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Abstract

It is well known that general relativity, when viewed from the perspective of quantum field
theory, is a non-renormalisable theory — this is central to the problem of quantum gravity. A less
problematic perspective is to view general relativity from the perspective of effective field theory.
As such, the Einstein-Hilbert action is considered just the lowest-order term in a derivative
expansion, where higher-order terms are suppressed and agnostically parameterise the effects
of an unknown UV completion. It was thought that all effective actions of this form are able to
accurately capture the effect of UV physics at low energies, but certain observables within the
low-energy theories can tip us off about possibly undesirable properties of UV completions. In
this thesis, we are concerned with such qualitative features of low-energy gravitational effective
field theories. In the first part, we will consider the restrictions that causality puts on the Wilson
coefficients of an effective field theory. To that end, we first establish the use of an appropriate
notion of causality and find consistency with gravitational positivity bounds. We then apply this
so-called infrared causality to put constraints on the leading-order EFT of gravity on black hole
and pp-wave backgrounds in five or higher dimensions. In the second part, we are concerned
with qualitative features of extremal black holes, the kinematics of which are known to have
interesting implications on quantum gravity. We first study deformations to the near-horizon
region of known extremal black holes and use intuition from these to state a conjecture on
Wilson coefficients in terms of the behaviour of the deformations near the horizon. Finally, we
consider a prototypical scalar field toy example for restrictions on EFTs in the context of AdS,
holography.
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Chapter 1

Introduction

Faust is a tragedy by the German writer (and polymath) Goethe, widely consider one of the
greatest works in German literature. Although it was published in 1808, nearly a century before
the eventual advent of QFT and GR, Goethe remarkably captures the awkward yet exciting
position modern theoretical physics finds itself in presently.

In the second scene, titled Nacht (“Night”), we meet the protagonist, Heinrich Faust, who is
sat restlessly at his desk in his cramped Gothic study. Faust is introduced as an accomplished
academic, who reveals his deepest desire in a poignant monologue:

“Dafs ich erkenne, was die Welt

Im Innersten zusammenhdlt.

That I may understand what holds
The innermost world together.”

Theoretical high-energy physics not having been established as a discipline yet, Faust was driven
to master philosophy, jurisprudence, medicine, and even theology, earning him many degrees,
titles, and positions along the way. This desperate and misguided attempt at understanding the
universe is at the core of the pursuit of knowledge as a scientific endeavour — we aim to un-
derstand nature at its most fundamental level, yet often begin with smaller questions. However,
even these more manageable questions are answered over timescales spanning lifetimes.

Faust’s lamentation over this realisation resonates with the challenges modern physicists are
faced with due to the double-edged swords that decoupling and separation of scales represent —
phenomena at different scales (be it time, distance, energy, or momenta) separate into different
hierarchies which are decoupled and insensitive to each other. This is e.g. why Faust is able
to focus on his monologue without worrying about the intricacies of quantum gravity (yet):
His desk chair and the fire in his lamp are largely insensitive to the workings of the molecules
they are comprised of, which are in turn agnostic to the precise details of quantum gravity.
This is extremely useful, because the problem of understanding nature is naturally organised
into much more manageable chunks. However, for someone like Faust, who epitomises the
high-energy physics community to some degree, this is also unfortunate. Because observations

10



and measurements are not sensitive to the precise details of the underlying theory, they cannot
serve as conclusive evidence distinguishing between one fundamental theory and another. This
creates an awkward situation — by shielding us from the messy inner workings of the world,
nature inevitably hides its beauty.

As tragedies go, further despair leads Faust to seek out magic, suffer from a mental breakdown,
and go on a walk — the latter ultimately leads him to make a pact with the devil, Mephistophe-
les. Fortunately, recent years have seen a surge of interest and subsequent understanding of
non-trivial connections between high- and low-energy physics that will allow us to take a more
pedestrian route towards understanding the universe. This thesis summarises aspects of con-
straints on quantum gravity at low energies in the spirit of EFT, based on [1-3].

This chapters serves to set the scene for the forthcoming discussion. We begin reviewing EFT
and consistency conditions on them in section 1.1, before discussing gravity from the perspective
of field theory and EFT in sections 1.2 and 1.3 respectively. An outline of the discussions in the
bulk of this work are given in section 1.4.

1.1 Effective Field Theory

All theories are effective field theories (EFTs). This rather strong statement is exaggerated but
— as catchy slogans so often do — contains some truth. Separation of scales, decoupling, and
universality put a name to the phenomenon that the dynamics of a large number of degrees of
freedom with complicated, possibly even unknown, interactions often reduce to simple relations
between a small number of relevant degrees for specific ranges of length or time scales [4, 5].
It is the reason why our approach to the natural sciences works. EFT is the framework that
formalises these ideas for quantum field theory (QFT), the framework we use to understand
nature at the fundamental level. This is not just a mathematical peculiarity, but is also leveraged
for practical uses in the bottom-up construction of EFTs. The fact that physics at different scales
decouples can be used to write down an action for the relevant degrees of freedom with all
possible terms that are consistent with known symmetries, supplied with free coefficients which
are successively suppressed by the cut-off up to which the effective theory ought to be valid.

The discussion in this section is based roughly on [6, 7].

1.1.1 Field Theory

For completeness, we begin by reviewing some background on classical and quantum field the-
ory — see e.g. [8, 9] for more details.

For convenience, we consider a field theory with a scalar field ¢, although ¢ could denote
any collection of possibly spinning fields'. In field theory, it is natural to compute correlation
functions — these enable us to extract physical observables. In asymptotically flat spaces, it is

!The discussion below generalises to fermionic fields in a straightforward manner.
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particularly convenient to consider correlation functions

(@(x1) ... d(an)) = (UT{d(21) ... ()} ), (1.1.1)

which are time-ordered expectation values of Heisenberg-picture fields ¢ sandwiched between
the ground states of the system, i.e. the true ground state of the system. The generating function

Z[J] = Z—;::' (Hl/ dP; J(a:i)> (p(x1) ... p(zn)) (1.1.2)

is known as the partition function. It computes expectation values in the true interacting vacuum

for these

by the Gell-Mann and Low theorem

(=9)" " Z[J]

Z[0] 6p(x;) ... 0¢(xn) (1.1.3)

(¢(z1) ... d(xn)) =

J=0

Fortuitously, this can be computed by a path integral — generally, these define transition am-
plitudes under time evolution with appropriate boundary conditions. For a theory defined by a
classical action S[¢], the partition function can be evaluated by a path integral

Z1J] = / D iSO+ [ AP I(@)(a), (1.1.4)

This object contains virtually all information about correlation functions in a QFT. In fact, it is
possible to view Lorentzian correlation functions with a fixed ordering of coordinates (known
as Wightman functions) and Euclidean correlation functions (known as Schwinger functions)
as different limits of a function which is analytic in the so-called forward tube 2. Although no
information is lost when analytically continuing between them, properties such as unitarity and
causality are ultimately clearer in Lorentzian signature [10-13].

In perturbative QFT, it is often useful to work with other generating functions that are related to
the partition function. Disconnected graphs in the Feynman graph representation of terms in the
perturbative expansion can be subtracted by taking the logarithm — this defines the connected
generating function

0l
WIJ] = —ilog 70" (1.1.5)
which generates connected correlation functions:
. "W J]
1) .. A(Tn))conn. = (—0)" ) (1.1.6)
(Oe1) - )eom. = (g7 S|
The response of the expectation value of the field itself to the external source is
W
pi={d)yr0 = 55 (1.1.7)

2For more details on the forward tube and analyticity, see section 3.1
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Figure 1.1: The effect of heavy modes (in blue) at tree- or loop-level is equivalent to replacement
with a local vertex at low energies.

the Legendre transform with respect to which is
Ty :== W[J] — /dD:qu(J:)J(:U). (1.1.8)

This is known as the quantum effective action, which generates amputated one-particle-irreducible
diagrams. Tree-level computations involving the quantum action are equivalent to computations
with the original action to all orders in loops.

The quantum effective action admits a semiclassical expansion, with

7 2
L[] = Sle] + §Trlog (%L ) +.... (1.1.9)

up to 1-loop.

1.1.2 Top-Down

The ethos of EFT is to exploit separation of scales and focus on the relevant degrees of freedom
at hand. The starting point for doing this is the following observation: Suppose we have two
fields ¢ and y with external sources J and K — once again, these could denote any collection
of spinning fields — the partition function then takes the form

Z[J,K] = / DDy e Slexlti [ dPa(Jo+Kx) (1.1.10)

An almost trivial observation is that we can evaluate correlation functions involving e.g. just ¢
using the effective action we obtain by performing the path integral over y

¢iSEPT _ / Dy eiSI6x], (1.1.11)

since
210:0] = /%eisemwd%m (1.1.12)

by definition.

It might seem miraculous that an effective action exists that is able to capture the dynamics of
low-energy fields, but is even more surprising that it should take the form of a local action. The
physical intuition behind this are essentially energy conservation and the uncertainty principle.
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The former ensures that time evolution under the full Hamiltonian remains linear and unitary
when projected onto the low-energy states, as high-energy states cannot be produced. The
latter guarantees that the effect of the high-energy modes in virtual exchanges is localised to
small time scales and short distances.

Example: Euler-Heisenberg Theory

A real-life example of a known EFT was derived by Euler and Heisenberg for QED in [14] — see
also [15] for a review. Consider the theory of a Dirac fermion ) with mass m (electron) coupled
to a massless spin-1 or U(1) gauge field 4, (photon) in D = 4, described by the action

SqED = /d‘*wﬁ [—1FWF“” + (i, — m)y|, (1.1.13)

where D, = 9, +iA, and ) = v*D,,. If we are interested in purely photon scattering in a
constant background electric field at energies below the electron mass, we can instead consider
the effective action after integrating out the electron

oiSerrlA] _ / Dy Dij ¢iSamn. (1.1.14)

This is a function of the invariants

1

F=1

1
F,F, G= 1gwﬁsz,zfaﬁ (1.1.15)
and takes the explicit form

Serr][A] = —ilogdet (iv" D, — m)

Re cosh ( se\/2(F + iG) 9
= /d4:nd§e_m2s —e?5%G ( ) + 14 Ze2AF (1.1.16)
s Im cosh (se 2(F + zg)) 3 o
AF? +76°
4 4
/d Te 15 +

Therefore, in order to compute photon or so-called light-by-light scattering in QED, we can
equivalently do computations in non-linear electrodynamics. This is very convenient — instead
of repeatedly doing 1-loop computations, this is a matter of using the classical equations of
motion with a particular action.

1.1.3 Bottom-Up

We have seen the top-down construction of EFT, which formalises the intuition behind sepa-
ration of scales, allowing us to concentrate on the physics of the degrees of freedom relevant
to the problem at hand. However, EFT is not magic — it just exploits the fact that sources for
decoupled fields also decouple in the partition function. This means that even when the ultravi-
olet (UV) completion is not known, the effective description of the high-energy dynamics should
mimic its symmetries. We can use this! Given known explicit realisations of EFTs from UV theo-
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ries, we can anticipate the form of and accurately write down an effective action: These should
include all possible operators composed of the relevant fields of interest and their derivatives,
satisfying the known symmetries of the degrees of freedom, organised in a derivative expansion,
and with unknown coefficients fixed by dimensional analysis. This is known as the bottom-up
construction of EFT. We can use this effective action to do Kindergarten perturbative QFT, tak-
ing care that we stay within the regime of validity of perturbation theory (by staying at weak
coupling) and EFT.

In the previous example of QED, for instance, we found an effective action by explicitly evaluat-
ing the 1-loop determinant, that manages to accurately capture photon scattering at 1-loop with
its classical equations of motion. However, the individual terms one could have written down
in the effective action are extremely restricted. Lorentz and gauge invariance alone dictate that
the action can only contain terms involving F, F' and derivatives thereof, so schematically the

corrections come in the form

\Z (F\'(F)
SEFTD/dDQ:AD Z Cabe <A> <A2> <A2> . (1.1.17)

a,b,c>2

Here, A is the cut-off that indicates the scale at which new physics enters, while ¢, are Wilson
coefficients — these are O(1)-coefficients unless there are reasons to believe otherwise. As
a special case, this includes the Euler-Heisenberg action from before with specifically tuned
coefficients ¢4, and A = m, but also encapsulates many other possible UV completions to
Maxwell theory.

Spontaneous Symmetry Breaking

EFTs are fully determined by the linearly and non-linearly realised symmetries of the relevant
fields — in other words, they are determined by symmetries and their symmetry-breaking pat-
tern. This is made particularly explicit within the coset construction [16].

A theory is said to break a symmetry spontaneously, when it admits a ground state which fails
to be invariant under the symmetries of the theory. What does this mean? First recall that
Noether’s theorem ensures the existence of a conserved current j4 satisfying oy jk = 0 on-shell,
for every global continuous symmetry of the action. These define charges

Qa:/ dP=1x j0(t,x) (1.1.18)
pI

which generate the symmetry transformations via the action of the commutator. Now, suppose
the theory has a local order parameter. This could be some field ¢(z) which transforms non-
trivially under the symmetry with a non-zero vacuum expectation value (¢) # 0. This implies

the existence of a Goldstone mode |G) for which
(Glja 1) #0, (1.1.19)
i.e. it is created from the ground state by performing a symmetry transformation. Goldstone’s
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theorem states that these are gapless and decouple in the low-energy limit [17].

The symmetry transformation acts inhomogeneously on the field via shifts ¢ — ¢ + ¢ for con-
stant c¢. To respect this symmetry, terms in the effective action describing the dynamics of the
Goldstone modes need to be composed of J,,¢ and its derivatives, so they take the form

O\ (0¢\°
D_ AD Z
a,b>2
schematically.

A simple example for this comes from the Dirac-Born-Infeld (DBI) action

(09)*
A4 ’

SDEI :/d4xA4 1—4/1+ (1.1.21)

which is the lowest-order part of the EFT describing the dynamics of the transverse fluctuations
of a 3-brane with vanishing field strength embedded into R1#*[18-21]. The presence of the brane
spontaneously breaks the isometry group from ISO(1,4) down to ISO(1, 3), and the correspond-
ing Goldstone boson ¢ is the brane position modulus. At leading order in small fluctuations, we
find

1

X (B)* +...|. (1.1.22)

1
SpBr ~ /d4$ [—2 (09)* +
We will revisit the (9¢)" interaction as the leading-order operator in the Goldstone EFT operator
several times.

1.1.4 Consistency Conditions

The symmetries of a theory are crucial in the bottom-up construction of EFTs — in fact, it was
thought that these provided the only restrictions. In more recent years, it was realised that there
are non-trivial constraints that imply that some EFTs cannot be UV completed.

Cherished physical principles such as covariance, causality, locality, and unitarity are deeply
embedded into QFT as a framework historically — we will refer to theories that satisfy these
properties as being “consistent”. However, the modern “bootstrap” perspective on QFT is to
only care about amplitudes or correlation functions as an output of QFT — this is somewhat
motivated by the fact that QFT calculations often involve complicated expressions that cancel
and give simple final results. Precisely what functions or distributions one can write down for the
amplitudes and correlation functions is then informed or constrained solely by symmetry and the
physical principles above. In fact, the various (conformal, S-matrix, cosmological etc.) bootstrap
programs have been extremely fruitful in pinpointing and extracting physical observables using
this approach [22-27].

These principles also place non-trivial constraints on EFTs. When we construct an EFT from the
top-down by projecting the S-matrix of a consistent UV theory onto the low-energy states, the
resulting effective theory is automatically consistent within the Hilbert space containing only
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Figure 1.2: The contour C’ used to derive dispersion relations. Figure taken from [62].

the low-energy states. In particular, the resulting theory satisfies causality, unitarity, and locality
essentially due to energy conservation and the uncertainty principle. When we construct an EFT
from the bottom-up, that theory is also automatically consistent within the low-energy theory
itself. However, it is not obvious that these will also descend from a consistent UV theory. It is
now well-understood that properties such as unitarity, locality, Lorentz invariance, and causality
are non-trivially retained along renormalisation group (RG) flow and therefore put constraints

on possible low-energy physics — for a review, see [28].

Positivity Bounds

One example of such constraints are positivity bounds, which are non-trivial constraints on the
derivatives of scattering amplitudes through analyticity of the S-matrix [29-60].

Let us briefly review arguments for this. Consider a 4-point s-channel amplitude A(s,¢) with
external fields of masses m; with ¢ € {1,...,4} and exchanges involving either massive states
of arbitrary spin or massless states with spin J < 2 in some D = 4-dimensional field theory,
which is function of the kinematic Mandelstam variables s and ¢. We want to derive a dispersion
relation for this [61]. As we discuss later, causality guarantees that the scattering amplitude is
analytic in s at fixed ¢, up to singularities required by unitarity. In particular, suppose there is a
branch point corresponding to a particle production threshold at s = sy with a cut going in the
positive real s-direction, and a related branch cut in the u-channel due to crossing symmetry.
There are also poles, which will be of no concern. By Cauchy’s integral formula, we can then

10 _ f e Ast)
n! aSnAs(s,t) = 7({ ot (i — 5)n 1 (1.1.23)

write

where C is a circular contour around the pole at u = s. Due to analyticity away from the
physical singularities, we can deform the C to a different contour C’ depicted in 1.2, that goes
out to |u| — oo while avoiding the branch cuts due to unitarity. We can then simply divide this
integral into contributions from discontinuities across the branch cuts and one from the arch C.,
at infinity to give

10 As(s,t):/ du As(p,t) / du[DmcuAs(,u,t) Disc,, Ay (i, 1) (1.1.24)
C s

nl 95" 2w (- syt e T A e T

0
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where Disc. f(z, w) = 3 [f(z + ie,w) — f(z — ie, w)].
The dispersion relation connects a quantity computed at low energies within the EFT, A, to (in
principle arbitrarily) high-energy physics, the integral over C.,. Non-trivial constraints on the
EFT are derived precisely from this connection using input on the behaviour of the theory at high
energies. Let us assume that the amplitude is bounded by x* at large |k|, then the integral over
Cso vanishes for any n > k. As a further simplification, let us consider the forward scattering
limit ¢ — 0, in which case

g s0) = [ DRt ) D)

o5 S N R P ST

1.1.25
n! Js™ ( )

0

Unitarity of the S-matrix guarantees that the discontinuities are positive on the positive real
axis, so the left-hand side is manifestly positive for 0 < s < s¢. This is known as an n-subtracted
positivity bound!

In particular, for a theory with a mass gap as above, the Froissart-Martin bound guarantees that
k = 2 is sufficient essentially due to unitarity [63, 64]. More subtractions are needed when the
theory is gapless or contains higher-spin states, either because the Froissart-Martin bound no
longer applies or because of higher-order poles due to exchanges of the latter. An illustrative
example is coupling to a massless spin-2 field — the exchange has a 1/¢-pole known as the
t-channel pole, and more sophisticated methods and assumptions are needed to derive bounds
[41, 45, 50, 58, 60, 65-71].

Example: Goldstone EFT

The prototypical example for constraint on EFTs from positivity bounds is the Goldstone EFT,
described at leading-order by

1 1
£ = ~5(0,0)("9) - sm*¢* + 11 (96)". (1.1.26)

We recognise the DBI action (1.1.21) as a special case of this with m = 0 and g = 1/8. We have
given the Goldstone mode a small mass m that we will take to vanish at the end, in order for the
Froissart-Martin bound to hold. We should hence think of this as describing Pseudo-Goldstone
mode of a spontaneously broken approximate symmetry with small mass m. The 4-point EFT
interaction first shows up in the 4-point amplitude at tree-level

29

Als:t) = 37 (s —2m*)? + (t — 2m?)% + (u — 2m?)?] . (1.1.27)
Since
lim A(s,t) = 22 > (1.1.28)
o AT -

the twice-subtracted positivity bound above imposes g > 0, up to higher-order corrections. See
also [72] for a holographic perspective on this.
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1.2 Gravity

The other ingredient in the EFT of gravity is, of course, gravity itself. Our current best under-
standing of this is given by GR, which can be seen as a geometric theory describing gravitation
as the fictitious force due to the curvature of spacetime induced by matter. Einstein’s equa-
tion, which describe this relation, can be obtained as the classical equation of motion from the
Einstein-Hilbert action. In D dimensions and with cosmological constant A, this is

MD—2
Sgg = /de\/jg [PI(R —2A) + Lmatter | (1.2.1)

2
where the dynamics of the minimally-coupled matter fields are packaged into Lmagter, and Mp
is the Planck mass in D dimensions.

Particularly striking is the prediction of its own breakdown through the generic formation of
curvature singularities [73]. In practical terms this means that, in order to understand dynamics
at very high energies or small length scales, a UV completion to GR, i.e. a theory of quantum

gravity, is necessary.

1.2.1 Spin-2 Field

It is useful to view GR from a different, although equivalent, perspective of a field theory de-
scribing a force mediated by massless spin-2 particles [74, 75]. From this perspective, the fully
non-linear theory breaks down at sufficiently high energies because the interactions are non-
renormalisable.

What we interpret as particles intuitively correspond to irreducible unitary representations of the
Poincaré group, which are uniquely classified by their mass m and spin S through the Wigner
classification. The field responsible for gravitational interactions is the massless spin-2 field,
which is represented by a symmetric and traceless tensor field 4,,,. We will see that demanding
Lorentz invariance and the absence of ghosts uniquely fixes its kinetic term.

To see this, let us write down the most general local kinetic, i.e. two-derivative, terms that are
quadratic in the fields

L9) = by |a1ORM™ + 20,00 + a30" 0" h + ayn Th| . (1.2.2)

This is essentially fixed by the index structure and hence covariance. We can decompose a sym-
metric tensor field into transverse tensor and a vector part (which can further be decomposed
into a transverse and longitudinal vector part) as

huw = hly, +20,m,),  0"hl, =0. (1.2.3)

14
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This introduces the following higher-derivative terms

E(Q) 3(2@1 + ag)ayﬂ"umayﬂu + 2(a1 + gag + 2a3 + 2a4)8u7r“D8V7r” (1.2.4)

+ 2(2@4 + ag)hTD(?)jrA + 2(2&1 + ag)hZVDa(uﬁ,,) + 2(&2 + ag)hZVOAa“a”w’\,

which are typically associated to ghost instabilities. We can ensure the absence thereof by de-

manding that

1 1
a] = —§CL2 = 5(13 = —ay4, (125)

so after fixing a; = 1/8, this leaves us with

1 T,uv cof T
Loy =—3h"" Exlhag, (1.2.6)
where
« 1 174 (67
Eilhas = —5 [Py — 20°0(hy)x + Ou0sh — 1" (Dh — 0,03h ﬁ)] (1.2.7)

defines the Lichnerowicz operator. This is known as the Fierz-Pauli action, which is the unique
kinetic term for a free massless spin-2 field. It enjoys gauge invariance under

by = by + 0,60y, (1.2.8)

which we recognise as linearised diffeomorphisms. In order to couple this field to matter via
a stress tensor, we are forced to introduce non-linearities in the gauge transformation and the
kinetic term becomes the fully non-linear Einstein-Hilbert term with

D—-2

Juv = Nuv + M;]Thuu- (1.2.9)

Assuming that the full equations of motion contain a finite (but arbitrary) number of derivatives
and satisfy an integrability condition on its divergence, it can be shown from the consistency of
non-linear self-coupling that this is the unique non-linear completion to the Fierz-Pauli action
[76].

Non-linear corrections to the Fierz-Pauli action from the Einstein-Hilbert action come with cou-

)

pling constant M, (P=2) " This means that the Einstein-Hilbert action is non-renormalisable in

D > 2, and the theory becomes strongly coupled once energies hit the Planck scale. This is how
the theory predicts its own breakdown.

The Canonical Formalism

It is best to identify the degrees of freedom of a gauge theory in the canonical formalism. For
gravity, this is known as the ADM formalism [77]. For a globally hyperbolic spacetime, the
global time function can be used to decompose the metric as

ds? = —N2dt* + ~;; (N'dt + da’) (N7 dt + da?) (1.2.10)
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where N and N’ are known as the lapse and shift functions, and ~ is the induced metric on the
spatial constant-time hypersurfaces ;.

In this form, the Einstein-Hilbert action becomes
b, M i
S = /d NG [NRM +N (K’jKji - K’iK]jﬂ , (1.2.11)

up to boundary terms, and where Kj;; is the extrinsic curvature. The lapse and shift enter the
action without time derivatives and act as Lagrange multipliers, so 7;; and its conjugate momen-
tum m;; are coordinates of the unconstrained phase space, with which we find the Hamiltonian

H= /dD—lxﬁ (NH + N'H,) , (1.2.12)

where H and #,; are the Hamiltonian and momentum constraints of GR respectively.

It is now clear what the degrees of freedom are. The unconstrained phase space is D(D — 1)-
dimensional. The Hamiltonian and momentum constraints are first-class constraints, so they
act twice — once as a constraint, and another time as a gauge symmetry. This means that the
constrained phase space has dimension D(D — 3), which corresponds to D(D — 3)/2 degrees of
freedom with second-order equations of motion.

1.2.2 Quantisation

From both the field theoretic and the geometric perspectives, GR breaks down at high energies
and short distances. This means that a theory which is better behaved at these scales is needed.
This UV completion of GR is what is typically referred to as quantum gravity. We will soon
describe a modern EFT perspective on quantum gravity, but let us lose a few words on other

qualitative aspects of quantum gravity first.

Local Observables

In QFT, the typical observables we are interested in are correlation functions. A natural re-
quirement for these is that they are gauge-invariant. This is however subtle in a theory of
dynamical gravity that is not perturbative around a background. The bulk ADM Hamiltonian of
GR generates local diffeomorphisms and vanishes, so the theory is gauge-invariant under local
diffeomorphisms, which act non-trivially on correlation functions. Local observables such as
correlation functions, which are function of the operator insertion positions, therefore cannot
be good observables.

There are two ways out of this. The boundary term of the ADM Hamiltonian is non-vanishing, so
diffeomorphisms that reach infinity physically act on the states of the theory and are therefore
not gauge transformations — these form the asymptotic symmetry group of gravity. We can
therefore either define non-local observables of operators smeared along paths anchored at
asymptotic infinity, or we take the operator insertions themselves and push them to asymptotic
infinity. The former is analogous to Wilson lines in Yang-Mills, and the latter constructs the
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S-matrix. It is sometimes said that “the only observable in quantum gravity is the S-matrix”
[78].

The Gravitational Path Integral

In any theory of quantum gravity, path integrals such as the one used to compute the partition
function should in principle also integrate over the dynamical metric

Z = / Dg D519, (1.2.13)

with ¢ collectively standing for the matter fields in the theory. The boundary conditions are
crucial and hide the physical meaning as usual. For instance, evaluating the path integral over
Riemannian manifolds with periodic Euclidean time results in the thermal partition function,
which determines thermodynamic properties of the spacetime [79, 80].

As an example, let us consider the Euclidean Schwarzschild black hole (BH)

2M 2
ds? = <1 o 1”> dtZE + 1 dTQM + 7’2dQ%, (1.2.14)

obtained by Wick rotating ¢; = itg, which agrees with its Lorentzian cousin on the ¢t = 0 slice. To
be a well-defined angular coordinate, Euclidean time needs to be periodic by the identification
tp ~ tgp+06, with 8 = 8t M. The Euclidean Schwarzschild black is a saddlepoint of the Euclidean
action, so we can approximate the thermal partition function semiclassically as

7~ e~ l9saaael (1.2.15)

where I denotes the Euclidean gravitational action. The bulk contribution to this vanishes for
Euclidean Schwarzschild, so contributions to the boundary are crucial — we take this to be the
surface r = ro, which we eventually take to infinity. The boundary term itself also diverges in

this limit, so we need to include an appropriate counter-term (informed by the flat space limit)
1
Ilg) = =My, [ / VIR+ | Vh(K - K@} : (1.2.16)
2 J/m oM

where K is the trace of the extrinsic curvature on M and K is the trace of the extrinsic
curvature of a same surface with the same intrinsic geometry embedded in flat spacetime. This
only cancels the divergence in the ry — oo limit, but also affects the finite part. One can show
that for the Euclidean Schwarzschild geometry, in units where Gy = 1

1 M
I[gsaddle] = 78—71_3 [(87rg — 120 M) — (879 — 87 M) = 26, (1.2.17)
so that the thermal partition function is
Z(8) = e F*/167 (1.2.18)
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Figure 1.3: The string loop expansion. Figure taken from [86].

String Theory

We are actually in possession of explicit examples of consistent theories of quantum gravity.
Arguably the most promising candidate for this is string theory.

This is a framework studying strings as fundamental particles. At length scales above the string
length ¢, different vibrational modes in the spectrum of the string look like fundamental par-
ticles in different representations. For historical reasons, one often uses the so-called Regge
slope o = (¢,/2n)? or the string mass scale M, = 1/v/a/. We can study this spectrum at weak-
coupling — amongst massive higher-spins states, this crucially also includes a massless spin-2
state. With a bit more work, this can be identified as the graviton. In particular, the massless
sectors are described by supergravity.

String amplitudes crucially differ qualitatively from field theory amplitudes. For example, the
tree-level amplitude for scattering of four (massless) gravitons in type-II superstring theory is
given by the Virasoro-Shapiro-type amplitude

1 ['(—1d/s)T (—3a/t) T (—1d/u)

MD*Q ~ 13 _Z
no A~ D (1+<2) T (14 95)T (14 2u)

K1 Ko, (1.2.19)

where K; are kinematic factors that are quartic in the momenta [81, 82]. At fixed ¢ there are
poles at s = 4n/a’ for n € N, which correspond to the masses of the states with spin up
to 2(n 4 1) in the closed string spectrum, so the scattering describes a tree-level exchange of
infinitely many massive higher-spin states. At very high energies, the amplitude takes the form

/

1
MP11)72AN—§eXp —%(810g5+t10gt+U10gU) s (1-2'20)

i.e. falls off exponentially. Any field theory amplitude exchanging only finitely many massive
higher-spin states will lead to worse UV behaviour — it only has this soft UV behaviour because
the individual contributions are resummed in string theory. The softened UV behaviour is often
attributed to the minimal length of the string, and is in fact not just a property at tree-level.
Scattering amplitudes in string theory are organised in a loop expansion as depicted in 1.3. The
individual terms have been rigorously shown to be UV-finite up to two loops, and it is thought
that this holds to all order in loops [83-85].

There is an intuitive picture for this [87]. In field theory, an amplitude at g loops with external
momenta {p} and internal momenta {/;} can be written in terms of integrals over Schwinger
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parameters {s;} as

(/Hd%) IT (82 +m3) ™ N ({6} {pi}) = (H/ dsn) {s;}), (1.2.21)

where {k;} are linear combinations of the external and internal momenta. The UV divergences
of the original diagrams are encoded near s = 0, while infrared (IR) divergences are associated
to s — oo. Now, an n-point amplitude at g loops in superstring theory takes the form of an

integral
dim My n

/MM I dmig({mi}) (1.2.22)

i=1

over a dim Mg, = 6(g — 1) + 2n-dimensional moduli space parameterising a genus-g Riemann
surface with n punctures of some worldsheet correlation function g({m;}). These integrals
are divergent typically when the Riemann surface itself is singular — this turns out to be the
case for when m; — oo. Interpreted as Schwinger parameters, we therefore see that these are
interpreted as IR divergences, which we can deal with.

In this sense, string theory constitutes a full UV completion to Einstein gravity.

Holography

Another fruitful avenue from which we have learned a lot about quantum gravity is from ideas
that loosely fall under the term holography.

The first hint of the holographic nature of gravity comes from BH entropy. From the thermal
partition function for the Euclidean Schwarzschild BH in (1.2.18), we find that the BH entropy
is

Apn

Seit = (1 — B0s) log Z(8) = = (1.2.23)

in terms of the surface area Apy = 16w M? of the BH horizon — the relation between the entropy
and surface area of a BH in fact hold more generally. Therefore, given some codimension-2
surface in a spacetime, the second law of BH thermodynamics would require that the maximum
entropy we can package into the volume is bounded above by the surface area through the
possibility of BH formation [88]. This motivates the holographic principle — a theory quantum
gravity is secretly determined by dynamics within the boundary [89, 90]. One of the great
successes of string theory as a UV completion to gravity is to reproduce the BH entropy for
extremal BHs microscopically [91].

This is made much more precise by the correspondence between Anti-de Sitter (AdS) space and
conformal field theories (CFTs) — a conjectured duality between dynamical theories of gravity
on asymptotically AdS spacetimes and CFTs defined on the (conformal) boundary thereof via the
following dictionary between the on-shell gravitational bulk and boundary field theory partition
functions [92-94]

ZBulk[¢7 aM] = ZBoundary[d’L (1.2.24)
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Oor more concretely

/ DP e = <exp <— / 0¢>> . (1.2.25)
Dlop~e oM QFT

Once again, ® collectively denotes the (light) bulk fields, while ¢ are the sources for the op-
erators O in the CFT and determined as boundary conditions from the bulk fields. The corre-
spondence itself is believed to hold more widely, but our understanding of it is in the context
of certain limits of specific examples — most prominently between type IIB string theory on
AdSs x S° and N = 4 Super-Yang-Mills theory in D = 4 [95, 96].

Notably, CFTs are UV complete by construction, so in principle (1.2.25) is the only non-perturbative
definition for a UV-complete theory of gravity in terms of a QFT on a fixed background.

Lower-Dimensional Gravity

The Einstein-Hilbert action is renormalisable in D = 2. However, the counting of degrees of
freedom suggests that this has —1 dynamical degrees of freedom. In fact, this is easy to see. In
two dimensions, the Einstein-Hilbert action itself is a topological invariant, and relatedly

1
Ruu = iRgm/ (1226)

is an identity.

We can however find non-trivial dynamics if we allow for scalar-tensor theories with some dila-
ton degree of freedom ®> [97]. The most general dilaton gravity model we can write down with
two-derivative action is of the form

- R - _ . N
Sbclg, @] :/ 2z+/|g] [U1(<I>)2—i—Ug(@)g””(‘)M(I)({),,(I)—I—Ug(‘I)) (1.2.27)
M

for some arbitrary functions Uy, Us, and Us. However, we can
* Redefine ® = U;(®) provided that U] (®) # 0,
* Weyl transform g — e*¥g with w(z) = [ (@) Uz (®")d®’ to cancel the kinetic term,

to bring this into the form

Splg, @] = / d*z/|g| [@f - U(@)] : (1.2.28)
M
These types of theories are well-motivated. For instance, they can arise from in spherical/dimensional
reductions from higher-dimensional gravity — demanding the metric is a warped product of a
2D Lorentzian manifold and either S% or T reduces the action to a dilaton-gravity system as
above, with the warping factor playing the role of the dilaton [98-100]. This perspective is
taken of in [101] to systematically find background solutions to higher-dimensional gravity cou-
pled to p-form fields and a dilaton. Dilaton-gravity models also arise in critical string theory,

3Also known to be generically equivalent to f(R) theories.
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since the conditions for worldsheet conformal invariance can be rephrased as the equations of
motion of a dilaton-gravity theory [102-107].

