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Abstract

We provide a pedagogical introduction to the method of holographic renormalization, in its
Hamiltonian incarnation. We begin by reviewing the description of local observables, global
symmetries, and ultraviolet divergences in local quantum field theories, in a language that does
not require a weak coupling Lagrangian description. In particular, we review the formulation of
the Renormalization Group as a Hamiltonian flow, which allows us to present the holographic
dictionary in a precise and suggestive language. The method of holographic renormalization
is then introduced by first computing the renormalized two-point function of a scalar operator
in conformal field theory and comparing with the holographic computation. We then proceed
with the general method, formulating the bulk theory in a radial Hamiltonian language and
deriving the Hamilton-Jacobi equation. Two methods for solving recursively the Hamilton-
Jacobi equation are then presented, based on covariant expansions in eigenfunctions of certain
functional operators on the space of field theory couplings. These algorithms constitute the
core of the method of holographic renormalization and allow us to obtain the holographic Ward
identities and the asymptotic expansions of the bulk fields.
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1 Introduction

The gauge/gravity duality [I] stipulates a mathematical equivalence between a theory of (quantum)
gravity and a local quantum field theory (QFT), without gravity, on a lower dimensional space. The
best studied examples of such holographic dualities typically involve gravity in an asymptotically
anti de Sitter (AdS) space and a dual QFT ‘living’ on the boundary of AdS. This mathematical
equivalence is reflected in a precise map between physical observables on the two sides of the
duality. For local observables, this map is summarized in the prescription for computing QFT
correlation functions from the gravity dual, originally proposed in [2, B]. Namely, for every local,
single-trace and gauge-invariant operator O(x) there is a field, ®, in the dual ‘bulk’ gravity theory.
The generating functional of connected correlation functions of O(x), W[J], is then identified with
the bulk on-shell action

WI[J] ~ Son—shell[i’”cbwj’ (1.1)

evaluated on solutions of the bulk equations of motion subject to Dirichlet boundary conditions
on the AdS boundary. The arbitrary function that is kept fixed at the boundary is identified with
the source J(x). This statement is an operational definition of the holographic dictionary, allowing



one to compute, in principle, any local QFT observable from the bulk theory. However, there are
a number of practical and conceptual obstacles.

The most obvious technical difficulty is that both sides of actually involve infinite quanti-
ties. On the QFT side, we know that the generating functional of composite operators generically
possesses ultraviolet (UV) divergences, even in a conformal field theory (CFT). We will see an
explicit example of this phenomenon later on. On the gravity side, the on-shell action is also gener-
ically divergent, due to the infinite volume of AdS space. In order to make sense of , therefore,
one must somehow remove the divergences from both sides and identify the remaining finite ex-
pressions. On the QFT side the procedure for systematically and consistently removing the UV
divergences is known as renormalization. Holographic renormalization [4l, 5] 6l (7, (8, O] 10} 11, 12} 13]
is the analogous procedure for the gravity side of the duality.

A more conceptual drawback of the identification is that it only maps certain objects on
the two sides of the duality, such as the on-shell action and the generating function. However,
the bulk fields, or indeed the equations of motion in the bulk are not given any concrete meaning
on the QFT side, except from the indirect role in evaluating the on-shell action. As we shall see,
both the Renormalization Group (RG) of local QFTs and the dual gravitational theories admit a
Hamiltonian description that allows us to formulate the holographic dictionary more precisely.

These lecture notes are organized as follows. In section [2] we discuss local QFT observables and
global symmetries in a language that does not assume a weak coupling or Lagrangian description.
Moreover, we put forward a Hamiltonian formulation of the Renormalization Group of local QFTs
that directly parallels the description of the holographic dual bulk theory later on. We end section
with a concrete example of UV divergences in the two-point function of a scalar operator in a
CFT. In section [3] we carry out explicitly the holographic computation for the two-point function on
a fixed AdS background and reproduce the renormalized result obtained from the CFT calculation.
The Hamiltonian formulation of the holographic dictionary is presented in section Section
discusses at length the radial Hamiltonian formulation of the bulk dynamics for Einstein-Hilbert
gravity coupled to a self interacting scalar. In Section [5| we present two algorithms for recursively
solving the radial Hamilton-Jacobi equation, which constitutes the core of holographic renormal-
ization. Given the solution of the Hamilton-Jacobi equation derived in section [5] in section [6] we
provide general expressions for the renormalized one-point functions in the presence of sources and
derive the holographic Ward identities. Finally, in section [7] we show how the asymptotic expan-
sions of the bulk fields can be obtained systematically from the solution of the Hamilton-Jacobi
equation. Some background material is presented in the appendices. In particular, appendix [B] is
a self contained review of Hamilton-Jacobi theory in classical mechanics.

2 Local QFT observables and the local Renormalization Group

Before we delve into the details of the holographic dictionary and the computation of QFT ob-
servables from the bulk gravitational theory, it is instructive to review some basic aspects of QFTs
and to put them in a language that will later help us make contact with the holographic dual
bulk theory. In particular, since the gauge/gravity duality relates the strongly coupled regime of
local QFTs to the bulk gravity theory, it is crucial to describe the local QF'T observables and their
properties in a way that is valid at strong coupling. Ideally we would like to discuss local QFT
observables without assuming the existence of a microscopic Lagrangian description of the QFT.



2.1 QFT correlation functions and the generating functional

The basic objects of a local QFT are correlation functions of local operators, O(x), namely

(O1(21)O02(x2) . .. On(xn)). (2.1)

In particular, if we know all correlation functions of all local operators of a local QFT, then in most
cases we know all there is to know about this theoryﬂ In a generic theory, even if there is only a
finite number of local operators present in a given QFT, the number of correlation functions that
we need to know can be infinite. So, instead of having to deal with an infinite number of correlation
functions, it is useful to introduce the generating function of correlation functions, Z[J], as a book
keeping device. For a single local operator O(z), the generating function takes the form

— 1
ZJ] = Z ] /ddxl /ddxg . ./ddka(ajl)J(xg) o J (@) (O(21)O(22) ... O(2)), (2.2)
k=0 """
where d is the spacetime dimension. Given Z[J], any correlation function of the operator O(x) can

be extracted by multiple functional differentiation:

AN

(O(x1)O(x3) ... O(xy,)) = 6J(21)8J (w2) ... 0J (vk) | o

(2.3)

These definitions straightforwardly generalize to a set of local operators {O1(z), O2(x), -}, with
the corresponding generating functional Z[Ji, Ja,- -] depending on the sources Ji(z), Jo(x),: .
Moreover, the definition of the generating functional through is completely general and it does
not assume a Lagrangian description of the theory. Of course, if the theory admits a Lagrangian
description, then the generating functional Z[.J] has the standard path integral representation

Z[J] = /qu et [ d2L(9)+] d'eI (2)0(x) (2.4)

where ¢ here stand for the elementary Lagrangian fields.
An alternative but equivalent way to encode all local observables is in terms of the generating
function of connected correlation functions

W(J] = log Z[J], (2.5)

W[J]—kzzok!/d 1/d 2.../d T (@) (22) . T @) (O@)O(@s) - .. Oai))er  (2.6)

where (O(z1)O(z2) ... O(xk)). are now connected correlation functions. The first derivative of the
generating function (2.6 corresponds to the one-point function of the dual operator in the presence
of an arbitrary source, namely

©@h = G- (27)

Taking further derivatives with respect to the source we can obtain any desired correlation function
of the operator O(z). In particular, the one-point function in the presence of sources (2.7 encodes

2Sometimes, additional global observables must be specified to uniquely identify a theory [14]



the same local information as the generating function . This fact will be crucial for the
discussion of the holographic dictionary later on.

Another important aspect of is that it amounts to a prescription for the insertion of the
local operator O(z) in any correlation function and so, in effect, it provides a definition of the local
operator O(x). This is indeed the point of view adopted in the so called local Renormalization
Group formulation of QFT [15], where local operators are defined as derivatives of the generating
function with respect to the corresponding local coupling. For example, the stress tensor, a U(1)
current and a scalar operator are defined through the relations

2 oW

Tii(z) = _ﬁégij(ix)’ (2.8a)
iy o _ L W

J'(x) = 5 0A@) (2.8b)
Olz) = - W (2.8¢)

VA op()’

where g;; is a general background metric on the space where the QFT is defined, and A; is an Abelian
background gauge field. The indices i,j = 1,2,--- ,d run over all coordinates parameterizing the
space where the QFT is defined.

2.2 The local Renormalization Group as a Hamiltonian flow

The expressions for the one-point functions in the presence of sources bare striking resemblance
to the expression for the canonical momenta in classical Hamilton-Jacobi (HJ) theory. In particular,
the one-point functions look mathematically identical to the expressions or for
the canonical momenta in appendix [B] where we review some basic aspects of HJ theory that we
will use repeatedly throughout these lectures.

This analogy turns out to be particularly useful for developing the holographic dictionary and
can be formalized as follows [16]. Let Q be the space of functions (more generally tensors) on the
spacetime, ¥, where the QFT resides (e.g. RY). The sources J%(z) are coordinates on Q, which
is the analogue of the configuration space in classical mechanics. Let us extend this configuration
space to Qext = Q X R, by appending an abstract “time” 7 to the generalized coordinates J(z) as
in appendix [B]in the case of a time-dependent Hamiltonian. Accordingly, an abstract Hamiltonian
operator, H, must be introduced as conjugate momentum to 7. Note that H is a global operator,
i.e. it does not depend on :EE| The extended phase space is then parameterized by the variables

{Oul@), H; J*(z), 7}, (2.9)

and it is isomorphic to the cotangent bundle T*Qcyt, which is endowed with the pre-symplectic
form

0= / dix Oy (x)0J% () — Hdr, (2.10)

and the canonical symplectic closed 2-form
Q- / i 50, (x) A 0J® (x) — dH A dr, (2.11)

that can be written locally as Q = 40.

3To make contact with [I6] one can introduce a Hamiltonian density, h(z), through H = [ d%z h(z).



Any functional, F'[J; 7], provides a closed section of the cotangent bundle, s : Qext — T Qext,
given locally by

=0F[J;7]. (2.12)
It follows that
O©os=0F[J;T], (2.13)
or equivalently
_ OF[J;T] _ OF[J;T]
Ou= 570 H=-"72=, (2.14)
while
§2F[J; 7] & F[J; 7]
_ d d, ./ B « —
Qos = /d /d ST ) A8 @) = S5 R A =0 (2.15)

As follows from the Hamilton-Jacobi theorem (see appendix , the T-evolution of all the variables
is then governed by Hamilton’s equations

o H SH ., OH
=50 9= 5 H=50

50 (2.16)

Note that the functional derivatives in and are partial derivatives.

There are two different closed sections of the cotangent bundle 7% Qeyt one can naturally define
for any local QFT. Taking 7 to be related to some generic energy scale p via 7 = log(u/ o), where
Lo is some constant reference scale, the bare and renormalized generating functions, respectively
W1J] and Wien[J; 7], provide two distinct closed sections of the cotangent bundle 7% Q. The
difference between these two functionals is that Wyen[J; 7] is RG invariant, i.e. given 0 : R — Q,
its total derivative with respect to 7 vanishes, Wyen [o(T); 7] = 0, while W[J] is not an RG invariant.
The total derivative of W[J] with respect to 7 gives, by construction, the Legendre transform of
the Hamiltonian H, i.e. the associated Lagrangianﬁ

W[J]=L= /ddazja(’)a ~H= /dd:cﬁo‘(’)a —H, (2.17)

where ¢ = J® are the beta functions of the couplings J. Moreover, W|[J]| depends on 7 only
through the couplings J¢, while Wie,[J; 7] can also depend explicitly on 7 through the conformal
anomaly. Through , these two sections define different local operators and Hamiltonians,
which are related through a canonical transformation [17].

