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In the thesis we studied various aspects of holography principle, especially in the con-
text of real time holography and flat/CFT duality. In the first part, we discussed real-
time holography within the embedding space formalism. Based on the previous work
on the scalar fields, we presented matching conditions for on-shell integer spin fields
when going from Euclidean to Lorentzian signature on AdS background. The main
content of the second part is to develop the AdS/CFT correspondence into the flat/CFT
correspondence. More precisely, for scalar fields, we constructed the dictionary be-
tween flat spacetime and the CFT on the boundary which works the same as AdS/CFT
dictionary from the bottom-up point of view. After analysing the behaviour of scalar
field modes on hyperbolic slices of Minkowski and performing the holographic renor-
malisation for the associated onshell action, we obtain a holography dictionary between
the bulk theory and the corresponding dual theory on the celestial sphere. We propose
that a single scalar field in the bulk is dual to two series of operators on the celestial
sphere; the scaling dimension of these operators takes values on the principal series.
Moreover, we will see that the two series of operators can be interpreted as ingoing
and outgoing waves in the bulk. We illustrate our dictionary with the example of a sin-
gle shock wave. The third part is basically the extension of construction of the flat/CFT
dictionary from scalar fields to gravitational theories. Asymptotically flat spacetime is
built up by asymptotically AdS hyperboloid slices in terms of Fefferman Graham co-
ordinates together with soft modes propagating between different slices near the null
boundary. Then we construct the flat holography dictionary based on studying Einstein
equation at zero and first order and it turns out that these correspond to the description
of hard and soft sector for the field theory from the boundary point of view. The ex-
plicit expression for energy-stress tensor is also determined by performing holographic

renormalisation on the Einstein Hilbert action.
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Chapter 1

Introduction

General relativity and quantum mechanics have been brought up for a century and
they are believed to be the most fundamental rules which respectively govern the large
scale structure of the universe and the microscopic interactions between elementary
particles even though they are not compatible with each other. After their great success
in predicting the observation from the lab, physicists spent long time looking for a
unified theory of quantum and gravity, e.g. semiclassical field theory, supergravity,
string theory. The quantum gravity theory that would please everyone has not been
figured out yet while, during the extensive study of various proposed models, another
fundamental principle which relates the dimension of spacetime, quantum and gravity
effects has been found and caused a great attention in recent years, so called holography

principle.

The idea of projecting the physical world to a lower dimension one living on the bound-
ary exists for long while it has not been formally discussed in physics literature until the
work "t Hooft (1993); Susskind (1995), initiated by the study of the black hole entropy
Christodoulou (1970); Penrose and Floyd (1971); Hawking (1971); Bekenstein (1973);
Hawking (1975), which tells us that the entropy of a black hole is proportional to the

area of its event horizon.

Based on such observation, one can further conclude that the degrees of freedom or
information for a given system is bounded by its boundary area rather than its volume,
which makes it possible to encode all the bulk information into the proposed boundary
system. Such correspondence concerning the assignment of degrees of freedom is then
developed to the duality between the subregion of the bulk and boundary, conjectured
to be characterised by the Ryu-Takayanagi surface Ryu and Takayanagi (2006). Under
proper assumptions, the conjecture was proven in Lewkowycz and Maldacena (2013);
Faulkner et al. (2013) and then, taking the quantum effect into consideration, the con-
cept of RT surface is generalised to the so-called quantum extremal surface Engelhardt
and Wall (2015).
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1.1 AdS/CFT Correspondence

It turns out that the structure of holography is more than the projection of degrees of
freedom after the first concrete realization of the holography principle discovered by
Maldacena (1999), called AdS/CFT correspondence. In that work, Maldacena pointed
out that type IIB string theory on the AdSs x S° background is dual to the N = 4 super-
Yang-Mills theory in 3+1 spacetime dimensions by studying the decoupling limit of
the stack of D3 branes in string theory and its corresponding low energy supergravity
solution, which implies that, in additional to the reduction of dimension, the theory
of quantum and gravity could also be relevant when comparing the theory in the AdS
bulk with its boundary CFT correspondence. Such relation is similar to the relevance
between space and time in gravity or the relevance between particles and waves in

quantum mechanics.

However in practice, due to the lack of knowledge for the quantum gravity theory and
the difficulty of studying strongly coupled gauge theory at low energy, one can first
choose to investigate the AdS/CFT correspondence at the 't Hooft large N limit, under
which the gauge theory will be simplified since the contribution from planar diagrams
will become dominant if the number of colors N is large when keeping A = g2, N
constant 't Hooft (1974). From the bulk side, we see that the string theory will become
classical by comparing the map between parameters g5 ~ g2,,and ' /L%, ~ 1/./g:N.
Moreover, by taking large value of A, the string scale will become small compared with
the AdS curvature and the classical gravity description is reliable, therefore the Ad-
S/CFT correspondence becomes a weak/strong duality. In such case, the bulk theory
is described by the semiclassical field theory and one can write down the effective ac-
tion, decomposing the field at the boundary, and then map the data from asymptotic
AdS infinity to the boundary CFT named AdS/CFT dictionary:.

In the literature, there are mainly two ways to construct the AdS/CFT dictionary Wit-
ten (1998a); Gubser et al. (1998). One starts from the effective field theory on AdSs x
S background while the other starts from AdSs thus they are called top-down and
bottom-up approaches to AdS/CFT, respectively. At first sight, the bottom-up ap-
proach looks easier if one just considers the fields on the AdSs background but the
supersymmetric information is lost due to the omission of the Kaluza-Klein fields on
the S° sphere, e.g. we would obtain non-zero vacuum energy. Such issue is rescued in
the work Skenderis and Taylor (2006a,b) by Skenderis and Taylor. They developed a
KK reduction map which reduces all the fields in 10d to 5d in a gauge invariant way
therefore concludes that the top-down and bottom-up approaches could be equivalent
provided that proper reduction procedure is applied. For this thesis, we will adopt the
bottom-up approach and ignore the KK fields on the internal space. In this case, the
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duality is clarified by the dictionary proposed by Witten

exp (- sAdsdH(cb))qM = (exp — 90 ) (1.1)

’
CFT

in which Sags,,,(P) is the action of the semi-classical theory in the bulk with scalar

fields characterised by the boundary condition & ~ p~4+4

¢ at large radius p of the
Euclidean AdS spacetime. From the right-hand side, we can see that ¢ is dual to the
source in the CFT theory and it is coupled to the operator O. The scale dimension A of
the operator and the mass M of the particle in the bulk preserve the relation A(d — A) =

M?, which is obtained by solving the equation of motion of ®.

1.2 Extension beyond the large 't Hooft limit

AdS/CFT correspondence has been brought up over two decades and most of the
checks are carried out in the large 't Hooft limit. At such limit the bulk theory tends to
stay in the low energy region thus they are described by the well studied model. When
the 't Hooft constant goes to the small limit the string scale becomes larger than the
AdS scale thus the higher spin excitations and gravitational corrections should not be
ignored while it was proposed that the spectra of string theory could be approximately
described by the higher spin field theory and the boundary theory will be free, leading
to the proposal that Vasiliev’s higher spin Vasiliev (1990, 1999, 2003) theory in the AdS
bulk is dual to the free O(N) vector model on the boundary Sezgin and Sundell (2002);
Klebanov and Polyakov (2002); Sezgin and Sundell (2005).

In the context of Yang-Mills theory, at the leading order in large N and for the purpose
of all-light non-extremal operators, single trace operators are dual to single particle
states on AdS. For the vector model, one needs to consider the current of spin s

Toeos = 90 -+ 0y + - - (1.2)

which are the bilinears in ¢'. These currents are proposed to be dual to the mass-
less higher spin gauge fields in AdS. Such relation could be generalised to the case for
fermionic fields in Leigh and Petkou (2003); Sezgin and Sundell (2005) and it has been
verified by studying the three point correlation functions specifically Giombi and Yin
(2010, 2013) with further extension to the Chern-Simons gauge theory Giombi et al.
(2012); Aharony et al. (2012).

Recently a derivation of the HS/CFT duality is also given by constructing a map be-
tween the boundary fields in the bi-local form Das and Jevicki (2003) and higher spin
tields on the bulk, so called AdS/CFT map de Mello Koch et al. (2019); Aharony et al.
(2021a,b). Such derivation of the AdS/CFT correspondence in the context of higher
spin and vector model duality starts from the study of the bilocal form of the U(N)



4 Chapter 1. Introduction

vector models. Given the N complex scalar fields ¢;(x) for the vector model, one first
chooses to recast them into the bilocal function G(x1, x2) written as

N
Gl x2) = 37 L 41 (a)i(x). (13)

Further more, by changing the measure from D¢;(x) to the bilocal measure DG(x1, x2),

the free partition function for the vector model of source |

N
Ziell) = [ T1Dg1(x) exp(=S(G. 1) (14

then can be rewritten into a partition function that depends on the bilocal function
G(x1,x2). Given the bulk higher spin field, one can construct the so called AdS/CFT
map

Dj(X, W) = /dPldPQM](X,W|P1,P2)17(P1,P2) (1.5)

where X, W, P are coordinates in the embedding space and the specific form of the
propagator M;(X, W|P;, P;) is determined in Aharony et al. (2021a,b). 7(X3, X7) is the
perturbation of the function G(x1, x) of the order 1/+/N.

As we have already known, the action for the bulk higher spin theory is not found yet
while the construction of AdS/CFT map provides us with a powerful tool to investigate
the bulk theory from the study of vector model. Using the AdS/CFT map together with
the bilocal form of the partition function, through the AdS/CFT dictionary, one then

obtains the quadratic term of the bulk action as

* 1 dX
Sl(gc)al[q)]] = ]Z(:) a / (dT)]],(D](X/ Kw) (Vi = Mj_; ) (Vi — Mg ))®p(X, W)
= 2 .

(1.6)
in which the value of the mass M;_;_,; and M, ;; depends on the pole structure of
M. As it is shown in the work Aharony et al. (2021a), the bulk two point functions
(®;P;) are the difference of two propagators of on-shell spin ] fields, one with positive
propagator of mass Mg »; while the other with negative propagator of mass My ;.
The degrees of freedom described by the mass M,;_;_, ; are associated to the physical

modes while the modes associated to the mass M ; are the ghost modes.

In their work, the AdS/CFT map is constructed between the Euclidean AdS and CFT
while here in the chapter 2 of this thesis we will first obtain the Lorentzian version
of AdS/CFT map based on the study of real time holography then further study its

various implications on the understanding of holography principle.
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1.3 R-T formula and Information Paradox

Based on the study of AdS/CFT correspondence, Ryu and Takayanagi proposed the
relation concering the boundary entropy and bulk geometry as

5, — Area(7a)
A=~

(1.7)
where S, is the entanglement entropy for the given subregion A on the boundary. y4
is the codimension two surface which minimizes the codimension one surface bounded
by the subregion A on the boundary. In the context of quantum information theory, the
entanglement entropy is given by the formula

S = —ndy,(logZ(n) — nlogZ(1))|n=1 (1.8)

where Z(n) = Trp". Furthermore, it was then realized by Lewkowycz and Maldacena
that the calculation of the entanglement entropy at the boundary is equivalent to the
calculation of gravitational action in the bulk Sg; with the help of the study of replica
trick Holzhey et al. (1994); Calabrese and Cardy (2004, 2009) and AdS/CFT dictionary.
The replica trick tells us that the treatment of Z(n) is equivalent to the calculation of
CFT partition function on the replica manifold. Therefore finally one can use the bulk
gravitational data to reproduce the boundary entropy with the help of dictionary (1.1).
Of course, to obtain the finite entropy, renormalisation procedure is required and we
have Taylor and Woodhead (2016a,b)

Sren = nan(sgr,ren(”) - nsgr,ren(l))|n:1- (1-9)

Later, by taking the bulk gravitational loop effects into consideration, one can also es-
tablish the relation between the bulk data and the boundary quantum corrected en-
tropy therefore one has

S Area(ya)
A=~y
4GI(\5]1+2)

+ Sbulkfent +-- (1.10)
where Spyik_ent is the entanglement entropy calculated in the bulk for the region bounded
by the extremal surface 4 and the boundary subregion A. - - - represents the countert-
erm contribution. Such calculation is performed on the static gravity background while
it was then postulated by Engelhardt and Wall that one should take the gravitational

back reaction into consideration thus they obtain

SA = Sgen(XA) (111)

where x4 is so called quantum extremal surface and it is determined by figuring out
the extremal value of the generalized entropy Sgen.
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The concept of quantum extremal surface plays an important rule in the discussion of
black hole information paradox. Before the Page time, the quantum extremal surface
(QES) lies near the horizon while it turns out the QES could possibly lies inside the
horizon at the late stage of the black hole evaporation Penington (2020); Almheiri et al.
(2020b). Like the RT formula, such proposal could also be proofed using the AdS/CFT
dictionary together the replica trick, provided the wormhole contribution is taken into
consideration Penington et al. (2022); Almheiri et al. (2020a).

1.4 Flat Holography

Actually, there have been attempts to address the problems for developing a flat ver-
sion of holographic principle dated even back to the birth of AdS/CFT in the talk given
by Witten E.Witten (1998). During that talk, he discussed various obstacle to writing
down the Flat/CFT dictionary. Conceptually, if one assumes that both of the quantum
gravity theory and scattering amplitudes are dual to the CFTs on the boundary, then
it will be hard to understand that why the quantum gravity theory should be equiva-
lent to its own scattering amplitudes. From the technical point of view, the complexity
of the geometric structure and the behaviour of fields at the two null boundaries in
Minkowski space make it hard to write down the boundary correlation functions or to
study the distribution of the degrees of freedom. Ultimately, he proposed that if the
flat theory is dual to the boundary structure X, then X should be more complicated
than a conventional CFT. The complicated nature of the structure X can also be seen
from the study of symmetries of the asymptotic flat spacetime. Not like the AdS case,
the isometry group for asymptotically flat space will reduce to the infinite BMS group
Bondi et al. (1962); Sachs (1962b,a) rather than the Poincare group. Globally, the BMS
group is generated by the supertranslations and superrotations in which supertrans-
lations behaves like 1d translation while superrotations are characterised by SL(2,C).
After fifty years of study of BMS group, people realised that the superroations could be
locally generalised to the Virasoro algebra, even with a central extension Barnich and
Troessaert (2010a,b, 2011), which brings hope to construct the duality between the flat
theory and the 2d CFT Belavin et al. (1984).

1.4.1 Celestial Holography

Based on another observation that the supertranslation Ward identity is equivalent to
the Weinberg’s soft graviton theorem on the celestial sphere Strominger (2014); He et al.
(2015) when studying the symmetry of the graviton scattering amplitudes, Strominger
with his collaborators then conjectured the duality between scattering amplitudes and
celestial CFT so called celestial holography.
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The story comes from the conjecture that the symmetry group for scattering process
on the asymptotically flat background should be the subgroup coming from the total
allowed symmetry group living at two null boundaries BMS’ € BMS* x BMS™. Then
Strominger proposed that one should impose antipodal matching conditions at the null
boundary Z* at the spatial infinity Z* = Z . Such matching between physical quan-
tities at two boundaries leads to the match between the conserved charges Q~ = QF

therefore it makes sense to consider the conservation law
(out|QTS —SQ |in) =0 (1.12)

coming from the dynamical consequence of the commutation relation [Q, H|] = 0 be-
tween the conserved charge and the Hamiltonian. Moreover, after decomposing the
total charge into the soft and hard part we have

(out|Q¢S — Q5 [in) = —(out|QfS — SQlin) (1.13)

where QF = Qgﬁ + Qﬁ. It turns out that, after the quantization of the soft modes
and rewriting the momentum of the particle in terms of the energy and a point on
the celestial sphere, one can show that the above Ward identity is equivalent to the
Weinberg'’s soft graviton theorem, i.e, the hard and soft charge will contribute to the

hard and soft sector of the scattering process , respectively.

After that, the relation between 4d scattering amplitudes and 2d celestial CFT is exten-

sively studied and the celestial dictionary is proposed to be
<O{1t‘8’1;1> = <O§1/h (21,21) R OAian (anzn»CCFT (1.14)

where Ofl J, are operators on the celestial sphere of scale dimension A; and spin Jj.
lin) and |out) represent the transformed in and out going states. For massless particles,
these are Mellin transforms thus one has

(OF (21,21)... OF | (2, %n))ccer = g /0 dw™ (out|Slin).  (1.15)

More precisely, given the bulk field of spin s, one can project it onto the in or out going
conformal basis CDZj by considering the inner product on the codimension one surface
2., written as

0% (z,2) = i(P°(X), DX (X;2,2))x, (1.16)

in which the product is given by the Klein-Gordon norm on the codimension-one sur-
face . From the above celestial dictionary, one can deduce that the two point function
take the form

(0%, (21,21) 0%, (22,22) ) ccrr ~ 8(z1 — 22), (1.17)
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which is the main feature of the celestial CFT. This tells us the celestial CFT is not the
same as the CFT studied in the standard field theory literature. One can also see this
from the study of OPE coefficients or by checking the corresponding translation rules
for the correlation functions.

Here, one should note the difference between celestial dictionary and the AdS/CFT
dictionary. For the AdS/CFT, one first proposes the map between asymptotic bulk data
and CFT context then the entire map between two theories is clarified by the bulk action
and boundary partition function. For example, given the source and operator one can
use the bulk action to reproduce all the CFT correlation functions. This is because
all the dynamical information of the CFT is encoded in the partition function, which
is equivalent to the study of bulk action through the AdS/CFT dictionary. For the
celestial dictionary, the duality is classified by the map between all the bulk scattering
amplitudes and celestial correlation functions. Following the idea of bootstrap that
one can use three point function as the building block to recover all the higher point
functions with the help of the OPE coefficients, the study of celestial OPE coefficients
will be crucial in the context of celestial holography.

In addition to the matter field, one also has the background geometry. For asymptoti-
cally flat spacetimes, the boundary stress tensor is defined to be He et al. (2016)

_ i 2 1 o an()
T, = 27'(G/d w——DLD N (1.18)

where NZ(Z1 ) is the zero mode of the News tensor. Although such definition will make
the stress tensor non-local in terms of the bulk metric, one can check it will give us local
boundary stress tensor Ward identities by considering the bulk soft graviton scattering

theorem.

As we have mentioned, the Celestial CFT behaves in a different way from the standard
CFT, which can also been seen from the corresponding celestial CFT OPE coefficients
Pate et al. (2021); Guevara et al. (2021); Strominger (2021). The positive helicity gluons
admit the holomorphic collineaer expansion

i fabe
O3 (21,21) O3 (22,22) ~

- C(Aq, Az)OI{iAz_l(sz Z)+ - (1.19)
and the expansion form is fixed by the SL(2, C) symmetry and the leading soft theorem
up to the coefficient C(A1, Ay) which could further be uniquely determined by consid-
ering the gluons transformation ¢ O:At’”. Given the OPE, one can also study the algebra
of soft operators and it turns out that the algebra obeys the relation

~ka alb . Ak+1—1,c
R, Ry] = if™ R, (1.20)
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in which R¥(z,z) = lim¢_,o 6(9;;“6( z) and Rﬁ’u ~ R For gravity, one has the w1 ;o
algebra written as
[why, wh] = [m(g —1) = n(p — 1)]w) %> (1.21)

m+n

3

with p, g running over positive, half-integral values p,g = 1,3, - -.

From the above discussion, one can see that the OPE coefficients are determined by
imposing constraints from the symmetry and one should also expect there should exist
a relation playing the role of crossing symmetry in the standard CFT that characterises
the dynamical structure of the celestial CFT and make the construction of celestial dic-
tionary complete.

The main theme of the development of the celestial holography could be summa-
rized as a diagram called infrared triangle Strominger (2017); Raclariu (2021); Pasterski
(2021), which reveals the equivalence between soft theorems, asymptotic symmetries
and the memory effect. Till now, we have discussed the relation between the soft the-
orem and the asymptotic symmetries, which contribute to two of the three vertices on
the infrared triangle and both of them can be written into the form of Ward identities
on the celestial sphere. Another topic during the development of the celestial hologra-
phy is the gravitational memory effect Strominger and Zhiboedov (2016). On the one
hand, the memory effect is related to the soft theorem by the Fourier transform and,
on the other hand, the change of the deviation between two nearby detectors induced
by the passing through gravitational waves also measures transitions between BMS-
inequivalent vacuum. Putting these three concepts together, the obtained structure is
so called infrared triangle.

As we have seen, the celestial CFT exhibits a rich structure for people to study the
scattering amplitudes, but there are some other issues which cause a great confusion.
For example, people could not understand the reason why a real time flat theory should
be dual to an Euclidean theory on the sphere and it is still hard to say if the celestial CFT

is unitary or not since the scale dimension living on the principle series are complex.

1.4.2 Carrollian CFT

There are later developments which claim that the 4d scattering amplitudes should be
dual to the 3d Carrollian CFT Donnay et al. (2022); Bagchi et al. (2022) thus the BMS
symmetry is manifested and signatures from both sides will fit. Similar to the celestial
holography, such duality is brought up based on the equivalence between the algebra
Duval et al. (2014); Bagchi (2010)

CCarrz = bmsy (1.22)
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where the Carrollian algebra €€atr; is obtained by taking the ¢ — 0 limit of the Poincare
group. bmsy is the algebra for the BMS group.

Moreover, given the bulk field of spin ¢ denoted as ®(,z,z), the flat/Carrollian dic-
tionary is then proposed to be

M({ui,2i, 2, hi by ei}) = [ (97 2 (0,21, %)) (1.23)

1

where h = 8¢ and I = 25%. ¢ = +1 represent the in and out going modes. The
transformed scattering amplitude M is defined as Bagchi et al. (2022)

n ') i
/\N/l({ui,zi,zi,hi, Fli,ei}) = H/O dwiwiAi_lefle"w"u"5({€iwi,Zl‘,Zl', 0’{}). (124)
i=n

One can see that the main difference between the celestial dictionary and Carrollian

iewu

CFT dictionary is the factor ¢’“* in the integral. The celestial CFT operators can be
reproduced by performing the integral over the along the null boundaries Donnay et al.

(2022)

+o00

0f (z,2) = i*T[A] / duu ®F - (1,2,2), (125)
—+oo

O, y(z,2) = i*T[A] / dov @, (v, 2,2). (1.26)

From the above discussion, one can see that the definition for the flat/Carroll field
dictionary is basically parallel to the celestial dictionary while the boundary Carrollian
field theory is better studied this time since now we have the action. Here, for 3d case,
we start from the ¢ — 0 limit of the free theory for the scalar ¢ therefore the boundary
action takes the form de Boer et al. (2023)

S= % /dtdzx(q'b2 — m?¢?) (1.27)

where ¢ is the derivative with respect to the time t. Give such action, one can write
down the mode expansion for the scalar field

¢ =em / d?k ay e** + c.c (1.28)

and perform the canonical quantization following the standard treatment of the quan-

tum field theory so that one can obtain the spectra of the particles.

Unlike standard QFT, where the momentum k is constrained by the on-shell condition
while here the momentum could take arbitrary value, which leads to the infinite degen-
eracy for each energy level. For zero temperature, one can impose the cut-off for the

degrees of freedom while, in the case for the nonzero temperature, all the degenerate
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states labeled by k at each energy level could be excited due to the thermal fluctuation.
In the onshell case, k lies on a 1d curve while now k could take arbitrary values on the
2d plane. Therefore, it seems likely the standard regularization procedure in QFT will
not work and the partition function for thermal Carrollian field will be ill defined !.
Such issue will not effect the current definition of the flat/Carrollian dictionary while it
will make the establishment for the flat/CFT dictionary like the AdS/CFT correspon-
dence challenging.

In fact, there are lots of attempts de Haro et al. (2001a); de Boer and Solodukhin (2003);
Mann and Marolf (2006); Costa (2012); Nguyen and Salzer (2021) aiming to construct
the flat/CFT dictionary which will work the same way as the AdS/CFT dictionary. In
the context of celestial holography, there are also recent discussions about the connec-
tion between Witten diagrams and scattering amplitudes Ball et al. (2019); Casali et al.
(2022); Iacobacci et al. (2023); Bagchi et al. (2023a); Iacobacci et al. (2024); Melton et al.
(2023) based on the geometry connection that the AdS spacetime could be treated as the
hyperboloid embedded in the flat spacetime. Here the main goal of the chapter 3 and 4
is to develop a flat/CFT dictionary working the same way as the AdS/CFT dictionary
based on such observation.

1The examiner believes that there should be a proper regularization procedure like the case for QFT to
make the Carroll thermal partition function well-defined. As far as I know, the authors in de Boer et al.
(2023) have attempted to find a regularization procedure which preserves the Carroll symmetry. But the
result is negative.
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Chapter 2

Real Time Holography

2.1 Real-Time Holographic in Embedding Space

In this section, we will discuss real-time holographic within the embedding space for-
malism. Beginning with a brief summary of the approach to real-time holography de-
veloped in Skenderis and van Rees (2009, 2008), which illustrates the discussions with
the case of a free scalar field, we then lift the results to the embedding space and present

the matching condition for higher spin fields.

2.1.1 Real-Time Holography: Review

In holography, when studying the field configuration or constructing the dictionary
between two theories, people often choose to first specify the behaviour of the field at
the boundary of AdS and then use them to write down the bulk-boundary propaga-
tor or the source of the operator which belongs to the boundary CFT Witten (1998b);
Freedman et al. (1999); Costa et al. (2014), for further development one can see the
application of Fefferman-Graham expansion Fefferman and Graham (1985); Graham
(1999); Skenderis (2002).

This is enough for us to deal with Euclidean AdS/CFT since in Euclidean signature,
spatial and time directions are indistinguishable and the data on the boundary will in
principle encode the whole information of the field. As for the Lorentzian signature,
specifying the behaviour of the field at the spatial boundary will no longer enable us to
uniquely determine the bulk field due to the lack of information about the field at the
far past or the far future, i.e., the boundary of the time direction. Moreover it is inter-
esting to note that, if there is a black hole in the bulk, one can show that it is possible to
determine such information on the boundary by specifying the behavior of the modes
at the horizon Son and Starinets (2002); Herzog and Son (2003) .
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In fact such issue has already been addressed by Hartle and Hawking Hartle and
Hawking (1983) when studying the quantum gravity wavefunction of the universe.
In order to specify the initial condition of the Lorentzian evolution they choose to glue
part of Euclidean path integral to the initial codimension one surface of the Lorentzian
spacetime. If we denote the action of the Euclidean and Lorentzian spacetime as Sg and
Sr, the weight of the quantum gravity path integral can be represented as

e~ 5k oSt 2.1)

in which the term =5 can be treated as a norm factor resulting from the preparation
of initial state. At quantum level, especially for the quantum field on the curved space
time, this enables us to pick out a preferred vacuum and Hilbert space Wald (1994);
Witten (2021a).

At the same time, on the field theory side, one can also construct various contours
in complex time plane to calculate the corresponding vacuum-vacuum, thermal or out
of time order correlation function Landsman and Van Weert (1987); Maldacena and
Susskind (2013). And the field theory along these contours are continuous, for exam-
ple, one can see the study of analyticity of the Wightman functions Osterwalder and
Schrader (1973, 1975). This implies that on the bulk side the Euclidean action and
Lorentzian action should also match smoothly. Rather than regarding the Euclidean
action as a norm factor, one should instead also treat the Euclidean action as the dy-
namical part, i.e., consider the total action —Sg + iSy , filling the contour with the bulk

geometry, and impose the matching condition at the joint surface.

Before presenting the matching conditions, here we first clarify the concept that what
we mean by matching two theories together. Consider two physical systems that live
in two regions labelled by I and II, the dynamics of two systems are governed by the
action Sy, Syj, respectively. Moreover, we denote the intersection of these two regions
as 2. It could be a purely mathematical surface or a physically measurable junction,
like the domain wall and we propose the condition that two theories joint smoothly at
the surface X to be

dSi|z = S11lx, (2.2)

in which S|y represents the boundary term of the variation. It is obvious if S;; = S
then X will not exist physically. In our case, the region I and II now becomes spacetime
with different signatures, the dynamics are governed by the action Sy, Sg. As for the full
quantum gravity theory, the matching condition following from (2.2) is still unknown
but if we just consider the scalar field, and in the context of saddle point approximation,

we have

Pelz = Pl (i0:pr + 9c¢E) |z = 0, (2.3)
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II S Sy I

FIGURE 2.1: Two systems distribute in region I and I, joint at the surface X.

evaluated at the joint surface ¥ in which subscripts E, L are used to represent that the
field lie along the imaginary and real part of the contour and we will stick with such
convention throughout the thesis.

Thus this motivates us, taking the vacuum-vacuum contour for example, to write down
the duality relation Skenderis and van Rees (2009, 2008)

(0|T exp (—i/ddx\/fg%o) 0) = /¢~¢o DgD¢ exp (—Sg +iS),  (24)

in which on the left hand side g represents the bulk metric while on the right hand it
represents the induced conformal structure on the boundary. As for the scalar field lives
in the bulk with boundary value ¢y, on the boundary CFT theory, it can be regarded as
the source of the operator O while such correspondence are called real time gauge/-
gravity duality. In practice, we evaluate the right hand side at the AdS saddle point and
the formula has been used to calculate the Wightman functions and produced right re-
sults. Finite temperature correlation functions are also studied provided the matching
condition for thermal contour is applied on the bulk side. Moreover, it is interesting
to note that, by identifying pair of sources along the thermal contour van Rees (2009),
one can recover the ingoing waves and retarded correlations functions when there is a
black hole in the bulk.

As for the higher spin field, the matching condition will be quite complicated. Clas-
sically, the equation of motion for higher spin fields will be non-linear Vasiliev (1990,
1999, 2003) while one needs to impose more physical restrictions when dealing with
the matching in the context of quantum theory. One can see the discussion of massless
spin two field in Louko and Sorkin (1997); Kontsevich and Segal (2021); Witten (2021b).
Here, we will only discuss the matching condition at the classic and linear level, i.e., the
equation of motion are linear equations. In this case, we can write down the matching
condition for higher spin fields by the investigation of the higher spin bulk-boundary
propagator in embedding space.
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2.1.2 Holographic Scalar Fields in Embedding Space Formalism

We start from the study of scalar fields in embedding space and one can find a brief in-
troduction of embedding space together with solutions of the KG equation in Appendix
A. For the embedding scalar bulk-boundary propagators, i.e., the Green function for the
particle moving on the AdS background with given asymptotic limit, they are deduced
to be

1
Gk (X1, X2) = BTy A + Y5 (X1, X2), (2.5)
E
L 1 L
Gk (X1, X2) = ~+ YE(X1, X2), (2.6)

(—2X1 . X2 + iG)L

in which we use E and L to represent different values in the two signatures while X3,
X5 are two points in embedding space. In our expression, propagators are separated
into two terms, the first is the regularised sources with proper ie prescription and the
second is the contribution from normalizable modes denoted as Y5. By solving the
Klein-Gordon equation on the surface X% = —1, we obtain !

Yi(X) = (2711)01 /dK e KX/ X1 9(_K2) B (K) (XT)~%2 o (|K|XT) 2.7)

in which K = (w, ki) for 1 < i < dis the momentum space coordinate and J, is the
Bessel function written in terms of the scale dimension A. ] s can be regarded as or-
thogonal basis of the normalizable modes and the coefficients B(K) are determined by
the boundary condition of the propagator. We can check that these two terms behave
like z* and z%~2 respectively when z — 0 and they are two independent solutions of
the asymptotic Klein-Gordon equation.