Jackiw-Teitelboim (JT) gravity is a specific example of a dilaton gravity theory with U(®) = AP
[108-115]. It is the simplest non-trivial such theory, and describes is obtained by spherical
reduction of small perturbations for near-extremal BHs. Including the Gibbons-Hawking-York
(GHY) boundary term and a holographic counterterm, the action is

Syrlg, @] = /M d2z/—g® <§ - A) + /8M dzVho(K — 1) (1.2.29)

where h is the induced metric and K is the extrinsic curvature on the boundary 0 M. This arises
as the universal near-horizon limit of near-extremal BHs in higher dimensions, and is hence

(more or less) of phenomenological relevance “.

JT gravity is arguably not very closely related to Einstein gravity or its UV completion in higher
dimensions — it possesses no dynamical bulk gravitational degrees of freedom. It is neverthe-
less a renormalisable theory of gravity, which can be consistently quantised in field theory and
coupled to matter with non-trivial boundary dynamics. A crucial development in this was the
improved understanding of near-AdS, holography in terms of JT gravity and the Sachdev-Ye-
Kitaev (SYK) model [116-119]. This has earned it a lot of interest as a toy model for quantum
gravity in recent years, and has been particularly useful for studying quantum aspects of BHs in
the context of the information loss paradox [120-126].

1.3 The Effective Field Theory of Gravity

We have established that gravity is, in many ways, just a regular field theory. Even though it is of
the non-renormalisable kind, it suggests we should be able to understand it from the perspective
of EFT [7, 127-130].

1.3.1 Construction of EFT Action

To do this we follow the familiar steps. Focusing on purely gravitational degrees of freedom, the
only relevant symmetry are diffeomorphisms. The effective action therefore needs to be built
out of curvature tensors and their covariant derivatives. Similar to (1.1.17) and (1.1.20) for the
spin-1 field and the Goldstone boson respectively, the action for the EFT of gravity is

1 \V Riemann
D D—2 2 § :
S : /d €T g Pl ‘ZR m>0n>20 < ) < > ( 3 )

schematically. More precisely, the term at fixed m and n collectively stands for all possible
contractions of n different Riemann tensors with m covariant derivatives acting on a subset

*From the higher-dimensional perspective, the dilaton plays the role of an area, in which case the action should
come with an appropriate factor of Mp;, which can however always be absorbed in ®. We would then expect also
a contribution from the background value of the dilaton ®, multiplying the topological Einstein-Hilbert term. This
usually contributes to the entropy.
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Figure 1.4: This diagram illustrates the hierarchy of different scales relevant to the EFT of
gravity.

of the Riemann tensors. Stated like this, the parameterisation is abundantly redundant, as
many terms will be related by field redefinitions involving the metric, integration by parts, or
commutation of covariant derivatives. Further, A is the cut-off scale, which characterises the
scale at which new physics becomes important. As before, this is a derivative expansion which
parameterise the effects of a UV completion at low energies. The coefficients of the higher-
dimension operators are fixed by dimensional analysis, so that the Wilson coefficients c¢,,, are
O(1)-factors unless there is a good reason they should not be — in fact, this is one way to state
the cosmological constant problem. As is typical for e.g. weakly-coupled string theories, these
corrections can arise from tree-level exchanges of higher-spin particles or loop-level exchanges
of particles of all spins with mass A. The former will lead to ¢,,,, ~ O(1), while in the latter
case we would find ¢, ~ (A/Mp;)P~2 due to loop suppression. From the low-energy point
of view, it is in general impossible to know whether a particular higher-curvature term comes
from tree-level higher-spin effects or loop contributions and so we must allow for both generic
countings.

The “quantum gravity” regime corresponds to when energies reach the Planck scale, so this is
the scale at which we will violate perturbative unitarity if we just took the Einstein-Hilbert action
at face value. Consequentially, the effect of higher-derivative corrections ought to come in when
scales reach A < Mp. For example in string theory, this is given by A ~ 1/v/o/, which is the
scale of the new massive states that are exchanged in (1.2.19). At this point, we need to appeal
to a UV completion, i.e. a theory of “quantum gravity”, to accurately describe the physics.

For gravity, it is particularly useful to distinguish between weakly and strongly coupled UV com-
pletions. Heuristically, we say that UV completion is weakly coupled when EFT corrections are
generated by integrating out additional heavy degrees of freedom, whereas we would expect a
more drastic change in the degrees of freedom of the underlying theory for a strongly coupled
UV completion — known EFTs in nature come in both varieties. For instance, quantum chro-
modynamics is the strongly coupled UV completion to pion theory — the underlying degrees of
freedom are quarks which, in the confining phase, give rise to pions as the pseudo-Goldstone
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bosons for the breaking of the approximate chiral symmetry at low energies [131-133]. We also
have electroweak theory as a weakly coupled UV completion to Fermi’s theory, where the effect
of the underlying W~ -boson is effectively described by the four-point Fermi contact interaction
[134, 135]. A proxy for this is that we expect a UV completion to GR to be weakly coupled when
A < Mp and strongly coupled when A ~ Mp,. It is a priori unclear what type of UV completion
gravity needs.

Explicit Constructions

Above, we have presented the bottom-up construction of the EFT action of gravity. We would
like to argue that any (partial) UV completion will give rise to a low-energy EFT action that takes
this form. For non-gravitational theories, we have already seen explicit top-down constructions
of EFT actions that take the form we would expect. This is also possible from UV completions to
gravity such as string theory [82, 136-139].

We saw that it is possible to compute scattering amplitudes of string states represented by vertex
operators. By construction, a low-energy EFT capturing the massless string states should be able
to reproduce the scattering amplitudes involving the massless string states. In general, this will
involve infinitely many terms suppressed in inverse powers of the string mass scale M. There
are different ways to do this — either, one demands conformal invariance on the world-sheet
(by vanishing of the s-function of the string o-model) or one exploits spacetime symmetries
with matching to amplitudes. In practice, it is more straightforward to construct the effective
action perturbatively using the latter method. E.g. consider the four-point graviton scattering
amplitude (1.2.19) in type-II superstring theory. At low energies, this takes the form

MEI2A= 1—16a’3 _%ﬁ +"(1) +...| K1 Ko, (1.3.2)
where ¢(z) =I"(z)/I'(z) is the Digamma function. The leading-order contribution is at O (a°)
and quadratic in momenta, so is reproduced by the two-derivative in the type-II supergravity
action (this is fixed by gauge invariance) as long as we identify the string coupling by

2\/77'1-610
= 0. 1.3.3
gS (47T2al)2 ( )

The first correction is octic in momenta and at O (0/3), and arises from a quartic curvature term
with cut-off M;. Higher-order corrections schematically enter the action as o/ R"*!. By virtue
of being derived as the low-energy approximation of a UV-complete theory, this automatically
satisfies known consistency conditions.

1.3.2 Predictions from the EFT of Gravity

Once we have constructed the EFT action, we should truncate it to finite order and establish its
regime of validity. Then, we can do regular perturbative QFT with that truncated EFT action to
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Figure 1.5: The Feynman diagram for graviton exchange between two heavy matter fields that
corresponds to the Newtonian potential. The dark “blobs” are 1PI vertices. Figure taken from
[140].

make predictions. In particular, we do this perturbatively by expanding around a background

D—2

uv = guu + Mp_lTh;uw (1.3.4)

Since we are dealing with a non-renormalisable theory, we expect this perturbative expansion to
break down eventually. This typically manifests itself by scattering amplitudes violating pertur-
bative unitarity, as cross sections grow at high energies. These problems will however be outside
of the regime of validity of the EFT.

In order to use (1.3.1) in a perturbative QFT framework, we should use power-counting ar-
guments to establish the scale Fjeardown at which the loop expansion breaks down. For the
Einstein-Hilbert term alone, this is given by Mp;. This is more complicated in the EFT of grav-
ity, because there are non-linear interaction terms coming from both the Einstein-Hilbert action
(which comes with inverse of powers of Mp) and manifestly higher-derivative EFT corrections
(which come with inverse powers of A). Tree-level interactions from curvature-squared cor-
rections therefore compete with loop-level contributions from the Einstein-Hilbert term in the
expansion etc., so the actual scale Ejeardown controlling the loop expansion is a combination of
these. Roughly,

A < Epreakdown = MpwlAlix < Mp, (1.3.5)

for some number z € [0, 1] that can be found by examining all Feynman diagrams. The expansion
is therefore still under control at the scale at which new physics enters.

There are many observational signatures of EFT corrections to gravitational phenomena. These

present promising possibilities to use observations to pin down information on quantum gravity.

Correction to the Newtonian Potential

The Newtonian gravitational potential is an illustrative example for the different expansions at
play in the EFT of gravity [129, 140]. To see this, consider the Einstein-Hilbert action supplied
with a generic 4-derivative EFT correction.

Expanding this around flat space g = 7, it can be shown that the non-relativistic limit of the
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graviton exchange diagram 1.5 up to 1-loop takes the schematic form

5oy L 51 1 52 k|

where « is a Wilson coefficient encoding the information about the underlying high-energy

degrees of freedom, and ; are fully calculable from 1-loop diagrams in pure Einstein gravity
and are particularly intriguing. As we will discuss in the next section, the four-derivative terms
in the EFT action can be traded in for the Gauss-Bonnet term in the absence of matter, so
effectively « = 0 in D = 4 — it is however nevertheless illustrative to see the contribution to the
potential it induces. If we restored % # 1, we would see that 3 is O (k) while 35 is O (h). It
is also notable that the (3; terms are both non-analytic contributions, which are associated with
long-range interactions of massless particles.

The Fourier transform of (1.3.6) is

1 B1 B
V(r) ~ *+*5( )+ MZr? + M2

+.... (1.3.7)

As expected, the leading-term which comes from the free propagator is just the classical Newto-
nian potential (up to factors). The tree-level EFT correction did not give rise to a non-analytic
term (although it will at loop-order), and contributes a contact term correction to the Newto-
nian potential. It parameterises the effects of heavy degrees of freedom, so it makes sense that
the effect of these is completely local. The non-analytic terms indeed lead to predictions of
long-range modifications of the Newtonian potential. The §;-term is an example of a classical
relativistic (post-Newtonian) correction, the type of which has become increasingly important
in the systematic high-precision computation for gravitational wave signals from binary systems
[141, 142]. On the other hand, the f»-term is an honest quantum gravity prediction.

1.3.3 Leading EFT in Vacuum

For simplicity, we will typically focus on the EFT of gravity without matter. In D > 5 dimensions,
this is described by the action

1
SGB:/d av/—g ME~ 2<2R+ (XSRGBnL ) (1.3.8)

where R%; = Rwaﬁ 4R2, 4+ R? is the GB term, and cgp is the O(1) dimensionless Wilson
coefficient. The vacuum Einstein-Gauss-Bonnet (EGB) equations are

2cGB
Gap + 3 Bas =0, (1.3.9)
where
1
Bap = 4RgappR7? + 2R, """ Rgsp — ARao B3 + 2RRop — §RéB Jop- (1.3.10)
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Positivity bounds for this truncated theory have been considered in [36, 37] and properties
adjacent to causality in [143, 144].

While other dimension-4 curvature operators (e.g. wa or R?) may generically enter at the same
order in the EFT expansion, we are specifically interested in vacuum solutions with R, = 0 to
leading order, so the effect of these operators on the propagation of gravitational waves (GWs)
will be suppressed relative to the effect of the GB term via field redefinitions. Of course, in
specific UV completions cgg may vanish, but cgp is generically non-zero and our discussion is
predicated on cgg # 0. If it did vanish, then the cubic curvature terms will be leading corrections
whenever supersymmetry is broken. These are considered in [145-147].

We will typically work only up to linear order in perturbations (i.e. in powers of the inverse
cutoff scale, A=2). Truncation at this order is a reflection of the fact that (1.3.8) represents
only the first terms in an infinite series of effective operators built from scalar contractions of
Riemann tensors and their covariant derivatives. For now, we are implicitly assuming it is safe
to neglect these higher-dimension curvature operators because they would come suppressed by
more powers of A~? compared to the GB term. In fact, it is exactly this assumption which will
define for us the “regime of validity” later on. In the meantime, we just note that corrections
higher-order in cgg would be meaningless since we would generically expect corrections from
other operators at the same higher orders.

1.3.4 Consistency Conditions

A central part of our discussion on EFTs was that, beyond the symmetries of the relevant degrees
of freedom, other physical properties of QFT are not guaranteed to hold a priori and place non-
trivial constraints on the EFT interactions we can write down. We also motivated the EFT
perspective on gravity and corrections to it from the UV. This suggests that there should be

similar non-trivial constraints on the higher-derivative corrections in the EFT of gravity.

However, while gravity is in many ways just a regular field theory, it also holds a special po-
sition. While we are typically free to choose coupling between different matter fields (unless
e.g. restricted by supersymmetry), the equivalence principle dictates that the gravitational field
universally couples to all fields with the same strength. Since it also defines the background
geometry, it also sets the causal structure for the other matter fields. The generic formation
of curvature singularities and (assuming the weak cosmic censorship conjecture) horizons also
leads to interesting physical implications. For these reasons, it will turn out that consistency

conditions on quantum gravity are more subtle.

The “Swampland” Program

The so-called swampland program also aims to find constraints on low-energy EFTs of quantum
gravity. More specifically, it aims to delineate the boundary between the string landscape and
eponymous swampland or, in other words, find qualitative restrictions directly on quantum
gravity informed by explicit constructions in string theory [148-151]. It consists of a web of
conjectures, which are intimately connected, with varying degrees of evidence. Of particular
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interest to us is the weak gravity conjecture (WGC), for which BHs play an important role.

Two of the strongest and most well-known of these conjectures are the “no global symmetries”
and “weak gravity” conjectures — these were first discussed in and respectively, but have re-
gained significant interest over more recent years .

The WGC is related to the older “no global symmetries” conjecture [152]. This states that any
consistent theory of quantum gravity should not have global symmetries. Intuitively, this is
because Hawking radiation — the process by which BHs decay and shed mass and charge —
is relatively insensitive to their global charges. Unlike gauge symmetries, there is no chemical
potential which favours the discharging of black hole. Roughly this means that BHs must destroy
global charge. More precisely, we could take states charged under the global symmetry to form
BHs with arbitrary charge, which would decay to BHs also with arbitrary charge and of similar

size. This is a continuum of microstates which is in tension with the Bekenstein entropy bound.

The WGC is on less firm footing — it was originally formulated in [153], but has regained
significant interest in recent years [154-159]. It comes in several different (related) forms, but
in its mildest form it states that a consistent theory of quantum gravity should contain a state
with charge-to-mass ratio

lal . 1@l

1.3.11
m ~ M (1.3.11)

Extremal

above the extremality bound for a charged black hole. An intuitive explanation for this condition
is that it provides a mechanism for extremal BHs to decay without becoming superextremal
themselves — that would be in tension with weak cosmic censorship.

A particularly interesting case of the WGC is when the states satisfying the WGC are large BHs
themselves. We define the extremality bound with respect to asymptotically large BHs, com-
puted with just the two-derivative action, while finite-size BHs will be affected by the presence
of EFT corrections. The WGC then translates into a statement about the Wilson coefficients of
the EFT [161].

1.4 Overview of Thesis

Consistency conditions on EFTs of gravity are precisely what we shall concern ourselves with in
this thesis. We will start in I by discussing restrictions that causality places on gravitational EFTs,
which are complementary to gravitational positivity bounds. In part II, we will take a closer look
at the properties of extremal BHs obtained by deforming the near-horizon regions of analytically
known solutions, and discuss a speculative conjecture related to the WGC.

1.4.1 Part I: Causality
In part I, we discuss the causality bounds on gravitational EFTs. This based on [1, 2].

In section 1.1.4, we discussed the constraints that positivity bounds are able to put on non-
gravitational EFTs. These have been useful in putting strong bounds on, for instance, the allowed
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Figure 1.6: The Penrose diagram of an extremal Reissner-Nordstrom black hole. Figure taken
from [160].

parameter subspace of the standard model EFT [162]. However, coupling to gravity complicates
this because more subtractions are needed when massless spin-2 states are present in the theory
and the exchange itself suffers from a ¢-channel pole. Another drawback of positivity bounds is
that the existence of an S-matrix is necessary — this restricts us to set-ups that are asymptotically
flat. One of the key realisations for these is that known flat-space bounds are therefore at
the very least weakened in the presence of dynamical gravity [57, 58, 66, 67, 69-71, 163-
169]. We will be interested in a complementary perspective on these gravitational positivity
bounds, using the fact that they are closely related to a much more manifest form of causality:
Demanding the absence of superluminal propagation [31]. This is perhaps not surprising, since
a crucial ingredient in deriving these bounds was analyticity of the scattering amplitude, which
is associated with causality.

In the first part of the thesis, we will make the notion of causality appropriate for putting con-
straints on EFT corrections in curved spacetime more precise. The starting point for this is to
consider propagation speeds of fields around backgrounds that spontaneously break Lorentz in-
variance. Phrased in terms of propagation speeds, it is well-known that causality is equivalent
to the statement that the front velocity, i.e. the phase velocity in the high-frequency limit, is
subluminal [170]. Both the phase and group velocities themselves are allowed to be superlumi-
nal without being in tension with causality, although precisely how this happens depends on the
dispersive properties of the effective medium.

The drawback of this is that propagation speeds themselves are not invariant under field re-
definitions involving the metric — only their ratios are. This means that propagation speeds
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are individually not physically meaningful quantities to study. Out of convenience, we shall
nonetheless restrict ourselves to asymptotically flat spacetimes on which we can define an S-
matrix, from which we can define a quantity known as the scattering time delay AT. We will
shortly go into a lot more detail on what precisely we mean by this, but from a heuristic point of
view, it quantifies the time difference (delay) a particle experiences due to a scattering event. We
can think of it as a proxy for the propagation speed averaged over the entire trajectory. The key
idea is that small amounts of apparent superluminal propagation over short distances are not in
tension with causality globally. Causality can then roughly be related to a positivity condition
on AT [61, 72, 146, 171-183]. There is a further caveat to this — waves of frequency w are
insensitive to timescales less than w™!, so negative time delays are in agreement with causality
so long as their magnitude is sufficiently small. We refer to this as the resolvability criterion for
the time delay. Put together, this is known as asymptotic causality.

Now, in order to leverage this to study constraints on EFTs, we need to emphasise that it is fatal
to think of EFTs as full theories. For example, if the higher-derivative terms are not thought of
perturbatively, they will inevitably lead to ghosts in the spectrum of the Hamiltonian. We should
therefore adopt this philosophy for properties such as causality too — instead of asking whether
the full theory as a whole satisfies various constraints, we should ask what corrections spoil the
causality of the deep IR. Splitting the full time delay into a GR and an EFT part, we argue that
any resolvable and negative EFT correction to GR will constitute a causality violation. We refer
to this as IR causality. We do this on general grounds and by showing that this is consistent with
known gravitational positivity bounds for a toy model.

We then study the implications of this for the EFT of gravity. One of the best tools we have
at hand at physicists is to smash things into other things. In [1], we consider gravitational
waves scattering off a static and spherically symmetric BH spacetime in the leading-order EFT of
gravity in vacuum — as mentioned before, this is essentially EGB gravity. By deriving the time
delays in a semiclassical approximation, we find that the Wilson coefficient of the Gauss-Bonnet
term comes with factors of different signs in the EFT correction to the time delay. Since any
non-zero value will therefore cause at least one polarisation to lead to a negative EFT correction
to the time delay this was thought to mean that EGB is inconsistent with causality. We revisit this
conclusion, emphasising that we need to take particular care to establish its regime of validity,
when EGB is thought of perturbatively. When this is done, the would-be causality violations are
outside the regime of validity of EGB gravity, and we see that EGB gravity is consistent with IR
causality.

We also take a closer look at the resolvability condition in [2]. In principle, one might hope to
find stronger bounds on EFT coefficients if we could get rid of this. One option is by amplifying
the time delay and hence amount of causality violation by repeatedly scattering off potentials.
Gravity acts highly non-linearly, so background solutions describing multiple BHs are difficult
to construct analytically — luckily, this is possible in the pp-wave limit. Pp-waves are often de-
scribed as exact solutions in quantum gravity, since they are solutions to the equations of motion
derived from the EFT of gravity for all corrections. Shockwaves are particular pp-waves with a
highly localised (in fact, singular) metric function, which can be obtained by the Aichelburg-Sexl
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limit from a Schwarzschild black hole. Einstein’s equations are linear in the metric functions of

these pp-waves, and we can therefore stack up multiple shockwaves in a pp-wave metric.

Once again, we study gravitational waves scattering off these background geometries. These
introduce non-trivial constraints to the regime of validity of the EFT, which the background itself
would not have been able to probe. This requires us to regularise shockwaves, and introduce
a minimum width for each shock. To determine whether IR causality is satisfied or not, we
compute the null scattering time delays in this set-up within the semiclassical, eikonal, and
Born approximations. For shockwaves stacked along the trajectory of the wave, we find that a
large number of scattering shocks is in tension with the regime of validity of the EFT and the
semiclassical approximation itself. Heuristically, scattering causes a deviation in the trajectory
of the scattering wave, and we can only trust the approximations used to derive the expression
for the time delay in the first place over a finite time.

To go one step further, we can consider more generic configurations in the directions transverse
to the direction of propagation of the wave. By travelling along the classical equilibrium, the
eikonal approximation then remains exact and one expects to be able to accumulate a sufficient
amount of time delay to make do with the resolvability criterion. This would be true in a purely
classical set-up with a point-particle travelling along geodesics. However, in both the semi-
classical and Born approximations, which account for spreading of wavepackets, we see that
the instability timescale associated to the unstable equilibrium also takes us out of the regime
of validity of the respective approximations. We conclude that no special configurations can
allow enough amplification to sum unresolvable amounts of causality violation into a resolvable
amount.

1.4.2 Part II;: Extremal Black Holes

Following [3], we discuss particular deformations to the horizons of extremal BHs and their
implications on UV physics in part II.

Even though familiar examples possess smooth horizons, it is well-known that BHs generically
do not. Most famously, the Majumdar-Papapetrou solution in D > 5, which describes static
configurations of extremal charged BHs even have singular horizons which lead to divergent
tidal forces. To see whether this is generic for all extremal BHs and not just analytically known
solutions, a natural approach is to study stationary deformations to extremal BHs. The near-
horizon geometry of extremal BHs universally takes the form of AdS; x S”~2 and hence comes
with an enhanced isometry group, so this problem simplifies drastically within the near-horizon
limit — this analysis was initiated in [184, 185]. The isometries of AdS force the deformations
to scale with a critical exponent determined by the effective mass of the field compactified onto
AdSs, which describes the behaviour close to the horizon. Indeed, these exhibit a variety of
interesting behaviours — they can be generally non-analytic, or even lead to tidal force and
curvature singularities.

We take a closer look at deformations of extremal Reissner-Nordstrém (RN) BHs with a particu-
lar eye towards the effect of EFT corrections. Singular solutions are particularly interesting since
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it turns out they arise from the extremal limits of non-singular sub-extremal solutions and are
hence physical. Interestingly, there are certain deformations — which we refer to as marginal
— which are constant near the horizon and hence at the cusp of being singular. We shall specif-
ically focus on the case for which curvature invariants appear to diverge on the horizon of the
deformed black holes. For electrically charged BHs, these exist linearly in D > 5 dimensions,
but are accompanied by other singular modes for D > 5. This makes the D = 5 case non-
linearly marginal. When we consider EFT corrections, this means that the nature of the horizon
is completely determined by the sign of the EFT contribution. This signals an extreme form of
UV sensitivity, since EFT breaks down when curvature invariants become large. We argue this
not to be the case. First of all, singular deformations are already present in GR (without any EFT
corrections) and signal a breakdown of metric perturbation theory — the linear deformations
become large near the horizon, and the non-linearities of GR become important. It suggests the
possibility that this is also the case for the EFT corrections that push the marginal deformations
to being singular. We confirm that this is the case by closely examining the regimes of validity
for the EFT and metric perturbation theory, and seeing that metric perturbation theory clearly
breaks down before.

This is supported by an example of a partial UV completion to a particular EFT correction, for
which the marginal correction is pushed towards being singular when the EFT correction satisfies
otherwise known positivity constraints. The problem of singularities is already there in the UV
completion, where we understand it to be caused by the breakdown of metric perturbation
theory (there is also no EFT to break down). If it were the EFT itself that broke down, we would
have expected details from the UV completion to resolve this apparent breakdown — this is not
the case.

Motivated by the EFT corrections to deformations of BHs and a scalar toy model, we then specu-
latively make the following conjecture. Physically consistent EFTs, i.e. ones which have a healthy
UV completion, always push marginal deformations towards being singular. We offer a possible
explanation from a holographic perspective — our speculative so-called near-horizon negativity
conjecture ensures that the corresponding bulk modes remain normalisable. We then derive the
bounds that this conjecture implies for the leading-order four-derivative EFT corrections to the
Einstein-Maxwell action in AdS, which imply the WGC.

In the final chapter, we turn to the dynamics of the perturbations to the near-horizon region of
near-extremal BHs. The dynamics of perturbations around extremal BHs, reduced to the AdSs
-factor in the undeformed geometry, are described by JT gravity. We will study the boundary
correlation functions of matter fields coupled to this JT gravity theory, with special interest in
the four-point function, which is an observable related to chaos. Remarkably, we will be able to
compute bulk loop contributions since the boundary is one-dimensional and loop integrals can
be solved using Cauchy’s theorem.

We will take the bulk matter theory to be the leading-order Goldstone EFT (1.1.20). This is the
prototypical example of an EFT operator subject to non-trivial constraints from the UV in the
form of positivity (analyticity) and causality bounds. We would like to understand this from the
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Figure 1.7: The near-horizon geometry of the near-extremal Reissner-Nordstrom BH is AdSy x
S, It interpolates between the horizon and the asymptotically flat end, and diverges in proper
distance as extremality is reached.

perspective of the boundary observables, such as a measure of chaos, and present preliminary
results for the boundary their four-point function up to 1-loop in the bulk matter fields and
Schwarzian modes.

This set-up is particularly interesting because of the different ways we can think of the Goldstone
EFT operator. It turns out that the (9¢)*-operator can be obtained, to leading-order, as the effect
of a TT-deformation of a massless free scalar field. This is a rare example of an exactly solvable
but irrelevant deformation due to the operator defined in [186], which has had seen a lot of
interest in the context of integrability and holography. Relatedly, the TT-deformation can be
understood as coupling of the undeformed theory to the reference metric of two-dimensional
massive gravity [187]. In that case, the Wilson coefficient of the EFT is related to the mass of
the graviton.

1.A Conventions

We will work in units where # = ¢ = 1. Actions are denoted by S in Lorentzian signature and 7
in Euclidean signature. Lorentzian metrics are written in mostly-plus signature (—, +,...,+).

On flat space, we often denote the spatial parts of Lorentzian D-vectors with boldface. We
will often denote the split for position and momentum vectors as z = (¢,x) and k£ = (w,k)
respectively.

In the context of BH spacetimes, it is convenient to split D-dimensional full spacetimes into
two-dimensional orbit spaces and d = D — 2-dimensional base/transverse space. Tensors on
the full spacetime are indexed with letters from the Greek alphabet {«, 3, ...}, while tensors
on the orbit or base space are indexed with letter from the beginning and middle of the Roman
alphabet, i.e. {a,b,...} and {i,7,...}, respectively. On the full spacetime, covariant derivatives
are denoted by V, and the Laplace-Beltrami operator is written 0 = ¢*’V,V4. On the base
space, covariant derivatives (defined with respect to the pull-back of the metric to the base
space) are denoted by D, and the associated Laplacian is A.

Most prominently in chapter 5, we will be interested in geometries with a flat Euclidean d-
dimensional submanifold. Tensors on this transverse space will be indexed with letters from the
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middle of the Roman alphabet, i.e. {i,],...}, and the Laplacian will be V2 = 7%9,0;. Further,
it will be convenient to isolate the D — 3 = d — 1-sphere. Tensors here will be indexed by letter
from the middle of the Roman alphabet with an additional bar,i.e. {7, j,. ..}, and we denote the
covariant derivative by D; and the Laplace-Beltrami operator by Ay_; = % D;D;.
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Part 1

Causality Constraints
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Chapter 2

Introduction

The first part of the thesis concerns causality constraints on EFT corrections to GR.

In chapter 3, we give a broad overview of differing notions of causality in QFT and GR. As
our weapon of choice for diagnosing causality of a field theory, we settle on the so-called time
delay AT. At an intuitive level, this encodes the extra time it takes a wavepacket to traverse a
potential (possibly sourced by spacetime curvature) relative to empty (flat) space. We say that
causality is then satisfied when AT is not negative by an amount resolvable by the scattering
wavepacket. For one peaked at a frequency w, this means that

AT > —w™ L. (2.0.1)

We refer to this notion of causality as asymptotic causality.

In order to put constraints on EFT corrections, we will need to slightly adapt this notion of
causality. Consider a weakly coupled UV completion to our EFT, so that the EFT corrections
capture the effect of additional degrees of freedom in addition to the standard metric. This
ensures that high-frequency modes propagate on a background geometry set by that metric.
Due to the equivalence principle, all species propagating in a curved background will be subject
to a universal GR time delay in addition to a time delay due to interactions with high-energy
species. This motivates a split of the time delay

AT = ATCR 1 ATEFT, (2.0.2)

One approach to think about causality constraints on the EFT is to consider the decoupling limit
— as Mp; — oo, gravity becomes non-dynamical and we are left with a field theory on a fixed
(curved) background geometry, on which causality (in the sense above) is determined by the
GR background geometry. This implies that

ATEFT > =1 (2.0.3)
and is what we shall refer to as IR causality. This will prove to be the notion of causality most
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closely related to gravitational positivity bounds.

Higher-derivative corrections in an EFT expansion are constructed to mimic the effect of high-
energy interactions. IR causality is violated if the EFT itself induces superluminal propagation,
but this means that the heavy states we integrated out must themselves be superluminal. The
high-energy states within the UV completion only see the lightcone structure dictated by GR,
while low-energy states are subject to additional EFT corrections. Crucially, there is an asymme-
try in that a high-energy state can decay into low-energy states but not vice versa. By construc-
tion, we should take the background itself to be absent of superluminal propagation, so that the
high-energy particles propagate causally. However, high-energy species can violate causality in-
directly through low-energy particles as soon as an EFT correction leads to a resolvable support
of the retarded Green’s function of the low-energy species outside the lightcone.

Furthermore, ATCR is positive resolvably for causal backgrounds (in the sense above), so
asymptotic causality is a weaker condition than IR causality. Requiring only asymptotic causality

would allow for resolvably negative ATFFT

, which would be a manifest violation of causality
in the decoupling limit. We will shortly also see explicitly in the Goldstone EFT toy model that
asymptotic causality does not reproduce the scaling of gravitational positivity bounds, while IR

causality does.

As a proof of principle, we then apply this to higher-derivative corrections of Einstein gravity.
The leading-order EFT of gravity in D > 5 vacuum is EGB gravity, and will serve as the exam-
ple that we shall be interested in. In order to derive causality constraints on higher-derivative
corrections to Einstein gravity, we want to consider scattering of gravitational perturbations
on sufficiently simple but non-trivial background geometries. For us to be able to derive any
bounds, we need a non-trivial potential — at a pragmatic level, this is because scales need to
be introduced to the system in order for non-trivial bounds to be possible. The trivial back-
ground, flat space, is not able to provide that. In chapter 4 we consider the next best thing, a
static and spherically symmetric background Ansatz. In pure GR this would have led us to the
Schwarzschild-Tangherlini solution, but we will see that the EFT modifies these [155, 188].

The equations of motion for perturbations around this background take the form of distinct
Schrodinger-like master equations

Ay

e + Wu(p)Ym =0, (2.0.4)
for some appropriate radial coordinate p and master variables vy;, distinguished by their trans-
formation properties under the isometries of the spherically symmetric background. We can
solve these for the phase shift and hence time delay within the Jeffreys-Wentzel-Kramers—Brillouin
(JWKB) approximation, and find that

AT = ATCR 1 copATSE, (2.0.5)

where ATSP is not sign-definite. This means that there is no non-zero value for the Wilson
coefficient which does not lead to a negative EFT correction to the time delay. Naively, we
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would conclude that the GB operator is in tension with IR causality.

However, given any truncated EFT, we should always make sure that we are within the regime
of validity of said truncation. Properly establishing the regime of validity of the EFT, it turns out
that

IATSB| < w™, (2.0.6)

so the EFT correction to the time delay is not resolvable when |cgg| < 1 as expected from
positivity bounds — ¢f particularly fig. 1 in [168]. The apparent violation of causality is
therefore something the theory can put up with.

Stronger bounds on cgp could be derived if we managed to amplify AT),. We rule this possibility
out in chapter 5. The set-up for amplifying causality violation is the following. Once again, we
start by considering gravitational waves scattering off black hole spacetimes. However, we now
take the Aichelburg-Sexl limit, which are sourced by stress tensors localised in null directions.
The solutions to Einstein’s equations (and its higher-derivative corrections) with this source is a
shockwave, which is a special case of a pp-wave. Linear superpositions of generic solutions to
Einstein’s equations are themselves not solutions to Einstein’s equations. However, remarkably,
pp-waves are exact linearisations around flat space, and we can therefore superpose individual
shocks. Assuming that the resulting total time delay is amplified by the number of shocks, IR
causality then requires

N|ATy| Sw ™. (2.0.7)

As N — oo, this effectively sets the right-hand side to zero. This set-up is studied in [189-
192]. This was used to argue that the leading-order EFT correction, given by the Gauss-Bonnet
operator, is inconsistent with causality unless higher-spin degrees of freedom (as one would
expect from string theory) enter the theory and restore it.

We will argue that this is not possible within the approximations used to compute the time delay
itself. One way to see it is the following. For NN isolated scattering events, we can separate
the interaction picture time evolution operators into a time-ordered product of individual time
evolution operators

Ulty,to) = Ultn, tn1) (2.0.8)

||:j2

For sufficiently long time intervals between the individual scattering events, the intermediate
states approach asymptotic states, so that the total S-matrix factorises into individual S-matrices

N
Stotal ~T H Sn (209)

n=1

If (and this is crucial) we assume that the individual scatterings events are identical, then
Siotal = (§1)N . The time delay is related to the logarithm of the S-matrix, so this becomes

ATiora = NATY. (2.0.10)
However, this is too quick — the S-matrices S, for the individual scattering events are operators
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in interaction picture, and experience time evolution under the free Hamiltonian H, — this
does not generally commute with the interaction Hamiltonian. Even when the interaction is

composed of N identical impulses K separated

N
Hine = > 0]t = (tn-1 + an)| K (2.0.11)
n=1
for 0 < a,, < t,, — t,—1, we would find
Sy, = eHloltn=i-tan) =ik o=iflo(tntan) (2.0.12)

This is not identical for all n. The effect of evolution under H, is diffusion or scattering of
the original wavepacket, so this is the physical effect we can attribute to the breakdown of the
approximation that naively lead us to the enhancement of AT. We will make this more precise
within the semiclassical, eikonal, and Born approximations.