Renormalized RG Hamiltonian

Taking F[J; 7] = Wyen|J; 7], the first equation in is just the renormalized version of the local

RG definition of local operators that we saw above in 1 g)), namelyﬂ
oW ren {Ja 7—]
ot = ——1—, 2.18
« 5Ja ( )

“Note that in [I6] only the RG invariant Wien[J; 7] is considered, written in terms of the bare and renormalized
couplings. W[J] is not discussed at all in that reference.

®The way we have defined the operators @, and H in this subsection, they are in fact densities with respect to
the background metric g;;, i.e. we have not divided by ,/g as in . Moreover, O, include the stress tensor.



The second equation in (2.14), with F[J;7] = Wien[J; 7], can be viewed as a definition of the
Hamiltonian H,ey in QFT. In particular, we conclude that H,ey is numerically equal to the conformal
anomaly,

B OWyen[J; 7]

_ — d
Hien = — /d /9 A, (2.19)

where A is the conformal anomaly.

Bare RG Hamiltonian

Taking F'[J; 7] = W[J], on the other hand, provides a section of 7*Q. The first equation in ([2.14])
is then identical to the local RG expressions ([2.8)), while the second equation in (2.14]) implies that
the bare RG Hamiltonian vanishes identically

=0. (2.20)

As we mentioned above, the bare and renormalized Hamiltonians, as well as the corresponding
local operators, are related by a canonical transformation whose generating function (in the sense
of canonical transformations) is given by the local counterterms, Wei[J; 7], [I7]. Note that the
explicit 7-dependence of Wien[J; 7] is entirely due to the local counterterms and, in particular, the
conformal anomaly. Under this canonical transformation

WIJ] — Wien|J; 7] = W[J] + W [J; 7] (2.21)

RG equations
The RG equations for the generating functions W[J] and Wiey[J; 7] are respectively

L=W = /ddxﬁo‘(’)a s H=0, (2.22a)
X d . Qo yren on ren d o Aren d
0= Wien = [ d®zpO5" + o = dzp*O5" + | dxy/gA. (2.22b)
T

The first of these equations is just the HJ equation (2.20). Comparing the second equation with
the HJ equation (2.19) we conclude that the renormalized Hamiltonian takes the form

Hyon = / dlzproren, (2.23)

where the sum in this expression is over all operators in the theory, including the stress tensor.
Given the beta functions as functions of the local running couplings J*, this Hamiltonian is linear
in the canonical momenta, i.e. in O™ [16]. The standard renormalization procedure in QFT
is equivalent to determining the beta functions as functions of the local running couplings and
Whien|J; 7] through the HJ equation , ie.

oJ®  Or

( [ a5 + a) WoealJ: 7] = 0. (2.24)

This is the standard RG equation.



Given B%[J] one can integrate the first Hamilton equation in (2.16|) to obtain
H= / A%z B[ J) Oy + F[J; 7], (2.25)

for some unspecified F[J;7]. Combining this relation with the fact that H and H,e, are related by
a canonical transformation generated by We[.J; 7], namely

H- Hren + aWCt = 0, (226)
or
we deduce that 5 5
. _ d.parn_ 2 Y .
Fse] = ([ atase s - 5 ) Walsin), (2.27)
and hence
0 0
Bl — d,. o d .parmn_°~ Y .
H[Ow, J°) /d 28°17]0n + </d o610 aT> W [J: 7). (2.98)

However, if the beta functions are not just functions of the running couplings, but depend
linearly on the local operators Oy, i.e.

B0, J] = G*F[J] 0, (2.29)

then the first of Hamilton’s equations in (2.16) gives

1 ~
H=3 / d%x G¥P (1|0, 05 + F[J; 7], (2.30)
for some unspecified F [J;7]. Notice that if the beta functions take the form (2.29), then the RG
flow is a gradient flow, since 3% = G*?§W/5J8. As we shall see, this form of the beta functions
and of the Hamiltonian H are directly related to the bulk holographic description of the theory.

2.3 Global symmetries and Ward identities

A general property of QFTs is that they typically possess a number of global symmetries. For
example, a relativistic QF'T on flat Minkowski space possesses Poincaré symmetry. If the theory is
additionally scale invariant, then it will generically possess conformal symmetry. Such theories are
known as conformal field theories (CFTs) and the fact that they are conformally invariant allows
us to make sense of them on curved backgrounds that are conformally related to flat Minkowski
space. Other examples of global symmetries include internal symmetries such as SU(2) isospin (for
massless up and down quarks) or supersymmetry.

In QFTs that admit a classical Lagrangian description, global symmetries manifest themselves
as invariances of the classical action and lead via Noether’s theorem to conserved currents. For
example, Poincaré invariance of the classical action implies that the stress-energy tensor, 7;;, is
conserved, i.e.

9"Ti; = 0. (2.31)
Similarly, global internal symmetries lead to conserved currents J°,
T =0. (2.32)

At the quantum level these currents become quantum operators and their classical conservation laws
imply relations among certain correlation functions that involve these currents. These identities,



relating various correlation functions as a result of the classical Noether theorem, are known as
Ward identities.

It is often the case, however, that some of the classical symmetries are broken at the quantum
level. This happens because in a QFT various quantities contain ultraviolet divergences which must
be regulated and renormalized to yield a well defined quantity. However, there may not exist a
regulator that preserves all of the classical symmetries of the theory, which leads to the breaking of
some symmetries at the quantum level. This breaking of the classical symmetries at the quantum
level leads to the so-called quantum anomalies in the Ward identities.

A particularly elegant way to derive the Ward identities of a quantum field theory, without rely-
ing on a classical Lagrangian description of the theory, is to work with the generating functional of
correlation functions and gauge the global symmetries by promoting the sources of the correspond-
ing conserved currents to gauge fields. Among all operators in any QFT there is always the stress
tensor, 7;;, and let us assume that there is in addition an internal U(1) symmetry giving rise to a
current, J*, in the spectrum of operators. Moreover, to be generic, let us suppose that there is also
a scalar operator, O, transforming trivially both under the Poincaré group and the U(1) symmetry,
but has definite scaling dimension A. The generating functional of connected correlation functions
will then be a function of the sources, g;j, A;, ¢, respectively for the stress tensor, the current of
the internal symmetry, and for the scalar operator, as well as for all other operators in the theory
which we will not need to consider:

Wig, A, p,...]. (2.33)

As we would now do in a classical Lagrangian description of the theory to derive Noether’s
theorem, we gauge the global symmetries by promoting the Poincaré transformations to diffeomor-
phisms and the internal global symmetry to a local gauge symmetry, while promoting the sourcesﬁ
g(o)ij and A(p); to gauge fields of the corresponding local symmetries. In a classical Lagrangian
description this would amount to introducing ‘minimal couplings’ in the Lagrangian. Under in-
finitesimal diffeomorphisms, parameterized by the vector ¢¢(z), the sources then transform as

%¢dp) = — (Dl + Dyt eAyi = A Doyi€’ +& DA e = Doy (), (2:34)

while under infinitesimal U(1) gauge transformations, parameterized by the gauge function «a(x),
they transform as

6ag(0yij = 0, Sad(0)i = Doyia(z), datp(o) =0, (2.35)
where D g); denotes the covariant derivative with respect to the metric gp);;. The Ward identities
now can be stated very simply and generally as

W =0, 8,W=0, V & a, (2.36)

respectively following from the Poincaré and U(1) symmetries. We can manipulate these expressions
a bit further to bring the Ward identities in a more familiar form. Starting with the U(1) Ward
identity we have

. OW oW ow
@W:O@/E%GWZJ Y S PRPLALSY >:
(0) 39(0) (0) 5A()i #(0) 500
ow ow
d ) _ d B A S
& /d xD(O)Za(x)éA(o)i 0< /d ra(z) Doy <5A(o)z‘> 0, (2.37)

5The subscript (0) here is intended to help make contact with the holographic computation later.



where we have integrated by parts in the last step and have dropped the boundary term. Since
a(x) is arbitrary, it follows that the U(1) Ward identity is equivalent to the identity

oW
Doy (514(0)1') = 0. (2.38)

We can now repeat this exercise for diffeomorphisms to obtain

- ow ow ow
W =0« Dy <2..>—F ii——— + ——Dg) 00 () =0, 2.39
¢ 0\ 2590/ O 540 T oy O (0)(x) (2.39)
where F'(gyij = 0;A(0); — 0;A(0)i is the field strength of the gauge field Ag);.
In terms of the one-point functions in the presence of sources the above Ward identities take
the simple form

Doy T*(x)) =0, (2.40)

Dy (Tij(@)) = (T (2))sF (0)ij + (O(2)) Do) 0(0) (x) = 0, (2.41)

following respectively from U(1) and Poincaré invariance.
Finally, let us consider Weyl transformations, i.e. local scale transformations, parameterized by
the Weyl factor o(x). Under infinitesimal Weyl transformations the sources transform as

859(0)7 = =260 (2)g)?, Ay =0, Sotp0) = —(d — A)do(x)p(), (2.42)

where A is the conformal dimension of the operator O(x) and we focus here on a CFT since scale
invariance is not a symmetry of a generic QFT. As we have seen, even if our theory is a conformal
field theory, the generating functional of renormalized correlation functions will not be in general
invariant under such a Weyl transformation. The variation of the generating functional with respect
to Weyl transformations defines the conformal anomaly

0 W = /ddxq /9(0)00 () A, (2.43)

where the anomaly density, A is a local function of the sources. Using the above transformation of
the sources, this then leads to the trace Ward identity

(T (2)) = =(d = A)p)(O(x)) + A. (2.44)

We recognize this Ward identity as the local version of the RG equation (2.24]), at a fixed point of
the renormalization group.

2.4 UV divergences and renormalization of composite operators

Let us now address in more detail the question of renormalization in QFT with a simple example.
This will allow us to directly compare with a holographic calculation in the next subsection in order
to get a first idea of the holographic dictionary.

