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Abstract

It is well known in the context of four dimensional asymptotically flat spacetimes that the
leading order boundary metric must be conformal to unit de Sitter metric when hyperbolic
cutoffs are used. This situation is very different from asymptotically AdS settings where one
is allowed to choose an arbitrary boundary metric. The closest one can come to changing the
boundary metric in the asymptotically flat context, while maintaining the group of asymptotic
symmetries to be Poincaré, is to change the so-called ‘supertranslation frame’ w. The most
studied choice corresponds to taking w = 0. In this paper we study consequences of making
alternative choices. We perform this analysis in the covariant phase space approach as well
as in the holographic renormalization approach. We show that all choices for w are allowed
in the sense that the covariant phase space is well defined irrespective of how we choose to
fix supertranslations. The on-shell action and the leading order boundary stress tensor are
insensitive to the supertranslation frame. The next to leading order boundary stress tensor
depends on the supertranslation frame but only in a way that the transformation of angular

momentum under translations continues to hold as in special relativity.
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1 Introduction

The development of gauge/gravity dualities has revolutionized string theoretic investigations of
quantum gravity. These dualities relate string theories in higher dimensions to certain quantum
theories in lower dimensions on fixed metric backgrounds. Consequently, they provide us with
a framework where one can address deep puzzles of quantum gravity concerning black holes,
singularities and the like, by performing calculations in lower dimensional non-gravitating settings.
The best understood case occurs in AdS/CFT [1] where string theory on AdS space space is dual to
certain gauge theory on the boundary of AdS space. Similar dualities are not known for spacetimes
of the most physical interest, such as cosmologies or flat Minkowski space. It is clearly of interest
to investigate if holographic dualities exist in these settings.

A well appreciated point is that although the most well understood cases of these dualities
involve AdS spaces and local CFTs, neither AdS nor CFT's are fundamental to these dualities. It is
often speculated that every possible boundary condition that defines a bulk string theory is dual to
a non-gravitational theory through the AdS/CFT correspondence. In the case of AdS spaces, the
correspondence arises from the way in which the AdS boundary parametrizes the space of possible
boundary conditions on bulk fields [2, 3]. In fact, the richness of AdS/CFT precisely comes from
the fact that in an asymptotically AdS settings one is allowed to choose a variety of boundary
conditions. In particular, one is allowed to choose an arbitrary boundary metric [4, 5, 6, 7, 8].

The corresponding situation in the asymptotically flat setting is very different. This is one of
the reason why the the subject of holographic duality for flat spacetime has resisted developments
over all these years. For example, for the four dimensional asymptotically flat spacetimes the
leading order boundary metric must be conformal to unit de Sitter metric when hyperbolic cutoffs
are used to define asymptotically flat spacetimes [9]. The structure of the asymptotic equations
is such that there is absolutely no freedom in the choice of the leading order boundary metric.
One is led to ask how much freedom one has at the next to leading order. Even there the freedom
is quite limited. As we discuss in detail in this paper, the closest one can come to changing the
boundary metric in the asymptotically flat context, while maintaining asymptotic symmetries to
be Poincaré, is to change the so-called ‘supertranslation frame’ w. The information about the
supertranslation frame enters in the asymptotic expansion is a very specific way. In this paper
we study what it precisely means to change the supertranslation frame, and the consequences this
brings to the construction of the boundary stress tensor.

We perform this analysis in the covariant phase space approach of [10, 11, 12, 13, 14] as well as
in the holographic renormalization approach of Mann and Marolf [15, 16, 17]. The key results of
the present paper are as follows. First, we show that all choices for the supertranslation frame are

allowed. More precisely, that covariant phase space is well defined irrespective of how we choose
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to fix supertranslations. Second, we show that the on-shell action and the leading order boundary
stress tensor are insensitive to the supertranslation frame. Third, we show that the next to leading
order boundary stress tensor depends on the supertranslation frame but only in a way that the
transformation of angular momentum under translations continues to hold as in special relativity.

We will elaborate on these points momentarily, for now let us step back a bit and recall
certain basic facts about supertranslations. It turns out that the issue of supertranslations is
much related to the general notion of angular momentum. Recall that in special relativity the
notion of angular momentum is origin dependent. This origin dependence arises because there is
a four-parameter family of Lorentz subgroups in the Poincaré group. None of these subgroups is
preferred over any other, so the origin dependence is inevitable. The structure of the Lie algebra of
the Poincaré group then tells us the transformation property of the angular momentum under the
action of translations. The resulting notion matches with our intuitive understanding of angular
momentum.

For asymptotically flat spacetimes at spatial infinity, the asymptotic symmetries form an
infinite dimensional group—the so-called spatial infinity (SPI) group [18, 19]. The SPI group is
similar to the Poincaré group, except that the four translations are replaced by an infinite number
of angle dependent translations—the so called supertranslations. The group structure of the SPI
group is that of a semi-direct product of the supertranslation group with the Lorentz group. The
supertranslation group is the infinite-dimensional additive group of smooth functions on the unit
hyperboloid. The semi-direct product structure is as follows: if (a, £%) and (3, 1n®) are two elements
of the Lie algebra of the SPI group, with o and 8 arbitrary smooth functions on the hyperboloid
and % and n® exact Killing vectors of the unit hyperboloid, then the SPI Lie bracket is [18, 19]

[(, &), (B,1%)] = (£eB = £y, [€n]"). (1.1)

Now it is immediate that the SPI group admits an infinite class of Lorentz subgroups. None of
these subgroups is preferred over the others. Therefore, a naive approach to defining angular
momentum suffers from the so-called supertranslation ambiguities: origin dependence of angular
momentum where the origin lies in an infinite dimensional space. We clearly need an additional
structure at spatial infinity that can reduce the SPI group to the Poincaré group. These points
were very well emphasized in [18, 20]. The main purpose of this paper is to systematically study
the freedom we have in the Poincaré reduction of the SPI group.

The plan of the rest of the paper is as follows. In section 2 we begin with various definitions
and provide a brief review of the counterterm construction of [15]. In this section we also review the
boundary conditions of Ashtekar, Bombelli, and Reula (ABR) [10], and present our supertranslated
generalization of the ABR boundary conditions. The main point of this section is to show that

the covariant phase space is well defined for our supertranslated boundary conditions.
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In section 3 we perform systematic expansion of the equations of motion and discuss Beig’s
integrability conditions [21, 22]. We find that despite the fact that we have an arbitrary function
w in our asymptotic expansion, the integrability conditions do not change. As in [21, 22], the

integrability conditions require Lorentz charges constructed using
curl [4ecd(aacag)] (1.2)

to be zero. In this paper we choose, following ABR [10], mass aspect o to be a symmetric function
on the hyperboloid. As a result, the integrability conditions are automatically satisfied [17, 22].
In this section we also perform a systematic expansion of the Mann-Marolf counterterm.