To obtain the Euclidean version of the normalizable modes Yf, we first do the Wick
rotation on YAL, ie., taking X% — —iX% which will result in blow up modes when
X% — +oo. To get rid of this, we use the absolute value of |X°Ky| in the exponential
term, which leads to

Y5 (X) = (Z:I)d/dK e~ IX*Kol +iX'K) /X" g(_g2) Bp(K) (XT) "2 JA(IK|XT).  (2.8)

Given the bulk-boundary propagator, we treat them as a set of complete basis so that

in general we can expand an arbitrary scalar field ®,(X) as

Pa(X) = / dP Ca(P) Ga(X, P), 2.9)

n fact, it is subtle to lift a function from the AdS spacetime to the embedding space and there are
various ways to do this. In the section 2.1.4, we will use BTZ solution as an example to discuss this in
detail.
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(a) (b)

FIGURE 2.2: (a) A toy Wick rotation contour, vertical lines represent the imaginary
time T while horizontal lines represent the real time t. The red point at (T,0) is the
matching surface .. Operators are inserted at the two corners and therefore 2T repre-
sents the time difference between two operators. The dashed curve means that we can
deform the contour apart from the axes in principle. (b) The global AdS, is illustrated
by the strip while our embedding coordinate covers the region between two blue lines,
which is a hyperboloid. Moreover, the Poincaré coordinates covers half of the hyper-
boloid showed in the triangle. The red line represents the matching surface X att = T.

in which the integral means that we are summing over the null rays and Ca(P) can
be treated as the coefficients of the basis while A is the scale dimension of the dual
boundary fields, related to the mass of ®,(X). Noting that there are two sets of basis

thus we have two possible ways of expansion

@k (X) = / dP CE(P) GE(X, P), (2.10)

ok (X) = /dP ck(P) GX(X, P), (2.11)

where one for imaginary time while the other for real time. We should keep in mind

that these two kinds of expansions only work in their own proper region. Taking the
contour in Fig.2.2 for example, which starts from (—T, +o0) and ends at (T, —o0) with
two corners at (£7,0), we can interpret that two vertical lines are used to prepare the
initial and final quantum state and the horizontal line represents the evolution of time
from —Tto T.

To study the behavior of the fields along this contour, we should apply the Euclidean
expansion ®r on T axes and the Lorentzian expansion ®;, on t axes. For the contour go-
ing through the plane, like the dashed line around —T, these two kinds of basis will mix
and it will go beyond our discussion. Since the contour with corners are not smooth,
to make the fields ®f and @ consistent along the whole contour, matching conditions
should be imposed at the singular surface. Consider the surface at t = T and we denote
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it as X, illustrated in Fig.2.2, the matching conditions Skenderis and van Rees (2008,
2009) are

PR(X)|z = Px(X)lz, (2.12)

9P} (X) s + 9, P (X) |z =0, (2.13)

and these two conditions enable us to solve Ck, CE and Bj, Bg. Since the basis of
the source and the normalizable modes are independent, we will deal with B and C
separately. First for the source terms, with the help of (A.8) and (A.7), we choose to
push forward the derivative of the time to the embedding space

1 2A

0 =
“(-2X-P)2  (—2X-P)at!

(—=X°PT +XTPY), (2.14)

1 _ 2A
(=2X-P)p  (-2X-P)p*

s (Xt — X+ PY). (2.15)
Moreover, in order to use the equation (2.12) and (2.13) to solve the coefficients, we
need to figure out the form of a function when it is restricted on the surface X from the
Euclidean and Lorentzian point of view. For Lorentizian signature, since the contour
lies exactly along the real t axes, the restricted function on ¥ means that we take t = T.
For the Euclidean signature, since the contour shifts away from the pure imaginary
axes T and in order to reflect such shift in the theory, we need to make the variable
in the function shift as X° — XY +iT and then set T = 0. Moreover, after taking the
coordinate rotation Pés = iPé“ into consideration and substituting (2.14), (2.15) into the

matching condition equations, we find the solution should be
ck =ck. (2.16)

As for the normalizable term, by directly comparing the integrands, from (2.12) we
have
B, (K) + B} (K) = Be(K) + B (K), (2.17)

while from (2.13) we obtain?
B.(K) — B; (K) = Bg(K) + B (K), (2.18)
in which we define B~ (w, k') = B(—w, k') and these two equations will lead to

Br =B, =0, (2.19)

%In fact here we take T = 0 otherwise there will be a phase factor e*/®T in front of the coefficients. Since

B should only depend on the boundary conditions rather than the choice of contour, it will not change the
result.
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which tells us normalizable modes do not contribute to the bulk-boundary propagator.

2.1.3 Matching Conditions for Higher Spin Fields

Now, we are going to discuss the matching condition of higher spin fields and lift them
to the embedding space. The AdS; | spacetime is regarded as a hyperboloid X? = —1
in the embedding space, as we have introduced before. Here we use the embedding co-
ordinates in the light cone gauge X# = (X, X~, X*) and the AdS Poincaré coordinates
y* = (y*,z). Moreover, the Jacobian matrix between these two coordinates is given by

X 1 ) X 1
yr g( 0, 2yy, d, ) and 5 = (_?,

1,0,...,0), (2.20)

which tell us the rule to push back a vector H4 in embedding space to a vector H, in
AdS space as a submanifold thus we have

x4

Ha(X) aya

H(X), (2.21)

where the variable X in the expression H,(X) is used to remind us that the tensor is
written in terms of embedding coordinates. Noting that the dimension of AdS is lower
than the embedding space, there is redundancy when we transform form H4 to H,. To
construct a one-to-one correspondence between symmetric tensors in these two spaces,
we should impose the transverse condition XA H,(X) = 0 to eliminate the extra degree
of freedom, while we can understand it as restricting the vector H4 tangent to the AdS
submanifold.

Before writing down the matching conditions in embedding space, based on the study

of scalar field matching, we first propose the two conditions in the AdS space

HE(X)|z = HE(X)|x, (2.22)

o-HE(X)|x +i0;HE(X) |z = 0. (2.23)

These two equations specify conditions at the joint surface X up to the first order.
Since perturbatively physical equations with spin, like the curved background Maxwell
equation, are often second order differential equations, the above conditions at the
boundary enable us to determine the tensor field in a unique way. As for the first

matching condition, using the Jacobian matrix, we can write it in terms of the embed-

AN E AN L
<a;;a> HE(X) = <a;;ﬂ> HE(X), (2.24)

ding coordinate as
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in which we omit the joint surface restriction and again we use E, L to distinguish Ja-
cobian matrices in Euclidean and Lorentzian signature, respectively. As for the second
matching condition, since the derivative with respect to time d; = d; = 9y is involved,
we need to study the matching conditions in different spacetime directions separately.
Taking the Euclidean signature for example, for a # 0, we have

XA X4
00 (G Ha(0) ) = 57 acHa(X), 225)
while fora =0
ox4 x4
s ( a—yOHA(X) ) = d0-Ha(X)+2X"Hy, (2.26)

which tells us that 9, will commute with the Jacobian matrix except for the y° = T
direction in which we get the extra 2X"H_ contribution. This leads us to define an
operator valued matrix M as
2XT 0
0X 0X

M:=225 + =229 4T, (2.27)
0 0 %

in which the second term 7 isa (d + 1) x (d + 2) matrix which has (0,...,d — 1,z) as
rows and (—,+,0,...,d — 1) as columns while (0, —) is the only nonzero element. With
the help of matrix M, we can write (2.25) and (2.26) in a compact form as

A
dr ( a;; Hu(X) ) = M Ha, (2.28)

and the second matching condition can be written as
ME-HE(X) +imME - HY(X) =0, (2.29)

in which MF is the matrix we have already discussed in (2.27) acting on the column

vector Hy and M" is
2X*T 0

L
ME = (g) 9 — . (2.30)
0 0

Equation (2.24) together with (2.29) give us matching conditions for the vector fields
while it is straight forward to generalise them to the high spin fields. Before doing that,
we first hide the spin index into the polynomial via the operator K4 Costa et al. (2014)

Ha,.4,(X) = . KaH(X, W), (2.31)
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in which H(X, W) = WA .. _.W4Hy, 4 (X) is a polynomial in terms of W. The oper-

ator K4 is defined as
d—1 J 0

Moreover, we should note that K4 only involves the variable W provided Hy, . A lsa
symmetric traceless tensor. Thus K, acts on the polynomial H(X, W) independently
and we can write higher spin field matching conditions in terms of the embedding
polynomials as

<8y”1KA1> <ay”1 KA/) H™ (X, W) (2.33)
BXAl L axA] L .
and
I /ox4 E " E 9xAr E .
i; <31/”1KA1> <T KA) < Y KA;) H™(X, W) (2.34)

L faxA k CONL (x4 k
_HZ(ay”lKAl) ...<T£1KAI.) (aya/ KA,> HL (X, W) =0,

i=1

in which we take Tﬁf = M:;] for short. At first sight, the matching conditions in em-
bedding space are more complicated than those in AdS space since more operators and
transform matrices are involved but we should note that the tensor field H,,. , ; will be

simplified a lot once we write it into the form of polynomial H(X, W).

Examples

Here we will see how the matching conditions work based on the investigation of the
fields with spin | = 1 and | = 2. Given the equation of motion

2 2
V H,“l,”Zm,“] = M H‘Llll‘lxlz‘..]l]/ (235)

together with the constraints V¥H,, ,, = 0 and H;Ij...y[ = 0, where V is the covariant
derivative on the AdS spacetime and Hy,,.., are the associated higher spin fields with
mass M. We can obtain spin | bulk-to-boundary propagator of dimension A written as
Costa et al. (2011, 2014)

((=2P-X)(W-Z)+2(W-P)(Z- X))
(—2P - X)A+] '

GAJ(X,P; W,Z) = (236)

in which X, P are points live on the bulk and boundary associated with the polynomial
variables W, Z and the dictionary M? = A(A — d) — ] for the higher spin fields is also
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preserved. The above expression is determined by imposing the boundary condition
on bulk Green function

Zlig})z;AGA,](Xl,Xz; Z1,22) = Gaj(X1, X5 Z1, Z0). (2.37)
2

Here we are abusing the notion G, ;. On the left it represents the bulk Green func-
tion, while the right hand side of (2.37) represents a bulk-boundary operator. The limit
z — 0 means that we are sending a bulk point X = %(1,22 + y?,y") to the boundary
X% = (1,12, y*) thus the explicit physical meaning of G, ; depends on the position of
its second point. Moreover, after taking the limit in (2.37), we can see the formula in
(2.36) only encodes the information about the sources while the information about the

normalizable modes proportional to z?~2 is absent.

In the following two examples, we will try to deal with the field of spin ] = 1 and
] = 2 separately and the above operators will be used extensively together with the
higher spin field expansion

dp
H(X, W) = / mCM(P, D2)Ga (X, P;W,Z), (2.38)

in which the higher spin fields and the bulk-to-boundary propagator are both written
in terms of polynomials. The operator Dy is defined as

d o) o 1 02
A __ I By 7
bz = (2 1+z- az) 9Z, 22 579z 239)

As for the Cp j(P,Dz), we can treat it as an operator polynomial C, 1 A D% A thus

determining the matching condition for H414/ is equivalent to determlmng the con-
. Ap- A

dition for C,; .

i) Spin | = 1 Match
For the spin 1 case, we first write down the expansion of fields in terms of the poly-

nomial
H(X,W) =

_ /chA P) D% Gpj1(X, P;W, Z), (2.40)
2

in which C4 = C4 j—1 are coefficients carrying the tensor indexes. After substituting
Ga,j, D% into the integrand and applying K'Y on the polynomial, we obtain the tensor
in embedding space

(2.41)

/dP 2(P- XCA+2(C X)Py
_2P. X)A+1
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in which we can check that the transverse condition X - H = 0 is automatically satisfied
for arbitrary C(P). Moreover, one can also directly see from the above expression that
there is a redundancy of the coefficients

CA(P) — CA(P) + AP4, (2.42)

which tells us a shift of the coefficient by AP4 will give us the same higher spin field.
We call this the pure gauge of coefficients since it works the same way as the pure gauge
for CFT spin fields and later we will see that the consistence of matching conditions re-
quires us to fix the pure gauge.

Now, if we just consider the integrand, the matching condition (2.24) tells us that
=(P-X)p Cp +(CF- X)p P = =(P- X)L Gy + (C- X)1 Py, (2.43)

in which Cf‘, CII;‘ are the tensor coefficients in Euclidean and Lorentzian signature and
they have already been pulled back to the AdS space thus labelled by CE, CL. Here
we should note that the above equation is restricted on the surface >~ which we did
not write down explicitly for short. Since P, serve as variables in the integrand, to
solve the above matching condition for arbitrary P, we should make each term on both
sides fit. Furthermore, noting that (P - X)g = (P - X)[, is guaranteed by the rotation of
embedding coordinates, therefore the non trivial conditions are determined as

Cilz = Cl|z, (CE-X)glz = (CH- X)Lz (2.44)

The first equation is just the statement that the coefficients are continuous at the joint
surface ¥ in AdS spacetime and the second one can be simplified to iC§ = C§, which is
the feature of Wick rotation on coefficient tensor fields associated with the rotation of
embedding space coordinates.?

Here, we should stop to check that if the two conditions in (2.44) could be compati-
ble. Actually, if we consider the coordinate transformation of time direction under the
condition Tt = iT,t = T and Cg = iCé, the relation we get in AdS spacetime should be
CE_, = iCL_, at the joint surface rather than the first one in (2.44) (CE_, = CL_,), which

implies in fact the matching condition we should impose on the tensor field is that

H; (X)lz = Hy(X)|z,  for a#0 (2.45)

HE(X)|z = iH§(X) 5. (2.46)

3Here C4_g represents the tensor in embedding space while later we will meet the zero component in
AdS space and we denote it as C,—g.
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And the modification of the matching condition in time direction results from the con-
vention when we are doing the calculation while we can treat it as the feature of the
rotation of vector fields, which we do not need to consider in scalar field matching.

Physically, suppose that we have the higher spin action in the hand and try to match
actions of different signatures together, the special matching condition (2.46) for time

component will make the invariant term like
nHLHE = 6" HEHE (2.47)

joint smoothly at the surface .. Thus now we can see that the condition (2.46) becomes
obvious from physics point of view even though it was derived by checking the con-
sistence of the propagator matching. Next, we come to study the second matching
equation. Inspired by the above discussion, we propose the modified matching condi-

tions as

O-HE(X)|x + i0:HY (X)|x = 0, for a#0 (2.48)

d-Hg (X)|x — 0:Hy (X)|s = 0, (2.49)

in which we have taken the rotation of Hy into consideration. As for the derivative with
respect to time, we need to substitute (A.8) and (A.7) into (2.41) and then obtain

—2XOP_ 4 X*Py)Cp + 2(—2X°C_ 4+ X*Cy) Py

9 HA(X) = /dP —2(

(2P )57
2(A+1)(—2XP_ + XTPy)(—2(X - P)ECa +2(C - X)gPa) (2.50)
(2x )i '
for Euclidean signature and
_ 0 + _9x0 +
atHA(X) _ /dp 2(2X P_+X Po) Ca +2(A 21X C_+X C()) Py
ST
2(A+1)(2X°P_ + XTPy)(—=2(X - P)L Ca +2(C- X)L Pa) 251)

A+2
(—2X - P)i

for Lorentzian signature. It will be convenient to note the differences between them
mainly come from the inner product (-)r /¢ and the sign in front of £ X°P_. Then, using

the matching condition (2.29), we have

A(—X-P)p (—2X°P_ + X" Py)Ca + ((—X - P)g (—2X°C_ + X" Cp)

+(A+1)(C-X)g (—2X°P_ + Xt Py))P, +i(- )L =0, (2.52)
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in which a # 0 and (- -- )1 represents the Lorentzian version of the formula we wrote
down explicitly and one can check that the above equation is trivial provided the con-
ditions in (3.120) are satisfied. The new restriction comes from the study of the zero
component for a2 = 0, taking the extra contribution 2X* H_ into consideration, we have

A(—X-P)g (—2X°P_ + X" Py)Cyp + (P- X)2 C_X" — (P- X)g(C - X)pP_X"
+((=X-P)g (—2X°C_ + XTCo) + (A+1)(C- X)g (—2X°P_ + X Py)) Py

—(---)L =0. (2.53)
To solve it, one should impose the condition
CEly =Clly, (2.54)

which gives us the proper gauge of the embedding coordinates on the joint surface X.
To understand such an extra condition, first we consider the degrees of freedom of the
matching conditions in terms of the coefficients C*. Since we are dealing with d + 1
dimensional AdS spacetime, there are d + 1 equations for us to solve in (2.44), together
with the gauge condition (2.54), we have d + 2 matching conditions, which uniquely
fix the d + 2 coefficients C# in embedding space. We can also understand this in a way
that is similar to the direct match of H4. As we have mentioned before, after imposing
the transverse condition, there will be a one to one correspondence between the fields
in the embedding space and the fields on the AdS surface. But the transverse condi-
tions will not introduce any restriction on the coefficients therefore we have the pure
gauge redundancy. Now we see that the pure gauge should be fixed when doing the
matching.

ii) Spin | = 2 Match

For the spin 2 field, we just consider the symmetric and traceless tensor field H4p for

simplicity. In this case, the polynomial can be written as

H(X,W) = 2 0 /dP CA8(P) D4D% Gaj-2(X, P;W, Z), (2.55)

(d+1)(d -
where CA8 = C/’lezz and it corresponds to the tensor

Hap(X, W) = /dP (—ZXL-LP)A*Z ((X-P)*Cas (2.56)

+P PgX XPCep — (X - P)P4X Ccp — (X - P)PsX Ccp).
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After imposing the matching condition, we have

(X-P)2 CE + P,P,XXCE, — (X - P)g P, X°CE — (X - P)g P, X°CE,

= (X-P)? CL + PP, X°XCL, — (X -P) P, X°CL, — (X - P). P, X°CL,  (2.57)

in which the tensor Cap, P4, X4 together with the inner product have been pulled back
to the AdS Poincaré coordinates. Similar to the study of spin | = 1 case, we deduce the

solution to be

Chls =CLly for a#0, Chls =iClls for a=0, (2.58)

CE X%y = CL X5, (2.59)

in which the first implies the continuation of the tensor field, the second corresponds to
the Wick rotation on the time direction and the third implies the match of inner prod-

uct, and we note that they are compatible by imposing Ct, = iClp.

Now, we come to study the second matching condition and check if the restrictions
proposed in (2.59) are enough. Substituting (A.8) into (2.56), we see that the derivative
with respect to the Euclidean time is given by

2
9 Hap(X, W) = 4/dP : “2X°P_ 4 X*Py)((X - P)g Cap (2.60)

x

E
—P(4X Ccpy) + PaPpXP(—2XC_p + X" Cop) — (X - P)gP(4(—2X"C_p) 4+ X1 Cpp)))

2(A+2)(—2XP_ + XTPy)

(—2X. P)B+3 ((X-P)g Cap + PaPsX“XPCep — 2(X - P)g P4 X Ccp)).
E

in which we use the convention for symmetrising the free tensor index C ) = 3(Cap+
Cga)- And, as for the Lorentzian time derivative, all we need to do is to change the sign
in front of X°P_ and the notion of inner product while we will not show that explicitly

here. Consider the integrand, we will obtain

P.Py((A +2)(—2XP_ + XTPy) X X Cpy 4 (—2P - X)X (—2XC_ys + Xt Coy))
—P((X - P)p(A(—2XP- + XTP)) X Cp) 4 (—2P - X)g (—2X°C_y) + XTCyp)))

+A(—2XP_ 4+ XTP))(X - P)2 Cpp +i(---)L =0 (2.61)
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for a,b # 0 from the second the matching condition, which will be trivial provided the
restrictions we imposed in (2.59) are satisfied. After all, to make the matching condition
fits at the 2 = 0 and b # 0 direction, one should also impose the gauge constraint

CEylz =Chyls, (2.62)
which results from the matching condition

d-Hp, — 0,H}, = 0. (2.63)

21.4 Embedding the BTZ

As we have mentioned, there is not a unique way to lift a AdS solution to the embed-
ding space. In this section, we will use BTZ solutions as an example to illustrate more
detail on this. First, we will introduce BTZ black hole Banados et al. (1993, 1992) in
embedding space via identifying points along the trajectory generated by the chosen
Killing vector in AdSs. We start from the embedding of Lorentzian AdSs given by

— (X H2 (X924 (XH2 + (X?)2 = —R?, (2.64)

in which the SO(2,2) symmetry is manifested and R is related to the cosmological

constant by —A = R72. The AdS3 in embedding space has the metric
ds* = —(dX 1% — (dX%)2 + (dx1)? + (dX?)?, (2.65)

and in order to get the black hole geometry, we introduce the Killing vector

g=1t (Xla?(2 + X2 a>?1> , (2.66)
where 7, is a constant characterising the size of horizon. Given the initial point P, the
Killing vector will generate a curve c(t) = /P in which ¢ serves as the tangent vector
along c(t). Here, we are going to identify the points on the curve such that t € 27tZ and
those points which are invariant under the transformation e*%¢ will become singular-
ities of the quotient space AdSs\ ~. Although the quotient space satisfies the Einstein
equation at the regular points, we still need to get rid of the closed timelike curves,
resulting from the identification procedure, to obtain a reasonable causal structure. Ac-
cording to the property of the Killing field, ¢ - ¢ is preserved along the curve c(t), thus
the necessary condition for the absent of closed timelike curve is ¢ > 0 everywhere in

the manifold and in terms of the embedding coordinates, we have

(X2 - (X?)?=XTX" >0, (2.67)
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which gives us the black hole geometry with a proper causal structure. To see the effect
of identification, we will introduce the (¢, 7, ¢) coordinate defined as

X1 = Izcosh(rgqb), (2.68)

x2 = g, (2.69)
Ty R

X0 = rlj r2—r2 sinh(rRi;), (2.70)

Xt = rlj r2—r2 cosh(%t), (2.71)

in which —co < t,¢p < 0o, r > r4, and for 0 < r < r, the expressions for X1 X2 are

the same while we have

—R ot

X0 = —=./r2 — 2 cosh(—L), 2.72
o VI rCOS(Rz) (2.72)
—R rot

X! = —=/r2 —r2sinh(—), 2.73
r+ L rsm(Rz) (2.73)

for X9, X!. These two patches together will cover the AdS; and the Killing vector

becomes

_9
=3
once we have pushed it back to the hyperboloid described by (t,7,¢). Therefore, in

4 (2.74)

the new coordinates, the identification of points under ¢2%¢ is equivalent to imposing
¢ = ¢ + 2 and then we obtain the black hole metric
2_ 2

=Ty
Rz A+

ds? = — R? dr? + ﬁdcpz (2.75)
_ 1’2 RZ ’ :

+

from which we can see that the horizon lies at » = r, thus in embedding coordinates,
the horizon is
XTX™ =R (2.76)

For simplicity, we usually choose to perform the coordinates transformation

T+ r T4
t— @t, r —> E ¢ — f‘l’ (2.77)

and get
2 2 2 dr? 2742
ds” = —(r" —1)dt toa gt d¢-, (2.78)
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with the periodic condition ¢ = ¢ + 27;”. Moreover, to make the coordinates smooth

at the horizon, we then introduce Kruskal coordinates (U, V) defined as

-1

e! V:\/r et 1<r

r+1
1-— 1-—

U=,/ " et V= et 0<r<i,

L r+1 r+1

Moreover, the metric becomes

—_

.
r+

U=

—_

ds* = Q2(r) dUdV + r*d¢?, (2.79)
in which Q(r) = r 4+ 1 is the conformal factor and the horizon liesat U = 0 or V = 0.

Now, we come to introduce the solution of the Kelin-Gordon equation for the scalar
tield ® on the BTZ black hole background (2.75), written as

Og®p — m?*dy =0, (2.80)

in which [ represents the Laplacian operator on the curved spacetime G. The detail
of the solution is shown in the Appendix B and here we just discuss the results. As for
the solution near the horizon r = r, there are two independent modes

iy

Py = e FORRD) (4 g rl), (2.81)
+

from which we can see that the behaviour of the modes near the horizon depends on
the frequency w which characterizes the propagation of the modes along the circle,
called left or right moving modes. If we consider the solution at infinity » — oo, the
modes now become }

Y N (2.82)

+

which will be scale dimension dependent. We can see that these two modes will behave
like 2 and r*~2 asymptotically, corresponding to the source and normalizable modes,
which have been studied in the vacuum AdS; case.

It is worthwhile to note that, although we obtain four different kinds of modes in total,
this does not mean that the scalar field ® should be the linear combination of these four
modes. The reason that we obtain four modes here is that we are expanding the same
function around different singular points thus the basis changes. Near horizon, the ba-
sis carries the information of the direction of the propagation while, at the infinity, the
basis carries the information of asymptotic behavior of the field according to the radius
r.
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Embedding the Solution

In the above section, we have studied the embedding structure of the BTZ black hole
and obtained the solution of Kelin-Gordon equation on AdS background while in this
section we are going to lift the solution from the AdS hyperboloid to the embedding
space.

There are various ways of extending a function on a hyperboloid to the embedding
space. Since we can foliate the embedding space with AdS surfaces of different radii R,
a natural embedding way is just treating the radii R as a variable and extending the so-
lution obtained from some standard surface R = R to the surfaces with different radii
R. This is easy to do mathematically while we should note that the extended function
will not be the solution of Kelin-Gordon equation on other AdS surfaces except for the
surface Ry. Vice versa, to fully retain the physical meaning of the extended function,
one can solve the KG equation (2.80) on each surface while it is hard to smoothly glue
them together.

Here, instead of considering the extension of the solution directly. We consider the
extension of the KG equation. Using the generator of the SO(2,2) group

0 0

Jap = Xa=<5 — X

5B SXA’ (2.83)

we can construct the quadratic Casimir directly in embedding space Penedones (2016)
1
5Jas] 1 ®a(X) = RV 445@a (X), (2.84)

in which V 445 = Ug since BTZ black geometry is locally isometric to AdS3. The above
expression can be treated as the decomposition of an embedding operator along the
AdS surfaces. Given the quadratic Casimir, the equation of motion in embedding now
is proposed to be

% Jap]PA®@p(X) = m*R2®y(X), (2.85)

from which we see that the mass term m2R? now depends on the radii of the surfaces,
and it will be reduced to the KG equation at radii R = 1. Since [J 43, X2+ RZ] =0, we
can solve the Equation (2.85) on each surface, following the same method of solving
KG equation, provided we make

m’R* = Ag(Ag —2). (2.86)
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Now, if we write solution in terms of the (r, t, ¢, R) coordinates i.e, ®(X) = ®(t,7,¢,R),
the modes will become

Py = e FOTRRI £ i g i) (2.87)

at the horizon while, at the infinity, the two modes are

ot r
po = et (WIkRY) faglwki ), (2.88)

in which we not only make the phase part R dependent but also the scale dimension R
dependent. These solutions are smooth in embedding space and they are also solutions
of the scalar KG equation on each AdS surface with mass mR, i.e, now the equation
becomes

Oc®n, — m*R*®y, =0, (2.89)

which can be understood that we are considering excitation spectra or fluctuation of
particle with mass of order R on each AdS surfaces.

BTZ Propagator

In this part, based on the study of the geometry of BTZ black holes, we will try to
generalise the vacuum AdS propagators to the black hole case and discuss the ther-
mal feature of the boundary theories. As we have already known, BTZ geometry is
obtained from AdS3 by the identification of the points ¢ = ¢ + 271. In the embedding

coordinates, using (2.68) and (2.69), one can deduce that this is equivalent to
XT o2 o2 X F, (2.90)
Here, to study the identified points more carefully, we introduce the notion
X" = (et Xt e X X0, X1, (2.91)

in which we use the superscript n to represent the winding number of the coordinates.
Moreover, we should note that the points X" are distinguishable in the AdS; geometry
while they form a cover of a single point X of BTZ black hole

X=X0=X'.. Xr=xX"... . (2.92)

Following such convention, one can directly write down the BTZ boundary-bulk prop-
agator
X ((=2P-X")(W-Z)+2(W-P)(Z-X"))

GBTZ(X,P;W,Z) = _
A ) n:Z_:oo (—2P - Xn)A+]

(2.93)
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with the help of the method of images introduced in Keski-Vakkuri (1999); Kraus et al.
(2003). Basically, the infinite sum over the winding number on the right hand side is
used to construct a function that is invariant at the points X" so that the relation (2.92)
is manifested in the context of the BTZ geometry.

To see how this works in a more specific way, we choose to go back to the (t,7,¢)
coordinates. The bulk points X are well defined in the previous section and here for the
boundary points P, we write them as

P= (P, P~, P°, PY) = (¥, e, sinh(r,t'), cosh(r t')), (2.94)

in which the light ray condition P> = 0 is satisfied and the (#,¢’) are in fact coordi-
nates of a cylinder. With these coordinates, for the scalar case, one can write the bulk
boundary operator as
> 1
GX,l(X/P ) = Z
n=—oo (_ \/mcosh(mdt) + -cosh(r (6¢ + 27'tn))>

5 (2.95)

T+

forr > ry and 6¢ = ¢ — ¢, 6t = t — t'. This is the bulk-boundary propagator when the
bulk point is outside the horizon. For the inside horizon propagator, we should use the
coordinate 2.72, 2.73 and then obtain
_ - 1
Gan (X,P) = Z
n=—oco0 N2 . ’
<— sinh(rdt) + ;~cosh(r (6¢ + 27171)))

T+

- (2.96)

For the boundary correlation functions, the polynomial of higher spin two point func-
tion

= ((=2P) - Py)(Z1 - Z2) + 2(P - Z2) (P2~ Z1))

(O)(P)O)(P) (21, 72) = 1. =
n=—c0 1

(2.97)

is obtained by the projection of the bulk-boundary propagator to the r* term, in which
P" are defined as

P":= (e""ept, e pT, PO, P') (2.98)
thus the temperature T = r /27 can be deduced after going to the Euclidean signature
t = —it.
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2.2 A Lorentzian AdS/CFT Map

In this section we will do the Wick rotation of CFT completeness relation by matching
the scale dimension and spin in different signature properly then present a Lorentzian
AdS/CFT map based the derivation of Euclidean AdS/CFT map in Aharony et al.
(2021a,b). Given the Lorentzian AdS/CFT map, we will present the matching con-
ditions for the quadratic action then propose the matching conditions for higher order

action.

221 Scale Dimension and Spin

First we will discuss the behavior of scale dimension A and spin ] in different signatures
from both the conformal field theory and gravity theory point of view, which plays the
central role in the context of Wick rotation and AdS/CFT matching.

Symmetry Group Principal Parameter

Series

Euclidean | SO(d +1,1) ~ SO(1,1) + SO(d) | &x; A=44+iR, JeZ

S0(d,2) ~ SO(1,1)+ A=14+iR
Lorentzian Pa, 1,2
SO(1,1) + SO(d — 2) J=924+iR, A€Z

TABLE 2.1: Harmonic analysis of the conformal symmetry for d spacetime dimen-
sional Euclidean and Lorentzian conformal field theory. The principal series for Eu-
clidean and Lorentzian signature are labelled by £ and P, respectively.

