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ABSTRACT

Irrelevant operators in a CFT modify the usual Weyl transformation of the metric.
A metric beta-function turns on, which modifies the Weyl anomalies as well. In this
paper, we study the relation between bulk diffeomorphisms and Weyl transformation
at the boundary when a massive scalar field, which sources irrelevant operators at the
boundary, is coupled to the bulk metric. Considering the effect of the backreaction
generated by the scalar field, we provide a holographic description of the boundary
metric beta-function and anomalies. Our results represent an additional test of the
AdS/CFT correspondence.
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1 Introduction

The holographic computation of the Weyl anomaly [1] has been one of the very first
non-trivial tests of the AdS/CFT correspondence. Its success relies on the equiva-
lence between bulk diffeomorphisms and Weyl transformations at the boundary of
AdS space, which, since then, has been widely studied. However, it is not so clear
how the equivalence works when the asymptotics of AdS are deformed, namely when
the fields present at the boundary induce a strong backreaction onto the gravita-
tional background.

In [1] Einstein’s equations with a negative cosmological constant are solved in
terms of the boundary metric and it is shown that the on-shell action is divergent at
the boundary. The divergences can be cancelled by the addition of local countert-
erms, but the regularisation spoils the conformal symmetry of the boundary theory
and gives rise to a holographic Weyl anomaly. Holographic renormalisation has been
further developed in [2], where scalar fields coupled to gravity in the bulk and their
contributions to the Weyl anomaly are also considered. When scalar fields are added
on top of a dynamical background, they induce a backreaction, and the method pre-
sented in [2] is consistent when the bulk scalars are dual to relevant or marginal
operators of the boundary CFT (see also [3]). Scalars that are dual to irrelevant op-
erators induce a stronger backreaction onto the gravitational background, and in [4]
the method of holographic renormalisation has been extended to account for such
backreaction, when the irrelevant operators are of non-integer conformal dimension,
so that no logarithmic divergence appears in the renormalised action (i.e. there is
no anomaly in the CFT). Logarithmic divergences are considered in [5], where the



conformal anomaly in the three-point function of irrelevant operators is computed
in the CFT and derived from holography. However, in this case no backreaction has
been considered and the gravitational background has been taken to be unperturbed
by the presence of the scalar fields. Here, we want to study the effect of coupling
integer dimensional scalars that source irrelevant operators on the boundary theory
to a dynamical background, thus including the effect of the backreaction.

CFTs with integer dimensional irrelevant operators have peculiar properties [6].
In order to have a solution of the Wess-Zumino consistency condition for the Weyl
anomaly, the presence of these operators requires a modification of the usual Weyl
transformation. A metric beta-function, which depends on the sources of the irrel-
evant operators, has to be introduced in the Weyl transformation of the metric. As
a consequence, the Weyl anomaly is deformed by the metric beta-function, i.e. the
solution of the Wess-Zumino consistency condition is different in the presence of
the beta-function. The geometry, however, is not subject to an RG flow, since
correlation functions of irrelevant operators in [6] are computed in the undeformed
CFT.!

Here we will present a holographic description of the four dimensional CF'T stud-
ied in [6]. Therefore, we will also generalise the analysis of [5] to include the case
in which the bulk scalar fields are coupled to a dynamical background. However, to
make contact with [6], we will be interested in describing a boundary theory that
is not deformed by the irrelevant operators. To do so, the tool that we find most
convenient to use is that of Penrose-Brown-Henneaux (PBH) transformations [12].
These are a particular class of bulk diffeomorphisms that reduces to Weyl transfor-
mation on the boundary. They consist of a general transformation rule for the bulk
metric, and, as such, they do not require solving any equation of motion. An action
evaluated on a metric that is a solution of the PBH transformation allows to study
the Weyl anomaly of the boundary theory. Thus, we will extend the analysis of [12]
to include massive scalar fields in the bulk and provide a holographic description
of the results obtained in [6]. As we will show, the condition that the irrelevant
operators at the boundary do not deform the CFT requires that we are off-shell in
the bulk, thus making the PBH transformation an ideal framework for the present
analysis.

Irrelevant deformations of CFTs have received attention in particular in the form
of TT deformations. It is proposed that a two dimensional 7T deformed CFT is
dual to a three dimensional AdS space with a sharp cutoff [13]. This conjecture has
then been further analysed and extended to higher dimensions [14-16]. Although we
are not considering a 7T deformation, the scalar field that we will add in the bulk
is sourcing an integer dimensional irrelevant operator on the boundary. As we will
see, this addition will still have the effect of moving the boundary into the bulk, but,
since we are interested in describing an undeformed boundary theory, we will have
to move the cutoff back to the AdS boundary where the undeformed CFT lives. In
so doing, the solution of the PBH transformations will go off-shell, in the sense that
they won’t match anymore the solution of the equations of motion of a scalar field
coupled to a dynamical background. Nonetheless, once this is done we will precisely
recover the physics described in [6]. We will thus see that the Weyl transformation

'Metric beta-functions in the framework of holographic RG flows are also discussed e.g. in [7-11].



of the metric is no longer the usual one, but it acquires a beta-function, and we will
be able to study the modified anomaly in our holographic set-up. In the end, this
analysis will sharpen the understanding of the AdS/CFT duality in the presence of
a backreaction in the bulk theory.

The paper is organized as follows. In sec. 2 we review the pure gravity formulation
of the PBH transformations and how the holographic Weyl anomaly is obtained. In
sec. 3 we extend the PBH transformations to describe a scalar field coupled to gravity
and choose the scalar field to have integer dimension A = d 4+ 1. We show that the
transformation of the boundary metric is no longer the usual Weyl transformation
and we derive the modified Weyl anomaly of the four dimensional boundary theory.
These are the main results of the present paper. We then conclude and discuss
possible extensions of our analysis. We report all the explicit results that are needed
to derive the modified anomaly in the appendices and in the ancillary Mathematica
notebook.

2 Pure gravity

We introduce now the PBH transformations for the metric, mainly reviewing [12]
(see also [17-20]) to set our notation.