Details on physics in spherical symmetry, including discussions on the background solutions,
decompositions, and scattering are presented in appendix A.
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Chapter 3

Infrared Causality

Causality has established itself as a powerful tool to constrain physical theories. In this part of
the thesis, we are concerned with the restrictions that causality imposes on gravitational EFTs.

In section 3.1, we give a brief overview over different (and ultimately related) notions of causal-
ity in GR and QFT, eventually motivating the definition of IR causality as the appropriate notion
to constrain gravitational EFTs. To demonstrate this, we apply it the Galileon and Goldstone EFT
as toy models in sections 3.2 and 3.3 respectively. IR causality is a condition on the time delay,
and we start out only giving an intuitive description and useful expressions. A more complete
discussion needed for the arguments in later sections is postponed to section 3.4.

3.1 Notions of Causality

What do we mean by causality? It is certainly not a technical term exclusive to the theoretical
high-energy and gravitational physics community — causality as an idea is also of interest to
statistics, philosophy, and linguistics. For the avoidance of any doubt, we briefly review different
consequences, aspects, and definitions of causality in physics, before establishing which notion
of causality is most useful for putting constraints on EFTs.

Apart from in this section, we will take causality to heuristically mean the absence of super-
luminal propagation in a theory and we will use the terms subluminality and causality inter-

changably.

3.1.1 Causality in GR and QFT
Causality describes the physical intuition that causes precede their effects.

One perspective is to phrase this in terms of transfer functions. Consider an impulse to a system
sourced by a function fsource(t) followed by a response fresponse(t). Newtonian, non-relativistic
causality is the statement that

5fresponse (t>

=0, ift<t. (3.1.1)
5fsource (t/)
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Relativistic causality, on the other hand, is the statement that

5fresponse (33) e 0 0 2

=0, ifz’ <y or(zx-— >0 (3.1.2)
5fsource (y) Y ( y)

i.e. unless z sits in the future lightcone of y.

When we refer to causality, we will typically mean relativistic causality .

GR and QFT are both relativistic theories, and causality is manifested in different ways.

Retarded Green’s Function

The most direct consequence of causality lies in analyticity properties of the retarded Green’s
function.

At a linear level, the response to an impulse fsource iS described by

fresponse(f) = /dDy Gret(x - y)fsource(y)a (3-1-3)

where Gy is the retarded Green’s function, which can be computed from the equations of
motion governing the system. Causality can therefore be stated as

Gree(z) =0, if2° < 0orz? > 0. (3.1.4)

The Fourier transform of the retarded Green’s function is then defined as

Gret(k) = / APz Grer(2)e 2. (3.1.5)

For polynomially bounded Gy, the integrand is exponentially suppressed when & € CP if
Im k% > |Tmk| > 0, since

Im (k- z) = —Im{k"} 2” + Im{k} - x < 2° (—Im#%° + [Imk]) (3.1.6)

within the support of a causal Gy;. By construction via the Fourier transform (within its radius
of convergence), Gye; is therefore a holomorphic/analytic function of its argument when k is in
the forward tube, i.e. when Im k is a future-pointing causal vector[194].

The non-relativistic version of this statement is obtained by restricting the Fourier integral to an
integral over just k. This leads to the familiar statement that causality is related to analyticity
of the Fourier transform of the retarded Green’s function in the upper-half plane.

Commutation Relations

The following discussions are based on [193].

I This is not a universal convention. In [193], causality refers to Newtonian causality while relativistic causality is
subluminality.
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In quantum mechanics, two operators that do not influence each other commute. Indeed, mi-
crocausality is the statement that the commutator of any pair of spacelike-separated operators
vanishes

[01(2),02(y)] =0, (z—y)*>0 (3.1.7)

at the operator level. It is a non-perturbative and exact statement. In practice, given some choice
of states which form a Hilbert space, we evaluate the expectation value of the operator equation
between arbitrary states in said Hilbert space. In particular, it turns out that the causal response
of the vacuum to an external source is directly related to the vacuum expectation value of this
operator statement — this plays the role of a interacting retarded Green’s function.

Unsurprisingly, the signature of the spacetime is crucial for microcausality to make sense. In
Euclidean signature, the only well-defined correlation functions are Schwinger functions (time-
ordered correlation functions), and we cannot access information about the expectation values
of commutators. These are intrinsically Lorentzian, and the non-analyticities introduced by
crossing light cones are crucial.

There are several ways to see that microcausality is intricately linked to Lorentz invariance.
First of all, microcausality itself is a sufficient condition to show that the S-matrix itself is Lorentz
invariant. Furthermore, the expectation value ([0, (z), O2(y)]) would not even Lorentz invariant
when x and y are spacelike separated unless it vanished identically. It it also easy to see that with
Lorentz invariance, microcausality for field operators has to hold even for interacting theories
— this is essentially inherited from the free theory [193]. In a Lorentz invariant theory, time
evolution and Lorentz boosts can be used to bring spacelike-separated operators to the initial
time slice, where canonical commutation relations hold in canonical quantisation. Alternatively,
we can see this from Kéllen-Lehmann representation, which relates the exact 2-point function of
an interacting theory to that of a free theory. To be explicit, (once again) consider ¢ collectively
denoting the fundamental fields of some theory. Then

o0
(0l [¢(2), ()] 10)in, = / dpp(1?) (0] [(2), 9(¥)] |0) ree ) (3.1.8)
0 mass=g
which necessarily vanishes for spacelike separation from canonical quantisation. It is worth
noting that in the arguments above, Lorentz invariance is a useful crutch but not a necessary
condition to show microcausality. In fact, microcausality is also expected to hold on curved
spacetimes, where Lorentz invariance holds only locally as opposed to globally.

Closed Timelike Curves

In GR, causality is encoded in the geometric properties of the spacetime manifold. An obvi-
ous way a spacetime can violate causality is by allowing closed timelike curves. These lead to
plethora of possible paradoxes, by allowing observers to travel into their own past. An example
of a spacetime that possesses closed timelike curves is the Godel universe.

Spacetimes without any closed timelike curves are said to satisfy the chronology condition.
More generally, a spacetime without any closed causal curves is said to satisfy the causality
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condition. Despite the distinction, these two notions are equivalent generically under certain
assumptions. This can be made slightly more precise by various related definitions, namely
strong causality and stable causality. In all cases, the structure of the local light cones is crucial
— these are determined by the (local) metric. It is one aspect of gravity and the metric holding
a distinguished position amongst the dynamical fields in a theory.

An idea closely related to causality is determinism. In physically reasonable spacetimes, the dy-
namics of all fields should be uniquely determined by their values and finitely many derivatives
on a spacelike initial value surface. This is the case for globally hyperbolic spacetimes, which
is a spacetime which possesses a Cauchy hypersurface. The remark at the end of chapter 8 in
[195] shows that global hyperbolicity in fact implies strong causality.

It is evident that causality and global hyperbolicity as described above are properties of a given
spacetime, and are hence not useful for distinguishing between different theories of gravity.
In fact, GR itself admits solutions which are contain closed timelike curves (such as the Godel
universe), and we are content with GR as a physical (and causal) theory.

Hyperbolicity

From the perspective of hyperbolic partial differential equations (PDEs), causality is determined
by the characteristic hypersurfaces — the discussion below closely follows [143, 144].

Heuristically, characteristic hypersurfaces are surfaces on which the highest-order derivatives
cannot be determined in terms of the lower derivatives using the equations of motion — this
implies that discontinuities propagate along them. They are also the surfaces of constant phase
for high-frequency waves propagating on the background. This is closely linked to the state-
ment that causality is set by the front velocity of propagating waves. In the absence of higher-
derivative corrections, hypersurfaces are characteristic if and only if they are null with respect
to the metric. In the EFT of gravity (or other modifications of GR), these are however generi-
cally non-null — this is equivalent to the statement that gravitational perturbations are multi-
refringent, i.e. they propagate at different speeds. A number of works have considered the im-
plications of this apparently enlarged lightcone and is crucial to the following discussion [143,
144, 196-202].

Hyperbolicity (more precisely, strong hyperbolicity) of the equations of motion is important
because it ensures well-posedness of the associated initial value problem. Einstein’s equations
have been shown to satisfy this, and it holds e.g. for Lovelock theories when curvatures remain
small. It is however not clear that the same should hold for gravity with higher-derivative
corrections generally — for one, the notion of hyperbolicity does not apply to higher-derivative
equations of motion. For a well-posed initial value problem, we also need initial data to be
spacelike with respect to the causal structure determined by the hyperbolic PDEs.

Asymptotic Causality

The causal properties of dynamical gravity are subtle, because the causal structure is not invari-
ant under field redefinitions involving the metric itself. This motivates a notion of causality that
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does not depend on the local geometry. This will turn out to be the notion of causality most
useful for our purposes.

For this, we use the so-called “Fisenbud-Wigner time delay” AT [203-207]. Let us consider
scattering off a spherical potential — this may be sourced externally or, motivated by the de-
coupling limit when it exists, by the background geometry itself. The effect of interaction with
a potential is necessarily encoded in a phase shift §y, so that the outgoing wavepacket takes the

d?% A(k) _, ,
Your = / (27T)d ’(r )e—z(wt—kr)e2z6. (3.1.9)

form

The center of the wavepacket is located at the point of stationary phase, so for an observer at
fixed r the outgoing wavepacket arrives at a time Oy (—wt + kr + 26). It therefore experiences a
time delay, a literal delay in time

206

AT = — (3.1.10)
ow

compared to a freely propagating wavepacket. In other words, it describes the amount by which
the scattered wavepacket is delayed relative to the same wavepacket propagating on Minkowski
spacetime. More precisely, for a partial wave labelled by the harmonic ¢, the Eisenbud-Wigner

time delay is defined as

AT, = 22 (3.1.11)
Ow |,

A discussion of the time delay for partial waves is given in appendix A.3.

There is a long history of using positivity or boundedness of this time delay as a means of
imposing causality going back to Eisenbud and Wigner [203, 204], and improved by Smith
[205] — see for example [61, 207]. More recently in the context of relativistic field theories,
in [174] the eikonal approximation was used to determine this scattering time delay in various
low-energy effective theories. Subsequently, for example in [146, 175, 177, 178, 208, 209],
it was generally argued on the same lines outlined by Eisenbud and Wigner that an overall
negative time delay is a signal of causality violation and inconsistency of the low-energy effective
theory 2. This criterion is sometimes dubbed absence of “asymptotic superluminality” [171]. The
perspective of some literature is that any time delay for which there is net negative sign AT < 0,
i.e. a net time advance, leads to a causality violation, since it implies propagation faster than the
asymptotic spacetime, regardless of magnitude. However the precise statement of asymptotic
causality should still include a notion of resolvability.

More specifically, asymptotic causality is the requirement that there is no resolvable net time
advance AT > —w™!. This accounts for the fact that propagating waves with frequencies peaked
at w will not be sensitive to timescales smaller than w~! — higher-order corrections to the
JWKB approximation kick in at that scale. In field theory, the eikonal approximation is the
exponential resummation of the ¢-channel exchange, which is sensible when the ladder diagrams
are enhanced, i.e. when || > 1.

%In the context of non-relativistic quantum mechanics, the time delay can be negative. A well-known example for
this is hard sphere scattering, and the original requirement of Wigner is only that the magnitude of the associated
time advance is bounded.

48



It is sometimes said that violation of causality allows the construction of closed timelike curves
and hence time machines [31, 174]. This would mean that a violation of asymptotic causality
implies a violation of strong causality. However, this is misleading — as mentioned previously,
background solutions which violate causality are also a feature of GR and we do not discard it
as a theory on those grounds. The resolution to this is that solutions allowing closed timelike
curves do not arise as the Cauchy development of generic initial data [144, 210]. Note that we
will nevertheless use the term causality to refer to the absence (resolvable) time advances.

3.1.2 Causality in EFTs

We are interested in establishing restrictions on gravitational EFTs from causality. If we write
down an effective action for gravity and think of that as defining the full theory, then we would
hope that any of the aforementioned notions of causality would hold in these. This is however
in tension with how we typically view EFTs — within the regime of validity of the EFT, the
higher-derivative corrections should be subdominant to the main contribution and should not
change the theory qualitatively. In the classical equations of motion, the highest-derivative
term is critical in determining the behaviour of the solutions. In QFT, this is manifest in the
scaling of the propagator in inverse powers of the momentum. It is only when we treat the
higher-derivative corrections perturbatively that we can make sense of these theories. This is,
for instance, done by either eliminating higher-derivative corrections in the classical equations
of motion by using the lower-order equations of motion or by expanding the propagator in the
powers of the momentum.

This should also be the case for causality. EFTs should not be subject to constraints on the the-
ories viewed as a whole, but rather on the perturbative corrections only. If we were to consider
gravity with EFT corrections on spacetime that already admits superluminal propagation in GR,
it would be hard to distinguish the source of causality violation — is the EFT itself problematic,
or have we just chosen the background poorly? We should certainly pick a causal background
to study causality violations in gravitational EFT corrections.

This is related to the fact that we should be able to diagnose whether or not a theory is causal
directly at low energies. To understand this, it is illustrative to consider Euler-Heisenberg theory
from section 1.1 on a curved background. It was shown in [211] that this naively leads to a
violation of causality, which is cured when the effect of the electron is revived [212-214]. This
is of course obvious, as there is nothing inconsistent about placing QED on curved spacetime
and integrating out the electron, so we always expected causality to be satisfied.

This is analogous to the statement that the Gauss-Bonnet operator requires higher-spin fields (as
expected from string theory) in order to be consistent with causality [174]. However, whether
we like it or not, physicists can only make low-energy observations, and we should be able to
diagnose whether a theory is causal or not without having to refer to degrees of freedom that
we are ignorant of. We will use gravitational positivity bounds, which are rigorous bounds on
the resulting low-energy amplitudes, as a guiding principle for what we mean by causality in
EFTs — they should, at least qualitatively, reproduce them. It was found in [180, 181] that IR
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causality not to only reproduces but also complements gravitational positivity bounds.

Subluminality

We briefly mentioned that violations of strong causality are typically associated with the super-
luminal propagation of modes. It turns out that on flat space, these are clearly directly linked
to positivity bounds. To see this, we consider the leading-order Goldstone EFT from (1.1.20),
described by the Lagrangian density

L= —%(8@2 + g(06)™. (3.1.12)

For the purposes of causality bounds, we can set m = 0 from the out-set. The classical equation
of motion for the scalar field ¢ takes the form

GM9,8, =0, GM =y —4g [(a¢)2 " 4 28“(1)8”(/)} , (3.1.13)

so G"¥ determines the characteristic hypersurfaces. The effective metric is defined as the inverse
of GV — at weakling coupling,

Gy = 1" +4g [(90) 1 + 2060”9 (3.1.14)

to leading order in g. The causal structure of the system is now determined by the cones of this
effective metric G. For an arbitrary vector X*,

G XMXY = [1 + 4g (8¢)2] X2 4 8¢ (X,0"0)> (3.1.15)

so at weak coupling, the null cones of the effective metric G are inside/outside the ones of the
background spacetime metric 7 for g > 0 and g < 0 respectively. For example, for perturbations
around a background solution which spontaneously breaks Lorentz invariance ¢ = c,z® for
some constant ¢, the linearised equations of motion for the perturbations §¢ = ¢ — ¢ are

(1 —4c,c)O0¢ — 8gct'c”0,0,0¢ = 0, (3.1.16)

which is a wave equation with effective speed

8 fe' 2
'U2 — 1 o g(cap )/|p| , (3.1'17)
1 —4gc,c®
where §¢ ~ €, Demanding that the perturbations are subluminal therefore imposes g > 0 —
this is precisely what the twice-subtracted positivity bound demanded previously. It is notable
that this argument concerns local propagation speeds, and we are led to the same bound in a

background produced by some source that looks like ¢ ~ ¢,z only locally.

Demanding that perturbations around a background that spontaneously breaks Lorentz invari-
ance propagate subluminally lead us to the same bound. This however came with significantly
less effort, and the subtlety of having to worry about assumptions in the spectrum. This is
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promising! There are however certain drawbacks — propagation speeds themselves are not
invariant under field redefinitions, only their ratios are.

Infrared Causality

To circumvent the ambiguity of propagation speeds, it is useful to adapt asymptotic causality,
which is manifestly field redefinition invariant.

Since every field couples to gravity, every species will receive a contribution ATCR to the time
delay from the gravitational background, what is known in D = 4 as the Shapiro time delay. In
D > 5 the equivalent Shapiro time delay is IR finite and positive for a positive mass source. In
addition, scattering particles will receive an additional time delay from interactions with heavy
states. The latter effect is what is captured at low energies by the higher-dimension operators in
the EFT. Thus it is natural to separate the low-energy time delay in the manner

AT = ATCR 4 ATEFT, (3.1.18)

Infrared causality is the notion that only the sign of the EFT correction ATFFT to the time delay
is relevant. This is the definition that is implicit in considering field theories in curved space, as
in the investigations of causality in the EFT description of QED [211, 213, 215]. More precisely
we require that ATFFT > _,—1,

The notion of infrared causality is motivated by the fact that ATR is universal for all particles
coupled to gravity, including gravitons, and should be considered as the “reference” time delay.
For instance, in cases where the EFT corrections come from integrating out loops of massive
fields, which are minimally coupled to gravity in the UV, it is always the case that the causal
structure is determined by the high-energy modes which are themselves minimally coupled and
so lead to ATCR, Overall a resolvable negative AT*FT (i.e. a violation of infrared causality)
would indicate the fact that some species (in this case gravitons) can enjoy a spacelike geodesic
which departs from the null geodesic by a resolvable amount. This would also mean that gravi-
tons would experience a resolvable time advance as compared to other massless particles (say
photons) that minimally couple to gravity.

Ultimately, the resolvability criterion can be traced back to the perturbative EFT expansion
[216]. Treated as such, the support of the retarded Green’s function inherits the causal structure
of the uncorrected background geometry. The only possibility for causality violation to occur is
when this perturbative expansion breaks down — this is the case when there are secular effects.
Only their resummation can lead to significant changes to the support of the retarded Green’s
function, and hence measurable changes in the causal structure of the theory.

One may worry that the definition of the split ATt = ATSR + ATFFT is sensitive to field redef-
initions of the metric that change the GR part. First, note that performing a field redefinition in
the low-energy EFT also redefines the metric to which the high-energy modes couple, and in this
analysis we consider a frame where at least one field couples minimally to gravity in the UV (at
scales well above A < Mp). This is further mitigated when a decoupling limit Mp; — oo exists.
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In general, this is a non-trivial multi-scaling limit in which all of the gravitational degrees of
freedom fully decouple while keeping other non-trivial interactions intact — it strongly depends
on the situation under consideration. The ambiguity of the split can then be resolved by defining

ATCR = lim AT (3.1.19)
A—oo

while keeping A < Mp, within the low-energy EFT — this can be done at the level of the S-
matrix. The definition above ensures that AT*T only contains those terms which come from
an inverse expansion in heavy masses. For an example of a non-trivial decoupling limit, consider

M2 .
g; . A black hole solution

. . . . .. 8
type-II string theory from section 1.3, for which we identified Mg ~
with mass M will have horizon size

M gsM
rl = Migl ~ Mg' (3.1.20)

The naive decoupling limit A/, — oo leads to a flat background with vanishing ATCR. Instead,
we are interested in the limit where M, — oo at fixed g, such that ry is finite. This is achieved
by a double scaling limit in which M; — co and M — oo simultaneously.

3.2 Toy Model: Galileon

Our proposed “infrared causality” condition would be useless were it not able to identify known
field theories which violate causality. In this section we shall consider a scalar field theory in
Minkowski space which is known to violate positivity bounds [44], and thus is expected to
violate standard causality conditions. We will first establish the regime of validity and compute
the scattering time delay to demonstrate that this example does indeed lead to resolvable time
advances within the regime of validity of the EFT.

3.2.1 Action

We will consider a scalar field theory which closely resembles gravity. This is the Galileon, which
is invariant under Galilean shifts ¢ — ¢ + ¢ + v,a# for some constant vector v. The first, i.e.
lowest derivative, invariant tensor is therefore K, = 0,,0,¢. This acts like a Riemann curvature,
and other similarities with gravity follow from this. We do not canonically normalise the action,
but instead choose [¢] = 1, so that

5= [aPan2=t] = S 00 + 5 (002 (K] + (5[ + L3RR + F3IKP
c d d d d d
4 00 ()= ) 4 I+ GRRPIKD + RT3 + 5151
(3.2.1)

where square brackets stand for the trace, i.e. [K] = K", and A is the cut-off of the theory. We
expect the operator with more than one box in the action not to contribute, as it will have boxes
at the level of the equations of motion — these are the terms with coefficients b3, d3, and ds.
Note that we skipped the contraction [K?], as it is actually equivalent to [K]? through integration
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by parts. We will be interested in the subset of these terms invariant under Zs: ¢ — —¢, which
have coefficients ¢; and d; for i € {1,...,5}.

It is well-known that Galileons exhibit superluminalities [31, 217, 218], although their relations
with causality and consistent high-energy completions have a long history [31, 219-222].

3.2.2 Background
We consider a spherically symmetric background ¢ = ¢(r).

Solving the background equations of motion up to order A~%, we find that the background field
takes the form
- a 2(D —2)(D - 3)*a?
o(r) D3 A (3D — 5)r3D=5 A6
(D —3)*(D—1)(D —2)[(20 — 8D)dy — 3(D — 3)da — 8(D — 2)d4] o?
* 53001 AS

(3.2.2)

where « is a constant measuring the scalar charge, analogous to the Schwarzschild mass param-
eter. In particular, including gravity, the canonically normalised Lagrangian of a scalar field ¢,
coupled to the trace of the stress-tensor should be

D—-2

M, 1 ¢
Pl 2
£ =B—R~ (00" + —55750T" (3.2.3)
Pl

Since the Newtonian potential goes like ~ (r,/r)P~3, then the dimensionless ratio should be

é N\ D-3
c 9
wpe~ (7)) 229
Since AP—/2¢ ~ ¢, we then see that
(D-2)/2 D-3 (D-2)/2
M r M
_ Mp 9 _ Mp D-3
¢ = A(D_4)/2 (T’) —r = A(D_4)/2 Tg . (325)

3.2.3 Perturbations

Unlike the background, the perturbations can be function of all the coordinates. We shall sim-
plify the full perturbation equations of motion by using the lower-order equations to get rid of
higher derivatives in the higher-order equations.

We rescale the perturbation variable/field to get rid of the first radial derivative. This brings
us into the canonical form of a master equation, that governs the dynamics of the Galileon
perturbations

4 Wi(r)® = 0. (3.2.6)

To improve the behaviour of the JWKB approximation at low ¢, we can perform the so-called
Langer shift effectively by changing coordinates to p with » = e”. After performing a field
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redefinition, we can see that this essentially just shifts the effective potential by W, — W, — ﬁ.
In particular, with the Langer shift

W, = e*w? — b?w?
2

- 36&? (D = 3)?[4e*w(D — 2)% + (D — 1)(3D — 5) — 4b*w")(D — 1)(D — 3)] e~ 2P~ r
2
— %(D —3)[ — 16e*w!(D — 2)? + 8e*w?(4b*w? + 15D% — 40D + 13)(D — 2)(D — 1)

—16b*w*(D — 1)? — 8v*w?(D — 1)(15D3 — 67D* 4+ 71D + 5)
+ (D —1)(127D° — 567D* 4 610D® + 46D? — 33D + 9)]e2L¢

d 2
_ 61580[ (D — 3)3(D — 2)(D — 1) [€2pw2(2D o 1) + 2D(—b2w2 + DQ)]e,QDp
2
- %(D —3)2[ — 1667w (D — 2)% + 8e*w?(4bPw? + 7D — 12D + 1)(D — 1)(D — 2)

—16b%w(D — 1)? — 8b*w*(D — 1)(7D3 — 27D? + 23D + 5)
+ (D —1)(63D° — 247D* + 226 D* 4 46D* — 33D + 9)]e 217,
(3.2.7)
where we have defined the impact parameter b via
D -3

bw =10+ —5 (3.2.8)

3.2.4 Regime of validity

We will now establish the EFT regime of validity for the background ¢. Because of the Galileon
symmetry, we need only consider operators built out of K, = 0,,0,¢. The generic requirement
for the traditional regime of validity of the effective theory is

o\’ [ K\
— — 1. 3.2.
This ensures that the EFT action remains under control as an asymptotic expansion. To leading

order, ¢ ~ a/rP~3, and so demanding that this condition is valid at the point of closest approach
r ~ b, we have

of +3
m < AP q. (3.2.10)
The first, strongest bound come from ¢ — oo
a 1
b>ry = (F) o (3.2.11)

where 7y is known as the Vainshtein radius. In addition, focusing on the bound p — oo gives
bA > 1. (3.2.12)

We will encounter a similar bound for gravitational EFTs later on.

In order to establish the EFT regime of validity for the perturbations §¢ around the background,
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we follow the same procedure and work in the limit of high momenta for fluctuations so that
we may approximate J,0¢ ~ ik,d¢. We then look for general scalar operators built out of the

p q r
(O (EY (5 <1 219

As ko k* = 0 to leading order, it is sufficient to focus on terms with the most &’s contracted with

combinations

K, specifically k*k" K, . For instance, we may focus on the set of operators of the form
CP[E*u)? (KkV K, )" < APPH2ator, (3.2.14)
Once again, since at leading order ¢ ~ o/r”~3, in the limit ¢ — oo, (3.2.14) gives
w < A%b. (3.2.15)

The limit p — oo reproduces (3.2.12). The remaining non-trivial bound (r — o0) is

kMR K, < A°, (3.2.16)
which gives
ASbD—l
w? < — (3.2.17)

To summarise, equations (3.2.11) and (3.2.12) define the regime of validity for the backgrounds,
and equations (3.2.17) and (3.2.15) define the regime of validity for the perturbations in our
EFT.

3.2.5 Scattering Time Delay

The JWKB solution of the Langer-shifted version of (3.2.6) decays exponentially as p — —oo

) "
o —2X_oxp <— \/—ngp> . (3.2.18)
P

(W)l

Using the connection formula, we find that for p > p;

2y, . P T
Wi‘h sin (/ VWadp + 4) . (3.2.19)
1 Pt

Xe ~

By definition of the scattering phase shifts, we require these solutions to have following asymp-
totic form
o~ (emgemp i eiﬂ'd/Qeiﬂ’@efiwp) ' (3.2.20)
By comparison
o D—-3\m
0p = (\/Wg—wep> dp—wry+ | L+ —— 5 (3.2.21)

Pt 2
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From this, we can compute the scattering time delay using (3.2.7) and (3.1.11) which takes the

form
1 6ym(D—1)%D—-3)T(D-3)a?
AT = — C1 —_—
b—3+2D I'(D-1) AS
(3.2.22)
() + 2dy) w? 3ymD(D —1)*(D -3)T(D - 3) o2
e r(D+1) AS)

up to terms which are subleading in 1/¢ and 1/A. We see that the first term leads to a time
advance if ¢; > 0. Before concluding any violation of causality we must establish whether this
is resolvable within the regime defined by the all four EFT bounds (3.2.11), (3.2.12), (3.2.17)
and (3.2.15). Indeed we have from (3.2.11)

JWAT | < |y |wb. (3.2.23)
Imposing the condition (3.2.15) then gives
WATE)| < Jey|(bA)?. (3.2.24)

We can make the combination bA arbitrarily large within the regime of validity of the EFT (none
of the conditions impose an upper cutoff on b since a large b pushes us towards the IR), we
see that there is no difficulty in making the r.h.s. as large as desired. Thus we find that, as
expected, this scalar model violates causality for ¢; > 0 — more precisely, we can generate a
resolvably large time advance within the regime of validity of the EFT. We can cleanly reach this
conclusion without the aforementioned ambiguities due to gravity being dynamical because we
are working with a fixed background geometry — it is why the decoupling limit was crucial to
our discussion of superluminality in dynamical gravity earlier.

Interestingly, on considering a combination of higher-dimension operators (those captured by
the coefficient d; + 2d4), we find that these make a comparable contribution to the time delay
already when w ~ A, and so to infer any conclusion from the first term we need to impose

w <A (3.2.25)

Note that this does not imply a breakdown of the EFT at these scales, it rather reflects an
accident of the leading Galileon terms being smaller than expected. In other words, the EFT as a
whole can still be under control when (3.2.25) is violated, but the contribution from the quartic
Galileon operator is simply suppressed as compared to that of other operators. Regardless, even
if we impose (3.2.25) on (3.2.23), we still have

WAT | < |eq|(bA) (3.2.26)

for which the rh.s. remains arbitrarily large. This example illustrates that the resolvability
criterion does not indiscriminately sweep all apparent acausalities under the carpet, but correctly
identifies genuine ones.
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3.3 Asymptotic vs. Infrared Causality

To clearly distinguish between the notions of asymptotic causality and infrared causality, we shall
now argue that it is the latter condition which correctly reproduces the gravitational positivity
bounds diagnosed in [45, 67, 69, 164, 168, 223].

3.3.1 Toy Model: Goldstone EFT

To this end, let us consider the leading-order Goldstone scalar model from (1.1.20), now on a
curved spacetime

1
S = /de«/i—g {—2(v¢)2+ A%(V¢)4+... : (3.3.1)
To begin with, let us assume that the stress-energy of the scalar is sufficiently subdominant to
other contributions that we can treat its backreaction on the metric perturbatively. We take the

metric to be a general spherically symmetric form

dr?

ds? = —A(r)dt? + B0

+ r2d03. (3.3.2)
We can further assume that whatever sources the spherically symmetric solution, also sources a
spherically symmetric background configuration for the scalar. At leading order, this background

is determined by
- «

¢'(r) = T IR O(A™P), (3.3.3)

with C(r) = A(r)/B(r).

Considering fluctuations ¢ = ¢ + d¢, defining y = r(P=2/2\/C (1 — Mﬁfif‘ffxm) d¢, and per-
forming the Langer transformation r = e”, we have for each partial wave
Xt (p) + Welp)xe(p) =0, (3.3.4)
where
e 8ca’? 9 9,9 8ca’?

up to subleading terms negligible at large ¢, and terms of higher order in 1/A.

3.3.2 Scattering Time Delay

We can compute the time delay in the Goldstone toy model by following the procedure in section
3.2.5, in particular using equations (3.2.21) and (3.1.11).

Given the turning point defined by W, (p;) = 0, it is helpful to split W, as W, = w? (Ug(l) + A%”; Ue(z))

where
ezp eQPt

C2(p) - C?(pr)

000 = ( )= [520) - B0 (33.6)
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and
—(2D-3)p o~ (2D-3) o~ (2D-4) (2D—4)p,
UP(p,p) =4S - 42 - . (33.7)
e o) <32<p>c3<p> B2(p0)C%(p) C2p) )
The net time delay at fixed impact parameter is given up to order 1/A” by

net _ R ey UE(Q) (p, pt)
AT, / Uy (p,pe) — €’ | dp—ry 55 / dp+.... (3.3.8)
pt A pt Uzl

Do, pr)

We now define the GR time delay as the time delay we would obtain in the limit A — oo, in
which all corrections from heavy modes are removed. Since the turning point p; in general
depends on A, this will be written in terms of the turning point p?, for which A(p?)b = e’ Thus

AT = lim AT =2 / < UM (p, p?) — ep) dp— 1. (3.3.9)
— 00 Pg

Putting this together, the EFT time delay at fixed impact parameter is

2
EFT _ C¢ (p, Pt
ATy = AD/p \/761 +2/pt VU, Y(p, pe)dp — 2/ A%, Yo, p)dp + ..
¢ (p, p?)
1
_ ca? /°° UE p oY) dp+ /°° 8ngg( )(P7Pg)dp+
pr— AD 1— « e e
pt \/ Ug P t ,D? U[S )(pv pg)
(3.3.10)
Backreaction

Crucially, we now include the gravitational backreaction of the field ¢. We remain at impact
parameters for which the weak gravitational field approximation is valid, so when including the
scalar field backreaction we can take A ~ B ~ C ~ 1. The metric in harmonic gauge then

satisfies . )
U (h;w - 277,uuh> = _WTNV' (3.3.11)

Pl

This is easily solved for a spherically symmetric source (3.3.2), and schematically we have >

o

~ . (3.3.12)
MPD1—2T2(D—3)

It is straightforward to estimate the GR time delay (3.3.9) from the backreaction of the scalar as

Ck2

¢,GR _
AT —M£*2b2(D*3) b

(3.3.13)

3For the remainder of this section we omit order unity factors as our goal is to estimate orders of magnitudes.
With this in mind, the arguments in this and the following section apply equally well to the time delay at fixed b or ¢.

58



This adds to the contribution from any other gravitational source such as the Schwarzschild
background due to a localised source of mass M with Schwarzschild radius ré)*3 ~ M /M}fl) -2

D-3
ATMGR g (3.3.14)
= 3.

while in the weak field limit, the EFT contribution is essentially dominated by its value in

Minkowski spacetime

CO[2

EFT
AT ~ ADp2D-5 -

(3.3.15)

3.3.3 Causality

As already illustrated in section 3.2, causality can be used to put bounds on the Wilson coef-
ficients in an effective theory. So far, preserving causality seems to imply ATFFT > 0, which
would demand ¢ > 0, consistent with known positivity bounds [29-31]. However we shall see
that this bound can actually be slightly violated in the presence of gravity.

Asymptotic Causality

Putting everything together, the condition for asymptotic causality, i.e. the absence of any re-

solvable time advance is

D=3 D-2

AT ~ Z%_4 + M}g_‘;‘;D_Gb (1 + CTDHbQ ) z—w . (3.3.16)
If ¢ > 0, the net time delay is always positive, but for ¢ < 0 the net delay can in principle, i.e.
ignoring the regime of validity, always be made negative by choosing b small enough. More
precisely we can read this equation as a lower bound on the coefficient ¢, similar in spirit to the
positivity bounds

ADp2 ADbD*1r5*3 ADp2D—5

~ _MD_2 - ()[2 ()[2(,0 (3.3.17)
Pl

C

Our goal is to find the tightest version of this bound for which the r.h.s. is as large as possible.
We may always choose 7, = 0, or « large enough so that the Schwarzschild contribution is
negligible. As in the Galileon example, the largest w we are allowed is A%b (cf. (3.2.15)), and
the largest o can be fixed from requiring (9¢)? < AP, so that a < AP/2pP—2. With these choices

we have Do
A"b 1
e (3.3.18)
~ b2 272
Pl A%

(D-2)/4

Extremising the rh.s. gives b = A~} (%) > A~! which in turn gives the bound

A\ (D-2)/2
P
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This is the most optimistic bound we can get from this analysis, and occurs at h ~ (A/Mp)(P~2)/2 <«
1, well within the weak gravitational field approximation * .