We start from the study of representation theory of the conformal symmetry group. As
for the scale dimension induced by the dilaton operator D, it generates a noncompact
direction, i.e noncompact subgroup SO(1,1), in both signatures and takes the value
A= % + iR on the same principal series provided the representation is unitary while
the story for the spin is different.

For the spin in Euclidean signature, it represents the compact group SO(d) thus takes
the integer value | € Z and in Lorentzian signature it represents the noncompact time
direction generated by the operator My; therefore becomes continuous on the princi-
pal series | = % + iR. The decomposition of the symmetry group and the range of
parameters are summarized in Table.2.1. We should note that in Lorentzian signature
we usually take the representation of compact group SO(d — 2) to be trivial therefore
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FIGURE 2.3: The analytic continuation of the scale dimension is shown on the left hand

in which principal series lies on the red line and physical scale dimension distributes

along the blue line on the real axes, with the lower bound A. In the right figure, the

motion of the poles according to the changing of the lower bound Ay is illustrated.

In order to eliminate such effects caused by the motion of poles, an extra part of the

contour winding around the singularity should be added into the original contour 7.
The new one is denoted as -y; and illustrated by the red curves.

make A = 1. In the end, to get the physical operators, we need to analytically continue
the A, ] from principal series to real axes while the rotation of the scale dimension is
shown in LHS of Fig.2.3.

Practically, in order to get an analytic function, the contour along the principal series is
not enough and we need to deform the contour especially when we meet poles in the
complex plane. For example, in the completeness relation (2.102) or (2.112), Ay = % is
defined on the principal series. But physically, as the lower bound of the scale dimen-
sion, Ay itself depends on the theory thus it varies along the real axes according to the
interaction picture we have. Note that Aj serves as a parameter in the constant factor
thus the position of the pole of N, ; will move when we change the value of Aj. Taking
these effects into consideration, if one wants to extend the equation apart from A = %
analytically, extra contours going around the poles should be added properly, illus-
trated in RHS of Fig.2.3, and the Euclidean case is discussed in Aharony et al. (2021a).
To distinguish the deformed contours from the original one 7, we denote them as ¢

and 1y, corresponding to the Euclidean and Lorentzian CFT *.

The above discussion comes from the study of the symmetry group on field theory
side, which must have implications in the bulk theory with gravity due to the corre-
spondence. The connections come in when we try to construct a map between the bulk
fields and the boundary fields via the decomposition (2.10) and (2.11). In (2.10) and
(2.11), we just state without explanation that A should lie on the principal series even
though harmonic analysis does not apply to the gravity theory. Here we point out that

if one wants to complete the map between the bulk and boundary field, one should

4In fact we should impose that yg = 71 to make fields satisfy the match condition and we label them
together as v;, which means that the deformation of the principal series depends on the spin J.
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choose the contour ¢ in (2.10) and the contour 7 in (2.11) and such choice of contour
in the bulk theory can be interpreted as selecting proper modes of the bulk-boundary
propagator, i.e, we have the correspondence

Poles of Nj(A), Naj — Bulk Modes, (2.99)

This is similar to the case we have met in the study of quasinormal modes Birmingham
(2001); Birmingham et al. (2002, 2003) of BTZ black holes in which the pole of frequency

in the BTZ solutions is related to the pole of boundary CFT correlation functions.

Moreover, in the study of four-point functions of the SYK model, Maldacena and Stan-
ford (2016), the same pole structures arise from the calculation of eigenfunctions of the
casimir operator. When expanding the four-point function as casimir eigenfunctions,
the coefficients are written in terms of the eigenvalues N ; ~ % of the kernel. It
has a pole at k.(h) = 1 when h = 2 in which & plays the role of scale dimension. The
behavior of the infinite term around the pole & = 2 is given by dk.(h = 2) ~ /5%7,
which results from the broken of conformal structure. From the bulk point of view, in-
stead of considering the exact AdS; geometry, one should study the near AdS, (NAdS;)
geometry Maldacena et al. (2016); Maldacena and Stanford (2016) and such broken of

symmetry is described by the Goldstone boson mode so called dilaton.

Having discussed the role of scale dimension, we now come to the study of spin |
while it will become more complicated even though we just stay on the CFT side. The
subtlety firstly comes in when we try to analytically extend the spin | in Lorentzian
signature apart from the principal series since the physical spin are discrete integer
numbers Mack (1977) on real axes rather than a continuous interval and there is no
mechanism telling us how the basis collapse or whether the physical basis is still com-
plete.

We will also meet similar difficulty when doing rotation between two signatures. For
example, in the study of partial wave decomposition of conformal four point func-
tions Dobrev et al. (1977); Simmons-Duffin et al. (2018); Kravchuk and Simmons-Duffin
(2018), we need to sum over all possible spin | for every representations. This is rep-
resented as a sum over non-negative integers in Euclidean signature. In Lorentzian
signature, in order to make such completeness still valid, we need to sum over the
principal series, which now becomes a continuous integral. We see that such a gap be-
tween integer and continuous number arises again while this time it can be resolved by

applying the complex analysis techniques.

The key idea comes from the study of Sommerfeld-Waston transform Eden et al. (2002);
Gribov (2003); Cornalba (2008), which tells us that it is possible to rewrite the sum of
discrete numbers into an integral along the proper contour in the complex | plane.
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FIGURE 2.4: The contour in the complex | plane we meet during the Wick rotation
is illustrated. The blue contour denoted as I' is the one we used to take the place of
the sum over non-negative spin while the red line is the spin principal series. Wick
rotation can be understood as the deformation of I' to the principal series. The figure
on the left shows the configuration when the spacetime dimension d is odd so that the
principal series will not pass through any integer point on the real axes. The figure

on the right shows the even dimension case in which we need to deform the principal

series around (%, 0) in order to make contours not meet with each other so that the

Wick rotation is continuous.

More precisely, we have
i — % 4 (2.100)
= r sin(7t])
in which the contour I is shown in Fig.2.4. At this stage, we are still in Euclidean
signature and the next thing we need to do is to deform the contour from I to the
Lorentzian principal series. During the deformation, various physical phenomenon
will show up and it usually depends on the pole structure of the integrand. Specifically,
we can write the integrand into the product of the coefficients Nj(A) and the basis I }AS, |
while the pole structure is hidden in the analytic extension of Nj(A), labeled by N (A, J).
After figuring out the Lorentzian version of the basis I k,], one may write down the
formula in Lorentzian signature. We summarise the Wick rotation procedure into the
formula

) dA E i d] dA .
E)[y i N](A) IA,] — E.'y] m . i N(A,]) IA,]/ (2.101)

which is the combination of following four steps
i) Write the discrete sum ) in terms of the integral along I'.

ii) Do the space time rotation on the basis I% ; in order to get the Lorentzian expres-
sion I} ;.

iii) Analytically extend the coefficients Nj(A) to the complex plane to get N(4A, ]).
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iv) Rotate the contour I to Lorentzian principal series -; while the pole structure should
be taken into consideration.

The above method have already been used to study the CFT partial wave decompo-
sition Hartman et al. (2016); Simmons-Duffin et al. (2018); Kravchuk and Simmons-
Duffin (2018) and the poles are called Regge poles Gribov (2003); Cornalba (2008) in the
context of scattering amplitude, which are connected to the CFT correlation functions
in the Regge region, and we will use them to deal with the conformal completeness
relation in the next section.

2.2.2 CFT Completeness Relation

In conformal field theory, three-point correlation functions are elementary building
blocks of the higher point functions and it is believed that, after imposing proper con-
straints, they will encode the whole information of a CFT, which is the idea of conformal
bootstrap. Moreover, according to the harmonic analysis of the conformal symmetry
group SO(d 4+ 1,1) for a d dimensional Euclidean CFT Dobrev et al. (1977); Karateev
et al. (2019); Aharony et al. (2021a), we can regard three-point functions as the basis of

the fields and the orthogonality of the basis is given by the completeness relation
1 dA i
(5(X1,X3)5(X2,X4) = zjg)fyzm/d X5 N](A) (2102)

X <OA0(X1)OA0(X2)O$HW(x5)><Ogo(x3)ogo(x4)O§{[--m(x5)>r

in which xf’ for 0 < u < d —1 are spacetime coordinates and A is the scale dimension.
Due to the harmonic analysis, the representation of SO(d + 1,1) will be unitary pro-
vided A lies on the principal series ¥ = % + is and we denote the shadow transform of
the operator O (x;) as O3 (x;), in which A =d—A. For simplicity, we will label them
as O; and 51- in the later discussion. Moreover, given a CFT, we should note that the
scale dimension usually has a lower bound named A and for free theory it takes the

value %.

The completeness relation (2.102) can be used to expand local or bi-local fields in Eu-
clidean signature while we need to do the Wick rotation on it to study the field theory
in Lorentzian signature. In order to apply the Wick rotation skill, we first choose to in-
tegrate over x1, x4 on the two delta functions, making them a constant, and then focus

on the integrand term on the RHS which is labelled as °

IA/] = /ddxlddX4ddX5 <Olozo5><636465>. (2.103)

5More precisely, we should use I g B
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The main task of the rest of this section is to find the expression of I ; in Lorentzian

signature.

There are five spacetime points in the product of two three-points functions and we use
the conformal symmetry to fix three of them, i.e, we setx, = (0,...,0), x3 = (1,0,...,0)
and x5 = (A,0,...,0)° and then obtain

Iny = /ddxlddx4 (010,05)(03040s) (2.104)

in which there are only two variables x; and x4 left and they are explicitly shown in the
integral. We should note that there will be an overall constant term arising from the
volume of integral over x5 when we choose the gauge but we do not need to consider
that since it will go away once we ungauge the fixed points back to the integral in the
end. To perform the Wick rotation, we introduce the normal Feynman continuation in

which we take x* = (i + €)t, u = x! — t and v = x' + t. Therefore we obtain
1 o o~ ~
IAJ = —1 /dvlduldv4du4dd_2x1dd_2x4 <010205><0304O5>, (2105)
and the singularities at the coincident points x; ~ x2, x5, x4 ~ X3, x5 are given by

U1pv1y +ie =0 u15015 + i€ = 0, (2.106)

Ug3043 + i€ =0 Uy5045 + i€ = 0. (2.107)

As for the integral, we can think about fixing #; and u4 and then investigating the be-
havior of I5; on the v and v4 complex plane. Due to the introduction of the ie expres-
sion, singularities will shift apart from the real axes and their positions are determined
by the equation (F.109) and (2.107). More explicitly, singularities of v will shift to the

upper half plane if u is negative and vice versa.

Since we are interested in the nontrivial I j, the singularities x; ~ x; and x; ~ x5
can not lie in the same half plane otherwise we can deform the integral contour along
the real axes to the infinity and make I5; vanish. The same argument holds for the
x4 ~ x3 and x4 ~ x5 singularities, which means that the sign of 11, 115 and w43, 145
should be different, i.e, it requires that

Uy < up < us, usz < ug < Us. (2108)

The next step is to determine the deformation of the integral contours of v; and v4 and
we illustrate one way of the deformation in Fig.2.5, in which we let the v; integral go

around 1 ~ 2 and the v, integral go around 4 ~ 5. This means that we restrict the

6Usually we take A — oo but here we make A a finite number.
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FIGURE 2.5: One possible choice of integral contour and branch cuts are shown in the
v1 and vy4 plane, in which blue points are coincident points in the correlation functions
and wavy lines are branch cuts in the complex plane. In the v; plane the contour
winding around 1 ~ 2 will generate the commutator [O1, O,] while the contour around

4 ~ 5 in the vy plane will generate the commutator [Os, Oy].

integral in the region v; < 0,v4 > A and, at the same time, it induces the term
{[01,02] Os)(Os [Os, Ou)), (2.109)

in which the winding of the contour around the branch cuts will produce a commutator
[, ] and the order of the operator in the commutator is determined by the direction of
the contour. After taking all kinds of deformation into consideration, we obtain

({[01,02] Os) + (02 [05,04])) x ((O3 [Os,04]) + ([O4, 03] Os)), (2.110)

in which each term corresponds to a region in the (v1, v4) plane and they together con-
tribute to I ;. After all, we should sum over all possible A and | in I5; to get the
completeness relation. Now we should note that such problem has already been ex-
tensively discussed and resolved in (2.101) and here we just write down the result in
embedding space

- id] dp N
3Py P3Py, Py = [ ZSin(n])/]!(2_1)][,2711'1\]@’]) (2.111)

X (([0ay(P1), Ong(P2)] Oaj(P, Dz)) + (Op, (P2) [Oa(P, Dz), Op, (P1)]))

X (0,(P3) O3 (P, Z2), 03 (Xa)]) + ([0, (Pa), O (P5)] O ;(P, Z))) + - -

in which P, Z are points in the embedding space corresponding to the boundary CFT,
the overall constant N(A, J) will now become analytic function that depends on A, |

and - - - represents the contribution from its poles. Dy is the operator used to contract
1

the spin indexes associated with the factor TCE
=1y
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Physical Basis

We have discussed that it is still unclear how to get physical spin from the principal
series in Lorentzian signature while we found the connection between the Euclidean
physical spin and the Lorentzian spin principal series via the Wick Rotation of the CFT
completeness relation. Here we are going to directly rotate the physical Euclidean CFT
to the physical Lorentzian CFT since spins are integers on both sides and we summarise
all of these ideas in the following figure.

Wick Rotation

. Completeness Relation i
Euclidean CFT on &, ) Lorentzian CFT on Pp jz

@

B |ac ®) |Ac

Physical Euclidean CFT Bi-local Field Matching  Physical Lorentzian CFT
A>Ny, J€Z < » A>Ny, JEZ

@

(1) |Ads/CFT () |Ads/CFT

Higher Spin Field Matching
®

Lorentzian AdS

Euclidean AdS

The work about the analytic continuation of Euclidean CFT labelled by (1 and Eu-
clidean AdS/CFT map labelled by (5 has already been discussed in Aharony et al.
(2021a) while we have studied Wick Rotation of the completeness relation (4) and high
spin field matching (3) in previous sections. In order to verify the AdS/CFT map in
Lorentzian signature, denoted as (2) , we need to find results in the physical Lorentzian
CFT. Although the detail of analytic continuation of Lorentzian CFT is unclear, we find

that it is possible to consider the direct correspondence between physical CFTs, labeled

by @ .

(@) can be regarded as the combination of @), & and (6) and its net effect is just
that we do the Wick rotation of space time while keep the spin physical. Now, we con-
sider the behavior of spinin @ and (6),in (@ we extend physical Euclidean spin to
Lorentzian principal series while in (6) we need to extend spin on Lorentzian series
to physical Lorentzian spin and in both cases the contour will move across poles on
complex plane determined by N (A, J) but from opposite directions. Therefore we can
see that the net contribution from the poles will be zero and then we obtain the physical
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CFT completeness relation written as

e dP dA
0(Py,P3)6(P, Py) = —— [ —N(A, 2.112
(P1, P3)5(P,, Py) ];)/]!(g_l)]A (A ]) ( )

27t

X (([Oay(P1), Oy (P2)] Oa (P, Dz)) + (Op, (P2) [Oa,(P, Dz), Op, (P1)]))
X ((Oz,(P3) Oz (P, Z), O (P4)]) + ([Og,(Pa), O (P3)] O ;(P, Z))).

2.2.3 AdS/CFT Map

In this part, we will use the CFT completeness relation to expand bi-local fields ®(Py, P,)
on the boundary, together with expansion of higher spin fields on the bulk, then con-
struct a map between them in Lorentzian signature so called Lorentzian AdS/CFT map

Bi-local Fields Matching

Before going into the derivation of Lorentzian AdS/CFT map, we first discuss the
match of bi-local fields during the Wick rotation, as the building block of our construc-
tion. First, following the convention from the previous section, we denote the bi-local
fields in Euclidean and Lorentzian signature as Y (Py, P») and ¥ (Py, P»), respectively.
From the holography point of view, the match of bi-local fields is conceptually different
from the match of bulk fields. But if we just consider the match of two theories with
actions, the matching rule (2.2) is universal. Therefore, consider the continuity of the
tield at the matching surface X, we immediately obtain the first matching condition,
written as

Ye(Py, Pz = Yo (P1, o) ls. (2.113)

We should note that such matching condition is universal and it does not depend on
how we construct the bi-local fields while, for the second matching condition, one
needs to consider the detail structure of the theory. First, we consider the O(N) vector

model in which the bi-local field is defined as
1 N

Y(P,,P,) := N Y o1(P)pi(P2), (2.114)
=1

where ¢; are real scalar fields. Since for each scalar ¢; one should impose the condition

(2.13), we then obtain the second matching condition, written as

0, ¥(P,Py) 49, ¥ (P, P) =0 for a=1,2 (2.115)
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Then we consider the U(N) vector model in which the bi-local field is given by

Y (P, Py) = — Zc[)l Py)¢1(Py), (2.116)

where ¢; become complex with the conjugate ¢; while the matching condition of the
complex conjugate field ¢ is the complex conjugate of (2.13). Therefore, for the U(N)

vector model, the second matching condition now becomes ”

3, ¥ (Py, Py) — iy, Y1 (P, Py) =0 (2.117)

aTZ‘Y(PL Pz) + iatZTL(Pl,PQ) =0, (2118)

in which one can check that the matching conditions are hermitian in the sense that we
treat 1,2 as the matrix indices. From the above discussion we can see that the explicit
form of the second matching condition depends on the theory itself and there also exist
physical models which do not require the second matching condition. For example, in
SYK model the bi-local field is defined as

N
¥ (P, P,): Z x1(P1)x1(P2)), (2.119)

in which x; are Majorana fermions. In this case, the requirement of the first match-
ing condition is still necessary while there is no second matching condition since the
on shell equation for yx; is the first order differential equation. Moreover, one should
impose proper reality and hermiticity condition on the spinor and action, respectively
Nicolai (1978); Van Nieuwenhuizen and Waldron (1996).

Derivation

To make the Lorentzian results compatible with the Euclidean case, also for simplicity,
we first define the Lorentzian three-point function basis as

<010203>L = <[Ol,02] O3> + <02 [O3, O1]>, (2120)

<616263>L = <61 [63, 62]> + <[52, 61],63]>, (2.121)

in which we can see that Lorentzian three-point function basis are in fact combinations
of three-point functions and its shadow counterpart is not just the shadow transform
of each operator while we should also take the effect of commutator into consideration.
But (0;0,03); and (0;0,03); are still orthogonal in the sense of (2.112). Therefore,

"We should note that in the bi-local form ¢ and ¢* are not independent if one requires the bi-local
field is hermitian, i.e.,, ®*(P;, P;) = ®(Py, P,). If we treat ¢ and ¢* independently, there will be no sign
difference in the matching condition as derived in the Appendix C.
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from the bi-local field expansion
Y(Py, P)e/1 = 2/ i / e E/L(P, Dz){Ony(P1),Onay(P2)Oa (P, Z)) k1,
rL

we can determine the coefficients C to be

N,
Chf(Pz) = =2 / dPdP; ¥ (Py, P) (O, (P1), 03, (P2)Oj (P, Z))g 1
(2.122)

As for the higher spin fields, we will focus on the study of transverse tensor fields and

the transverse bulk completeness relation is given by

P
TT ) _ .
X1, X)) (W X1, P;Wq, D X5, P Z
6" (X1, X2)(Wh2) /2 l/]' 1), GA]( 1, 1,D7)Gz ;(X2, P;Wo, Z),

which comes from the zero spin term of the full completeness relation and «; are con-

stants that depend on the spin. Therefore, given the off-shell tensor field expansion
X W / 27-[1/]| CA](P DZ)GA](X P W Z) (2123)

we can use the bulk completeness relation to deduce the coefficient polynomial, which

is given by

NA/]
2 (!

Ca;(P,Z) = / dX H(X,Kw) Gy (X, P;W, Z). (2.124)
Now, we can construct a map between the bulk coefficients Cp; and the CFT coeffi-

cients Cp j, given by
=~E =L
CEJ(P,Z) = ffJ Cay(P,Z), cg,](P,Z) = fﬁJ Ca (P, 2), (2.125)

in which f AE, jand f, k/ ; are functions on the scale dimension and spin. Although one can
propose the AdS/CFT map in Euclidean and Lorentzian signature separately, we will
see that in fact f, E, jand f, k/ ; are not independent. According to the matching of bi-local
field and the Wick rotation of the completeness relation, we know C i, ;= Cﬁ/ ; while we
have CE = CL from the study of higher spin field matching on the bulk. Taking these
into consideration, we can conclude

fag = fr;=fy (2.126)

which tells us that the AdS/CFT map should be invariant during the Wick rotation.
Moreover, we can transfer the map between coefficients into the map between fields
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directly with the help of (2.122) and (2.124). We can deduce the CFT to AdS map to be
H(X,W _ LaA N, dPydP, Gy ;(X,P;W,Dy)
(X, W) = Eyzim'fM AJ/],(/ 1dPy G ( z

x (03,(P1),053, (P)O3 (P, Z))1 ¥(P1, P2), (2.127)

and the AdS to CFT map to be

dA NA]
¥ (P, Py) / /
1 2 E 2711 g fA] dT a _1)]]|2

(2.128)
/ dX (On, (P1), Ony(P1)Oa (P, Z))1.GE (X, P; Kw, Z)H(X, W)

therefore completes our derivation.

Here, we should note that the AdS/CFT map provides us with a machinery to build
connections between bi-local fields and higher spin fields and the fields could be off-
shell and both take values in embedding space. In order to imply that the higher spin
fields live on the bulk AdS and the bi-local fields live on the boundary CFT, we need
to specity their physical regions. That is to say, the physical region for H is the AdS
surface X> = —1 and the physical region for ¥ is often taken to be light rays on the
cone X2 = 0. Moreover, for the on-shell AdS/CFT map, i.e, after solving equation of
motion on the physical region, we will see that the on-shell AdS/CFT map is invertible
in the large N limit.

2.3 Match Conditions for the Quadratic Action

As it was discussed in Aharony et al. (2021a), the AdS/CFT map mainly works for the
off-shell field while the matching condition introduced in section 2.1 is applied to the
on-shell field. In fact, on-shell fields belong to the subset of the off-shell fields. The
expression (2.123) of the off-shell fields is basically the expansion of an arbitrary func-
tion by the given basis G, j thus all the information of a physical systems is encoded
in the coefficients Cp ;. Suppose that the mass of the spin | field is given by the scale
dimension Aj, although it is hard to solve Ca ; directly, we can deduce the coefficient
will take the form

Ca,j(P) = 6(A — Ap)Cy, (P), (2.129)

in which Cy, (P) is the source of the spin | field. Therefore, we can see that the mass
spectra of the theory is determined by the pole structure of these coefficients Cy j, which
will give us the AdS/CFT dictionary, together with the CFT coefficients C AJ- Soin
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order to complete the construction of Lorentzian AdS/CFT map, one needs to specify
the matching conditions for the off-shell field.

2.3.1 The Quadratic Action

The match condition for a generic off-shell field is hard to study without specifying the
equation of motion or the action for a given theory. In this thesis we will focus on the
study of a special class of off-shell fields which govern the higher spin field theory dual
to the vector model on the boundary and they are described by the quadratic action
shown in de Mello Koch et al. (2019); Aharony et al. (2021a). For simplicity, we just
consider the scalar action Sg

Sp = % . VG (049" ® 9,0,P + M 9,® oD + M3 9,d 9'® + MIM3 ) (2.130)
in which @ is the off-shell scalar field propagating in the manifold Mg with AdS back-
ground described by the metric G while M; and M, are mass of the particles. Here we
should note that they are spin dependent parameters coming from the pole structure of
Ca,j and fixed in our context since we are dealing with scalar fields setting | = 0. Those
off-shell scalar fields are not totally free while they should obey the equation of motion
given by the action Sg, the variation is given by

ose = | VG ("0 ® 9,,9,6® + M2 9, D 36D + M3 9, 3"6D + MIMZ & 5D)
E

= VG (<2at 9'9,® + M2 9, + M2 atcp) 5D + 319, D 5af<1>) (2.131)
oM

+ [ (99"VG 0,0,® — M}9, VG o' — MO VG 0,® + VG MIMED) 5
Mg

in which the first term results from the boundary 0 Mg and the second term gives rise

to the equation of motion written as
1
\?G(aﬂav\FG 9,0, — M3,V G d"® — M23'VG 9,®) + MIM3® = 0.2.132)

Given that the AdS/CFT map is also valid in Lorentzian signature, the Lorentzian ver-
sion of the action S; should exist and can be deduced to take the form of

1
SL=—3 y V—=G(9"9"® 9,0, + M3 9, P 9" ® + M3 9, 9"P + M; M3 ?)(2.133)
L
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The matching condition of the total action iS;, — Sg at the joint surface ¥ = oMg =
—0dM; is then deduced to be

i (2at 99, + M2 3,®; + M3 atch) 5D, + (2aT 9'9;dr + M? 9. Df + M> aT<1>E) SDx

i9?®; 60, — 92 DE 50, D

in which we have used the contraction relation 8% = —0'9; and 92 = 079;. Moreover, if

we impose the condition that the charge 9'9;® is conserved at the joint surface
i010'0; Py + 9:0'0;®F = 0. (2.134)

Then the matching conditions can be simplified to

Op — D, =0, (2.135)
i0;®y 4+ 9. = 0, (2.136)
07d; + 92D =0, (2.137)

so called offshell matching conditions even though ®g, ®; now satisfy the quadratic

equation (2.132). Moreover, after rewriting the equation into the form of
(Vs — MP)(Vigs — M3)®(X) =0 (2.138)

with the V 445 on AdS background. Then one can obtain the solution in terms of the
bulk boundary propagator written as

1 1
in which A; and A; are given by the relation
M2 =A(A —d), M3 =7 (A —d). (2.140)

Ca, (P) and Cp,(P) can be treated as coefficients or sources associated to the mode of
scale dimension A1, A,. Therefore one can check the offshell match conditions (2.135)
and (2.136) are solved by the matching of coefficients

Cx, =Ch,  Ci, =C§ (2.141)

and the condition (2.137) is then automatically preserved, which is shown in the ap-
pendix D. In fact, since we have seen that the offshell solution is the linear combination
of two onshell fields, the offshell matching condition (2.134) can be rewritten in term of



2.3. Match Conditions for the Quadratic Action 47

97,97 after using the onshell equation of motion for each propagator with mass M, Ma.

Now we come back to the duality between the higher spin theory and the vector model.
As it is known that the higher spin theory in the bulk is described by the Vasiliev equa-
tions and the corresponding action is still absent. Thus, with the help of AdS/CFT
map, it is possible for us to reconstruct the bulk action from the action of boundary free
vector model de Mello Koch et al. (2019); Aharony et al. (2021a). This is done by first
decomposing the boundary action into the coefficients C»; then mapping it to bulk
coefficients Cp; via the AdS/CFT map (2.125) therefore rewriting the action in terms
of the bulk fields. The spectra is determined by the pole structure of C, ; as shown in
(2.129). It turns out that the bulk action is quadratic consisting of higher spin fields and
the scalar part is described by (2.130) while the mass M; and M, are given by

A =d, A=d-2. (2.142)

From the above procedure, we can see that one of the mode described by C,, is physi-
cal and the mode described by Ca, with negative mass M3 < 0 is unphysical based on
the observation that it will contribute to the offshell field ® in a negative way Cp, < 0.
Such unphysical modes are identified as ghost modes coming from the gauge fixing of
the higher spin fields. Moreover, from the match condition (2.141), one can see that the
physical and unphysical modes will behave independently during the Wick rotation.

Furthermore, as pointed out in the work Skenderis et al. (2009b,a) during the study
of three-dimensional Einstein gravity, the higher-derivative terms in the action will in-
troduce extra propagating degrees of freedom and they are identified as ghost modes.
Those ghost modes make the theory unstable and violate the unitary condition. Such
problem is rescued by considering the topologically massive gravity at the chiral point
so that the left-moving sector will be gauge fixed and the extra degrees of freedom are
then eliminated. Here for the higher spin fields, to make the theory physical, one can
also choose to set the negative modes to zero in Euclidean signature by fixing the gauge
of the higher spin fields , i.e ng = 0. This naturally tells us that the ghost modes will
not contribute to the external legs of the Feynman diagrams since the source is turned
off in real time by checking the match condition (2.141). However, the ghost modes will
contribute to the Feynman diagram at the loop level while the detail goes beyond the
study of classical match condition in this thesis 8.

8The matching condition developed in this thesis is the match for the classical field configuration and
it tells us the vacuum is the Hartle-Hawking state. For the full description of the Hilbert space, one needs
to study the match condition at quantum level.
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@E(—T) ch(t, T)

DL(t)

FIGURE 2.6: The complexification of the field ®r and ®; into a function ¢ with
complex variables is depicted.

2.3.2 Analyticity

At first sight, it looks confusing since, starting from different actions, we eventually
arrive at the same matching condition (2.141) . As we will see, this becomes nature if
one considers the behavior of the field and propagator over the whole complex time
plane. The analytic property of the propagator G, (X, P) implies that the condition
(2.141) could be universal for arbitrary higher order matching.

The complex time plane is described by the variable z = t +it, Z = t — it and the
function on the complex plane is denoted as

e (z,2) = Pe(t, T). (2.143)

Although the complex time t + iT will not make sense physically and we are just in-
terested in the Euclidean field ®(7) and the Lorentzian field ®(t), we can still treat
these two fields as living on the boundary of the complex field ®¢(t, 7). More precisely,

as illustrated in Fig.2.6 we can impose the condition
Dc(t,0) = Pr(t), Pc(0,7) = Pp(—7), (2.144)

which specify the boundary value of ®¢ while the value in the interior is still unknown.
But after taking the first order matching condition (2.136) into consideration

atCIDL(t) — iafq)E(T) = 8z<I>C(t, T), (2145)

we find that a sufficient condition for the complex field is the analyticity ,i.e, an analytic
complex function will naturally induced a pair of field ®; and ®r which satisfy the first
order matching. We can also see that the second order matching condition (2.137) can



2.3. Match Conditions for the Quadratic Action 49

be written as 0,0;:®¢ = 0 thus now becomes trivial. Furthermore, using the relation

(2.146)

one can write the 9;, d; into the derivative d, and 9d; and check that the third order
matching condition (2.134) becomes trivial provided 0:®¢ = 0.

We obtain the necessary match conditions (2.135), (2.136) and (2.137) for the field by
considering the action up to the quadratic order while higher order terms will show up
if we sit down to study the complete bulk action. Therefore, we can propose that the
higher order matching condition are generated by the derivatives d,, 0z acting on the

complex function and the matching condition for arbitrary higher order action is
0:D¢(z,2) = 0. (2.147)

This assumption is reasonable since as for the boundary quantum field theory, we have
the analytic Wightman functions so we should expect to get analytic fields on the bulk
via the help of holography principle. Although the Wightman functions are charac-
terised by a series of axioms Osterwalder and Schrader (1973, 1975) and here we start
from the study of variation of the action 6S. In this thesis, we are considering the match
condition purely from the mathematical point of view i.e, match conditions in the bulk
is dual to analytic properties of the Wightman function. A set of reconstruction axioms,
for example the understanding of causality, is not established in the bulk. In some
cases, higher derivative terms are related to the causality for a given theory while the
detail relation is still not clear. It is interesting to explore the match conditions from
the algebraic point of view, for example, establishing the Haag’s theorem on the AdS
background, and we leave this to further work.
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Chapter 3
Flat Holography for Scalar Fields

The main goal of this chapter is to develop the AdS/CFT correspondence into the
Flat/CFT correspondence thus bringing the holography principle and especially all the
work on AdS/CFT to the measurable level. More precisely, we will finally construct
the dictionary between flat spacetime and the CFT on the boundary, which works the

same as (1.1).