Consider a CFT with a scalar operator Oa(x) of conformal dimension A. Conformal symmetry
determines the two-point function up to an overall constant, namely

c(g,A)

(Oa(@)0a(y)) = m>

(2.45)



where ¢ is an arbitrary constant, depending on the dimension A and possibly any coupling constants,
g, of the CFT, that we could absorb into the normalization of the operator Oa, but we will
not. Depending on the conformal dimension, A, this correlator may suffer from short distance
singularities. Consider the case A = d/2 + k + €, where € is an infinitesimal parameter and k is a
non-negative integer. Iterating the identity

1 1 1

N - —y|#0 2.46
lz—yP2 T 2(A—1)2A —d) |z — y[?A-2 [z —y| #0, (2.46)
where O = 5“3@'3]', k + 1 times, we find
11 T(1+aT(d/2+¢) 1 o )
lz—y22  2e2%T(k+1+l(d/2+k+e)d—2+ 2¢ |z — y|d-2+2e
-1 _I(d/2
Wd—1 ( / ) Dk5(d)(x—y), (247)

2¢ 22T (k 4+ 1)T(d/2 + k)
where wg_1 = 27%?/T'(d/2) is the volume of the unit (d — 1)-sphere and we have used the identity
O(22)~%2t! = —(d — 2)wg_16(9 (). We thus find that there is a pole at A = d/2+k, or e = 0. To
produce a well defined distribution we subtract the pole and define [18§]

1 F(1+e)I'(d/2+¢)
2¢ 22kT(k+ 1+ e)[(d/2+ k + ¢€)

1 1 1
Dk—‘rl ., 2€
d—2+2 o2 \Jze  *

- 2(;?2) Bk |x]11—2 {log (i*2?) +a(k)}, (2.48)

e—0

(OA(2)OA(0))en = c(g,A)lim{

where

_ I'(d/2)

e =9 A) ot r D2 £ F);
The constant a(k) reflects the scheme dependence in the subtraction of the pole. Here we have
defined the subtraction in such a way so that a = 0, but other subtraction schemes, such as
minimal subtraction, lead to a non-zero a. The renormalized correlator agrees with the bare one
away from coincident points but is also well-defined at 22 = 0. To allow a direct comparison of the
renormalized two-point function with the result we will obtain below from the bulk calculation, it
is useful to write down its Fourier transform. Using the identity

/dd:pei”'m ! log (M21?2) = —Ldmilog(ﬁ/[ﬁ) (2.50)
|42 I(d/2 1) p? ’

(2.49)

where i = 2u/~ and v = 1.781072.. .. is the Euler constant, we obtain

(_1)kz+1 4d/2
“od—2)T(d)2 — 1)

(Oa(P)OA(=p))ren = p** log(p*/11%). (2.51)

3 The holographic dictionary

3.1 A first look at the holographic dictionary and holographic renormalization

In order to compute the above scalar two-point function holographically, we consider a self inter-
acting scalar field in a fixed Euclidean background with the action

S= / N (;gﬂ”auwm + V(¢>> : (3.1)

10



We will take the metric to be of the form

ds? = dr® + ~(r, z)dz'da?, (3.2)
where 4,7 = 1,2,...,d run over the field theory directions, and the induced metric on the constant
r slices is given by

Yij(ry ) = 40 g (), (3.3)
with
A(r)=r,  gij(z) = dyy, (3.4)
for AdS. This metric is diffeomorphic to the upper-half plane or Poincaré coordinates metric
dz2 + d7?
ds? = AT (3.5)
0

Our first task is to obtain the radial Hamiltonian for this model, interpreting the radial coordi-
nate r as Hamiltonian ‘time’. The action can be written in the form

r T 1. 1 ..
S = / dr'L = / dr'd%z\/~ <2¢2 + 577 0i60;¢ + V(¢)) . (3.6)
The canonical momentum conjugate to ¢ then is
oL .
53 Vo (3.7)

The HJ equation can be derived from the relation

. -0S 0S
S /d:c(gb(w—l—vjé%'j), (3.8)

where Hamilton’s principal function (see appendix , S, has no explicit r dependence since the
Lagrangian is diffeomorphism covariant. Writing

. 0S8
"= Vb= (3.9)

this equation becomes
1/168\* 1, .88
d == —=1Y0;00;¢ — 2Av;;— | = 0. 1
/daz[ﬁ<2 <ﬂ5¢> 57 0i00;0 V(¢>>+ w(;%j] 0 (3.10)

This is the HJ equation for the scalar field in a fixed gravitational background, which can be
rewritten in the more useful form

1108\ 1 110,00, — V() | + 2406,L = Oy’ (3.11)
VIla\(Fae) —27 % e '
where
S= /ddxﬁ, (3.12)
and s
5 :/ddTYi'- 3.13
o (3.13)
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The term 9;v" on the RHS is a total derivative that can be arbitrary, but which generically needs
to be taken into account when trying to solve . It is not difficult to solve this equation
iteratively, for example in a derivative expansion, for a general potential V(¢). However, for the
present discussion it suffices to consider the simple —yet far from trivial— case of a free scalar field
with the potential

1
V(9) = 5m*e”. (3.14)
The great simplification that results from this potential is that we can solve the corresponding HJ

equation exactly, to all orders in transverse derivatives.
The HJ equation (3.11)) in this case becomes

1/168\* 1, 1 i
VA (2 <m¢) — 570,006 - gm%?) +20,L = By (3.15)
Inserting an ansatz of the form
1
S=; [ d=ier-oe, (3.16)

we find that it solves the HJ equation, provided the function f(x) satisfies [19]
A (x) + df () —m? —x —2zf'(z) = 0. (3.17)
The general solution of this equation is

_d V(K (V) + (Vo)
M) = =5 = TR + ehlva) (3.18)

where k = A—d/2 > 0, cis an arbitrary constant, and Ij(x) and Kj(x) denote the modified Bessel
function of the first and second kind respectively. Using the asymptotic behaviors as  — 0

F(j) (%)%, k>0, Ii(x) ~ I‘(kl—i—l) (g)k’ (3.19)

we see that Kj(z) dominates in f(z) as © — 0, unless |¢| — co. In particular, we find

Ko(z) ~ —logz, Kp(x) ~

d
150 =5 +k=—(d—A), |c]<oo,
/(@) { —4_k=-A, || . (3.20)
Since,
. 1
¢ = o5 (3.21)

N
we see that the two asymptotic solutions for f(x) correspond to ¢ ~ e (=2 and ¢ ~ e A7
respectively, which are precisely the asymptotic behaviors of the two linearly independent solutions
of the equation of motion. The solution for f(z) with |¢| < co corresponds to the asymptotically
dominant mode. Hence, in order to make the variational problem well defined for generic solutions
of the equation of motion we have no choice but demand that |c| < oo.

Expanding the solution for f(z) with |¢| < oco for small x and taking k£ to be an integer we
obtain,

_ z z? (—1)*
o) = ~d=M+ G " @A~ a)@A a4 T T @I 08T
+ <a(k) - 2%‘;1“(k)2> AR (3.22)
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where a(k) is a known function of k, whose explicit form we will not need, and the dots denote
asymptotically subleading terms. A number of comments are in order here. Firstly, this solution
depends explicitly on the undetermined constant |¢| < co. Secondly, this solution seems to lead to
a non-local boundary term due to the logarithmic term. And finally, one may worry that higher
terms in this asymptotic expansion need to be considered. Fortunately, all these issues can be
addressed by noticing that the contribution of the last term to the boundary term is proportional
to

/ 'z Ae(—0,)F, (3.23)

which, taking into account the asymptotic behavior of the scalar and of the induced metric, can be
easily seen to have a finite limit as » — co. Such terms, therefore, correspond to adding finite local
contributions to the boundary term S,. We conclude that higher order terms in the asymptotic
expansion of f(x) need not be considered since they would give rise to a vanishing contribution
to Sp in the limit r — co. Moreover, the arbitrariness in the value of ¢ is not a problem because
different values of ¢ lead to boundary terms Sj, which differ by a finite local term. Any value
of |¢| < oo, therefore, is equally acceptable since the corresponding boundary term makes the
variational problem well defined. Finally, coming to the apparent non-locality of the boundary
term we have deduced above, we notice that the logarithmic term can be written as

(—0,)*log(—=0y) = (=0,)* (log(p*e ") + log(—Os/p%)) , (3.24)

where p? is an arbitrary scale and (s = 9;0; denotes the Laplacian in the flat transverse space.
Crucially, the non-local part gives rise to a finite contribution in Hamilton’s principal function and
so it can be omitted from counterterms. The most general local boundary term that makes the
variational problem well defined is therefore [12, [19]

= 1 -0, (_D’Y)Q
Sl ol = _2/dd$ﬁ¢ <_(d_A) T eAZd—2) @A—d—2)RA—d—a "
_1\k
+ e (- Toslie ) + (-0, ) (5.)

where we have allowed for a local finite boundary term with arbitrary coeflicient €. Notice that
although it is possible to find counterterms that remove the UV divergences and are also local
in transverse derivatives, this is only at the cost of introducing explicit dependence in the radial
coordinate, r. This is precisely the origin of the holographic conformal anomaly [4].

The renormalized action on the UV cut-off r, is defined as

Sten = Sreg + Sects (326)
and it admits a finite limit, §ren, as the cut-off is removed:
Sren = lim Spen. (3.27)
To—00

In this case, ignoring the scheme dependent contact terms, we obtain
Sren = D" Az o) (—0)F log(—0/fi%) ¢ (3.28)

ren — ZQkF(k)Q (0) g 2 (0)- .
The holographic dictionary identifies S;en with the renormalized generating function of connected

correlators, Wyen[J], and ¢y with the source J. We therefore deduce that the renormalized two-
point function of the dual scalar operator takes the form

k1
CD™ ok 1og(p2/2), (3.20)

(Oa(P)OA(=P))ren = m
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which agrees with the CFT calculation in (2.51). Comparing the coefficients, we determine

2kT(d/2 + k)
A= ——————=, 3.30
C(.q ) 7Td/2F(]C) ( )
which turns out to be precisely the correct coefficient consistent with the Ward identities.

3.2 The holographic dictionary in Hamiltonian language

The local RG description of QFTs that we discussed above allows us to formulate the holographic
dictionary in a more precise language, identifying all quantities in the bulk theory with QFT
quantities. In particular, we identify the following objects on the two sides of the gauge/gravity
duality:

Radial coordinate r < 7=logp RG “time”

Induced fields 10} > J Running local couplings (sources)
Regularized action Sregl@] W1J] Generating function
Renormalized action Sren[#] <> Wien[J]  Renormalized generating function
Radial Hamiltonian H > H RG Hamiltonian

Radial momenta T > (0) Running local operators
Non-normalizable modes (;5(0) e JR]| 0o Renormalized couplings at oo
Renormalized momenta Ty & (O)|,,  Bare operators

This table should serve as a guide in order to interpret all calculations in the bulk theory that we
are going to describe in the next sections.

4 Radial Hamiltonian formulation of gravity theories

The holographic dictionary consists in a precise map between observables on the two sides of the
duality. From the point of view of the bulk gravitational theory, the physical observables correspond
to the symplectic space of asymptotic data, which is the key to formulating a well posed variational
problem [17]. As we will now review, a general systematic construction of the symplectic space
of asymptotic data proceeds by formulating the bulk dynamics in Hamiltonian language, with the
radial coordinate identified with the Hamiltonian “time”. As we saw in the previous section, this
formulation of the bulk dynamics parallels the real space renormalization group of the dual QFT.

For concreteness, let us consider Einstein-Hilbert gravity in a d + 1-dimensional non-compact
manifold M coupled to a scalar field described by the action

S = —2%2 < /M dz\/g <R[g] — % LpOFp — V(go)) + dd:rﬁﬂ() : (4.1)

oM
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M

asymptotic data

Figure 1: A non-compact manifold M with a boundary O M consisting of two disconnected compo-
nents. The Hamiltonian formulation of the bulk dynamics in the vicinity of the two disconnected
components must be done separately, using two different radial coordinates, 1 and ry, emanating
respectively from each disconnected component of the boundary. The Hamiltonian analysis need
only be applicable in an open neighborhood of each boundary component, which is sufficient in
order to construct the symplectic space of asymptotic data on each component, as well as the
appropriate boundary terms required to render the variational problem well posed.

Here, k%2 = 8mGg441 is the gravitational constant in d + 1 dimensions and the boundary term is
the standard Gibbons-Hawking term for Einstein-Hilbert gravity [20], which, as we shall see, is
required in order to formulate the dynamics in a Hamiltonian languagem Moreover, throughout
these lectures we will work in Euclidean signature, but the entire analysis can be straightforwardly
adapted to Lorentzian signature.