2.1 PBH transformations

Consider an asymptotically AdS space in (d+ 1) dimensions with coordinates (z, z")
such that the bulk metric has the Fefferman-Graham (FG) form”

L, dz* 1 Qo
ds* = G, dX"dX" = Y] + ;gij(z,x)dx dx’ (2.1)
where the boundary is at z = 0, with g;;(z = 0,2) = gi(;]) (x) being the boundary
metric. In order to study the Weyl anomaly of the dual CFT, we first study the
behaviour of G, under diffeomorphisms. Under a general coordinate transformation

X = X4 h(X) (2.2)
G, transforms as
0G,, = Gp0,8" + G,,0,8° +£P0,G (2.3)

with 0G, = LeG, = G, (2,2) — G, (2, 7) and we require that §# is such that (2.1)
is form invariant under (2.2), i.e. L¢G,, = 0 = LG ;. The solution is given by

. . 1 o .
£ =—2z0(z), & =d(zx)= 58]0(30)/ dz' g” (7, x), (2.4)
0
where o(x) is an arbitrary function, the a are infinitesimal and we will work to order
O(o,a'). The lower end of the integration is chosen so that there are no residual

2We choose an AdS space with radius £ = 1. Greek letters are used for (d+ 1)-dimensional bulk
indices, while Latin letters for d-dimensional boundary indices. Our convention on the curvature

is [V, Vo]V, = R, V,, with Ry = Ry’



diffeomorphisms at the boundary z = 0. In other words, the boundary condition
a’(z =0,z) = 0 holds. From form invariance of Gj; it follows that

5gij = 20’(1 — z@z)gij —+ Vl-aj —+ Vjai y (25)

where indices are lowered with (and derivatives are covariant w.r.t.) g;;. Egs. (2.4),
(2.5) define the PBH transformations.

We show now that this particular class of bulk diffeomorphisms reduces to a

Weyl transformation at the boundary. Indeed, the commutator of two diffeomor-
phisms (2.3) is again a diffeomorphism

[527 51]Guu = Gupaugp + Gupaugp + gpapGuu ) (26)
where €7 is defined as

£ = E]0,85 — E50,E0 + 6267 — 6,165 (2.7)

and the last two terms are non-vanishing if we allow &* to be field dependent. If
the diffeomorphism is a PBH, then it is possible to derive the PBH group property
&n =0 [19,21], so that [d,, 01)G,, = 0. Since the PBH transformations do not act
on coordinates, it follows that [ds,1]g;; = 0 and the PBH transformations reduce
to a Weyl transformation on the boundary metric. Indeed, from (2.5) at z = 0 it
follows that

0) _ (0)
8g;; =209, - (2.8)
Now we assume the following power series expansions about the boundary?®
a'(z,x) = Za%n)(:p)z" (2.9)
n=1

gii(%, ) ng : (2.10)

Using the PBH equations, we can determlne the coefficient in the expansion of the
metric in terms of covariant tensors built from the boundary metric as follows. First,
we compute the a,) in terms of the g,), and for the first few terms we find

i L 4
i L3
gy = —Zg({)aja. (2.12)

Indices are now lowered (raised) with the (inverse of) gg.)); curvatures and covariant

derivatives will be w.r.t. gg»)). Then, combining the expansions and the a, into (2.5)

we find the variation of g, as

39\ =20g.) (2.13)

69" =20(1 = n)g; + Z <9m 0yaf) + g5 "0l + afyyOrgl; m)) (2.14)

3If d is an even integer, the expansion of the metric contains also logarithmic terms. Here we
work in generic dimensions, and we do not need to include such terms.
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and we see that in general g(,) contains 2n derivatives. Thus, to compute it we
make the most general Ansatz for a symmetric tensor with two indices and with
2n derivatives, take its variation according to (2.13) and impose that it satisfies the
PBH equation. In this way, for example for the first two terms we find

1 /O 1 ©
() (0)
- —— (R, 2.15
gz] d—2( J Q(d—l)RgU) ( )
iy d—4<8(d—1) Vit T g =) M T R =)= 1)
1 © © d—4 © 1 ©) (©)
— ——R" Ry + ———= R R* RyR
d—2) " kT g g T g R —1)
1 © (O)kl (0) 3d (0)(0)

- - W ) R2
T gz R T g o= e )
0 ©
+a CQQZ(JQ) + ¢ Cipim C (2.16)

where Cjji,; is the Weyl tensor. Starting from g(2), the solutions will have free
coefficients that are not fixed by the PBH equation. On the other hand, if one
solves Einstein’s equations of motion for the metric, g(2) is completely determined in
generic dimensions. The free coefficients in the PBH solutions are thus fixed on-shell
given an action.

2.2 Effective boundary action and Weyl anomalies

Counsider now an action
S = / A XVG(R(G)), (2.17)
M

where f is a local function of the curvature and its covariant derivatives and we
require that f(R) is such that the equations of motion are solved by asymptotically
AdS4y1 in order to have a CFT at the boundary. Under a bulk diffeomorphism, the
action S is invariant up to a boundary term

65 = / d™1X 0, (¢"L) , L =VGf(R(G)) (2.18)

from which we read the transformation d£ = 0, (§#L). If the diffeomorphism is a
PBH, then one shows that [0y, 01]£ = 0 upon using the PBH group property [19].
In FG coordinates, the metric expansion (2.10) induces a power series expansion for
L as well

L= g0z "Ly, L,=) LM (x)". (2.19)
n=0

Then, by virtue of [ds, 01]£ = 0, it is possible to show that £, satisfies a Wess-Zumino
condition

/aM d*z\/q0) (02(2)01 Ly — 01 (2)02Ly) =0, (2.20)

bt



which means that £, is a candidate for the anomaly of the boundary CFT. To make
the connection precise, from (2.18) we have

552/ A &L= = —2/ d'r 20 L|.— (2.21)
oM oM

restricting the diffeomorphism to a PBH. Using the holographic dictionary, we in-
terpret the variation of the bulk action as the variation of the generating functional
of the CFT correlators, so that the finite piece in (2.21) gives the holographic Weyl

anomaly.” Thus, Eg") (x) is the trace anomaly of the d = 2n dimensional CFT.
Consider now as an example the following action

262 f(R(G)) = A—R(G)+7 (Rupw R*™") (G) , A= —d(d—1)—2d(d—3)y, (2.22)
where 7 is a dimensionless parameter and A is such that AdSy,; with radius ¢ =1
is a solution of the equations of motion (for simplicity in the following we will take

2K2 = 167TG§\C;+1) = 1). By writing the action in FG coordinates we find (a prime
denotes a derivative w.r.t. z)