Before going into the Flat/CFT dictionary, we first introduce another principle used
many times in this thesis, which is the completeness relation of mode expansion for a

generic physical field written as
A Generic Solution = Z Coefficient x Modes. (3.1)

The mode expansion tells us that a generic field configuration can be decomposed into
given modes for the linear physical system, and the information about the field is en-
coded in coefficients. These coefficients are determined by the boundary and initial
data. The symbol ) means that we should sum over some proper set of modes, which
is labeled by discrete or continuous numbers. Physically, for example, in quantum me-
chanics and quantum field theory, one always assumes that all the physical solutions
are well behaved at the boundary; therefore, an inner product could be properly de-
fined. Given the well-defined inner product structure and the existence of a self-adjoint
operator, all modes form a complete set of basis for the physical solution space while
the rigorous mathematical structure has been studied in the so-called Sturm-Liouville
theory, but here we should note that the boundary conditions are often hard to specify

or to check in the physical situation.

In physics, the mode expansion (3.1) is also called superposition principle and has been
used widely, dating back to the birth of quantum mechanics. Here we will reconsider
the mode expansion and find it is not as obvious as people thought it would be al-
though it has been taken for granted for a long time. Taking the story of quantum field
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theory for example, the traditional mode is the plane wave mode ®x = ¢'XX and all
on-shell modes satisfying —K? = M? form a complete basis for the field describing par-
ticles of mass M. After the quantisation, coefficients for the plane wave are promoted to
be creation and annihilation operators. Recently, except for plane waves, people have
constructed a new kind of basis so called conformal basis ®, Pasterski et al. (2017);
Pasterski and Shao (2017) to highlight the symmetry of Lorentz group SO(1,3) and the
unitarity of the representation of Lorentz group requires that A should lie on the princi-
pal series thus one assumes that all states on the principal series form a complete basis.
In addition to the conformal basis, for this thesis, we are going to introduce another

kind of mode based on the foliation of the Minkowski space as
— (X2 (X" 4 (X*)? + (X°)? = —17, (32)

in which one can treat it as the embedding of the AdS hyperboloid with radius T > 0.
Given such foliation, one can further choose 7 together with the coordinate on AdS
surface as Minkowski space coordinates therefore recast the equation of motion for
Minkowski into the AdS hyperboloid. Then, according to the superposition principle,
one can claim that a generic field can be decomposed into modes ®; with effective mass
k on the AdS surface. Since here the equation on AdS is not physical, k could take all
the value in the complex plane and till now it is not clear how to determine which of
them will form the necessary complete basis. We will use Klein-Gordon equation as an
example to illustrate how the mode expansion (3.1) works in the context of AdS slicing
(3.2) and discuss various possible choices of k in the section 3.1.

After a careful study of the mode analysis, one will be able to decompose the bulk ac-
tion S for Minkowski space into k-mode components S(k). To construct the Flat/CFT
dictionary like (1.1), a technical issue ahead is that the one-shell action gonshell js infi-
nite due to the integral over the infinite spacetime volume and one needs to perform
the renormalisation on S°™hell in order to make the action finite, denoted as S™" or
equivalently S™" (k). Such problem was addressed in the work Witten (1998a) then has
been fully discussed by following work Henningson and Skenderis (1998); Balasubra-
manian and Kraus (1999); de Haro et al. (2001b). The developed systematic procedure
is so called holography renormalisation. The basis idea of holography renormalisa-
tion is that one should treat the infinite part of the action in the bulk as IR divergences
and introduce local counterterms S to cancel the divergence, i.e. S™" = gonshell | get,
Such IR divergences in the bulk are dual to the UV divergences of the boundary QFT
through the UV/IR connection Susskind and Witten (1998). The UV divergence in the
bulk is dual to the IR divergence of the boundary QFT while it should be absent when
working in the full context of the holography principle since the bulk quantum gravity
theory is UV finite. As for the low energy effective description of the bulk theory, the
UV divergence will appear and contribute to anomalous dimensions of CFT operators
from boundary point of view. We will not discuss them in this thesis and one can see
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the straightforward treatment of UV divergences from the bulk side in the recent work
Bafiados et al. (2022). In the section 3.2, we will first decompose the field into AdS
modes then apply the holography renormalisaton procedure on each single AdS sur-
face thus complete the holography renormalisation for flat spacetime.

Given the flat holography renormalisation, one then obtains the dictionary between the
effective theory on Minkowski and the CFT living on the boundary sphere. The CFT
context can be read off from the renormalised action S™". It turns out a single bulk
scalar field is dual to two series of CFT operators on the sphere with scale dimension
living on the principal series. Later in section 3.3, we will see that we can decompose a
massless field into in and out going shock waves and each of the shock wave is dual to
one series of operators on the celestial sphere. One-point and two-point functions on
the celestial sphere dual to the shock wave are also derived. Furthermore, we find that
the full information of Minkowski could be stored in a pair of AdS hyperboloid, which

forms a new kind of Cauchy surface.

3.1 Mode Analysis on Minkowski

In this section we consider solutions of the scalar field equation on Minkowski space
and discuss how these can be used to construct a basis for scalar fields satisfying the
given boundary conditions. We will begin our discussions with the familiar analysis

within Minkowski coordinates before moving to Anti-de Sitter and de Sitter slicings.

We start from the study of solutions of KG equation written as
(aa — M2> Dy (X) =0, (3.3)

in which M is the mass of the particle represented by a scalar field ®»; and X* are coor-
dinates of the Minkowski space R3 with signature (—,+,+,+). Given the equation,
one can directly write down a set of solutions

P (X) = X (3.4)

in which K2 + M? = 0 and K* are understood as the momentum of the particle. Thus
the solution ¢k represents a single particle of mass M propagating freely in Minkowski
space with momentum k. A generic solution ®); can be written as the superposition of

all the single particle states
Dy(X) =) arpr(X) (3.5)
K

in which a;, are coefficients that depend on k provided the on-shell condition is satisfied.
Mathematically, ¢, are regarded as the basis that form the complete expansion of the

solution space. Although the physical picture is maximally realized using the solution



54 Chapter 3. Flat Holography for Scalar Fields

¢k, the symmetry of the spacetime given by the Lorentz group SO(1,3) = SL(2,C) is
not encoded here. To study the symmetry of the Lorentz group, one can use another
set of basis so-called conformal basis ¢4 defined by the translation relation

Pa(A - X; gw, g) — |cw + dPApa(X;w, @), (3.6)

in which g € SL(2,C) is defined by

g:<” b), ad —bc = 0, (3.7)
c d

and w, @ are coordinates of the spheres that lie along the null boundary of Minkowski
space so-called Celestial sphere. In order to form the unitary representation, A is re-
stricted on the principal series 1 4 /IR and it can be further proved that all the functions
¢ lie on the principal basis are complete and orthonormal.

We have introduced two sets of basis one with maximally physical meaning while the
other with significant geometry realization. Now we introduce another set of basis
which will be convenient for us to bring the story into the context of AdS/CFT. The idea
comes from the fact that one can treat the Euclidean AdS surface H3 as the codimension
one surface embedding in the whole space R'> and the equation of motion on the

surface is reduced to
(Ag, — k%) ¢pp(X) =0, (3.8)

in which k is the effective mass on the AdS surface with the induced Laplacian Ap,. As
we have discussed before, one can treat ¢x(X) as the basis and use them to construct

the generic solution ®j;. Those basis are summarized below.

Yk APk (3.9)
Dum
Yk AKPK PN

3.1.1 Milne Slicing

Following this review, we now consider solution of the scalar field equation using Anti-
de Sitter and de Sitter slicing of Minkowski space. We illustrate these slicings in Fig-
ure 3.1. Region A* are foliated by Euclidean Anti-de Sitter (hyperbolic) surfaces while
region D is foliated by de Sitter surfaces. To describe the region .4, which is sliced by
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o

1

FIGURE 3.1: The Milne wedge .A* are sliced by AdS surfaces while the Rindler wedge
D is foliated by dS surfaces.

hyperboloids, we use Milne coordinates written as

ds? = GdX'dX" = —d7* + 7* < 1?{’;2 +2p2'yzzdzd2> , (3.10)
in which p, T € R. Here z, Z, 7,z are complex coordinates and the metric is the standard
metric on the sphere. T is the radius of the AdS hyperboloid introduced in (3.2) and
one only needs to take the positive part T > 0 to cover the single region A". The near
light cone region is given by T — 0 while the null infinity is the region where T — co.
In such coordinates, the scalar equation can be separated into two equations

<p(p2 +1)9; + (3p° +2)9, — kK*p — la:”) ¢i(0,k) = 0, (3.11)
2
(—385 -+ % — Mz) p(t,w) = 0, (3.12)

where the first equation represents a particle of effective mass k on the hyperboloid
and the second equation depends only on the time 7. Here [ labels the usual discrete
eigenvalue of scalar spherical harmonics Y},(z,z). Accordingly the scalar basis can be
expressed as

foim(T,0,2,2) = (T, )y (0, k) Yy, (2, 2) (3.13)

where the onshell condition requires w = k. As above, we will be interested in using
this basis to represent fields with the same boundary conditions which are not necessar-
ily onshell, hence we do not impose w = k a priori. Any scalar satisfying the boundary
conditions can be expressed as

®d(1,0,2,2) = dwdk forim(T,0,2,2)®(w, k,1,m), (3.14)
% ¥
I,m
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where & can be treated as coefficients and one can deduce them by applying the or-
thogonality relation of the basis

/drdpdzdz W(T,0,2,2) feokim(T 0,2,2) foor k11 (T, 0,2,2) = 6136y 6(w — '8 (k — k')

(3.15)
with proper weight function w deduced form the equation of motion. In relation (3.14)
we express the integrals abstractly; we will discuss how the domain of (w, k) relates to
boundary and regularity conditions below.

We can also define a basis on spatial slices

Feim(p,2,2) = ¢1(p, k)Y, (2,2) (3.16)

Any scalar satisfying the equation of motion can be expressed as
D(1,0,2,2) =) / dk Fipm(p,2,2)®(T,k,1,m), (3.17)
I,m

where we have imposed the on-shell condition w = k and reorganize the product of
®(k,k,1,m)p(t, k) into ®(t,k,1,m).

Analogously we can transform only in the time direction i.e.
d(7,0,2,2) = /dw (1T, w)d(w,p,z,2), (3.18)

where again we rewrite the data and make Y, ®(w, w, 1, m)F; ., (p, 2, Z) into ®(w, p, 2, 2)
. We will see later that those two are the most natural ways to read off the holographic
data.

3.1.2 Explicit Modes
Massless Fields

Now let us turn to the explicit solution of the differential equations above. These have
been discussed in the literature de Boer and Solodukhin (2003); Marolf (2007); Cheung
et al. (2017b); Liu and Lowe (2021); Raclariu (2021), but here we will consider in further
detail the role of regularity and boundary conditions. Let us consider the differential
equation in time. It is useful to consider first the case of a massless field, so that the

equation reduces to
2

o0r o W
The generic solution takes the form

P(T,w) = Play) T fyp(an )T (320)
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where a4 are the two roots of
a? =1+ w? (3.21)

Solutions are bounded || < oo at the null infinity T — oo if either |[Re(ay)| < 1 or
|Re(a—)| < 1. More precisely, states that are localised in the center and vanish at the
boundary take the value |[Re(a)| < 1, called bound states. States which could propagate
to the infinity and have non-zero contribution at null boundary are called scattering

states. We will study them in a separate way.
Scattering States

For scattering states, we should have either Re(ay) = 1 or Re(a—) = 1. Thus all
solutions that are finite at the infinity have the form

a=1+ip (3.22)
with p real. We can write a general scattering state as

P(T,p) = p(p)e?nT (3.23)

where p is real, a> = (1 — p?) + 2ip and w? = 2ip — p?. Clearly each such mode is not
real. If ay = 1+ ip, then the corresponding second root of (3.21) is a— = —(1+ip); the
latter mode is bounded as T — co but is not bounded as T — 0. Thus for a given real

value of p the general solution takes the form

P(t,p) = (p)TP + 9 (p)T P 2= (p)fr(Tp) +9-(p)f-(T,p) (3.24)

To understand the orthogonality relation it is useful to first recall the standard relations

for exponentials i.e.

Lw d(InT)e!P~1)InT — /0 d:ei(p_”/) InT —2725(p — q) (3.25)

The latter is equivalent to

/Ooo drw () f+ (T, p)f-(T,9) = 6(p —q) (3.26)

where the weight function w(t) = 7 is derived by expressing (3.19) in standard Sturm-
Liouville form i.e.

3 (P(1)3) + Q)¢ = —Aw(T)p (3:27)

where A is the eigenvalue i.e. w? and the coefficient functions (P(t), Q(7)) follow from
(3.19).

Bound States on Principal Series
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For bound states || — 0 when T — o0, as we have mentioned, a should satisfy
|[Re(a+)| < 1. Here we are just interested in the special case such that a1 are cho-
sen to be
ny =t ip (3.28)
for p € R, then T modes f will become
iplnt B —iplnt
frap =t =S fap =T = (29

Now we impose further restriction on p so that make p > 0. This could always be done
since f4(t,p) = f-(7,—p) and one can treat such restriction as the reduction of the
redundancy of the basis or the decomposition of the mode into positive and negative

frequency components. For a generic function ¢ (7, p), we have the decomposition

w(t,p) =) f+(t.p) +¢*(p)f-(T,p), (3.30)

in which ¢(p) are complex coefficients and (7, p) is now real. Given the weight func-

tion w(T) = T, one can check that

| drofimp)f-(ra) =27 é(p—0) @31

and the relation

| dre@f (i) = [ drof-(np)f-(ta) = 2w 8(p+q) = 0. 332

Later, we will see that those states are dual to operators on the celestial sphere with
scale dimension A satisfying

A=1+a, =1+ip, (3.33)

which is half of the principal series that forms the unitary representation of SO(1,3)
Dobrev et al. (1977). It is also worthwhile to note that the mode expansion (3.18) will

become inverse Mellin transform if the T modes take the form in (3.30).

Massive Fields

For non-zero mass the generic solution takes the form

9(1,w) = pla) MO |y e (MD) (334)

T T

where a . are again the roots of (3.21). Here we assume that a+ are generic complex
numbers, in which case the two Bessel functions expressed in this form are manifestly

linearly independent. For integer a the second solution will be expressed in the form
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of the second Bessel function Y,. Solutions that are bounded as T — 0 have
Re(a) > 1, (3.35)

since J,(Mt) ~ T as T — 0. Using this limit of J,(x) as x — 0, the mode functions
clearly reduce to those above as M — 0. The behaviour of Bessel functions at large T

are complicated and we will leave this to further investigation.

As we have seen, the value of a(k) or equivalently A are often related to the behaviour
of the solution near the light cone or null boundary. For example in section 3 of de Boer
and Solodukhin (2003), they argued that the action should be regular around the light

1+a

cone thus, for the modes behaves as T~'™*, one requires Re(«) > 0 which is a weaker

condition than the boundedness condition (3.35).

In section 2 of Marolf (2007), the regularity of the solution is studied from the normal-
ization point of view. The behaviour of the field at null boundary and light cone are
both studied and it is argued that the solution should be oscillatory in order to make
the mode normalizable. In our context, the oscillatory condition means that « should
be complex, i.e. Im(«) # 0. Furthermore, Marolf also argued that the oscillatory fields
should be separated into two parts. One is dynamical and it is normalizable according
to the Klein-Gordon norm while the other part is not normalizable and is used to spec-
ify the boundary condition of the system. In additonal to the Klein-Gordon norm, the
other kind of paring between the oscillatory modes is also introduced in order to study

the inner product structure between all the modes.

More rigorous study of the asymptotic behaviour of the solution for Klein-Gordon
equation in math literature are shown in Vasy (2013); Baskin et al. (2015, 2018). The
boundedness of the solution for Schwarzschild case is shown in the gravity literature,
so called Kay-Wald boundedness theorem Kay and Wald (1987) and one can see the
review in Dafermos and Rodnianski (2013). For Minkowski case, stability for the Ein-
stein equation is first shown in Christodoulou and Klainerman (1993). Then for scalar-
Einstein case when the matter field propagating on the asymptotically Minkowski back-
ground, the stability is also proofed provided the decay of the fields is under well
controlled at the boundary Lindblad and Rodnianski (2010), which leads to the con-
straints on the real part of the scale dimension i.e. Re(a). This is similar to the study of
Breitenlohner-Freedman bound for AdS spacetime Breitenlohner and Freedman (1982a,b).
For the stability of Minkowski, a sharp bound for « is not found yet while, according
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to the above discussion, we summarise the possible range of as !
0 <Re(a) <1, Im(a) # 0. (3.36)

However, given the fact that a has two solutions satisfying a + a_ = 0, we will have
Re(as) = 0 if one requires both of the modes f+ (7, p) live in the bound (3.36). For

other choices of «, one of the two modes will be stable while the other will not.

3.1.3 Radial Equation

Now let us turn to the radial equation (3.11). It is important to distinguish between
solutions to the equation for all radial values, and the asymptotic expansions from
which the holographic dictionaries are constructed. The general solution to the radial

equation can be written as
¢1(p, k) = ¢(k)cschy Plﬁ(cothiy) + ¢(k)cschy Qf(cothn), (3.37)

in which p = sinh# and (P, Q) are associated Legendre functions. Note that the range
of 77 is the same as that for pi.e. 0 < # < co. The order of the function is given by

Br=1+Kk (3.38)

where here we do not assume that g is real. In fact, since coth(r7) > 1 over the domain
of interest, it is more useful to write the general solution in terms of the hypergeometry
functions as shown in the appendix F thus here it is convenient to choose the basis as

¢1(p, k) = ¢ (k)eschy Pf* (cothr) + ¢, (k)cschy pf* (cothy), (3.39)

where B are the two (complex) roots of (3.38), with (4 + B-) = 0.

To understand the regularity and boundedness conditions it is useful to consider the
tirst the I = 0 solutions which can be written in terms of elementary functions as

Po(p, k) = <p+<k>;<p )P+ 4><k);<p /e DE (340)

where (B4 + B-) = 0. A mode is bounded as p — oo provided that Re(p) < 1.
However, no single mode is bounded as p — 0. One can combine modes to obtain

!We should note that the upper bound comes from the boundedness of the modes || < co at the
null infinity while for the stability of Minkowski space the condition will usually be stronger than the
boundedness. For example, in the work Lindblad and Rodnianski (2010), the decay behaviour of the field
is required to be || < 77! thus the real part of a could only be zero after taking the lower bound into
consideration. Here we choose to present the wider range for « although it not clear to us whether the
value 0 < |Re(a)| < 1 are physical and stable or not.
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tields that are bounded as p — 0:
1
—sinh ( In(p+ /p% + 1)> : (3.41)
0 B+ In(p P

The orthogonality condition for I = 0 is obtained as above from writing the radial
equation in Sturm-Liouville form (3.27), so that the coefficient and weight functions are

given by
1 3
Plp) = (@ +1)F  w(p) = —F—. (3.42)
(0?2 +1)2
Therefore we have
| dow(@)F o, )7 (0.p-) =1 Byt B =0 649

where

Flops) = ;(p + \/fTH)ﬁ*- (3.44)

By using the orthogonal relation (3.43), one can define the inner products between the
regular physical spatial modes for / = 0. A full treatment for the construction of regular
solutions in the cases for / > 0 is shown in the Appendix F and the study for the inner
product is shown in the work Laddha et al. (2022). Till now, we have discussed the
modes with various choices of the value of x or f and their corresponding physical
interpretation while we should note that it is not clear which of them will form the
necessary complete basis for the bulk fields and a generic principle to find out such a
basis is still absent. Later we will see that different k-modes contribute to the correlation
function living on the boundary celestial sphere in a different way according to the
detail of the interaction. Here, we assume that given the detail of the theory a proper
subset P of k always exists that enable us to perform the mode decomposition thus the
modes form a complete basis and the superposition principle will work. In the rest of
this thesis, we will focus on the study of onshell fields therefore the condition a« = B is

automatically imposed.

3.2 Holography

The purpose of this section is to develop a detailed holographic dictionary between
the bulk theory in asymptotically Minkowski spacetimes and the putative dual theory,
associated with null infinity. We will develop the dictionary using the example of a test
scalar field in the fixed Minkowski background. Our approach will be based on the
principles of AdS/CFT (1.1), i.e, writing a defining holographic relation of the form

exp (i5(®)) = ( exp - /a o >QFT. (3.45)
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Here S(®) is the action of the bulk theory with scalar field ®. Taking into account IR
divergences, we will need to renormalise this action and S™"(®) is the renormalised
version of S(®); an important part of this section will be establishing the principles
underlying the renomalisation procedure. On the right hand side of (3.45) we denote
J and O as the source and operator in the quantum field theory at the boundary. Again
this should be viewed as a renormalised expression. The detail of the mapping between
the asymptotic bulk boundary condition and CFT sources together with operators are

summarized in section 3.2.4

Following the story of the construction of the dictionary for AdS/CFT Witten (1998a);
Freedman et al. (1999); Klebanov and Witten (1999), here we are also going to specify
the source and operator by decomposing the data of the bulk field ® into coefficients
when doing the expansion at the boundary. It turns out that we need two series of op-
erators {7, 0} and {7, O} on the celestial sphere in order to reconstruct the bulk field
by checking the renormalised action specifically and the way that they are coupled is
determined by the causal and dynamical structure of the bulk theory. The new feature
for the Flat/CFT dictionary is that we are reducing two spacetime dimensions at once
and the dictionary is built between the bulk theory with the notion of time and the
boundary Euclidean theory on the sphere thus the factor i plays an important role here
when considering the emergence of time and the unitarity of the CFT.

3.2.1 Holographic Dictionary

We begin by reviewing the usual holographic dictionary for scalar fields on Euclidean

AdS;. Using the same coordinates for Euclidean AdS; as above i.e.

o do?
dsias, = gijdx'dx = <1 Jf 2T 2P2722d2d2> , (3.46)

the boundary is at p — oo and the boundary metric is manifestly spherical. Now con-

sider a massive scalar field with action

Sads; = % / #x\/3 ((99)* + m?9?), (3.47)

where g is the determinant of the Euclidean AdS; metric above. The onshell action is
thus

1 .
gonshell _ ~ d¥ v, . 3.48
AdS; 2 Jonas, Poip (3.48)

The asymptotic expansion of an onshell field takes the form

9(0,2) =" 2 (p(x)+-- )+ 2 (pz) +--+) (3.49)
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where ¢(z) is the source for the dual operator Oy (z) of dimension A, where m? =

A(A —2). When A is integral the asymptotic expansions contain logarithmic terms,
which are related to the contact terms in two point functions discussed below.

One uses the asymptotic expansion of the onshell field to compute the explicit value of
the regulated onshell action, from which one can construct covariant counterterms and

the renormalised action
Sichs, = Looses (ST + i, ) (3.50)
The covariant counterterms are of the form

1
set :—fA—Z/ P2xvhe + - - - 351
AdS; 2( ) oAdss xVhe® + (3.51)

where h is the determinant of the induced metric at the boundary.

In terms of the complex AdS coordinate (3.46), the AdS;/CFT, dictionary the can be

written as

exp (— SAd53(®)> = < exp — /52 dz*¢(z) O(z) >, (3.52)

in which we have reorganised the factor 1 resulting from the transformation between
the complex and real (Poincaré) coordinates (E.69) into the rescaling of the source ¢(z).
The expectation value of the dual operator is then defined as the variation of the renor-

malised action with respect to the source, expressed in terms of ¢ as
(O(2))p =2(1 = 8)N(2)§(2) + C(g). (3.53)

Here the function C(¢) denotes contributions to the one point correlation function that
are expressed in terms of the source; such contributions arise whenever A is integral
and its exact form depends on the regularization scheme. Again, the weight (),(z)
comes from the transformation between (E.69) and (3.46). As usual the two point func-

tion can be obtained by functionally differentiating with respect to the source ¢(z) i.e.

(0(2)0(2'))y = —2(1 — A)(2) 55((5,) T (3.54)

>
~—

where the ellipses contribute only to contact terms in the correlation function and the
renormalisation factor 2(A — 1) can be deduced by the study of bulk-boundary propa-
gator which is briefly reviewed in the Appendix E.

Given the bulk-boundary propagator K(p, z; ), a generic regular field in the bulk with

boundary behaviour ¢(p,z) ~ ¢(z) can be expressed as

¢(o,z) = /2 %dz’dz/ K(p,zZ ) (), (3.55)
s
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in which we have taken coordinate transformation factor % into consideration and as-
sume p — oo. With the help of the AdS/CFT propagator, one can deduce the CFT
two-point function in a quick way. For example, the AdS; onshell action can be written
as

1
sqghell = 2 / d0y R2V1+ R2 ((p,2)9,9(p,2))p-r (3.56)

B /52 /sz & §|0 _Zl(|2A)’ (3.57)

in which in the second line we have used the expression (3.55) and the contraction re-
lation (E.79) for the propagators. Following the similar procedure, one can also deduce
Sds, and we have

Stas, — —1<A—z> /402 B2 (9(p.2)9(p,2))pr GED

= A [ e 2EI2E), (359)

therefore, according to the dictionary (3.52), the renormalised two-point function now

becomes S2gren )
(0E0E) = -5 )(‘;205(3 = \z—i’PA’ (3.60)
where cp takes the value
CA = 2(A7T_1) (3.61)

3.2.2 Holography Dictionary for Milne

In this section we turn to scalar fields in the Milne coordinates then proceed to perform
the holography renormalisation for Minkowski spacetime. The action for the massive
scalar field is

1 (o] [ee]
= /O dt /O dp / dzdzv/—G ((00)? + M2®?), (3.62)

in which G is given by (3.10) together with scalar fields ® and we have restricted the
integration region to A™. As usual we can express the onshell action as the exact term

Sonshell — ;/0 dT/O dp/dZdZ\/IDV(q)ayq))/ (3.63)

which can be expressed as boundary terms thus we have D¥ = ﬁav V—GG". The
philosophy of the celestial holography approach is to foliate the spacetime with space-
like surfaces, and throughout this section we will work in this approach, analysing
divergences at the spatial boundaries of each slice.
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Accordingly, let us focus on the radial boundary as p — oo. Using the Milne form of
the metric the onshell boundary terms are

1 oo . . H
gonshell _ E/0 dTT/E)AdS Az ®(T,x)9;®(, x') (3.64)
3

where the second integral is expressed in terms of the boundary of the Euclidean AdS;3
metric (3.46). Here we should note that, strictly speaking, the value of onshell action
shown in (3.63) and (3.64) are not the same since we have ignored the integral over
spatial direction at the fixed hyperboloids T = 0 and T = +oco. After taking the other
Milne wedge A~ into consideration, the difference is then determined by the integral
over (1T = £00,0,2,2)0:P(T = £00,p,2,z) in which ®(t = +00,p,z,z) are the initial
and final data imposed for a given physical system since T = F-oco are null boundaries of
Minkowski space. If one proposes that the initial and final states for the physical system
are vacuum, then we have ®(1t = £00,p,z,z2) = 0 thus there will be no difference
between (3.63) and (3.64). For scattering processes, the initial and final states are the in
and out going states while one can assume the difference will contribute to the action in
a small and finite way therefore leads to a proper i€ perscription of the quantum theory
Weinberg (1995). Here we will only study the onshell action in the form of (3.64) and
the explicit expression for this is

1 [ee] 1
sonsheﬂ—_f/ d / A, R?(1 4+ R?)2 (®(1,p,2,2)0,P(T,0,2,2 3.65
2 o TT o ads, 2R ( ) ( (t,0,2,2) o (TPZZ))sz ( )

where the boundary is regulated at p = R and d(); is the integration measure over the
unit two sphere.

Given the onshell action, we can further decompose it into the k mode components by
introducing the k mode function f(7, p, z, Z; k) given by

D(7,p,2,2) :/Pdkf(r,p,z,z;k) (3.66)

and then we can use such decomposition of fields to transform the onshell action into k
mode space after rewriting all the fields in the action in terms of f. More precisely, we
can define the (k, k') mode of the action

1 [}
sonshell (g, ) 1= /O tdt /a AL R(f(1,0,2, 5000, f (1,0, 5K) )k (3.67)
3

and one can check at large R we have
Sonshell — / dk dk/ Sonshell(k/ k/), (368)
P Jp

where the double integral over the set P come from the fact that the onshell action for
free particles are quadratic in terms of ®. Moreover, we can treat the (k, k') mode of the
action 5°"hell(k k') as the onshell action which describes the interaction between a pair
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of modes (k, k). Later we will see that Sl (k, k') is proportional to the delta function
if the domain of the integral over k takes the value such that g+ (k) = iR thus we have

Sonshell(k’ k/) — (S(k _ k/)sonshell(k/ k) (3.69)

and for simplicity we denote S°™hell(k, k) as So™hell(k). In such convention, the onshell

action then can be expressed as
Sonshell — / dk Sonshell (k), (370)
P

which will be used as the standard form of the k mode decomposition of the action for

free particles.

Before performing the renormalisation on S°™hell(k), let us consider asymptotic solu-

tions of the equation (3.11) as p — co. The generic form for the asymptotic solution

Pi(:k) = i(o; B+ (k) + ¢u(p; B (k) (3.71)

= (w0 () v (o (7))

where (B+ + Bf—) = 0 and without loss of generality we will assume that Re(B+) >
Re(B-). Physical constraints and the inner product structure of these modes have al-
ready been studied in Section 3.1.3 and Appendix F. Here, instead of using / modes on
the sphere we can express a general solution for the spatial part of the scalar for fixed k

as
¢(0,2, k) = ¢(p, 2,2 p+) + 90, 2,2 B-) (3.72)
by summing over the harmonic indices (I, m) thus the asymptotics of each solution are
of the form .
ooz zp) =0 (9220 +0(3)). o7
Combining modes of a fixed value of k we obtain
flopzzk) = fr(tk)(e.z2zk) + f-(T K)o, 2, Z k) (3.74)
= 79,22 B4) + T P(02,7B4) (3.75)

+T0 (0,27 8-) + 70 e 2, % B-)

where the fields ¢(p, z,z; B+ ) have the properties (3.72) and (3.73) and well see the ex-
plicit expression for them in the next section.
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Now let us return to the four-dimensional k mode action. The regulated action for
modes of fixed k contains the terms

1 o0
sonshell () = /0 drt /a L (B = DR+, (1, 2,2;)?
3
+ (B — 1)R¥P-Dy(1,2,2: k)% — 204(1, 2, %K) D (T, 2, Z; k) + - - - ) , (3.76)

where the boundary of the AdS slice is regulated as p = R and the ellipses denote
terms that are suppressed by at least 1/R?. We introduce a shorthand notation for the

combinations of terms in the asymptotic radial expansions:

Ds(1,2,zk) = 9t (z%;
Do(1,2,2k) = 97 (2,7

k) (3.77)

Let us suppose that Re(f) > 0, in which case Re(f_) < 0. In this case the first term
in (3.76) will be divergent as R — oo, but the second term will vanish; all power law
divergences will be of the form R?P+=2" with nn an integer.

