +VOhe,) — 5 Va0,

(VNh, — h,, (V)2 In(Q) — 2, (01n(Q))?.
(4.11)

Now (V@)21n(Q) = -3 and (dIn(Q))> = 1. So we get

VO VO, + VO he,) —

v 7(0
Vo, ==V, +hy,.

1
2

N =

(4.12)

The first four terms come from linearizing the Ricci tensor.
So this entire expression comes from varying left hand-side
of the following Ricci equation,

R, + 9 =0. (4.13)
Restoring the AdS length scale (/) we get,
1
R,, + 72 9m = 0. (4.14)

Note that the AdS in 3+ 1 dimensions satisfies the
following equation:

3
R,, + l_zg’“’ =0. (4.15)
The perturbation in (3 4 1)-dimensional spacetime satisfies
a similar equation to (4.15) after a conformal transforma-

tion but with length scale scaled by a factor \/§, 1.e., > V31
as evident from (4.14).

The linearized metric perturbations of (4.14) can be
reconstructed using the holographic gauge HKLL smearing
functions [23] from the CFTj stress tensor. Schematically,

oy (2.%) = / Pk (2 Twl).  (4.16)

where y is the Wick-rotated boundary coordinate. In this
section, the Greek indices y, v denote the bulk spacetime
components and the Latin indices a, b denote the CFT
indices. Finally, one can perform a reverse Weyl rescaling
to go back to the original half-flat space, thereby complet-
ing the bulk reconstruction of the half-flat space metric
perturbation in terms of the smeared stress-tensor of
the CFT3

V. DISCUSSIONS AND OUTLOOK

In this work, we constructed smearing functions
(extrapolate dictionary) representing local operators in
half-Minkowksi space as nonlocal operators in a CFT with
one less spatial dimension. The bulk fields reconstructed
here are massless (conformally coupled) scalar, Maxwell
field, and Fierz-Pauli field (linearized metric perturbations)
and all have nice transformation properties under bulk
conformal transformations, and we exploited this property
to first map them to corresponding fields in the Poincaré
wedge of AdS and then use the bulk reconstruction
program for Poincaré AdS [19,23]. This is an alternative
to traditional holographic bulk reconstruction whereby one
reconstructs bulk fields in terms of nonlocal operators on
the conformal boundary of the space. Instead, here the bulk
(half-Minkowski) spacetime possesses a physical boundary
at z = 0 (a “Dirichlet” screen, since the bulk fields vanish
here) and the holographic dual CFT degrees of freedom are
localized on this screen. In this regard, our half-flat space
holographic construction can be thought of as a alternative
to the celestial or Carrollian holographic constructions. Our
set up can be contrasted with the type of flat space bulk
holography one can attempt to obtain by taking a large AdS
radius (flat limit) of AdS/CFT [50]. We do not directly send
the AdS radius to infinity here but instead use a Weyl
rescaling transformation to get rid of the AdS-metric
conformal factor in Poincaré coordinates. Our construction
was performed entirely in the leading supergravity approxi-
mation (large N, large A) where the bulk fields are free. We
verified that the smearing function can be used to recon-
struct massless conformally coupled scalar fields both at
the one-point function and the two-point function
(Wightman) level (for timelike separated local operator
insertions). For the case of the Maxwell field, we restricted
ourselves to 3 + 1 dimensions where the Maxwell equa-
tions remains invariant under conformal transformations
and we operated entirely in the holographic gauge [23]. We
verified that the Maxwell equations in holographic gauge in
flat space in holographic are indeed obeyed by the smeared
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CFT; operators proposed. Finally we considered the
linearized metric perturbations (Fierz-Pauli field) again
in 3+ 1 dimensions for phenomenological reasons.
Although the (fully nonlinear) Einstein field equations in
3 + 1 dimensions are not Weyl invariant, we demonstrated
that the under the Weyl rescaling transformation (which
takes half-flat space to Poincaré AdS), the flat space
Einstein field equations transform to the field equations
in AdS space with a rescaled AdS radius. This result is true
regardless of the choice of gauge. Once we are in AdS
space the metric perturbations can be reconstructed using
the holographic gauge HKLL smearing functions [23] and
then one can perform a reverse Weyl rescaling to go back to
the original half-flat space.