Section 4 is devoted to the study of the renormalized on-shell action and the expansion of
the boundary stress tensor. We show that the on-shell action and the leading order boundary
stress tensor are insensitive to the supertranslation frame. In section 5 properties of the boundary
stress tensor are studied in further detail. Our boundary stress tensor satisfies all the expected
properties: (i) it is conserved a la Brown-York [23], (ii) it reduces to the previous expression of
[17] when either (a) w = 0 or (b) when w represents a translation—i.e., when it is not a non-trivial
supertranslation, and (iii) the next to leading order boundary stress tensor transforms under
translations in an expected way. Finally, in section 6 we end with our conclusions and possible
future directions. Certain technical and computational details are relegated to two appendices. In
appendix A asymptotic expansion of the equations of motion is presented. In appendix B certain
details on the asymptotic expansion of the boundary stress tensor are presented.

As a last comment in this section, we wish to emphasize an important point. In the study
of asymptotic structure of spacetimes, the notions one introduces and the boundary conditions
one chooses are to some extent arbitrary; their justification lies in the perspective they bring.
Already there are variety of methods known to analyze asymptotic flatness and construct conserved
quantities [14, 18, 24, 25, 26, 27, 28, 29, 30]. These different approaches offer different perspectives.
All these methods ultimately lead to similar/equivalent results. For example, the framework
presented in [18] defines unambiguously a useful notion of angular momentum at spatial infinity,
and allows us to relate such construction to the analogous conserved quantities at null infinity.
The boundary conditions of [18] are further strengthened in [10] by demanding mass aspect o to
be symmetric. These strengthened boundary conditions offer a new perspective: they lead to a
well defined covariant phase space. The study presented below should be taken in this spirit. Our
motivation is a combination of the ideas: (i) we wish to have an unambiguous and useful notion of
angular momentum, (ii) we wish to have a well defined phase space precisely in the sense of [10],
and finally (iii) drawing motivation from AdS/CFT we wish to explore systematically the freedom
we have in choosing the boundary conditions while maintaining (i) and (ii). The perspective

our study brings is that it illustrates the fact there is not a unique boundary condition, but
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rather a class of boundary conditions that all lead to a well defined notion of asymptotic flatness.
Various generalizations and variations to the study presented below are possible. This study is
a continuation of [15, 16, 17, 22, 31] and it largely motivated by comments in [15, 32, 33]. For
an alternative point of view on some of these ideas see [34]. Other studies of supertranslations

include a series of papers by Barnich et al [35] at null infinity.

2 Asymptotic Flatness, Actions, Supertranslations

In this section we first provide relevant definitions and a brief review of previous work. We then

spell out our boundary conditions.

2.1 Asymptotic Flatness and the Mann-Marolf Action

As in previous work [15, 16, 17, 22, 31|, we introduce our notion of asymptotic flatness based on
the work of Beig and Schmidt [9, 21]. The key advantage of using Beig-Schmidt expansion is that
all results can be readily translated to the geometrical language of Ashtekar and Hansen [18, 27]
or that of Ashtekar and Romano [19].
Beig-Schmidt expansion for asymptotically flat spacetimes near spatial infinity takes the form
o\ hl, b2
ds® = <1 + —> dp* + p? <h2b + -2 4 —“2b + O(p_3)> dadz?, (2.1)
p PP
where hgbdxdznb is the metric on the unit three-dimensional de Sitter space dS3, or equivalently on

the unit three-dimensional hyperboloid [9],
RO, dx®dxb = —dr? + cosh® 7(d6? + sin® Adp?). (2.2)

We use D, to denote the unique torsion-free covariant derivative compatible with the metric hgb
on the unit hyperboloid. The radial coordinate p is associated to some asymptotically Minkowski

coordinates z# via p? = nuwartz?. The fields o, hl. b2, etc. are assumed to be smooth functions

ab> "ab>
on the unit hyperboloid. We use hyp to denote the complete induced metric on a constant p slice
(for some large p) and use D to denote the unique torsion-free covariant derivative compatible
with hgp,. Further boundary conditions will be specified below.
Next, we recall the action principle of [15]. There it was shown that a good variational principle
for asymptotically flat configurations defined by the expansion (2.1) is given by the action

1 1
| dovmar g
M

5= 167G 8rG OM

Bxv/—h (K - K). (2.3)

The counterterm in the action (2.3) is K = h"K,,. K, is defined implicitly via a Gauss-Codacci
like equation

Rap = Kap K — K,°K . (2.4)
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Here R, is the Ricci tensor of the boundary metric hy,. For details we refer the reader to

[15, 16, 17, 31].

2.2 Supertranslations

In the introduction section we already mentioned certain basic facts about supertranslations. The
best way to further understand the precise nature of supertranslations is to work out the set of
diffeomorphisms that preserve the form of appropriately defined asymptotically flat metrics. Since
results obtained in the Beig-Schmidt coordinates (2.1) can be readily translated to the geometrical
languages, it is most natural to work out these diffeomorphisms in this gauge. Supertranslations in
the Beig-Schmidt gauge are interpreted as different conformal completions in the SPI framework
[18] or as different hyperboloid completions in the Ashtekar-Romano framework [19]. The problem
of finding these diffeomorphisms has been analyzed by several authors [9, 18, 19, 21]; for reviews
see [22, 36]. The upshot of this analysis is that in an asymptotically Cartesian coordinate system

with p? = Nwrtz?, all diffeomorphisms of the form
T = Lz’ + TF + S*(x") + o(p°) (2.5)

preserve the form of the metric (2.1). The transformations generated by the constants Li, and T*
constitute the Poincaré group. The transformations generated by angle dependent translations
SH(x®) are the so-called supertranslations. In fact, they are all spi-supertranslations. In the Beig-
Schmidt expansion, the asymptotic spi-supertranslation Killing vector &4 is related to an arbitrary

function w on the hyperboloid as
_ P _
&=w@)+0(p™), &= P (x) +O(p™?), (2.6)

where w® = D% and where x denotes collectively the coordinates on the hyperboloid. As em-
phasized in the introduction, we need an additional structure at spatial infinity that can reduce
the SPI group to the Poincaré group, as otherwise the notion of angular momentum is not the
familiar one. Furthermore, since supertranslations depend arbitrarily on the angular coordinates,
in particular on the time coordinate 7, even if one attempts to define conserved charge for them,
the associated charges will in general be not conserved. Not surprisingly, a large body of work on
asymptotic flatness at spatial infinity has taken the point of view to strengthen the boundary con-
ditions. With the strengthened boundary conditions the freedom of performing supertranslations
is eliminated. This is achieved in [10, 18, 19, 21, 36] by demanding the leading order asymptotic
Weyl curvature to be purely electric . We will continue to demand this condition. There is still
some freedom left and this is what we would like to draw the attention of the reader to.