As above, we can remove divergences with counterterms. These counterterms should
be expressed in terms of quantities that are intrinsic to the regulated boundary, and
they should be covariant with respect to the bulk diffeomorphism at p = 0 thus make
®(1, R,z z) transform as a scalar field. Here in fact, the background metric already
uses a preferred slicing of the four-dimensional metric, i.e. a specific coordinate choice
for time, and therefore we would not expect the counterterms to preserve full three-
dimensional covariance of the boundary. In practice this means that the counterterms

are expressed in the form

L / dT/a d’z\/—5 (11®(T, R, 2,2)? + a(0,0:® (7, R,z,2))* + - - - )
0 AdS;

= / dTT/ A0 (mP(T,R,2,2)* + a2(9:0:P (7, R, 2,2))* + -+ )  (3.78)
0 IAdS;

where 7., = —1, 7,; = T272 is the induced metric on the boundary of Milne wedge
at p = R (with the curvature radius being independent of 7) and the derivative 0, only
acts on the celestial sphere. As we can see, the covariant of the bulk diffeomorphism at
the surface p = R shown in the first line is broken by fixing the gauge of coordinates
in the second line. By construction these counterterms will remove the divergences
because the analytic structure on the celestial sphere is precisely as described above for
AdS;3/CFT,. Indeed, matching with the dictionary above one obtains

Av=1+8. (3.79)
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and the finite terms in the renormalized action include

sen(k) = B /O " drr /a L A00(r,2, 5K (7,2, 5K) (3.80)
3
= “d /" A (P19t (2, k) + P 19T (2, z;k
A B G R TR MCE)
x (P~ (z,z,k) + 7719 (2,2;k)). (3.81)

As above, there would be additional finite terms in the action if . were to be real and
integer valued, but this is not the case of interest here. According to the dictionary given
in (3.45), one can see that S should be a pure imaginary number S, € iR in order to
make sure that CFT correlation functions given by the right hand side of (3.45) are real.
Moreover, given the relation (3.79), we know that the scale dimension of the operator
on the celestial sphere should take the value on the principal series Ay = 1 + iR,

Using the orthogonality relations for the T eigenfunctions (3.31), (3.32) we can explicitly
compute the T integrals as

S = fr [ a9 E50P EHR+E EE00 50 o (8

and one can also see that the J(k — k') will come out if one choose to use S°"*he!! (k, k')
rather than S°™hell (k). From this expression we can read off that there are two operators
of dimension Ay with corresponding expectation values and sources:

(O(z,z,k))y = 2iB+Mn(z)¢ (2%
O 1) = 2iB+M(2)d

These two operators have the same two dimensional CFT scaling dimension, but are
associated with different evolution in the T direction.

A generic massless field @ will be expressed as an integral over k, with the correspond-

ing renormalized action being
sl — / - dks™ (k) (3.84)
P
= / dk B (k) / A0 (0t (2,26 (2,2k) + ¢ (2,2:k)¢ ™ (2,2k))
P dAdS;

The field ® is thus dual to two continuous series of operators, labelled by k, whose

sources and expectation values are given above in (3.83).

%In fact Ay = 1+ iR" if B takes the value in iR™ and we assume that such k modes will form the
necessary complete basis when one performs the mode decomposition following the discussion in section
3.1. There are also shadow operators given by the shadow transformation Ay — 2 — Ay so that the value
of scale dimension will cover the whole principal series.
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o J
(00) (00)
J O

FIGURE 3.2: Propagators between two copies of operators are illustrated in the figure.

Each disk represents one copy of AdS; hyperboloid with S> boundry drawn as a circle.

+ and - represent that the operators are obtained from the decomposition of the T#+~1
or TP~ ~1 modes.

3.2.3 Correlation Functions

In this section we are going to study correlation functions in the context of Flat/CFT
in a more precise way. Propagators for free fields (O0), (OO) are deduced and also
represented in the language of diagrams. For higher point correlation functions in an
interacting theory, the interactions are described by internal vertices of the diagrams.
We use the ®3(X) interaction as an example to see how the operators of different scale

dimensions are coupled with each other.

Following the previous approach in the context of AdS/CFT, we again choose to de-
compose the bulk fields into the bulk-boundary propagator

1 ~ _
o(1,0,2,2) = N /P dk /S _dz'dz’ (P K(p,z 7, B+ )9 " (2,2:K)
+17-"1K(p,z; 2, B+ )¢ (2, Z:K)), (3.85)

in which dAdS; = S? and ¢+ (z,2;k), (,7)+ (z,z;k) can be treated as a pair of sources on
the boundary as introduced in 3.83. Given such expression, from the onshell action

gonshell (@) — —;/ dt /2 dQy R*\/1 + R2 (®(7,0,2,2)0,D(1,0,2,2)) o=k (3.86)
0 S

we have the k-mode component

Sonshell /SZ /52 d2 /4) Z,z k)cp (Z Z;k), (387)

’Z _ Z/’2Ak

in which we have integrated out the T variable and the orthorgonal relations for the 7-
modes are also applied. After performing the holographic renormalisation introduced
in the previous section, the counterterm is then deduced to be

S (D) = (Ak . / dt /2 0y R2\/1+ R2 (@(1,0,2,2)0(T,p,2,2))p—i + - -
0 S
(3.88)
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with k-mode

1 ot (z,2k)" (2, k)
ct = . 2921
S (K) = — 5 (5 ZXAzydzdz T (3.89)

Given the Flat/CFT dictionary, in order to obtain the two-point function of the operator
O, we need to do the variation with respect to the corresponding source J = ¢ twice
therefore get

(O(z,z;k)O(Z,2';k))

(3.90)

Ly P A G T
5" ()" (2) 5t (z,z;k) |2 — 2P

in which ¢ = 2i(1 — Ag)/ 7. The variation between two functions are not well defined
while at least we should note that such value could not be zero since ¢* and (f)+ are not
independent. Expanding them in terms of spherical harmonics, one will see that the

variation of the two sources with respect to the basis can be written as

oo (z,zk) = Y. af (k)oYL(z2)  6¢T(zzk)= Y a, (k)oYh(zz) (391
1£0,m 1#£0,m

in which the coefficients a7 (k) come from the decomposition of the bulk fields ® and
they are determined by assigning data on the Cauchy hypersurface chosen as the initial
time 3. More discussion of the coefficients can be found in Appendix G or Section 3.3.
Physically, we can treat the deviation of the basis 6Y}, from the spherical harmonics as
the deformation of the background geometry away from the flat case. Therefore one
can define the variation between two sources as
3%13?94:43 @ﬁ@ﬁ@—zy (3.92)
6¢"(2,2k)  Ni Ly 4, (K)
in which the factor Ny = };4( ,, 1 is introduced for normalization and one can interpret
it as the measure of the discrete parameter space (I,m). Following such convention,

then we obtain the two-point function

1 ap, (k) o
O(z,z:k)O(Z,Z;k)) = — Im , 3.93
(O( )O( )) N & ap () 2 — 2 (3.93)
and (k)
N ~ 1 a,. c
O(z,zK)0(,7:k)) = — Im k. 3.94
(O( )O( ) N@%ﬂﬁ@h—ﬂ“ (3.94)

These two kinds of propagators carry the dynamical information of the physical sys-
tem in the bulk. From the boundary point of view, they describe the coupling of the

two series of operators and we represent such relation in Fig.3.2. For the higher point

3Ac’rually, one should further impose Lorentz invariance, causality condition and the cluster decompo-
sition principle on these coefficients when using quantum field theory to calculate scattering amplitudes
of particles.
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2 X

FIGURE 3.3: For A®3(X) interaction, two kinds of k-mode contribution for the three

point function <(9(’)(9>are shown in the figure. The diagram on the left represents

mode contribution like ¢ ¢, while the mode contribution like ¢;¢,¢, are shown on
the right.

correlation functions, one needs to take the interaction of particles into consideration.
Suppose that we have turned on the ®? interaction of coupling constant A, then we can
write the action as

A / PXOX)=A [ dPryz / dkydkadks / dT%(Tﬁlﬁﬁi’ﬂi’l([)(z,Z,p;kl)
P 0
(3.95)

XP(2,2,0;k2)P(2,2,0;Ka) + T+ PP 9 (2,2, 0,51 )P (2, 20: ko) P2, 20 Ka) + ),

AdSs

in which we have decomposed the fields into the integral over k-modes and collected
all the T-modes. To discuss the integral over T modes in a more precise way, we write

the value of B as a complex number into the real and imaginary part
1+k =B =vi+ip;, (3.96)
therefore the integral, taking the first one ¢1 ¢, for example, becomes
/Ooo dT% TR PP INT 50 4 ) — pa) (3.97)
after imposing the condition for the real part
T1+7r2—r3=1 (3.98)
In such the case, the interacting part in the action then can be reduced to
R e R N AN CEI D CERE (3.99)

and its contribution to the three-point function is shown in the left hand side Figure
3.3. For the ¢1¢,¢, contribution in (3.95), if one imposes the condition

T—r2—73=1 (3.100)
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£ A

FIGURE 3.4: For A®3(X) interaction, two kinds of k-mode contribution for the three

point function <(9(’)(9> are shown in the figure. The diagram on the left represents

mode contribution like ¢¢p¢ while the mode contribution like ¢p¢ are shown on the
right.

therefore the interaction takes the form

5(p1—p2—p3) A /Adsg Px\/39(2,2,0:k1)P(2, 2, 0; k2)P(2, 2, p; k3) (3.101)

and the diagram is shown in the right hand side of Figure 3.3. In the figure, we have
seen that the internal vertex is inserted in the — disk since we are calculating the three
point function (OOO) generated by the source ¢ living on the - disk. For the three
point function (OOQO) we can also show the ¢ and ¢p¢ interaction in terms of dia-

grams but now the internal vertex is inserted on the + disk shown in Figure 3.4.

It is interesting to note that the diagrams introduced here can be treated as the inter-
mediate between Feynman and Witten diagrams. If one collapses the two disks in the
diagram, i.e ignoring the dynamical or the causal structure of the system, then we will
obtain the Witten diagram which is often illustrated as a single disk. From the other
hand, if one tries to sum over all the diagrams of different k modes, then one will re-
cover the Feynman diagrams which enable us to study the scattering amplitudes for

particles.

3.2.4 Holographic Dictionary for Onshell Scalar Fields

In this section we collate the results above and summarise the process for reading off
the holographic data corresponding to an onshell scalar field ®(7,p,z,z). In general
the Flat/CFT dictionary is given by

exp (i5™(@)) = { exp /S 2 /P (Ja Os+Ta0s) ). (3.102)

To map the data between two sides, we first express the scalar field as a linear super-
position of frequency modes, i.e.

d(1,p0,2,2) :/PdkTﬁ*_l(p(p,z,Z;k)+/pdkrﬁ*_1<f>(p,z,2;k) (3.103)
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where following (3.75) the two classes of modes can be expressed as

Pp,z5k) = ¢(0.zZ:)+9(0,2,%p-); (3.104)
¢o,z,z:k) = (p,z,2B+) +¢(o,2,2 B-).

These fields have asymptotic expansions

$lo,z,2:k) = pPrlet(zz; k) 4 (3.105)

blo,z,zk) = pP7197(z,z

(O(z,z;k))y = =2iB1Mn(z)¢ (z,z;

(z%B) =¢ (zzk) (3.106)
O L)) = —2iB:M(2)¢ (z,z:k) k

The decomposition of the field (3.103) follows from the orthogonality relations:

1 (e}
Z: = P ﬁ* 7
¢(p,z,2;k) e /0 dt - ®(1,p,2,2) (3.107)
- 1 [
Z: = — ﬁ+ >
$(p,z,2; k) 27T/0 dt ™+ ®(1,p,2,2).
To calculate the two-point function and reduce the data to single AdS surface, we need

to check the expression of ¢(p,z,z; B+) and ¢(7,p,z,z; B+ ) explicitly. Given the AdS
modes as the basis, ¢, ¢ are characterised by the coefficient a;’ (k) a, (k) written as

o (0,2,2,k) = Z“lm ¢1(0; B+) YL, (2,2) (3.108)

¢ (o2 zk) = Zalm ¢1(p; B=)Yh(2,2), (3.109)

where we have chosen the normalisation for the spatial function as ¢ (0; B.+) = pP+~1 +
. In such case, one can then write the sources in terms of spherical harmonic func-

tions as
¢t (z,z;k) = Za,m k)Y (z,2) (3.110)

¢ (z,z:k) = Zalm k)Y, (z,2) 3.111)

and the two copies of propagators are given by

5. I sl _ 1 ay, (k) o
(O(z,z,k)O(Z,2;k)) = N, 17;0,:”4 o (6 = 2B (3.112)

o 1 a,, (k) o
(O(z,z,k)O(',2";k)) = Ne &, o (02— 2 (3.113)
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Such results work for Minkowski spacetime. For asymptotically Minkowski spacetime,
one needs to do the harmonics analysis and the results are shown in Appendix G as
(G.133) and (G.134).

Moreover, for higher point functions and theories with interaction. It is convenient to
represent the correlation functions using two copies of disks labeled by + and -. For
the correlators constructed out of the operator O, the interactions are described by the
internal vertices inserted on the - disk while for the O correlators, the points will be
inserted on the + disk, i.e, all the internal vertices of each diagram can only exist in
one of the disk. For the external legs, the one connects two points on a single disk is
described by the standard AdS/CFT propagator. While for the ones that connect two
disks, we need to take the extra factors constructed out of the coefficients aljfn(k) into
consideration. If we assume that the legs between two disks have directions and they
always flow into the internal points, the leg that starts from the ith external vertex on
the + disk then ends at the internal point the on - disk will contribute to a factor

1 at (kl)

Im

i(+) — o(—) ﬁkl#o,m al;l(ki)

(3.114)

and the one starts from the ith external vertex on the - disk then ends at the internal

point the on + disk will contribute to a factor

1 a,, (ki)
Nk | Zom ay, (ki)

i(—) — o(+) (3.115)

3.3 Shock Waves and Their Holographic Interpretation

i+

0

FIGURE 3.5: In and out going shock waves propagating in region A™ are shown in the
figure.
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In this section we consider the holographic interpretation of a shock wave. Here in our
context, the shock waves are scalar shocks that could either distribute on a spherical
shell or localise along the null geodesic of a massless particle. For the spherical shock
wave, it describes the wave caused by a point like source then propagates in spacetime
following a homogeneous way. For the second kind of shock wave, it could be treated
as the approximation for the signals traveling at the speed of light like the laser beam
%, In fact, to make photons trapped in the beam, one should take gravity effects into
consideration and it turns out such shock wave will induce backreactions on the metric
studied in Aichelburg and Sexl (1971); Dray and "t Hooft (1985). Then the massive case
is also studied in a perturbative way. However, in our situation, the shape of shock
waves will be less important while the ingoing and outgoing behaviour of the wave
will be crucial. To construct the shock wave solutions, we start from the Minkowski
metric written as

ds* = —dt* +dr* +r* dQ3
= —dudv+r*dQ3, (3.116)

where t, r are the time and radial directions and d()3 is the standard 2 sphere metric. In
the second line, the retarded and advanced coordinates u, v are defined as

u=t-—r, v=1t+r. (3.117)
A massless particle which is described by the field ® satisfies
— 49,0, + %Dszcb =0. (3.118)
Let us consider a spherically symmetric solution so that the equation reduces to
0,0,P =0, (3.119)

and general solutions are given by

P(u,v) = ¢p(u) + ¢(v) (3.120)

where ¢ and ¢ are arbitrary functions of u, v.

An interesting physical solution is the spherical shock wave. A shock wave emitted
from the boundary and propagating along the null ray as illustrated in Figure 3.5 is
described by ®i"

O"(v) = ¢p d(v —vg), vy > 0. (3.121)

“We assume such method can be generalised to gauge fields or we are dealing with a high energy beam
of bosonic particles with small mass. Maybe for massive particles, one should consider the ingoing and
outgoing wavepackets.
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We can view the shock wave solution as a specific linear combination of plane wave
solutions. Furthermore, to make the wave really localise along the null ray, one could
consider the gravitational shock wave q)fg” = ¢od(v — v9)d(z — z9) while it is not a so-
lution for KG equation in flat spacetime and it only exists when the gravitational effect
is taken into consideration. Here, to study the flat/CFT dictionary in a simple way, we
choose to use the spherical shock wave as an example to perform the calculation and
the results for ®i" is obtained by inserting the factor §(z — zg) behind °.

To express the shock wave in terms of modes adapted to the hyperbolic slicing, we
need to transform the coordinates (3.116) into Milne coordinates using

#—r=1, prt=r1, (3.122)

in which we should note that the Milne coordinates will only cover the region A™ if
both (T, p) are required to be positive p, T > 0. The near light cone region is described
by T — 0 and the asymptotic region is given by T — oo. In Milne coordinates, the shock

wave can be expressed as
DN = ¢ 5(pT + T4/1 4 p% — o) = Pod(Te’ — vy). (3.123)

We can now decompose this solution into modes as described in the previous section,

resulting in
Pz zpe) = %7’5’6’““5*)’7, (3.124)
(Din(PrZ/Z},B_) = %0?67(1*5”’7‘

The fields are independent of the sphere coordinates. One can immediately read off the

coefficients of the asymptotic expansion using the relation p = sinh# as

¢ (z,zk) = %2’8+’105’ ¢ (z,%k) =0; (3.125)

$zk) = 0§ (z,z;k)zg)—;Z‘Avgﬂ

This means that the operators O(z, z; k) has no source or expectation value, but the
operators O(z,%; k) have both: the sources are ¢ (z, z; k) while

(O(z,z;k)) = —z'm%z*Avg*. (3.126)

5Here we assume that the localised shock waves propagate on the background where the holography
principle still works.



3.3. Shock Waves and Their Holographic Interpretation 77

It is straightforward to repeat the same exercise for a shock wave propagating along an
orthogonal null ray i.e.

D (u) = o 8(u —ug), g > 0. (3.127)
This can be expressed in terms of the Milne coordinates as

B0 = o 5(t\/1+ p2 — Tp — tg) = god (e — ug). (3.128)

Decomposing into modes one finds

" (p,z,2;+) = %iug’e(”ﬁf)”, (3.129)
. $o
cpout(p’ 2,%; ,B,) _ E”g+e(l+'g+)}7~
One can then read off the coefficients of the asymptotic expansion using the relation
p = sinh7 as
ot (zzk) = 0 ¢ (zzk) = %z%ﬁ* ; (3.130)
5 (zzk) = ;’%zl—ﬁmof 5 (22K = 0.

This means that the operators O(f,1;||) has no source or expectation value, but the
operators O(z, z; k) have both: the sources are ¢ (z,z; k) while

(O(z,2k)) = —iﬁ+%2Au§*. (3.131)

Thus we can understand the two sets of dual operators as describing modes propagat-
ing in (u, v) directions respectively:

O(u) = {0(z,2k),d" (z,2k)}; (3.132)
O(0) = {0 ). <" )}

As for the two point functions, the structure will become complicated and one needs
to take the gravitational effect into consideration. For the spherical shock wave, it is
the solution for KG equation in Minkowski but the two-point function will become
trivial since the solution takes constant value on the sphere and the method we have
introduced in the section 3.2 will not work. It does not mean that the dual theory
on the boundary will become trivial while we need to take the gravity backreaction
into consideration in order to investigate the correlation function at higher order if one
treats the constant ¢y as a small parameter. After backreaction from the matter, the
metric then becomes

Gy = Guv +6Gpu, (3.133)
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which G is the metric for Minkowski and the deformation caused by the matter is de-
noted as 4G. They are governed by Einstein equation

1
Ruy = 5R Gjyy = Ty, (3.134)

in which Ry, is the Ricci curvature for G’ and T,y is the stress tensor determined by
the scalar profile and in our case it is the shock wave @ thus we can see that the stress
tensor is of the order ¢3. One can treat it as the Newtonian constant ¢3 ~ Gy which is
not explicitly shown in the equation. From the above equation, one can also see that the
deformation G also goes as the order of ¢3 ¢. Given the deformed background then

the scalar fluctuation §® on the shock wave profile is determined by the KG equation
Oc® =0, (3.135)

where @' = @, + . Here we should note that, although ®; is constant on the celestial
sphere while the fluctuation /P is not necessary constant and it depends on the further
specification of the data at the initial time. Therefore both of the vacuum expectation
value and source will receive correction of order ¢3 coming from @ and the two-point

function now becomes
(O(z:K)O(2;K))s = (O(z:k)O(2;k)) + ¢5 F(z,2;k), (3.136)

where (- - - )5 represents that the operators are now inserted on the shock wave back-
ground rather than the Minkowski vacuum (- - - ) and the higher order correction is of
the order 4)3, i.e. Gy. Its specific form is given by the function F(z,z’;k) determined
by the variation 6®. From above discussion, we know that all the spherical solutions
without considering gravity effect in Minkowski are degenerate from boundary point
of view and one needs to consider the variation of the scalar field in order to distin-
guish all the spherical solutions. The broken of the spherical symmetry caused by the
gravity effect will enable us to calculate two-point functions at leading order and then
introduce subleading terms characterised by the function F(z,z’;k). For the localised
shock wave, one needs to figure out the background and then check if the holography
principle still works on such background, which depends on the definition of asymp-
totic flat as well as the ability of holography principle and such work goes beyond the
scope of this thesis.

®In fact we have (TEVF T) ~ 6G in which TEVF T is the stress tensor of the dual CFT theory on the celestial
sphere. The specific expression relies on the holographic renormalisation of Einstein-Hilbert action which
has been done in Graham-Fefferman coordinates for AdS case de Haro et al. (2001b).
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3.3.1 Coefficients

After the study of the dual correlation functions on the boundary. Here we will
use the shock wave model as an example to study the bulk field in a direct way follow-
ing the mode analysis introduced in section 3.1 and try to determine the coefficients of
those modes. It is easier for the spherical shock waves since they are constant on the
sphere and only the zero mode will contribute when performing the mode expansion.
The analysis for localised shock wave will be harder since the analysis for the [ > 1
mode will be difficult and we will leave the mode analysis for ®, for further investiga-

tion.

Massless Fields

From the discussion in section 3.1.3 and appendix F, we have seen that the zero mode
I = 0 on the AdS hyperboloid has two independent solutions at large radius p =

sinh# — oo
eB+n eB-1

$o(1; p-) = Sinh (3.137)

$o(17; B+) = sinh 7’

The regular solution at p = 0, denoted as ¢,(77; k), is the linear combination of them
with ratio C; (k) /Cy (k) = —17 thus it can be written as

1 sinhpBiy
ia ;k —_ =
Prlnik) = =

= iy (3.138)

One can check that ¢, is regular for arbitrary f_ since ¢, ~ B+ at 7 = 0. Here we are
interested in the principal series case B = ik for k > 0 and we assume that the result

for other value can be obtained by the analytic continuation of S .

For the ingoing waves, one has the expansion
@ (0) = [ dk (k) T 0 () T 900, K), (3.139)
P

in which a: (k) is the pair of coefficients that we are going to determine. To calculate

these coefficients, one should first note the orthogonal relation

/ " sint? 1o (k) e (k) = 6(k — k'), (3.140)

in which ¢; is the complex conjugate of ¢,. Given the above relation, one can project
out the 77 dependent part by performing the integral

400
(po/ dn 6(te' — vg) sinh? 7 ¢ (17; k) (3.141)

7One can obtain this by the direct observation of the liner combination of ¢ (#7; B+ ) or by checking the
formula of COjE (k) for odd B in the Appendix F.
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therefore coefficients a* (k) are then deduced to be

B+ N
a;,(k) = 42?\%’ a;, (k) = —(ZO;%, (3.142)

in which we have omitted the correction term of order 2. The fact that we get extra

terms in additional to the modes T~1*f+ implies that the basis we have chosen is not
complete. Here we assume that the mode expansion is done near the Milne horizon
thus T — 0 and the higher order term will be subleading. For the outgoing shock

wave, following similar procedure, one has the expansion

q)out(u) _ /7) dk (“:ut(k) A a;ut(k) T*1+5—) 4;,,(17, k), (3.143)

+

in which the corresponding coefficients a;,,

(k) are determined to be

-B.
Pouy _ Pou
a;rut(k) - 4\/% ’ aout(k> - = 4\/0E .

(3.144)

Massive Fields

Now we turn to the study of massive particles. First we try to make the particle slightly
massive and then investigate the perturbative behaviour of the solution around the
spherical shock wave. Similar to the study of massive KG equation, we choose to write
the equation of motion for massive particle as

(0400 + AM?) P (X) =0, (3.145)

in which M is a constant and A is a small parameter that represents the mass of the
particles is small. Then we can write down a particular set of solutions for the particles
with high momentum to the first order of A as

Dy (X) = ¢pod(v —vo) + Af(u,0), (3.146)

in which f(u,v) is a function of u,v. To determine f(u,v), one should substitute the

solution into the equation, solve it order by order in A, and then obtain
Dpi(X) = ¢od(v —vo) — u A poM? 6(v — p), (3.147)

in which 6(v — vp) is the step function supported in the region v > vy. The step function
correction term tells us that, by adding a small amount of mass, the shock wave will be

no longer localised along some spherical shell and propagate along the null direction
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while it will have a tail spreading over the whole region v > vy 8. If we define the

coefficients of massive field expanded by the modes on AdS surfaces as ay;(k), i.e.

D, 0) = / dk (at,(k) TP+ ay (k) TE) (1, K). (3.148)
P
Then one can write ay; (k) by the order A as
ay (k) = ag (k) + A af (k) + A%ay (k) + - - -, (3.149)
in which a3 (k) are the coefficients for massless case we have discussed before
ay (k) = az (k) (3.150)

and a5 (k) are higher order terms. Taking the solution in (3.147) for example, to calcu-
late a7 (k) one should evaluate the integral

—+00
/ dny sinh? 5y e~ ¢ (17;k)6(Te’ — vp), (3.151)
in which we still use the massless solution as the basis when performing the pertur-
bative expansion. The above integral will vanish when 7 goes to zero thus one can
conclude that

ai (k) =0, (3.152)

which tells us coefficients are stable at the massless case. It shows that, for the modes
we are interested in, the mass of particle will not play a crucial role and make significant
contribution thus the shock wave model is still a good approximation for particles with

small mass.

3.3.2 Cauchy Problem and Scattering

In section 3.2, we start from the holographic renormalisation for the onshell action in
region A" then conclude that the theory in flat spacetime A* is dual to the CFT on the
celestial sphere S} located at the future null boundary. To study the whole Minkowski
space, in principle, one should consider the action in the region A™ U D U A~ while it
was conjectured in the work de Boer and Solodukhin (2003) that all the information of
Minkowski could be classified by specifying the data on the two copies of AdS hyper-
boloid in A™ and A~ therefore it is enough to fully reconstruct the bulk theory using
the holographic CFT data on the celestial sphere S5 and S, . In particular, the scatter-
ing amplitudes in Minkowski can also be constructed by studying the states on these

8However, comparing with the non-stable behaviour of the wavepacket, we expect solution (3.147)
will only work as an approximation for the evolution of high momentum particles at the early stage, and
there should also be spatial dependence part in the function 6(v — vg) to reflect the fact that the massive
particles with high momentum tend to move along a timelike trajectory near the light cone.
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FIGURE 3.6: A single AdS surface together with part of null boundary form a Cauchy

surface for the whole Minkowski spacetime shown the left hand side. For example,

to determine the field configuration at the red point, one needs to specify the data on

both of the AdS hyperboloid and null boundary. The shock wave will transform the

data from the null boundary to the other AdS surface in region A™ so that two copies

of AdS surfaces are equivalent to a Cauchy surface, which is illustrated in the right
figure.

two AdS hyperboloid although we know the fact that they are not the standard Cauchy
surface. Here based on the study of AdS and dS modes, we will reconsider the distri-
bution of information in Minkowski and a physical proof of the above conjecture will

also be illustrated by doing a thought experiment on the shock wave model.

Following the principle of the mode expansion, to study the local behaviour of the
solution ®y(X) in region A denoted as @4 (X), one can expand the solution in terms
of modes propagating on the AdS slicing. As we have studied in the section 3.1, the
solution @4} can be represented by the linear combination of modes with effective mass
k provided that there is a set P of k in which all the modes together form a complete
basis of the solution space, written as

IRy [, ka9 (@R E (o, 2), (3.153)

in which a;(k) are coefficients and the label I is used to represent the other internal
variables. F/i(p,z,z) = ¢1(0;k)Y},(z,2) are the spatial modes introduced before while
(p,z,z) is the coordinate of AdS hyperboloid. For the same reason, we can choose to de-
compose the solution in region D, denoted as ®%) (X), into dS modes ¢ (p; k) EL (1, 2, 2)
thus it can be written as

P (X) = ; /P dkbi(K) ¥P (0;K)ER (1,2, 2), (3.154)

in which we should note that the position of variable T and p are switched since we are

using them to label the timelike and spacelike direction.
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Before imposing the initial condition of the solution ®y;(X), we first consider the an-
alytic continuation of the field ®5;(X) from the region A~ into the region D via the
null surface N shown in Figure 3.6. Given the field configuration ®4;(X), one can per-
form the analytic continuation by making k — ik across the null surface A then obtain
@D (X). In terms of the coefficients, that is to say

{ai(k)} = {bi(k)} (3.155)

in which we use the notion { } to represent the information contained in the modes and
the equal sign means that one can determine all the b;(k) s given the set of a;(k) or vice

versa.

To study the initial condition, or to determine the coefficients, first we need to choose a
proper codimension one surface to set up the initial data. For the field ®4}(X), one can
choose the AdS slicing X2 = —Tg, denoted by X, as the Cauchy surface for region A~

therefore the field in region A~ is uniquely determined given the initial data f;, g;

Du(1,0,22) = filp,2,2),  naPm = gi(p,z2) (3.156)

where n' denotes the further unit normal of X,. For the field in region D, the data on
the surface ¥, is not enough for us to uniquely fix the field configuration ®P (X). One
also needs to specify the data along the null boundary so that they form the Cauchy
surface of the whole Minkowski together with the surface £, which means one needs
more data to determine ®F; comparing to ®4(X). Since we have already known that
fields in the region A, D are fully determined by {a;(k)} and {b;(k)}, we conclude that

{a(k)} C {bi(k)}, (3.157)

where the symbol C means that one can determine all the coefficients a;(k) given the
set of b;(k) while the other direction is not true anymore, which implies that there are
modes not governed by the analytic continuation thus one has P4 C Pp.