1 g 1 g
L,=d(1+4v)+ 52(1 + 47) [2(1 — d)g”g;j — R(g)] + 522 [4(1 + 47)9”92’9

— (3= 4(d = 5)7)9" " gly01 + (1 +8) (973};)" + (R R7™)(9)

+ 879, R (9)] + 72 [49™ 97" 9" gixrnTi — 497 97 97" Ghs Ghom i

~ 29591 (9) — 49" 9"V 395V G + 49" 9"V 191,V G

+ 92 [0 9 G G G 190 + (979" 95 91) + 89 97 9 gk

— 89" 9" 9" G Grn i) (2.23)
and expanding the metric according to (2.10), we identify for instance the terms

1 © 1 A
1 - _ = Z(9_ Q)i
LY = —S(1+47) R+ (2= d) (1+ 47)g V" (2.24)

1 ) 1 0 3 ‘
Ef) = 5(1 + 12’7)3”9(1)z‘j - 1(1 + 47)39(1)2‘ + 5(4 —d)(1+ 4’7)9(2)22‘
1 3 o1 ©©
+ (5(8 —3d) + 574 - d)) gig™ = 51+ 47)V; Vg0
1 (1) (1)ij 1 © (1)i 1O (O)ijkl
+ Z(?’d —10) +v(5d — 14) ) " V359" + 5(1 +4v)0g"™" + SV R R
(2.25)

and on the PBH solutions (2.15), (2.16) we find the trace anomaly in d = 2,4
respectively:

m_ _L oL
1 0) () 1 (0) 1 ©  (© 1
Ly = gL+ 129) Ry RY + (1 + 8y) R + §’VRz‘jklR”kl =16 (cC® —aEy)
(2.27)

4Divergent terms can be cancelled with the addition of counterterms to the bulk action [22].
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with c =1 —4vy and a = 1+ 4. Ejy, is the Euler density in d = 2n, and explicitly
E,= RijklRijkl — 4Rinij + R? while C? = RijklRijkl — 2Rinij + %RQ with curvature
w.r.t. the boundary metric. Following the classification of [23], we notice that in
d = 2 the anomaly is entirely type A, while in d = 4 there is also a type B. In
particular, for v = 0 we have a = ¢, while in the presence of the quadratic term
in the curvature in (2.22) then @ — ¢ # 0. Since R? and R, R" terms in the
action would also change the values of a and ¢, but not their difference, (2.22) is the
minimal bulk action which allows to distinguish between type A and B anomalies
in the pure gravity case. Having a # ¢ will be useful later when we include scalar
fields in the bulk. As a final comment, notice that gg?) does not contribute to E_f,")
in d=2n [18,19,24].

3 Adding a massive scalar field

Now we add a massive scalar field ® in the bulk and couple it to the metric. We
want to extend the PBH transformations discussed in sec. 2 to describe this system.”

3.1 Modified PBH transformations

From the standard holographic dictionary it is known that a bulk scalar field of mass
m is dual to a scalar operator on the boundary theory with dimension A, related
to the mass by m? = A(A — d). Close to the boundary, we consider the following
expansion

(I)(Z,l‘) = Z(d_A)/ng(zax) ) gb(z,x) = Z ¢(n)(x)zn (31)

with ¢ o) being the source of the boundary operator.® Requiring that the bulk scalar
is indeed a scalar under diffeomorphisms,

P, 2") = (z,x), (3.2)

and choosing the diffeomorphism to be a PBH (2.4), we obtain the PBH transfor-
mation for the field ¢ as

d—A ,
With the expansion in (3.1), we get
n—1
5¢(n) = —O'(d + 2n — A) + (a%n_m)aigb(m)) , (3.4)
m=0
that to lowest order yields
3¢ 0) = 0 (A —d) b, (3.5)

5See also [25-27] for the PBH transformation of scalar fields.
6As for the metric expansion, there are logarithmic terms in the expansion of ¢(z,z) for even
integer dimension d. We assume we do not need to include them in the present discussion.
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namely the correct transformation of the source of a dimension A operator under
Weyl transformation. Eventually, we want to make contact with the four dimen-
sional CFT analysed in [6]. Thus, we choose A = d + 1, and therefore the scalar
field is sourcing an irrelevant operator in the CFT.
When we couple the bulk scalar to gravity, the dynamical background will back-
react and the metric in FG form will be as follows
2
ds® = % + % (9ij(2, ) + hij(z, 7)) da'da? | (3.6)
where h;; is the backreaction, which depends explicitly on g¢;;(z, ) and ®(z,z). We
are essentially allowing for perturbations of the metric g;; due to the presence of
the scalar field ®, and the metric g;; is then treated as a background, unperturbed,
metric. To first non-trivial order, the backreaction is quadratic in the scalar field,
and from now on we will work to order O(a, $?). We impose a boundary condition
for the backreaction (following [1]), namely that the backreaction does not change
the boundary metric. In other words, gg»)) is still the boundary metric even in the
presence of the backreaction. We will see the effect of this boundary condition later.
We now derive the modifications of the PBH transformations due to the presence
of the backreaction by studying the behaviour of (3.6) under diffeomorphisms. The
FG form of the bulk metric in (3.6) is invariant under the transformation in (2.2)
for

& = —2z0(x), & =d(zz)+b(z1)= %@-a(x)/ d2' (g7 (<, z) — W (¢, x)) ,

‘ (3.7)
where b° contains the scalar field corrections brought about by the backreaction and
is therefore of order O(a, $?), while a' is still of order O(a, ¢°). Notice that now we
are restricting the radial integration to the region z > e > 0. This is necessary to
avoid divergences in the integration. Indeed, since A = d+ 1 and h;; is quadratic in
the scalar field, it follows that the backreaction goes as 1/z about the boundary, thus
making the above integration divergent at z = 0 and requiring that we integrate
over the region z > ¢ > 0. This effect is reminiscent of [13, 16]: the scalar field is

causing the boundary to move into the bulk. Finally, from form invariance of G;;
we find to O(o, ¢?)

+ Vi(lj + Vj(li + Vlb] + V]b, + hiijak + hjkviak + akvkhij s (38)
where indices are lowered with (and derivatives are covariant w.r.t.) g;;. We refer
to egs. (3.7), (3.8) as the modified PBH transformations.