To this end we need to look at the next to leading order asymptotic equations of motion. It



SUPERTRANSLATIONS AND HOLOGRAPHIC STRESS TENSOR 8

turns to be convenient to work with the variable
kap = hly 4 2000, (2.7)

Equations of motion at first order now take the form [9]

Uo+30c = 0, (2.8)
Doy — Dok = 0, (2.9)
(O = 3)kap + kY, — DDk = 0, (2.10)

where [ = DD, and k = k,® The important point to note here is that equations for the fields o
and kg, are decoupled. By introducing the leading order electric and magnetic parts of the Weyl
tensor,

1 1
ElY = -D,Dyo — hlyo, By, = 3 curl kgp = §€aCchkdb7 (2.11)

one can rewrite these equations in a more enlightening form. See, for example, reference [31] for

a detailed discussion on this. Our boundary conditions require

Bl =o. (2.12)

This implies that k., must be of the form
kap = 2Dy Dyw + 200w, (2.13)

for some arbitrary w. This is because the combination D,Dyw + hgbw has vanishing curl, and
hence it does not contribute to the magnetic part of the Weyl tensor. For the form (2.13) of
kap, equations of motion (2.9) and (2.10) are also automatically satisfied. Now recall that this
freedom also exactly correspond to performing supertranslations in the space of Beig-Schmidt
configurations (2.1). Therefore, by choosing a particular representative for the inverse of the curl
operator, i.e., a particular w in (2.13), we fix the supertranslation ambiguities completely. Since w is
fixed, it is best to regard it as a fixed background structure. This background structure is precisely
what we mean by the phrase ‘supertranslation frame.” The most studied choice corresponds to
taking w = 0 [10, 16, 17, 18, 19, 21]. We show in the rest of this section that other choices of
w are equally allowed. In this paper we wish to explore precisely the physics of making such a
choice. To set the stage for this discussion, we first need to look at the boundary conditions of
Ashtekar-Bombelli-Reula [10]. These boundary conditions were in turn motivated by [18]. We

will comment on the motivation of references [10, 18] for choosing w = 0 in section 6.

2.2.1 Ashtekar-Bombelli-Reula Boundary Conditions

For gravitational theories it is a well known fact that the boundary conditions play a crucial role

in the description of the phase space. For such considerations it is often convenient to work in the
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covariant phase space formalism [10, 11, 12, 13, 14]. The key quantity to consider in this approach
is the symplectic current vector w*. The symplectic current vector depends on the background
metric g and on perturbations around the background metric §;¢g and dog. It is skew symmetric

in the pair (019, d2¢), and for the case of general relativity it takes the form

wh = PP (896,6,V 581045 — 01000V 5020+5), (2.14)
where
1 1 1 1
prvapys g g&/gaﬁ _ - guﬁ gwgéa _ = guvgaﬁ gvé _ - gvagwgéﬁ + = gvaguﬁ 975 ) (2.15)
2 2 2 2
Using the Ansatz
ds? = gudatds” = N?dp* + hapdz®da®, (2.16)
and
dds* = 8g,,drt'da” = 2NSNdp® + Shapda’da®, (2.17)
we obtain the 3+1 split of the symplectic current vector. The radial component reads
1
wf = Whabhm{ [Nhefél hab(Sghceaphdf + 262hac(61N8phbd — N8p51 hbd)
—262hab(51N8phcd — Nap51hcd)] — (1 4 2)}, (2.18)

whereas the angular components read
wl = %hf“hbc{%gNDaélhbc + 209hpe D61 N — 265N DSy hapy — 262hap Ded1 N
+he [N52hbcDa51 hae — No2hpaDad1hee — 01hapd2hge DeN — NoghapDed1hae
12N GshpaDedi hae — N&ghbcDeélhad] (1 2)}. (2.19)

For the Ansatz (2.16) and (2.17), equations (2.18) and (2.19) are general expressions for the radial
and the tangential components of the symplectic current w*. In arriving at these expressions no
reference to any boundary conditions has been made. Although these equations look somewhat
clumsy, from the computational point of view these are the easiest expressions to work with.
The integral of the Hodge dual of the symplectic current vector over a Cauchy slice 3 defines
the symplectic structure. One must choose boundary conditions to ensure that the symplectic
structure is finite and conserved. When 41 g and do¢g satisfy linearized equations of motion, it follows
from a standard argument that V, w" = 0, where V is the covariant derivative compatible with
the bulk metric g. Therefore, the two requirements—finiteness and conservation of the symplectic

structure—reduce to respectively

1
167G

1
167TG Sia

/ *qwh < 00 and *qwh = 0. (2.20)
b
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Here, x4 denotes the four-dimensional Hodge star, and surface X5 is defined as follows. Let ¥ and
Y9 be two Cauchy surfaces ending at spatial infinity. These surfaces enclose a spacetime volume
bounded by ¥ and Y5 and a portion of the boundary. 315 denotes that portion of the boundary.

With our notion of asymptotic flatness these requirements are translated into, respectively,

1
I N 2.21
167G oo Jy,, VI drdbdo =0, (2:21)

167TG _) /\/ gw’ dpdfdp < oo and
p—00

where we have taken Cauchy surfaces ¥ o to asymptote to constant 7 surfaces in the hyperboloid.

Ashtekar, Bombelli, and Reula showed that with the boundary conditions

hl, = —20nY,, (2.22)
Shl, = —200n2,, (2.23)
o(r,0,¢) = o(—1,m—0,0+m), (2.24)

both the above requirements are satisfied. In particular, for the integral

lim / v — wpodeqﬁ— —— lim \/ —ho (610D d90 — d0 D" 010) dpdfdp, (2.25)

G p—oo

167TG p—

one find that the potentially divergent term on the right hand side vanishes upon using boundary

condition (2.24).

2.2.2 Supertranslated Boundary Conditions

The boundary conditions we work with in this paper are as follows

hl, = —20h, + 2D, Dyw + 200w, (2.26)
Shl, = —260hY,, (2.27)
o(7,0,¢) = o(—7, 7 — 0,6+ 7). (2.28)

Nothing changes in the calculation of the symplectic structure when working with these boundary
conditions. The symplectic structure is still finite and conserved as is the case with the ABR
boundary conditions. The important thing to note is that in 5h1b we do not allow variations of w.
As mentioned in the previous section, we regard w as the fixed background structure. We refer to
boundary conditions (2.26)—(2.28) as the supertranslated ABR boundary conditions.

At this point we wish to point out that such a generalization should be possible was already
speculated in the work of Mann and Marolf [15], though the precise boundary conditions (2.26)—
(2.28) were not stated.
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3 Asymptotic Expansions

Having specified our boundary conditions we now wish to study the consequences on the asymp-
totic equations of motion and on the construction of the boundary stress tensor at the next-to-
next-to leading order. It is necessary to work at this order to get a handle over the construction
of Lorentz charges. We will concentrate mostly on the physics, and will not go into much calcu-
lational details. Since we carry out asymptotic expansions at second order for arbitrary w, the

manipulations involved are in fact quite intricate and tedious.