The radial Hamiltonian formulation of the bulk dynamics starts with picking a radial coordinate
r such that r — oo corresponds to the location of the boundary 0M of M. This radial coordinate
need not be a Gaussian normal coordinate, nor should it be a good coordinate throughout M.
Instead, r need only cover an open chart M. in the vicinity of oM in M. Moreover, if M
consists of multiple disconnected components then a different radial coordinate must be used in
the vicinity of each boundary component and different Hamiltonian descriptions must be applied
to describe the various asymptotic regimes, as is illustrated in Figure

Having picked a radial coordinate r emanating from (a component of) the boundary M, the
radial Hamiltonian formulation of the dynamics proceeds as in the standard ADM formalism [22],
except that the Hamiltonian “time” r is a spacelike coordinate instead of a timelike one. All tensor
fields are decomposed in components along and transverse to the radial coordinate r. In particular,
the metric is parameterized in terms of the lapse function IV, the shift vector NV;, and the induced
metric v;; on the hypersurfaces 3, of constant radial coordinate r as

ds® = (N? + N;NV)dr? + 2Nydrda’ + ;jda’ da? (4.2)

"We emphasize that, contrary to what is often claimed, the Gibbons-Hawking term does not render the variational
problem well posed in a non-compact manifold. It does so in a compact space, but in a non-compact manifold
additional boundary terms are required [211, [17].
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where i,j = 1,...,d. The metric g, is therefore replaced in the Hamiltonian description by the
three fields {IV, N;,~;;} on X,. Moreover, the curvature tensors of the metric g,, can be expressed
in terms of the (intrinsic) curvature tensors of the hypersurfaces ¥, and the extrinsic curvature,
K;;, describing the embedding of 3, < M. The latter is defined as

1

Kij = 5 (Lng)y; = 557 (g — DilNj = DiNi), (4.3)

1
2
where the dot ~ denotes a derivative w.r.t. the radial coordinate r, D; denotes the covariant deriva-
tive w.r.t. the induced metric ;;, and the unit normal to ¥,, n#, is given by n# = (l/N, —Ni/N) )
Using the expressions for the inverse metric and the Christoffel symbols given in appendix [A] one
finds that the Ricci scalar takes the form

Rlg] = Ry + K* — K;; K 4 V,.¢¥, (4.4)

where R[y] is the Ricci scalar of the induced metric v;;, K = 4 K;; denotes the trace of the
extrinsic curvature, and (¥ = —2Knt + 2nV n#. From the identities in appendix @ follows that
(" = —2K/N and, hence, the Gibbons-Hawking term in precisely cancels the total derivative
term in Ricci curvature (4.4]). This allows us to write the action as an integral over a radial
Lagrangian as

S = /er, (4.5)

where

L= —2%2 | AN <RM +K? - KK - 27;,2 (¢ - Nidyp)” — %'7”61‘%06]'90 - V(@)) . (4.6)
Note that, as we anticipated earlier, the Gibbons-Hawking term is required for the radial Hamil-
tonian formulation of the bulk dynamics. This observation can be utilized in order to derive the
correct Gibbons-Hawking term for general bulk Lagrangians, such as, for example, that describing
a scalar field conformally coupled to Einstein-Hilbert gravity [23].

From the radial Lagrangian we read off the canonical momenta conjugate to the induced
metric 7;; and the scalar ¢

i 0L 1 g g
1 — — vy _ KY
T 5 5,2 VY (Ky K*'), (4.7a)
5L 1 I

However, the Lagrangian does not depend on the radial derivatives (generalized velocities),
N and Ni, of the shift function and lapse vector and so their conjugate momenta vanish identi-
cally. This means that the lapse function and the shift vector are not dynamical fields, but rather
Lagrange multipliers, whose equations of motion lead to constraints. The separation of variables
into dynamical fields and Lagrange multipliers through the ADM decomposition is one of the
main advantages of the Hamiltonian formulation of the bulk dynamics.

The Legendre transform of the Lagrangian (4.6)) gives the Hamiltonian

H= [ d%(n7%; +m,¢) — L = / d'z (NH + NHY), (4.8)
Er ™
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where

H o= 2Ky 2 <7T§ i gt 2%) + 52V (B = 50ip0' = Vi) |, (4.9a)

H' = —2D;77 + 1,0"p. (4.9b)

It follows that Hamilton’s equations for the Lagrange multipliers N and N; impose the constraints
H=H =0, (4.10)

and, hence, the Hamiltonian vanishes identically on the constraint surface. This is a direct conse-
quence of the diffeomorphism invariance of the bulk theory [24]. In particular, the constraints H = 0
and H' = 0 are first class constraints that, through the Poisson bracket, generate diffeomorphisms
along the radial direction and along X, respectively.

4.1 Hamilton-Jacobi formalism

From the expressions (4.8) and (4.9) we observe that the Hamiltonian does not depend explicitly
on the radial coordinate r, but only through the induced fields on 3,.. This is a consequence of the
diffeomorphism invariance of the action (4.1)) and it implies that the HJ equation takes the form

H=0, (4.11)

which is equivalent to the two constraints (4.10), where the canonical momenta are expressed as

gradients of Hamilton’s principal function S (see appendix
oS 0S8

= 5 7r<p = .
0%ij op

7 (4.12)
This form of the canonical momenta turns the constraints (4.10]) into functional partial differential

equations for S. The momentum constraint, ¢ = 0, implies that S|y, ¢] is invariant with respect
to diffeomorphims on the radial slice >,.. The Hamiltonian constraint, H = 0, takes the form

22 1 5§ 68 1 (8S\*\ VA 1. .
. o— i _ — _ _— — —0; ° - == B 41
val ((WW d— 17”’“) 5 0 | 2 <5so> ) o2 (RM 20 V) O 1y

and dictates the radial evolution of the induced fields on X,.

As is reviewed in appendix B} a solution S|, ¢] of the HJ equation leads to a solution of Hamil-
ton’s equations, and hence of the second order equations of motion. In particular, given a solution
S[7, ¢] of the HJ equation, equating the expressions (4.7]) and for the canonical momenta
(this corresponds to the first of Hamilton’s equations) leads to the first order flow equations

1 1 68
Vij = 462 | varvit — ——vij | —=——, 4.14
Yig /f<7w]z d_{m%) N (4.14a)
2
b K0S (4.14b)
V7 0p

Integrating these first order equations one obtains the corresponding solution of the second order
equations of motion. Crucially, to determine the most general solution of the equations of motion
one need not find the most general solution of the HJ equation. The HJ equation is a (functional)
partial differential equation and so its general solution contains arbitrary integration functions of
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the induced fields. However, the general solution of the equations of motion is parameterized by
2n integration constantsﬁ where n is the number of generalized coordinates, i.e. of induced fields
on Y,. The general solution of the equations of motion, therefore, can be obtained from a complete
integral of the HJ equation, which is a principal function S[v, ¢| containing n integration constants
(functions of the transverse coordinates only) [24]. Another n integration constants are obtained
by integrating the first order equations , which leads to a solution of the equations of motion
with 2n integration constants, i.e. the general solution.

Another important aspect of HJ theory reviewed in appendix |B|is that the regularized action,
defined as the on-shell action evaluated with the radial cut-off X, i.e.

Sreg [f}/(ra JI), (p(T, x)] = / dT‘/ L|on—shcll ’ (415)

is naturally a functional of the induced fields v;; and ¢ on X, and satisfies the HJ equation (4.13]).
If the regularized action is evaluated on the general solution of the equations of motion, then Seg
contains n integration constants and so it corresponds to a complete integral of the HJ equation.
If, however, Syeg is evaluated on solutions of the equations of motion that satisfy certain conditions
in the deep interior of M, such as regularity conditions, then it will generically contain less than n
integration constants and so it will not correspond to a complete integral of the HJ equation.
Recapitulating the last two paragraphs, we have seen that the 2n integration constants pa-
rameterizing the general solution of the equations of motion are divided into two distinct sets of
integration constants in the HJ formalism: n integration constants parameterize a complete integral
of the HJ equation, while the remaining n arise as integration constants of the first order equations
. As we shall see later, the integration constants parameterizing a complete integral of the
HJ equation correspond generically to the normalizable modes of the asymptotic solutions of the
equations of motion, while the integration constants coming from the flow equations correspond to
the non-normalizable modesﬂ Moreover, we have argued that the regularized action , evalu-
ated on the general solution of the equations of motion gives rise to a complete integral of the HJ
equation. Combining these two facts leads to an observation that is fundamental to holographic
renormalization and its relation to HJ theory. In order for a theory to be (holographically) renor-
malizable, the near-boundary divergences of the regularized action must be the same for all
solutions of the equations of motion and should not depend on the details of the solutions in the
deep interior of M. This means that the near-boundary divergences of any complete integral of
the HJ equation must be the same, and hence independent of the n integration constants param-
eterizing a complete integral of the HJ equation. We therefore arrive at the following definition:

Definition 4.1 (Holographic renormalizability)
A gravity theory in a non-compact manifold that admits a radial Hamiltonian description is holo-
graphically renormalizable if:

(i) The near boundary divergences of any complete integral of the radial HJ equation are the
same, so the difference between any two complete integrals is free of divergences.

8In order to distinguish them from arbitrary integration functions of the HJ partial differential equation, we refer
to arbitrary functions of the transverse coordinates arising from the integration of the radial equations of motion as
“integration constants”.

9Since under certain conditions both modes can be normalizable, more generally the distinction is between asymp-
totically subleading and dominant modes, respectively.
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(ii)) The common divergent terms of all complete integrals are local functionals of the induced
fields on the radial cut-off ¥, i.e. analytic functions of the induced fields and polynomial in
transverse derivatives.

The first of these conditions is equivalent with the existence of a well defined symplectic space of
asymptotic solutions of the equations of motion and it is required in order to render the variational
problem in M well posed [21l [I7]. The second condition, however, is necessary only due to the
holographic interpretation of the near boundary divergences of the regularized action as the UV
divergences of the generating functional of a local quantum field theory. As is discussed in [I7], a
free scalar field in R*! is an example of a system that satisfies condition (i), but not (ii). In cases
when condition (i) is not met, there are two possibilities for making progress. One option is to
treat the mode(s) that causes condition (i) to be violated perturbatively, and proceed as one would
in conformal perturbation theory in the presence of an irrelevant operator. This approach was
discussed in general in [25] 26] and explicit examples can be found in [27, 28] 29} 30 BT}, B2]. Such
an analysis is often sufficient, but it is also possible to treat the modes that violate condition (i) non-
perturbatively. This requires constructing a well-defined symplectic space of asymptotic solutions of
the equations of motion and generically involves some rearrangement of the bulk degrees of freedom,
such as a Kaluza-Klein reduction. This approach, which is discussed in [17], is the holographic dual
of following the RG flow in the presence of the irrelevant operator in reverse until a new UV
“fixed point” is found. The new “fixed point” in this case is defined in terms of the symplectic
space of asymptotic solutions of the bulk equation of motion, and almost in all cases it involves
asymptotically non-AdS backgrounds.