Crucially, the bound (3.3.19) is weaker than the gravitational positivity bounds [223] observed
in [45, 67, 69]. Indeed we would never expect positivity bounds to give a condition of the form
(3.3.19) due to the non-analytic square root of the gravitational coupling constant.

Infrared Causality

If we now consider the infrared causality condition, a much clearer picture emerges. Again work-
ing in the weak gravitational field regime, we focus now only on the EFT time delay (3.3.15)

COJ2

EFT
AT™ " ~ ADp2D—5 °

(3.3.20)

In order to ask whether this is resolvable within in the regime of the EFT we again use the
maximum allowed frequency w < A2b so that

COé2

EFT
wAT™ < i papne -

(3.3.21)

Now, in the absence of gravity, the only clear upper bound we can impose on « comes from
demanding (9¢)? < AP which would tell us

WATEFT <« c(bA)?. (3.3.22)

Since the rh.s. can be arbitrarily large we find that if ¢ < 0 we can establish an arbitrarily
large resolvable time advance, regardless of how small the magnitude of ¢ is. This is of course
consistent with positivity bounds in Minkowski spacetime that demand the strict requirement
[29-31]

c>0. (3.3.23)

The central difference when we include gravity is that, as we increase the scale « in the field
profile, there comes a point at which we can no longer neglect the gravitational backreaction of
the scalar field ¢ itself. Demanding that the backreaction is under control, which was implicit in

our calculation so far, amounts to

a?

—F s < 1. (3.3.24)
D—22D—
M 25206

Putting this condition into the (3.3.21) we infer that

D-2
cMPl

WwATFFT « N

(3.3.25)

“If we had fixed the maximum « by requiring the weak gravitational field approximation is still valid, i.e. a® ~
ML ~2b*P~° then substituting in (3.3.17) with ry = 0 and the maximum w gives ¢ > —APp*M2~P — AP2M2~P.
Then demanding that (9¢)? < AP gives b* > A~! (Mp/A)” 2, leading to the even weaker statement ¢ > —1.
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Now the condition for infrared causality, ATFF™ > —w~!, becomes the statement

> [ , (3.3.26)
(Mm)

which is (up to order unity factors) exactly the gravitational positivity bound derived in [223]
and conjectured in [67] (for the case of D = 4).

We learn something very important from the above analysis. The fact that the coefficient c is
allowed to be slightly negative when we include gravity has nothing whatsoever to do with the
positive contribution from ATSR, It is entirely down to the negative sign in the resolvability
criterion ATPFT > =1, This is the most compelling evidence that causality in a gravitational
theory is determined by the infrared causality condition and not the asymptotic causality condi-
tion. A similar observation was made in the EFT of gravity in D = 4 in [145, 147]. There, it was
noted that if we only impose the criterion of asymptotic causality, we actually allow for values
for the Wilson coefficients which are in conflict with positivity bounds.

3.4 Scattering time delay

In this section, we finally present the formal definition of scattering time delays and derive ex-
pressions for it in various representations that will be useful for future calculations. In particular
we give a generic semi-classical expression to complement the more familiar eikonal expression.

We will initially consider stationary spacetimes, which admit a causal Killing vectors to which
we can associate a conserved energy. For stationary spacetimes, the Killing vector is timelike and
we will denote the conserved energy as E. For pp-waves, it is convenient to use null coordinates
(u, v, x%), where 9, is the Killing vector for the null time v and dynamical evolution is with
respect to u.

3.4.1 Eisenbud-Wigner-Smith time delay

Consider the single-particle S-matrix $. In the elastic scattering region, in which St$ = 1,
the eigenvalues of S define the asymptotic phase shifts e2%. For example, in the case of spheri-
cally symmetric non-relativistic scattering, the S-matrix diagonalises into partial waves and each
partial wave phase shift §,(F), which is a function of the incoming energy F, determines an
eigenvalue of the S-matrix. Eisenbud and Wigner [203, 204] proposed that for non-relativistic
scattering, associated with each partial wave, we can define the Eisenbud-Wigner time delay

- 206,

AT,
y4 oF

3.4.1)

by differentiating the partial wave phase shifts with respect to the energy — this is (3.1.11).
Qualitatively, this describes the delay of a scattering wavepacket which is peaked around an
energy F.

In situations with less symmetry, it is in general difficult to construct the eigenvalues and eigen-
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states, so it is preferable to have a more general definition of what we mean by the time delay.
This is provided by the Hermitian time delay operator, known as the Wigner-Smith operator
[205, 206], which is defined in terms of the S-matrix as

| 2+ 05 i 0ST
Lot Loo g

AT = —-§

2" 9E ' 20E"" (3:4.2)

Connection can be made with the Eisenbud-Wigner definition of the time delay by considering
the elastic scattering region once again and considering the expectation value of AT on an
eigenstate of S °. Denoting these by |§), then differentiating S|§) = €2|§) we have

08 & 26 a|0) _ 72i68(62i6)
from which we infer o5
(0| AT[8) =252, (3.4.4)

which is exactly the Eisenbud-Wigner time delay.

The operator (3.4.2) can be formally extended to the full Fock space/QFT Hilbert space as
follows: Since the full S-matrix S commutes with the asymptotic Hamiltonian H, for time-

translation invariant systems, we may write it in terms of its spectral decomposition

S = /dEZ \E, )W, (E)E,J|, (3.4.5)
1,J

where |E, I) denote a complete set of multi-particle energy eigenstates of Hy

/dEZ \E,I){I,E|=1, (E,IE J)=040F—E),. (3.4.6)
1

The time delay operator defined on the full Fock space is then
AT =L stp -2 s\ 4 L / 9 (g S
AT = — /dE; SHE, 1) (<I,E|S) +5 dE; - (S \E,I)) (I, Bl

5 ) ) (3.4.7)
p— —. —_— A-I‘ —_— - S
z/dE;ae [S E 2,[)<E+2,Iys}

e=0

Given that H, commutes with S and Hy|E + €/2,1) = (E + ¢/2)|E + ¢/2,I) then formally we
have

=1, (3.4.8)

[Ho, AT] = z'/dE8 [EST\E Y Ao f,f|§]
2 2 i

Oe

which shows that the time delay is the operator appropriately conjugate to Hy. Note that this
expression only holds at a formal level since, according to Pauli’s theorem [224], there can be
no self-adjoint operator conjugate to a Hamiltonian with an energy spectrum bounded below.
In short, if there were then it would be possible to construct a unitary operator ¢~ ABAT \which
could translate energy eigenstates to arbitrarily negative energies e*iAEﬁ|E) = |E — Ag).

>Unitary operators are normal, and the spectral theorem holds for these.
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Pauli’s theorem is avoided, because the time delay operator is a non self-adjoint operator [225-
238].

In the literature, the time delay is often associated only with the phase factor that occurs in the
85(b,E)
okE

impact parameter representation of scattering amplitudes AT ~ 2
098 (b.ky)
ks

or equivalently Av ~
. We stress that this is only an approximation since the S-matrix does not diagonalise
in impact parameter basis. Further, this definition fails to connect with the well-understood
situation for small multipoles, which was the original interest of Eisenbud and Wigner [203,
204]. By contrast, the Wigner-Smith operator is meaningful and matches precisely with the
Eisenbud-Wigner definition for partial waves and the impact parameter definition when the
latter is a good approximation.

Null time delay

Given the symmetries of pp-wave spacetimes, it is natural to generalise the usual concept of a
time delay to that of a null time delay conjugate to the conserved null momentum P,. We aim
to define an operator AV which acts on the asymptotic states and is conjugate to the asymp-
totic null momentum P?. It is natural to foliate the spacetime by null hypersurfaces, which
corresponds to setting up our field theory scattering problem in front form, i.e. in lightcone
quantisation ©. This is generally subtle — for instance, first class constraints no longer nec-
essarily generate gauge transformations [240]. These will however be inconsequential to our

discussion below.

In Heisenberg picture, the quantised free-field metric fluctuations satisfy a Schrodinger-like
equation with u as dynamical time. Given the null Killing vector it is natural to split the Hermi-
tian fields into creation and annihilation operators

UUX /

with k, > 0 by definition. The complex single-particle wavefunctions ¢;(u, x) satisfy a master

Z kv’IQZka’(/J[(’U/ x)—l—aj,r€ 1€ Zk””d) (u,x)| , (3.4.9)

equation obtained from performing a Fourier transform in the v-coordinate 9, — ik,. This takes
the form of a non-relativistic Schrodinger equation

0
i—v(u,x) =

M —V2(u, x) + V(u, %) (u, x) (3.4.10)

2k:
where the u-coordinate plays the role of time, V2 = 9;0° is the Laplacian on the d-dimensional
transverse Euclidean space, and the potential term arises from the curvature of the spacetime.
In this language, we can treat the metric perturbations as a particle of mass k, being scattered
off a potential V' sourced by the pp-wave metric. For instance, assuming the potential vanishes
asymptotically, we can label the incoming states by the incident transverse momenta k, and so

®Pp-waves are not generally globally hyperbolic. Causality properties are in fact determined by the fall-off of
the metric components at spatial infinity [239]. Fortunately, for the cases of interest to us, global hyperbolicity is
guaranteed.
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the incident field may be written as

- *dk, 1 Ak [ )
lim ‘I)(U, v, X) — / - &}ﬁn ezkvvezk X—ig— vy &m T 1kvve ik-x+1 21; u
wn i 0 27 Ik, ) @my [T
(3.4.11)
with a similar expression for the outgoing field
. *dk, 1 ik Cikexbi k<
lim ®(u,v,x) = / k Ld d%ut pikvv ik X— g w aout to—ikvv,—ik x+121;v u
U—00 0 2m A% 2kv (277) vk
(3.4.12)
The relation between the in- and out-fields is given by the full Fock space S-matrix S
dout = STaimS, (3.4.13)
and the normalisation is
[ 10, ks 101 = (2m) %6 (k — K')(2m)5(ky — k) . (3.4.14)

In writing (3.4.13) we understand that (3.4.11) and (3.4.12) apply also to the fully interacting
Heisenberg fields in the Lehmann-Symanzik-Zimmermann (LSZ) sense. One of the central
virtues of the pp-wave spacetimes is that, despite being “time-dependent”, the equations for
fluctuations are first-order in (null) time. This means we do not need to worry about the pair-
creation characteristic of time-dependent spacetimes’ and since k, is conserved, the S-matrix
diagonalises on states of definite k,, so the vacuum satisfies S|vac) = |vac). In the elastic limit,
in which we neglect particle creation, the S-matrix projected onto single-particle states is then
simply the naive S-matrix S inferred from the non-relativistic Schrodinger equation,

(vaclap™a \ f|vac) = (vaclaj® 1o Sapr \ flvac) = (K'|S[k)(2m)3(K), — kv), (3.4.15)

with normalisation (k'|k) = (27)%(?(k — kK’). In other words, in the absence of particle cre-
ation, we may view the entire dynamics from the perspective of the single-particle Hilbert space.
More generally, single-particle unitarity holds in the sense

~

S'§S=1=618<1. (3.4.16)

To define the null time delay we repeat the derivation of the Wigner-Smith time delay almost
verbatim. Formally, given the full S-matrix

S:/ ko [k, YW1 (ko) ko, J] (3.4.17)
0

with |k,, I) a complete set of PB eigenstates with eigenvalue k,,, we define the null time delay

"There is no Bogolyubov transformation between in- and out- creation/annihilation operators since the in- and
out- vacuum states are identical |in) = |out) = |vac),
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operator as

AV = —i/ dky Y 9 [STU% S Dk + S I|S} (3.4.18)
0 7 66 =0
This operator is automatically conjugate to the asymptotic null momenta
[PB, ﬁf} — . (3.4.19)
Projected onto the single-particle Hilbert space this is then
G T
o ig05 1051
Av 25 ok, + 5 8]%5, (3.4.20)
for which
(5| Av |8) = 09 (3.4.21)
o 4.

Like the S-matrix, the time delay operator should be understood as acting on the asymptotic
states. Generic asymptotic states are not eigenstates of the S-matrix, but the expectation value
of the Wigner-Smith operator can always be used as a measure of the time delay.

Delay of wavepackets

To understand why the Eisenbud-Wigner-Smith operator (3.4.7) and its null extension (3.4.18)
physically corresponds to a time delay, consider a generic incoming one-particle state, which can
be written as a superposition of eigenstates of the single-particle S-matrix with a given k,°

. v ~in T v
!g, 1n> = /0 9 EI gl(kv)akv,l |»ac> = /O 9 EI gl(kv)wl(kv» . (3.4.22)

Here, d};‘h ;1 is the creation operator for a single-particle S-matrix eigenstate |J;(k,)) and the
wavepacket is encoded in the profile function g;(k,). Consider the same state with an additional
null time delay Av, which can be inferred from translating (3.4.9) by v — v — Aw [241]

A © Jk 4 .
t) = 1Py Av . _ kv tkyAvAin T ) 3.4.23
g.0ut) = &g in) = [ S S gk e Aal v (3:4.23)
Given
(vaclapy ,Sajt Yivac) = 2y e® 1 *)6 (k) — k), (3.4.24)
then k.
(g,out|S|g,in) = / Z] ky ) |22 (ko) —iko Av (3.4.25)

If we assume the incoming state is peaked at some value k, and that further g;(k,) is dominated
by a single S-matrix eigenstate I, then the amplitude will be maximised when the phase is

stationary — this is precisely when ~
2007 (ky)

Av =0 3.4.26
v O ( )

8We shall make this argument for the null time delay, the extension to the usual case being trivial.
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and we recover the pp-wave generalisation of the Eisenbud-Wigner time delay. In this sense,
the outgoing state §| g,1in) is well-approximated by an asymptotic state close to indistinguishable
from the incoming state were it not for the presence of the time delay. The expectation value of
the Fock space Wigner-Smith operator is

<g,1n\AV!g,1n / dk, Z\ |228 ( ), (3.4.27)

which is the appropriately weighted average of the Eisenbud-Wigner time delay for each S-
matrix P, eigenstate.

More precisely, given a distribution which, near its peak, is well-approximated as a Gaussian of
width Ak, < k, for a single S-matrix eigenstate

1 (ky—Fy)?
~ 2Ak2
91(ko) & 7 72 ¢ , (3.4.28)

expanding the phase around k,, the magnitude of the amplitude may be approximated as

1 Ak2 (265 (Fy)—Av)?

S 1 1" ! (T
ol (1+ 3R ARZ) T T RARE] L - 3ARENR)-A  (3.420)
+ 07 (Ry) AR

assuming &7 (k,)Ak2 < 1. Although, mathematically, the amplitude is peaked at Av = 28)(k,),
in practice, the amplitude is order unity over a range of width 1/Ak — this is the resolvability
criterion coming from the uncertainty principle. Thus a more precise statement is that the time

delay is B
2007 (ky)

Avy = ~L L O(AKTY. 3.4.3
vy O O(Ak, ™) (3.4.30)

Given that Ak, < k, in order to trust the saddle point approximation, the strongest statement
of causality we can infer from this argument is

Avr >~k b (3.4.31)

3.4.2 Schrodinger picture

Consider the Schrodinger-like equation of the form

Zaauw(u, X) - _2]1% 2 (u, X) + V(U, X)d}(u’ X) , (3.4.32)

or more abstractly, in first-quantised language,
i) = Al) (3.4.33)
5 V) = , 4.

where H = Hy + H; with Hy = p%/(2k,) and H; = V(u,i). Let us assume without loss of
generality that interactions vanish for v < u; and u > uy, with the usual case recovered in the
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limit |u;|, [uf| — oo. Then, the S-matrix is the time-evolution operator in interacting picture
~ ~ v f (rint g ~ 32 PO
S=U(us, u;) = Te~iJui dull™(u) — e’HoufU(u]c, ui)e_ZHO"Z , (3.4.34)

where Hi"(u) = eloufe~tHov s the perturbation in interacting picture and U(uf,u;) =
O Qub () s o s . . . .
Te i Jui dull(u) is the Schrodinger-picture evolution operator. To determine the time delay we

need
8 A 8 .U f (Tint uf 6Hmt( ) .U f (rint
_ —i fu; duH™(u) _ / —qu,i duH"t (u)
8I<:US 8vae 1 z/w du"T [ ok, 1
‘ (3.4.35)
uf R int
= —1 AZ du'U (up, o’ )%U(u’,ui),
from which we can infer
_ . 8Sv ug ~ . aHmt( ) N
Av = —iST el /u du/ U(u g, uy) Uup,u )T%U(u’,uz’)
¢ (3.4.36)

uf R int .
= —/ du'U(u',uz)T(WgI{:()L{(u',ui).

Now let us convert this into Schrédinger picture. First note since H, commutes with 9Hu  from

Ak ?
the definition of the interacting picture Hamiltonian, we have
aHmt( ) ’LHO'lL aHl( ) —iHyu . ago Frint
oy ok, ¢ Ty, AW
7, () . (3.4.37)
] OH(u OHy - .
_ _iHpu 1 0 —iHou
=e <8kzv +iu ok, (u)]) e .
Denoting the time delay operator with finite initial and final times as
- uf . Hmt R
Av = —/ du/ U, uZ)Tagk()U(u', Uy) (3.4.38)

this becomes, in terms of Schrodinger picture quantities,

_ up OHy(u) . |8Hy A
_ 1Hou; AT 1 0
Av /Ul due U (u,u;) < o, +iu lﬁkv , Hy(u)

) U(u,uz)e iHou; (3.4.39)

At the level of the expectation value this is

Ao = finfSafin) =~ [ du(w()Qu)lvw) (3.4.40)
where A R
Qu) = ag}f(“) +iu [g‘;lo,ﬁl(u)] : (3.4.41)
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and

() = U (u, ug)e™Ho% [in) (3.4.42)

which we recognise as the solution to the Schrodinger equation with initial condition
() = e~ Ho%i|in) . (3.4.43)

The « in the second term in (3.4.41) is specific to the convention that states in the Heisenberg
picture are defined as Schrodinger states evaluated at « = 0, and interacting picture states are
referred to similarly. A different choice u — u — ug can be absorbed by a unitary transformation
in |4}, so (3.4.40) is universal when considering the set of all possible states |1)).

In the situation in which all interactions vanish for v < 0, i.e. u; = 0, the time delay can be
written simply in terms of Heisenberg operators and the Heisenberg state |¢)(0)) = |in),

sv=— [" dulw©@uwlv0), (3.444)
0

with
Qu(u) =U(u,0)'Q(u)U(u,0). (3.4.45)

We may view Qp(u) as the operator version of the classical quantity that determines the rate of
increase in the v-time delay per unit u-time
dAv(u)

Qu) = 0 (3.4.46)

EFT time delay in Schrodinger picture

In the previous section, we defined the total time delay. This is typically a combination of the
GR time delay and corrections that come from interactions which, in the EFT, are captured
by contributions suppressed by inverse powers of the cutoff. More precisely, the form of the
(generally v time-dependent) Hamiltonian for the non-gravitational fields can be split as

H= ﬁGR + ﬁEFT , (3.4.47)

for which
A—o0

In many situations, the cutoff A must be necessarily below the Planck scale, so one should
also take the limit Mp; — oo. Note that, since shockwaves are exact solutions, we can always
appropriately scale the metric function in that limit so as to maintain a non-trivial background.

Alternatively, a more pragmatic (and generally applicable) definition of the split is that Hgg
denotes the terms in the Hamiltonian that come from the two- (and lower) derivative part of
the action, while Hppr are those terms that arise from higher-derivative (irrelevant) operators.
Given this split, we may give a more local definition of the time delay which encodes the effect
of the EFT interactions relative to the GR background. To do this, we choose the map from
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Schrodinger to interacting picture by
() = TeH i Han Dy (u)) (3.4.49)

Then we may define the EFT S-matrix via

S = W(uf, u;) = Te? Jui duBigin (u) , (3.4.50)
with now
H(u) = K(u, 0)f Hepr(u)K(u, 0) (3.4.51)
and )
K (u, u;) = Te a0 Horl) (3.4.52)
The EFT time delay is then
g uf ~ f{int AN
AVEpT = —/ du’lC(u',uZ)TaEaFWIC(u/, Uy) - (3.4.53)

Using

Y (3.4.54)

this then becomes

Bvper == [ dufw(u)]Qurr(a)lv(w) (3.4.55)
where now
Qorro) = P [ i | R, ) R o ) ()| 2.456)
v 0 v
and
Y (u)) = K(u, 0)W(u, u;)|in) . (3.4.57)

For most purposes, it is sufficient to determine the EFT time delay to first order in Hgpr and so
we just directly compute

o (" s .
AvgpT ~ —ak/ du (in| HEsp (u)]in) . (3.4.58)

3.4.3 Uncertainty of time delay

A generic incoming state is not an eigenstate of the S-matrix or time delay operator. Indeed,
normalisable scattering states are always wavepackets. Since naively [AV, PY] = i, there is an
inevitable uncertainty relation between the time delay and the asymptotic null energy. We may

69



define this uncertainty in the usual way
— — 2
Awv? = (g,in|AV ?|g, in) — ((g,in|AV|g,in)) . (3.4.59)

Evaluating the expectation value on the single-particle wavepackets (3.4.22) gives
Z 5 [2007(ky) 2+ dg1(ky)|?
Ok Ok,
2001\ ° 2007 891(1%) 2
2 _
st = (G )5l +

where (X7) = [° dky S 191 (ko) > X1 (k). The last term is the usual uncertainty due to the fact
that we are con51der1ng wavepackets in k,, while the first two terms are contributions to the

(g,in| AV 2|g, in) = /

) : (3.4.60)

and so

: (3.4.61)

uncertainty which come directly from the scattering and vanish in the limit of no scattering. We

thus have the bound © Jk g1 (ky) |2
A ., 2 > v M
un? _/0 2 ;‘

ok, (3.4.62)

Although k, > 0, we may view f(k,) as a wavefunction that happens to vanish for &, < 0, and
so by the usual reasoning we have
Auppv Ak, > 1/2, (3.4.63)

with
(Aky)® = (k2) — (ko )? (3.4.64)

This was explicit in the wavepackets considered above. The contribution to the uncertainty from
scattering at fixed k, can be expressed in terms of the single-particle Hilbert space time delay as

50 = /tin] Ko? [in) — (in] Ao [in)?, (3.4.65)

with o
oSt a8

. A2, s
(in| Av “|in) = ( Ok OF.

in) . (3.4.66)

We shall make crucial use of this fact later.

3.4.4 Phase space formulation

In practice, the exact formula for the scattering time delay (3.4.40) is difficult to determine other
than by means of an approximation or by numerical evolution. It is also relatively straightfor-
ward to infer the time delay in perturbation theory (Born series), and we shall do so in Section
5.5. Our main tool will however be the eikonal and semi-classical approximations. It proves
useful to rewrite (3.4.40) in terms of Wigner functions since they are most closely tied to a
(nearly) classical interpretation of the scattering. Denoting the density operator as

plu) = [P(uw) (P (u)], (3.4.67)



then the total time delay is
uy A
Av = —/ du Tr[p(u)Q(u)] . (3.4.68)

Denoting the Wigner phase-space function by

W(x,p,u) = / dae P (x +a/2|p(u)|x —a/2), (3.4.69)
and the associated phase space representation of Q(u) by

Q(x,p,u) = / dae™@P(x +a/2|Q(u)|x —a/2), (3.4.70)

then the asymptotic/total time delay can be rewritten as

Av = de 4¢ ddp W (3.4.71)
U__/u, u/ X/(Qﬂ_)d (x,p,u)Q(x,p,u) . 4.

A similar expression holds for the EFT time delay

uyf dd
Avgpr = —/ du/ddx/ (QWI))dW(X,Pw)QEFT(X,va)‘ (3.4.72)
In both cases, the operator ) as a function of its constituent operators can be replaced with
the phase-space function as a function of the phase-space versions of the same, with operator
products replaced by the Moyal product, denoted by *. Similarly, the equation for the density
operator in Schrodinger picture

.0p . ~
1 'g(:) = — [p(u),H} , (3.4.73)

is replaced by the quantum Liouville equation

ZaW(X, p7 u)

5u = —[W(x,p,u) x H(x,p,u) — H(x,p,u) x W(x,p,u)| . (3.4.74)

These expressions may appear unwieldy, but they prove to be the most useful for deriving the
semi-classical approximation.

Semi-classical approximation

In the semi-classical approximation, we intuitively expect the dynamics to be dominated by that
of the classical particle trajectories. This is most straightforwardly derived by reintroducing #
in the conventional places within the Schrédinger equation, and taking the limit 7 — 0. In this
limit, the Moyal product reduces to the ordinary product

%H% A(Xa b U) * B(X7 b, U) — A<X7 p, U)B(X7 P, U,) ) (3475)
N
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and the expression for Q = —dAwv/du is given by its classical version with commutators replaced
by Poisson brackets

O0H(x,p,u O0Hy(x,p,u
Q(vavu) = l(akp ) _u{ ngp )7H1(X7pvu)}

(3.4.76)

9 P
= ok V(u,x) — uk—% -VV(u,x).
Finally, at leading order in the semi-classical approximation, the dynamical equation for the
Wigner function reduces to the Liouville equation

aauW(x, p,u) = —{W(x,p,u), H(x,p,u)}. (3.4.77)

The solution of this linear equation is straightforward

W(x,p,u) = /ddxo/mwo(xo,l)o)fs(d) (x — xa(x0, Po, u)) (27) 46D (p — par(x0, Po, u)) ,
(3.4.78)
where Wy (xg, po) is the Wigner function at time u = 0, and (xd(xo, Po, 1), Pl (X0, Po, u)) de-
notes the solution of the classical equations of motion in phase space, given the initial data
(Xcl, Pe1) = (X0, Po) at u = 0.

Substituting into the expression for the time delay, we finally obtain at leading order in the
semi-classical approximation,
d ddpo el
(AV)semi—classical = —/d XO/WWO(Xo,po)/v du Q(xc1(x0, Po, ), Pei (X0, Po, u), u) -
B (3.4.79)

The classical approximation would further neglect the effect of uncertainty and quantum diffu-
sion: s

(AV)classical = —/ du Q(xa1(x0, Po, u), Pei(X0, Po, u), u) - (3.4.80)

Uj

Stated in words: In order to determine the semi-classical scattering time delay, we first infer
the classical time delay (3.4.80) associated with an arbitrary classical initial condition (xg, po)
in phase space. We then perform the average of those classical initial conditions according
to whatever the initial wavefunction and hence initial Wigner distribution is. The latter step
automatically incorporates the effects of the uncertainty principle and quantum diffusion into
the calculation of the time delay. It is clear that the classical approximation can only be trusted
when most of the time delay is built up well before the diffusion time, for which we can no
longer neglect the quantum induced spread.

Quantum diffusion

A crucial fact which is embedded in the above discussion so far, is that a generic initial wave-
function ¢y can never be perfectly localised both in position and momenta by virtue of the
uncertainty principle Ax - Ak > 1/2. Thus, generic initial wavepackets have some spread in
transverse space. Viewed as a field in a low-energy EFT, its spatial extent o ~ |Ax| is addition-
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ally bounded below by the EFT cut-off as o > A~! (see appendix 5.C). Even in the absence
of a potential, this initial uncertainty grows with time due to quantum diffusion and limits the
amount of time delay that can be built up. Consider a spherically symmetric Gaussian initial
profile

1 |x — b|?
wO(X) = Wexp |:— 40_2 :| 5 (3.4.81)

centred at b with width ¢ much smaller than the distance to the source(s) o < b. The associated
Wigner function at the initial time is

_od |xo — b|2 pO2

Wo(x0, po) = 2°exp [—%2] exp [— 2057 | (3.4.82)

with )
oAp = 3 (3.4.83)
After a time u under free evolution, the Wigner function will be peaked around the straight-line

trajectory
_ od |x — pu/ky — b|? p’

W(x,p,u) =2%xp |— 552 exp _2Ap2 , (3.4.84)

and the wavepacket will diffuse to one with an effective width of 62 (u) = 02 + (u/2ky0)?.

This diffusion inevitably provides a cutoff on the scattering process and the build-up of the time
delay/advance. For example, if we consider the scattering of two localised objects of impact
parameter b, we no longer expect a significant contribution to the time delay once the diffusion
of the wavepacket is comparable to the impact parameter. This occurs at the “diffusion time” for
which

Ueff(uc[iff) ~b - UQiff ~ 2k,o/ b2 — o2, (3.4.85)

The maximum diffusion time is then seen to be
Ugie ~ kyb? . (3.4.86)

However, if the initial wavepacket is well-localised, it may be even smaller ug;¢ ~ k,ob. Either
way, the wavefunction v)(u, x) can no longer be considered localised after a finite time ug;;. We
shall confirm this explicitly by more detailed calculations below.

3.4.5 Eikonal approximation

Having written everything in terms of the Schrodinger picture makes it easier to compare with
the standard eikonal approximation for the Schrodinger equation. Let us first do this for the
S-matrix describing scattering from states of momenta k to k’. In order to maintain symme-
try between the incoming and outgoing state, we define the average momenta n = (k' + k)/2.
The eikonal approximation is derived by first factorising out the free evolution at the average
momenta

ES em'xe*i|“|2“/2k"x, (3.4.87)

73



so that the Schrodinger equation becomes

e, n 1
Zax(xju) = —zk—v - Vx(x,u) — T

VaAx(x,u) + V(u, x)x(x, 1) . (3.4.88)

At leading order in the approximation, we neglect the Laplacian term, meaning that one of the
conditions for the approximation to be valid is that the momentum transfer is small, which is
achieved for small scattering angles. Then, changing variables to x = y + nu/k,, the resulting
equation

0
iax(y, u) = V(u,y +nu/k,)x(y,u), (3.4.89)

can be exactly integrated

. puf
(¥, uf) ot Ju; du V(u,y+nu/ku)x(y7 u;) . (3.4.90)

i(k—n)

The S-matrix between initial state y; = e ¥ and final state x s = ¢!K'~1)Y s then

K15]k) = /ddye_iq.ye_iﬁj‘if duV (uwy-+nu/ky) (3.4.91)

with momentum transfer g = k’ — k. In the familiar case, for which V' is independent of u« with
|u; | — oo, we may further define y = b + fiz, where n - b = 0. Then, by shifting v — v — |n|z,
the S-matrix becomes

(K'|S|k) = 278(q - ) / 4% 1p emiabe i /2 duV (btnu/k) (3.4.92)

which we recognise to be the familiar eikonal approximation for scattering off a time-independent
potential.

To determine the scattering time delay for an incoming state which is peaked at incoming mo-
mentum py, it is convenient to further approximate (3.4.91) by replacing n by po

<k/‘5"k> ~ /ddye_iq'y@_i Ju duV (wy+pou/ky) 7 (3.4.93)
so that N
<k'!§|¢> ~ /ddye_ik/'yw(y)e_i IUif du V(u,y+pou/kv) ] (3494)
This allows the integrals to be performed, giving

0
Ok,

/ _ / 0 1é
= —i/ddk <¢ysT\k>87<k 1S|) (3.4.95)

ug 0 Pou p Pot
~— [T [ty |G (ny+ B ) - B ov (wy+ B
s ) v v v

Given the Wigner function will be similarly peaked at py, we can rewrite the eikonal scattering

Av = —i(y|ST—5|¥)
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time delay as
uf 0 U U
(Bo)atona == [ du [y [ apo Wiy, po) [ iV (v + ) = P 0w (wy o+ B

0 uf U
o / du/ddy/ddpo Wo(y,po)V (u,y+ pko ) :
' (3.4.96)

Identifying y = x¢ as the classical position at v = 0, we recognise the leading-order eikonal

Q

approximation to simply be the semi-classical approximation evaluated such that the trajectories
of the particles are taken to be straight lines, which would be expected to be valid for small angle
scattering. As such, it neglects certain higher-order effects of scattering, which cause the mean
trajectory to depart from a straight line.

If we further neglect the effect of quantum uncertainty/diffusion then this reduces to the “clas-

o [ Pou
o /uz duV (u,x0+ " ) . (3.4.97)

sical” eikonal form

(Av>eikonal ~ —

In realistic situations, the potential vanishes at large distances, so this integral will be maximised
for po as small as possible. At the impact parameter xg = b, the eikonal time delay reduces to

o [
(Av)eikonal & — 5 / duV(u,b), (3.4.98)

which is the expression considered in [174] — we derive this expression directly in the eikonal
approximation for scattering off shockwaves in section 5.A. This result may be obtained more
directly by neglecting scattering in the transverse directions from the outset. This amounts to
ignoring the Laplacian-term in (3.4.10) so that the particle deviates from its initial configuration
only by a phase. Setting up our initial conditions at time » = 0 with initial particle displacement
x = b = bb, then the approximate solution at a later time is

Y(u,b) =1gexp[2id(u,b)] , 20(u,x)=— /Ou du'V (', %), (3.4.99)

from which the time delay is easily obtained

00 (u,b)
Ok,

(A0)cikonal = 2 __9 / du'V (i, b). (3.4.100)
ok Jo

It is clear from our previous derivations that (3.4.100) can only be trusted when the integral is
taken over a range of u for which the effects of diffusion and scattering are neglected.
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Chapter 4

Causality on Black Holes

We have established that causality ought to put non-trivial constraints on the EFT of gravity.
In particular, we argued that IR causality is the appropriate notion of causality for constraining
perturbative EFT corrections to Einstein gravity, as it is amenable to concrete calculations and

seems in agreement with positivity bounds in a scalar toy model.

We want to put this to use for the leading-order EFT in D > 5, essentially EGB gravity. A tried
and tested method of how we study objects in physics is by smashing them into each other.
In section 4.1, we will therefore study the scattering of gravitational perturbations (waves) on
Schwarzschild black holes, arguably some of the simplest objects in gravity. IR causality is
determined by the EFT correction to the GR time delay, which we compute semiclassically in
section 4.2. We take some care to establish the regime of validity of this theory on general
grounds and using specific UV completions in section 4.3, and find that IR causality is satisfied
as long as the EFT is weakly coupled.

Details on the spherical decomposition and the decoupling into master equations are given in
4.A. In appendix 4.B we present a derivation for the eikonal approximation of the time delay
from the semiclassical approximation. We elaborate on reasons for the particular choice of
additional higher-dimension operators in appendix 4.C.