3.1 Second Order Equations of Motion

The radial 3+1 split of the bulk Einstein equations give the following equations for the Ansatz
(2.16) [21]

h9,Kup — NKgpy K + DN = 0, (3.1)
DyK’, — DK = 0, (3.2)
Rap — N'0,Kup — N 'DyDyN — KKy +2K,°Ky = 0. (3.3)

Here K,; denotes the extrinsic curvature of the constant p hypersurface. We carry out the ex-
pansion of these equations systematically in appendix A. The final outcome of this analysis is the

second order equations of motion. These equations take the form

2 = 1202 + 0,0% 4 3w? 4 200w + wepw™ — Jwo — cl0w + Tew® + ogw®
+20 5w, (3.4)
Dbhzb = 1600, + 2aabab + 2wwg + 2wlw, + 2wbwab + wabow + wabcwbc

b_ wabab + aabow + abDwab

—0Wy — 3wog + 0w — oldw, + 304w

+20 4w’ + 2wapeo™, (3.5)
(O—=2)h%, = 6(0c0° — 302, + 8040y + 1400 qy + 204.0% + 204p.0°

+2(wlw — w? + wcwc)hgb — dwwap + 2wepOw + 2wlwgy,

+4Wapew® — 2wepwCa + 2wa“Cwpeq + 2we(q D) ©

+(14wo — 4000w — 40w + 200w, + 40eqw ) hd, + 170w, — woa

—0gpdw — c0wep + 50 4pew’ — 50 Wape + TapeIw® + 0 0lwgpe

+20abcdw6d + 2Wabcdo-Cd + 2ac(awb)c + 20—0((1‘1(“%)C + 40-(aCd("}b)cd' (36)
In writing these equations we use the following compact notation,

Wabed = DchDbDawy (37)
Dwabc = (DeDe)wabc:DeDeDcDbDawy (38)
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etc. and similarly for o. In the special case when (O 4 3)w = 0 these equations can also be

extracted from [34].

3.2 Integrability Conditions

The second order equations of motion (3.4)—(3.6) are in fact quite complicated. It might seem
difficult to rewrite these equations in a form that can be used to perform an integrability analysis
following Beig [21]. Remarkably enough, this is not the case. These equations have a somewhat
magical structure: all the (o,w) terms and all (w,w) terms on the right hand side of in equation

(3.6) can be repackaged as (O — 2) acting of the following tensor

Xab = —0Wap — wogy — 4h0yow 4 2100w’ + Tapew + Wapeo € + 20 o(qwh)*

+2wwap + wewhe + hgbw2 (3.9)
As a result (3.6) can be written as
(O - 2)(h§b — Xab) = 6(0.0¢ — 302)h2b + 80 ,0p + 14004y + 2040 + 20 44c0°C.
The usefulness of the tensor X, goes well beyond that. Equation (3.4) can be rewritten as
h? — x = 1202 + 0,07, (3.10)
and similarly the divergence equation (3.5) is rewritten as
D“(hzb — Xab) = 1600, + 20507 (3.11)

Written in this form the second order equations are much more manageable. Now, following the

discussion in [22] we define a tensor V;, as
Vi = —hgb + Xab + 60’2h2b + 20,0 — 20,0 + O'CO'chgb. (3.12)

In terms of V,; the equations of motion take the form

Ve =0, (3.13)
DV = 0, (3.14)
(O = 2)Vap = curl [deqq(q0 o], (3.15)

where as in (2.11) curl of a tensor Ty, is defined as
curl Ty = €,°%D, T (3.16)

For further properties of the curl operator and of the tensor structure ecd(aacagl) we refer the

reader to [22].
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Since V; is symmetric, traceless, and divergence free, discussion of the integrability conditions
of [22] applies as is. We find that despite the fact that we have an arbitrary function w in our
asymptotic expansion the integrability conditions do not change. The integrability conditions

require Lorentz charges constructed using
curl [4ecd(aacag)] (3.17)

to be zero. In this paper, we have chosen the mass aspect o to be a symmetric function on the
hyperboloid. As a result, the integrability conditions are automatically satisfied [17, 22]. The
outcome of this is that the tensor Vi can be readily used to construct well defined and conversed

Lorentz charges'.

3.3 Expansion of Counterterm

Having analysed the second order equations of motion and the integrability conditions, we now
turn to the expansion of the Mann-Marolf counterterm. Recall that the counterterm K is defined
implicitly via the Gauss-Codacci like equation (2.4). It is convenient to introduce p,, = %Kab.
Expanding py;, as

Pab = gy, + lﬁzlzb + %ﬁab +0 <i3> ; (3.18)

p p p

we can invert the relation (2.4) and express ﬁ}lb, ﬁzb in terms of the expansion of the Ricci tensor
on the hyperboloid. This computation was first done in [16] for the ABR boundary conditions.
We refer the reader to the appendix B of [16] for details. By a direct calculation we find upon

using equations of motion obtained above

A 0 0

Pap = Oab — O'hab + Wap + habw. (319)
A similar calculation for ﬁzb gives

R 5) 1
pgb = hgb — <ZO'2 + 0.0¢ + ZO'CdO'Cd> hgb + 2040 + 00gp + 0. 0 — hgbw2

3 1
—2WWap — WeWep + <30w + iaﬂw — 0w, + §Ucdw6d> hgb + wog

+o 0w — wepeo€ — QUC(awb)c. (320)

1One comment regarding tensor X is in order here: the form of xas (3.9) can also be worked out by calculating
the non-linear action of supertranslation w on h2, starting with the ABR boundary conditions, in particular using
equation (2.22). This calculation in a somewhat different context was first performed in an unpublished work in
collaboration with Geoffrey Compere and Francois Dehouck. For the special case when D%, = ki = 0, ie.,
(0 + 3)w = 0, such an expression can also be extracted from [34]. I thank Geoffrey Compere and Francois Dehouck

for their permission to use material from this joint unpublished work.
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The traces of ﬁclbb and ﬁgb simplify to

pto= K%l = 60 + 0w + 3w,
21 1 1 3
p? o= hoabﬁgb = Zaz + Zacdac‘i — 3wo + §0Dw + §Ucdw0d.

These equations are important for the considerations of the next section.

4 Supertranslations and Boundary Stress Tensor

14

In this section we study the on-shell value of the action and its first variations. We also compute

the next to leading order expression for the boundary stress tensor. We follow the corresponding

discussion in [15, 17, 31]. The new element in the following discussion is our boundary conditions

(2.26)-(2.28).

4.1 First Variations

Let us consider the first variations of the Mann-Marolf action over configurations satisfying our

boundary conditions (2.26)—(2.28) and evaluate it on-shell. This set-up was already considered in

[15] so we shall be brief. The first variation of the Mann-Marolf action is [15, 17, 31]

(167G)6S a1 = V=hd®z (7" — 7% 4+ A®) SRy,
oM

where 1% = Khot — gab zab — [Cpab _ b and A, is

AP = K% oL K 4K — KCKY) + D2LY + h® D Dy — 2Dy D [V,

with Lg% and L% given by [15, 17, 37]

Lo = hR gy + SL00 K — 60 KS — 6LRg, L% = AL 0.