Assuming that both conditions of Definition hold, as we will assume from now on, the UV
divergences of any complete integral of the HJ equation, and hence of the regularized action, can
be removed by adding the negative of the divergent part of any solution of the HJ equation as a
boundary term in the original action . Namely, we define the counterterms as

Sct = _Slocah (416)

where Sjgca is the divergent part of any complete integral of the HJ equation, which, by condition
(ii) of the above definition, is a local functional of the induced fields on the radial slice ¥,. In the
next section we will give a precise definition of Sjoea1, and discuss procedures for systematically
determining these terms by solving the HJ equation. Before we turn to the systematic construction
of Siocal, however, we should emphasize one last important point. Although the local and divergent
part of the HJ solution is unique, the above discussion suggests that it is possible to add further
finite and local boundary terms to the bulk action , corresponding to (a very special choice
of) the integration constants of a complete integral of the HJ equation. More generally, therefore,
the counterterms will be defined as

Sct - - (Slocal + Sscheme) ) (417)

where Sgcheme denotes these extra finite terms, which we will discuss in more detail in the next
sections. These terms, an example of which is the term proportional to £ in , do not can-
cel divergences, but they correspond to choosing a renormalization scheme [8]. Once the local
counterterms, S, have been determined, the renormalized action on the radial cut-off is given by

Sren 1= Sreg + Set = /ddaj (FYinij + (PHQO) ’ (418)

where the renormalized canonical momenta IT¥ and IL, are arbitrary functions that correspond to
the integration constants parameterizing an asymptotic complete integral of the HJ equation. As
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we shall see explicitly later, the holographic dictionary relates II” and II, with the renormalized
one-point functions of the dual operators.

5 Recursive solution of the Hamilton-Jacobi equation

The main task in carrying out the procedure of holographic renormalization is determining the
local functional Sjycal, as well as the asymptotic expansions for the induced fields on ¥,.. There
is a number of methods to obtain these, differing in generality and efficiency. The approach of
[4, 8, O 10] does not rely on the HJ equation and its first objective is to obtain the asymptotic
expansions for the induced fields by solving asymptotically the second order equations of motion.
Evaluating the regularized action on these asymptotic solutions and then inverting the asymptotic
expansions in order to express the result in terms of induced fields on the cut-off ¥, leads to
an explicit expression for Sjcal. This method is general but it is unnecessarily complicated. In
particular, as we shall see, it is much more efficient to first obtain Sjea1 by solving the HJ equation,
and only then derive the asymptotic expansions of the induced fields by integrating the first order
equations , instead of the second order equations. Moreover, deriving the holographic Ward
identities is much simpler in the radial Hamiltonian language since they follow directly from the
first class constraints .

The method of [6, 11] does use the HJ equation to obtain Sjycal, but it does so by postulating an
ansatz consisting of all possible local and covariant terms that can potentially contribute to the UV
divergences with arbitrary coefficients. Inserting this ansatz in the HJ equation leads to equations
for the coefficients that can be solved to determine Sjycq1. For simple cases this approach is practical
since the possible terms in Sjyca) can be easily guessed. However, this method becomes impractical
for more complicated systems where Sjoca contains more than a couple of terms, or when it is not
easy to guess all terms (e.g. for asymptotically Lifshitz backgrounds). In particular, if n is the
number of independent terms in the ansatz for Sigca, the number of equations for the arbitrary
coefficients in the ansatz one obtains from the HJ equation is generically of order n(n+1)/2, which
grows much larger than n very fast. The system of equations determining the coefficients in the
ansatz is therefore overdetermined, but all equations need to be checked to ensure that the solution
is consistent.

A systematic algorithm for solving the HJ equation recursively, without relying on an ansatz,
was developed in [I3]. This method is based on a formal expansion of the principal function S
in eigenfunctions of the dilatation operator of the dual theory at the UV, and can be applied to
any background that possesses some kind of asymptotic scaling symmetry. Besides asymptoti-
cally locally AdS backgrounds, this includes backgrounds with non-relativistic Lifshitz symmetry
[33l 34]. This method was generalized to relativistic backgrounds that do not necessarily possess
an asymptotic scaling symmetry in [35], while a further generalization to include non-relativistic
backgrounds was carried out in [36} [31]. This latter generalization involves an expansion of S in si-
multaneous eigenfunctions of two commuting operators. However, here we will focus on the simpler
cases discussed in [I3] and [35], which involve an expansion in eigenfunctions of a single operator.

The initial steps in the recursive algorithms of [I3] and [35] are common, and they just rely
on the fact that we seek a solution & of the HJ equation in the form of a covariant expansion in
eigenfunctions of a —yet unspecified— functional operator . Namely, we formally write

S:S(a0)+5(a1)+8(a2)+"' , (5.1)
where each term is an eigenfunction of | i.e.

8(0%) = )‘/’CS(O%)7 (5.2)
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with an eigenvalue A\x. aj denotes a convenient label that counts the order of the expansion. In
order to obtain a recursive algorithm for determining S, ) it is necessary to also introduce a density
L such that

S /Z Ly (5.3)

We then have
L= Liag) T Liar) + Liag) T (5.4)

where S(y,) = fEr ddazﬁ(ak). Note that the densities L(,,) are only defined up to total derivative
terms and they are not necessarily eigenfunctions of the operator . They are egenfunctions up to
total derivatives.

An important identity that is crucial in the construction of the recursion algorithm follows from
the expressions for the canonical momenta. Namely, for arbitrary variations we have

79675 + Tpdp = 5L + Ov* (87, 69), (5.5)

for some vector field v?(d7,d¢). Specializing this to the operator gives

ﬂ—éik) Yij T To(ay) P = ‘C(ak) + 81‘1)%%)( v, @) = )\kﬁ(ak) + ai%%ak)( T P, (5.6)
where 5S 5S
ij (ag) (ak)

and 52%) is a vector field, generically different from viak due to the fact that the action of on
L(q,) may involve a total derivative. Since L is defined only up to a total derivative, however,
without loss of generality we can choose the total derivatives in such a way so that

Wzik) Yij T Tplar) P = )\k[,(ak). (5.8)

This identity will be crucial in the construction of the recursion algorithm.

5.1 The induced metric expansion

To proceed with the recursion algorithm we need to pick a suitable operator . The choice of such
an operator is not unique, but it has to satisfy certain consistency criteria. Here we will discuss
two specific choices. The first one is the operator

o
Oy = /Q’Vijé%ja (5.9)

which was introduced in [35]. The covariant expansion in eigenfunctions of this operator treats the
scalar field non-perturbatively. In particular the resulting asymptotic solution of the HJ equation is
expressed in terms of a generic scalar potential V (), without the need to explicitly specify V().
As a result, this expansion of the solution of principal function S is valid even for (relativistic)
asymptotically non-AdS backgrounds, such as non-conformal branes [37].

It is easy to see that the covariant expansion in eigenfunctions of the operator is a derivative
expansionm Choosing the label o = 2k to count derivatives, the corresponding eigenvalue is

OFor the gravity-scalar system the expansion in eigenfunctions of (5.9) is indeed a derivative expansion. However,
in general this is not the case. A counterexample is a Maxwell field.
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A = d — 2k, where d is the contribution of the volume element. The zero order solution, therefore
takes the form

S0 = > /E e /5 (), (5.10)

2
K
for some “superpotential” U(y). Inserting this ansatz into the Hamiltonian constraint we find that
U(p) satisfies the equation

d

2(U")? — ﬁU2 —V(p)=0. (5.11)
As for the full HJ equation, we only need to obtain an asymptotic solution of this equation, around
the value of ¢ near the boundary. As we have emphasized already, the recursive algorithm for
solving the HJ equation we are describing here applies equally to asymptotically AdS and non-
AdS backgrounds. The form of the scalar potential, therefore, is largely unrestricted, and we will
keep both V(¢) and U(y) general in the subsequent discussion. However, before we proceed it is
instructive to have a closer look at the explicit form of V(¢) and U(yp) in the case of asymptotically
AdS backgrounds.

In order for the theory (4.1) to admit an AdS solution, corresponding to ¢ = 0, the scalar
potential must admit a Taylor expansion of the form
dd—-1) 1 ,
—m t gt (5.12)
where £ is the AdS radius of curvature and the scalar mass must satisfy the Breitenlohner-Freedman
(BF) bound [3§]

Vip) =~

m20? > —(d/2)?, (5.13)

in order for the AdS vacuum to be stable with respect to scalar perturbations. Moreover, the mass
is related to the dimension A of the dual operator through the quadratic equation

m?0? = —A(d — A). (5.14)

Seeking a solution of ([5.11]) in the form of a Taylor expansion in ¢, one finds two distinct solutions
of the form™

Ulo) = — _ 5.15
where p takes the two possible values A or d — A. However, only a solution of the form
d—1 1
Ulp)=———— —(d— N)p? + - 5.16
()=~ = = D) 4o, (5.16)

can be used as a counterterm since only this solution removes the divergences from all possible
solutions involving a non-trivial scalar [39].

Given the superpotential U () that determines the zero order solution in the covariant expansion
of the HJ equation, we insert the formal expansion in eigenfunctions of the operator in the
HJ equation and match terms of equal eigenvalue using the identity , which leads to the linear
recursion equations

@ d—1

1) d—2n
2U’(80)5* /dd%ﬁ(zn) - ( > U(e)Lny = Ry, n >0, (5.17)

1The overall sign of U is determined by requiring that the first order equations imply the correct leading
asymptotic behavior for the scalar, namely ¢ ~ e~ (42" Moreover, when the scalar mass saturates the BF bound,
one of the two asymptotic solutions for U(p) contains logarithms. We refer to [39] for the explicit form of the function
U(y) in that case.
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R = —g (R[’Y] - % i‘Pal@) , (5.18)

9 n—1
) j 1 1
Rem =="5% (W(zmn”(z(n—m))i — g remTem-m) t 2%(2m>%(z<n—m>>> , n>1
m=1

Note that if U'(¢) = 0, i.e. U(p) is a constant, then these recursion equations become alge-
braic. When U’(¢) # 0, these equations are first order linear inhomogeneous functional differential
equations. The general solution, therefore, is the sum of the homogeneous solution and a unique
inhomogeneous solution. The homogeneous solution takes the form

om 1/d-2n v dg B
‘C?Qn) = .7:(2”) [v] exp <2 <d—1> / U’(@)U(@)> ) (5.19)
where F (9, [v] is a local covariant functional of the induced metric of weight d —2n. It can be easily

shown that these homogeneous solutions contribute only to the finite part of the on-shell action,

and so we are not interested in them [35]. We are, therefore, only interested in the inhomogeneous
solution of ((5.17)), which formally takes the form

L _(d—2n)4 Y de o) A(p _
Lon) = 56 ( yAl) We( ) MR(%)(‘P% (5.20)
where e 1 /so dg U (5.21)
T - ) U '

If R(2) does not involve derivatives of the scalar field with respect to the transverse coordinates,
then evaluating the integral is straightforward since it reduces to an ordinary integral. When
R (2n) does contain derivatives of the scalar field, however, some care is required in evaluating this
integral. Table 1 in [35] provides general integration identities for up to and including four transverse
derivatives, in all possible tensor combinations. This allows one to determine L, for n < 2, which
suffices for d < 4.

The recursive procedure to successively determine L5, proceeds as follows. For n =1, Ry is
given explicitly in and so L) can be immediately obtained from . The result is given
in Table 2 of [35]. Having obtained the solution for L), the relations give the corresponding
canonical momenta, which allow one to evaluate the next R(s,) using . Inserting this back
in and performing the integral gives the next order solution for L. For n = 2 the general
result is given in Table 3 of [35].