Our work can be further extended and generalized in
several directions thus providing interesting avenues for
future investigations. The first and perhaps most natural
check our proposal is to verify the bulk reconstruction at the
level of two-point functions for the Maxwell field and
linearized metric perturbations using the CFT; two-point
functions. We only checked the bulk reconstruction of
Maxwell and linearized metric perturbations here at the
one-point function level. Although this might appear
tedious (more components, gauge fixing etc.), conceptually
it is no more challenging that the reconstruction of the bulk
two-point functions for the conformally coupled (massless)
scalar fields. The second straightforward generalization one
can do is the scalar bulk reconstruction for d > 3 using the
appropriate generalized smearing functions [46—48]. We
leave this for a followup work. The third and perhaps less
obvious exercise is to extend our construction to massive
bulk scalars. In this case our intuition is that we will have to
start with a massive scalar in Poincaré AdS with a suitable
spacetime-dependent mass terms, so that after performing a
Weyl rescaling we end up with a normal massive scalar in
(half)-flat spacetime. We leave this construction for a
followup work. Next, regarding the case of Maxwell and
linerized metric fluctuations, we restricted ourselves to
3+ 1 dimensions whereby we were aided by certain
dimensional advantages. It would be interesting to extend
this construction to arbitrary dimensions. For example, we
know that in higher or general dimensions the Maxwell
equations are not conformal invariant, so starting from a
Maxwell equations in (half-)flat space would lead us to
Maxwell equation in Poincaré AdS with some extra terms
(i.e., inhomogeneous Maxwell equations with spacetime
dependent sources). However the important point is that the
equation would still be linear in the fields and one can use a
spacelike Green’s function to reconstruct this Maxwell
field. Then, in principle, one can use the holographic gauge
smearing function to reconstruct the complimentary func-
tion part of the solution, and the spacelike AdS Green’s
function term as a particular integral. Once we have this full
CFT, solution to the inhomogeneous Maxwell equation in
Poincaré AdS,,, spacetime, we can perform the inverse

Weyl transformation back to half-flat spacetime, thereby
accomplishing the bulk reconstruction at leading order. A
similar trick can be applied for reconstructing linearized
metric perturbations of the Einstein field equations in
arbitrary (d + 1)-dimensional half-flat spacetimes in terms
of Einstein field equations with a source in Poincaré AdS
space. We leave the task of reconstructing Maxwell and
Fierz-Pauli fields in general (d + 1)-dimensional half-flat
space for a followup work. Another interesting direction to
extend our work is to attempt 1/N corrections, i.e.,
reconstructing interacting fields in half-flat space. In this
work we restricted ourselves to the free field equations or
equivalently infinite NV, but one would certainly need to go
beyond the free field limit or equivalently CFT two-point
functions as was performed in the AdS case [21,23,24] to
gain more insight into gravitational dressings in flat
spacetime. To this end, we believe that the method of
Kabat, Lifschytz and Lowe of using spacelike Green’s
functions and higher-dimensional multitrace CFT operators
can exported with suitable minor alterations (owing to the
Weyl rescaling transformations) to the (half-)flat spacetime.
These alterations would entail, as alluded to earlier, starting
with the AdS couplings which are spacetime dependent to
offset the effects of Weyl rescaling transformations from
half-flat space to AdS space (see [51] for inclusion of such
spacetime dependent quartic scalar couplings and mass
under Weyl rescalings albeit in a different context). Another
interesting direction where this work can be extended is by
including fermions. In this work, we have exclusively
worked with bosonic fields. However, one also needs to
understand reconstruction of fermions coupled to (quan-
tum) gravity in holographic setups e.g., [52]. Finally,
perhaps the most crucial issue would be to extend our
results to the full Minkowski space instead of the half-
Minkowski space.6 To this end, recall that in the half-flat
spacetime, the bulk fields are required to vanish at the
holographic screen z = 0, as a simple consequence of the
normalizable fall behavior of quantum fields at the con-
formal boundary (again z = 0), in Poincaré AdS. Thus, if
one would consider quantum fields in Poincaré AdS with
more general (dynamical) boundary conditions (see e.g.,
[54]) at the conformal boundary. With such dynamical
boundary conditions on the fields, if one performs a Weyl
transformation to half-flat space, one expects to get rid of
the rigid or vanishing (Dirichlet) boundary conditions at the
z = 0 hyperplane in the Weyl transformed half-flat space.
Then by continuity one can extend the solution beyond the
7 =0, i.e., to the z < 0 half of flat space. Although this is a
bit of a long shot, if such an exercise is pursued to fruition,
it would truly lead to a holographic formulation of quantum