Furthermore, based on the calculation in the previous section, we see that, for the mass-
less particle, one can construct the shock wave as the solution of the Klein-Gordon
equation. The shock waves propagate along the null direction and they are localised
around the trajectory of the massless particles. Moreover, these shock waves that start
from the null infinity then go through the AdS slicing surfaces in region A™ enable the
exchange of information between the observer living in some particular AdS surface
in region A" and the observer on the null boundary. For example, the observer at the
boundary can send the information of the initial position and momentum of the par-
ticle to the observer in region A™ via the shock wave and the observer in region A™
can read out these information by determining the coefficients a* (k). Thus two copies
of AdS surface in region A~ and A", respectively, form a structure that is equivalent
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to the Cauchy surface since we know that one AdS Surface in region A~ together with
half of the null boundary v > 0 carry a complete set of data for one to determine the
tield configuration in the whole space time.
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Chapter 4
Flat Holography for Gravity

In this chapter, we will develop the flat/CFT dictionary between the d + 2 dimensional
Einstein gravity and the d dimensional CFT on the celestial sphere. To study the grav-
itational theory on asymptotically flat background in a formal way, the first step is to
specify the definition of asymptotic flatness. The general guideline for defining asymp-
totic flatness is that it must make the spacetime close enough to flat case while the
deformations should at the same time contain enough non trivial physical contents for
us to investigate. For example, the well studied Bondi gauge Bondi et al. (1962); Sachs
(1962b,a) in gravity literature. To establish the flat/CFT dictionary, one also needs to
construct a mapping of data between the bulk and boundary but there is no clue on
how to decompose the bulk data in Bondi gauge. Noting that Minkowski spacetime
is foliated by AdS hyperboloids and the specific map of data for AdS/CFT is clearly
studied in terms of Fefferman Graham coordinates Fefferman and Graham (1985); Gra-
ham (2000); Fefferman and Graham (2011); Henningson and Skenderis (1998); de Haro
et al. (2001b); Balasubramanian and Kraus (1999), therefore in this thesis we choose to
define the asymptotically flat spacetime in terms of Fefferman Graham like coordinates

written as
2 2 2 (Pp i 1.
ds* = —dv*+7 1 + 0gii(p, x)dx'dx
+pT2m(p, X)d*p + tp 0o, x)dx'dx) + TA(p, x)dpdx' + -, (41)

where the first line is the leading contribution to the spacetime coming from the asymp-
totic AdS slices and the second line is the subleading contribution for large 7. We will
see that most of the non trivial physical results in addition to the AdS/CFT duality
would come from the existence of such subleading sector. In section E, we will explore
such gauge in a careful way by determining the asymptotic symmetries and solving
Einstein equation at different order of T and p. The strategy here is that we choose to ex-
pand the parameters g;i(p, x), m(p, x),0;j(p, x), Ai(p, x) in terms of 1/p and determine
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i (x),Aka)(x) by solving
the Einstein equations R, = 0 at the zero and first order of 1/7.

the constraints between the coefficients gl(jzk) (x),m) (x), o2

After the study of asymptotically flat spacetime, for 4 = 2, we propose the flat/CFT

dictionary as

. 1 = _ji
exp (iSgrren|G]) = <exp > /52 2xVG G Ti]-> (4.2)

where G and G are the bulk metric and the background metric for the CFT, respectively.
Tj; is the energy-stress tensor of the boundary CFT. To make such dictionary well de-
fmed and work the same way as the AdS/CFT dictionary, one further needs to perform
proper renormalisation procedure on the bulk gravitational action S [G] making it fi-
nite and to specify the exact map of data between two sides. Here the exact map means
that given the bulk metric we should be able determine boundary data G and Tj; or
vice versa. These are two main obstacles during the development of flat holography

dictionary and we will discuss them in section 4.2.

In the context of AdS/CFT, one needs to perform holographic renormalisation in order
to obtain the finite renormalised action Sy ren [G]. The infinity coming from the integral
over the whole spacetime is treated as the IR divergence and is regulated by choosing
the AdS spatial radius p as the IR cut off. Here for flat spacetime, we have one more
timelike non-compact direction labeled by T and we simply choose to impose a bound
Lonit iet € [0,L]. After performing the holographic renormalisation in the given
interval [0, L], we obtain the renormalised gravitational action and then further propose

the map of data between bulk and boundary as

1
Gij=gi + cr( ) 4. (4.3)

where G;; = gl.(jo)

tor into consideration treating L as the energy cut-off of the boundary CFT. Using the

is originally the AdS/CFT map and now we are taking the soft sec-

flat/CFT dictionary, we obtain a specific expression for the energy stress tensor (T;;),

given by

iL? iL
{Ti) = T6rGu (g7 — & Tz 2) ~ 8 ((Tw —a g &l (4.4)
() (

]

0'2)

—i—Trg( o i

0) (62 _ 50 (2)
+2m7 (g — & Trg ))
Moreover, by considering the anomalies of the energy-stress tensor (T!), the central
charge is then determined to be

i3L%  iML3(a —2)

c= Tem + 2n (4.5)

where M = m() and a are constants characterising the behaviour of asymptotically flat

spacetime. The behaviour of the leading term is already argued in the work Cheung
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et al. (2017a); Pasterski and Verlinde (2022); Ogawa et al. (2023) and here we determine
its value in a precise way. With the help of flat/CFT dictionary, we can in principle
determine all the subleading contributions and in this thesis we just present the first

order term.

The Einstein equations will impose constraints on the parameters in the metric and
those constrains on the boundary will correspond to the Ward identity of the stress
tensor. The story for AdS/CFT or for the hard sector is that the bulk equation of motion
implies that the conservation of energy-stress tensor V/(T;;) = 0. By checking the
Einstein equations at the first order, we find that it will not give us the conservation of
the soft energy-stress tensor while we have

VT = wlrLcN(SVim(Z) +4AMVTig® — oitv,,¢2)), (4.6)
where V;, V; are the covariant derivative with respect to Gj;, gf;)), respectively. Thus one
can interpret the soft modes as the radiation modes which generate flow of energy at
the null boundary leading to a non conserved energy-stress tensor from the boundary

point of view.

4.1 Fefferman Graham Gauge

In this section, we will start from the coordinate for asymptotically flat spacetime then
recast it to the asymptotically AdS form. For the spacetime of dimension d + 2, we first
introduce the standard coordinate X" for y = 0,1,--- ,d + 1 in which the flat metric
takes the form 790 = —1, 711 = - - - 4+1,4+1 = 1. The Euclidean AdS of dimension d + 1
can be regarded as the hyperboloid embedded in the 4 + 2 flat spacetime given by the
relation !

— (X0 (X4 (X = -1, (4.7)

in which T > 0 is the radius of the AdS surface.

Motivated by such foliation, we now choose to write the asymptotically flat spacetime

given by the metric G(X) into the form
ds? = Gy (X)dX'dX" = —dt? + TG (T, y)dy"dy’,

wherea, b =1, --,d + 1 and we have fixed the gauge in order to make the dtdy” term
vanish. One can always manage to find such gauge by performing local diffeomor-
phism transformation. For flat spacetime, the metric G,;, will be independent of T and
reduced to the metric for AdS,, described by y while it will become asymptotically

1Such patch is called Milne wedge for Minkowski while one can study Rindler wedge by the analytic
continuation of the radius T — i7. The Rindler wedge is sliced by dS hypersurfaces.
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AdS when the spacetime is near flat. At the null boundary, we can expand the metric
Ga(T,y) around 1/7 = 0 written as

N 20 al 1 2,0
Gab<T/ ]/) = Gah(]/) + Gub(]/); = Gab + hab(T/ ]/)/ (4-8)

in which ng (y) is the metric for d + 1 dimensional asymptotically AdS while G, ()
are higher order corrections and they together form a complete description of asymp-
totically flat spacetime. We put all the higher order corrections into the term /. In this
thesis, to study asymptotically AdS spacetime GY,, we choose to use Fefferman and

Graham coordinates written as

ngdy”dyh = rlz(dr2 + &ij(1, x)dxidxl) (4.9)
dp? i j
= 17 + 0 gij(x, p)dx'dx/, (4.10)

in which y = (r,x?) for i = 1,---d are coordinates on the AdS hyperboloid and p =
1/72. The d dimensional metric gii(x, p) has been extensively studied in the AdS/CFT
literature and the main method is that one can organise the data by doing expansion
of the order p for p — co. The leading term will contribute to the AdS spacetime while
lower order terms are asymptotically AdS corrections.

4.1.1 Asymptotic Symmetries

To illustrate the spacetime structure introduced above in a more precise way, for sim-
plicity, we take d = 2 as an example therefore the spacetime becomes asymptotically
Minkowski. In this case, the metric is then given by

ds? = —dT2+T2<de+ dzdz—i—---)
= 4p2 0

T
+Em(p, 2,2)d%0 + 1p 022(p, 2,2)dzdz + 2T A2 (p, z,2)dpdz + Tp 022 (p, 2, Z)dzdz
+cc+ -+, (4.11)

in which the Minkowski space is written in terms of Milne coordinates (7, p, z, Z) at the
first line while the first order deviations with respect to T are described by the functions
m(p,z,z), Az(p,2,2), 02(p,2,2), 022(p,z,Z) together with the corresponding complex
conjugates. The dots in the first line represent the asymptotically AdS deformation
while the dots in the third line represent higher order contributions according to 1/7.

Written in the form of G, the metric is

2 T

Gop = Tt o(7) (4.12)
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for pp component and for zzZ component we have
2

Py 70 05z + O(T0). (4.13)

C==7

Atleading order, Gy, G;; will vanish while for asymptotic flat spacetime there could be

subleading contribution like
Gpz = TA, + O(TO) Gpz = TAz + O(TO) (4.14)

and

Now, we will study asymptotic symmetry which is the diffeomorphism that preserves
the metric of the form shown in (4.11). Given the Killing vector {(7, p, 2, Z), the variation
of the metric 6G, is then deduced to be

T T2
5G1p = _apg + szarép
—|—pT2m8T(;‘p FTADE + TA0:E + O(10) (4.16)
and for 6G,, we have

2 -
5GTZ == _azg’f + %a’féz
+TA0:8F + TP 0220:87 + Tp 02208 + O(77), (4.17)

in which we have shown the variation up to O() and higher order terms are omitted.

For other terms we have

72 20 i
0Gzz = 56 + —-(0:87 +9:07) + O(1), (4.18)
0Gz: = Tp 957+ O(1), (4.19)
2 2
0Gy; = 4;8269 + %ap(’,‘i + O(1), (4.20)
TZ
0Gpp = ZT)g;(PapCp — &)+ O(7). (4.21)

To find out the asymptotic symmetries, one need to determine the Killing vector ¢

which can be expanded as

¢"(r,0,2,2) = &y (0,2,2) + %ci‘m z2)+ (422)

where Cf for k € N are coefficients associated to the term 1/7*. For & Grp and 6G; they

have to vanish since we are working in the gauge Grp = Grz = 0. From the expression
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(4.16) and (4.17), at the order of O(1) we obtain

5 1
92Gp + géi =0 9li+ 561 =0 (4.23)
0
Moreover, we have
Azl +p 02:0F +p 02281 = 0 (4.24)
and
m &Y+ p? A8T + p? AT = 0 (4.25)

when considering the 6G;, = G, = 0 of the order 72. For 8G,, and 8Gs;, the contri-
bution at the order 1/7 should vanish in order to preserve the condition of asymptotic
flatness therefore we have

8.8 = 9:85 = 0. (4.26)

For the same reason we have

09,50 — 36 =0 4.27)

when considering the component G, in the (4.21). Then the killing vector can be writ-

ten as

¢ =x(z2), (4.28)
=0, (4.29)
&* =Y*(z,2), (4.30)
& =Y(z2), (4.31)

where x is an arbitrary function on z, z and we have 0, Y* = 9;Y* = 0 therefore the BMS
group Bondi et al. (1962); Sachs (1962b,a) is recovered at leading order. The transfor-
mation of the spacetime metric under such symmetry group is then given by

692z = £22(0:Y* +0:Y7) + Y0:92: + Y0242z (4.32)
892 = 2822 0;Y* 4+ Y?0,9.. + Y0142, (4.33)
bA; = Y0, A;+ Y 0:A; + A0.Y? (4.34)
802 = Y?0,0u; + Y0:0u; + 20,0, Y + 2X Q22 (4.35)
802z = Y%0,0u: + Y 0:0u: + (0:Y* + 0:Y7) 02z + 2X 42z (4.36)

where we have used the complex metric g; for the hard sector. From above translation
rules, one can see that the superrotation part described by Y#, Y* will act on the leading
and subleading part of the metric while the supertranslation part described by x will
only act on the subleading part.
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4.1.2 Equation of Motion

Now we turn to study the dynamics of the gravitational system. The general d + 2
dimensional asymptotic flat spacetime is described by the coordinate 2

2 . .
s> = —dr?+ 72 <Zp€ - pgij(p,x)dxldﬂ)

+;—2m(p,x)d2p + 70 03j(p, x)dx'dx) + TA;(p, x)dpdx' + - - - (4.37)

in terms of the real coordinates (7, p, xi) fori = 1,...,d. In the first line, the metric is
mainly built up from asymptotically AdS hyperboloids. It describes the hard sector of
the gravitational theory and manifests the superrotation symmetry. The second line is
the subleading contribution to the asymptotically flat spacetime according to 1/7. It
describes the soft modes coming from the radiation and manifests the superrotation
and supertranslation symmetry.

In this section, we are going to determine the constraints on the metric g;; and the soft
parameters by checking the Einstein equations R, = 0 at different orders. Starting
with the connections, they are given by

a 1 ~
T7, =1Ga + ETZaTGub (4.38)
and
A W
g = ?b + EG“CaTGd, (4.39)

while we have I'T, =TT, =T, =0and I';. = I',.[G]. In our definition the Ricci tensor is
now given by
Rp[G] = RG] — TL TS, +2T5, T — 9.17,, (4.40)

which can be further decomposed into

Rp[G] = RG] —dGy, (4.41)
d4+1 - 1 g0 Ta acdo A
- TaTGab—ETza%Gab—EGach 9:Gey (4.42)
1 9o a s
+§TZafccbaTGdaGCd. (4.43)

2The goal of this chapter is to fully reconstruct the bulk gravitational theory together with the static
background therefore the solution is not separated into in and out going modes like what we did for the
scalar fields. In principle, we can introduce in and out going gravitational waves when dealing with the
theory in a perturbative way therefore making the results compatible with the previous chapter.
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For 7T component we have

1. R 1 N A 1 ~ac» . R
Re:[G] = ;G“barcﬂh n Eaf(GabaTGM n 1c“ccbdarcabafccd (4.44)
while for Ta one can deduce that
1 N ~bc A 1 N ~bc N
RIZT[G] — EVQ(G aTGbc) - Evb(c afccu), (4.45)

where the covariant derivative is with respect to the metric G,,. In practice, to study
the equation of motion at different orders, we choose to write the Ricci curvature per-

turbatively according to the expansion (4.8), which means we have

1

where the zero order mainly comes from the hard sector of the metric described by G°

and the soft modes will go into the first or higher order terms.

41.2.1 Zero Order

For convenience, we will denote ng(y) as Gy (y) in this subsection and consider the
equation of motion at leading order of 1/7. In such case, connections involving T com-
ponent are given by I'}, = G, Iy, = %52 and I't, =T%, =T% = 0. For the con-
nections not involving T component denoted as I}, they are given by the direct d + 1
dimensional calculation using the AdS metric T2G,;(y). Now, to solve the vacuum Ein-

stein equation with zero cosmology constant
R]/IV[G] =0, (4.47)

we should deduce the Ricci curvature R written as R[G] = R%[G] + RI[G]. One can
easily verify that R, = 0, while for R,;, one has

RG] = Ry V6] - Gy, (4.48)

in which we have introduced the notion R(“*1)[G] to denote that the Ricci curvature
induced on the d 4- 1 dimensional AdS hyperboloid. Therefore, the Ricci curvature for

near flat spacetime is then deduced to be
R[G] = R#D[G] —d(d + 1) (4.49)
and the Einstein equation in (4.47) is equivalent to

R(d+1) [G] o

y REDIE] Gy = AGyy (4.50)

N —
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for
d(d—1)

2

We can treat A as the effective cosmology constant and 7 as the effective AdS radius

A=—

(4.51)

since we are recasting the curvature R[G] for d + 2 dimensional near flat metric GW
into the induced curvature R(“*1)[G] for d + 1 dimensional asymptotically AdS metric

Cub(]/)'

In terms of Fefferman Graham gauge, the study of equation of motion at zero order is
equivalent to the study of the differential equation for g;;(x, ). The function g;i(x, )
are determined by Graham (2000); Fefferman and Graham (2011); Henningson and Sk-
enderis (1998); de Haro et al. (2001b)

0* (2081} +4g); — 2pg””g’m]gzz + 08" 81 817) + Rijlg] + (d — 2)0°8% + 028" 81w 8ij = O
Vi( 8" 8hm) — Vgi; =0 (4.52)

1 . .
8" (pgij +28%)) — 58"8" 88k =0

according to the equation (4.47) or (4.50) and the covariant derivative is with respect to
the metric g;;. A brief study of such equation is shown in appendix I and here we have

gf i = dpgij- Moreover, for even d, one has the expansion

gij(x,0) = gi(;)) + p‘lgi(jz) 4+ tp d/zgf] ) ¢ cijp~logp + - - - (4.53)

when p goes to infinity. Here, following the convention from previous literature, the

superscript 2k in the coefficients gszk) are used to keep track of the order of r. Or equiv-
alently, k is used to keep track of the order of p. Coefficients gl(].Zk)

termined by the lower order terms via checking the equation (4.52) at the order of p*

are uniquely de-

while such procedure will fail until 2k = d. In such case, the equation of motion will
only allow us to determine Trg(%) and it also leaves us freedom to introduce the traceless
algorithm term parameterised by c;;. Fox example, by checking the first two equations
at leading order, one can obtain the relation

R;j[g®] = (d —2)g + i)' Trg® (4.54)
together with

Vi(Trg?®) — vfg]@ —0 (4.55)
where the covariant derivative V; and the trace Tr now are with respective to the metric
gl.(]Q) while we will keep such convention in the following part of this thesis. One can

) -

see that g;:” is fully determined as the function of g( ) for d # 2 while only the trace

part is fixed when d = 2.
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4.1.2.2 First Order

We have studied Rgv in the previous section while here we are going to deal with R;lw
therefore determine equation of motion at first order. It is easier to calculate the R;¢
and R, components by checking the formula (4.44) and (4.45). The R;r = 0 will be
trivial at first order while for R.,, we have

Ria = 5Va(Go Gre) — b (4.56)
where the covariant derivative V, is with respect to the metric ng. For the R, compo-
nents, we have

d+1 .1

1.
Riy = R = =Gap + 5Gu GGl (457)

from which one can see that the first order contribution RZI; U of RZ; ! will also con-
tribute to the first order R}, therefore it will make the results more complicated. The
strategy here is to determine the first order term in RZ; ! then add the other terms in
(4.57) which also contribute at the first order.

Such soft sector is described by the first order term h,,. More precisely, it is determined
by the parameter m, 0;; and A; once the gauge is fixed. To simplify the calculation
further, now we consider the expansion of parameter m, ;; and A; by the order 1/p.
Taking the parameter m(p, x) for example, we have

m(p,x) =m® (x) + :)m(z)(x) +--, (4.58)
in which m(% (x) is the leading term while m(?) (x) is the subleading contribution. n(?),

m(?) describe the zero order and first order contribution to the soft sector according to

the spatial radius of AdS hyperboloid p. For the parameter 0;;, A; we adopt similar

convention and the corresponding coefficients are denoted as ASZk) and (Tl.(fk).
Therefore following the equation of motion given by the Einstein equation explicitly

showed in the appendix J, we obtain the constraints
Tr 0 = 4dm© (4.59)
by considering Ry, = Ryr = 0. Moreover we have

A9 — 9 (4.60)

1

by checking the equation of motion R;; = 0 at the zero order of 1/p. For the equation
Rj; = 0, again at leading order, we obtain

d—1 (o

5 + %g(o) Tr ol® —2(2d — 1)m(0)g(p) =0, (4.61)

ij ij
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which is compatible with the constraint (4.59) after taking the trace on both sides. One
can also obtain the relation
Viel! = 4v;m® (4.62)

after acting the covariant derivative V/ on both sides.

Now we consider the Einstein equations at first order of 1/ in order to determine (2,

AZ(Z) and 01.(].2). By checking the equation of motion R;; = 0 at the first order, we have

2Vim©® = A% (4.63)

1
while for R,; = 0 we obtain the relation

MT_lA?) —dVm® + %vfag]) - }lviTm(O) =0. (4.64)

Given the above equation, we can deduce that A® = 0 after using the relation (4.59),(4.62)

i
and (4.63). This tells us that the parameter m(©) should be a constant and the zero order

coefficient o) (0)

ij s conserved with respect to the metric g; j

, written as

Tro© = 4dM vfa}].O) =0 (4.65)

0)

where we have denoted the parameter m(%) as constant M. For the equation of motion

Rpr = 0 and Ry = 0, they will give us the relations

dm® + %Tr o — Trg(z)m(o) =0 (4.66)
and P 1 1

a2 Lt 2 _ Lo 0) _

2m + 8T1r o 88(2)‘71']' =0. (4.67)

From these two equations one can see that, in order to make m®@ and O'i(jz) solvable, one

should further impose constraint on géé)aig.o) thus we have

géé)UiS'O) — 4Trg(2)m(0). (4.68)

)

To obtain 07, one needs to check R;; = 0 explicitly. The equation is more involved and
here we just present the result

3-d 1
Ta}f) + (6 — 4d)ym@g? — 65 m(® — 5 (Tro® — g0k )g) (4.69)
+4Trg(2)m(0)gl(]0) o Trg(Z)O,i(jO) + %Tra-(o)gl(f) + (SRZ] = 0,
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where R;j[g + Lo] = R;[g] + 6R;; ® and we can see that, given the value of m(?, crl.(jz) is

determined by solving the equation. After taking the trace on both sides, we have

3—2d

Tre® + (6 — 4d)dm® — 6Trg®? m© + gglé”)al(ng) +2dm9Trg® =0, (4.70)

from which we will obtain the same relation as (4.68) after the substitution of (4.66) or
(4.67).

(2k) are related to the trace of soft

From above calculation, we see that the value of m
metric coefficients Tro (). More precisely, by considering the constraint (4.59), (4.66)

and (4.68), one can find that they obey the more compact relation

Tr?9) (0 — 4mg) = 0 (4.71)
E]‘Zk) and we denote Trl") = Tr. The
relation between (4.71) and the Einstein equations is not clear but we expect this is true

where Tr(®®) is defined as the trace over the metric g

when going to the higher order.

Further more, by checking the equation of motion R;; = 0 at the order of 1/p?, we

obtain the relations involving V/ Ui(]?') written as

(2 a)A® +29m® 4 2 Vi(To® — gl olf))
_1
2

m

; 1 1
Viey + Vigiion + ;Viglom =0 (472)

where we have used the relation (4.55) and the last two terms come from the variation
of the connection (5F§k. It turns out that, although a little bit tedious, equation (4.72) will
be useful for us to study Ward identities of the boundary conformal field theory with
the help of flat/CFT dictionary. Moreover, by studying the e)quation of motion R;, =0
(4

at second order of 1/p? one should be able to determine A;” once m?) or equivalently

Tr @) is fixed.

4.2 The flat/CFT Dictionary

The Einstein-Hilbert action for the gravitational theory on a four dimensional asymp-
totically flat manifold M with boundary oM is given by Gibbons and Hawking (1977)

1
5e(G] = Tee ( /M 4*Xv/—G R[G] + /a #XY=7 21<> , 4.73)

in which K is the trace of the second fundamental form and v is the induced metric
on the boundary. To evaluate the action, we first choose to use the equation of motion

3More precisely, we have ORjj = %(V’”Vmoij + ViVjoy — VkVitTJk — vkv]-alk).
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(4.47) and set the boundary as the surface with constant AdS spatial radius p = 1/e.
Then the regulated action is given by

1 (o]
S :i/d/dz 2K 4.74
858 = T6nGy Jo St VT p=1/e @74
where we have yr = —1,7;; = TZGz’j-4

Moreover, to calculate the integral over K, one should notice the relation Ki]- = Vl-n]-

thus we obtain °

PH .. .
/ dt / Pry=72K| = / rdt dzxf G (673,65, — 679,64
p=1/e p=1/e

A / Gp
(4.75)

in which n* is the outward unit normal for the boundary oM. In our case, for the

boundary p = 1/¢, the only non-zero component is n’ = +/GPP. To see the divergent
part of the regulated action in a more precise way, for even d, one can use the expansion
for ¢ shown in (4.53) and extract the infinite part written as

— 1 * 2 -1 0
Serreg = 167_[(;1\]/0 dtt /52 d“x \/8(0) (e a1(T, x) +ao(t,x) +loge b(t,x) + O(e )) ,
(4.76)

where g; and b are the corresponding coefficients. To get the renormalised action S ren,
one should introduce the local and covariant counterterm Sg; ¢ to eliminate the diver-
gence, which takes the form

Serct = /Ooo dT/S2 d*x f(T,Z)M%—/j d'r/s2 *x g(t,z2)vV/—y R[] +--- (477

where f, ¢ are scalar functions of 7, x and they are determined by the coefficients a;,
b in (4.76). Given the renormalised action Sgrren = Sgrreg + Sgrct together with the

dictionary
1 = i
exp (Sgoren[G]) = (exp 5 /S VGG Ty) (4.78)

the CFT stress tensor Tj; is then deduced to be

. 2i 5Sgrren
<T1]> — l—)O \/T 5Gl] ’

where G;; is the background metric of the boundary CFT. Before going into the detail

(4.79)

of holographic renormalisation, here we briefly discuss the structure of renormalised

4In fact, there are three components that belong to the boundary dM. One is at p = 1/ while the other
two are at T = 0 and T = oc. In thesis we focus on the renormalisation of the divergence at p = 1/e€. For
the integral along the surface of constant 7, we treat them as the assignment of initial and final data. The
treatment of the integral at the constant time surface is equivalent to the procedure that we fix the initial
modes by hand or inserting proper ie description in the path integral. More rigorously, like the treatment
for real time holography Skenderis and van Rees (2009, 2008); Hao (2024a), one can choose to glue an
Euclidean cap at T = 0 surface and make divergence cancelled.

5We are abusing the notion here and V means the covariant derivative with respect to the metric Gij-
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gravity effective action. Through the renormalisation procedure, the IR divergence is
regulated by choosing the AdS spatial radius p = 1/¢€ as the low energy cutoff. How-
ever, for the flat spacetime, we also have timelike direction labelled by T and here we
treat it as the UV cutoff from boundary point of view by specifying the range of integral
0 < t < L. Therefore, organized by the powers of L, the action takes the form

Serreg = Sorreq + S

grreg grreg +ee (480)

0

where SU, .. is the leading contribution while Sgtren

gr.ren is subleading. After performing

the integral of T during the holographic renormalisation, we have
Sgrren = L?Sgyron + LSgpren + O(log L), (4.81)
in which S(g)r,ren is the contribution to the renormalised action of the order L? and S!

gr,ren
0

grren as the hard sector since it comes from the

is the lower order term. We identify S
AdS hyperboloid while the soft sector is identified as Sér,ren coming from soft modes in

the metric.

Given the dictionary (4.78), to perform the calculation and make it work the same as the
AdS/CFT dictionary, we need the specific map between the boundary and bulk data
and here we propose the relation to be

_ 1
Cyj=gy + 705 +- - (4.82)

where the boundary background metric is expanded by the order of energy cut off L

©) 4nd 0

given by the bulk data g;; i

4.2.1 Hard Sector

In this section, we choose to perform the holographic renormalisation for the hard sec-
tor ignoring the soft contribution from /;;. It turns out the treatment of the hard sector
is equivalent to the linear summation over all the AdS hyperboloid contribution and
one can regard this part as the review of AdS/CFT holographic renormalisation. At
zero order, the onshell action takes the form

-1 L 2 5 2 .
= = 1] .
Sgr,reg 167Gy /0 att /52 d°x g 2p (p + g apgl]) )p:l/e (483)

and the counterterm is given by

i—1 fL 1
Sgr,ct = _87TGN /O at 2 a=x ;\/ —. (4.84)
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Now, following the above discussion, we will show the result for d = 2. In such case,
8(0)ij 18 the metric on the sphere and the regulated stress tensor Tl-rfg on the celestial
sphere is therefore given by

—— il2 X ) — iL? g1 Iy 9
i = Tenay Ki — iK) = 167TGNP(( — 1)gij + 08ijg 981k — P pgijﬂ

pzl/e,
(4.85)

in which L is the upper bound of the integral over T and we have set p = 1/e. After
the subtraction of the counterterm

2 (d—1)g;
[ ( )81+'

T = .. 4.
¢l 167tGN € ! (4.86)
one then obtains the stress tensor
_ L @) 0@
by taking the limit e — 0. Moreover, with the help of the relation
1
8@)ij = E(Rg(o)i]' + tij)/ Trt = —R, (4.88)
where R = R [g(o)] and #;; is a conserved symmetric tensor Vitij = 0, we have
iL?
i) = 55— tij. 4.89
Therefore, after taking the trace, the Weyl anomaly is then deduced to be
(Thy = - R (4.90)
! 24
in which c is the central charge on the celestial sphere
i312
= —. 491
= 1Gn (4.91)

One can see the central charge will approach icc as argued in Cheung et al. (2017a);
Pasterski and Verlinde (2022); Ogawa et al. (2023) if one treats L as the scale of energy.
The complex central charge and stress tensor make the boundary CFT different from
the conventional CFT and the physical interpretation is yet not clear to us. However,
taking the previous work for scalar case into consideration, the framework for the CFT
with complex scale dimensions, stress tensor and central charge should be consistent.
Moreover, these complex values will not ruin the local properties of the QFT, which
can be seen by the study of the anomaly and Ward identities of the dual complex CFT
theory.
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The infinite behaviour of the central charge can be easily understood given the detail
of the flat/CFT dictionary, which has been extensively studied in the case for scalar
tields studied in chapter 3. The onshell scalar field is studied by the separation of
variables which splits the T direction and other coordinates on the AdS hypersurfaces
and it turns out that one could decompose a single scalar field into infinite number
of modes labelled by the complex number k making the scale dimension of the dual
operator live on the principal series. Here we have the metric G, while it is hard to
apply the variable separation method to split the nonlinear Einstein equation into the T
dependent part and the other part which describes the equation of motion on the AdS
hyperboloid therefore decompose the metric into the form of

Gu(t,0,x) — Gu(p, x;k) (4.92)

labelled by the parameter k. But here it is still reasonable to assume that the bulk met-
ric is dual to infinite number of operators on the boundary described by stress-tensor
modes denoted as T;;(x; k) and the energy-stress tensor calculated here are in fact the
summation of all these modes. Each mode will contribute to the central charge in a
finite way while the total effect will become infinite after summing over all the modes

labelled by k treated as the frequency space dual to the T direction.

4.2.2 Soft Sector

Now, based on our study of hard sector, we move on to the study of soft sector. In order

1

to obtain the next leading order correction S one needs to consider the higher order

grren’
terms in 1/7 of the onshell action (4.75).
S 4gl —1/Ldn P/ G ((d+ pgid,g) (4.93)
grreg grreg 167TGN 0 ) m %4 ,Dgl] .