The order at which the recursive procedure stops depends on the leading asymptotic behavior
of the fields. For asymptotically locally AdS backgrounds the recursion stops at order n = [d/2], i.e.
the integer part of d/2, since higher order terms are UV finite and arbitrary integration constants,
parameterizing a complete integral of the HJ equation, enter in the solution. In that case, therefore,

the counterterms are defined as e
d/2

Sct = Z S(Zn) (5.22)
n=0

For even d, the last term in this sum gives rise to explicit cut-off dependence through a logarithmic
divergence. The way this arises in this approach is as follows. The recursive procedure described
above must be done keeping d as an arbitrary parameter. Denoting by 2k the final value of d, the
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recursion is carried out up to order n = k, where one finds that the solution Ly, contains a factor
of 1/(d — 2k), which is singular when we set d to its integer value 2k. This singularity is then
removed by the replacement

0 2
d—2k—>r (5.23)

where r, is the radial cut-off [I3] 35]. After this replacement one sets d = 2k in the countert-

erms, which now contain a term which explicitly depends on r,. This term is identified with the
holographic conformal anomaly [4].

5.2 Dilatation operator expansion

We next turn to the covariant expansion developed in [39], which is an expansion in eigenfunctions
of the dilatation operator

1)

o 0

where A is the conformal dimension of the scalar operator dual to ¢. As we pointed out earlier, this
expansion is less general than the expansion in eigenfunctions of ¢, that we just discussed, since it
is applicable only to backgrounds with an asymptotic scaling symmetry, but for such backgrounds
it is technically simpler than the induced metric expansion. For an application of this expansion
to backgrounds with asymptotic Lifshitz symmetry we refer the interested reader to [33] [34].

The dilatation operator can be motivated as follows. Since the bulk theory is diffeomor-
phism invariant, the Hamiltonian does not explicitly depend on the radial coordinate r. It follows
that the solution S of the HJ equation also only depends on the radial coordinate through the
induced fields, i.e. & = S[,¢|. Hence, the radial derivative can be represented by the functional
operator

. 1) . )
Or = /ddw (%’j [, w]g + o[, 80}5@) : (5.25)
(¥

Using the leading asymptotic form of the induced fields appropriate for asymptotically locally AdS
backgrounds, namely (setting the AdS radius of curvature, ¢, to 1)

i ~ € gi(@), @~ e TR (@), (5.26)

where g(g)ij(z) and ¢ (7) are arbitrary sources, implies that
Yig ~ 2%js $~—(d= D). (5.27)
Inserting these expressions in the covariant representation (5.25)) of the radial derivative we obtain
) /dda: 2-~i+(A d) LI (5.28)

r Yij 57@‘ 805()0 =0p, .

where ép is the dilatation operator. This operator is ideally suited for asymptotically locally AdS
backgrounds, but in order to construct the corresponding covariant expansion one must fix the

dimension A from the beginning. Hence, contrary to the expansion in eigenfunctions of 4., one
must repeat the whole procedure for every different value of A.
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As above, we start by writing the principal function aﬁ

S= / A%z /AL, (5.29)
=

and formally expand L[, ¢] in an expansion in eigenfunctions of the dilatation operator as
L= ﬁ(o) + ﬁ(g) + -+ Z:(d) log e 4 ﬁ(d) +-, (5.30)

where

5D[’(n) = —nﬁ(n), Vn < d, 5D£(d) = —di(d). (5.31)

A number of comments are in order here. Firstly, note that here we have defined L, as eigenfunc-
tions of dp, while earlier we only required S(,,) to be eigenfunctions of the operator . This implied
that £, is an eigenfunction of up to a total derivative term. In order to derive , however,
we argued that, since £(,,) is defined only up to a total derivative, one can always choose the total
derivatives terms in L(,,) such that it is an eigenfunction of . In we have applied this argu-
ment already so that L, are eigenfunctions of 6p. A second comment concerns the eigenvalue of
L) under dp, and the corresponding subscript labeling L. In general, these eigenvalues depend
on the value of the conformal dimension A of the scalar operator and need not be integer. However,
the terms of weight 0 and d are universal and are always there. What changes depending on the
value of A is the intermediate terms. Finally, notice that we have included the logarithmic term
already in the expansion , introducing explicit cut-off dependence. We could have proceeded
instead using dimensional regularization as in the expansion in eigenfunctions of J, above, but it
is instructive to discuss this alternative argument as well.

In particular, the explicit cut-off dependence introduced in the expansion implies that
the term L4y transforms inhomogeneously under 6p. In order to derive the action of the dilatation
operator on the coefficient L4 we recall that the full on-shell action must not depend explicitly
on the radial coordinate r, as a consequence of the diffeomorphism invariance of the bulk action.
Hence, requiring that 9, gives asymptotically the same result as dp we must have

Or <\/’7(£~(d) log e 4 E(d))) ~dp (ﬁ(i(d) log e+ L(d))) , (5.32)
which determines, using 6p,/vy = d,/7, that
SpLgy = —dL gy — 2L 4. (5.33)

This transformation of the finite part of the on-shell action implies that £ cannot be a local

function of the fields v;; and ¢, unless E(d) vanishes identically. This is summarized in the following
lemma:

Lemma 5.1 Ifﬁ(d) is not identically zero, then the transformation opL4) = —dﬁ(d)—Zi(d) implies
that L gy cannot be a local functional of the induced fields v;; and .

Proof:

What we need to show is that L4 cannot be a polynomial in derivatives. Suppose L(g) is
a polynomial in derivatives. Since L(g) is scalar, derivatives must come in pairs and must be

'?To keep in line with the original notation in [39], we define the density £ without /¥ here, in contrast to the

earlier definition (5.3]).
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contracted with an inverse metric 4%. It follows that every polynomial in derivatives can be
decomposed as a finite sum of eigenfunctions of the dilatation operator, namely,

,C(d) :f(0)+f(1)+"'+f(N)a (5.34)
for some positive integer NV, where dpF () = —nF ;). Hence,
SpLigy = — (Fy +2F @)+ -+ NFn)) = —d(Fo) + Fay + -+ + Fvy) — 2La)- (5.35)

Identifying terms of equal dilatation weight then gives

This implies that E(d) = 0, contradicting the original hypothesis. O

In fact this is no accident. As we shall see, the term L) corresponds to the renormalized
on-shell action, while f(d) is the conformal anomaly. The fact that /j(d) is the conformal anomaly
we will see more explicitly below when we derive the trace Ward identity. However, the fact that
Lq) corresponds to the renormalized on-shell action can be deduced directly from the dilatation

weight of the various terms in the covariant expansion. Note that L,y with n < d, as well as [i(d)

all lead to divergences as r — oo. This is because L,y ~ e " as r — oo and /7 ~ e, We
therefore define the counterterms as

Sct = —/ ddl‘ﬁ (‘C(O) + £(2) + -+ E(d) log e_%) . (537)
5,

It follows that the renormalized on-shell action on the radial cut-off is

Sren 1= Sreg + Set = / dd$\/77£(d) ey (538)

T

where the dots stand for terms of higher dilatation weight that vanish as r — co. By construction,
Sten admits a finite limit as 7 — 0o, namely

~

Sren 1= Tli)rglo Sren = Tlggo /ET dz /YL (q)- (5.39)

As we anticipated, the term Lg), which is a non-local function of the induced fields, determines
the renormalized on-shell action.

Let us now proceed to determine the divergent coefficients L,y with n < d and E(d). Since the
canonical momenta are related to the on-shell action via the relations , it follows that the
momenta also admit an expansion of the form

7w = 57 / ddxﬁﬁ = ﬁ (71'(0)” + 7T(2)z] + -+ 7~T(d)zj log e 2" 4 W(d)Z] + - ) ) (5.40a)

ij Jo,
Ty = 5o s dix\ /AL = VY (Tga—n)y + -+ Tp(a)log e 2 + Toa) +---) (5.40b)
Note that (5D7T§~(n) = —mr;(n) and 5D7Tij(n) =—(n+ 2)7Tij(n). With these expansions at hand, we

are ready to develop the recursive algorithm. Before we discuss the general algorithm, however,
let us point out that the first two of the L, coefficients can be obtained easily, without relying
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on the algorithm. From the asymptotic relations (5.27)) and the expressions (4.7)) for the canonical
momenta we deduce that

i 1 ii 1
and hence 1 1
W(O)l] — _@(d _ 1)72]7 Tp(d—A) = —?(d — A)(p (542)

Integrating 77(0)” with respect to 7;; determines L g), whereas integrating m4_a) with respect to
¢ (assuming A < d) determines L(3(4—n)). Namely,

1 1
Loy =—3d=1), Low-a)y=-550d- A)p?. (5.43)

As we shall see below, these results are reproduced by the general algorithm. .
The first step in the algorithm it to relate the coefficients L,) with n < d and L4 to the
corresponding canonical momenta using the identity (5.8). Since

6pYij = 2vij, Opyp = —(d — A)p, (5.44)
applied to the dilatation operator this identity reads

2t — (d — Ao =0p (VL) , (5.45)

or, inserting the expansions ([5.30) and (/5.40)),

27 (m() + 7y + o+ Ty loge™ iy +---)
—(d — A)ﬁ@(ﬂ¢(d—A) + ...+ ﬁw(A) log 6_2T + To(A) + .. ) = (546)
VA (AL) +(d=2) L)+ +0- Ly loge™ = 2L +0- Ligy+..) -

In order to equate terms of the same dilatation weight, i.e. to obtain the exact analogue of ,
we need to know the precise value of the scalar dimension A. However, this identity shows that
the coeflicients L, of the on-shell action can always be expressed in terms of the coefficients in
the expansion of the canonical momenta.

As an example, we can use to determine L. Provided A < d, identifying terms of
dilatation weight zero gives

2 2 1 1

where we have used the trace of ﬂ(o)ij given in {i in the second equality. This is in agreement
with the result (5.43]) we found above. Similarly we deduce that

1
Lgy=—7@q) + §(d - A)(pmp(A). (5.48)

As we shall see shortly, this relation is in fact the trace Ward identity. The general algorithm using
the dilatation operator expansion can be summarized as follows:
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The algorithm:

1. The first step is to use the identity 1' to express L), for n < d, and E(d),
in terms of the canonical momenta by matching terms of equal dilatation weight.
Note that the on-shell action, £, depends only on the trace of 7%.

2. The second step is to insert the expansions into the Hamiltonian constraint
and match terms of equal dilatation weight. This gives an iterative rela-
tion for the trace m(,) and my(A_gq4n) in terms of the momentum terms of lower
dilatation weight.

3. Having determined 7(,) and my(A—g4rn) at order n, we can use the relations we
found in the first step to determine L,). The full momentum ﬂ(n)ij - i.e. not
just its trace - is then obtained via the relations (5.7]).

4. Steps 2 and 3 are iterated until all local terms are determined.

5.3 An example

It is instructive to work out the counterterms explicitly in a concrete example. To this end, let us
apply the dilatation operator expansion to asymptotically AdS gravity in five dimensions (d = 4)
coupled to a scalar field, ¢, dual to an operator of conformal dimension A = 3, and with a general
scalar potential. The action takes the formlE

1 1
5= [ Pava (~gmla + 50" 00 + V(). (5.49
where
V(p) =k Vo + £ Vip + Vap? + kVae® + k2Vipt + - (5.50)
with X
Vo=A=-6, V1=0 Vo= §m2 = —3/2. (5.51)

Let us now implement step by step the algorithm we described above. The first step is to use
equation 1} to express all local terms of the expansion of the on-shell action, i.e. L), n <d,

and L(g), in terms of the canonical momenta by matching terms of equal dilatation weight. For the
system at hand, and dropping the total divergence term, (5.46)) becomes
2 (W(O) + )+ )+ )+ T loge_zT + T +- )
—p(m? ) + 77 2) + 7% 3) log e+ ™) t..) = (5.52)
(4€00) +3L01) +2L0) + L3y + 0+ Lgyloge™ — 2Ly +0- Ly +...) . (5.53)

13Note that the scalar field here is rescaled by a factor of v/2x2 relative to the scalar in 1'
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Matching terms of equal dilatation weight we obtain

1
Loy = 570 = —3/K%,
2
Ly = 37,
1 ° 1,5
Loy=m@) = 59770 =7@) T 5¢
L(z) = 2m(3) — o1 (2),
~ 1
Ly = =1y + 507 (3), (5.54)
as well as the constraint on the momenta
- 1
T4y — 5@7{'@(3) = 0. (5.55)

Note that L4 is not determined, but it does not contribute to the divergences of the on-shell
action. As we saw in ([5.39)), it is the renormalized part of the on-shell action. At this point we
have determined all divergent terms of the on-shell action in terms of the canonical momenta.