6Recently some authors have explored holographic in bulk
spacetimes with a physical boundary, e.g., in [53], the authors
consider holography in half-de Sitter spacetime. However our
half-flat space holographic reconstruction has no relation to the
half-de Sitter holography.
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gravity in flat space in terms of a more garden variety
relativistic CFT with one less space dimension (as opposed
to a Carrollian or Celestial CFT) such as AV = 4 Super-
Yang-Mills theory.
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APPENDIX A: A QUICK DERIVATION OF THE
HKLL SMEARING FUNCTION

An AdS-invariant function of two points (x,z) and

VA . (x—x’)2+22+2/2
(x',Z') must be of the form f(c) where 6 = =57+

is the AdS-invariant distance function (chordal distance).
The action of the Klein-Gordon operator on such a
function, i.e.,

(O -m?)f(e) = 0.

is equivalent to the ordinary second-order differential
equation,7

"For this we have used the simplification,

L0 (/39" o f (o)

Of (o) ="

1
:\/7_—901\4(

\/—_QQMNaNGf/(O'

2
{(02—1)%—1—((1—1—1)0‘%—A(A—d)}f(0):O, (A1)

where A =4+ | /(4)* + m?R. This equation can be easily

solved with the appropriate boundary conditions to yield
Wightman functions for a scalar field and so on. Now, if we
want to compute the smearing function, one needs to take
the limit, 77 = 0 in which case ¢ becomes ill-defined,
lim,_, 0 — oo0. So in this limit one needs to consider the
combination, 7/, and express the smearing function in
terms of this well defined quantity, oz’. In this limit, in
terms of o7’ variable Eq. (A1) becomes

2
(07')? d(:z/)z + (d+ 1)(67)) ﬁ —A(A—-d)
x K(oz') = 0. (A2)

This is a homogeneous equation, and the solution will be a
monomial. For spacelike support i.e., for 6 > 1 or equiv-
alently, 6z’ > 0 in the limit z’ — 0, we need to include a
factor of 0(oz’). Thus, we arrive at the following ansatz for
the smearing function:

K(o?') = (62)* 0(07'),

for positive al Inserting this ansatz and solving for «
gives us

a=A—-d, —-A.

Choosing the positive root, we arrive at the HKLL smear-
ing function expression in the Poincaré chart,

K(o7') = (02)2710(07').

)

=L (/00050 0 f (0)) + O (V=GN O0) ()

V=i

V=9

= (" Oy oue) 1(0) + = 0uly/ 38" 0301 (0

V=g

o2 —1
e

d? d+1 d

*If a assumes negative values, the action of derivatives on K (67") produces singularities and Eq. (A2) is not satisfied.
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APPENDIX B: LORENTZ INVARIANT FORM OF
THE SMEARING FUNCTION

This CFT to half-flat space smearing function for
conformally coupled scalar fields, (2.13), can be expressed