Given the leading asymptotic behaviour of the metric and the backreaction, we
make the following Anséitze for the radial expansion of a* and b’

a'(z,x) =@ (e, x) + Z 2" afn) (x) (3.9)

n=1

NE

bi(z, ) = Ei(e, x) +logz 5?1)(3:) + [z"’l (log z Ein) (x) + bén) (:c))} . (3.10)

[|
N

n



where @ and b’ are constant terms in z and their appearance is due to the lower end
of the integration in (3.7). For the metric and backreaction we assume

gl] 2 SU ZZ' gm (311)

hij(z,x) = ;hﬁ?) () + log z 715]1)(:6) +0+ Z [z"’l (log z EE;L) () + hg?) (:c))} ,
(3.12)

where we stress that there is no term at order z°. This implements the boundary

condition that we anticipated above, namely that the boundary metric is still given
by gg;?) even in the presence of the backreaction [4]. The appearance of logarithmic
terms is a consequence of the particular choice for the dimension of the scalar field
A =d+ 1, and we are thus generalising the analysis of [1] as advocated in [5].

Using the above expansions, from the modified PBH equations we find for the
first few terms (the afn) are as before)

by = ;966” o P00 (3.13)
o) = ; 96,900y P50 (3.14)
blo) = %[(9%96) + 90900 i + (61900, hoan] D50 (3.15)
bs) = i[(gf"igfﬁ + 95900y ik — 9(6 900, P D50 (3.16)
by = 1|1~ 57+ SR+ RO + gt + ot
- Q?SQ( 1h O — gl nO7 — gl B0 | 050, (3.17)

where indices are lowered (raised) with the (inverse of) gi(;])

derivatives will be w.r.t. gg.)).

; curvatures and covariant

For the metric and backreaction variation’

©) _ 4.5
h) = 4o (3.18)

5 = 20K + Vibwy + Vi
i = 20h; + Vibay; + Vbay (3.19)

39\ = 20g\) — 20h +hO)V afyy + h$ Viaf) +afy Vb)) (3.20)

- "The expressions that follow are written up to boundary diffeomorphisms generated by a’ and
b*. Since their presence does not affect the solution of the PBH equations, we disregard them for
simplicity of notation.



5%5;“) =20(1 — n)ﬁ@H)

)
n+1

nml (n—m—+1) (n—m+1
+Z<( +1) k)—i‘ +8b 8kgz )

+ R0k + R0l +a§m)akﬁgy—’”“>) (3.21)

59 + 5h{ Y = 20(1 — n) (gm + ) = 20k

n+1
_'_Z( (n m+1 k )_i_g(zfmqtl)azbégm) —|—b 8k Zn m+1)

J
R Byl + R V0l + a0kl ) L (3.22)

A few comments are in order here. The above equation for the metric and the
backreaction can be solved in the same spirit outlined in sec. 2. The term h,)
(and similarly ﬁ(n)) is quadratic in ¢y and contains 2n derivatives. Once the most
general expression for g,y 4 41y (or iL(n)) is written down, it is enough to vary it
according to (3.20) and (3.5) up to O(o, ¢*) and impose the variation is a PBH to
find the sought for expression. The solution of the backreacted Einstein’s equations
of motion (as in [4] but with A = d + 1) will also satisfy the above equations.

As in the pure gravity case, the modified PBH equation fixes the expression of
the backreaction only to some extent. For instance, the first term in the expansion
is

h = hog ¢(o (3.23)
for some coefficient hg, not fixed by the PBH equation. The higher order terms in
the radial expansion will have more and more free coefficients, that are fixed on-shell
given an action.”

Notice that the backreaction modifies the usual Weyl transformation of the
boundary metric in (3.20). However, unlike in the pure gravity case, as it stands
the modified PBH transformation does not reduce to a Weyl transformation of gi(;).
Indeed, when the diffeomorphism is a modified PBH transformation, from (2.7)
and (3.7) we find that (up to O(a, ¢?))

~

=0, &=c(g(cx)—h(ex)) (&0, — €0,6) (3.24)
so that now we are left with a residual diffeomorphism

( )
[525 51]92] - gjk ng + g@ ngk (325)

Before solving the modified PBH equation for the backreaction, we thus have to
address the issue of the z = € cutoff.

The holographic dual of the gravitational theory discussed so far is a CFT de-
formed by an irrelevant operator. However, since we want to make contact with the

8For instance, given the action of a free massive scalar field coupled to a dynamical metric, then
on-shell hq is proportional to the coefficient of the lowest order term in the radial expansion of the
scalar field action and it is thus non-vanishing on-shell.
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unperturbed CFT presented in [6], we have to move the cutoff surface back to the
AdS boundary. Given that

bi(e,z) = —ho logeg ¢(0 djo + Ole) , (3.26)

the way to move the cutoff back to the boundary, without setting the source to
zero, is to take hg = 0 and then ¢ = 0. In this limit we can describe a boundary
CFT in the presence of an irrelevant operator, avoiding the prescription gb%o) =0
advocated in [2,3]. As a bonus, the commutator in (3.25) vanishes and the modified
PBH transformation reduces to a Weyl transformation at the boundary. However,
the price to pay is that the solutions of the modified PBH equations are not on-shell
anymore (see footnote 8).

Now, we proceed by solving the modified PBH with hy = 0. For iz(l) we make
the Ansatz

) DN 09 , ©  © ©) ©

+ hs g5 d0)Dd0) + he 955" (Vo)) (3.27)
and a solution of (3.19) is given by

) o © © o, © PO
hayij = hi | Rij¢o) + (d —2)d0)ViV;do) + 955 d0) Db — (d—1)g;;" (V)

o (@, 0 ©
+ hag;;" | Rojg) + 2(d — 1)do)H) — d(d — 1)(V))” ) - (3.28)

Notice that the solutions parametrised by h; and hy are proportional to Zi’ij and
R respectively, which are the curvature tensors computed from the Weyl invariant
metric gg»)) / gb%o). Following [6], we will take hy = 0 for simplicity. Then, the variation
of the metric in (3.20) reads

592‘( —209Z +aﬁw (3.29)

with
@ (0) (0) 0,9 )
Bij = —2hy (Rij¢(0) + (d = 2)90) ViV b0 +ng ¢ Déb —(d=1)g;;/ (Vo)) )
(3.30)
and we interpret it as a modification of the usual Weyl transformation of the bound-
ary metric due to the presence of the scalar field. The holographic beta-function
that we find is in agreement with [6].