Using asymptotic expansions of the previous section it follows that
ab ~ab ab 1 ab Oab 1
(w® — 7 —I—A):—4<J +oh )—1—0 — |-
p p
Now, using our boundary condition (2.27) we see that in the p — oo limit

(167G)3Ssotal = / V—hddz <0“b—|—h0“ba) (—260h0,) .
dSs

(4.1)

(4.5)

The equation of motion for o now immediately tells us that the first variation of the action vanishes

identically
5Stotal =0.

(4.6)
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Thus, the action (2.3) provides a good variational principle for our notion of asymptotic flatness?.

4.2 On-shell Action

We now calculate the on-shell value of the action. Given our results above this calculation is
rather straightforward. Since our spacetimes are Ricci flat the bulk term in (2.3) vanishes on-

shell. Therefore,

1 .
nshell = —— dxv/—h(K — K). 4.1
Son—shell 87 Jous x ( ) (4.10)

Now, using expansions of K, and K, obtained above (section 3.3 and Appendix A respectively)

we have
1

S . =
on—shell 397G 05

All divergent terms have cancelled. The on-shell is finite. Doing integrations by parts and using

d3x/—hO [302 — 00 ® + 200w + 2aabw“b] . (4.11)

equations of motion for o, we observe that the on-shell action vanishes
Son—shell = 0. (4.12)

In particular, the on-shell value does not depend on the supertranslation frame w. An interpre-
tation of this result is as follows [31]. We showed above that §S = 0 on all variations satisfying
our boundary conditions. It follows that S, _shenn must be constant as we move along any smooth
path in our phase space. Furthermore, we expect all configurations to be smoothly connected
to Minkowski space. For Minkowski space Son_ghen is identically zero. Therefore, it follows that
Son_shell 18 identically zero on any asymptotically flat solution satisfying our boundary condition.

For more comments on this point see [31] and also footnote 2.

2 Alternatively, using 6hqap = pdhl, + ... = —2pSchy + 2pDaDpdw + 2p6whly + ... and /—h = p>v/—h0 + ... it

follows that in the p — oo limit
(167G)8Ssota1 = /d ) V—hodx (a‘“’ +h° “ba) (=280hQ, + 2Da Dydw + 20whyy) . (4.7)
3
Using the equation of motion for o, this equation further simplifies to
(167G)3Skotal = / V—hd*z (a‘“’ +h° “ba) (2D Dyow) . (4.8)
dSs

Performing integration by parts and using equation of motion for ¢ one more time, we see that the first variation
of the action vanishes identically
0Stotar = 0. (4.9)

In particular, supertranslations need not be fixed! Asymptotically flat metrics related to each other via arbitrary
supertranslations can be consistently considered in the Mann-Marolf variational principle. See also [34]. However,

this is not the boundary conditions we use in this paper for reasons emphasized in the introduction section.
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4.3 Boundary Stress Tensor

From the first variation of the action, the boundary stress tensor can also be computed. It admits
an expansion in the inverse powers of p. The leading order and the next to leading order terms
in the expansion are relevant for the construction of translations and Lorentz charges respectively

[15, 16]. After a long and tedious computation we find these expressions to be

Top = —% <ij + %ij + .. ) (4.13)
where
Ty, = 0ab + hoyo (4.14)
and
T3 = h2, 420404 + %aaab + 404pe0 + 70, 0 — zaabchCd + %Jacdabc‘i
+ §a2 + 30.0¢ — ?acdac‘i - Zacdeac‘ie] hY, + %wawb — 2wwap + wWepw

1 1
FwoBwp)y + Wapew” — dwaewp” + iﬂwal]wb — §Dwaab — 2wWapedw®

1 3 1
2w, (Hwp)© — wapH0w — §wabcdw6d + Ewacdwad + [—w2 + §wcwc — 2w w®

1 1 1 1
+ 20w 0w, — ~wegHw™® + EDwDDw — Ewcdewc‘ie} hgb + owep + Wogp

2 2
9 3 C 11 C C C C
+Zaab|:|w — ZO’Dwab - §aabcw — ?wabca - 20’6([1(,0 b) + 30w o gpe — 30 (aow)c
3 3 3 9 11
+§UabDDw + ZU“dede + ZwabchCd — §U(a0dwb)cd + [4wa + ZO’D&) — Eacwc
9 9 13 3 3
+§00ch + ZUDDW + Zacdw“l + ZO'CdDde + §acdew0de} hY,. (4.15)

Equation (4.15) is one of the main result of this paper. Certain calculational details on how we
obtained this expression can be found in appendix B.

5 Properties of Boundary Stress Tensor

In this section we explore properties of our boundary stress tensor (4.13)—(4.15).

5.1 Boundary Stress Tensor is Conserved a la Brown-York

The above stress tensor can be shown to be conserved

DT, = 0. (5.1)
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However, care must be exercised in the interpretation of this result. The derivative D in (5.1) is
the torsion-free covariant derivative compatible with the full metric on the hyperboloid hy,. When

expanded in powers of p this equation reads at leading order
DT =0, (5.2)
and at the next to leading order
D72 - — 00— Oap0l — 20w, — 200w, — 20 4pw? — 2wy — T4 0wW? — 20 4pew? — Wapeo?® = 0. (5.3)

An important question to ask at this point is whether or not the above expression can be written
as a total derivative of a symmetric tensor Tab. For w independent terms this is indeed the case
[16]
Top = T2 — 0T}, (5.4)
When w dependent terms are included, with our preliminary investigations we were unable to
write (5.3) as a total derivative of a symmetric tensor. This is not necessarily an obstacle for the
construction of conserved charges. We already know from our study of the integrability conditions
of the second order equations of motion that a conserved tensor constructed using hib—namely
Vap—exist and can be used to construct conserved Lorentz charges. We expect such a tensor to
play an important role in the covariant phase space construction of charges. Given the analysis
of [34] and our considerations of the covariant phase space above, it is fairly clear that such a
construction goes through without surprises. It can be interesting to fill in all details. We will not
pursue this direction here. On the other hand, construction of conserved Lorentz charges using
the boundary stress tensor approach is more interesting and perhaps more difficult.
Reference [15] presented a general construction of boundary stress tensor charges starting with
equation (5.1). There an expression for conserved charge for an asymptotic Killing vector §p is

given in terms of the variation of the renormalized action

Q[g] = _Af ESrenorm = — lim — / V —hTabAf@phabdsx, (55)
p—o00 2 oM,
where
Afehay = (£eg)ab — F(£eg)ab, (5.6)

and where f is smooth function that take the value f = 0 at the past boundary of OM, and the
value f = 1 at the future boundary. The right hand side of (5.6) denotes quantities evaluated in the
bulk M, and then pulled back to the boundary 0M,. Using general arguments it has been shown
in [38] that this charge is also the generator of the asymptotic symmetry ¢y Upon performing
integrations by parts, equation (5.5) can be converted into an integral over a co-dimension two

surface C,—a cut in boundary OM,

Q[¢] = lim —he, Tpéonbda. (5.7)

p—00
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We expect that our boundary stress tensor can be used to construct conserved charges in the
way described above. However, the precise details as to how this construction proceeds is not
investigated at this stage. We will return to this problem elsewhere in the future. For the case
w = 0 this construction is fairly straightforward. It was carried out in detail in [16], where
divergence free nature of tensor Ty, (5.4) was also observed. Although it is fairly non-trivial to
carry out explicit construction of conserved charges in all detail, it is rather straightforward to
study transformation properties of Lorentz charges under translations from (5.7). We present this

study in section 5.3. For now let us study some further properties of our stress tensor.