0o 0

OK(s) = -2 2
() =n oxM oxN

K(s),

d as
— ,MN K/
d oxM <0xN (s)> ’

in Lorentz-invariant form as P ds 9
= Y o K (5) + MY T K s).
K(s) = 25575 0(s), (B1) X W oxt 52)
where s = 72 — (t — ¢')> — (y —y')? is the Lorentz invariant
interval Wick-rotated in the y directions i.e., y = ix. Here
we directly check that this smearing function satisfies the [, the Wick-rotated signature, gV = (+,— —...). So we
equation of motion for conformally coupled fields; namely, get ' '
OK(s) =0.
To this end, we use the form of the L] acting on any function MN da%s —2(d+1) y 05 Os 4
PR =N = , — =4s.
of the Lorentz-invariant interval, ox™ ox 0x oxN
|
Plugging this in (B2), we obtain the desired result,
OK(s)=2(d+1)K'(s) +4s K" (s),
o+ 1) Lo o) + 45 L 2555 o)
ds ds® '
, d—1 _u _ s od| d-1 _& _
=27 (d+1)|- ST O(s) + s 8(s)| +27s — |- s~ 0(s) + 577 5(s) |,
2 ds 2
d+1 d - 1 d+1 —
=2%(d+1) [— 5T O(s) + 57T 5(s)]
" d—1\[/d+1 a1 -
H20s KT) ( ; )s_d_fé’(S) —(d—1)s7%5(s) + s‘%’(s)] :
= [2F(d+ 1)(d - 1)s™5 0(s) + 27 (d + 1)s™7 5(s)]
+ 25 (d+ )(d — s~ 0(s) =27 (d — 1)s™ T 8(s) + 27577 8 (s)].
— 23— )~ 8(s) + 27577 5 ().
d+1 + d —
=25 (3 -d)s™5 8(s) = 2% - (s77) 8(s),
S
=273 —d)s™ T 5(s) + 27 (d - 3)s™T 8(s),
=0.
APPENDIX C: BULK SUGRA WIGHTMAN FFUNCTION
For half-Minkowski space, the normalized mode functions are
1 o
fk(X> :Te_lwkt+lk.x SinkZZ, k= (k17k27 ""kd—l)‘ (Cl)
(27)*  way,

Specializing to the case where X, Y are spacelike separated, we can choose for convenience,

X = (0’ 05 Z1)7

Y = (0, 0, Zz).
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Then the Wightman function expression reads,

1 o 0 1 k : k,
AXY) = —d/ dd—lk/ ak, Sl S 2
(27) J- —o N e
1 dk )
— —(271)" Wsm k,zy sink,z;.

[se)

Note that now k is a d-dimensional Euclidean vector. Next we massage this expression so that it looks exactly like the
difference of a pair of Wightman functions in full Minkowski space,

1 d‘k
A+<X, Y) :W WCOSkZ(ZI_Zz)—COSkZ(Z1+22)
1 dk , . . ) )
[ — - (e’kz(zl—zz) + e_lkz(ZI_ZZ) — elk:(11+22) — e—lkz(ZHrZz))
42n)* ) |k|
1 [d%, . 1 [dk, |
— | 2 ik (zi—z) _ pik(z1+22) _ = | 22 pmik(zimn) _ pmik(zitz2)
aent) W I e W o

k——k

:l/ddkeikz(m—Zz) _1/M€eik3(zl+lz)
20227 ) i 2007 ) K]

= D.(X.Y) - D, (X.Y,).

where Y, = (0,0, —z,) is the location of insertion of an “image” operator and D is the Wightman function for massless
scalar fields in full Minkowski space. Next we compute D, (X,Y).

1 d
D)= [LK

_ ikz(z]—zz).
2027)" ) k|

Going over to polar coordinates, (q,0,x),x € S,_», in k-space,

Q- /°° _ /” ) o
D, (X,Y) = dag g2 dO(sin B¢ 26”1‘11 Zz|0059’
+(X.Y) 2207 fy 9 ), (sin®)

where Q, = 1_2(’,’1—"//;) is the volume of the n-sphere (S, ). Using the identity,

b/ . 1
/ e'*cost5in>m 9d = \/z 2" r(m +§> R

0
we get
m(d=1\ foo
D (X.Y)= g;i;;gilz _FZ(2|;)A dq 47 Ju2(qlzr = 2)).
Next, defining, y = ¢|z; — 2»|, we obtain
Qd—zz%\/ﬁr(%) © d-2
DY) =V |7 a0

_ Qs 29312451 1
(2m)4 |21 — 2|47

(C2)