Similarly, we also solve (3.21) for il(g) and (3.22) for gay + h). The Ansatz
for h(g) has thirty-five terms and the modified PBH equation leaves six out of the
thirty-five coefficients free, while 71(2) is determined in terms of h;. We also solve
for the trace of il(g) and the trace of h3) that we will need in the following. The
Ansatz for the trace of h3) has sixty-six terms and the modified PBH equation leaves
nine coefficients free, while the trace of il(g) is determined in terms of hy, ¢y, ca. g
and g(2) are not modified by the presence of the backreaction and are still given
by (2.15) and (2.16) respectively. We provide more details in app. A and in the
ancillary Mathematica file.
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3.2 Effective boundary action and modified Weyl anomalies

To derive the holographic dual of the modified Weyl anomaly found in [6], we extend
the method outlined in sec. 2.2 to include the effect of the backreaction.
Consider an action

S= / 4 XVG (R(G), ) . (3.31)

where f is a local function of the curvature and its covariant derivatives and contains
also matter field ®. We could think of S as gravitational action with a scalar field
coupled to the metric and we require that f (R(G),® = 0) is such that AdS4;; is a
solution of the equations of motion. Then, we write the action in FG coordinates
with backreaction (3.6) and, expanding in powers of z, we obtain the holographic
anomalies by evaluating the corresponding expressions on the solutions of the mod-
ified PBH equations. However, the off-shell solution that we discussed so far with
ho = 0 sets the scalar field action to zero (see footnote 8), so that eventually the
scalar field contributions to the anomalies is only due to the backreaction.

Defining now £ = /G f (R(G), ®), in the FG coordinates (3.6) we write

L= g(o)zidﬂ*l (ﬁg + Lh) (3.32)
L,= Z Eg”) ()", L= Z [long%") + Eé") , (3.33)
n=0 n=0

where L) contains the backreaction and it is thus quadratic in the scalar field; in
the second line we use the expansions (3.12) with hy = 0 and L, is as in sec. 2.2.
Following the reasoning of sec. 2.2, we can show that [d2,d;]£ = 0 upon using the
PBH group property for Ay = 0 and thus £,+ L}, satisfies the following Wess-Zumino
condition

3 / A"z /G) o2 () (Ly + L) — 52/ d*z\/g0) o1(2)(Ly + L3) =0,  (3.34)
oM oM

(0)
]
Eén) + Eﬁln) as the trace anomaly of the d = 2n dimensional CFT at the boundary.”

Considering again the action (2.22), we now write it in the FG coordinates with
backreaction (3.6) and find the expression for £ that we report in (B.1) in app. B;

L, is still given by (2.23). Expanding the metric and backreaction in (3.32) according

where g¢;;” now transforms with the beta-function (3.29). From (2.21) we interpret

9As in sec. 2.2, we neglect divergent terms that are cancelled by counterterms. In [2] the coun-
terterms considered only cancel negative powers of the radial coordinate; with irrelevant operators
there is also need of logarithmic counterterms, as considered (in flat space) in [5].
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0 (3.12) with hg = 0, we identify for instance

0 . 1 4 o~
£ = 4y RIBG + 52— d)(1+ 4n)hP — (2= d)(1+ 8y)g IR

1 . _
+ 51+ 12y —d(1 + 49))gWiR WIS (3 — d) (1 + 4y) P, (3.35)

1 (0) (0)

; 3 . : 1 -
£? = — (L )RR 4+ 2(1 4 6y = 2d(1+49))g h + S (14 129) Ryh®

1 3 .
— (5+28y - 5d(3 + 207))gM ;AP — S(d—=4)(1+ 44N,

— (5 + 68y — d(1 + 127))g@¥ M) —87R” WERWD 4 8y VD, kg

0) - )
+ (54 567 — d(1 + 127))gWFgWiapM 1 — 84V ;AW ng(l)”

(4+ 487 — d(1+8))g™"sg RO ji + = (3 + 28y — d(1 + 49)) g ,h

— N

Ll ©
— (3 + 44y — d(1 + 47))gW,; gV Dk, +3 ~(1 + 4~)OA,

Hym

, . (0) - 0). .
+—(3+28y —d(1+ 47))g(1)lig(1)]jh(1)kk _ 4fyRikﬂg(1)U ROR 4 4y RT3

0]

o~ 1 ~
— (64 32y 4+ d(1 + 87))gW7h?; + 5(5 + 28y — d(1 + 4v)) gV

-0 @ © oy 0 1 ©©O
— 2yhVIV Vg WF + 4y R, v g 5(1+47)Vjvih g
. ). N (0
—(d—7)(1+47)h®; + 27R” gWERY 5 — 24n Wi 0 gM, (3.36)

which should contribute to the anomaly in d = 2,4 respectively. Focusing on the
d = 4 case, the candidate anomaly is £§2) + E;f), which on the PBH solutions yields
indeed a solution of the Wess-Zumino condition. Notice that ¢ appears in EEL")
and together with A®); it causes factors of (d—4)~! to appear in Lf). Thus, at first
sight £§2) +£,(12) is singular in d = 4. Nonetheless, it is possible to renormalise the free
coefficients of the PBH solution for the backreaction (see app. C) so that eventually
Eéz) + E,(f) is regular in d = 4 and can be identified with the holographic anomaly
of the boundary CFT. We thus define A% = (L + £*)|,q as the regularised, four
dimensional holographic anomaly. The term quadratic in the curvature in (2.22)
allows us to separate again the pure gravity type A and B anomalies, which now
receive contributions also from the scalar field. We find the following expression for
the pure gravity type B anomaly and the scalar field contributions (g;; = gi(;]) and

¢ = d)):

1
Aty = —cC? + chl( VIVigOV,Vip — —D¢D2¢ + = vkv V,6VFVIVig

ﬁkij,2§“ij2£3 ij plp 42
144R RY Rjr¢” + SRUR Ro 324R ¢* — 6R R¥ Ri10

47 53 .
1152RR2J Rzgkl¢2 8R m nRZ]klemln(b + = RijmnRZ]klelmn¢2
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1 4 .
— LR&DR — iR%D(p — —9¢2VZRVZR — ﬂRqsvi(pvn%

192 576 288 288
. . 1 . . 1 . .
+ RI* GV Ry Vg + ER]klmgbViRjklmvqu + gRij]’“VigbV’gb
1 .. 11 .. 35 13 )
— —RY$V.V;R — —RYROV,;V;¢ — — ¢OROp — —V,6V' RO
36 »°V; = PV Vi 288<b ¢ 2 ¢ ¢