4.1 Black Hole Scattering in the EFT

Let us briefly review spherically symmetric and static solutions in EGB gravity, given by the
action (1.3.8).

4.1.1 Black holes in D-dimensional EFT
The vacuum Einstein-Gauss-Bonnet equations are given in (1.3.9).

Since the GB tensor B,, is already suppressed by A~2 compared to the Einstein tensor and we
consider a Ricci-flat vacuum solution at leading order, R, = O(A~?), we can ignore any terms
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in the equations of motion containing a Ricci tensor/scalar without compromising the first-
order result. The static and spherically symmetric Ansatz (A.1.1) is a solution to the background

equation of motion for

1
ds? = —f(r)dt® + —dr? + r2dQ%_,, (4.1.1)
f(r)
and the metric function is
1 (Tg D-3 B  CGB (Tg 2D—4 H
fr) =1 (T) +2(D - 3)(D 4)A2r3 <7«) + O, (4.1.2)

The resulting solution is a static Schwarzschild-like BH, with horizon rx set by f(rx) = 0, which
differs ever so slightly from the GR Schwarzschild radius r,.

4.1.2 Metric perturbations

We are interested in the dynamics of linearised metric perturbations, denoted by %, to this
curved background. As we will see, due to the EFT corrections, these modes can follow geodesics
that deviate slightly from being null, becoming either time-like or space-like, and thus lead to
concerns about causality.

Given the spherical symmetry of the background spacetime, it is useful to parameterise the
components of h,, according to their transformation properties under SO(D — 1). In appendix
4.A, we follow the procedure outlined in [242-244] to reduce the D(D + 1)/2 components of
the symmetric h,, tensor down to D(D — 3)/2 scalars called “master variables”. These master
variables entirely encode all the propagating degrees of freedom of the massless spin-2 field
associated with metric perturbations. They fall into three categories — scalar, vector or tensor
— depending on the SO(D — 1)-transformation properties of the %, -components from which
they derive. The vector modes are the higher-dimensional analogue of the Regge-Wheeler axial
mode in 4-dimensional GR, and the scalar modes correspond to the Zerilli polar mode in 4-
dimensional GR [245, 246].

The evolution equations for the master variables, known as the “master equations”, are derived

from the first-order perturbation to the Einstein-Gauss-Bonnet equations (1.3.9). Since the GB

operator famously produces second-derivative equations of motion, they can be cast in the form

of a Schrodinger-like wave equation with a potential V' sourced by the background curvature:
Py 00 _

— o+ S <far<I>M) — Vi@ =0, (4.1.3)
where M € {S,V,T} labels the modes. As implied, the potential experienced by the master
variables depends only on whether they are classed as scalars (.5), vectors (V') or tensors (7).
Each partial wave evolves independently because of the spherical symmetry of the background.
Mode indices are suppressed, but the potentials Vj; carry the dependence on the partial wave
number /, as in (4.1.4) below. The exact potentials for metric perturbations to static BHs are cal-
culated for full (non-perturbative) Einstein-Gauss-Bonnet gravity in [247, 248] and for general
Lovelock theories in [249, 250]. We are only interested in their leading-order behaviour in the
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EFT expansion, for reasons already discussed above subsection 4.1.1. All three potentials are
provided explicitly to leading order in appendix 4.A. The dynamics of the tensor modes specif-
ically will become of particular interest in subsection 4.3.3 so we reproduce its potential here,
for reference:

VoLl (14800 (1))
(DD () gy (DD (1))
—9)2 py\D-3 c - - — o)
+M( ) (1_2 a8 (D —4)[3D(D - 3)(D — 6) 32]( ) ”

4 7 A2p2 (D —2)

1-32 4.1.4)

r

Here, —kZ is the eigenvalue of the Laplace-Beltrami operator on the (D — 2)-sphere acting on
a tensor-type spherical harmonic. It is related to the more familiar integer mode numbers /¢ by
k2. = {({ + D — 3) — 2, where ¢ = 1,2,.... The expression for Vr is by far the simplest of the
three potentials.

4.1.3 Apparent local superluminality

Before proceeding to the calculation of the scattering time delay, we can already get a local in-
dication of the supposed acausality by inspecting the expression for the tensor potential (4.1.4).
Specifically, it is apparent that the angular speed vg of the GWs is modified by the GB contribu-
tion — notably, the radial speed is unaffected to leading order in the EFT. By identifying v3 with
the coefficient of k% /r?, we immediately see that

=1+ 8A2rg (D —1) (79) . (4.1.5)

If cgg were a positive number, the angular speed of the GWs would be locally superluminal
(vq > 1). This will contribute negatively to the total time delay.

At this point, one might be tempted to forbid c¢gg > 0 and content oneself that any causal
UV complete theory should have c¢gg < 0 as part of its low-energy description. Unfortunately,
examination of the vector potential (4.A.5) suggests that those modes would propagate super-
luminally if ¢gg < 0. Thus, it seems we should be forced to conclude that ¢gg = 0 is the only
viable option and that the GB term is not a good causal operator.

This argument is altogether too quick for two reasons. First, local superluminalities do not
by themselves necessarily indicate causality violation. What is in tension with causality is the
possibility of creating closed time-like curves which requires building up superluminalities over
some trajectories, which is why we will compute the scattering time delay below. Within the
time delay, local superluminalities at one point could be compensated by subluminalities at
other points. The second reason why local superluminalities cannot by themselves indicate
whether causality is necessarily violated is because we have yet to impose the full requirements
for the validity of the EFT which, as we shall see, will mitigate the level of superluminality one
can hope for.
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4.2 Time Delay

We can now use the equations of motion governing the perturbations on top of the black hole
backgrounds to compute scattering time delays.

4.2.1 Scattering phase shifts

To calculate the scattering time delay (3.1.11), it is convenient to first calculate the phase shift
0, of a partial wave scattering to/from asymptotic infinity in the BH spacetime. Since the master
equations (4.1.3) are reminiscent of the Schrodinger equation, we may utilise the semiclassical
JWKB approximation to determine the phase shift. This will automatically reproduce the classi-
cal time delay and the eikonal (shock wave) time delay [146] in appropriate limits, as discussed
in the appendices of [215].

It is usual to consider the BH perturbation equations in the tortoise coordinate # defined via
dr = f(r)dr, (4.2.1)

however, in order to compare with standard scattering problems (without a horizon) we rather
work with Langer coordinates » = e” [251]. In the case of a regular source such as a star,
this has the effect of mapping the origin of coordinates, » = 0, to p = —oo, so that a JWKB
approximation does well near p = —oo as well as p = co. This is well known to improve the
form of the JWKB approximation at small /. Despite the presence of a horizon, this proves
to be useful here. We will, however, only be interested in the solution outside the horizon,
r > ry. Making a wave Ansatz for the time-dependence of the master variable ® = e~*“¢(p),
and defining ¢ = (fe~*)~1/2y, the master equation (4.1.3) then takes the form

d?y
a2 +W(p)x =0, (4.2.2)
where
2 e’ 1 ., 1 / 2
W(p) = (W =V(p)) 7 59 (p) — 1(1 —Q'(p)*, (4.2.3)

and Q = In(f). The field x should carry both the index M to label its potential and, additionally,
a mode number /. Each partial wave ¢ for each perturbation type M evolves independently
according to (4.2.2).

A property of the potentials V), (as given in appendix 4.A) is that all three agree in the limit
rqg — 0. This allows us to define a universal impact parameter b via

b2w? = lim w?e? — Wi(p), (4.2.4)
rg—0
which results in D3
b=w! (z + 2‘) . (4.2.5)

The point of closest approach, or turning point, p;, is determined by W (p;) = 0. The turning
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point coincides with the impact parameter b when r, = 0, but the curvature-corrections will
depend on whether we are considering scalar-, vector- or tensor-type perturbations.

In terms of the original radial coordinate, the phase shift is given in (3.2.21). In the limit r, — 0
this formula correctly gives d,(w) = 0.

4.2.2 Time delay for D-dimensional black hole

Although the JWKB expression for the time delay is capable of dealing with small ¢, it will be
sufficient to focus on large ¢ ~ bw > 1, since the high-energy regime will be important in our
subsequent analysis. This is essentially the eikonal limit — see appendix 4.B to see a derivation
directly from the phase shift within the JWKB approximation. We will also assume for simplicity
that the scattering impact parameter is large compared to the Schwarzschild radius, b > r,.
With these assumptions, and using the effective potentials provided in Appendix 4.A, we find
the following expressions for the time delays'

ATy = ATCR :1 _ 8(5__31) X‘% (Tbg)Q] , (4.2.6)
ATy — ATER :1 LD _Dl)_(l; — 4 XS% (?)1 , (4.2.6b)
ATy — ATGR :1 L 8D —Dl)(l;, —4) XS% (%")2 , (4.2.60)
where (D —2) /7T (M) - bes
AT = VT (#) (f) b, (4.2.7)

is the time delay from GR in the same limits. Note that with particular choices for A and cgg, this
reproduces the results in [143, 144, 174], both in terms of time delays or propagation speeds.

We are now in a position to see how GB theory could appear to violate both asymptotic causality
and infrared causality if the resolvability condition was not properly accounted for in the regime
of validity of the EFT. Looking at the expressions in equations (4.2.6), we see that the EFT
corrections to the scalar and vector mode time delays have opposite sign to the tensor mode
time delay. There are no non-zero values of cgg which can make AT*FT > 0 for all three. This
immediately suggests a violation of infrared causality. To generate an asymptotic acausality,
on the other hand, we need to further push > — A~2 and then we would find ourselves in a
situation where there would be at least one negative AT+ T that could overwhelm AT for
any non-zero cgg. This corresponds to the situation in [174] where, in their notation, b> ~ Agg.
The central claim of what follows is that once we have properly identified the regime of validity
of the EFT, neither causality conditions are violated in a resolvable way. To see why, we now
turn to the consideration of the regime of validity.

!These are the time delays at fixed ¢. Very similar expressions follow for the time delay at fixed b.
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4.3 Validity of the gravitational EFT

In this section, we explore the constraints on the applicability of the EFT description and thereby
determine its regime of validity. The discussion in this section closely mirrors the analysis in
[215].

4.3.1 Constraints on background

As repeatedly emphasised, our action (1.3.8) describes just the lowest-order terms in an infinite
series of effective operators generically present in the EFT of gravity. No real example of low-
energy expansions of UV-complete theories [82, 136] would ever truncate after R>—operators.
Rather, they generically contain all possible dimension-6, -8, -10,...operators built out of the
curvature and its derivatives, and we have parameterised the typical form in (1.2.1). Ultimately
any EFT expansion is an expansion in derivatives, and so control over this expansion is lost
whenever that curvature or its derivatives become too large. In practice, this means that the
EFT is only a useful description of gravity in regions of spacetime where, schematically,

V?"Riemann” < AZm2n, (4.3.1)

where A is the cutoff of the effective theory. What is meant by this schematic expression is:
All possible scalar contractions built out of 2m covariant derivatives and n powers of Riemann
tensors.

We may first apply these constraints to the background geometry for which “Riemann” may
be replaced with the Riemann tensor as calculated in the GR background spacetime, since any
corrections to those components will be automatically suppressed by additional powers of 1/A
in a region where the expansion is controlled. Since our background is Ricci-flat at leading
order, it is sufficient to place these bounds on the Weyl or Riemann tensor. Thus an example
requirement for the validity of the EFT expansion is

0" (RpagRe?)" < p2mtin, (4.3.2)

, and the strongest bound will be at

: D-3/,.D—1
For the background geometry, Riemann scales as 7"~ /r

the point of closest approach, which is related to the impact parameter b. The implication is

(D-3)n

- n r m n
VMRiemann” ~ -l < AT (4.3.3)

In the limit n — oo for fixed m, this is the requirement that

D-3
"y

5T < A?, (4.3.4)

which is just our usual statement that the curvature is small. At the other extreme, we can
consider operators with a large number of covariant derivatives and take m — oo to obtain:

b>> AL (4.3.5)
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From this statement alone, it is already clear that there is no violation of asymptotic causality
(2.0.1) in this EFT if the background is under control, no matter the scale A.

Taken together, (4.3.4) and (4.3.5) define the range of distance scales b for which the EFT
expansion is well-defined on a Schwarzschild background. They both express the fact that
our understanding of the low-energy breaks down at short scales or high energies, where the
microscopic degrees of freedom that have been integrated out to lead to this EFT ought to be
described in their own right. Note that a priori we do not require r, > A~! since it is sufficient
that the geometry is asymptotically Schwarzschild at distances r,b > A~!, and we do not need
to resolve the horizon.

4.3.2 Constraints on perturbations

In addition to the largely familiar constraints on the background, we should also ensure that
higher-order operators do not spoil the equations of motion for the perturbations we have con-
sidered so far. Naively one may expect that, so long as the background is under control, the
higher-order EFT corrections to the linear perturbation equations will also be under control. In
practice, for backgrounds that enjoy a high level of symmetry (as is the case for the static and
spherically symmetric BH solution), the perturbations are able to probe much more of the infor-
mation contained in the Riemann tensor and hence can provide a richer insight on the validity
of the EFT.

From the point of view of the perturbations, since we are dealing with a low-energy EFT, it
is clearly not possible to consider scattered particles of arbitrarily high energy. Not only will
the Riemann curvature itself be perturbed, the covariant derivatives in generic higher-derivative
operators can now act both on the background and on the perturbations. Focusing on a GW of
momentum k*, and replacing all derivatives acting on the perturbations by their form at high
energies, i.e. V,hq,g = ik, hqgs, the schematic form of the corrections to the equation of motion
for GWs b, are

Rhe Y ﬁ (VPRiemann™) k2" Ph = 0, (4.3.6)

n+m+p>1

where we understand V and Riemann to be background quantities. This is a tensor equation,
i.e. of the form

EXLRhyg + EXPETh 5 =0, (4.3.7)
Nevertheless, in order estimate the size of the EFT corrections, it is sufficient to focus on the
eigenvalues of 53{? EFT which are all scalar quantities, relative to k2. Thus to establish the

regime of validity for perturbations it is sufficient (but not necessary) to consider scalar operators

P . m 2n+p
(X) (meilfm) (i) <1, (4.3.8)

and again we consider all possible scalar contractions. Due to the symmetries of the Riemann

built in the manner

tensor, and the fact that k,k* ~ 0 on-shell, the tensor with the highest power of k£ we can build
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from a single Riemann tensor is
AF, = R'SkOKD (4.3.9)

The trace of this object vanishes because of the symmetry of the background spacetime, but
scalars can be built out of higher powers of A*,. The requirement that they are not too large:

Tr[A"] < A%, (4.3.10)

translates into a bound on the frequency w of the wavevector k,. Denoting the metric on the
(D —2)-sphere as dQ%_, = d§?+sin(#)2dQ%,_,, and solving the geodesic equation for a massless
particle, we can parameterise the scattering momenta as

2
k1), = ?at +wy/1- fb 20, + “’a (4.3.11)
so that
D -2 2 2 2
+( )\/l—f—bdtd + —édt+i\/1—f—bd +bd9 dé
S 2f
b2
+5- 3dQ%_3].
(4.3.12)
Evaluating equation (4.3.10) explicitly with n = 2, we find the following bound:
272,.D—3
p T g (4.3.13)
yD+1 ’

where the coefficient Cp is a dimensionless order-1 dimension-dependent factor, C3, = D* —
8D3 + 23D?% — 26D + 6. Again, considering this at the point of closest approach r ~ b, this

condition becomes essentially

A4bD71
T

No further constraint is obtained from considering the limit n — oco. Equation (4.3.14) is our
first upper bound on the energy of GWs which can safely propagate within the regime of validity
of the EFT.

We find another type of bound on the frequency from operators with covariant derivatives.
Contractions of covariant derivatives with Riemann tensor indices vanish, as do contractions of
k, with A, so amongst the remaining possibilities are

((E*V,)™ AP (K V,)" Agg) < ASHAmAN), (4.3.15a)
(V)" (WP W 5) < AS2 (4.3.15b)
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In the limit m,n — oo, the above bounds amount to k#V,, < A2, or what is tantamount to
w < A%, (4.3.16)

which is our second upper bound on the energy of GWs in the EFT. As long as we consider
scattered waves for which b 2 r,, the bound (4.3.16) is always stronger than (4.3.14), and
so for all intents and purposes we may regard the maximum frequency for which the effective
theory can be trusted to be w ~ A2b. This will prove important in what follows.

It is important to stress that we are allowed to consider frequencies w larger than A, and still
remain within the validity of the EFT. The reason for this is that w is not a covariant/Lorentz
invariant quantity, and in a Lorentz invariant theory bounds should always be placed on Lorentz
scalars. The bound (4.3.16) can be intuitively understood as the bound associated with the
Mandelstam invariant k,x* < A%, where x* is the typical momentum of the coherent gravitons
that make up the background. The bound (4.3.5) is similarly the requirement that r, " < A?.

4.3.3 Regime of validity from time delays

The arguments of the previous section on the regime of validity were largely schematic, and so
it is useful to consider explicit examples of higher-dimension operators from which the bounds
may be observed. We will now show how we can arrive at the same frequency bound (4.3.14)
through concrete calculation with a specific higher-dimension operator. We will concentrate
only on tensor-type perturbations to illustrate our point. Among all the dimension-8 curvature

operators expected to enter the EFT (1.2.1), the following one is quite generic

Sps = / AP/ =g My~ (A6 R0 Reun R ) (4.3.17)

where cpq ~ O(1) is our new Wilsonian coefficient. The presence of this operator is very generic
to any gravitational EFT and makes no assumption on its precise UV completion. The truncated
EFT action we now consider is Seg + Sps, where Seg is given in (1.3.8). There are of course
dimension-6 operators as well as other dimension-8 operators that enter the EFT, however for
the purpose of this argument they have no impact as will be discussed later. We will show that
by demanding the time delay induced by this particular dimension-8 is subdominant to the GB-
induced time delay, a necessary condition for the latter to be taken seriously, we can exactly
reproduce (4.3.14). For clarity of notation, we split the EFT time delay into two components:

ATPFT = e ATCB 4 cpa AT + (4.3.18)

where ATSB « A~? is the GB-correction we have already calculated and AT®* & A~6 will arise
from the newcomer.

This new operator will modify the propagation of GWs by introducing higher-derivative, O(A~5)-
corrections to the master equations (4.1.3). As usual in an EFT, the appearance of higher deriva-
tives does not signal new ghostly degrees of freedom, and following [216] we can trade higher
radial derivatives for higher powers of w and /¢ using the lower-order equations of motion. The
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net effect is a correction to the effective potential, which we will denote by V4. Since we are
working only to leading order in large-¢ with the JWKB approximation, we only need to know
the large-¢ behaviour of V. to calculate the time delay. This can be deduced by following only
the highest-, four-derivative terms, which is done explicitly in appendix 4.C. The result is

VR

CR4 1 r¢\ 2D _
= —16(D - 1)2A6r372 (79) k- (1+ 0 (k72)). (4.3.19)

Including these contributions to the tensor modes time delay, we find that the O(A~°)-correction
is

cra V(D =1 (D + 3) (7"9>2Db3w2+...

R4 __ 7
Al = 16A6rg I'(D-1)

2 (4.3.20)

up to terms which are subleading at large ¢. Now, if our original truncated EFT action (1.3.8)
was to be trusted, it should be the case that ATR® is negligible compared to the leading-order
EFT term AT%B in (4.2.6a). Assuming that the Wilson coefficients are order unity, this is the

statement that ) . . by

Tg 3 2 Tg\ "~

)T < -9 b, (4.3.21)
(Arg)6 ( b ) (Arg)2 ( b )

which, after a little rearrangement gives exactly the upper bound on w given in (4.3.14).

Our reason for focusing our attention on (4.3.17) is that it is the lowest-order term in the
generic EFT expansion which introduces higher powers of w? in the effective potential and
hence in (4.3.20) as compared to (4.2.6a) (via their conversion to a potential term featuring
k). It is the contrast in frequency dependence of (4.3.20) and (4.2.6a) that leads to the non-
trivial bound given in (4.3.14). The fact that no lower-dimension operator gives the same
result is a quirk of the symmetries of the background spacetime, combined with the transverse-
traceless structure of the tensor spherical harmonics. This eliminates all other dimension-4
and dimension-6 operators from contention, as explained in appendix 4.C. In the analogous
argument of subsection 4.3.2, the dimension-4 scalar Tr[A] vanished and we had to look to its
dimension-8 counterpart Tr[A?] to place a non-trivial bound on the wave’s momentum.

Of course one could imagine that the EFT happened to have crqs = 0 by virtue of symmetry
or some sum-rule. However, the special properties of this dimension-8 operator (4.3.17) that
provide the right bound are not unique, as previously mentioned. Any operator that gives terms
in the potential depending on k2" for n > 1 (after perturbatively replacing higher derivatives
with the lower-order master equation) will do. This means that, to evade the upper bound w
(which, as we shall see soon is necessary for the resolution to the apparent violation of causality),
one would have to set to zero essentially all higher-derivative operators, giving an EFT that
could never have come from a consistent UV completion. Indeed it is now well understood
from positivity bound arguments that there are upper and lower bounds on generic Wilson
coefficients at every order in the derivative expansion [44, 48, 57]. This means that, in general,
setting coefficients of higher-curvature operators to zero is not necessarily even an option. This
conforms with general expectations from explicit loops from massive fields, where essentially
every curvature invariant is generated at some order.
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4.3.4 Unresolvability of time delay

We are now in a position to demonstrate our central result. To take any apparent acausality
seriously, it must be resolvable within the confines of the EFT as defined by the four bounds:
(4.3.4), (4.3.5), (4.3.14) and (4.3.16).

Focusing on the order of magnitude of the GB contribution, we first note that

| ATGB ’ CGB

Ao~ 1o (4.3.22)

Within the regime of validity of the EFT (4.3.5), the GR contribution to the time delay always
dominates over the EFT correction. It is therefore not possible to violate asymptotic causality in

this set-up.

What about infrared causality? Within the regime of validity of the EFT, we can write

D-1 1 D-3 b=3
Lg) ~ wh (19) <<(Qg) T «1, (4.3.23)

1
GB
W[ AT~ e (5 e 5, b

where we have used (4.3.14) to bound the frequency w and the fact that b > r,. In fact, using
(4.3.16), we get the stronger statement

w|ATEB| ~ (A:g)zwb (%)D_l ~ s (%‘])D_g < (%Q)JH <1. (4.3.24)

It is now clear that the possible time advance induced by the GB term in the effective action
is unresolvable for |cgp| < 1, ie. |ATHFT| <« w™legg|, within the regime of validity of the
EFT, regardless of how small the scale A, or the magnitude of the BH/spherical source. In other
words, Einstein-Gauss-Bonnet gravity does not violate infrared causality unless we choose to
take it seriously in a regime in which it could not be viewed as having come from a consistent
high-energy theory, irrespective of what its precise completion is. This is consistent with the

cosmological solutions considered in [215].

We showed that the apparent violation of (infrared or asymptotic) causality is not actually ob-
servable within the regime of validity of the EFT itself. As alluded to in section 3.1.2, the
(apparent) violation of causality is resolved entirely within the low-energy theory without the
need to appeal to new degrees of freedom such as an infinite tower of massive higher-spin fields
as suggested by [174]. In the next chapter, we will show the same result holds when considering

multiple shock waves.

4.A Master Equation

In appendix A.2, we will describe the decomposition of the metric perturbations in terms of
their transformation properties under spherical symmetry into tensor, vector, and scalar modes.
In this appendix, we make use of this to put the perturbation equations of EGB gravity into the
form of (4.1.3).
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4.A.1 Master Variables

Let us consider the tensor, vector, and scalar modes separately.

Tensor Modes

To obtain the master equation in the form (4.1.3), it is simply a matter of rescaling Hp accord-
ingly:

0272 (1 _4p 4y B (Tg)\P
Op =1 (1 A(D — 4) A%«;(r) Hy. (4.A.1)

For the tensor potential, we find

\% 1 D—-1
=l (g0 ()
D(D—6)+16 CGB (D—l)(D—G) r,\DP—1
4 (1_32A2rg D(D — 6) + 16 (l) )

+ <Dj42>2 <@>D-3 (1 _ 2;5% (D —4) [3D<(1; - ?;))(D —6) - 32 (&,)D_l)}

r

+

(4.A.2)

T

We can identify the tensor angular speed from the coefficient of the k% /r2-term in (4.A.2):

CGB rg\P-1

Vector Modes

Identifying the master variable for vectors is a more involved process than it was for tensors
because of the extra variables f, in the initial parameterisation of the metric perturbations
(A.2.14).

Using the gauge-invariant observables, we find that the master variable ® is directly related to
F, as

By — (D02 (1 Dy (1 )D1> F()F.. (4.A.4)

A2fr§ r

For the vector potential, we get

v 1 r.\D—-1
o (e ()7)

T

4 D(D—-6)+12  (Ary)> \r

3(D —2)% /ry\D-3 2(D — 4)[D*(5D — 57) + 134D — 88| ¢ rg\ D1
() (1 - 3(D — 2)? AZ‘G:g (%) } :

L D(D~6) +12 (1 16D = DD - 43D —5) cap (rg)D1>

r r

(4.A.5)
We can identify the vector angular speed from the coefficient of the k% /r?-term in (4.A.5):
Tg

9 4 B B CGB rg D—-1
vy, =1-4(D—1)(D 4)/\27«3 (r) . (4.A.6)
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Scalar Modes

As for the vectors, identifying the master variable in terms of those in (A.2.19) becomes easier
after constructing the following gauge-invariant variables.

There is a change of variables of the form

F = a(r)®s + B(r)0, s, (4.A.7)
such that all components of the perturbed Einstein-Gauss-Bonnet equations are automatically
satisfied when ®g obeys the master equation (4.1.3). To leading order in A~!, we need

1
4D —2)r(P-2)/2H

+ [G(D—2)k§— (D—2)2(D(D_5)+10)] (%)D_S—l—(D—l)(D—?,)?’ (7;9>2(D—3)}

a(r) =

{4k§ +2(D —2)(D —6)k% —2(D — 2)%(D — 4)

CGB D—4
* (Arg)® 4(D — 2)r7—1H2
+16(D —2)*(D(2D —7) + 9) k% — 8(D — 2)* (D(2D — 7) + 8)
+ [4(D - 2) (D(5D — 17) + 24) k¢ — 24(D — 2)* (D(3D — 10) + 11) k3

{mkg —8(D —2)(D(2D —7) +12) k&

r \D-3
+4(D —2) (D(5D — 17) + 24) k& + 4(D — 2)> (D(13D — 43) 4 42) ] (f)
+ 160D = 1)(D — 272D — 9% — 20 - (D -2 (DD +7) - 19)] ()"

— [(D = 1)%(D —2)* (D(D — 11) + 14) ] (@)S(D_g) } :

r

(4.A.8)
where

H=k:-D+2+ (D_l);D_z) (%)D_g, (4.A.9)

and

0 = - (2 -0 (2 (10 252 (2)") ] o
g9

For the scalar potential we have

1 D—4 D-1
Vs yGR , €GB (19) VEB (4.A11)

f T 16H*? A2 16H32 \r
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where the contribution from GR is given by

VOR — 4 (k% — D +2)” (4k% + D* — 6D +8)

—12(D —2) (k& — D +2) [(D — 6)k% + D*(D — 8) + 22D — 20] (%)1}3

+4k%(D —1)(D — 2)(18 + D(2D — 11)) (@)2(D_3)

r

(4.A.12)

H(D =)D~ XD - 6)(D~13) - 96) (")

+(D-1)*D - 2)* (7;?)3(D_3)

and that from the GB term by

VOB = —128(D — 1)(k% — D +2)3[(D — 2)* + k%]

— 8k2(D — 2)(k% — D + 2)%(D(21D — 131) + 140) (%)H

+8(D — 2)2(k% — D + 2)%(8D3 — 125D + 347D — 260) (%9)

~36K3(D — 1)(D 2704 ~ D+ 2)(0 — 3D~ 12) (2) "
- (4.A.13)
+12(D — 1)(D — 2)3(k% — D +2) (3D — 77D + 140) (7;9>2(D 3)

3(D-3
+2k2(D — 1)2(D — 2)% (112 — 9D? + 97D* — 226D) (%9) R

Ty

+2(D —1)%(D — 2) (9D — 113D + 258D — 128) (T)g(

— (D - 1)*(D —2)*[3D(D - 3)(D — 6) — 32] (%9)

Due to the complicated dependence of the scalar potential on the eigenvalue k%, the scalar
angular speed cannot be readily extracted from (4.A.11) unless one takes the large ¢ (kg) limit.

4.A.2 Time Delay Expressions

We can use the master equations for higher dimensions to find the time delays.

We concentrate on the fixed-¢ time delays to O(A~2), outside the eikonal limit, to leading order
in the curvature expansion:

ATy = D =2)ym (@)D_2 (23 [4b2w2 _(D—4)(D—-2)

8ryw? b I (£53)
i () R
(o (D= DD - (W - D - 6D+ 8>] (4.A.14b)
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ATe — D=2V (rg> 2T (252) {16b4w4+8(44+3(D—8)D)b2w2+3(3D—8)(D—2)2(D—4)
8ryw? b T (£53) 4b2w? — D(D — 2)
cGB (r )2 (D —1)(D — 4)%( g2w23+ 8 +3D% - 10D) _ (4.A.140)

4.B The Eikonal Limit

We will now see that the eikonal approximation can be obtained as a limit of the semiclassical
approximation. It will allow us to find simple expressions for the time delay.

In the tortoise coordinates, we split the potential in the form

b2w?

Vese(7) = 2 T Uete(7), (4.B.1)
with an impact parameter that b = (I + (d — 1)/2)w~! chosen to simplify the potential. The
eikonal approximation corresponds to the high energy limit with w? > U.g(#), in which we can
treat U perturbatively. However since 7, itself depends on the potential, we need to be careful.
To do that, we use the fact that

0 = Wi(fe) = w? — Vegr(Fe), (4.B.2)
so that 2,0
w A
— + Ueti(fy) = w*. (4.B.3)
t

Solving this perturbatively in the curvature, i.e. 4, we find that to leading order r, = b. With
this, we can expand the phase shift in equation 3.2.21 as follows

b= [ d (VP = Vaa) — ) —wi + 50+ (d = 1)/2)

:/7:0 dr <\/<1 - rj) w? — <Ueff(f) - Ueff(ft)itz) —w> —wi+ & (l+( —1)/2)
)~ V) % +0((Uﬁ)> ~u
\/7< g (7 ff -

—wﬂ+%@+(—mﬂ

m Uetr |
=5w (b —7) / df ———— ( wtt(F) — Ustel() -5 ) + 0 (( 3 > ) :
1/ w2 v
(4.B.4)
Using 4.B.3, we can write
) 72 . ¢
b— Ty = —WUeff(Tt) ~ 72&)2 Ueff( ) (4.B.5)
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so that . - .
df ———Uet(7) + ... . (4.B.6)

w B
f2
To see that this is the eikonal limit, take 72 = 77 + 22, which gives
L[ [ 2 L[ [ 52
o =—— dzUegs | \/T7 + 22 ) + ... = —— dzUege | /77 + 22 ) + ...
2w 0 4W —00

1 & .
~— 4(,‘)/ dz Uegs (\/ b2+22) + ... :5flk,

o =

(4.B.7)

as expected.

4.C Easy as (dimension-) 4, 6, 8

We will now outline why we considered the operator in (4.3.17) as the next term in our EFT
expansion. The EFT contains operators with arbitrary number of derivatives. In what follows, we
shall focus on the higher-derivative terms in the equations of motion, as those are the ones that
will lead to the most stringent bound on w, and may therefore neglect non-derivative terms. In
practice, this means we can freely replace covariant with partial derivatives (V — 0). Moreover,
since we are implementing a perturbative approach, we may freely use the GR equations of

motion for the tensor fluctuations, namely [k =~ 0, in the EFT corrections.

For this section, we are specifically interested in the dynamics of tensor modes. For the tensor
perturbations, h;; are the only non-vanishing components. They therefore inherit transverse-
tracelessness from the tensor spherical harmonics, i.e. Vah®, =0 and b, = 0.

4.C.1 Dimension-4 operators
First, consider the dimension-4 operators. Schematically, i.e. suppressing the indices,

R2

;CD4 ~ F

4.C.1)

As previously discussed in section 4.1, R?/A? and R?,,/A* contribute to the perturbed Einstein
equations at O(A~%), which are higher-order than the leading EFT contributions.

Even though we can compute the equations of motion, it will be instructive to just construct the
possible terms in them by other means. In particular, we know from dimensional analysis that
Lp4 will introduce terms of the schematic form

V*h, RV?h, R%h. (4.C.2)

Of these, only the first term can possibly provide us with four derivatives. Leaving two indices
free, the only possible contractions (up to commutation of covariant derivatives, which we ig-
nore) are

Vi = OPhy, OV,Veh®,, OV,V,h%,. (4.C.3)
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Notably, we are always forced to contract at least two covariant derivatives with each other. We
can see that none of the above terms are truly higher derivative in nature upon substituting
O = 0 up to non-derivative terms at leading order.

4.C.2 Dimension-6 operators

Knowing that dimension-4 operators do not result in higher-derivative equations, we now turn
our attention to dimension-6 operators.

Dimensional analysis means that £pg will introduce terms in the perturbation equations of mo-
tion of the schematic form
Voh, RV*h, R?V%h, R3h. (4.C.4)

The first term inevitably has two covariant derivatives contracted with each other, giving a
0 =~ 0, so we only need to consider the second term. Next, since the tensor modes are transverse
and traceless, the only seemingly non-trivial contraction of indices (up to symmetries of the
Riemann tensor) is

RV*h — RPP7V Y,V oV 5h e (4.C.5)

To find the highest-derivative term, we trade in covariant with partial derivatives and using the
form of the Riemann tensor on the Schwarzschild background (A.1.3), we find that

RO™58,0, 0005 hmn = R™" 0,0, 000humn + R™"0,0,0;0;hmn

f/ ab _mn 1— f

=0,

(g™ g" — g™ g") 8,0,0;0;humn,

where we used the fact that the tensor perturbations are transverse and traceless. This implies
that we have to go to dimension-8 operators to find our first explicit example of higher-derivative
term.

4.C.3 Dimension-8 operators

We now show how that next-order EFT contribution in (4.3.17) does indeed lead to genuine
higher-derivative terms in the equations of motion. We denote the background equations of
motion derived from this operator as C*, and the associated perturbation equations of motion
as oCH.