1i ) )
——(2V'A; — §9pdoei; + 0 pd,g1)),

therefore regulated action at the first order now becomes

L ‘ ) .
1 _ 2 iA. i - i »
Sevres = 8rGy /s Pz /g0 p (2V'Ai — pg3,03; + olpdg; (4.94)

~(2m+24M)(d + pg3ygi) )|

where the integral over T has already been performed and the contribution in the sec-
ond line comes from the determinant v/G and the norm vector factor ./ Gpp- Together

with the expression of the extrinsic curvature

Kij = _P(Papgq —+ 81]) + g(le] + V]A] — papaij — 0jj + 2m(papg,] + g1]>>, (4.95)



4.2. The flat/CFT Dictionary 101

. 1,
one can obtain the soft stress tensor T; : Te8

1,re iL lk
Tij g _ 87IGNP<(ViAj + V]'Ai — pap(Tij — (Ti]') + (pg apglk + d)(Tij (4.96)

—(2V;A" — pg™ 0,01 + p0™*0pg1k) i + 2m(p0pgij + 8ij) — 2m (g™ Opguk + d)gij)

by checking the first order of K;; — ;;K then performing the integral over 7 like we have
done for the hard sector. From the above expression one can see the stress tensor will
go to infinity at large p. One of the divergent term comes from V;A; while the other
term comes from the first order metric on the sphere 0;;. However, taking the constraint

AZ(O) = Afz) = 0 and the counterterm

d—1 (L ’ 2 oA N1
Sgr.ct = _87TGN/0 dat szd X T\/E (4p Gpp) 2 (4.97)
into consideration, we have
iL2 2
li't ~ 167Gy (1-d)p(g; + Z(Uij —2mgi)) + - - (4.98)

therefore the corresponding finite renormalised stress tensor at first order becomes

iL 0
(1) = e (10—l ) 62 + Trgct?

—0'1-(]-2) +2m© (gl(].z) — gz.(]p)Trg(Z))). (4.99)

4.2.3 Ward Identities

Given the flat/CFT dictionary and the specific expression of the energy-stress tensor,
now we turn to study Ward identities concerning (T;;) with the help of constraints on
the gravity metric studied before. For Weyl anomaly, we will perform the calculation
from the boundary point of view which means that the indices now are raised and

lowered by the metric Gi]-. After taking the trace, for the soft stress tensor, we have®

(1) = o (200 = 1) (10 — 0Vl — 2mOTig )
+Teg @ Tro® — o) g’gz)), (4.100)
which is equivalent to
(T)H' = niéNm(Z) (4.101)

®Here (T!)! represents the first order of Gij<T,-j), ie (TH! = (T%)glé) — (7"3)0%)‘
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after using the relation (4.66), (4.68) and setting d = 2. As we have studied, m® could
be an arbitrary scalar function therefore it will contribute to the anomaly at the sub-
leading order in an arbitrary way. At the same time, one should note that the form
of the anomaly is highly constrained in two dimensional conformal field theory Deser
and Schwimmer (1993); Bonora et al. (1986), the anomaly should be proportional to the
Euler density, which means one should consider a special class of asymptotically flat
spacetime in order to make the boundary field theory conformal. Here, we choose to

consider a set of solutions of m(?) written as
Tre® = aMTrg®  dm®@ = (1— %)MTrg(z) (4.102)

satisfying the constraint (4.66) and (4.67) for a real parameter x. Such choice could be
treated as the fix of gauge for soft sector like the gauge of asymptotic AdS hyperboloids
are fixed in terms of Fefferman Graham coordinates where Ggp =1/ 4p2. Therefore, we
will have

iL
167Gy

(TH! = (20 — 8)Trg®m(®), (4.103)

In such case, we can treat the contribution from m?) as part of the central charge at
subleading order. To determine the central charge at the order of 1/L, we can use the
relation

(T!) = ——“_R[C]. (4.104)

where R[G] = R[go0] + %(gz))(SRij - Uéé)Ri]- [8(0)])- By checking the formula (4.103) and

(4.104) specifically, we have

BL2  iML3(a —2)
_ 41
R Te NI TeN (4.105)

from which we can see the central charge will have first order correction that depends
on the geometry of spacetime characterised by the parameter M and a while we leave

higher order correction for further investigation.

Before going to study the conservation laws of energy-stress tensor, we first recall some
lessons learnt from the AdS/CFT correspondence. For the asymptotically AdS case, the
spacetime behaves like a box and no particle could finally reach the infinity while this
fits the calculation that the dual CFT energy-stress tensor is conserved. Following our
definition of asymptotic flatness, the hard sector is built up by the AdS hyperboloid
therefore the dual energy-stress tensor on the celestial sphere is expected to be con-

served at leading order, written as

VT =0, (4.106)

which can be deduced using (4.68) and (4.87). Comparing with the AdS spacetime, one
of the main feature for asymptotically flat spacetime is that there could be gravitational
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radiation at the boundary and thus the system is not strictly closed i.e, energy could be
carried in or away by particles passing through the null boundary. Now, for the stress

tensor at subleading order, we have

_; il '
V(T = ~Tency Vil ? — a8ty —2Vie
+UE’(§’)‘Vm81£12') + V/Trg (2)‘71‘(]'0)) (4.107)

where we have used the the relation (4.55) and the covariant derivative V; is with
respect to the background metric G;; of the boundary CFT. Moreover, taking the con-
straint (4.72) into consideration, we have

iL

V(T = T6nCe (8Vim® +4MVTig® — o1v,,617)), (4.108)

from which we can see that the stress tensor is not conserved at the subleading order
due to the existence of soft modes therefore we can interpret such soft modes as the

radiation modes which generate the flow of energy through the null boundary.
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Chapter 5

Conclusions

In this thesis, we have used the AdS/CFT dictionary to develop a holographic dictio-
nary between flat space and celestial CFT. The key steps in our approach are transform-
ing bulk fields from time to frequency representation, and using the usual AdS/CFT
dictionary on spatial hyperbolic slices of the fields in mixed representation of frequen-
cy/hyperbolic spatial coordinates. We have shown that a single scalar field propagat-
ing in Minkowski is dual to two series of operators on the celestial sphere with scale
dimensions on the principal series. One can physically interpret the two sets of opera-

tors as ingoing and outgoing modes.

Asymptotically (locally) flat spacetimes have as asymptotic symmetries the (extended)
BMS groups at the null boundaries. Therefore, the total symmetry for given observable
quantities should be BMS™ x BMS™ since we have the null boundaries at far past and
far future and we proposed that such symmetry is manifested by these two series of
operators. Moreover in the work Strominger (2014), it was proposed that the symmetry
which a quantum gravity scattering matrix should preserve is the subgroup BMS’
BMS™ x BMS™ by matching two null boundaries at the spatial infinity . This fits with
our observation that the two series of operators are dual to the ingoing and outgoing
shock waves in the bulk and they are related by physical processes that occur in the
center. From the boundary point of view, we can see that these two series of operators

are coupled with each other.

There has recently been considerable discussion of the role of Carollian symmetry in
flat space holography Hartong (2016); Ravera (2019); Bagchi et al. (2019); Bergshoeff
et al. (2020); Hansen et al. (2022); Donnay et al. (2022); Bagchi et al. (2022); de Boer et al.
(2023); Bagchi et al. (2023b,a); Nguyen and West (2023); Saha (2023a,b). It would be
interesting to explore how the structure of the holographic dictionary for the metric
can be interpreted in term of Carollian structure. In the context of Carollian CFTs, one
can introduce the notion of Carrollian time ¢, as the dual of effective mass . ~ k and

thus the series of correlation functions on the celestial sphere can be viewed as dual to
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a 3d correlation function, i.e.
(O(z,z,k)O(,2;k)) +— (O(z,2,t.)0(Z, 2, 1)), (5.1)
and these are related by the integral transform
Olte,2,2) = /P dk G(te, k) O(z,2k), (5.2)

in which the Green function G(t., k) would be determined by the definition of Carollian
time t, together with the dynamical structure of the system. As we can see, it is easier
to study the distribution of the scale dimensions and construct the dictionary using the
operators in k space while it may be more convenient to study the symmetries and the
evolution of the system in the proposed 3d spacetime. We will not go into detail of the
integral transform and leave the explicit form of G(f, k) for further investigation.

The key feature for the proposed flat/celestial CFT dictionary is that it reduces two di-
mensions from the bulk to boundary celestial sphere. The duality relates the bulk the-
ory to a Euclidean CFT on the sphere, with the time dependence captured by the map
of a single bulk 4d field to an infinite tower of CFT operators. Many subtle questions
remain about the recovery of unitarity from the dual perspective. The scale dimensions
of the CFT operators are complex therefore the Euclidean CFT is not unitary, yet many
of the standard results used extensively in two dimensional CFTs, such as Cardy’s for-
mula, rely on unitarity. Recovery of unitarity from the dual perspective would rely on
understanding how the boundary data in k space can be reinterpreted in the t. domain.
In particular, this would be necessary to explore how black hole information is recov-

ered at the quantum level.

In our construction of the flat/CFT dictionary, one can see that the boundary corre-
lation functions are determined by the coefficients a7 (k) which carry the information
about the bulk solution. These coefficients are determined by specifying the data on the
Cauchy surface of initial time and they govern the dynamical evolution of the system.
To construct a proper defined quantum field theory, one should understand how con-
straints such as causality, Lorentz invariance and the cluster decomposition principle
are related to this data. We will leave deeper exploration of such relations to further
work.

We noted that one may use the data on two copies of the Euclidean AdS hyperboloid
together with the equation of motion to reconstruct the linearised field in the whole
Minkowski spacetime. However, one should note that these two AdS surfaces are
not Cauchy surfaces according to the standard definitions given by Hawking and Ellis
(2023); Wald (1984). A deeper understanding of the underlying structure will be help-
ful to study scattering amplitudes and the causal properties of spacetime.
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Regarding the gravity part, we have developed the holographic renormalisation proce-
dure for the gravitational action on the asymptotically flat background then obtain the
flat/CFT dictionary between the d + 2 dimensional theory in the bulk and the d dimen-
sional CFT on the celestial sphere. Based on the construction of flat/CFT dictionary,
we then obtain a precise map between the asymptotic bulk data and the conformal en-
ergy stress tensor. By considering the conformal anomalies, we deduce the value of
the central charge up to the first subleading order, which comes from the soft sector of
the energy stress tensor. It turns out that the central charge takes complex value ap-
proaching infinity. Such behaviour has already been argued for long while here, given
the flat/CFT duality relation, we may ask if the complex central charge implies that the
boundary CFT is not unitary.

From the literature, the definition of unitarity has two interpretations. One is that the
transformations generated by the Hermitian conserved charges are unitary and it is
equivalent to the reflection positivity of the correlation functions once the theory is
Wick rotated to the Euclidean signature. The other definition for unitary is that the
conformal blocks form the unitary representation of the conformal group based on the
study of harmonic analysis of the Lorentz group. In the context of Celestial hologra-
phy, the standard answer for the unitary problem is that the 2d correlators with scale
dimensions on the principal series form the unitary representation of the Lorentz group
SO(1,3).

This is fine if one wants to construct the boundary celestial CFT by matching the sym-
metries between the bulk scattering amplitudes and the boundary field theory. But fol-
lowing the construction in this thesis, by extending the AdS/CFT dictionary to the flat
case, we claim that the boundary theory is the CFT with complex scale dimension and
central charge. This forces us to investigate the unitary problem following the first kind
of definition which is the conventional unitary problem for a field theory. At first sight,
the 2d CFT with complex scale dimension will violate the reflection positivity condi-
tion therefore will not be unitary but we are not assuming that the 2d Euclidean CFT
obtained by the dictionary comes from the Lorentzian 1+1 CFT. As we have explained,
one needs to sum over all the 2d operators as showed in (5.2) in order to reconstruct
a 1+2 dimensional real time theory. The problem one should ask is that if such 1+2
dimensional theory is unitary or not. The answer is not clear to us while we think the
answer is probably yes since these operators in 3d will form a unitary representation
of Lorentz group (After performing the summation, we should consider the symmetry
group bmsy.) therefore the theory defined by these operators should be unitary.

In the gravity part, we have obtained a complex central charge but this time it should
not be a surprise since we have already known we are dealing with a CFT consisting
of complex scale dimension operators. Discussing the unitary problem for a complex
charge in our familiar real scale dimension CFT will not make too much sense. Given
the complex central charge and stress tensor, one immediate question is whether the
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results are compatible with the CFT of complex scale dimension. Then what might be
the physical interpretation in the bulk. As we have mentioned, the unitary problem
should be studied when the real time 3d theory is well established and we leave such
problem to the further discussion. Moreover, we can see the value of central charge
is expressed as power expansion according to the energy cut off L and the physical
implication of such expansion is also not clear from either bulk or boundary point of

view.

The introduction of the cut-off L can be treated as an additional input when perform-
ing the renormalisation for the gravitational action. For scalar case in chapter 3, we
also have the integral over T from zero to infinity, while there is no need to introduce
the cut off to make the action finite. That is because the integral over T together with
the weight function and T modes will produce orthogonal relations telling us the cou-
pling between different modes labelled by k. We have seen such orthogonal relation by
solving Klein-Gordon equation explicitly while here the treatment for Einstein equa-
tion will be much harder as we have briefly discussed in section 4.2. In this thesis, we
have not studied each graviton mode in a microscopic way while we choose to study

those infinite number of modes macroscopically by introducing the cut-off L.

As we have seen, for the flat/CFT duality, most of the nontrivial results come from the
contribution of the soft sector. It will lead to a non-conserved stress-energy tensor from
the boundary point of view. Such stress tensor makes the behaviour of boundary CFT
more complicated while it enables us to investigate the gravitational bulk radiation
using the boundary data. Therefore the interpretation of non-conserved part of the
energy-stress tensor is more like the introduction of heat bath or matter fields studied
in the AdS/CFT correspondence.

The definition of asymptotic flatness is clarified in the whole thesis as (4.37) while one
may ask if we could consider the asymptotically flat spacetime in a more general sense.
It is interesting to explore how the renormalisation works if Fefferman Graham gauge is
broken. For example, one can consider the case that Ggp takes arbitrary form or Ggi # 0.
For the spacetime in (4.37), the choice of spatial radius p on the AdS hyperboloid as the
IR regulator is straight forward since it will not break the asymptotic symmetry while
the development of holographic renormalisation will become more complicated if one

wants to deal with more general metric.

For the soft sector, we also meet the similar problem like the gauge fixing of the AdS hy-
perboloid and this comes from the freedom of the choice of Tro®) or equivalently m(?).
As we have seen, the trace part Tro(?) tends to contribute to the subleading part of the
anomalies of the stress tensor (T!) in a arbitrary way while the form of Weyl anomaly is
highly constrained from the CFT point of view. After the holographic renormalisation,
to make the field theory coming from the bulk gravitational theory conformal, we have

to further fix the gauge of Tro(?) as shown in (4.102). Here we have the freedom to do
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so but this leads to the problem that if all the asymptotically flat gravitational theory is
dual to the CFT on the boundary. In fact, the definition of asymptotically flat spacetime
is a vague concept in gravity as we have discussed in the introduction. In addition to
the Ricci flat condition R, = 0, one should also make the spacetime approach to flat at
infinity so that recover enough flat space results and properties. On the other hand, the
CFT is well studied thus such mismatching makes the construction of flat/CFT duality
challenging.

Although there are various unresolved technical and conceptual challenges in con-
structing the flat/CFT dictionary, one can see that the main structure of the flat/CFT
dictionary is already established. On the one hand, we can see that the dictionary
works the same as the AdS/CFT dictionary, on the other hand, the results strongly
suggest that the boundary theory behaves like a series of CFTs except for some com-
plex features therefore we adopt the name flat/CFT for the new duality relation during
the whole thesis and we hope the flat/CFT will play an important role just like its par-
ent AdS/CFT but this time it will lead us to the real physical world.



110 Chapter 5. Conclusions

A Embedding space

Bulk embedding space

In this section we review the embedding of hyperbolic space and AdS space into flat
space in one dimension higher, focussing in particular on the differences between Eu-

clidean AdS (hyperbolic space) and Lorentzian AdS.

We view H%t1 as a spacelike surface in R411 The coordinates of R?t11 are denoted as
X = (X", X", X")withu =0, (d — 1), with the metric being:

ds* = —dX " dX" + 6,,dX"dX" (A.3)

Then HY*! can be embedded as the spacelike surface X> = —1, which can be parame-

terized in Poincaré coordinates as

X =

N | =

(L2 +y%y"). (A4)
Note that as z — 0 the embedding approaches %P where P is null.

Lorentzian AdS,,; is embedded into R%? as follows. The coordinates of R%? are de-
noted as X = (X*, X, X*) with y =0, - - - (d — 1), with the metric being:

ds? = —dX dX" + 1,,dX"'dX" (A.5)

AdS,. 1 can be embedded as the surface X*> = —1 with signature (d,1), which can again
be parameterized in Poincaré coordinates as (E.69) but with the induced metric now
being
1
ds* = = (d2* + nudytdy’) . (A.6)

To distinguish different time directions it is convenient to use t and 7 to label the
Lorentzian and Euclidean time directions; they share the same coordinate expression
t, 7 =y° = X%/ X*. We will find it convenient to treat X" as a complex number with ¢
and 7 the real and imaginary part, respectively. In the embedding space the derivatives

with respect to t and T can be expressed as

9 o9x* 2 209 11

= —2X0i + Xt 9

% 9 aXF . 29X- T 29X0 ax- T X axor A7)

9 9x* 9 2t 9 11 ., .9
7= 5%~ 2% Taaw = X T X %0 (A.8)
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Conformal light cone

In this section we summarise the embedding of flat space into the conformal light
cone of a flat space in two dimensions higher, focussing on the differences between
Euclidean and Lorentzian flat space.

We denote the coordinates of the embedding space as P = (P*,P~,P!) with u =
0,--+(d —1). In the case of Euclidean d-dimensional flat space the metric on the em-
bedding space R is

ds* = —dPTdP~ + 6,,dP"dP" (A9)

The relation between the embedding coordinates and the flat space coordinates x* is

determined by the conformal light cone conditions:
P2=0 P=AP (A.10)

which are solved by P = (1,x%, x*) with x? = x"x,,.

For Lorentzian d-dimensional flat space the metric on the embedding space R%? is
ds* = —dP*dP~ +1,,dP"dP" (A.11)

The relation between the embedding coordinates and the flat space coordinates x* is
still determined by the conformal light cone conditions (A.10).

Solutions

Here we briefly present the solutions that are used in section 2.1.2 and one can see
more detail in Skenderis and van Rees (2009). Given the real time action on AdS; 4
background

S = _% / A2/~ G(0, " P + m>D?) (A12)

with the metric G in E.57, we have the equation of motion
29119, (2719, ®) 4 220y® — m?>® =0 (A.13)

—

with the solution in momentum space g = (w, k)
efithrEJézd/ZKl(qZ), efithrE-Ec'Zd/ZIl(qZ)/ (A.14)

in which Kj, I; are two types of Bessel functions. A = % + [ is defined as m? = A(A —
d). For spacelike momenta q> > 0 these modes are well behaved, while for timelike

momenta, one need to specify how the contour of w winds around the branch cuts of
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q = /2. Usually we use the ie prescription

ge = \V —w?+ K —ie (A.15)

to specify that we are applying the Feynman contours C over the complex w plane.
Moreover, the solutions behave like

d
d z4/271 . z2t!

z2K) ~ T z2[; ~

= (A.16)

[d—1 [d—1
Z%KIN qu_qz, z%llw quqz (A.17)

when z — 0. According to their asymptotics behavior, K; are called source modes

forz — 0 and

and contributes to the bulk-boundary propagator X as

> 1 2 otz 2 e 4
Xp(t,%,z) = (27r)d/cdw/dke b XWZZKI(%Z), (A.18)

which leads to the familiar space time expression

1+4
Xy = NI (I + g)rf z

NI

. (A.19)
(=2 + 2+ 22 +ie)l+?
As for Ij, they are called normalizable modes and we should note they will become
infinite at z = oo when g is space like. Therefore, we only consider the time like contri-
bution

1 o "

Yt %2) = /C dw / dke i HRT 9 2yp(w, B) 241, (1gl2), (A20)
in which b(w, k) are undetermined coefficients and J; is defined as I;(—i|q|z) = e~7/2
X Ji(|g]z). One can obtain the Euclidean version by doing the Wick rotation t = —iT.
For source contribution we have

Xp = ir()0(1 + )t Gl (A.21)
E—=1 — )7t 2 .
2 (12 4+ 7% 4+ 22 + ie)*2
and the normalizable term is
Ye(h7,2) = (Z;)d /C de [ de T o~ )b, F) 2 ll), (A22)

in which we have chosen the positive frequency when T > 0. After lifting these to the
embedding space, one should be able to recover the expressions shown at the beginning
of section 2.1.2 by making

Gr=X+Y. (A.23)
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B Solving BTZ

We start from the Klein-Gordon equation for the scalar field ®, written as
Oc® — m*® =0, (B.24)

in which the Laplacian operator []; has the form of

1
Oc® = ﬁay(\/—ccwa@). (B.25)

After using the BTZ black hole metric (2.78), we obtain the equation of motion in terms
of the (7, t,¢) coordinates

3r2 —1

1 1
— TP+ S+ (P~ 1) + 9,0 — A(A—2) =0, (B.26)

in which we make m? = A(A — 2). The modes of the above equation are given by
p =R fy (w, k1), (B.27)

in which w, k tell us how the modes propagate along the circle and fa(w, k, ) is given
by

falw, k,7) = Cooa (1 — :2) 7 r—AH(rlz) (B.28)

where C,ia are normalization constants while the function H (rlz) is determined by
Euler’s hypergeometric differential equation

1
z(1—z)H"+ (A — (A+1—iw)z)H — Z(A —i(w—k))(A—i(w+k))H=0, (B29)
where we have z = rlz and the solutions are built from hypergeometric functions
F(a,b;c;z). Therefore in this case we have
A A i

Note that hypergeometric functions are locally expressed as power series and it con-
verges when |z| < 1 while the function over the whole complex z plane can be obtained
by the analytic continuation. Moreover, for physical systems, w and k are usually non-
integral thus the form of the solutions are mainly determined by the value of A. Now,
we discuss the solutions in two cases.

i) None of the numbers ¢, c —a — b; a — b is equal to an integer.
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In this case, solutions can be expanded as combination of two independent power se-
ries at each singular point z = 0,1, co. Here we will only consider the behavior of the
solution around the horizon z = 1 and the infinity z = 0. At z = 1, solutions depend
on the frequency w and two independent solutions are given by

AN AN .
H_,(z) = F( §_§(w+k)’ E_i(w_k)' 1—iw;1—z) (B.31)
and
WA A i ,
Hy,(z) = (1 —2)"“F( §+§(w—k), §+§(w+k); 1+iw;1—z). (B.32)

Taking these two into consideration at the same time, we can write the modes as

P = TR (£, k, 1), (B.33)
in which o
1\ 2 1
fA(:l:wr kl 1’) = kaA (1 - 7_2) riAH:I:w(riz) (B34)

Atz = 0, we also have two independent solutions while they now depend on the scale
dimension A and we write them as

A A
=F(=—= — — —(w—=k); A; B.
Ha+(z) = F( > 2(w—|—k), 7 2(w k), A;z) (B.35)
and
. A
Hy (2) = 2" F(1= 2~ Lw 1k, 1= 2 — Lw—k); 2— A;2). (B.36)
2 2 2 2
Similar to the z = 1 case, we can write the modes as
Py = ei“’t_ikq’fAi (w,k, 1), (B.37)
in which o
1\ 2 _\ 1
fAi ((U, k/ T') = kaA 1-— ﬁ r HAi(ﬁ) (B38)

ii)c = A =1+ lisan integer for| =1,2,3,...

In this case, we will try to get the solutions of the equation from two ways. From
one hand, we can apply the formula in Abramowitz et al. (1988) for integer | directly
and then obtain the fundamental system of the solution, given by

Hl(O) (Z) = F(ﬂ, b,l + 1, Z), (B39)
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and

Hy(0)(z) = F(a,b;1 +1;z) Inz + Z —)1—5) Jn Z"(Y(a+n) —p(a) + (b + nB.40)

() —p(I+1+n)+yp(+1) —pn+1)+y(1)) -

These are two independent solutions at z = 0 and one can obtain the solution at

z = 1, co through the analytic continuation.

From the other hand, we can treat the integer case A = [ + 1 as the limit of the gen-
eral case A = | + 1 + ¢ after taking 6 — 0. This allows us to use the solutions for
non-integer A thus their physical meanings are retained. To take the § — 0 limit, we
need to take care of the coefficients of the power series since they may have poles at
integer A. Taking the solution H_,, for example. If we expand H_,, around z = 0 as
power series, the term T'(k — I) will show up in the denominator of the coefficients of z*
which leads to the poles when k — I = 1. In fact, we can resolve those poles by choosing
the hypergeometric function transformation z — 1 — z for integer A then get

F(Z)F(a+b—l = a—l (b—Dw_, (=D)T(a+b-1)
(@) (b) Z e - Ta—Dro =0

H ,(z) = (B.41)

X g mzn (Inz —9(n+1) —p(n+1+1) + ¢(a+n) + (b + nfBA42)

from which we can see that the infinite term in the coefficients are transformed to the

function Inz. Given the above solution, we choose the normalization constants to be

co_ TAI+1) +i(xw - k)T +1) + L(fw +k))
ekl = T(DI(1 =+ iw)

(B.43)

-1

so that the coefficient of the leading term '~ in 1. turns to be 1. Therefore, the solution

can be written as
= TR I (w, kDT T In(r?) 4 B(£w, kD] 4 ), (B.44)
in which we just show the #'~! and r~/~! term and the coefficients a, f are given by

(G(Fw+k) + 31 +D))(d(Fw—k) + 11 +1),
111 —1)! ’

a(fw, k1) = (1) (B.45)

Bl k1) = —p(s (2w + k) + 2 (1+1) — p(a(Ew k) + 2 (1+1) +9(1) + 9T +1).
(B.46)
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C Complex Scalar Matching

In this section, we will derive the matching conditions for the complex scalar fields. We
start from writing down the action for the complex scalar ¢. In Lorentzian signature

we have ,
SL== [ V=G(—0up; oL — m>*p; ) (CA47)

_2ML

while for Euclidean signature the action is

S = 5 [ VGO0 e+ mipige) (C.48)

in which we denote the Lorentzian spacetime and Euclidean spacetime as My and Mg
joint at the codimension one surface 2. As we have discussed, the continuation of the
state implies the first matching condition ¢r = ¢;. Moreover, the stationarity of the

total on-shell action with respect to ¢ and ¢* tells us

5 |
5 (151 56) = /E VR(—idipf — dipt) = 0, (C.49)
° (is —s):/\/R(—iacp — ) =0 (C.50)
spr 1oL 5F . tpL — OrPE , -

in which K is the intrinsic curvature induced on Y. Therefore, we obtain the second

matching condition written as

i0;pr + 01 =0  and 9} + 9pf = O. (C.51)

D Quadratic Matching

Here we present the detail of the verification of (2.137). The Euclidean and Lorentzian

propagator are given by

1 1
Gi(X,P)= ———+ Gi(X,P)= ———. D.52
Acting 9? and 92 on them, we obtain
1 4NN +1) _ 2A -
02 = — X+ XTPY)? - —— ___XTP D.53
X PR T (ax P S Cax (059)
and
1 AN(A+1) _ 2A -
2 _ 0 + p0)2 +
= X'Pm—XtPY+ ————X'P. D.54
‘(—2X-P)R (—2X.p)§+2( ) (—2X - ) (D54
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Acting 97 and 93 on the propagator we have

1 8A(A+1)(A+2) _
3 _ 0 03
aT(—zx-P)/g ~ (=2X.p)At? (=XP"+X7P)
—X+P—(8§§(A;)1A)H(—XOP— +XTP%  (D.55)
—2X-P)A
and
| _8A(A+1)(A+2)

xX0p~ — x—p%3
f(-2x-P)2 (—2X - P)p*2 ( )
SA(A+1)

A+1
(—2X - P)>

+XTP~ (X°P~ —XTPY%.  (D.56)
One can directly check that (2.137) is true at the joint and surface t = T, T = iT, after
taking the rotation of coordinates Pf = iP} into consideration.

E Coordinates

In this section, we will introduce various kinds of coordinates for Minkowski space that
are convenient for us to reduce the data to the AdS hyperboloid, which are used many
times in this thesis. The flat space time is described by the metric 77, for y,v =0, 1, 2,3,
with diagonal elements 1700 = —1 111 = 722 = 1733 = 1, written us

ds? = mdX'dX" = —(dX°)? + (dX')? + (dX?)? + (dX°)?, (E.57)

in which (XO, X1, X2, X3 ) are the chosen coordinates. Here we just focus on the four
dimensional spacetime and the codimension one AdS; hypersurface characterised by
the radius T can be treated as the embedding

— (O + (X + (P + (X = =2 (E58)

where we should note that here the flat Minkowski space is the physical space and the
AdS; surfaces are introduced for the decomposition of data. The timelike wedge in
Minkowski which can be foliated by the AdS surfaces are so called Milne wedge.

Moreover, given such foliation, one can introduce global coordinates (7,7, 0, ¢) to cover
the Milne wedge. The transformation is given by

X% = 7 cosh 1, (E.59)
X! = 7 sinf sin¢ sinhy, (E.60)
X? =71 sinf cos¢ sinhy, (E.61)

X® = 7 cos@sinh 1, (E.62)
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in which one can see the relation (E.58) is automatically satisfied. (6, ¢) are coordinates
on the sphere and 7 is the radius of the AdS surface. The spatial distance from the
origin on the hyperboloid is described by sinh 7. In the global coordinate, the metric
now becomes

ds? = —dr2 + 7 <d172 +sinh? dQ%) , (E.63)

in which the metric on the standard sphere S? is given by

Q3 = d6* 4 sin’ 0d¢? (E.64)

The complex coordinates (z,Zz) on the plane are obtained by the stereographic projec-

tion from the sphere

N g
z =e%tan 5 = e ¥ tan 5 (E.66)

As we have mentioned, the value sinh 7 makes more sense as a physical quantity thus
one can define p = sinh 7 then the metric now becomes

2
42 = —de? 4 72 (fpr ; 2p2'yzzdzdz> , (E.67)

which is the standard form of Milne coordinates in the literature.

To study a single AdS surface, sometimes it is more convenient to introduce Poincare
coordinates (t, x,y) defined as

1 X! X2

t:*/ :7, :7,
X0+x3 T x0rxy YT X04X3

(E.68)

and after setting T = 1, one can pull back the metric to the AdS surface then obtain

A2 +dx? +dy?  di2 + dwd@
dhas, = = (E-69)

in which w = x +iy. In terms of global coordinates, the Poincare coordinates can be

written as
;o 1 (E.70)
~ cosh# + cosfsinhz’ '
. sm([)sm@smhiy ’ (E.71)
cosh# + cosfsinh
y - cos ¢ sinfsinh (E.72)

cosh# + cos 6 sinh 7’
and (w, @) takes the form of

e'? sin @ sinh e~ sin @ sinh 7

w =

= . E.73
“= Cosh 1 + cos@sinhy’ cosh# + cos 8 sinh 7 (E.73)
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One should note that, in the large # limit, (w, @) will tend to (z,z) thus it becomes
complex coordinates of celestial sphere on the boundary.