—~ 1—12¢ViRDVZ-¢ - éRViquViqﬁ — 3—32R¢D2¢ + %szwiw%

+ 1—12RinVi¢ngb — %R“Rikﬂviww + f—QviRvjviww

—~ %Swjvi(pvjvia’ — %Rvjviwﬂ'v% - %Rﬂ'%viwk&j

- éRikR”gkangb + %Rﬂ"fviwkvjviq& + %RijngDRij + gwﬂ‘vigbmmj
+ %RUR”¢D¢ + %Rﬁv%mvﬂp + gRZ’%vavi(p — %&ijikv’CRﬁ

+ %b?kaiijRij - %wkvjviwmij - gRiijngkaVigb

. ) 1_. ) 1 ) .
+ ZViRjkVquV’“V](b - §v1¢vk3ijvkw¢ + §Rijkl¢vl¢le]k

7 P R 3 .
+ ﬁRikjl(bzvlkaw + ﬁRZ]Rjkjl(bvlvk(b + éRikleJV%Vleqb

D oo p ompikl _ L prg o
b PV R VR — R0V | (3.37)

while the pure gravity type A anomaly and the scalar field contributions read (again
0
Gij = g,(j) and ¢ = ¢(0))3

1 13 _ . 1 1_. 7
4d - e v/ e P w4 2v7 . o 3
A, 16aE4+ah1<32V Q60N 16 — 006 — T V6P Vi6 + 2200

1 o 1 g 5 g

_ Evkvjvzqska]vng . §RimknRZ]klemln¢2 + ERijmnR”klelmnﬁbQ
1 . ‘ 83 , < 263 , 57

— RV RV — —— R RIFN .oV R0V — — RO
16R OViR;j V' 198 VoV + 768R VioV'e 128¢ RO¢
65

, . &9 . 65
Y D jklmy a5 17 PVA w il w il s N
+ 256RjklmR V:oV'o 384R ¢»°V;V,R %

1 ‘ 1 ‘ 7 ‘ 41 -
+ gviquZRng + ZgbV’ngV,R + 3—2¢V’RDVZ¢ — ﬁRVZngVigb
[ 35 9 79 61
+ LR+ 192R¢D ¢ 192 32

192
67 3 S 1_. A
ERklRikleZgbngb — évlgijViRV]gb

48

13_, .

_ _“\/* /. I h —
51" BViVioVIo = 160
97

o 15 ’ 75 ke
+ ERJ%V%V;CRU - 3—23ileﬂ¢vkvj¢ + 1—6Rﬂ’fw¢vkvjvi¢

R9RGV; V¢

Rij¢oV' RV ¢ + — R R,V ¢V’
RijRV'¢V ¢ —

OV, Vi oVIV'R — Z—j’IRvjviW]’ Vo

7. 177 ., 73 y 169 ..
—RY0OR,;; + —¢VIVi¢OR; + — R, R1¢0¢ + — RV, V,¢0]
+ o RIGOR; + - 0VIVI60OR,; + oo Ry RY600 + - RVV; V60
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1 . y 2 y
- %Rﬁvwmvﬁp + gR”¢DVjVi¢ + 1—Z¢vkvjvi¢vkm

9 _ .. 11 A A . ,
— 9—Rlﬂvkvj¢vkvi¢ - ZViRjkV’gkangb + szgbvk}%ﬁvkvw

32
115 33

11 4 , g y
+ 1—6Rijkl¢VZ¢VlR]k + 6—4Rikjl¢2vlkal] + I—GRURM@VIV%

167 L 27 - 61
U D XTI Ixvk 2 B m pijkl
T Ry V' V'OV Vi + —128¢ Vi RijuV"R —%RD(;SD(b) , (3.38)

where we chose the free coefficients of the backreaction appearing in the anomaly, but
hi, in such a way as to simplify the results; the following comments are unaffected
by this choice.

The expressions (3.37) and (3.38) satisfy the Wess-Zumino condition (3.34). At
first sight, they look different from the one obtained in [6]. However, we checked
that the expressions are the same,'’ up to variation of local counterterms in the
field theory and addition of ‘ordinary’ anomalies, i.e. tensorial structures quadratic
in the scalar field which lead to Weyl invariant integrands to order O(c, ¢?) and are
therefore solutions of (3.34). These terms are present in (3.37) and (3.38) and the
bulk action (2.22) does not have enough parameters to distinguish them from the
modifications of the pure gravity anomalies which are solutions of (3.34) only when
the beta-function is taken into account. To do so, it might be necessary to include
additional higher derivative terms in the bulk action, which would complicate the
computation of the anomalies and for simplicity we didn’t consider.

Notice the interplay between the a, ¢ coefficients and the metric beta-function
coefficient hq, as already observed in [6]. It is this feature that makes the anoma-
lies (3.37) and (3.38) solutions of the consistency condition (3.34) in the presence
of the metric beta-function. The other free coefficients of the backreaction, which
appear in general in the anomaly through (3.36), do not show any interplay with
the a and c coefficients; the terms that these coefficients parametrise correspond to
cohomologically trivial solutions of the Wess-Zumino consistency condition in the
field theory.

As a final comment, notice that in flat boundary space and for constant o, the
anomaly reduces to (after integration by parts)

1
/d4x, /G0y o (7) A — 6° hio / d*z ¢3¢0y , (3.39)

i.e. the type A anomaly vanishes in flat space and the result is proportional to h;.
We checked that including the solution parametrised by hs in (3.28) in the metric
beta-function does not change this result. The flat space limit (3.39) is in agreement
with [0].

4 Conclusions

In this paper we computed the holographic Weyl anomaly in the presence of a source
for irrelevant operators of the boundary theory, when the boundary theory is a four

10Up to a factor of 2, which is missing in the normalisation of the metric beta-function in [6].
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dimensional CFT. In the bulk, the massive scalar field induces a backreaction onto
the metric, and, since the scalar field sources irrelevant operator on the boundary,
it changes the leading asymptotic behaviour of the metric which becomes more
singular as the boundary is approached. This causes logarithmic terms to appear
in the radial expansion of the backreaction which affect the Weyl transformation
of the boundary metric. In particular, a metric beta-function appears, which in
turn modifies the holographic Weyl anomaly. The metric beta-function and the
holographic Weyl anomaly are in agreement with the known CF'T results, so that
the present analysis provides an additional test of the AdS/CFT correspondence.