Once again, we want to find terms that lead to genuine higher-derivative terms in the perturba-
tion equations of motion. The only term with four derivatives acting on the metric perturbation
for tensor modes is:

1 ¢
JOM = 16 A6 BRI, VoV Vahag + (4.C.6)
g

where the ellipses stand for terms that are trivially lower-derivative terms for reasons similar to
those in the last two subsections.
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Since the tensor perturbations only have non-vanishing components in the angular directions,
we pick (u,v) = (i,7). Once again, we are interested in terms with the highest numbers of
derivatives acting on the tensor mode, so we trade covariant for partial derivatives. Then,
making use of the lower-order equations of motion [J ~ 0 as well as (A.1.3), we find:

R R 9,050 O0Pmn

2r r3

_ g [(D—3)
~ 2D-2 4
rg” " (D~ 1)

=S5 A _oh'T + 0 (A72).

I\ 2 _ / . _ 2 ..
= [<f> dur o — L= g aag gy (1 2f ) Om 0" 0, 0" hY
r

Om0™0,0"h" + (D — 3)0,0" 0, 0™ R + amamana"h“] +0(A7?)

(4.C.7)
Including the lower-order terms presents in the action, the full perturbation equation of motion
is therefore of the form

1
0 :istij +0B;; + 6C;;
2D (4.C.8)

1 CGB p 2 CR4 Ty~ 4 —2
== 4 Ohij + o2 (...)+ Nird (..)—4(D—1) Aor szz"ﬁT 1+ 0 (k77)] hij ,

where the O (A‘z) terms are known from before, and we have not computed the lower-derivative
corrections at O (A~*) or O (A5, k).

Now, recall that the master equation is of the form

Ua® — ‘;@ =0. (4.C.9)

The metric perturbations are related to the master variable simply by a rescaling. We can there-
fore just read off the O (A=) correction to the effective potential:

vp® _ 2 L1 rg\2P oy —2
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Chapter 5

Causality on pp-waves

In this chapter, we explain why the resolvability criterion cannot be circumvented by more com-
plicated scattering configurations. These are possible within the family of pp-wave spacetimes,
which is therefore the background we will consider.

We start by briefly reviewing details on pp-waves in section 5.1 and explaining their physical
significance for the problem at hand. We then proceed to discuss the background solutions and
perturbations in the EFT of gravity in section 5.2. Sections 5.3, 5.4, and 5.5 are dedicated to
computing the time delay in the eikonal, semiclassical, and Born approximations respectively, in
order to argue why scattering off localised sources and more general configurations cannot lead
to sufficient amplification of unresolvable causality violation.

We discuss the Penrose limit and the related Aichelburg-Sexl limit in appendix 5.A, and study
gravitational perturbations in pure GR in 5.B to argue for the use of lightcone gauge. We defer
discussions about the EFT bound on the spread of a wavefunction to appendix 5.C. The decom-
position into master variables for the higher-dimension EFT operators, used to check the regime
of validity, and in the case of the balancing sources are presented in appendices 5.D and 5.E

respectively. Additional expressions are given in appendix 5.F.

5.1 pp-Waves

Let us start with a general discussion of pp-waves. A pp-wave spacetime is a Lorentzian manifold
which admits a nowhere vanishing, covariantly constant, null vector field /, and is an exact
solution to Einstein’s equation describing plane-fronted waves with parallel propagation/rays
[252].

5.1.1 Background
If [ is nowhere vanishing, we can write, without loss of generality

)
I= (5.1.1)
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where v is the parameter along integral curves of /. In components, this means that

=6 1y = G- (5.1.2)

Now, [ being null means that 0 = [?> = g,,. By [ being covariantly constant, we mean that
V¥ = 0. Firstly, this implies that [ is a Killing vector field, so the components of the metric are
v-independent

Oy g = 0. (5.1.3)

It also means that dil = 0, so that that (locally) [ = df for some function f = f (X*). Choosing
1
by = gop = _5‘9#“ (5.1.4)
with u = u (X*), the general form of a metric in the (u, v, 2*)-coordinates is
ds® = 2dudv + Guu (U, :1ci)du2 + 2gui(u, ) dudz’ + gij(u, wi)dxi da?. (5.1.5)

There are residual coordinate transformations which leave this form of the metric invariant,
with which we can set g;; = §;; and eliminate g,;. This is the pp-wave metric in Brinkmann
coordinates !

ds? = 2dudv + H(u,z")du? + 6;;dz'da?, (5.1.7)

which has the following non-zero Christoffel symbol components

1 1 ) 1 .
[ =50, T =500 T', = -50'H. (5.1.8)

Curvature

Returning to Minkowski-like coordinates (¢, z, z°) with u = (z — t)/v/2, v = (2 + t)/V/2, we can
see that the metric can be written (covariantly) as 2

v = N + H(U, xi)lulu- (5.1.9)

This form is convenient for computations, since we know that 7 is flat. In particular, we find
that the Christoffel symbol is

r (M0 H + 1M1300 H — Lol g0" H) (5.1.10)

N | =

af

so that the Riemann tensor can be found to be

Ropopr = 21,(8,10, H)ly)- (5.1.11)

1We will mostly use Brinkmann coordinates, but an alternative set of coordinates are Rosen coordinates, in which
the metric takes the form _ o
ds® = —dudv + Hyj(u, 2" )dz'dz? (5.1.6)

for an arbitrary H;;.
ZNote that [253, 254] are using the metric with —dudv and are missing a factor of 4.
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In particular, we note that R,,,,, = 0, and the only non-zero components are of the form

1
Ryinj = —50:0;H. (5.1.12)

The Ricci tensor is . .
Ry = =5 lulu0p0" H = —izﬂzyaiaiH (5.1.13)

since H = H(u, z").

A special property of pp-wave backgrounds is that all curvature invariants (scalars) vanish. This
makes them very useful for finding exact solutions in string theory [254]. Consider the following
two types of curvature tensors:

(R")*?,, =R*_R" ... R,,R", (5.1.14)
PN\« _ pa B ) .- o
(R ) MBI/ - R ¥ JR’Y . "'Rpo'Rpu v (5.1.15)

where we have suppressed some of the n Riemann tensors. Note that (R"),,.s has the same

symmetries as the Riemann tensor and (R"),as = (R")agw = (R")uusa- This would imply
that all higher-power scalar contractions vanish.

We claim that the R" vanishes for n > 2 and R" vanishes for n > 3. On a pp-wave background
(R 5= R o R 5 =2R" R" 5 =0 (5.1.16)

so and for any n > 2, also
(RMM 5 = (R (R"2) 5 =0. (5.1.17)

Whenever a pair of indices on a Riemann tensor are contracted with other Riemann tensor
indices, they are both forced to be in the transverse direction, forcing the expression to vanish.
Similarly, we find
- B 0B i
(R)*f, =R P, R, =R R J, (5.1.18)

which is non-zero only when (a, 8) = (v,v) and (p,v) = (u, u), and so
D3 _ 2\« o _ 2 u U
(R*)*,F, = (R*)*P,R7, = (RS R, =0 (5.1.19)

and forn > 3

(R, = (R*)* P, (R" %), = 0. (5.1.20)

5.1.2 Shockwaves

Shockwave geometries are pp-wave spacetimes describing the gravitational field of an ultra-
relativistic (high-energy) particle.

We can model such a particle moving in the v-direction * by the stress-tensor with only non-zero

3Since v = 0, z = —t so the particle travels luminally in the —z direction. On a Penrose diagram, this is localised
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component being
T = —Pu0(w)6P=2) (21), (5.1.21)

where P, < 0 is the momentum of the particle. The only non-trivial component of Einstein’s
equation is the (u, u)-component, which implies that

9;0°H = 16mGP,6(u)d P2 (z). (5.1.22)

This is just the equation for a Green’s function in the z’ coordinates. Repackaging the constants
into ¢ = ¢(u) = 167G P,6(u), and integrating over B”~2, the (D — 2)-dimensional ball or radius

r,

167G P,6(u) = /

BP—2

0,0"H dV = / n'0;H dS, (5.1.23)
o]

BP~?
where we have used Stokes’ theorem. Here, n' is the unit normal to dBP”~2, and dV and dS

are the measures on B”~2 and 9B”~2 respectively. Since 9B”~% = SP~3, n? just points in the
radial direction, so assuming that % is only function of r = \/z;z?, then

H H
167G P,6(u) = / ‘LTD—?’dQD_g = 877“D_3QD_3, (5.1.24)
gp-3 Or or

where Q,, = 27("*+1/2/T((n + 1)/2) is the n-volume of the n-sphere. Solving this gives

B 167G P,0(u)
H(u,r) = _(D — 10 D +k (5.1.25)

for some constant k. In D > 5, we can fix ¥ = 0 by demanding lim, .., h = 0. Putting this
together, we find thatin D > 5

G| Pu|

— D172 9" D (5.1.26)

which agrees with [175].

The shockwave solution can also be derived as a boost of a Schwarzschild black hole. We discuss
this in appendix 5.A.

Shapiro Time Delay

The shock wave solution metric 5.1.26 is quite peculiar because it has the delta function §(u).
We can remove it by switching to a new coordinate system (u, v, z) — (u,v’, z*), with

: 20 (%52) o GIPA

V=0 — 0(u) pD—4 - (5.1.27)

Under this change of coordinates, the metric function also transforms H — H’, where

, Oxt Oz o ar (2:4) 1 1

’ v
H' = g = 5= g Guw = Guu + 25 guv = — 5750 ()G Pl (TD_4 - bD—4> (5.1.28)

on the v-axis.
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which vanishes at » = b. Geodesics that go through this point are continuous in this coordinate
system, which means they suffer a shift

o (L4
A’U: ( 2 )G’Pu’
T(D—4)/2 pD—14

(5.1.29)

in the original coordinates. This is a manifestation of the Shapiro time delay.

Another way to derive the Shapiro time delay is to think of a quantum field ¢ probing the shock
wave background. The wave equation for it will be

O¢ = —HO2¢ + 20,06 + 0;0°¢ = 0, (5.1.30)

and as we shall later, this is indeed the equation of motion for gravitational waves. We want
consider the change in ¢(u, v, x') from u = 0~ to u = 0T. For this, we can ignore the transverse
direction derivatives, so that

DuOpp = %Hagqﬁ. (5.1.31)

Using separation of variables in u, then
P(u,v, ") = ce3 J Hdud, (5.1.32)
for some constant c. Therefore,
d(u=0",v,2") = e%f(?j Hdudy g4, = 07, v,z') = em”pvqb(u =0",0,2") (5.1.33)

+ . . o .

where Av = % foo, Hdu is once again the Shapiro time delay and we have Fourier transformed
to write 0, = ip,. This is trivial to integrate, and gives a result that agrees with the previous
calculation.

5.2 pp-waves in the EFT of gravity

As we discuss in appendix 5.A, every metric, with a choice of null geodesic, can be associated
to a pp-wave metric via the Penrose limit process [255]. This means that they can be used as
analogues to study the physics of systems where the exact metric is unknown. For example, a pp-
wave metric (5.1.7) with appropriately localised singularities in H (u, x) is analogous to a multi-
black hole spacetime via an Aichelburg-Sexl boost [256]. By this association, the (a)causality of
an EFT operator on a pp-wave metric is actually reflective of its (a)causality in a much broader
class of situations.

The pp-wave metric is an exact solution not only in GR but also to all orders in the EFT of
gravity due to (5.1.17) [254]. Remarkably this is true even for the Aichelburg-Sexl shockwaves
despite their delta function singularity. Since all irrelevant operators vanish, there is naively no
constraint on the amplitude or shape of a pp-wave in order to be consistently treated within a
given EFT.

However, this is no longer true as soon as the pp-wave metric is perturbed. A wave of arbi-
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trarily small amplitude travelling in the opposite direction can potentially lead to an arbitrarily
large curvature once it hits the wavefront of the shockwave, at which point it can no longer be
described within the EFT. This fact is enough to constrain not only the energy of gravitational
perturbations, but also the energy of the background pp-wave metric on which they propagate,
in a similar fashion to [1]. In this section, we will describe some properties of the background
pp-wave metric before introducing perturbations and their dynamics. These can then be used
to ascertain the constraints from requiring that a given EFT is under control, which in turn will
impose restrictions on the form of the pp-wave metric. These constraints will play a crucial role
in our later discussion of scattering time delays.

5.2.1 Properties and examples of the pp-wave metrics

In what follows we shall exclusively be concerned with pp-waves of the form (5.1.7), with
Riemann tensor given by (5.1.12).

Up to symmetry, the only non-zero component of the Riemann tensor associated to the pp-wave
metric are )
Ryinj = —5313111- (5.2.1)

It follows that the only non-zero component of the Ricci tensor is R, = —%V(%H and the Ricci
scalar automatically vanishes because the inverse metric component ¢“* is zero. The metric
(5.1.7) is thus a solution to the vacuum Einstein equations if H is harmonic in transverse space
V2H (u,x) = 0. More generally, we will be interested in spacetimes sourced by point particles
(analogous to black holes) for which the Laplacian of H is non-zero only at a discrete set of
points {b; }:

d
—VH (u,x) = 1?75% > fiw)dD(x —by), (5.2.2)
2/) 4
the solution to which is f(a)
A

i
The functions of the u-coordinate f;(u) must be positive for such a source to satisfy the null
energy condition, but are otherwise unspecified at this time. Example functions which will be
useful in what follows are given in Fig. 5.1. In addition to the different configurations of shock-
waves we will consider — situations which are captured through different choices of functions
f(u) — we also have the freedom to choose different sets of singular points {b;}. Throughout
this paper, we will consider two simple cases:

1. Point Sources: A single or set of point sources located at the origin with spherical sym-
metry in the transverse directions,

Hpe(u,r) = 7{51_2 (5.2.4)

which will be discussed in detail in Section 5.3, and

2. Balancing Case: Two equal (sets of) sources located at +b, which we shall refer to as the
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“balancing” case

1 1
Hya(u,x) = f(u) <|x T + T b|d2> (5.2.5)

to be considered in Section 5.4.

For the most part, the arguments in this paper apply for arbitrary functions f(u). There are
however some specific examples we will refer to for illustrative purposes:

a) The single “Shockwave”,

d—2
fsw(u) = %GP@(U). (5.2.6)

T 2
As we discussed in 5.1.2, this corresponds to a point particle moving ultra-relativistically in
the v-direction with momentum P,, and features prominently in the discussion on causal-
ity in [174].

b) The “Sequence of shockwaves”,

N-—1
fssw(u) = Z fsw(u - un>7 (5.2.7)
n=0

corresponds to series of shockwaves which occur one after another in the w-direction.
This is the situation one would typically refer to as “stacking” a multitude of shockwaves,
carefully placed one after the other in the “hope” of accumulating time delay/advance.

c) A constant f(u) = f, which can be seen as the limit of fs, as the number of shocks
grows very large N — oo while the u-distance between them goes to zero u, — u,.+1 — O.
In terms of optimising the amount of time delay/advance, this situation is typically more
optimal than the previous one, but can easily be considered within the same formalism.

5.2.2 Metric perturbations and their dynamics

We will now introduce metric perturbations h,3 on top of background pp-waves. It is their
dynamics which will determine the causal properties of the GB-operator in sections 5.3 — 5.5.
Perturbations spoil the exactness of the pp-wave metric to any order in the EFT. We will soon
see how this gives rise to constraints on both the energy of the perturbations and the profile of
the background function H(u,x), captured by the function f(u). This will play an important
role for causality.

The field equations for the metric perturbations A4 in this EFT are given by

CGB

1
3095 T 42

§Bap = 0. (5.2.8)
The full set of equations is given in appendix 5.D. In lightcone gauge,

hoa =0 Ve, (5.2.9)
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Point Source Balancing Sources
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Figure 5.1: An illustration of the pp-wave sources referred to in the text. Each dot represents a
Dirac delta function in the u-direction.
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the (v, a)-equations reduce to two constraint equations

h', =0, (5.2.10)
Ophiy + 8 hy; = 0. (5.2.11)

Taking the trace of the (i, j)-equation and applying the above two constraints produces a third
constraint,
, d—2cGp i
Ophu + O'hiy = —47%8@31{&}%, (5.2.12)
so that the h,,, and h,; components are all specified in terms of h;; as long as 9,hag # 0. This
leaves only the D(D —3)/2 components of the traceless h;; as the dynamical degrees of freedom.
Their equation of motion is given by
~ CGB 9
1 1 (5.2.13)
Xz’j = 5 (hzkﬁjakH + h]kaﬁ’“H) — géijhklakﬁlH.
Unlike the background solution, the equation for the perturbations is modified by the GB-
operator in the action. In fact, it will generically receive corrections from any effective grav-
itational operator. Demanding that these corrections are under control will define the regime of

validity of the EFT in the next section.

The decoupled “master variables” are linear combinations of the h;; depending on the form
of H(u,x). In the case of the point source (5.2.4), spherical symmetry means the equations
(5.2.13) are all immediately decoupled when expressed in spherical coordinates. The single
caveat is that not all of the diagonal components of h;; are independent because of the trace-
lessness condition (5.2.10). Choosing hpp as the dependent component, the master variables
are

® € {hyr, h,;, hy: fori # j, hy; — hpp (no sum)}, (5.2.14)

)

where {7, j, ...} label the angular directions. Their master equations are

. H
B+ A% 9

Az =0, (5.2.15)

where A is an integer depending on the master variable under consideration
Ae{8(d—2),4(d—2),—8,—8}.

In the balancing source case (5.2.5), it is less straightforward to identify the master variables.
Some details are given in appendix 5.E but are not crucial for what follows. Suffice to say, the
master equations will take a similar form to (5.2.15).

5.2.3 The EFT regime of validity

Once again, the GB-term in the EGB effective theory (1.3.8) under consideration is just the
lowest-order term in an infinite series of effective operators (1.2.1). Generically, any number
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of these terms could be present when UV degrees of freedom are integrated out to obtain a
low-energy action. The full EFT action is an expansion in powers of the spacetime curvature
(“Riemann”) and its derivatives, compared to the EFT cut-off energy A. The expansion is only
under control in regions where that ratio is small [1, 215]. In other words, the EFT is only valid

V\™ /Riemann\"
(7)" (Hemamy” 5210

in the regime where

What is meant by this schematic expression on the left-hand side is all possible scalar contrac-
tions built out of m covariant derivatives V and n powers of the Riemann tensor. The back-
ground pp-wave metric seemed to evade validity constraints by exactly solving the EFT to any
order, so that the left-hand side of (5.2.16) simply vanishes. However, in the perturbed space-
time, the “Riemann” tensor in (5.2.16) refers to the sum of the background Riemann tensor
and its perturbation. The perturbed Riemann tensor has a much richer structure than the back-
ground Riemann tensor, with none of its non-trivial components vanishing. Hence there is a
non-trivial EFT regime of validity for the pp-wave spacetime as soon as metric perturbations are
allowed to propagate.

The perturbations to the Riemann tensor are given by second derivatives of the metric pertur-
bations h,s3. Considering perturbations of momentum k“, we may represent the contribution of
the derivatives acting on the perturbations by powers of k. To establish the regime of validity,
it is then sufficient to consider all possible scalar invariants of the form

m 5\ N P
HECIOES

where R represents the background Riemann tensor (5.1.12) and V are covariant derivatives
acting on this. There are a number of contractions which would render the left-hand side of
(5.2.17) trivially zero, or lead to a much weaker constraint.

Firstly, contracting two momentum vectors together will lead to a weaker bound than if they
had been contracted with other components. The reason for this is that the gravitational wave
momentum is a null vector in GR, so its norm vanishes k, k% ~ 0 up to EFT corrections. Secondly,
any contractions of indices on the same Riemann tensor produces a Ricci tensor (or scalar)
which is zero in vacuum. Therefore, each of the four indices on a Riemann tensor need to be
contracted with either a momentum vector k,, a covariant derivative V,, or a different Riemann
tensor. Also, it can be checked that the divergence of the Riemann tensor vanishes in vacuum

V*Raps =0 when V3H =0. (5.2.18)

Finally, by symmetry, the Riemann tensor may only enter via contractions with at most two &’s,
at most two V’s and at most two other Riemann tensors.

The expressions in (5.2.21) represent the only cases where no covariant derivatives have been
contracted with an index on a Riemann tensor. The remaining options are to contract one
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covariant derivative with a Riemann tensor index,
(R-V)?PEP <« AP, (5.2.19)
or two covariant derivatives with Riemann tensor indices,
(R-VV)XEM <« A, (5.2.20)

Both cases produce weaker bounds, which follow from bounds coming from contractions of the
form

(k-V)™(k-R-k)* <« APmH80 (5.2.21a)
(V-V)"(k-R-k)* < A28, (5.2.21b)

A non-trivial example of (5.2.21a) with m = n = 1, written in terms of components, is
ka V(K Rprso ko ks RFPk,) < A0

Similarly, k, may be replaced with V, to obtain an example of (5.2.21b). Taking the n — oo
limit of (5.2.21) gives us our first EFT regime of validity bound:

A4
(ky0;0;Hk,)? < A%,  or  9;0;H < R (5.2.22)
v
In particular, for the spherically symmetric point source, it can be written as
o-H A
OPH ~ = <« —. (5.2.23)
r k2

v

This represents a bound on the strength of the source at any given distance from its singularity
in transverse space. Taking the m — oo limit of (5.2.21a) gives

kYV, < A2, (5.2.24)

where V is understood to be acting on a scalar. In particular, for non-zero momentum in the

v-direction k,, we obtain a bound on the u-derivative of H:

O H A2
—. 5.2.25
7 <k ( )
Lastly, taking the m — oo limit of (5.2.21b) gives
0 < A% (5.2.26)

where [J is understood to be acting on a scalar. Isolating the transverse Laplacian results in a
distance-resolution scale (say, for the point source),

r> AL (5.2.27)
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Below we gather the three EFT regime of validity bounds. On the left, they are written in
their generic form as they would apply without specifying a background pp-wave metric. In the
middle, they are specialised to the point-source metric (5.2.4). On the right-hand side, they are
further specified for a particular impact parameter x = b = bb.

General Point Source(s) x=b=10b
O < A? > A1 b> A1 (5.2.28a)
A% orH At fu) At
8iajH < ?3 , < ?3 bT < ?3 (5.2.28b)
O H A2 1 (u) A2
«@ 2 u o o
KV, < A H < s f(u) < s (5.2.28¢)

The top line (5.2.28a) is relatively intuitive and represents the lower limit on the distance scales
we may probe before exiting the regime of the validity of the EFT. As mentioned previously,
the middle line (5.2.28b) represents a bound on the strength of the pp-wave source at a given
distance from the source. Here the bound on f(u) should be understood not in a point-wise
sense but rather in an averaged sense,

wtde A4pA\P
/u i@ < (kz) M (5.2.29)
for any positive power p and where \, = P, ! is the wavelength integrated over in the u-
direction. The last line (5.2.28c) bounds how quickly f(u) may vary in u-time and should also
be understood in its averaged sense,

[T W A2p u+Ay

/ |f/(@)|Pda < kp/ |f(a)Pda . (5.2.30)
U—Ay v U—Ay

The latter two bounds depend not only on the EFT cut-off A, but also on the energy k, of the

gravitational wave probing the spacetime. This underlines the role that metric perturbations

play in establishing an EFT regime of validity on a pp-wave spacetime.

Notably, shockwaves (or sequences therefore) lead to divergences in the profile f(u) and its
derivative, and are hence object that cannot be probed within the regime of validity of the EFT
without smoothing out as we discuss will shortly.

Regime of validity by explicit example

The above arguments to establish a regime of validity rely only on generic assumptions about
the EFT series expansion, but were largely schematic. In this section, we will consider an explicit
example of a truncated EFT expansion, reminiscent of the dimension-8 operator in chapter 4.
Demanding that the higher-dimension operators in the expansion are subdominant to the GB-
operator will concretely reproduce the pp-wave regime of validity given in (5.2.28).

Consider the following effective action which contains (1.3.8) as its leading-order part supple-
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mented by generic dimension-6 and -8 curvature operators:
1 c c
D , GB R3
SEFT = / d”zv/—g Mpll) 2 <2R + FR%B + FRO[@Y(;RW&TPRUPQ’B

(5.2.31)
+ %Raﬁv(sR’yaapRgpﬁ)\RnAaﬁ +.. ) .
The full field equations for the background and perturbations are provided in appendix 5.D. The
pp-wave metric (5.1.7) of course remains an exact (background) solution to (5.2.31). Choosing
lightcone gauge as before, the traceless components of the metric perturbations in the transverse
directions h;; remain the dynamical degrees of freedom. With the addition of the new operators,
it is less straightforward to decouple the equations of motion and identify the master variables.
In the case of the spherically symmetric point source, one can perform a scalar-vector-tensor
(SVT) decomposition on the transverse space with the result that the tensor modes ®;, are
immediately decoupled. For our purposes, it is enough just to consider their master equation up

to corrections of O(A~%):

r2 A2 IXRE 2

Dy, H —12 O H\?
_ OuOr 0,7 | + 16CR4 CGBCR3 r 84(I)T,
T A6 r v

. 2 19 . H . H P
0=00p T2, scﬂar 020 + 2482 52 [dar <ar<1>T + TT>
(5.2.32)

where k2 is the eigenvalue of the tensor spherical harmonic on the (d — 1)-sphere. This equation
can be expressed in v-momentum space by replacing 9, — ik,. For the GB-operator to truly be
the leading-order term in the EFT expansion, the contributions of the higher-order operators to
this equation of motion (x cgrs, cra), specifically to the potential, should be subdominant to the
contribution from the GB-operator itself (o cgg). Assuming that the Wilson coefficients cgr3 and
cra are O(cgp), then control of the EFT amounts to:

» H . H _
2492 D2or < 8@8—@3% — r<A (5.2.33)
A 3 AZ ¢

cra (O,H\? ce O H OH  A*

16— ® = d — 5.2.3

6A6( )a’”T<<8A2 st = = <@ (5.2.39)
CR3 8U8TH 3 CGB &«H 2 8uH A2

U= by <« 8-2 L0920 = — 5.2.35
A4 r v T < A2 v =1 H < kv ) ( )

which is exactly the regime of validity of the EFT (5.2.28) obtained in the previous section.

4 since the

Note, it was not strictly necessary to include the dimension-8 operator ~ Riemann
subleading correction from the dimension-6 operator produced the same term. Its inclusion
illustrates that there is nothing particular about our choice of higher-dimension operators in
reproducing the regime of validity. There are many possible higher-dimension operators whose

presence in the EFT of gravity would constrain the parameters of the spacetime in the same way.
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Regulating the shockwave in the EFT of gravity

The main result from the previous two sections is that any calculation performed within the
effective theory of gravity should only be trusted within the regime in which the set of bounds
(5.2.28) are satisfied. The pp-wave solutions provided in section 5.2.1 need to be revisited in
light of this. In particular, the singular shockwave solution fsy(u) (5.2.6) is clearly against the
spirit of the bound (5.2.28c), or rather its average (5.2.30), on f’(u)/f(u). To bring it within
the remit of the EFT, the shockwave may be regulated by expressing it as a Gaussian,

e (u) = (5.2.36)

SR
VorE v 2Lz
where o = 4T'((d—2)/2)/n(@=2/2 GP,. Interpreting (5.2.28c¢) in an averaged sense, as indicated
in (5.2.30), we then infer a bound on the width of the pp-wave that can be considered

L> % . (5.2.37)
This means that the more peaked the source (smaller L), the “slower” the GW needs to be
(smaller k,) in order to probe the spacetime within the regime of the validity of the EFT. To be
clear, this does not mean that k,/A? is the width of the wave in the UV completion. We should
interpret this in the following sense: When we construct a low-energy EFT in the Euclidean we
naturally coarse-grain over modes with momenta larger than VA2 ~ A, so that no correlation
function can resolve distances smaller than A~!. In the Wilsonian picture of renormalisation, this
scale is our choosing and need not correspond to the actual scale of new physics. The arguments
of the previous section similarly imply that we cannot resolve distances in u smaller than &, /A2.
It could well be that in the UV completion, the shockwave is actually more localised/peaked
than this (i.e. has a width shorter than k,/A%). However, it cannot be resolved better than k,A?

and will always be perceived as having a width of at least k,/A? to a low-energy observer.

The sequence of shockwaves may be regulated in an analogous way as fsse = .. faw (U — ;).

Since each regulated shock now has a finite spread ~ L and height ~ oL~!, they become
indistinguishable as the distance between them shrinks and approach a constant source f(u) =
f ~ aL~!. Conversely, if they are to remain distinguishable, there must be a minimum u-
separation between them Au ~ w;y 1 —u; > L.

5.3 The eikonal approximation

As outlined before, there are two physical effects which limit the maximum time delay/advance
that can be built up in a given experiment: (i) Quantum diffusion and (ii) Scattering. In this
section we shall consider the maximum time delay/advance that can be obtained by a sequence
(or continuum) of shockwaves, each of which may be viewed as a point source in the transverse
direction. In this case it will turn out that the main limitation on an accumulation of time
delay is from (ii) the scattering, and so we shall neglect the quantum diffusion. The eikonal
approximation is well-equipped to deal with that.
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5.3.1 Warm-up: Scattering due to a single point source

Before proceeding to the case of multiple (or a continuum of) shockwaves, let us consider the
simplest scenario of a particle scattering off a single point shockwave. An idealised shockwave
describing a boosted black hole/particle of null momentum P&Q) takes the form

ds® = 2dudv + ad(u)du? + dx?, (5.3.1)

with o = 40((d — 2)/2)/7(@-2/2 GP? . As discussed in Section 5.2.3, this solution is singular
from the point of view of the EFT, and to be treated within the EFT it must be smoothed out

over a null distance L ~ k,/A? to, for example,
u?

1
V2orL? P [_ 212

If L is taken to be too large then we need to account for the evolution of the trajectory through

ds® = 2dudv + «

} du? + dx2. (5.3.2)

the Gaussian which we do in the next section. For now we choose it to be the smallest possible
consistent with the EFT. Since the potential lasts only for a short u-time, the eikonal approxima-
tion is good, and including the EFT correction, this is

Q CGB O

Av A2 254

to a good approximation. It is easy to see that the GR/Shapiro contribution can be made ar-
bitrarily large and resolvable without contradicting the validity of the EFT. This is of course as
it should be, since the GR effects are experimentally observable. By contrast, in this situation,
the EFT contribution to the time delay is bounded. The EFT bound on the Riemann curvature
applied at the impact parameter amounts (5.2.28b) to

L = <A 534

which simplifies to
kgf < A?, (5.3.5)

from which we see
ky|Avgrr| < |egp| - (5.3.6)

Thus, the EFT contribution to the time delay, meaning the contribution from the GB-term, is
only resolvable if |cgp| is taken to be larger than unity. This is outside of the expectations of the
EFT, and more precisely the expectations of positivity/bootstrap bounds. The same argument
does not apply to the GR/Shapiro contribution because it is larger by a factor of (Ab)? and there
is no constraint on how large b can be.

5.3.2 Scattering due to a set of point sources

We now want to extend the argument in the previous section to multiple shockwaves or ex-
tended (not localised) pp-wave configurations, including a continuum. For now, we continue to
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consider just the point source (5.2.4) with arbitrary u-profile for the function f(u) and hence H.
This captures the main physics at play except for the possibility of an equilibrium point in the
potential, which will be addressed in section 5.4. The point source potential is

cgs O H (u, 1)

o (5.3.7)

V(u,r) = —k—H(u r) + Ak,

The eikonal time delay, with diffusion and scattering neglected, accumulated up until time u is

_ 9 “ / /
(Av)elkonal(u) = 81% /0 du V(u ,b)

- <;/Oudu'H(u’ r ACGB/ du'? )>

If we consider N copies of the previous shockwave solution, stacked together and sufficiently

(5.3.8)

r=b

spaced in null time to be distinguishable, it would at first sight appear that we can generate a
contribution arbitrarily large in magnitude from the GB-term and still remain consistent with
the EFT validity constraints (5.2.28). This is however not the case, because in such a stacked
shockwave configuration, the approximations used to obtain (5.3.8) do not hold for all time.
There are two effects that limit this: One is diffusion and the second is scattering in the trans-
verse directions. In the present case scattering in the transverse directions is the main constraint.
As such, we need only concern ourselves with the magnitude of the time delay accumulated by
some time umax When the eikonal approximation breaks down.

Scattering time estimate

A simple estimate for this time can be obtained by considering the classical trajectory a particle
of mass k, experiencing a force due to the potential V' (u, x) would follow:

d?x

Since the main contribution to the potential is from the GR term, we will neglect the GB-term to
get an estimate on umax. The amount scattered in the transverse direction is thus approximately

1 u u’ u o’
u) ~ —/ du’/ du” 0,V (u",r) ~ —/ du’/ du” 0, H(u",r)
kv Jo 0 b 0 0

When the amount scattered becomes comparable to the impact parameter b, we can no longer

(5.3.10)

r=b

trust the eikonal approximation, and so upayx is defined by the condition

Ar(uma) ~b  —> /um du /u du’fg)zl) ~ O(1). (5.3.11)
0 0

The above form of the time delay (5.3.8) can only be trusted for null times less than this scat-
tering time. Imposing this upper bound, the maximum EFT time delay generated by time wumax
* ol [ f(w
CGB max u

A ), Qe

|A’UEFT(umaX)| ~ (5.3.12)
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Au> L

Figure 5.2: Illustration of the time delay accumulated by scattering off a pp-wave with N
sources.

and making the judicious choice to express f(u) as the integral of its derivative,

c Umax U / ,u/
| Avgpr (tmax)| ~ [ccal du [ aw ) (5.3.13)
A2 %
0 0

If we now apply the EFT validity bound (5.2.28c), or rather its averaged version (5.2.30), we
find that ,
f)

bd

ku‘AUEFT(Umax” < |CGB|/ du/ du’ < |CGB|- (5.3.14)
0 0

That is, the EFT time delay is unresolvable for any |cgg| < O(1). We stress that this argument
not only applies to a single extended shockwave, but any number of shocks stacked together.

5.3.3 Special situation: Sequence of shockwaves

Let us run this argument in more detail for the sequence of N shockwaves, illustrated in figure
5.2 and described by the metric function

N-1

fesw(w) = ad(u—nAu). (5.3.15)

n=0

The time delay is now N times larger than (5.3.3) and so, returning to the argument of the
introduction, we may think that by making N large enough, we can make the EFT contribution
resolvable. The total EFT time delay is

CGB ¢

(5.3.16)
The key observation is that the total time NAwu, over which we can trust the eikonal approx-
imation, is bounded by the scattering time. Identifying um.x = NAwu, then (5.3.11) amounts
to

« «
N2Au— = u?

=l 1. 3.1
N (5.3.17)
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The scattering time is

bd
Umax = Us = ral (5318)
Jo

with fy = a/Au being the mean value of f(u) during the period of the shocks. Substituting in

(5.3.16) we obtain .

v
kU‘AvEFT‘ ~ ’CGB‘ATUS . (5.3.19)
However, to trust the EFT, the spacing between the shocks must satisfy (5.2.28c) and (5.2.28b)

both of which amount to L

A2’
which is just the statement that we cannot meaningfully consider null times smaller than the
EFT cutoff k,/A?. Putting this together we obtain

Ug > (5.3.20)

ky|AverT| < |cgl (5.3.21)

regardless of N. Thus, the superficial gain from multiple shocks of the same amplitude is more
than compensated by the increased scattering they induce. We may, of course, think to compen-
sate this by repositioning the location of each source to track the scattered state. A configuration
which effectively does this will be considered in Section 5.4.