The second step is to insert the covariant expansions for the momenta into the Hamiltonian
constraint (|4.9al), which in this case takes the form

1 2 —1( _ij L, L 2 1 4

H=" Q—HQRM + 25"y | T my; — 3™ T3 (m#)* — 27 10;p05 — V(¢) p = 0. (5.56)
Inserting the covariant expansions for the momenta and equating terms of equal dilatation weight
we obtain

ij 1 -
2n* <7T(o> T (05 — 37T<o>2> —r Vo =0,

ii 1 _
4’ (W(o) i~ 37T<o>7f<1>> —rWVip =0,
1 . g 2 1 1
—2R[’y] + 252 277(0)ZJ7T(2)ij + 1T )i — ST (0)T(2) — *77(1)2 + *(77'@)2 - V2802 =0,
2K 3 3 2
o <7T(0) T (gyij + ) T2)i — 3T O7T3) — 3”(1)77(2)> + 100y () — KV =0,

y y ’ 2 2 1
o (2”<0>”7T<4>ij +27() @) + T T @)n T 3T W) T 3T0TE) — 3”(2)2)

1 1
T + 5 (@) - 5

452 (W(O)ijﬁ(4)ij - 71'(0)7?(4)) + W“O(l)fr“’(;;) =0. (5.57)

Y9 0;005p — K*Vap* = 0,

The first of these equations is trivially satisfied, while the second equation determines 71y = 0 and
hence from above L1y = 0. Next we must use the third step in the algorithm, namely the relations

g _ 1 9 1 9
T(n) N NG
V7 0%ij V7 0%

This allows us to determine the full momentum 7 n)ij from its trace m(,) for n < d. In particular,
we conclude W(l)ij = 0. The third equation in (5.57)) gives

1
T(2) — TKQR[’Y] — ¢, (5.59)

/ d*z /ALy, T (a)? / Az /AL (q).- (5.58)
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and hence,

1 1
Loy =—7380] - 5¢% (5.60)
It follows that
G _ 1 90 d 1 i Lo i L o ij
W(z)]:ﬂé%j/d $\ﬁ£(2):47/€2 <RJ—2R7J> ¥ 7. (5.61)

Continuing this recursive procedure we determine

Li = kVig?,
5 1 y 1 1 1 . K2 9 1
— .. - p2)\ _ — 2 - ijA. o v V—*Z - 4
L 1642 (R I 3R> oa "~ 00— 5 ( 175V +6>‘p’
ii K i
T(3)Y = 5‘/38037],
™9 = 3kVap%
) 1 1 ) 9 5 1\ 3
e = ERSO‘FﬁDW’—?ﬂ <V4—2V3 +6><ﬂ )
Fai = — | 2RMR I+ LDIDIR— O R + 2RRY + Lyij RM Ry + 0, R — 1 R?
“ 1612 3 i 3 2 37773
—I-i RY — 1R’yij o — L (D'D? —~4"0,) ¢* + laigoﬁjgp - lvijﬁkgo@kgo
24 2 24 K 4 8
K> 9 o 1\ 4 i
- — _ _ 1]
T <V4 SV5 + 6> oty (5.62)
Note that these satisfy the identity
- 1 .
71'(4) - 5@7‘("’0(3) = 0, (563)

as required.

6 Renormalized one-point functions and Ward identities

We found above that the renormalized action admits a finite limit, §ren, as r — oo. The
AdS/CFT dictionary identifies this with the generating functional of renormalized connected cor-
relation functions in the dual quantum field theory. In particular, the first derivatives of the
renormalized action with respect to the sources correspond to the one-point functions of the dual
operators. This implies that we can identify the renormalized one-point functions with certain terms
in the covariant expansion of the canonical momenta in eigenfunctions of the dilatation operator.
Namely, we define

L] — 6Sren i
(T 1en = =2 1/2727 = —2mg), (6.1a)
— 5Sren
(O)ren = 1| 1/2W = Te(a)- (6.1b)

Note that these expressions are evaluated on the cut-off, i.e. they are covariant expressions of the
induced metric and scalar field. Since these fields asymptotically behave as

Yij ~ € gy 0~ e T g, (6.2)
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and since Sten has a finite limit as » — oo, it follows that we must multiply these one-point functions
with a suitable factor of the radial coordinate to obtain finite values as r — co. In particular, we
define

(Fhen = lim el (T, = —2]g 12050 _ o i
r—00 89(0)ij
53 (6.3)
%) [ B Ar _ —1/2 ren _ ~
(O)ren = Tlggoe (O)ren = |9(0)| / 32(0) = Tp(A)-

Using these expressions for the renormalized one-point functions we can now derive the holo-
graphic Ward identities. Inserting the expansions (5.40) into the momentum constraint (4.9) and
matching terms of equal dilatation weight gives for the terms with weight d

— 2Dj7r(d)ij + ﬂ¢(A)8i(p = 0. (6.4)

Rescaling this with the appropriate radial factor and taking the limit » — oo leads to the diffeo-
morphism Ward identity

D(O)j<’7\-ij>ren + <@>renai§0(0) =0. (6.5)

Finally, in order to derive the trace Ward identity note that under an infinitesimal Weyl transfor-
mation the renormalized action transforms as

05 Sren = / ﬁ(—2ﬁ(d))5a + total derivative. (6.6)
o

This follows from the fact that such a transformation corresponds to the infinitesimal bulk diffeo-
morphism r — 7 + do(x). It follows that the conformal anomaly A is given by

A=2L ). (6.7)

To see that this is compatible with the trace Ward identity, recall that we have shown in ([5.48])
that 3
— 27T(d) +(d— A)QOTQP(A) = 2,C(d), (6.8)

which, using the identifications (6.3]), becomes

<ﬁi>ren + (d - A)‘P(O)<6>ren = A (6.9)

It should be emphasized that these Ward identities hold in the presence of arbitrary sources. This
has important implications. Namely, even if the conformal anomaly vanishes numerically on a
particular background where the sources are set to zero, the anomaly does contribute to some
n-point function because the nth derivative of the anomaly with respect to the sources will not
be zero even when evaluated at zero sources. The anomaly therefore is a genuine property of the
quantum field theory and affects the dynamics even in flat space.

7 Fefferman-Graham asymptotic expansions

Having obtained the asymptotic solution of the HJ equation in the form of a covariant expansion in
eigenfunctions of some suitable operator , we can now use the first order flow equations (4.14)) to
construct the asymptotic Fefferman-Graham expansions for the induced fields 7;; and ¢. In order
to integrate these expansions, however, we must pick a specific example and a specific solution of
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the HJ equation. We will therefore demonstrate how this works in the example we worked out
above.

Inserting the expansions (5.40)) in the flow equations (4.14) we geﬂ

. 1 3 3 o 3
Yij = Ak <%’le - 3"Ykl%'j> (r) + 7@+ + Ty loge ™ + gV 4+ ),

p= To) +--- +7~T<p(3) loge_Qr + Tp@) + .-

(7.1)

From the expressions ([5.62)) above we obtain

1 1
T(0)ij — gﬂ(o)%‘j = 27/@2%”

1 1 1 1
T(2)ij — 3T(2)Vij = 12 <Rij - 63%]‘) + ﬁﬁpz%‘j,

K

3
T .._lﬂ- . VaoS A
(3)g 3 (3)7Vij 6 3% Yijs
1
3

=1
—
i
=
-

2

1 5 1 1 1

51 <Rij - 6R%j> o - o1 (PiDj = 7ij0,) ©* + 1010059 = £7i;0" 0O
K2 9 o 1\ 4 1

+T <V4 - §V3 + 6> Yij — ﬁ@DWSO%‘j,

Tp(1) = =P

To(2) = 3I~€V3g02,

- 1 1 9 1

To(3) = o e + 50w — 267 <V4 —5Vi 6) 0’

Using these expressions we can integrate the flow equations straightforwardly. There are two
ways to solve these equations order by order asymptotically as r — oo. One way is to make an
explicit Fefferman-Graham ansatz for the asymptotic expansions for 7;; and ¢ and insert them in
the flow equations. This will result in algebraic equations for the coefficients. A more general way
that does not require prior knowledge of the form of the asymptotic expansion is expanding the
induced fields formally as

(2) 3

Y =+ 0+, o=@ M 4@y (7.3)

where each order is assumed to be asymptotically subleading relative to the previous one, but
without assuming a specific functional form. Inserting these expansions in the flow equations
results in a sequence of differential equations that can be solved order by order. To leading order
we get the homogeneous equations

50 22,0 50 — ), (7.4)

and hence o
%(j) = 62r9(0)ija 90(0) = 6_T90(0)7 (7.5)

! Note one needs to adjust these for the different normalization of the scalar.

32

i 1 1 2 1 1 1
i~ TN = 5 [—2RMRMU +3DiD;R — Oy Rij + SRR + 5 (RMRM + 30, R - 3R2>]

(7.2)



where g(pyij(7) and ¢(g)(z) are arbitrary integration sources. At the next order for ;; we still get
the same homogeneous equation

vfj) 2va ) (7.6)

(1)

However, we have already introduced an arbitrary source at order 0 and, since ~, y

1,
subleading relative to %»(J(.]) by the hypothesis, we must set 'yl(; )

the inhomogeneous equations

is asymptotically

= (0. At the next order we obtain

2 _ 5 (2 1 K,
Yij. =275 + Rla)li GR[Q(O)]Q(O)ij + 59090
oM = —oM) 4 3/{‘/390(0)6_ 2, (7.7)

Discarding the homogeneous solutions again, the inhomogeneous solutions are

@ 1 1 K2 9
% = =5 | Bulgo] = gBlaolgwis + 5 #m90ii )
oM = —3&‘/3672%0%0). (7.8)
At the next order for the metric we get
@ _ 8 3y, —r 3
Yijt = §"<0 Vse ®(0)9(0)i5> (7.9)
while, using the following expansions of the momenta
1 1 1 1,
T@w —3T@% = 2 <R[9(0)]ij - GR[Q(O)}Q(O)Z‘J') + 12X (0)9(0)i
1
200,10
+690 P
1
—2r k (2) k1 (2) k(2
+e [4& (REloo i) = Bi¥i' g + DDl

1 @) ki @) _ 1 2)
5 <D(0)%~j +90)" D©0)iD0)j 7 ) - gR[g(o)]%j

1 2 2 2
~590s (=Bl + Dly Doty = athDoni?) )