For d = 2,
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D,(X,Y) = ! !
o _4”|Z1_Z2|

and for d = 3, we get,

1 1

D.(X,Y)=———
+ ) 4”2|Z1—Zz|2

which can be also be obtained by taking a massless limit
(m — 0) of the Wightman function of a massive scalar for
spacelike separations, namely A (r) = ;- K (mr). Finally
for spacelike separated points in the half-Minkowski space,
we get the Wightman function,

A,(0,0,2,]0,0,z,)
Q2732 (451 1 1
= d(2) d-1" |- (C3)
(27) |21 — 22| |21 + 22|
For  timelike separations we can  choose,

X =(1,0,2),Y =(0,0,z). Then the Wightman function
expression reads,

1 [edk _,
AL (X,Y) ——/ ——e kIt sin? k7,

(27)? ) |k|
1 o dlk .
=—— | Z—¢iklr (1 —cos2k
20n) /_oo A e (1 — cos2k,z)

B 1/°°ddke—i|kt <2 — pi2kz _ e—iZkZz)
- 2(27)? | K| 2
o0 Jd
_ ;/“di"e—nm
227" J-w K]
1 [dk

__ / 4k i, (22))
2(27)" J-oo ||

=D.(X,Y)=D,(X.Y,),

_ eiZkzz)

where Y, = (0,0, —z) is the location of insertion of an
“image” operator and D, is the Wightman function for
massless scalar fields in full Minkowski space. Next we
compute D (X,Y),

1 [wdik
D.(X.Y)=—— [ ——e ik
+X.T) z(zn)d/_w K| €

Switching to polar coordinates,

Q. 0 o
D+(t) _ d ldA dqqd‘ze"‘f(’_”),

Qd—l . d d=2 /°° . .
— - d —ig(t—ie)
2(27)? <’ dt) , 4a°

- 2?5501 (’%) . [i(r1 ie)}
Qg T(d—1)(—) 242 1
- -

2(2x)4i (t —ie)d!
Q. Td-1) 1
T 22n) T (1= ie)d]
Q2T 1
Qo T (1= i)

Here in the last step, we have used the identity,

7l(SL d—
% r<(§)) I'(d-1) = 293172 (Tl)

(C4)

Next we compute,

1 o dlk
D.(X,Y)=—— = pmillklr—k:(22))
+( *) 2(2”),1 /—oo |k| €

Switching to polar coordinates we get

Qpp [ 2 —igi—ie

ka o
X / dasind—296121qc059
0

Qu2v/rl (L) /oo i
== d Te—lq(l—la) Jiz(2|z
20 2 o 1 (2z]q)

ﬂ 0 iy (l=ie
_Laaval(5) AR
2(27)¢z|47122 Jo 2

= Qi 24712 (%) !
ot (1=iep —422)F

Thus, for timelike separations, the Wightman function in
half-Minkowski space is

A, (1,0,2]0,0,z)
_ Qs 29312 (45 1 B 1
(2m)4it! (t—ie)™" ((1—ie)? —4z2)T]
(C5)

The d =1 case has to be done separately since the
expression for general dimensions (C2) becomes trivial
when d = 1. For d = 1, the normalized (positive energy)
modes have the form,
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k=w>0. (C6)

The bulk Wightman function is then

e~ k11=1) gin kz, sin kz,

© dk [edp . .
(P(z1, 1)) (22, 15)) :/ —L_e~ilki=rta) gin kz, sin pz,8(k — p)
o VakJo ap
/ dk
N 0 ﬂk
1

" [((r1 - 1) —(z, + 12)2}

H—15)? = (21— 2)?
|

Here as usual we need the prescription #; — ¢, — ie to define APPENDIX D: MATCHING THE SUGRA AND
the Wightman function smoothly in the limit when #; = ¢,. CFT NORMALIZATION OF THE TWO-POINT
The half-Minkowski space does not have translation FUNCTIONS

invariance in the z-direction, and this is reflected in the
dependence on (z; + z5). As in the case for d > 0, the
Dirichlet boundary at z = 0 can be replaced by the full
Minkowski space with an image operator placed at