Breakdown of eikonal

For a more sophisticated argument, we can account for the leading corrections to the eikonal
approximation. This may be done by directly computing the corrections in (3.4.80) which depart
from (3.4.97). A more immediate way is to follow [174] and write the wavefunction in JWKB
form

¥(u,x) = g exp [2i6(u, x)] , (5.3.22)

for which the JWKB phase must obey

_285 (u,x)

o) = 21V ()| V3 (%) + V(%) (5.3.23)

The leading-order solution 6(°) (u, x), obtained by neglecting gradient terms, is the eikonal ex-
pression already given by (3.4.99). The first correction §(!) (u, x) is obtained by substituting the
leading term back into (5.3.23),

235<1> (u,x) 2
ou ky

,
v (u,x)‘ —kivgam (1, %) . (5.3.24)
v

Given that V' is harmonic, the solution is simply

/

2
/ du" VvV (u", x)

0

6 (u,x) = — 4; / du/ , (5.3.25)
v JO
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and so the leading correction to the eikonal time delay is

’ 2
/ du" VvV (u", b)
0

0 1 [
(Av)iilﬁonal(U)=—8k 5% /O du/ (5.3.26)

This result can be obtained directly from (3.4.97), or more precisely (3.4.80), by accounting for
(1)
eikonal

to (Av)ﬁ?ﬁonal(u), we can clearly no longer trust the leading-order eikonal result.

the leading correction to the straight line trajectory. When (Awv) (u) becomes comparable

In a situation with repeated shocks, the integral in (5.3.25) continues to grow, meaning that
there is inevitably some time wumax at which the eikonal approximation breaks down. At the level
of the phase equation (5.3.23), we may ask when their partial-u derivatives become comparable,
ie. )

1
~ V (Umax7 b) . (5.3.27)

2k,

/ duVV (u,b)
0

For our spherically symmetric pp-wave this condition for wumay is

/umax du fég) N f<l;;;laX) , (5328)
0

see eq. (5.3.11). The left-hand side of (5.3.28) can be directly replaced by the right-hand side
in the expression for the EFT time delay (5.3.12) to give

lcgs| | f(umax)

’AUEFT(UmaX” ~ A2 bd . (5.3.29)
We can now deploy a second EFT validity bound (5.2.28b), in the form
() < E (5.3.30)
b ky ' h
to arrive again at the key result:
k’v‘AUEFT(Umax” < |CGB| . (5.3.31)

We thus see that, provided |cgs| < O(1), the EFT contribution to the time delay computed in the
eikonal regime is necessarily unresolvable.

Neither of the above arguments required a specific choice for the time-dependence of the back-
ground spacetime, or in particular f(u).

5.4 Scattering bypass by balancing shockwaves

It should now be clear that the main obstruction to generating an observably large EFT time
advance within the regime of validity of the EFT is scattering in the transverse directions. This
scattering is the result of an attractive gravitational potential pulling waves propagating in the
v-direction towards the source.
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Naively, it may seem like this fate could be avoided by engineering an equilibrium point in the
potential at which the v-moving-waves could sit without deviation. However, point-particles
should be understood as limits of highly, but crucially not perfectly, localised wavepackets —
these do feel the gravitational pull towards the sources.

5.4.1 Surfing on an extremum

In order to see why it is not possible to indefinitely accumulate time delay even when the
potential possesses an equilibrium point, we need to understand this set-up within the semi-
classical approximation, as discussed in section 3.4.4.

The prototypical example of such a configuration with an (unstable) equilibrium is associated
to the balanced metric function (5.2.5), which sets up a symmetric potential sourced by two
pp-waves located at x = +b. The GR-term in the potential is

V(wx):_kvf(u)( LR ) (5.4.1)

|X— b’d_Q |X—|—b|d_2

We refer to this scenario as “balancing” pp-waves, because there is an unstable equilibrium at
x = 0 at which the forces are perfectly balanced VV = 0 (see also [176]). An ideal point-
particle, perfectly localised at the origin in transverse space, could in principle move in the
v-direction without fear of scattering into a gravitational well.

At first glance, since a classical trajectory initially at the equilibrium can remain there indefi-
nitely, it would seem reasonable to suppose that the only cutoff on the time delay is the quantum
diffusion which occurs by ugig = k,b?. Indeed, if this were the case, it is easy to see that it would
be possible to generate a resolvable EFT time delay within the regime of validity of the EFT

kof

A < (AD)*. (5.4.2)

ke
k?v|AUEFT| ~ Adef X Ugiff ~ (Ab)2

However, with the potential being unstable along the b-direction, any small perturbation will
lead to an instability on a timescale associated to the second derivative of the potential in that
direction. More precisely, if we consider a wavepacket initially localised near the equilibrium
point x = 0, then the potential may be approximated as a time-dependent unstable harmonic

ky f(u 1k, f(u x-b)2

~ B R =) (< - @ ).

where we split the position vector in the orthogonal and parallel directions x = x; + x|, with

oscillator
V(u,x) =~

(5.4.3)

x) +b =x, -x = 0. In order to determine the semi-classical time delay, we need to solve
the classical equations of motion for arbitrary initial data. These are unstable in the direction
parallel to b and stable in the direction perpendicular, and take the form

—wi(u)xj_ , (5.4.49)
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with

Off(u) = féfj)(d —2)(d—1), wi(u)= féfj)(d —2). (5.4.5)

Since x| = x| b/b is the unstable direction, it sets the maximum null time over which the time
delay can be built up. In particular, once the expectation value of xﬁ becomes comparable to
b2, we can no longer trust the harmonic approximation to the potential and hence rely on the
symmetry of the balancing sources to neglect scattering.

Assuming, for simplicity, that the source varies slowly so that we may use the JWKB approxima-
tion (or more precisely that, averaged over several shockwaves, the source may be taken to vary
slowly), then for the solution in the parallel direction we have

N Q”(O) w , , p”(O) 1 ] u ) )
x| (u) = x(0) o) cosh (/0 du' Q) (u )) + " @ 0) sinh </0 du'Q) (u )> .

(5.4.6)
Classically, it is possible to tune p;(0) = 0 and z||(0) = 0, so that the particle remains at 2 (u) = 0

— quantum mechanically, this is not possible due to the inevitable spread in phase space. This
can be captured by the parallel part of the Wigner distribution, which, assuming the initial
Gaussian state considered previously, is

22(0
Wi o(z)(0),p(0)) = 2exp (— 2”52)) exp (—202pﬁ(0)> : (5.4.7)

Using this Wigner distribution to compute the expectation value of x| (u)?, we find

A, 1 1 “ / /
(¢|xﬁ(u)w> ~ 19, (0) <02Q|(0) + ‘WW) exp (2/0 du'Q) (u )) . (5.4.8)

This expectation value is minimised for

9 1
= 5.4.9
77 2,0 (0) (5.4.9)
so that ) Y
<w|£ﬁ(u)\w> e Wexp <2/0 du’Q”(u’)> . (5.4.10)

Clearly, we can no longer trust the harmonic treatment of the potential when this is comparable
to b?, and so the maximum null time over which the balancing time delay can be accumulated
is estimated by

1 Umax
_ 2 'Q(u) ) < b 4.11
Fo 0 () exp < /0 du'Q) (u )) <b*, (5.4.11)

so that "
/0 du/Q(v') < In (6% (tmax)) - (5.4.12)

We can again use this to bound the maximum achievable EFT time delay. The master equa-
tions in the balancing potential are very similar to the point source potential and can be found
in appendix 5.E, so the parameter dependence of the EFT-induced time delay is still given by
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(5.3.12). Therefore,

lcga| [*m . f(u)
kv A2 dUV

(5.4.13)
kv Umax
§A2|CGBI’1’13X{\/‘}C£3)}/O duﬂflgg)

Then, using the expression for the instability timescale (5.4.12), we arrive at:

kv|AUEFT(UmaX>’ ~

k2f(u
kol Averr(tman)| < |egalma { Ji) } In (b2k, ) (5.4.14)
The combination b2 kaﬁlaX controls quantum corrections. Using the EFT validity bound (5.2.28b)
f(u)/b? < A*/k2, we infer

kv|AUEFT(Umax)‘ < |CGB| In (ka‘yQﬂlaX) . (5.4.15)

Provided (kavQﬁlax) is tuned to be exponentially small to minimise the quantum diffusion as
much as possible, it appears to be possible in the balancing case to generate a resolvable EFT
time delay. In fact this is not the case, since we have tacitly assumed the time delay has a small
intrinsic uncertainty, which is not always the case.

5.4.2 Time delay uncertainty

The Gaussian localised on the equilibrium point chosen to generate a large time delay/advance
is not an eigenstate of the S-matrix, and there is an intrinsic uncertainty in the time delay
associated with this, as discussed in section 3.4.3. To determine this, we consider

2 a5t a8

= Ok, (5.4.16)

Following the discussion of section 3.4.2, we can write its expectation value in Schrodinger
picture as

— uf uf A ~ N
(0l B0 2fin) = [ du [ e (@IQT () Q). (5.4.17)
or equivalently in Heisenberg picture as
(nl0%fin) = [ du [ dul (0(0)1Qu (w)Qn ()] (0)). (5.4.18)
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so that the uncertainty is
§v® = (in|Av2|in) — <iny&)\in>2
/ du / au! [ ((0)| Qs () @ ()6 (0)) (5.4.19)
— ((0)|Qu ()| (0)) (¥ (0)|Qur (w)](0))| -

The main contribution to the uncertainty will come from the unstable direction along x|, so
we neglect motion in the perpendicular direction x,. In the near-equilibrium approximation
(5.4.3), the expression for Q is then

A flw) 1 f(u) L2 U A

Qr —31y — 5y (@ =2 = 1) (af — -Gy + @) ) (5.4.20)
which may easily be translated into Heisenberg picture. The first term, which is the main con-
tribution to the Shapiro delay, will drop out of the uncertainty. By the time the instability has
kicked in, we may use the approximation

B~ kS (W), (5.4.21)

so that

Qu ~ — =£d(“) - ;féd)(d 2)(d—1) (1 = 2uf(u)) (& (w))?, (5.4.22)

where

M (u Rﬁl (0 QH(O) pH(O) L ex udu'Q u) ). 5.4.23
(@)~ 3 ( 1(0) ot R AT p</0 i€ )) (5.4.23)

Assuming u; = 0 without loss of generality, a straightforward calculation gives

/0 " (1 — 208 () 9 () exp (2 /0 ’ du’Q(u’)) ‘

o ~

) (5.4.24)
2*3/29 2
8 1) ( 4k203(0)o? ) ’
and from extremising over o we infer the bound
Uf u
kyov > 273/2 /0 du (1 — 2uf(u)) Q) (u) exp <2/0 du'Q”(u’)> ‘ . (5.4.25)

If uy is taken to be such that exp (2 [/ du/Q(«')) < 1, then the right-hand side is of order unity
or less, and in this situation k,|Avgrr(umax)| < |cgs|.- In order to make the EFT contribution to
the time delay large, we must take u such that exp (2 [/ du/Q(«’)) > 1. But then the integral
on the rh.s. of (5.4.25) is exponentially large, and grows faster than k,|Avgpr|. Thus, precisely
at the point where it appears we can generate a resolvable EFT time delay, the uncertainty in
the GR contribution to the time delay swamps it.
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5.4.3 Generic Transverse Profile

Instead of the specific configuration before, let us try to generalise to a generic non-vacuum
transverse profile that breaks spherical symmetry in the transverse space, i.e. with a potential of

the form "
V(u,z') = —%Fgen(u,xi). (5.4.26)

Suppose we have already chosen our configuration so that 2’ = 0 is an equilibrium point, i.e.

8V k;’l) aFgen
= —— , =0. 5.4.2
o =5 o] =" (5.4.27)
Then the equations of motion around the equilibrium are
d2z? 0*v ,
ky—s = — —— J. 5.4.28
du? 0027 | i, . (5.4.28)

To decouple these equations, we want to diagonalise the operator

1 9%V

— J — ()2t 2
i 02i0%7 . T wxt, (5.4.29)

Qijx] =

although the coordinate transformation, i.e. the matrix of eigenvectors, that does this will gener-
ally be u-dependent — we will assume that this u-dependence is negligible. This is equivalent to
saying that the u-dependence of the eigenvalues is negligible, so that we can take = ~ ¢** and
ignore u-derivatives of w. Suppose we have done this, and found the diagonalised matrix O;;
with real eigenvalues w?, € R and a basis of orthonormal eigenvectors (gnv)" (which is suppose
to denote the i-component of the m/-th eigenvector), i.e. such that ¢,,/-q,y = (qm/)i (qn'); = Ot
Finally, taking z? = 3™ (¢,)", we find that

xiQijxj = ym/ (qm/)i Qijy"l (qn/)j = ym/ (qm/)i Y™ w2, (qn); = y"/yn/wgl. (5.4.30)

Recall that (qm/)i is the matrix of normalised eigenvectors, so that ™ are essentially the eigen-
basis coordinates in terms of the old coordinates. Therefore, dropping the primes from now
on,

V(u,z") = V(u,0) + lkvwz(u)y% +.... (5.4.31)

The eigenvalues w?, correspond to the eigenfrequencies squared for small oscillations of the
corresponding eigenmodes around this equilibrium. In particular, instabilities will exhibit them-
selves as negative eigenvalues of this operator. The trace of the operator is

Zw _7331

where the equality holds in vacuum (away from sources). In this case, there will be at least one

1 .
_5 az’angen 2i=0 S O, (5.4.32)

0:

mode with negative eigenvalue w?, corresponding to unstable oscillations (unless all modes are
zero modes, in which case we would need to look at the next order in the Taylor expansion).
However if we allow presence of matter, the right-hand side will be negative, and we know for
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Figure 5.3: Snapshot at time u = 0 of the point-source and balancing potentials and the wave-
function which probes the spacetime.

certain that there will be directions with negative eigenvalue. We can then re-run the argument
from before.

5.5 The Born approximation

In this section we compute the scattering time delay in perturbation theory, identifying the
first few terms in the Born series. In general, the Born series has a smaller regime of validity
than either the eikonal or semi-classical approximations, and so we do not draw any major
conclusions from its results. However, we include it because the calculation may be performed
more precisely and it is informative in terms of demonstrating the distinction between the single
source and balancing shockwaves. It is also worth emphasising that almost all treatments of the
eikonal approximation in the literature rely on resumming the Born amplitude, and the leading
Born approximation to the time delay is identical to the eikonal result. The exponential eikonal
resummation is implicit in the definition of the time delay operator.

The physical scenario for the two types of potential we have in mind is illustrated in Fig. 5.3.
Then the potential is generated by either a single point source located at x = —b or balancing
sources at x = +b:

V(u,x) = LG ( Oba 1 ) , (5.5.1)

where we have introduced the notation

0, point source
Opal = (5.5.2)

1, balancing sources.

Note that, in order to accommodate the point source case and balancing source case simulta-
neously, the location of the point source is shifted relative to the discussion of Section 5.2. The
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interaction picture potential is

d
2

d iq-b —iqb . /. 4
HY™ (u) = V<$+k P> F?Z 2) ko (u )/(d 4 E O T2 e (2tK) (5.5.3)
v 2

which is conveniently rewritten as

d
2

. o ddq dk eUb L Qe b
int _ d bal
) =y I )/ <27r>d/ <2w>d/ e q’

. (5.5.4)
. LU q
exp {zx (q+k)+ Eq- (5 + k)} Ix) (k|
Denoting the terms in the Dyson series as
R +00 +00
S=1+ (—i)/ du A (4 / du/ du’ HI™ (u) HI™ (u') + (5.5.5)
51) 5@
the first three terms in the series expansion for the time delay are
— G(1)
Ao = — ia;kv , (5.5.6a)
— 982 . 990
@ __; (Lt
Av z( o +5 ok ) (5.5.6b)
_ 98B 98?2 95§1)
B) = _; (€9) ke @tZ2_~
Av z< o +S5 o + S ok (5.5.6¢)

Without ambiguity we denote the corresponding n-th order term in the expectation value for
the in-state (3.4.81) simply by
Av™ = (in| Av™ |in) . (5.5.7)

We consider interactions over a finite time 0 < u < umax. To first order, the GR time delay is

Avgy (u) = /0 duy f(u1) <1 - m(;;) KW (uy). (5.5.8)

The second order GR time delay is given by

(2) T/
Avgg (u) = ky (}_11/0 duif(ui))

X [H(ul — up) (1 - “133) — 0(uy — uyp) <1 - “283) }K@)(ul, us)

(5.5.9)
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and the third order one by

(3) = [
= k2 Uq Uq
Avgg (u) =k, (ilzll/o du; f( )) X

[9(u1 — u2)0(uz — u3) <3 - uli - o g )

2 — U375 —
aU1 au2 8u3

0 0 0
— 9(11,2 — U3) <2 — UQTUQ — U38U3> + 9(”2 — ul) <1 — U,3au3> :|K(3)(U1,U27U3) y
(5.5.10)

where 6(u) is the Heaviside step function and

d n i ’
ora i ddg; €D 4 @ e P
K (n) ey Up —i)"t | - / Z 2
(ut, ... un) = (—i) ( T (6152)> (zI;II (2m)d qzz

o2 n 1 n 2 i n
X exp 5 ;Qi W;uiqi +2k1} Z (u; — uj)q; - q;

1<g=1
5.5.1 Shockwave Limit

2
+

(5.5.11)

As a check, let us reproduce the shockwave limit. If we take the potential to be just a delta-

function in the u-direction, with a constant profile in the transverse directions, i.e.
V(u,z) = akyd(u) (5.5.12)

then we can actually find an exact solution to the S-matrix. This will be helpful as a check, so
that we understand what we expect the shockwave limit to look like later.

In particular, if we neglect the diffusion term, the Schrédinger equation just reduces to

z%d) = akyo(u) (5.5.13)
so that
Qb(u) _ efiffoo du’ akvtS(u’)w(_oo) _ e—iakve(u)w(_oo) (5.5.14)
and we can read off that
—iak . 1 599, 1. 43
S=e ”zl—zakv—iakv+§zakv+.... (5.5.15)

In this toy model, we find that the perturbative expansion of the Wigner-Smith time delay gives

oW = Zgil = —q (5.5.16)
a8 .. 08
02 = _i ( ak(j) +5(Tl) az?) =0 (5.5.17)
a8 a5 .. 0S8
(3) B) | of PO ot 9P0) ) _
QY = Z(ak:v +5(0) Ok + 50y ok ) =0 (5.5.18)
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etc., as expected. The exact time delay is just 200 /0k, = —2«, as we found in section 5.1.1!

5.5.2 The classical limit: Identifying diffusion and scattering effects

The effects of uncertainty and diffusion are captured, at every order in Av, by the term in curly
brackets in the exponential of each K (") in (5.5.11). In the classical limit, where this term is
negligible, the first-order term becomes

1 u
lim Aol (u) = —— [ dusV(uy,b)(1+ Opy), (5.5.19)

classical ]{Iv 0

which is exactly the eikonal expression of (5.3.8). This is to be expected since the leading-order
eikonal phase can be identified with the leading-order Born approximation.

After some manipulation, the classical limit of the second-order term in the time delay expansion
can be written as

4 2
: @ [ 2m2 " " / ddg dig
clié?ﬁ:al AUGR(U) = ( T (“)> k:v/o dulf(ul)/o dua f(ug) (2m)2 (27)2

2
6z'q1~b + @bale_iql.b 6iqg-b + @bale—iqz-b
o} qa;
i | o (w1 — ) u (a1~ un)
Sin Uy —u . — . COS Uy —u . .
2%, 1 2)d1 - 92 kaﬂh q2 2%, 1 2)d1 - 92
(5.5.20)
In the balancing case, Oy, = 1, it is easy to see that the integrand of (5.5.20) is odd under

a1 — —q1 (or g2 — —q2) and thus the integral vanishes. In the point source case, there is no
such anti-symmetry so the integral does not vanish.

The classical limit of the third-order term in the time delay expansion can be written as

d 3 u u u d d d
: @)\ _ [ 27 2 d’q; d%q d%gs
b, Aver(v) = ( r (d;?)) 1wt [ duaston) [ dunston) [ G5t
eiql-b + @balefiql-b eiqg-b + @balefiqg-b eiqg-b + @balefiqg-b
o a3 a3
O(up — u2)0(ug — us) l—ui
1 2 2 3 laul

— O(ug — u1)0(ug — u3) <1 B w£2>

+0(uz — u1)0(us — u2) (1 - “?’aﬂ

8U3
1
2k,

exp [ ((u1 —uz)ar - g2 + (u1 — uz)qr - g3 + (uz — us)qz - q;s)}
(5.5.21)
The vanishing of this in the balancing case is less straightforward. First note that, as the eigen-

value of an Hermitian operator, the expression (5.5.21) should be real. We can verify that it is
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real by simultaneously exchanging
up +— ug and q; < qs, (5.5.22)

in the integrand to retrieve its complex conjugate. Thus, the exponential factor at the bottom
of (5.5.21) may be replaced by its real part, a cosine. Then, in the balancing case only, we have
the following situation

lim A’U(Ggi-g(u) = /Ou duldquu;:,f(ul)f(uQ)f(u;),) [Q(ul — U2)9(u2 — U3) <1 — u16>

classical 8u1

—0(uz — u1)0(uz — ugz) (1 B u23?tz>

+60(uy — uy1)6(us — usz) (1 - U3£))>] G(u1,u2,u3),
(5.5.23)
where G(u1, ug, u3) is a function that is invariant under any permutation of the u;’s. For example,
the exchange u; <> us in G, may be offset by the exchange of the integration variables q; <> g
and the change of variables q3 — —qs to leave it invariant. With this in mind, the first and
third terms in the square brackets give the same contribution overall (by exchange of u; <> u3).
Merging these terms and additionally exchanging u; <> us in the second term, we obtain:

Cl;gggalAvé?i@(U) :/0 dulf(ul)/o 1dqu(Uz) (2/0 2du:a —/0 101U3> f(u3)

5 (5.5.24)
<1 — ulau1> G(ui,u2,u3).

Now, note that

U1 u2 Ul ul u2 u1
/ dUQ <2/ dU3 —/ dU3> = / du2 </ d’LL3 —/ dU3)
0 0 0 0 0 u2
ui u2 ul u3
:/ duz/ dU3—/ d’LL3/ dus ,
0 0 0 0

and since the integrand is invariant under the exchange of uy > wug, the whole integral in
(5.5.24) is zero.

(5.5.25)

It is expected that all higher-order corrections to the leading term (5.5.19) in the balancing-
source time delay vanish in the classical limit. Again, let it be stressed that this is a reflection
of the fact that there is, classically, no scattering from the unstable equilibrium point in the
balancing potential. Thus, outside the classical limit, the higher-order terms Av(™>1) may be
regarded as the result of diffusion-induced scattering in the quantum problem.

5.5.3 Perturbative regime of validity

The requirement that the higher-order scattering-induced terms Avg]fl)(u) are under control

compared to the leading-order GR term Avélfz(u) imposes a time cut-off um,x beyond which we
may no longer trust perturbation theory. Below, we will determine the parameter “c” which
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controls the series expansion of Avgg(u). As we will see, this parameter will grow with time
u itself — at early times, the series expansion is under better control and Av(Gllg(u) represents
a good approximation for Awvggr(u), but at late times that approximation begins to fail. The
scattering timescale uper Will be defined as the time at which it becomes large, e(upert) ~ 1.

As a concession to simplicity, consider the limit of a large number of closely spaced shock-
waves for which we may approximate f(u) = fy as a constant. With this simplification, the
u-derivative-terms in expressions (5.5.8)-(5.5.10) may be integrated by parts. For u < umax, We
therefore get, explicitly, at first order

d
2

d iq1-b iq1-b 2.2 2.2
1 2T dqleq1 —i—@ble ar o°q usq
Avél%(u) =2 ( T d—2\ > fO/ dUl/ S - 8/<:12012 5
2 v

q1
(5.5.26)
at second order,
g d
(2) _ 2m2 d g d%q
A'UGR(U) =-2 <_1—W> k fo/ du1du2/ (2 )d (27T)d
ez’q1.b + ebaleiqu ‘b ezqg ‘b + @bale iq2-b
q? a3 (5.5.27)
exp [ lan + @l = g s + s
——Q |d1 T 92| — 575 5 U191 T U292
2 8k202
. 1
sin [Qk (u1 —u2)qy - Q2} ,
and at third order
(3) ot ) “ d%q, d%ge dlgs
Avgg(u) =2 — k2f3/ duldquug/
o < r (dg?)) 0Ly @) (2n) (2n)?
b 4 @ e iarb giaeb 4 @, —ideb giasb 4 @ o—iasb
qf a3 a3
(5.5.28)

2
o 1
exp <—2 a1 + a2 + aqs|* — 8k202 uran + u2qz + u3q3]2>
v

1
cos (% (w1 —u2)qr - d2 + (u1 —u3)qq - q3 + (u2 — uz)qs - q3]>

[20(u; — u2)O(ug — u3) — O(ug — uy)O(ug — ug)] .

While the cross terms mean these expressions are not readily integrated, we can estimate the

parameter dependence of each Avgf{) (u) as long as we make the following assumptions:

o Kb, (5.5.29a)
u <L kyob. (5.5.29b)

Physically, (5.5.29a) corresponds to the requirement that the width of the initial Gaussian
wavepacket ¢ is much smaller than the distance to the source b. The second assumption
(5.5.29D) is that the timescale under consideration u is smaller than the diffusion time ugig ~
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kyob (see (3.4.85)). We also need to distinguish between the two possible cases where scattering
is before diffusion and vice versa.

Scattering before diffusion

By switching to dimensionless integration variables w; = w;/u and p; = bq;, the parameter

dependence of Avgg (u) can be extracted to leading order in o /b and u/k,ob:

Aviy () ~ % (5.5.30a)
2) fPu? 2 2

Avgr(v) ~ 15375 |:1+®bal< 1+ a >b +al >k2b202>] (5.5.30b)
]{2 3,,3 2 3

Avgg (w) ~ 532,% [1 + Opal ( 1+ al3 )b2 +a® k2b202>} , (5.5.30¢)

where (™ and @™ are numbers expressed in terms of n(d + 1) dimensionless integrals (given
in appendix 5.F).

The ratio of one term AvéR)( ) to the next Av(”H)(u) is not the same for all n. The even

terms Av(GQ;)( ) are artificially suppressed by the presence of an odd sine in their integrands,

(2n+1)(

compared to the even cosine in odd terms Av u). In other words, the third-order term

Avéfg(u) is not necessarily subdominant to the second-order term Av(g}z(u), and so on. This
means that the ratio which truly controls the expansion is not the ratio of one term to the next

Avgyl)(u) / Avgfn\)(u) but instead it is of even (or equally, odd) terms Avgfl{“) (u)/ Avgfb\) (u).

Although the explicit parameter dependence of the generic n-th term is not given here, it is ap-
parent from the general expression (5.5.11) and the examples (5.5.30) that the series expansion
of the time delay is controlled by

Aol (u) key fu\ 2
e(u) ~ sy, (bd—2 ) . (5.5.31)
Avgg 7 (u)

The S-matrix expansion is under control when e¢(u) < 1 and so we may identify the time at
which perturbation theory breaks down as

1 b2
€(upert) ~1 == Upert ~ ka (5.5.32)
v

Unlike the estimates (5.3.11), (5.3.28) and (5.4.12), this estimate for the cut-off timescale
depends on the v-momentum k,, which is a property of the test wave itself and not of the

background. In fact
Upert -~ Us

)
Us UJdiff

(5.5.33)

and so for us < ugig the Born series breaks down before the eikonal approximation, which is

why we regard it as less informative.

Using the expressions for the two timescales, (3.4.85) and (5.5.32), and the approximation for
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the leading-order time delay (5.5.30), we find

Upert <K Udiff <~ ky

Av(Gll% (Udiff)‘ > 1. (5.5.34)

In other words, the assumption that perturbation theory breaks down before the diffusion time
is consistent, as long as the GR time delay generated by ug;f is resolvable.

In this formalism, the EFT contribution to the time delay can generally be estimated as

1 CGB 1 fu
Avfpy(u) ~ 2A2 Avga(u) ~ cop TIAE (5.5.35)

The total EFT time delay by the time at which perturbation theory breaks down is
1 cgp 1
AUIE:F)T(UPGH) ~ VA K, (5.5.36)

and, given the EFT-validity bound bA > 1, satisfies

o) AvEr (tpert)| < |ccp] - (5.5.37)

Diffusion before scattering

We have already seen that the assumption wugcart < ugigr iS self-consistent, and we will now show
that it is actually the only regime of interest. Assuming that we can trust the expressions for
Avgf,\) (u) given in (5.5.30) all the way up until u ~ wugs, We can write

3 2 (A (1) 3 #H -3
Avgg (ugifr) ~ ks <AUGR(udiff)> [1 + Opal (—1 +al s +a )] . (5.5.38)

Of the parts that are exclusive to the balancing case, a(®) will dominate over a® (o/b)?%, so we
can write-off the totality of the square brackets as an O(1) number plus suppressed corrections.
If the scattering time comes after the diffusion time then, by definition, the first-order term
Av(Glrg(u) should still dominate the series expansion by u = ugi. However, asking for the third-
order term to be sub-dominant,

Avgﬁ(udiff)’ < ‘A’U((}lR)(Udiff)’ leads to the conclusion

3
ky <Avé1}2(udiff)) ‘ < ’AU(GlR)(Udiff)‘ =  ky

A’Uélfz(ucﬁff)‘ <1, (5.5.39)

i.e. the first-order GR time delay itself is unresolvable. As hinted at previously, we see that if we
try to slow down the effects of scattering for long enough such that diffusion takes hold first,
then the price to pay is a potential so weak (i.e. f so small) that even the leading-order GR
time delay cannot be resolved. Since the EFT contribution is further suppressed by 1/6?A% < 1
compared to the GR contribution, it will certainly not be resolvable.
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5.A Penrose Limit

Pp-waves are not just solutions, but also have a physical interpretation. This is due to a result
by Penrose, who showed that for every spacetime with metric g and a choice of null geodesic ~,
we can associate a pp-wave spacetime [255]. To see this, we take the so-called Penrose limit.

In any conjugate point free portion ' of v, we can use adapted (Penrose) coordinates to write
the metric as

ds? = 2da do + a(i, 0, y")do* + 2b; (@, 0, y")do dy" + gi; (@, 9, y")dy'dy’. (5.A.1)

Then, we perform the change of coordinates to (i, 7, y") = (u, Q?v, Q2?) for Q € R. Then the
Penrose limit metric g is defined to be

Gow = lim Q72g,,(Q) = 2dudv + gij(u)daidat, (5.A.2)
—

where g,,,(Q) is the metric g in (u, v, 2%) coordinates and g;;(u) = g;;(@,0,0). This is the pp-wave
metric in Rosen coordinates, which is a change of coordinates away from the pp-wave metric in
Brinkmann coordinates.

Aichelburg-Sexl Boost

An alternative way to view the shockwave solution is by considering the Penrose limit of a
Schwarzschild spacetime. Physically, we think of boosting a black hole to the speed of light,
while simultaneously decreasing its mass to make sure energy stays finite. We will use the same
notation for coordinates as before, but now restrict ourselves to D = 4.

It is well known that the Schwarzschild solution describes the spacetime outside a mass. The
Schwarzschild metric for a mass M in isotropic coordinates is

1—A\?
ds? = — <1 + A> dt* + (14 A)" (dz? + dy” + d2?) | (5.A.3)

where A = 2M/p and p? = 2 + y? + 22. Now we apply a Lorentz transformation (¢, z,y, z) —
(t,Z,7, z), specifically a boost with speed v in the z-direction so that

t=(1—0*)"Y2(f - vz) (5.A.4)
= (1—v3)"1%(z — i) (5.A.5)
y=y (5.A.6)
z=Z. (5.A.7)

In these coordinates, the metric becomes

(dt — vdz)?

4 = =Y
ds® = (1+ A)* ndztdz” + T2

(5.A.8)

wear(157)
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To keep the energy p finite, we define p = m(1 — v?)~ /2. In the new coordinates,

M p(1 —v?)

A:—: s
20 2[(z —vi)2 4 (1 — v2)R2]Y?

(5.A.9)

where R? = 3%+ z2. We are interested in boosting the black hole to the speed of light, i.e. v — 1.
It is therefore helpful to split A = (1 — v?)B, where

limA=0, limB=-2 _ (5.A.10)
v—1 v—1 2|J) — t|

so B diverges when z = t in the limit v — 1. The metric is therefore only well-defined for z # t,
and we need to work harder to find an expression for all ¢, z.

Consider the coordinate transformation 7'(v) : (¢,Z,7,z) — (t',2',y', 2’) defined by

2 —ot' =z — vt (5.A.11)
o + ot =%+ vi—4dpln [\/(a_c 02+ (1—?) — (7 — E)] . (5.A.12)

This leaves 3, z, and A invariant. As we are interested in the v — 1 limit, we will drop all terms
in the metric that vanish in that limit. Under the transformation 7'(v), only the —d#? 4+ dz? and

(dt — vdi)2 change. The coefficient of the former (i.e. goo and g11) is

lim (14 A)* =1, (5.A.13)

v—1

and the coefficient of the latter is
. [(1— A2
(1+A) <1 n A>

i.e. neither diverge or vanish in the limit v — 1. When transforming the metric, we can therefore

(84 —2A% +...) =8B, (5.A.14)

lim 3
v=11—wv

concentrate on the terms that vanish in the limit. It can then be seen that

dz’ — vdt’ = dz — vdt (5.A.15a)
_ 4p(dz — di
da’ + vdt’ = Az + vdf + p(dz — d?) . (5.A.15b)
(2 — 02 + (1 —02)] /2
Therefore, up to terms that vanish in the ultra-relativistic limit.
4p(dt’ — dz’)?
— AP +d7? = —dt? + d2? — o z) (5.A.16)
(@ = o) + (1 =022
_ 4p(dt’ — dz’)?
8B(df — dz)? = Al z) (5.A.17)

(' — vt")2 + (1 — ) R2]H?

Further, it can be shown that

lim { (@ — vt + (1= )] P = [(@ =t + (1 — 02)32]‘1/2} = 25(a’ — ') In(R).
(5.A.18)
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Putting everything together, as v — 1, the metric in the (¢, 2/,y/, 2’) coordinates becomes

ds? = —dt”? + daz'? + dy? + 42"

1 1
+4p - dt’ — da’)?
{[(g;f—vtf)2 + (=) @ —ut)2+ (1 —02)32]1/2}( )
= —dt”? + da? 4+ dy? + d2"? + 8pd(x’ — ') In(y/? + 2?) (A’ — da’)>.