5.2 Special Cases

In this subsection we look at various special cases where our stress tensor simplifies. In all cases

it satisfies expected properties. This study allows us to probe the structure of our stress tensor.

5.2.1 w=0

When we choose w = 0 the boundary stress reduces to a previously computed expression [17]

Ty = —ﬁ <Talb - %be +.. > : (5.8)
where
Toy = 0ap + 00, (5.9)
and
T, = hiy+ 2040, + %U%b + 404bc 0 + T, pe — %%bchCd + %Uachde
+ 37450'2 + 30.0° — ?JCdUCd — zacdeo‘”le hgb. (5.10)

Properties of this expression are already well studied in the literature [17, 22].

5.2.2  wgp + hw =0

When wyp + hgbw = 0, i.e., when w is a translation, kg (2.13) vanishes identically. In this case the
asymptotic metric expansion also reduces to the previously studied case of [16, 17, 22]. Therefore,
we expect again the boundary stress tensor to reduce to (5.10). It can be verified by a direct
calculation that this is indeed the case. Remarkable cancellations happen when wqp + hgbw =0is
substituted in (4.15). All w dependent terms reduce to zero, giving us (5.10) as the final expression.

This provides a highly non-trivial test on our computations.
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523 o=0

Another non-trivial case is when the mass aspect is set to zero. In this case all conserved charges
corresponding to translations vanish identically. In this section we wish to understand properties
of the Lorentz charges with ¢ = 0. When o is set to zero, h?, is solved from equations (3.4)—(3.6)
to? read

h2y, = 2wWwap + Wa“Wpe + hopw?. (5.11)

Below we substitute this expression of hib in the stress tensor.
To analyse the structure of the simplified stress tensor, we first need to recall a few useful
results concerning symmetric divergence free tensors from [17, 21, 26]. A tensor 6, is said to

admit a scalar potential « if
Oap[] = DDy — O, D2 — 2ah2; . (5.12)

The tensor f4[a] is conserved, i.e., D%y [a] = 0. Moreover, if £% is a Killing vector of h%, then

the current 6,,[a]€® can be expressed as the divergence of an anti-symmetric tensor
Oapla]€® = D (28 Dy + aDply)) - (5.13)

As a result the currents of the form ,[a]¢? do not contribute to the conserved charge associated
with &%, Similarly, a tensor t, is said to admit a symmetric, transverse tensor potential 7y, with
D%y = 0 if

tab[vab) = D*ab + 2Rowa?r™ where R g = hoyhly — hdyhog: (5.14)

The tensor tq[vqp] is conserved, and for £* a Killing vector of hgb the current tqp[yq)€8 is the

divergence of an anti-symmetric tensor

tabh/ab]gb = 2Da(£CD[a7b}c + ’Vc[an}gc)' (515)

Hence, currents of this form also do not contribute to the conserved charges.
Our strategy is to write the simplified expression for the stress tensor after setting ¢ = 0 and
h2, from (5.11) in terms of a scalar and a tensor potential. The simplified boundary stress tensor

o 7l _
is Tab‘gzo =0, and

1 1
T3b|020 = gwawb — 2wWWap + wWepBw + w(qHwyy + wabew — 4waews® + il]wal]wb

1 1 3
—ngDwab — 2wabe LW + 2w (o Owy) — wep0w — §wabcdw0d + iwacdwad (5.16)

1 1 1 1 1
+h2b §wcwc — w? = 2w 0w + éﬂwcﬂwc — §deDde + EDwDDw — §wcdew0de

3with the most natural choice V,; = 0. A choice is necessary because the corresponding equations are hyperbolic.
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Expression (5.16) can be rewritten as

2 _ 9@ _ L@ @ Lo lye Llyo L 1
Tibl oo = 20, glav + H(I)ab R 19(1)ab + 19(2)ab ~ 7t ~ gH@)ar (5.17)
where
2 4 2
02 = 0 [37]. 9 =t 02
4 4
651))ab - eab [WDO‘)] ) Héggab - Hab [wcw ] ) (5 18)
95?))% = Qb [ww] Héggab = Oy [DwOw],
(6) (4) 6) _ (4)
t1)ap = tab [Sab} ; t()ap = tab [9(2)@} ;
and finally
(b) = 2habwcdw — 2h0bDwa 4w e + 4h° apwWew® + dwapOw — dwawp. (5.19)

The superscripts, e.g. as ©) in tEI; denote the maximum number of derivatives appearing in
the corresponding expressions. The subscripts, e.g., (1) in t%ab, are just labels. We immediately

(4)

see that with the possible exception of s,,’, terms in (5.17) cannot contribute to the conserved

(4)

Lorentz charges. As far as we have explored, we find that the tensor s_,’ can possibly contribute
to the Lorentz charges. However, this is not a problem. The contribution due to s((fl;) is simply
a c-number due to our boundary conditions; it only depends on the background structure w and
is completely independent of dynamical fields. Hence, it is a constant over our phase space. The

presence of such a term is consistent with the general analysis of [38].