To obtain the holographic results, we studied diffeomorphisms in the bulk and
used the equivalence between bulk diffeomorphisms and Weyl transformation at the
boundary. We saw that the presence of a scalar field, which sources an irrelevant
operator at the boundary, introduces a radial cutoff, which reflects the fact that
the boundary field theory is being deformed by the irrelevant operator. Eliminating
the cutoff, we were able to describe the underformed CFT and the modified PBH
transformations reduce to a boundary Weyl transformation. However, this requires
that the backreaction is put off-shell. It would be interesting to extend the present
analysis by considering an on-shell backreaction, so that the dual theory is a CFT
deformed by irrelevant operators. The metric beta-function would then indicate
that the geometry is subject to an RG flow, and it would be interesting to provide
its holographic description.

The holographic anomaly is obtained as the finite piece of a bulk action, evaluated
on the PBH solutions. The scalar field bulk action does not contribute to the
holographic anomaly, which is obtained by the gravitational action alone evaluated
on the PBH solution for the metric including the backreaction due to the scalar field.
In the resulting expression, in addition to the usual pure gravity Weyl anomaly there
are contributions which depend on the scalar field and we calculated them to lowest
non-trivial order, which is quadratic in ¢). Some of them correspond to anomalous
terms seeded by the metric beta-function, while others correspond to solutions of
the Wess-Zumino consistency condition to quadratic order in the scalar field but
not seeded by the backreaction. The holographic anomaly is non-vanishing in flat
space, where it reduces to the expected result, which in d boundary dimensions for
a scalar operator of dimension A with source ¢g) is proportional to ¢[1"¢ ) with
integer n = A — d/2 [5].

The present analysis could be generalised to higher dimensional theories, where
the calculations will be more complicated but similar to the one we presented here.
However, it does not provide the correct dual description of a two dimensional
boundary CFT. Indeed, for d = 2 and A = 3 the candidate holographic anomaly
should be given by Eél) + ES) with ES) given by (3.35). On the PBH solutions
it yields an expression which satisfies the Wess-Zumino condition (3.34), but it
vanishes in flat space and therefore does not reproduce the expected result which
should be proportional to qb(o)DQ(b(o). This happens because for d = 2 the solutions
parametrised by hy and hg in (3.28) are no longer independent. The breakdown of the
present description in d = 2 is expected, as the CFT analysis in two dimensions [0]
requires the addition of a A = 4 operator, which is eventually identified with the
TT operator, together with an operator of dimension A = 3. We checked that
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including an additional scalar field in the bulk which sources a A = 4 operator on
the boundary and then demanding that the boundary CFT is not deformed by the
irrelevant operators still does not reproduce the d = 2 metric beta-function found
n [6]. This may be because the standard holographic dictionary tells that the TT
operator is dual to a sharp cut-off in the bulk. However, we saw that requiring that
the dual CFT is undeformed translated into eliminating the cut-off induced by the
irrelevant operator. It would thus be interesting to extend the present analysis to the
two dimensional case and see how the CFT results are reproduced by holographic
computations.
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A Ansatze

In this appendix we collect the Ansétze that we make to solve egs. (3.21), (3.22) for
n = 1,2. We report the explicit results in the ancillary Mathematica notebook.'!
In the following, we assume that g;; = gi(;]) and curvatures and covariant derivatives
(0)
]
The solution of the PBH equation for gz(j1 ) is given in (2.15) and it is not modified

are w.r.t. g;;’, and ¢ = ¢(p). We also choose hy = 0, as explained in the text.

by the presence of the backreaction. The most generic Ansatz for hg?) has thirty-five
terms and six coefficients will not be fixed by the modified PBH equation. We write
the Ansatz as

h) = 4 hygis RuRM 6% + hoy RijR$® + hoys R¥ Ripji® + hyyd?V ViR + hog Ri;¢0
+ hoggi ROOIG + B RF Rjrd® + Bygi; R29° + Ba ™™ Rjpume”
+ B4 Ritmn R 0% + BsRV:0V ;6 + B5(0V 0V, R + ¢V, RV ;0)
+ B, ROV V¢ + Bs(R* ¢V Vip + RiF ¢V .V 0) + Byd*ORy; + Br09:;0°0R
+ 61V, VioOp + B1o(V;00V,6 + V¢V ;0) + 8,300V, Vi
+ B149ii0VidV R + B15(0 ViRV ¢ + ¢V Ry V" ¢)
+ Bis(RixVioV* e + RV ;0V ) + B0V Ri;V ¢ + B3 Rij V¢V ¢
+ B1ogii RVkOVED + By ViV, V0V 0 + 8, ViV 0V Vi
+ 6229@']'Rkl¢vlvk¢ + 52392‘JD¢D¢ + 6249@'jvk¢mvk¢ + 6259@']"25D2¢
+ Bas9ii RV V' ¢ + By Ripjt VE V' ¢ + Byg RijidV' Vb

1 The results were obtained with the help of the xAct collection of Mathematica packages [28-32].
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+ Ba99i; ViIVipV' V¢ (A1)

and leave the coefficients hoq, ..., hog free. The full solution is in the ancillary
notebook.

A similar Ansatz is made for izgf) and its coefficients are fixed in terms of h; by
the modified PBH equation.

The solution for gi(]?) is given in (2.16) and it is not modified by the presence of

the backreaction. Thus, here we focus on hg’), which appears in eq. (3.36) only as

h®); and we then do not compute hg) but rather its trace that satisfies the following
PBH equation

0g®1; 4 6h®T; = —20g®; 4 g5g®; — g — 20h; 4 g OUHT . (A2)

The most generic Ansatz for h®; has sixty-six terms and nine coefficients will not
be fixed by the modified PBH equation. We write the Ansatz as
¥ = o RI* OV, Rip V' + hyy RV $*V; ViR + hyy Ri; R RG? + hyy R RYV V¢