In terms of Poincare coordinates, the boundary-bulk propagator Ka(t,x,y;x',y") for
massless fields is given by

7 /y/ /y T t2+(x_x/)2+(y_yl)2 T t2+(w_z/)(a)—zl) 7
(E.74)

in which (x/,y") are the points on the boundary and z’ = x” + iy’. Following the dictio-

nary for the massless particles of dimension two, we have A = 2. The propagator could
also be written in terms of global coordinates and at large p, one can check it takes the

form ( Ja
_ 142z 1 2 1
KP=® , ;/ — = , E.75
P2 = s P T A e B

in which )y (z)dzdz = d(); is the volume form of the standard sphere in terms of com-
plex coordinates. If we treat K(p, z,z) as a distribution i.e., just consider the behaviour
under the integral over z, Z, the boundary-bulk propagators are in fact equivalent to the

delta function between boundary points Witten (1998a), i.e, we have

(1+2z2)2 1 N
P P T

p=00

-=K(p,z,7) — 8(z—7'), (E.76)

in which we have done the expansion of K(p, z; z') atlarge radius p. Therefore, a generic
field in the bulk with boundary behaviour ¢(p,z) ~ ¢(z) can be expressed as

¢(p,z) = /2 %dz’dz/ K(p,z;Z ) (), (E.77)
s

in which we used the relation dzdz = 2dxdy and for the value of the field at large p we
just need to consider the first term in (E.76) thus make K = K°=*. Here we should note
that, by considering the property of the Green function

/dZZ’(S(z—z’)cS(z’—z”) =06(z—7") (E.78)
we have the contracting relation for the propagator

2 A 1 4 1
Q !/ d /d—/ = =, E79
/52 2(2')dz'dz <n02(z’)p> z—ZPAlZ — 2/ T miz— /| (E.79)

which turns out to be useful in simplifying the calculation.
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F Flat Solutions

In this section, we will present the solution of equation on the AdS hyperboloid (3.11)
written as
(—B% — 2(cothn)a, + (1 + 1)csch277 + k2> ¢ (k) =0, (F.80)

for p = sinh#. Solutions can be found at the boundary and origin respectively and
written as the expansion of proper basis. We should note that the basis at the origin
and boundary are dependent and they are related via transformation, which we will
see in the end of this section. Mode solutions for Lorentzian AdS have been studied in
Balasubramanian et al. (1999) while solutions for dS modes haven been studied in Liu
and Lowe (2021); Laddha et al. (2022).

Behaviour at the boundary

For the solution at the boundary, we first choose to write them in terms of hypergeo-
metric functions and then transform them into the associated Legendre functions. In
order to transform the equation into the standard form for hypergeometric functions,

we write the solution into the form of

for Gy

-, E.81
sinhf*! n (E81)

P (1) =

in which g = 1+ k? and f depends on 7 for 7 > 0. Now the equation (F.80) becomes

dx(x+1) fg(x) +2(2(1+ B) + (3 +2B)x) fy (x) — (L1 +1) = B(B+1)) fp(x) =0,
(F.82)
in which x is defined as 1
x= s ” (F.83)

Here we should note that the above equation is still not in the form of hypergeometric
equation because of the x(x + 1) term in front of flls/l (17). Thus we further do the trans-
formation x — x — 1 then obtain the equation

X(1= )P ) — 5 ((3+28)% = ply(x) + 7T +1) — 1+ B)pp(x) =0, (E84)
in which pg (x) is defined as
ppi(x) = fa(x—1). (E.85)

Given the equation (F.84), one can write down the solution at x = 1 as

1 1 l
sz(x) :2F1(§+§+§,—§+§; 1+B;1—x) (E.86)
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therefore the fg(7) is then deduced to be

1 1,1 B 1 B 1
S - (=L S A P (R P——— F.87
Joi (sinh217> 2 (2 272 22 P sinhz(iy)> =5

Furthermore, after applying the transformation for hypergeomtric functions

a+c—1 c—a

R, c;4z(1-2)) =(1 —z)l’czlﬁ(l —a,a;c;z) (F.88)

2Fi (

for .
c=1+8, a=1+1, z:i(l—cothiy) (F.89)

to the solution (F.87), we get

—By 1
i) = Zﬁsi;h(q) JFi(—L1+1; 14 B; 5(1 - cothy)). (F90)

Noting that B could take both of the value f+ = +v/1+ k2, one finally concludes the

two independent solutions are

r(1-p_) P V' (cothy)

L p) R eothy)
/ G ) S

(Pl(ﬂ;ﬁ-l‘) = (_2)5+

4

(F91)

sinh 7 sinh 7

in which we have taken the factor I'(1 + ) into consideration.

Behaviour at the origin

To study the behaviour of the solution at the origin, denoted as x;(7; k), we choose to

write the function into the form of
xi(1;k) = sinh" i fg(sinh®77) (£92)
in which a should satisfy the relation
ala+1)=1(1+1) (F93)

so that the equation can be recast into the hypergeometric form

x(1—x)qg(x) — %(—1 +2(2+a)x)qp (x) + ji(ﬁz —a* —2a)qg(x) =0, (F94)

in which again ? takes the value 1 + k? and the function g;4(x) is defined as

qpi(x) = fpi(x —1). (F.95)
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Given the hypergeometic equation, solutions are then deduced to be

1 1 1
fﬁl(SiHhZ n) =2F(z+ g, > g X cosh? 1), (F.96)

> +

NS

in which we have set f = v/1 + k?. More precisely, for 2 = [ we have

, 1 1 g1 I B 1
(0.1 — ! Tyt P2 P2 2
X (k) = sinh' (1) 2F1(2 tot sty 5ig cosh” 17) (E97)
while for a = —1 — [ the solution becomes
. l [ 1

X3 (k) = sinh '~ 1(3) 21:1(_5 — g,— +§ ; = ; cosh?7). (F.98)
Here, we are just interested in the solution x!(77; k) since it is the regular solution around
the origin for I > 0 and one can verify that, by using the transformation rule for hyper-

geometric function

_ )@ b
Flabicz) = & Ezb)rr((;)—r(a) 7) <a,c— bja—b+ 1;11_Z> (F99)
_pT(c)T(a—D) . 1
+ (1—2) bmzpl <b,C—ﬂ,b—a+l,1_Z>, (FlOO)

it can be written in terms of the solution at the boundary as

xi (k) = CF (k) (11; B+) + C (k)i (173 B—), (F.101)

in which Ci* (k) are the coefficients given by

| C(L)r(—p)

+ K = (— 1+14+-8 2 ]

R TR ] o
and C(3)r(p)

- 141-p 2

R R R ] o
Ratio

In order to obtain the CFT two-point function on the celestial sphere, one should cal-
culate the functional derivative of the one-point function with respective to the source.
Moreover, with the help of AdS/CFT dictionary, the functional derivative is given by

the ratio of coefficients, written as

(F.104)
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To simplify above expression, we first use the recurrence formula for Gamma function

given by
LBy L _ By ! p ! p I B
r(_i_i)(_i_i)(_§+1_ )"‘(5—1—2)—“5—5) (F105)
and
L By L B p ! P LB
r(—§+§)(—§+§)(—§+1+5)---(§—1+2) (E E) (F.106)
to transform F(—é + g) into F(% + g) Therefore, one can write the ratio (F.104) into
the form of
1.1 _ Byl _B Ly Byl By... (L _ B
[(-p)FG+5:+5)T(G+5) (—3-5)(—3+1-3)--(G-1-5%)
After applying the Legendre duplication formula
I(2)T(z+ %) =21"%/nT (2z) (F.108)
forz:%:lzg,wehave
r( +f §> (E g):\/al*(liﬁ)r(&ﬁ). (F.109)
For the part on right of (F.107), one should notice that
(c3+8)(=g+1+68) - (3-1+5)
(2=H)(=5+1-5)(3-1-5)
(—L+1-B)=L42-8B)...(L-5 —1
— _11 2 2 2 2 2 2/ _ -1 P —* E110
SR T ey TP TR S
After substituting (F.109) and (F.110) into (F.107), one has
C (k) 1+p 28 LBT(U—B)(B—1)
i~ T R era ey (1Y
o qypri g LTI -B+1)
(—1) 4 T—BT+ B+ 1) (F112)
—(—1)tBt1 4P B(B1-B+1) (F113)

B(—-B,1+p+1)

where we have written the result in terms of Beta function B(x,y) = r(xx)r(yy ) in the third

line.
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G Harmonic Modes

Like the Fourier transform between the spacetime and momentum, the transformation
between the discrete mode variables (I, m) and complex coordinates (z, z) on the sphere

(I,m) <— (z,2) (G.114)

are related by the spherical harmonics Y, (z,Z). More precisely, as shown in (3.16), the

transformation is realised via the expansion
(P/Z z ZFklm 0,2, Z Z¢I(P1k)y751(zzz) (G.115)
I,m

in which Fi(p,z,z) is the spatial k mode that depends on (p,z,z) and ¢;(p; k) is the
associated expression in the mode variables (p, [, m). The m dependence is suppressed
since the equation of motion on the AdS hyperboloid does not depend on m !. Given
the solution ¢ (p; f+) and their asymptotic expansion at infinity

plz)), (G.116)

¢i(p; B+) = pP ¢y (k) + O
one can immediately obtain the dictionary for AdS/CFT in the form of mode variables
(m,1), written as

Timk) = ¢ (k) (On(k)) = =2ips ¢y (k) for  —I<m<I (G117)

in which J;,,(k) and (O, (k)) are the corresponding source and one-point function
that lives on the boundary celestial sphere. Here they are not required to be physical
operators and sources thus we can treat them as virtual particles by construction. In

terms of (z,z) coordinates, they should have the form of

J(z,2;k) Zgbl k)Y, (z,2) (O(z,%;k)) 2215+ ¢; (k)Y (z,2). (G.118)

Here we should note that ¢ (p; B+) are two independent solutions at the boundary and
they are singular at the origin. The regular solution can be obtained by directly solving
the equation at the origin so called x!(; k). They are solutions of the same equation at
different singular points so ¢;(p; B+), x'(; k) are not independent. The transformation
between them are given by

xi (k) = (k) gy (1 B+ ) + C (k)i (17 B-), (G.119)

n fact, it is more appropriate to use the notion ¢;,,, (0; k) here even though the solution dose not depend
on m explicitly.
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in which we have chosen solutions at the boundary as the basis and Cli(k) are coeffi-
cients determined in (F.101) and (F.102). Given the above relation, one can get the func-
tional derivative between the source and one-point function thus higher point functions

can be determined. For the two-point function, we have

? Cr (k
SOmE))y | _ —ghom  2ip L (k)

<@lm(k) @l’,m’(k» = —W o - Cf“(k)’

(G.120)
in which the two-point function is written in terms of mode variables (/,m). Here,
we should note the value of (O); is scheme dependent and we assume that proper
regularization procedure in the mode space (I, m) exists so that (G.120) is true for two-
point function, like what has been done in momentum space Freedman et al. (1992);
Skenderis (2002). To go back to the complex coordinates on the celestial sphere, one
can do the sum over spherical harmonics Y/,(z,z) then obtain

(05K O 238) = ~218, ¥ it (5, Y0 2 2) (G121

Here we should note that the two-point function on the sphere is obtained by summing
over two discrete variables (I,m) while one can also just do the sum over variable m

and obtain the /-mode source, one-point function
(z,z; k) Z‘Pl k)Y! (z,2) (0(z,7;k)) = —2iB 2491 KY!(z,2), (G.122)

and the corresponding two-point function is given by

(0250 O, 250) = <2ip kDb, (G

Two-point Funciton

To study the dictionary for flat space in a more precies way, we consider a generic k
mode f(7,p,z, 2 k) for on-shell field (7, p, z,z) defined in (3.66), or equivalently

f(t,p0,2,2k) /dwfwklm(“f 0,2,2)®(w,k, I, m). (G.124)
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Following the notion in (3.17), we choose to decompose the k mode into the spatial
modes therefore f(7,p, z,Z; k) now takes the form

f(t,p,2,2k) = ZCD T,k 1, m)¢;(0; k)Y (2, 2) (G.125)
= IZ(%m( ) (T k) + ap, (k) f~ (T, k) (¢0(0; B+) + i(0; B-)) Yo (2, Z)
= fi(Th)plp, 2,2 B+) + f-(T.5)(p, 2,2 B+) (G.126)

f (T k)¢o,2,2p-) + f-(TK)P(0, 2% ),

in which ®(t,k,1,m) and ¢;(p, k) are modes that depend on 7 and p. In the first line,
we have summed over the two discrete variables [, m and also made the T-mode I, m
dependent by introducing the coefficients aljfﬂ(k) 2. They are determined by the initial
data. In the third line, we rearrange them into the T mode functions and highlight
their asymptotic behaviour according to f+. The function ¢(p,z,z, B+), ¢(p,z, 2z, B+)

are given by

¢(0,2,z;B+) = Zalm b1(0; B+ ) Yy (2,2) (G.127)
$(0,2,2,B+) = Z%m ¢1(0; B )Y (2, 2). (G.128)

Moreover, using the asymptotic expansion (G.116) for ¢;(p; B+) we obtain the leading
contribution for ¢(p, z,z; B+ ) and ¢(p, z, Z; B+ ) written as

¢*(z,zk) = Zalm k)Yl (z,2) (G.129)

¢ (zzk) = Zalm k)Y (2, 2). (G.130)

Now, given the above asymptotic expansion, we rewrite the Flat/CFT dictionary (3.83)

into
J(z,z;k) Z”lm VT (k)Y (z,2) (z,z;k)) Z”lm (O (k)Y (2,2),
(G.131)
J(z,z;k) Ealm VT 1 (k)Y (z,2)  (O(z,%k)) Ealm (k)Y (z,2),
(G.132)

from which we can see there is a pair of source and one-point function {7, 0}, {7, O}
and they are combination of the source and one-point functions introduced in the
AdS/CFT dictionary. Here we should note that the source and one-point functions
{7,0}, {7,0} now become physical and their existence does not rely on the Ad-
S/CFT dictionary i.e., one could study them without writing them in terms of AdS

) 2cll-Ilere, we should note that coefficients alim (k) play the same role as ¢+ (p) in (3.24) or ¢(p) in (3.30) for
ixed I, m.
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modes {7, O1, }. Given the above dictionary, one can deduce the two-point function

1 a,, (k) , .

(O(z2,zk)O(Z,Z;k)) = N BT (O1m(K)O; _(kNYL,(2,2)YL,,(7,2), (G.133)
- IR | 2, (K) 5 2 Lo s\vl (o 5
(O(z,z,k)O(,2'5k)) = Nela (k) (O (K)O1—m(k)) Y, (2,2)Y_,,(2,2), (G.134)

in which the (I.m) mode two-point functions are given in(G.120). Here we should note

that a, /a) = a /a, = 0ifa, = 0ora = 0and the coefficients satisfy a;;, =

ali_ ., if one assumes that the fields are invariant under the parity transformation on the

sphere ¢ = —¢.

During the calculation, we assume the coefficients a;,, (k) determined by the initial data
are (I, m) dependent. In fact, we can simplify the coefficients if there is a rotating sym-
metry for the solution on the sphere thus the coefficients will be m independent and we
label them as a;(k). In this case, the k mode will be written as

f(t.0z,2k) = ZZ(af (k) f (T, k) + a; (k) f-(T,K)) (@u(p; B+ ) + pi(0; B-)) Yo (2,2).
(G.135)

The Flat/CFT dictionary remains the same while the source and one-point function will
be written in terms of the shorter form

k) =Y a; (k)T 1(z,2k) O(z,z;k Zal WOi(z,zk)),  (G.136)
]
Zal VT 1(z2,2k) (O(z,z;k)) Zal WOi(z,z;k)), (G.137)

in which {J}, O,} are the | mode source and one-point function defined in (G.122). As
for the two-point function, following the standard functional derivative procedure, we

have
(0500 23k) = S - TP IO/ 500 k),
] . l+ (G.138)
(06500 230 = G2ET = P L0 R0/ 2k),
- : (G.139)

in which the I-mode two-point function on the right hand side are given by (G.123).
From the above discussion, one can see that it is not possible to simplify the coefficients
a;(k) further and make them ! independent otherwise the pair of source and one-point

function will become linearly dependent and be reduced to one copy.
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Boundary-Bulk Propagator

Following the study of the mode expansion of the fields, we know that the source of
the fields can be expanded by the spherical harmonics on the sphere with coefficients
ait (k), written as

J(z,z;k) = Zalm k)Y (z,2), (G.140)

J(z,2;k) = ¢ (2,2, k) Zalm k)Y (z,2) (G.141)

Therefore, with the help of the bulk-boundary propagator K(p, z;z’), one can then write
the spatial mode ¢(p, z, z; k) and ¢(p, z, Z; k) into the form of

¢(0,z,zk) = ;/dz’d?K(p,z;z’)c[)*(zCZ’;k) = ;ZZ:afm(k)/dz’dZ’K(p,z;z/)Y,ln(z/,Z’

$o,z,2;k) = ;/dz’dZ/K(p,z;z’)cf>+(z/,Z’;k) = ;ZZ:alm(k)/dz’dZ’K(p,z;z/)Y,ln(z/,Z’

Given such expression, together with the Flat/CFT dictionary, the one-point functions
are now deduced to be

Oz 5k = ~2ip, (2 (2,%:k) = 215*2 i) [ e /|2AYZ< 22,
(G.142)
O(z,z;k) = =2i+Ma(2)¢ (2,2:k) = 215+Z T /dz dz’ /|2A Y;,(2,2).
(G.143)

Moreover, by doing the functional variation with respect to the source J(z,z; k) and
J (z,2;k), one should be able to obtain the two point functions. The functional varia-
tion between the one-point function and the source can be transformed into variation
between spherical harmonics since both of the operator O and the source J are now
written in terms of harmonic function Y,ln. At first, as a kind of approximation, we
assume that the boundary-bulk propagator is a function that do not depend on the
spherical harmonics, then the two-point functions become

o (k k
(OO 2501 =28 o B
N . N k
(O(z,z;k)0O(Z, 25k)) = 2[5+Zz ?13 + lerk lg; Zj;”gki z _C’;,PA, (G.144)

in which ¢, = 2iB /7 is the renormalised factor. Here we should note the [ = 0 term is
a constant since Y{ is a constant function and the functional variation is then reduced
to the ratio of coefficients. One can always set such term to zero by shifting the fields

),
).
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with a constant and make ag,(k) or ag,(k) zero. We choose to keep them here since in
the discussion of shock waves, the fields take constant value on the sphere and the only
contribution will be the I = 0 term. Form the expression (G.144), one can see that the
two-point function is of scale dimension A and the coefficients of the bulk fields a" (k)
are encoded in the boundary operator as the ratios of the linear combination.

Now, we will determine the functional variation in a more precise way by decomposing
the bulk-boudary into the harmonics modes

O (2)K(p,z;2') ZKlm z,z2)YL, (2,%) (G.145)

in which the function K(p) can be treated as the coefficients and the weight (),(z) is in-
troduced here for later convenience. Given such decomposition, the one-point function

can be written into the form
2
O(z,%k) = —2iB, Y a7t (k) / 42z Kin Y (2,2) (YL,,(2,2)) ", (G.146)
Im

O(z,2:k) = —2iB, Y a; (k) / d2'dz' K, Y (2,2) (YL m(z’,z’))z, (G.147)
Im

in which Kj,, = p®K;,,(p). Therefore, by calculating the functional variation with re-

spect to the spherical harmonics Y}, one then obtain the two point function

o
((’)(z,Z;k)O(z’,z’;k)>:4Zﬁ+lz l_’”EI;;K Y 22yl (2,7)  (G148)
(O( 500, 2;1) = s 3 2l

K Yh(z,2)YL, (2,2). (G.149

One can check such expression is equivalent to the result obtained from the mode anal-
ysis calculation by making

4iB Ky = 616" 1 (O (k) Oy (K)), (G.150)

or equivalently we have

(G.151)
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H Asymptotic symmetries

Given the Killing vector ¢, we can then further write down the variation of the metric
as
£§G;ﬂ/ = gUaUGw/ + G;m' avga + G]/g' BP,@”, (H152)

in which the expression is true for generic metric. In this thesis we will work in the
Feffermam Graham gauge which means we have G = —1 and G, = 0. In such

gauge, for TT component, we have
£§GTT — CUBUGTT -l- ZGTU ang — _2aT€T (H.153)

while for the Tp and 7z component we have

L:Grp = Gro 087 + Gpo 967 (H.154)
= =087 + Gpp07ZF + Gpz0:8* + Gpz0:C” (H.155)
and
L:Gr; = Grp 0287 4 Gup 087 (H.156)
= _az(:T + sza'rg‘ﬂ + Gzza‘r(?z + Gzzargz- (H-157)

For the spatial pzZ part, we have

LGz = ¢700Gzz + G200:87 + G028 (H.158)
L:Gzz = ¢705Gzz +2G200:87 (H.159)
LzGpp = §705Gpp + 2Gpo0pG” (H.160)

£§sz = égaasz -+ Gpg'az(?g + ngap(;w. (H161)
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I Feffermam and Graham Coordinates

In terms of Fefferman and Graham coordinates (r, x;). The metric for asymptotic AdS
spacetime takes the form

_ A Sif Ao
G = Gij = 2 Gri =0, (1.162)

in which the asymptotic behaviour is described by the function g;;(r, x;). In such coor-

dinates, the connection is then given by
r 1 r i
I}, = — I, =1, =0. (1.163)

For the other components that involve r component, in terms of the function g;;, the

connections can be written as

and
i Lk o 5; L ik
1”,]- = EG aer]' = — + Eg argkj (L.165)

For the connections that do not involve the r component, they are determined by the

function g;; and one can treat them as the connection of g;;, i.e, F;k = f}k ]

Given the connections, we can use them to calculate the Ricci tensor following the def-

inition (J.171), the rr component is given by
R’riij_l [G] = afrlrck + Iﬂf’krlzfl - r;rrllzr
1 1 1 d
= 3 g” a% 8ij — Zgl]argij — 1g” glm argil arg]'m + 2 (I.166)
and the ir components is determined to be

RG] = 9Ty — oy + Iy — TT,, (L167)

ri

L, 1 1 1,
= 50i(8" rgim) — 50x( 8" rgu) + 58" Ty 3rgim — 58" Ty 0

Moreover, in terms of covariant derivative V; with respective to the metric gij, Riy can
be simplified to
A 1 1_.
RIMG] = Evz-(glm 0rSim) — 5 V/0rg;i (1.168)
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The ij component is given by

RE[G] = Ryjlg] — 9, + [Ty + TyT, — Ty}, =TT, (1169)
1, . d  1-d 1,
= Rij[g] + iargi]' + }ngi]’ + oy argij - 58 margkiargmj
1 1
+gargijglmarglm - ggijglmarglm,

in which the induced Ricci tensor of g;; is denoted as R;;[g].
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J Equation of Motion

To calculate the Ricci tensor, we will use the convention

Ryuye” = 9Ty, — 3uT5, +T0 I, — T (.170)

so that the tensor is given by
Ryuy = Ryp’ = 9, Ty — 9T + T T, — 6, T (J.171)

For d dimensional spacetime, in terms of the Milne coordinates, the Einstein equation
at linear level could be written as

402 1 .. 1 ..
RTT[G] = %arhpp + 2pza%hpp + Eg”a%hi]- + ;gl]arhi]’ (J.172)

1 : 1
Ryi[G] = 20*Vd:hp, + 5vi( §/"chjm) — Earvkhki — 20%0,0:hip

—4pdchip — 2079 hpiTh, (J.173)
in which we have i 91 1
a _ “ Im
rap - T; + Eg apglm (]174)

and R, is deduced to be

1 . 1. . 1. .

1 .
—20%9hp,Th, + % 879y T%,. (1.175)
For other components, with the help of the expansion of the Ricci curvature,

A a 1,- A & P A o
REG 4 p) = RGO 4 E(vzhab VoVl — VeV ok — VVuhe) + O(H2)
(J.176)
where V, is the covariant derivative with respect to the metric Gi?,) . Then one can
obtain
d+2 1

242 T 2ri f gij 0
Ohop — 87331]%}117 + (4T TG, — Erif

ij 3 3 ij
+gpl"fpl";7k — 4(d + 08"9,8ij) ) 11pp — (20(d + pg"9pgij) + iprfj)aphpp

1 i 1 i 2 k i 1 i 1 211 1 i
+$V Vz-hpp - ;Viaphp - EFIPV hkp - Evz‘hp + Zaphl’ - 2T)Zaphi

1 . , 1 . 1 . 1 . . 1. .
+Erlpjaph§ + ﬁhﬁ. + Eglfrifprj.phkl — Er;jhg — ;Tbjrﬁihi (J.177)
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where we have h;- = gikhk]- and h;', = gikhkp. The connections used here are given by

. ot

e _ 1 yi %

Top = P’rfP T2
R;j we have

+ %gikapgk]- and Fipj = —20%gij — 20°9,gij. For the components of Ry,

d+1 1

1
Rip[G] = == —T0chip — 57°97hip — dhip — 20V ihpp - 20"V (T hpp) — va(rpmihpp)
1 ; 1 ;
—20°T3,Vihpp + Z(vmvmhlp — ViViltg) + 2029, (T 1y)) — 5ap(rfjh;,)
31"10 rk mnp, gmnrp l-'j h 1 mnl—vk FP h 1 I‘j rPhk
T b mil np8 kp+$ mnk i J’p+$g mpl nk ip+$ kol i
3 8" Thunhip + 20°T} T i + T (=20hpi + 20°T) i+ 20° Tk — er].h{,)
; 1 - 1
+80] hp — 2hig + Erg’japhfp — 200phip — 20°T4,dohyi + Evk(rﬁph;f)
Lk gy Yreggi - Lgirk LRV LR VR VRS
_E mp ik+$]'p lk_% (]p Z'k)_% ]( pki>+$ kp ji
and
d+1 1 T
Rl][G] = _dhij — TTaThij — Erza%hij — Egij(gmnarhmn + 4p3aThpp)

+0, (40T ) — 20% (T T ihoo + T Tiioo) + ;rﬁirz 8" pp + 207V iV g
+40° T4, Tipp — 1505 (20N ) — 20, (p*Vihp;) — 20,(0°V jhyi)
—20°Vi (T8, jp) — 207 Vi (T i) + zlprgjvihg - ;rgivjhg - ;vk(rg}h’;)
—20°T4,(Viljp + Vjhip) — 20°Tsihp; — 20°T 5 iyi — 20°T; Vil — 20°T8,V g,
_levn(rfzih."f) - ;)V”(Fﬁjhz‘p) - ;)rﬁqivmhpj - 21pr51jvmhpi

1 k k 1 1 "
—Z(Vkvihj + Vkvj‘hi) -+ gvivj'h + ﬂvmv hl']' + 2p28§hij + 2paphi]'

1 1
2 k k k k
1

+20% (T T it Fj + T Ui + 2T Tt he) — 2% (T + rgjrg;)h;

1 k
+5 (T Tk + rgjrgmh;” + T T, T+ T80 i) — 20T g — 2078 i

1 0 P 8" (o ik k k (TP

a m m

— g T (T 4 T )+ 5 - (T (Tl + T fg) + T (70,

T ) — Thudohi ). (.179)
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Given the Einstein tensor, then one should be able to deduce h,;, exactly by solving the
Einstein equation R, = 0. For simplicity, we consider the equation at the leading order
which means for h,;, we have

1 _ 0 _ 1 _
hpo = pTTm(PIZ/Z)r hij = ;‘Tij(P/Z/Z)r hpi = ;Ai(P,Z,Z) (J.180)

where higher order terms of 1/7 are omitted. Substituting these into the Einstein equa-
tion, we have the equation for m, 7ij and A; written as

Ryr =0

1oia —Yoiig. — Py (o 13 o) — P gmn _

2V A; 1870 2E)p(g 0ij) +m(d + pg"9,8i) i 0p&mn = 0, (J.181)
Rirzo

1 1
2V,m + Evi(a;;;) — Evko—ki —20%9,A; — pAi(d + 2+ pg™pg1m) = 0, (J.182)

Rpp =0

1 d . 1 . ij y
g0 — 5 GOPTLT], = Tl + SRTLT, — 4(d 4 pg Dy

y ij 1 _. . .
—(Z(d + sz]apgij) + fpzfg)(—%n + papm) + Zvlvim — pViapAl — ZPFfpVZAk

—V;A + g(apafg +po0m) + 07 Th0,0] + p*g Tl T 0l — p°T, o0 = 0, (.183)

R, =0

d+5 25 (1! Lo e aly o Lperk ai o op2rk i
5 A 200 (Tl A1) — 0, (ThAT) + 5 TTL AT+ 20T 4,

1 . mn . 1
+Gp (20T A — EFZA] —2pA; +20°T Ay) + gzp L (T, Aj — EAi)

3™k o4 8O Tk A 2P g A 50g a4 8ol A4 ATPg Al
20 mpm'k""zp nk— mp*H 0L ap9p i pPl+pip]+pijP

_|_
! (V"V A — ViV, AF) — 2V~ — Vi (215 m) — LVk(lﬂp m) —2I'% Vim
+$ mAj kVi 0 im k(<Lip 2P3 ki ap Vi
HE IR LR U (T ak)—1v1'<r’.< a?‘)—lv.(rf ak)+1rf V,of
o mp ik 5% Vi%k KEip¥1) = 5 je 2 Nk )T o ke VT
1

1 1 :
—Er{fpvka;;; + 5 Vidpon — 5 Vidp0] =0, (J.184)
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Ri]':()

—d+3

2 ——03j + 6pd0i; + 27207 + pvmvmal] + pv Vo p(vkvia} + ViViof)

1 1 1
+§ gij(om +4m) — 20V (Th Aj) — 20V (T A)) + 55T Vi AF + 7rileA" + ;Vk(FZA")

2P2 kj
—4V;Aj — 4V;A; — 20(VidpAj + V9, Ai) — 20T5,(ViAj + VjA;) — 20T Vi Aj — 20T
j j r Ol ap TV j

k k P
=200 ViAx — 200,V Ag — 207 Vn(Fnl Aj) — 2p2 202 i 22 m
er] 4. o p—y ke ko™ L e e
p 8 + ;ap(rln’l) +4raprl]5 — Z(FPjrki + rpirkj); p g ijrmm + ZV V ;

—ZP(ap(Pr i%%j) +0 (pF i0ki) + rkz‘ap(P‘Tkj) +T% 0i0p (00ki)) + 20 (rk rpko-m] + T rpkUMZ

kaAi

1 1 1
V(I AN = 55T VA — S5 T8 V™ A;

1 1
k Tm 0 Tm 0 Tm I 0 P il 0 k
+2TK T g — 2p(rklrp]Jrrk]rpl)a Zpr (T, 07" +T%,00") + pr Dp0f + prkjapal
1 k k k k
+$(r£ir,§m0}m+r£]rpmgz +T rimo}m+r Tonott) = Tf’a o(Thi ]) T)a o(Thior)
8" o ik k (TP 0 8" o 0
+ zp (an(r Uk] + F Ukz) + r (F Ukl +T Ukj)) - 2P2 rmnap<p‘7i]’) - %rijapag;

2pF 0i0kj — 2pF O

(J.185)
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