5.3 Transformation of Lorentz Charges under Translations

Having analysed properties of the stress tensor in special cases in the previous subsection, now
let us study the transformation of Lorentz charges under translations. The idea behind this
computation is as follows. As mentioned in section 5.1 a general (perhaps somewhat formal)
expression for Lorentz charges can be written as

= lim —he, Tapéontda. (5.20)

p—00

The most important quantity in this expression is the boundary stress tensor T,;, which has
has expansion in powers of p. To investigate transformation property of Lorentz charges under
translations, we need to look at how T,; changes under translations. On the unit hyperboloid,

translations are represented by four functions satisfying
DyDyx + hlx = 0. (5.21)

Under translations by an amount y, the function w changes as w — w + x. We wish to know

how the expansion of the boundary stress tensor changes, i.e., we want to know the expansion of



SUPERTRANSLATIONS AND HOLOGRAPHIC STRESS TENSOR 21

ATy Since we are considering a difference between two stress tensors for fixed value of o, many

terms immediately cancel out. In particular, in A,T;;, the leading term in the expansion starts

1

at order p~'. Due to this fact, calculation of A,Q[¢] is a relatively straightforward exercise as

opposed to Q[¢]. We find

AT, (=3xhY, — 3XTab + hopoeX® + TapeXS) + - .- (5.22)

~ 87Gp
1
— —;Dc [(oap + oRO)X] + ... . (5.23)

Substituting this expression in the definition of Lorentz charges to calculate the A, Q[£], we see

that

AxQl] = lim . —he, A\ TopEinbd e (5.24)
— / —h2D, [(oa + ohdy)x ]gnf(’o)d% (5.25)

_ /\/ID ¢l dPa. (5.26)

Here C denotes a cut of unit hyperboloid, and £* an exact Killing vector of the unit hyperboloid,
and nl(’o) the unit normal to the cut C. This last expression is precisely the expected transformation
property of the Lorentz charges under translations [18, 21, 27]. Note that the fact that we obtain
this result is highly non-trivial. In the expansion of A, T, all terms linear in w cancel out. Once

again, these remarkable cancellations are highly non-trivial test of our computations.

6 Conclusions and Future Directions

Let us summarize what we have achieved in this paper. First and foremost, we have systematically
studied the closest one can come to changing the boundary metric in the asymptotically flat
context, while maintaining the group of asymptotic symmetries to be Poincaré. The result of this
analysis is that we can choose the supertranslation frame as we like. We studied consequences of
making choices w # 0. We performed this analysis in the covariant phase space approach as well
as in the holographic renormalization approach. We showed that the covariant phase space is well
defined irrespective of how we choose to fix supertranslations. Furthermore, we showed that the
on-shell action and the leading order boundary stress tensor are insensitive to the supertranslation
frame. The most significant result of this paper is the construction of the boundary stress tensor at
second order. We carried out this construction in detail, and studied its conservation properties.
We also observed that although the next to leading order boundary stress tensor depends on the
supertranslation frame, the dependence is of a very special type. It is such that the transformation

of angular momentum under translations continues to hold as in special relativity.
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Let us now comment on the motivation Ashtekar and Hansen [18] had for choosing w = 0.
There it was observed that when w # 0, the second order magnetic part of the Weyl tensors
fails to be conserved with respect to the derivative operator compatible with the unit hyperboloid
metric. This is indeed an obstacle if one insists on using the second order magnetic part of the
Weyl tensor to construct Lorentz charges. However, this obstacle is only an illusion: above we
constructed a symmetric and divergence free tensor V,;, using second order fields. Taking the curl
of Vi, one obtains a new symmetric and divergence free tensor Wy, [22]. The tensor Wy, is the
natural quantity to use instead of the second order magnetic part of the Weyl tensor to construct
Lorentz charges following Ashtekar-Hansen when w # 0.

A natural extension of our work is to calculate the conserved Lorentz charges (5.5) using our
boundary stress tensor with our supertranslated boundary conditions. Given the general analysis
of [15, 30, 38], we expect such a construction to go thorough, however, the precise details as to
how it proceeds is not investigated at this stage. We will return to this problem elsewhere. In this
regard, the precise significance of equation (5.3) is also not clear at this stage.

Although boundary stress tensor methods are most well studied for asymptotically AdS and
related settings, the success of these and related methods in other contexts [33, 39, 40, 41, 42,
43] motivates further study in the asymptotically flat context. Our work here attempted to
fill in this divide further by extending our previous work [16, 17, 22, 31]. We also highlighted
certain similarities and differences with the asymptotically AdS setting. Further exploration in
this direction should provide additional insights into the still elusive nature of holography for flat

space [32, 35, 44, 45, 46, 47, 48, 49].
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A Asymptotic Equations of Motion

The four dimensional metric is
ds? = (1 + %)2 dp? + hopdzda®, (A.1)
where the boundary metric hy, admits an expansion in the inverse powers of p as
hap = p*hOy + phiy + b2y + ... . (A.2)

The leading order metric hgb is the unit metric on three-dimensional de-Sitter space. For the

considerations of the present paper hclbb is taken to be of the specific form
hl, = —20h0, + 2wap, + 2whYy, (A.3)

where

Wap = Dy Dpw. (A.4)
Asymptotic spi-supertranslation Killing vector &5 is related to w as
_ P _
& =w@)+0(p™), &= o (x) +O(p™?), (A.5)

where x denotes collectively the coordinates on the three dimensional de Sitter space, and w is an
arbitrary smooth function of these coordinates.

To obtain the asymptotic equations of motion we perform the radial 3+1 split. The extrinsic
curvature of the constant p hypersurfaces can be readily calculated. It admits an expansion in

inverse powers of p as,
1
Kab == Waphab (AG)
1
= phl, — 20hY, + wap + whly + ;(202h2b — Owap — owhl) + ... (A7)

We are now in position to proceed with a study of asymptotic equations of motion. We first look

at the Hamiltonian ‘constraint.’

Hamiltonian Constraint
In a simplified form the Hamiltonian constraint reads [9, 21]
h0, Koy — NKypK® + DN = 0, (A.8)

where D denotes the unique torsion-free covariant derivative compatible with the full boundary

metric hy, and N is the lapse function

N=1+2Z (A.9)
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Expansion of (A.8) at the zeroth and first order gives the equation of motion for the mass aspect
(04 3)c =0, (A.10)
and at the second order gives the equation for the trace of the second order metric
h? =120 + 0,0% + 3w? + 2w0w + wWew® — Ywo — 0w + Taw® 4+ oo Ow® + 20 4Hw™. (A.11)
In writing these equations we use the following compact notation,

Wabed = DchDbDawy (A12)
Uwape = (,De,De)wabc:DeDeDc,DbDawy (A'13)

and similarly for o. In the following we will use equations (A.10) and (A.11) to simplify the
resulting expressions.
Diffeomorphism Constraints

In a simplified form the diffeomorphism constraints read [9, 21]
DyK®, — D,K = 0. (A.14)

Expansion of this equation at the zeroth and the first orders give no further non-trivial equation.