1 —or
5 ([0 +26002 | 5 + (62 ) + 0(e™),

12
1 K K _3r
T(3)ij — §7T(3)%'j = —6‘/3(90(0))375?) - 5‘/3(80(0))2 (1)’7( ) +O(e 3 );
Tp2) = 36V3(p )2 + 6k V3D D) + O(e™), (7.10)
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we obtain the next order equations

) =29
o | 1 Kl 1 2
+(—2r)e T6:2 —2R"[g(0)| Rritj[9(0)] + gD(o)z‘D(o)jR[g(o)] — Oy Rijlgo] + gR[Q(o)]Rij [9(0)]
1 u 1 1, 1 5 ,
+§9(0)ij R™[g9(0)] Rralg0)] + gD(o)R[g(o)} - gR lgo] )| + 21 Rijl9(0)] — ER[Q(O)]Q(OW ©(0)

1 1 1
Y (D©0)iD); — 90)i50)) ‘P%o) + ZaiSO(O)aj(P(O) - gg(o)ijak¢(0)ak¢(0)

K2 9 5 1\ 4 IR 1
—1—5 <V4 — 5‘/2; + 6> P(0)9(0)ij T 6P 0@y ~ HW(O)D(O)SO(O)Q(O)U}

—or [~ L. 1 (2) k1 ) (2)
e {M)ia’ ~ 3905wt 13 (R( 9]y — B3 9011 + DoyeDioy )

1 2) Kl (2) @)
-3 (D(O)%’j +9(0)" D0)iD0)jVri ) — ER[g(O)]%.j

1 2 2 2
~90ij <—Rkl [9(0)]71(d) + DéCO)DéO)%(d) - Q%)D(O)Vl(cz)))

1 2 ~ 2 @), 3K 2 4
12 ([9"5 Vi 90( 0 T 2@(0)@(2)} 9(0)ij T P(0)Vij ) + 7‘/3 P(0)9(0)ij ( > (7.11)
and
Sb(Q) — _90(2)
—3r 1 1 2 9.0 1Y 3
+e " (=2r) ER[Q(O)]W(O) + 58P0 — 267 (Ve — 5V + 6) Yo
e (Foge) — 1862VEETy) ) (7.12)
The inhomogeneous solutions of these equations take the form
W = e (<2rhayig + guayig) ¢ =T (<2B(a) + By) » (7.13)
where
2 | 1 kl 1 2
hiyiy = —k 16,2 —2R"[g(0)| Rritj19(0)] + gD(o)zD(o)jR[Q(o)] — Oy Rijlgy] + gR[g(o)]Ri]’ [9(0)]
1 1 1, 1 5 )
+590)is R*[g ()| Rialg o)) + gD(o)R[Q(o)] —3f 9ol )| + 57 | Bislgo] — 63[9(0)]9(0)17 ©0)
1 1 1 i
T4 (D(O)iD(O)j - g(O)iJD(O)) ‘P%o) + 131'90(0)83'@(0) - gg(om@ ©(0)9k(0)
K2 9 1 1 1
+E <V4 5‘/},2 + 6> @?o)g(o)zj + 5P OP@I0)ij — 1290(0)D(O)SD(O)!](())z‘j} ) (7.14)
~ L. 1 (2 2) k2
s = —K {W(% ~ 39057 T 3 (R(z[ o) = B30l + DoDloe)

2 2 1
(mefj) + 9(0)“D<0)i9(0>ﬂ£z)) - gR[gmﬂ%(a)

1

2

1 2 2 2
~9ij (‘Rkl [Q(O)héz) + D?O)Déo)%(d) - 9%)5(0)715;1)»

1 . @ 3K2 1
D ({9’12‘/3 <P( 0+ 2@(0)@(2)} 9(0)ij T @%o)%-j)) + 2‘@?%@9(0)@} - ih(4)ijg7'15)
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- 111 1 9 1
P2 =3 [123[9(0)]%0) +5H0)%0) — 2° (V4 — §V32 + 6) (P?O)] 7 (7.16)
and ) 5
P2 =3 (@(3) — 186"V i) — 3@@) : (7.17)

This completes the computation since the coefficients 7(4);; and 73y have been identified above
with the renormalized one-point functions. In particular, taking the trace of the expression for
9(ayij relates the trace of 7(4);; with the trace of g(4);;. Inserting this back in the expression for
g(4)ij one obtains the renormalized stress tensor 7(4);; in terms of g4
terms that are explicitly expressed in terms of the sources.

ij» its trace, and lower order
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Appendix
A ADM identities

A few identities relating to the ADM decomposition (4.2)) of the metric are collected in this ap-
pendix. In particular, in matrix form, the metric (4.2) and its inverse are

_ (N24+ NyN* N, [ 1/N? —Ni/N? (A1)
7= N; ;) ¢ T \=NYN? 4l 4 NINI/N? ) '

where the indices i = 1,...,d are raised and lowered respectively with v¥ and 7ij. Moreover, the
Christoffel symbols I', [g] can be decomposed into the following components in terms of N, N; and

Yij+

=N (N + NN — NiNjKij) ,

I, =N (0N - N K;),

Iy, =-N""Ky,
Il,=—-N"'N'N—-ND'N—-N'N'N'9;N + N'+ N'D;N* + 2NN/ K} + N"'N'N*N' Ky,
I, =-N"'N'9;N + D;N' + N"'N'N*K}; + NK;,

Iy =T50] + NTINFKG;. (A.2)

B Hamilton-Jacobi primer

In this appendix we collect a few essential facts about HJ theory in classical mechanics. For an
in-depth account of HJ theory we refer the interested reader to [24] 40]. A more abstract exposition
can be found in [41].
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Let Q be the configuration space of a point particle described by the actiorﬂ

S = /t dt'L(q,q;t), (B.1)

where g% are coordinates on Q. In the Hamiltonian formalism the generalized coordinates ¢® and
the canonical momenta

0L

Pa = @’

are independent variables parameterizing the phase space, which is isomorphic to the cotangent
bundle T*Q of the configuration space Q. The cotangent bundle is a symplectic manifold with a

canonical closed 2-form (symplectic form)

(B.2)

Q =dp, N dg®. (B.3)
Since € is closed, it can be locally expressed as
Q =do, (B.4)

where

O = p.dg”, (B.5)

is known as the canonical 1-form, or pre-symplectic form. The Hamiltonian, given by the Legendre
transform of the Lagrangian,

H(p,q;t) = pad” — L, (B.6)
isamap H : T*Q — R and governs the time evolution of the dynamical system through Hamilton’s

equations
OH , OH
T B
At this point it is instructive to distinguish two cases, depending on whether the Hamiltonian
depends explicitly on time ¢ or not.

a7

q

Time-independent systems

A section, s, of the cotangent bundle is a map s : @ — T*Q, providing a 1-form over each
point ¢ € Q. A closed section of T*Q is locally exact and so it can be written as s = dW for
some function W(q) on Q. Under the isomorphism between phase space and the cotangent
bundle this means that locally

OW(q)
o = . B.
oq® (B-8)
Moreover,
Oos=dW, Qos=0. (B.9)

These results hold for any closed section s of 7*Q. The HJ theorem relates certain closed
sections, s, of the cotangent bundle to solutions of Hamilton’s equations (B.7)). In particular,

OH *W OH
Hos)= (270 4 27V 90 gye
d(Hos) <8q0‘ + 940" 8p5>

oOH *W [ O0H
Y il e « v Y. a
(aqa v >dq " dPog <3pﬂ K )dq ’ (B.10)

which implies that the following two statements are equivalent (see Theorem 2.1 in [42]):

151 this appendix a dot * denotes a derivative with respect to time .
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(i) If 0 : R — Q satisfies the first of Hamilton’s equations in (B.7]), then s o o satisfies the
second Hamilton equation.

(ii) d(H os) =0.

Hence, a closed section s = dW of the cotangent bundle that satisfies the (time-independent)
HJ equation

Hos=H ((;Vz,qﬂ> =K, (B.11)
q

where E is some constant, provides a solution of Hamilton’s equations.

Time-dependent systems

In order to accommodate systems with a Hamiltonian that explicitly depends on time we
extend the configuration space by including time as a generalized coordinate so that Qext =
Q x R is now the extended configuration space. Phase space is accordingly extended by
including —H as the canonical momentum conjugate to t. This extended phase space is
isomorphic to the cotangent bundle 7™ Qext, which carries the canonical symplectic form

Qext = dOcxt = dpa A dg® — dH A dt. (B.12)

Moreover, to Hamilton’s equations we can now append the equation

- OH
H=—. B.13

T (B.13)
A closed section of T*Qext can be locally written as s = dS for some function on Qey, and
consequently

9S8 (q;t) 9S(g;t)
a = , —H= ) B.14
P ™ "age ot (B.14)
which imply that
Ocxt 05 =dS, Qextos=0. (B.15)

It follows that
oS oH 928 928 02S [ OH
=d(H — )= =+’ — —¢7 )| dg”
f [ o 05 OS, OS (OB 5]y,
ot "1 atoge T o2 " agPot \opy !

oH 0*’S [(0oH
[t ()

g 9q%9q> \ dps
OH . 9%°S [ OH
o o (oL 5
+ [ o H+ 9401 (apﬁ q >] dt, (B.16)

which allows us to generalize the HJ theorem to time-dependent Hamiltonians. Namely, a
closed section s = dS of T* Q. that satisfies the HJ equation

oS oS oS
H — =H (= 4% — = B.1
os+ BN <6qo"q ,t) BN 0, (B.17)

provides a solution to Hamilton’s equations.
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A few comments are in order at this point. Firstly, note that the HJ formalism for time-
dependent Hamiltonians reduces to that for time-independent Hamiltonians upon setting

S(¢;t) = W(q) — Et. (B.18)

The function S(g;t) is known as Hamilton’s principal function, while W(q) is called the charac-
teristic function. Secondly, the expressions for the canonical momenta and the Hamiltonian
should be familiar from quantum mechanics. Indeed, Hamilton’s principal function S(g;t) is related
to the WKB wavefunction by

Ywip(g;t) ~ SE/Mn (B.19)

and so the expressions are respectively the coordinate representation of the momentum
operator and the identification of the Hamiltonian with the time evolution operator.

Finally, Hamilton’s principal function S(g;t), defined as a solution of the HJ equation (B.17),
is closely related to the on-shell action. To elucidate the relation, consider the action on the
semi-infinite line (—oo,t]. A general variation of the action gives

¢ oL oL t oL d (0L oL
0S8 = dt' | =—=8q¢“ + —64“ :/dt’ —_— — | = 0 —0qg°
/ (aqa T o ) (aqa dr (w)) I g
To ensure that the variational principle implies the equations of motion we need to impose the

boundary condition §¢® = 0 at ¢ = t. The on-shell action therefore becomes a function of the fixed
but arbitrary boundary condition ¢*(t), namely Son_shen(¢; t), while

(B.20)

oL 0Son—shell
pa|t: Tqat:% (B.21)
Moreover,
: 8son—shell aSon—shell .
Sonfshell =L= ot + 8q0‘ ay (B22)
and so Sop_shen satisfies the HJ equation (B.17]):
) O0Son—shell O0Son—shell 0Son—shell
0= a _ 4 ZTonmshel oy [ ZZonTshen 6.t Zron=sher B.23
paq + 81; 8(]& ) q 9 + at ( )

We therefore conclude that the on-shell action as a function of the arbitrary but fixed boundary
condition q(t), Son—she1(¢; ), can be identified with Hamilton’s principal function S(g;t). The fact
that the on-shell action is a solution of the HJ equation is the fundamental reason for the critical
role that HJ theory has in holographic renormalization.
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