+ has Rij oV RV ¢+ hyg R RF Rij.i1¢? + hyy R7 $*OR;; + hag Rij RY ¢

+ hggRijVsz¢D¢ + 71RikRinjk¢2 + 1 RP¢% + ’73RRijklRijkl¢2

+ Y RIRF™ R + Y5 Ri™ " R R i 4 Y Rij ™™ R Ry pyn

+ 7 RO’ OR + g R200G + 7o Rjpim R ¢ + 7,00* ViRV R

+ 1 ROVipVR + v, R ™ OV R Vi + 7,3 Rin RV ;Y

+ Y R2VidVih + Y15 Ripim RF™N 0V ¢ 4 7,6 V0V 9OR + ,,60R06

+ %15 RO0¢ + 4,0 VidV RO + 7500V ¢V R + 75,6V ROV ¢

+ You RV 100 + 7o30° 2 R + Yoy RO + 7o R R,V VI ¢

+ ’Y26Rinvi¢vj¢ + ’727RklRikjlvi¢vj¢ + ’728Riklijklmvi¢vj¢

+ Yoo VIOV ViRV G+ 73 VIRV ; V0V 6 + 75,6V, V6V VIR

+ Voo R Ripim VIV + 733 RV Vi VIVip + 45, RIFOV OV Ry

+ Y R RIGV NV ¢ + 736 RV OV V1Vt + 75,V OV GOR;;

+ 35O VIVIOOR;; + 730 R VIOV 6 + 7,0V DLV 56

+ ROV, Vigp + 7, VIVISOV,; Vb + 7430607 + 7, Vo Vg

+ 74500°0 + 746¢2VjRikkaij + 747¢2VkRijkaij

+ VsV VigVFE R 4,0 RIN YV ;0V*V 6 + 75, ViR VoV 6

+ 75, VIOV R VNI ¢ + 75, ViV ViV VIViG + vy Rijrad Vi pV' RI*

+ Y54 Rikji’ V' VF R + 455 R Ry i V'V ¢ + 756 Rt VV V' V'V

+ Yoy 2V o R V" R (A.3)
and leave the coefficients hgy, ..., hsy free. The full solution is in the ancillary
notebook.

Similarly, since h® appears in eq. (3.36) only as 2®);, we do not compute 715’)
but rather its trace that satisfies the following PBH equation

Sh®i. — _oah®i. | g(o)z‘j(;ﬁgf) ' (A.4)
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A similar Ansatz to (A.3) is made for A®; and its coefficients are fixed in terms of
hy, ¢y, co by the modified PBH equation.

B Gravitational action with backreaction
From the action (2.22) in FG coordinates with backreaction (3.6) we identify:

L1 = (1 + 471,

+52(1+49)[2(d - 1)g;h"7 — (d — 1)g” g}; 7"
— 2(d — 1)g”h;j + h”Rij - %hZZR - V]V’hij + Dhlz}

+ 22[ = 2(1 4 4y)glih7 + (3 — 4(d — 5)7) 9" ¢"" g}y, G 7"

J
+87)97 gl gmh™ + (14 47)g7 gih* . — 2y Ry V' V"R
—(d—=5)7)9""g"" g1, Gmnh "k + (3 + 27) (97 g1;)° P
3 —4(d —5)7)g"g" gi;hiy + 2(1 + 49)g” hij; + 2vg;, RV F),
+ (14 8y)g"g"g"ijhiy + Avhi; RY — 8yglh y R* — vh RMP R,

+ 3R Ry RIMP — 29l VIV hFy + Ay gl Vi VIR — 249, 00K
+ 72 [ = 120" 0" G G5B+ 897 9™ 91 G G H

+ 49" g1 G D+ 29" 9" 9 GG TR

— 29" 9" 9" 913 GaGrn Py + 129" 97" 9 Gk Grun Py

— 89795 4" g G P — 49 7 9" 9L G M — 9GP p R

— g by RN — 695930, RMP — 46" g hIN 3,V )

— 49V g1 VIR — 8¢V VP gy + 89 gV ki Vg,

1
3
4

+ 803, V'gu VW = 294,04 VIR + 297 gHVIVERY
+ 8¢ hV 1, V' gl + 49795,V BN gy + ARV gV gl
— 4g™ gL,V W' g, — 89F RN g5 NV gl — 49 gLV WY g,
— 297" 0 VPGV G+ 297" 9 RN 195V g
/ i o n

+ 72 [89™ 9" gL GG b — 169" gl g 4+ 169" 97" gLy I "
+49% " gl guh" . — 499" 97 619197950 — 89" 9" 9" Gir Gy
— 49" G G G GG GG Grg P — 497 G 9 Gl G T
+ 399" 9" 9" Gk Grn e + 39" 9" 9 90) 2 WPy — 169" 7" g g, 9N
+ 49" g g 4 Gl G Tt hes + 4979 9 G G G Tt s + 1697 g7 gl ]
(B.1)

while £, is still given by (2.23). Notice that also terms of O(z*) contribute to the
anomaly in d = 4, since hj; = —zfzﬁg.) +O0(z71).
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C Coeflicients renormalisation

Evaluating (2.25) and (3.36) on the PBH solutions, we find that £§2) + E,(f) satisfies
the Wess-Zumino condition (3.34), even though it is singular in d = 4. In particular,
expanding around d = 4 we find that

1
L4+ LY = mﬂ—l) + 1O 4 (d—D)ID 4 (d — 421 + ... (C.1)

with (g;; = gff) and ¢ = ¢(g))

7 . 1 1 .. 1 1
](—1)_ h L p Pl 2 - p3.2 -~ piypklp 12 - 2|:| T 2 0
—c 1<24R”R Re? = 5o R'¢* = SRIRM Ryd” + - RE"OR — — R0

1 .. 1. 1 1 .
+ 3 RYPV, ViR + gRIRGV,Vio + 00R06 + 0V, V.oV V'R

1 .. 1 L 1 - .
— JRYPOR; — S0V V'6OR,; + Ry RY 606 — RlﬂRikﬂwlv%) .
(C.2)

Notice that I¢-1 is entirely type B and 61-1) = —4¢1-1) under Weyl transformation
up to O(¢?). However, £§,2) + E,(f) contains also several free coefficients, which are
not fixed by the PBH equations, i.e. {c1,co, b1, ho1, ..., hog, h1, ..., hao}, and it is
possible to regularise (C.1) by renormalising some of these coefficients. In particular,
there is a unique shift which cancels 7= and it consists of shifting some of the free
coefficients which appear in I as follows:

Chl Tc hl 2c hfl
h h —— h h —— h h —
e T P R T o R S Y o p
Chl Chl Chl
hsg — hse — 3a(d — ) hsr — har — Ga(d — ) hss — has + Ga(d— 42

Since the shifted coefficients only appear in 1®, this shift does not introduce new
singularities, and of course the regularised expression satisfies the Wess-Zumino
condition.
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