At the second order it gives the equation for the divergence of the second order metric

Dbhzb = 1600, + 20540" + 2ww, + 200w, + 20Pwap + wWepw? + wepew®®

b

—0Wa — 3wog + 00w — 00w, + 30apw’ — wape® + owTw? + cTwgp

+20 44w + 2wapeo. (A.15)
In the following we will also use this equation in the resulting expressions.
Equations of Motion
In a simplified form the equations of motion for the boundary metric hy;, take the form [9, 21]
Fup:=Rap — N '9,Ko, — N"'DyDyN — KKy + 2K,“Ko, = 0. (A.16)
These equations can be expanded to give
Rop = 2hap, (A.17)

Rap = Oab — 303, + 3wap — hYyOw, (A.18)
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R2, = 2h2, — h?h0, 4 20404 — 00 + (302 — 0.0°)hY,
+ (w? + 3wlw + 2wcdw0d)h2b — Twwep — WepOw — 2weewy
— (ow + 00w + 0.w)hY, + 20wap — T Wape. (A.19)
In expressions (A.18) and (A.19) the left hand side denote the expansion of the boundary Ricci

tensor:

Rap = RO +p 'RY, +p?R2, + ... . (A.20)

In order to obtain the asymptotic equations of motion in the most useful form we now express
R}lb and R?Lb as appropriate derivative operators acting on the metric components. The explicit

forms for R}lb is
1 1
Ra = DeDihy’ — §Danh1 - §Dh}1b, (A.21)

and similarly for Rgb is

1 1 1
R2, = DeDhp — §Danh2 — 5Dhgb + §hlcdDanhgd — DD hyy,

1 1 1
+ZDah1dDbhlcd + D h“Dyghy, + 5Dd(hl“iu,h}w) — ZDchlchh}lb

c cla
1
- <Ddhlcd — 52)%1) Dy (A.22)
These expressions can be expanded to give respectively,

R, = ow+ h 00 4 3we, — A2 0w, (A.23)
1 1
R, = DCD(ahg)c - §Danh2 - §thb + 30,04 + 2004 + 200,000 + hl,o.0¢
—6wwap — 2wapOw + (2ww — wwe + 2weaw )Yy + Wapew® — Wape W + Waeqwp™
+60wWap — 2w04y — 200w — (200w 4 2wlo + 20.w° + 00w, 4 20qw )R,
~WabeT© + 40 (‘W) (A.24)
Equating (A.18) and (A.21) gives the equations of motion for the first order metric components.
We obtain again (o +30 = 0. In particular, upon equating (A.18) and (A.22) we do not obtain any
new non-trivial equation. At the second order we do obtain a non-trivial equation—the equation

of motion for hib. After a significant amount of algebra it reads
(O- 2)hzb = 6(0.0°— 302)1121, + 8040y + 14004 + 2040 + 204pe0°¢
+2(wlw — w? + wcwc)hgb — dwwap + 2wepOw + 2wlwyy
FAwahet® — 2wepta + 2wa “wped + 2we(q Dwp)©
+(14dwo — 400w — dow’ + 200w, + 4acdw0d)h2b + 170wap — wWogp
—0ap0w — c0wgp + 50 qpew” — 50 Wape + Tape I + o Twgpe

+20’abcdw6d + 2wabcd0'6d + QUc(awb)c + QUC(aow)C + 40’(a6dwb)cd. (A25)
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In writing all second order equations above we have carefully separated (o,0), (w,w), and (o,w)

terms.

B Certain Details on the Boundary Stress Tensor Computation

This appendix contains certain details on the boundary stress tensor computation. We make use
of the asymptotic equations of motion as needed. The calculation is organized as in appendix B

of [17]. We begin by calculating the expansion of the tensor L Tt is defined as

Eab — th(L_l)cdab, (B.l)
where
cd _ pcd i (ccd) £ (c £-d) (d g-c)
Lap® = Koy + 0005 K — 50Ky — 01K, (B.2)
and
(LNea®™ (D) = 67,59, (B.3)

After a straightforward, but tedious, computation we find the expansion of L% in the inverse

powers of p to be as follows,

~ 1 1|1 1 1 1
Lab — @hOab + F §O_ab + hOabO, o wab + Z(DW o w)hOab:| + F{ _Zh2ab
99 1 3 9 9
+Eh0ab0'2 _ ZhOabO,CO_c + Eo,aco_lg _ EhOabO,cdo_cd + O,ao_b + §O'O'ab
7 3 5 1 3 5
+§w3w0b - gw“bDw + §w“bw + 3 [w2 — wOw + Z(Dw)2 — chdw“l] o
1 1 2
—8ow™ — §w0“b + ngaab — 5o lahe — Zyabes 4 [—2w0 + ggo’Dw
1 1 13 1
—Zacwc + ZUCDwC + gacdw“l] pOab } + 0 (F) ) (B.4)

Given this expression and the expansion of Kab, it is straightforward to compute the expansion of

the holographic stress tensor Ty,

1
Tab = —— (Mab — Tq A, ) B.5
b= —grg (Mab = Tap + Aap) (B.5)
where
Tap = Khay — Koy and 7y = Khay — Kap, (B.6)

and where A, is

Ay = Koy — 20N KoqKap — KaeKay) + D*Lap + hay DeDgL — 2Dy D, Ly)". (B.7)
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A straightforward computation gives
Tab — Tab = Oab+ Uhgb + % hib +20,0p + 00g — (ga2 4+ o.0% + %ch06d> hgb
+04.0%p — hgbwz — 2WWah — Waewp + OWap + WOgp + OgplIw — 20w )
—Wapeo + (dow + 200w — oow® + acdw“l)hgb} +.... (B.8)
Similarly,

1
(3aab + 3ah2b — Bwep + thgb) + ; [3aaab

N |

Kab - 2-Z/Cd(chKab - Kacf{db) =
21 21
+700ab + 6040 + <702 — 0.0 — 200d00d> hgb — 2wapw + 3weewSy

3 9 3
—|—h2b(Dw)2 — 2h2bwcdw6d = 90wap + W + 5w — ZWapeo® — 120 (qWp)“

2 2 2
3 17 1
+ <§0w + ?O'Dw —ow’ + 500ch + 5acdw6d> hgb] +.... (B.9)
A calculation of the derivative terms requires more work. We find
- ~ ~ 3 3 3 1 1
D?Lgp, + hayDeDgL™ — 2DgD Lyt = — 50 — 5ahgb + Swas — §h3bmw + ;{ — 30,00
3 3 3 3 9
+Za2h2b + 700ab + 5h2b060c + 404y 0° — Zachthgb — ZaabchCd + Zaachde
350 ede | L0 Dl — 20 e + 2wg0™ + ~ Ole Tl + ~ w010
1 abTcdeT  + 2wcw wllw w Lwe + Z2weqgw —1—2 wellw +2 w w
1 1 1
—§deDde — §wcdew0de} hgb + SWatdh + Bwapw + w(eOwpy + Wapew — 6wacwp”
1 1 1
+§Dwaow — §Dwaab — 2wWapew® + 2w Hwpy)© — wep0w — §wab0dw0d
3 3 15 9
+§wacdwb0d + Yowgp — 50.)0'&5, — ZdabDw — ZUDwab — §O'abcwc — Bwapeo©
3 3 3
+120(qwy)© + 30weoaw” — 30 Bwp)© + §0abDDw + Zaabcdw“l + ZwabchCd
9 3 25 7 9 11
—§a(acdwb)cd + hY, [40’0ch — 50w - ZUDW - §acwc + ZUDDW - Zo-cdde
§ cd § cde
+4acdDw + 2acdew + ... (B.10)

Putting all this together we obtain a final expression for the boundary stress tensor to the relevant

order. Such an expression is presented in the main text (4.15).
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