(t,,—25) so that the final answer (C7) is an image sum o(.2) = C, (i)d_z]/ iy <z2 -y —x)2> A—d o).
y—x|<z

(C7)

The CFT representation of a local bulk operator in half-
Minkowski space is

i.e., the sum of the full Minkowski space Wightman Z 2z
functions,
Switching to spherical polar coordinates,
(@(z1.11)9(22. 12)) + (D21 1) (=22, 1)) y-x=px. xx=1

where the points y lies on S,_;. We get

NS 2 22— pr\Ad
(p(x,Z)—Cd(g) /)dpp"“( 5 ) /dﬂd_l(?(erpx)-

Next we define, p = zw, and get

G)IT Aldww L1 —w?) —d/de_lO(JH—zwx),

)T A‘u/ dwwi=1(1 —w?)A- d/de 1 O(x + zwy).

2

The only place where z appears now is in the integrand of the angular integral. We expand the angular integrand around
z — 0 and keep only the leading term,

O(x + zwy) = O(x).

In this limit (extrapolate limit), the SUGRA field works out to be
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o~ S0 ([t o) ([ an) o 0t

1B(4.A—d+1)

_Ca)7Q TET(A-d +1)

A~HID(A =4 4 1)

Finally, we put in

d+1
A=
2

and obtain,

C 7 QT (359
27'1()

P(x,z) ~

For d = 1, one has A = 1 and we get

So the z — 0 limit of two-point function is

(p(t1,21)p(t2, 22)) ~ 4C12 (O(1;)O(1))

~4C3E ———.
: (1 — 1y)?

In particular for z; =z, =z and t; = t,1, =0,
0 4C372 !
lo(1.2)9(0,2)) ~4C72" .

From the direct SUGRA calculation, we find

(p(1,2)p(0.2)) ~lim = n <Z—>

=047 t2 - 4Z2
172

T2’

Comparing the two forms (D2) and (D3) we get

1
4 =-=C =~
T

27

Next, for d =2 (ie., A =3)

(D1)

(D2)

(D3)

Qqy
AT Ox).
C, B, T(1)I()
p(x,z) ~———=z0(x)
2T()

~Cy 12217 O(x).

So, the z =0 limit of the SUGRA two-point function
(setting [ = 1) is

(p(x1,21)p(x2,22)) ~ C% 872 212 (O(x1) O(x3)).

In particular for x; = (#,0) and x, = (0,0) and z; = 2, =
7 we get

(p(1,0,2)9(0,0,z)) ~ C387 22 (O(t,0) 0(0,0))

2

2.2 %
From the direct bulk calculation we find
(0(,0,2)p(0,0, 2)) ~lim—— (1
(p ’ 7Z (ﬂ 3 ’Z Z—>04ﬂ m t
Q)2 1
4z \t 2 t
1 2
: (D)

“or (=232
Comparing the two asymptotic forms (D4) and (D5),

we get

1
C% 871'2 :27
T

or,

1
€= 4732
More generally, for arbitrary d, direct bulk calculation
gives

026026-15



BHATTACHARY YA, DOGRA, and ROY

PHYS. REV. D 110, 026026 (2024)

Q529712 (4H) 1 1
1,0, 0,0,z)) = - — |, d#1.
W0 20002 = G [ (e — 4R ?
Then, taking the z — O limit, we get
Qu 2d-212 (ﬂ) (d — 1) 22
lim(g(,0,2)9(0,0,z2)) = - . d# L
lim{e(7,0.2)9 (0.0, 2)) 2n)? P #
but from the boundary smearing function construction (D1),
Cdld_zlgd 1F(§I)F<3?d) ? Z
lim(p(z,0,2)9(0,0,z :< — ) -, d<3.
lim{e (7, 0.2) (0.0, 2)) 2710 PR
Comparing these two we obtain
Q242 (EN (@ - D)\ 2 251G
Cd=< a7 AN )> EELLELC Y (D6)
(27) I7Q TG (9

In particular, for d = 2, one obtains

c 1\2 1
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