Writing u = t — x, we can see that this is precisely in the form of a pp-wave metric in Brinkmann
coordinates:
ds? = —dudv + dz;dz’ 4 8pd(u) In(z?)du?. (5.A.19)

This is in fact a shock wave solution, even though it looks slightly different to the solution we
found previously. This is because we are working in D = 4 dimensions, where the Green’s
function is logarithmic instead of a power law.

5.B Lightcone Gauge

To demonstrate that lightcone gauge is good, we will briefly review perturbations to pp-waves
in pure GR. To understand the procedure, we will try to compute the equations of motion for

the pp-wave perturbations first in general relativity.

The background equation of motion is just Einstein’s equation. In vacuum, this is
Ry =0. (5.B.1)
From (5.1.13), we know that the only non-trivial component of this is
Lo
Ry = —§8i8 F =0, (5.B.2)

which is a simple condition on F' in order for the metric to be an exact solution to Einstein’s
equations.

The equations of motion for metric perturbations h = g — g, are

SR, =0, (5.B.3)
where
~20R, = ~20°°V )V (uhuyo + Oy + YV, V. (5.B.4)
We claim that lightcone gauge, where
hou =0, (5.B.5)

is appropriate. Covariant derivatives of h,, vanish since I'’; = 0 and we can always replace
v-components of covariant derivatives with partial derivatives. Denoting the scalar Laplacian by

O¢ = "'V, Vyd = g"0,0,¢ = (—FO2 + 20,0, + 0;0") ¢ (5.B.6)
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then the equations of motion are

~26Ryu = Ohyy — 20y (Ophuy + 0'hui) — (' F)hj + (0'F)Ophui — (7 F)0'hij + VuVyh

(5.B.7a)
—20Ryy = —0y (Ovhuu + 0'hui) + VuVih (5.B.7Db)
—26Ry; = Ohy + (07 F)0yhij — 0; (Ovhuu + 0 hyj) — Oy (Ophui + 0 hij) + VuVih  (5.B.7¢)
—26Ryy = VyVyh (5.B.7d)
—20Ry; = =0y (Ophui + & hij) + VuVih (5.B.7¢)
—20R;j = Ohyj — 20 (0uhyjyu + 0™ hijym) + ViVjh. (5.B.7)

The dR,,, = 0 equations are constraints, which we can solve by taking
o', =0, h=h";=0. (5.B.8)

We are left with the following dynamical equations of motion:

~20 Ry = Ol — (0"0 F)hij + 2(0°F)Dphui = 0 (5.B.9)
—20Ry; = Ohy; + (87 F)dyhij = 0 (5.B.10)
—20R;; = Ohyj = 0. (5.B.11)

Now, note that

Ojﬂhij = E(afhw) — (GJF)ﬁghw = —ﬁ(@vhm) — (8]F)8ghw = —0, [E‘hm + (GJF)é?Uh”]

(5.B.12)
and therefore
618JEhU =—0, [G(@th) — (8’F)63hm + (8183F)6vh” + (8]F)8v81hlj]
= — 0y [~0(0vhuu) — (0'F)02hy; + (007 F)yhij — (07 F)02 hayy]
=02 [D(huw) — (0" F)hij + 2(0"F)dyhui] - (5.B.13)

We can decompose the perturbations in terms of (Fourier) eigenmodes e”* of the null Killing
vector [, so that 9, — ip,. As long as p, # 0, i.e. no null modes are present, we can formally
invert the differential operator 0, and the only equation we need to solve is therefore

Ohij =0 (5.B.14)

and all other equations follow from it.

This is essentially decoupled, and all master equations will be of this form. We will see that
higher-order corrections will break this degeneracy.
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5.C EFT validity bound on wavefunction spread

In Section 3.4.4, we discuss how a generic initial quantum state has a non-zero spread ¢ in
transverse space and thus cannot be perfectly balanced at an unstable equilibrium point. As a
state in a low-energy EFT, this spread is in fact also bounded below by A~!. To demonstrate
this, we must bound a Lorentz-invariant quantity dependent on o (as we did for H (u, ), k, and
b in Section 5.2.3). The spread in momentum space is inversely related to the spread in real
space, |Ak| ~ 071, so we would like to bound the inner product of two opposing wave vectors
k* = kO + Ak, where k° is some central momentum. However, to construct a scalar quantity,
they must first be embedded in D-vectors on the full D-dimensional pp-wave spacetime

(kZ) = (KT, kF, KF) (5.C.1)

(TREALTIR]
with the condition that k&% is null due to the GR equations of motion,

A

aBfptt _ +
9 kaky =0 =k, = BT (5.C.2)

For a fixed “mass” k" =k, = k,, the inner product reduces to
kT kT = —2AK% (5.C.3)

With the Lorentz-invariant bound kT -k~ < A2, we get the desired result |Ak| < A, or oA > 1.

5.D Higher-dimension EFT field equations

In section 5.2.3, we show that control over the higher-dimension EFT action (5.2.31) amounts to
exactly the regime of validity found by the generic arguments. In this appendix, we provide the
field equations for that action and also identify the tensor-type master variable and its associated

master equation.

The background equation is

Eap = Cag + 22 Bos + 2205 + 254D ,5 = 0, (5.D.1)
A A A
where
1
Bap =4Rs08,R7 + 2R, Rpopr — 4Rao Rg” + 2RRop — §R%B Japs (5.D.2a)
1 o o
Caﬁ = §gaﬁ(R3) + 3(R3)a0',8 + GVUVP(RQ)Q ﬁp’ (5.D.2b)
1 - o
Daﬂ = 59@,3(R4> + 4(R4)aaﬂ + 8VUVP(R3)01 Bp’ (5.D.2¢0)
and
(R™)apop = Rapys R ... R*** Ryysp, (5.D.3a)
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(R") = (R™),,"". (5.D.3b)

The vacuum pp-wave metric is again a solution to (5.D.1). The perturbations of these tensors

are
0Bu, =—4R %, PViVsh* + 2R, (Ohag + VVah)
+ 4R(Ma5pvpv‘,,)ha5 - 4R(#|pagvpvﬁh‘y)a (5.D0.4)
+ 20 Roppo VI VPP
0Cuw =12R s VPOVIly ) — 12R s VPVIV, V), BT
_ B ao o a
IQVUR(MPQ/BV’OV V‘V)h + IQVUR(MPQ/BV'OV V h|y) (S.D.S)

+3 (RleAaRu)\Uﬁ + R/tkpaRuo)\ﬁ) VpVohap
0Dy = = 16R(u1ppaR1u)oar VI VIVAVER = 32V, R, oy Ry 0 VIV VY 1P

R (5.D.6)
—16VR ", VR VIV R

(ul

In lightcone gauge, the presence of the R3-operator modifies the v-component perturbation

equations

— 20&y, = O2h";, (5.D.7a)

268y = — O (a,hvi +o;h, + 12%;’ [(aiajakﬂ)aghkf + (80, H)O20,h*7 + (a,-ajH)af;hUﬂ'D :
(5.D.7b)

208, =0, (01" + 017, + 1255 (210,00 IR + (9,0, H)O20uhM + (2,0, )90 | )
(5.D.7¢)

such that, while the traceless condition h?, = 0 is unchanged, the second constraint equation
(5.2.11) becomes

Ouht'; = —12550% (0 [(@i0, ] + (0i01)0,17) (5.D.8)

The §&;; is also modified by both new operators

_2552']' = |jh” — 62(8vh]u + 8khjk) — 8]‘ (8vhw + 8khzk) + (‘)Zajhkk — (Szjljhkk
+ 8:;0" (Ophiu + 0'hig) + 64500 (0T + O hiy,)

4
R3 92 (9 ok HT K (5.D.9)

—0;0" HOj)(Ouhyy + 0'hyg) — 0070 H(0jyhyy — Orhijr)

CR4
- 16F8,~8kH8j81H8§hkl :

The final constraint will again come from the trace of this equation. However, the process is
complicated by the presence of the R3-operator. In EGB theory, the second constraint (5.2.11)
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allowed us to exactly remove the h;, components, which appeared in the ij-equation. But now,
the h;, components also appear on the right hand side of (5.D.8). As a result, they may only be
replaced perturbatively in inverse powers of the cut-off inside 6&;;. Up to corrections of O(A~%),
the third constraint equation is

4(D — 4) cgp
D—2 A2
16 ¢ y
) ;g (8;0xh)(0;0" H)2h¥
+ 12CARjav< D2_ [(0;0;H)ORhY + (0;0;0,H)0"h"| + (8;0;0,H)0"h'* + (8ic‘?jH)8iE)ﬂh“j>.
(5.D.10)

As before, we see that the dynamical degrees of freedom are contained within the metric pertur-

O’ = — (0,0, H)9,h"

bations in the transverse directions h;;. Applying the three constraint equations, their equation

of motion becomes (up to corrections of O(A~%)):

~ CGB 2 CRS 2y~ CR4 4
Ohij — 8503 Xij — 2457 00Ys; — 16550, 73 = 0, (5.D.11)
where
m gl] mn

Xij = (OmOH)hy™ — 57 (OmOnH)h (5.D.12a)

Yij = — (90 H)Ohy, +5ﬂ(a O, H)CIR™
— (0 OmO H) O h )™ + %(auamanH)aﬂhmn (5.D.12b)

+ (818]8m8nH)hmn + (8i8j8kH)(9uh“k,
Zij = —(0i0m H) (0,0, H)h™ + %(6k8mH)(8k8nH)hm”. (5.D.12¢)

5.D.1 Tensor modes

The perturbation equations (5.D.11) couple all components of 4;; in a non-trivial fashion when
cr3 # 0. Even in the point source case, the identification of master variable used in section 5.2.2
for EGB theory no longer works when the R3-operator is included. For illustrative purposes, we
consider just the spherically symmetric point source case. Due to the symmetry, we may perform
a SVT decomposition described in appendix A.2, with each type of perturbation (scalar, vector or
tensor) evolving independently of the other types. The simplest of them are the tensor modes,

which are parameterised by

hep = hy; =0, hy =r*®pTy;, (5.D.13)

where T;; is a tensor spherical harmonic on the (d — 1)-sphere and satisfies
(Ad L+ nT) T5; = 0, (5.D.14a)
T =0, D'Ty;=0. (5.D.14b)
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We used k2 to represent the eigenvalue of T;; instead of the traditional k? to avoid any possible
confusion with the momentum of the perturbations (k,, k., k) used elsewhere. There is one
tensor mode ®p for each tensor spherical harmonic on the (d — 1)-sphere. They all share a
master equation, which can be derived from the (i, j)-components (with i # 5) of (5.D.11)

- 242 o, H o, H o
0= Odr — KTT»_; B — 8%3 TR0 + 24%”03 [d;Q (&@T + TT>

8.0, H 12 8. H\* (D15
_ urr av(I)T +160R4_ CGBCR3 ( T > 83(1)7“

A6 r

In arriving at this equation, the ﬂh;; terms present in Y;; have been replaced perturbatively
using the lower-order equation of motion, giving rise to the cross term  cggcrz. Once again,
this equation is valid up to corrections of order O(A~%).

5.E Master variables in balancing source background

Identifying the master variables for the metric perturbations on the point-source background
was a straightforward procedure described above equation (5.2.15). When a second source
is introduced (to “balance” the first, as discussed in Section 5.4), spherical symmetry is lost
and the previous decomposition is no longer suitable. Without loss of generality, assume the
two sources are aligned along the z-axis. Then, we can write the transverse-space metric in
cylindrical coordinates as:

Sijdrida? = dz? + dr? 4+ r?d03_,. (5.E.1)

For this appendix only, ~,; will refer to the metric on the (d — 2)-dimensional sphere. In these
coordinates, the harmonic condition on the metric function is
0? 0? 10

@H(u,r, z) = —wH(u, r,z)— (d— 2);§H(u,r, 2). (5.E.2)

While most of the components of the metric perturbations — A, hy., h.., h,;, h,; and the
diagonal components of h;; — are coupled in a complicated way via (5.2.13), it happens that
the off-diagonal components of h;; are completely decoupled from the rest and evolve indepen-
dently. These account for (D — 5)(D — 4)/2 of the total D(D — 3)/2 propagating modes. Their

equation of motion is

CGB 6’I‘H - -
2z =0, i#], (5.E.3)

Ohi; — 8

which has the same format as the equations for the modes in the spherically-symmetric back-
ground (5.2.15).

5.F Expansion of the Wigner-Smith time delay

The expressions (5.5.30) give the parameter dependence of the first three orders of the Wigner-

Smith time delay expanded in 1) S-matrix perturbation theory, 2) small Gaussian width, and 3)

3

early times. Four dimensionless numbers {a(2), a® q®), d(3)} feature in these equations and are
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given below in terms of integrals, where b = b/b is the unit vector in the direction of b.

) ot \* ! d%p; dps
‘= —2| —————=— dwy dws®(w; — w —
( r(df)) | dwrduoton —w) | GEGE:
. . A . (5.F.1a)
eipl-b + @balefipl-b eipg-b + @balefipg-b

p? P3

@) 2rd \' d’p; d’ps
al¥) =—-9 <_F (“)> /0 dw; dwy®(wy — wQ)/ @) 2n)d

(p1 + p2)? (w1 — w2)p1 - P2,

2 (5.F.1b)

e’ipl-f) + @balef’ipl-f) eipz-f) + Gbalefipz-f)
p? )
d 3
o ! d?p, d?p, d?
®) _of_ duw: duws d / p1 d'pa d'ps
‘ ( r(d22)> /o GEREE | em @l 2o

eipl-f) 4 @baleiipliﬁ eipz-f) + @balefipz-f) eips-f) 4 @bale*ips-f) 9 (5.F.1¢)
(P1+ P2+ Pp3)

(wip1 + w2p2)2 (w1 —w2)p1 - P2,

p? P3 o
(20(w; — w2)O(wy — w3) — O(wg — wy)O(wy — ws)) ,
d 3
o2 ! d?p; d?p, d*
5(B) o[ 277 p1 d'p2 d'ps
a 2( r(“)) | dwndvaaus [ GG

2

Py @bale*ipl'f’ ¢P2b @bale*ip""f’ ePsb 4 @bale*ip?"f’
p? p3 P}
(20(w; — w2)O(wy — w3) — O(wg — w1)O(wy — ws3)) .

(wip1 + wap2 + w3P3)2

(5.F.1d)
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Concluding Remarks

In part I of this dissertation, we focused on causality constraints on gravitational effective field
theories. Borrowing intuition from field theory on curved spacetime, we argued in favour of
using infrared causality (the absence of resolvably negative corrections to the GR time delay)
as a useful criterion to constrain higher-derivative corrections to Einstein gravity. This was
further confirmed by comparison to expectations from gravitational positivity bounds for the
Galileon and prototypical Goldstone EFT on curved spacetime as toy models. Based on this,
we then looked at gravitational wave scattering in black hole and pp-wave background geome-
tries in Einstein-Gauss-Bonnet gravity (the leading-order effective field theory in five and higher
spacetime dimensions), and derived bounds on its coupling that are consistent with known pos-
itivity/bootstrap bounds [168]. Scattering on pp-waves in particular served as an illustrative
example to rule out stronger bounds which circumvent the resolvability criterion using stacked
or balanced configurations of sources. This is a resolution to the apparent violation of causality
entirely within the regime of validity of the low-energy theory without appealing to additional

degrees of freedom, such as an infinite tower of massive higher-spin states.
There are several possible future directions for this.

* We have restricted ourselves to an effective field theory describing only gravitational de-
grees of freedom. However, we have seen from explicit constructions, that UV completions
often involve other massless degrees of freedom such as photons or neutrinos. These are
naturally also of interest to phenomenological applications such as cosmology [257, 258].
There are also massive fields that we might wish to keep within the description of our low-
energy physics. Including all of these will lead to many more operators that the causality
bounds can probe.

* When we considered scattering off pp-waves in order to obtain sharper bounds on the Wil-
son coefficients in effective field theory, it was ultimately the trade-off between the validity
of the EFT and validity of the JWKB approximation which meant that we could not trust
our expressions for the time delay sufficiently to accumulate time delay from sufficiently
many scattering events. Given a fixed background geometry, we cannot improve the EFT
regime of validity, but the validity of the JWKB approximation is in principle a technical
limitation. Whether pp-waves are able to circumvent the resolvability criterion can be
definitely answered if an exact solution was known to the JWKB problem. In the mean-
time, we can include higher-order corrections to the JWKB approximation to improve the
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accuracy of our expressions for the time delay.

Morally speaking, a background off of which we scatter gravitational perturbations cor-
responds to choice of Hilbert space that we probe microcausality on. Taking the perspec-
tive that a higher-derivative operator consistent with UV physics should respect infrared
causality on all backgrounds, we obtain the strongest bounds on the respective Wilson
coefficients by considering as many different backgrounds as possible. The solutions we
have considered so far, static and spherically symmetric vacuum solutions and pp-waves,
have a lot of symmetry — generalising this other spacetimes therefore comes with the ob-
vious technical difficulties of spacetimes over which we have less analytical control. It is
however to be expected that spacetimes with less symmetry are also able to lead to better
bounds. For instance, we obtain no non-trivial bounds for our example, Einstein-Gauss-
Bonnet gravity, when we consider gravitational wave scattering in flat space. Different
backgrounds can also be constructed to study bounds on different operators. In particular,
it is possible to construct backgrounds, for which the effect of operators that are naively
leading-order in the derivative expansion is suppressed. As long as the derivative expan-
sion itself is still under control, this means that we can find non-suppressed bounds on
higher-order operators. Work in this direction was done in [180, 181].

Infrared causality itself refers only to the EFT corrections to the GR background geometry,
and is not sensitive to the asymptotic structure of spacetime. In principle, this should allow
one to consider causality properties of spacetimes which are not asymptotically flat. These
should be tightly linked to causality conditions in cosmology discussed in [259, 260].
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Appendix A

Staticity and Spherical Symmetry

In this appendix, we briefly review the aspects of gravitational physics and scattering relevant
in spherical symmetry. We review the static and spherically symmetric Ansatz for the back-
ground metric in appendix A.1, and discuss the decomposition of metric perturbations on top of
these backgrounds in terms of spherical harmonics in appendix A.2. Relatedly, we also review
scattering off spherical potentials in classical scattering problems in appendix A.3.

A.1 Background Ansatz

The Ansatz for a static and spherically symmetric spacetime in D > 4 dimensions is

1
ds? = —A(r)dt® + dr? + C(r)r2dQ%_,, (A.1.1)
B(r)
where the metric on the (D — 2)-Sphere SP~2 is
D=1 fin
dQ3_y = vi;dar'da? = Z HsinQ(Xj) dy?. (A.1.2)
i=2 \j=2

A.1.1 Curvature

First note that the connections with indices in purely the orbit space or base space are the same
as the connections on the orbit space or base space. The non-zero components of I'?, , i.e. with
indices in the orbit space, are

1B

1
Iy = 5A’B, M, = 55 (A.1.3)

0o _ 14
01 — 2 A 9
For the Christoffel symbols with indices mixed between base and orbit space, the only non-zero

ones are

B
Iy =- gy (A.1.42)
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Using the Cartan structure equations, we find the non-zero components of the Riemann tensor
to be

Roto1 _\/gar VB, (V)| (A.1.52)
Roso, :iB\/g&n(\/Z)ar(\/aT)gij (A.1.5b)
Rij = — i\/;& [\/Ear(@r)} Gij (A.1.5¢)
Rijr = 012 [1 - (C‘%(\fCT))Q] (9irgj1 — gagjr) - (A.1.5d)

The non-zero components of the Ricci tensor are

Roy =VABO, [VBO.(VA)| + (D - 2)\/537{3 (VA),(VCr) (A.1.62)
Ri=— \/iTBa,, VBo,(VA)| - (D - )\/ﬁr » [VBO,(VCr)| (A.1.6b)
Rij = [ - Br\/f&«(ﬂ) 8, (VCr) — VBCrd, [\/Ear } (A.1.60)

+(D—3) (1 - [\/Ear(\Fcr)] > ]%j (A.1.6d)

and the Ricci scalar is
R=— 2\/§8r [\/Ear<x/z)} o L p-3m-2 <1 ~ [\/Ear(fcr)f) (A.1.72)

—2(D—2)\/EB7{8T(\/Z)8T(\@T)—2( 2)[ [\Fa (\Fr)}. (A.1.7b)

When A = B, the components of the Riemann tensor simplify to the following

1
Rabcd = - 514” (gacgbd - gadgbc) (A.1.83)
1
Raibj = - gA/gabgij (A.1.8b)
1
Riji =5 (1 = A) (9irgjt — gagjk) - (A.1.80)

A.2 Spherical Decomposition

In this appendix, we will describe the decomposition of tensors, vectors, and scalars in terms of
eigentensors on the sphere.
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A.2.1 Spherical Harmonics

As we will be dealing with spherically symmetric spacetimes, we can decompose the perturba-
tions of interest using spherical harmonics. It will be helpful to review some basic properties of
spherical harmonics.

Consider p-dimensional Euclidean space R¢. A polynomial P, (z1, ..., z4) is said to be homoge-
neous of degree n in the d variables x4, ..., x4 if it satisfies the following scaling relation

P, (tx1,....,txg) = t" P, (21, ..., 2q). (A.2.1)
A polynomial Q(z1, ..., x4) is said to be harmonic if
AQ =0, (A.2.2)
where the Laplacian is defined to be
A =090 = \}gai (v9970;) (A.2.3)
where g is the metric on R? and i, j € {1, ..,d}.

Now, consider embedding S¢~! into R?. We can then define Ags—: as the Laplace operator
on the (d — 1)-sphere using the induced metric . Using spherical coordinates, and letting
m,n € {2,...,d}, we find that

d—1 1
A - (93 + Tar + ﬁASd_l‘ (A24)

A spherical harmonic Y;,(z) in S%~! of degree n a harmonic homogeneous polynomial of degree
n. In other words, it is the restriction of some harmonic homogeneous polynomial H,,(X) in R?
to S91 ie.

Y, (z) = Hp(x) (A.2.5)

for7e S%land # = X /r. Using the properties described above

0=AH,(X)=AH,(rz) =r"2[n(n+d—1)Y,(z) + Agi1 Yn(2)] . (A.2.6)

A.2.2 Master variables for metric perturbations

In this appendix, we summarise the procedure laid out in [243] for identifying the propagating
degrees of freedom (the “master variables”) of metric perturbations.

Following the notation of [243], we write the background spacetime as
ds? = nap(y)dy dy” + r?y;dz'd, (A.2.7)
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where 7, is the Lorentzian metric of the 2-dimensional orbit spacetime:

b

o) dr?, (A.2.8)

Nap(y)dy®dy® = — f(r)dt? +

and +;; is the metric on the unit (D — 2)-sphere SP~2. The metric perturbations follow the
same index conventions as the background metric. Furthermore, we denote the covariant
derivative with respect to v;; on SP~2 by ﬁj, and the associated Laplace-Beltrami operator
by Ap o= & ﬁiﬁj. The covariant derivative on the orbit spacetime is denoted by D, and the
associated Laplace-Beltrami operator by Oy = 7*D,D;. The Laplace-Beltrami operator on the
full spacetime manifold is denoted simply by O = ¢V, V.

It is worth noting that there are different conventions in the literature on what defines scalar,
vector, or tensor modes [242, 261]. Mathematically speaking, we can say anything with no,
one, or two indices is a scalar, vector or tensor. However, we could for example build something
tensorial out of scalars by using derivatives or metrics. Physically, these would still count as
scalar modes.

Tensor modes

The tensor-type metric perturbations are expanded in terms of tensor spherical harmonics T;;
on SP~2 which satisfy

(Ap-o+ k) Ty =0, (A.2.92)
T, =0, D;T,=0, (A.2.9b)

where k% is the eigenvalue of Ap_s acting on the tensor T;;, and takes discrete values:
k% =0((+D—-3)—2, (=12,.... (A.2.10)

All mode numbers (e.g. ¢) that could label T;; have been suppressed. Expressions for the
symmetric tensor spherical harmonics on the (D — 2)-sphere in terms of the mode number ¢ can
be found in [262] but are not relevant for our purposes. For each such tensor, the tensor-type

metric perturbations can be written at each £ as
hab = 0, hai = 0, hij = 27“2HTT1']'. (A.Z.ll)
It is clear that the only tensor-mode freedom is in the function Hy = Hp(t, ).

Vector modes

The vector-type metric perturbations are expanded in terms of vector spherical harmonics V; on
SP=2 which satisfy

(AD_Q n k%) V; =0, (A.2.122)
D;Vi =0, (A.2.12b)
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where k‘Q/ is the eigenvalue of Ap_s acting on the vector V; and takes discrete values':
k2 =((l+D-3)—1, £=1,2,.... (A.2.13)

All mode numbers (e.g. /) that could label V; have been suppressed. For each vector, the vector-
type metric perturbations can be written at each /¢ as

hab = O, hm' = TfaVi, hij = 2T2HTVZ‘J', (A.2.14)
where

1 /. R

The gauge-invariant combination of the variables is

F, = fo+ — D, Hry. (A.2.16)
ky

Scalar modes

The scalar-type metric perturbations are expanded in terms of scalar spherical harmonics S on
SP=2 which satisfy
(Ap-2+k3)s=0, (A.2.17)

where k% is the eigenvalue of Ap_s acting on the scalar S and takes discrete values?:
k3 =0l+D~-3), 1=0,1,2,.... (A.2.18)

All mode numbers (e.g. ¢) that could label S have been suppressed, as before. For each ¢, the
scalar-type metric perturbations can be written as

hay = fabS,  hai =7 faS;, hij = 2 (H[yijS + HTS’U) ) (A.2.19)
where
1 -
ks
1 ~ - 1

The gauge-invariant combination of the variables is

1 1
F=H,+ ——Hr+-D%X,, (A.2.21a)
D -2 r

Fup = fap + Do Xp + Dy X, (A.2.21b)

!The ¢ = 1 vector harmonic corresponds to rotational perturbations of the BH and not a dynamical degree of
freedom.

2The ¢ = 0 scalar harmonic corresponds to a shift in the BH mass, while the £ = 1 scalar harmonic turns out to be
pure gauge [243], so neither are dynamical.
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Xy = (fot+ L DoHr ). (A.2.21¢)
ks ks

A.3 Scattering from a Spherically Symmetric Potential

The fact the equations of motion for the different propagating degree of freedom are wave-like
equations allows us to use classic results from scattering theory. In particular, we will to derive
the partial wave amplitudes, phase shifts, and time delays in our spherically symmetric system.
In this section, we review basic results from scattering in spherically symmetric set-ups. This
discussion follows [263, 264].

Consider a spherically symmetric system in D > 3 to allow for centrifugal terms. Take, for
instance, the Schrodinger equation with a central potential V' (r) in D = 4. Separating variables
in the spatial wavefunction

¥(r,8,0) = R(r)Yym(6,9), (A3.1)

and writing the radial part of the wave equation as R(r) = u(r)/r, we see that the Schrodinger

2
du _ (V(T) + (et 1)> u=—k*u, (A.3.2)

dr? r2

equation reduces to

where ¢ is the angular momentum quantum number, and & is the momentum. Equations of
this form are also familiar from Newtonian orbital mechanics, and are the ones we will be

concentrating on.

At very large r, both the potential and the centrifugal contribution vanish. This is known as the
radiation zone. The general solution here is simply

u(r) = Ae’*" + Be T, (A.3.3)

for some constants A and B. In this non-relativistic setting, we will take the first term to be the
outgoing and the second term to be the incoming wave. At large r, we can therefore say that
the scattered wave is

(A.3.4)

Assuming the potential is reasonably localised, we can find a regime at large r, where the cen-
trifugal contribution dominates over the potential. In this regime, the radial equation becomes

d>u L0+ 1)

_ 2
- S u=—k, (A.3.5)

and the general solution is a linear combination of spherical Hankel functions, which are linear
combinations of the spherical Bessel functions (not to be confused with Bessel functions) with
complex coefficients

R(r) = ARY (kr) + BRP (kr), (A.3.6)

for some constants A and B. Since hél) ~ (=1)%™ and hf) ~ (=1)fe™ as r — oo, we are
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(1)

interested in the spherical Hankel function of the first kind A, for the scattered, i.e. outgoing,

wave. Fixing the direction the incident plane wave is coming from to be the z direction, the full

spatial part of the wavefunction becomes

U(r,0,¢) = ( e +ZCem (kr)Yem (6, ¢>)> (A.3.7)

for some constants Cy ,,, that determine the precise linear combination of Hankel functions.

A.3.1 Partial Wave Amplitudes

By spherical symmetry, there cannot be any ¢ dependence, so only the m = 0 mode survives.

Recalling that

20+ 1
}/E,O(9> (b) = A

where P, are the Legendre polynomials, and defining the partial wave amplitudes a, via

0 = i Ek/47 (20 + 1)ay, (A.3.9)

then the spatial wave function becomes

Py(cos(8), (A.3.8)

U(r,0,0) =

eh kY 20+ 1)aeh§1)(kr)Pe(cos9)]
l

Z (20+1) |:jg kr) + Zkf&ghé )(kr)} Py(cosb),
l

(A.3.10)

where we have used Rayleigh’s formula in the second line, and j, is the spherical Bessel function
of the first kind. Asymptotically, at r — oo

ikr

Y(r,0,¢) ~ A <e’“ + f(9)e ) (A.3.11)

r

as expected on physical grounds. Here,

o0

= (20 + 1)agPy(cos ) (A.3.12)
{=0

is known as the scattering amplitude, from which we can evaluate the cross section.

A.3.2 Phase Shifts and Time Delays

In the set-up above, an incident wave contains no mode with angular momentum around the

[13 77

axis by spherical symmetry. However, we see from Rayleigh’s equation

e = A i (20 + 1)jg(kr) Py(cos 6). (A.3.13)
=0
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that it does contains modes known as partial waves labelled by /. Their angular momenta are all
conserved, so we do not expect there to be mixing of modes with different . We can therefore

look at each partial wave labelled by ¢ separately. In particular, asymptotically at » — oo

20+1
2ikr

D = Ait(20 + 1)5y(kr)Py(cos ) ~ A (ek - (—1)%*“") Py(cos ), (A.3.14)

which describes outgoing and incoming waves respectively. In the presence of a potential, the
incoming wave remains unchanged, while the scattered outgoing wave can be different. How-
ever, even in the presence of a potential, each partial wave must scatter with no change in the
amplitude due to unitarity — only the phases can shift. Therefore, as r — oo

20+1

©
¥ A 2ikr

(ei(kr+26z) _ (_1)%—“#) Py(cosb), (A.3.15)

where ¢, is the /-dependent phase shift, and the factor of 2 is by convention, and is clearer when
this is written in terms of sin. This is equivalent to the statement that the partial wave S-matrix

is Sy = ei20e,

Using the previous formula involving partial wave amplitudes, as » — oo

2041 ¢ ; _ 2041
0 ~ tkr _ (__1\¢ —ikr st 1 ikr
vu~ 4 { 2ikr (e (=1)'e ) T e ] Py(cos0), (A.3.16)
so by comparison
— L 126, _ — 1 00 o3
U= 9k (e 1) = e sin(). (A.3.17)

The time difference between the incoming and outgoing waves will be the difference of the
coefficients of ¢ sitting in the exponents (cf. (A.3.15)). Taylor expanding the phase shift, we
then see that the time delay at fixed impact parameter and at fixed ¢ are defined as

00y

AT, = 2—
b ow

RPN L

A.3.1
Oow (A.3.18)

b 14

respectively. The former coincides with the classical Shapiro time delay in general relativity,
while the latter is more meaningful in quantum mechanics and coincides with the usual defini-
tion of the Eisenbud-Wigner time delay. It is extremely important to distinguish between these
two.
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Part II

Extremal Near-Horizon Geometries
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Chapter 6

Introduction

In this part of the thesis we shall be interested in extremal black holes.

The surprising feature of extremal black holes that we shall be concerned with in the first part
lies in (or rather on) their horizons. Horizons of Schwarzschild black holes in D > 4, and in fact
due to uniqueness all asymptotically flat (AF) and stationary black holes in D = 4, have smooth
horizons. However, the expectation that this persists when any of these conditions is relaxed,
i.e. for solutions in higher-dimensions or less symmetry, turns out to be wrong [265, 266].
The simplest and most famous counterexample to this is the Majumdar-Papapetrou solution,
describing static configurations of extremal black holes, which has horizons that have finite
regularity class [267-269].

Recently, by studying particular deformations of extremal Anti-de Sitter (AdS) Reissner-Nordstrém
(RN) black holes, the authors of [184, 185] established that this feature is generic to “almost all”
AdS black holes. These deformations are particular stationary metric perturbations that exhibit
critical scaling of the form

h ~pY (6.0.1)

in an orthonormal frame. The horizon is located at p = 0, so curvature invariants diverge
on the horizon for modes with v < 0. Further, in [270], the authors identified a marginal
deformation of AF RN black holes in D = 5 which opens up the possibility for UV sensitivity
— the GR contribution to + vanishes and four-derivative corrections seemingly lead to negative
corrections to v for Wilson coefficients satisfying the WGC. The fact that EFT corrections alone
determine the sign of v and therefore the presence of singularities on the horizon was suggested
to signal a breakdown of EFT and an amplification of UV physics — a sentiment reiterated in
[271].

In chapter 7, we revisit these deformations to the near-horizon region of extremal black holes
and study a scalar toy model related to deformations to extremal charged black branes. We also
consider a toy model of a spectator scalar field with EFT corrections, anticipating the discussion
in the following chapter on UV sensitivity. In chapter 8 we extend the analysis of deformed
horizons in the presence of UV corrections to AdS RN black holes and systematically study
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the effect of UV physics on marginal deformations thereof. In a theory of gravity with higher-
derivative corrections, the effect of said corrections on perturbations resums into the exponent
of (6.0.1). These take the form of

Y = YGR + YEFT; (6.0.2)

such that v reduces to vggr in the absence of higher-derivative corrections. Curvature invariants
blow up on the horizon when + < 0, so v := 0 constitutes a marginal case or critical value
for singular behaviour . When the GR contribution is marginal, i.e. for vgg = 0, the EFT
contribution dominates if non-zero, and the system is said to exhibit UV sensitivity. It turns out
that for extremal AdS RN black holes, there exists an infinite number of deformations to the

near-horizon geometry for which this is exactly the case.

Consider e.g. Einstein-Maxwell theory with zero cosmological constant in D = 5 described by
the following EFT-corrected action

Si= [ P/ =g | SR S P g e (B, F)? (6.0.3)

IR — x _g% _Z uv +CF( uv ) . -J.

From the EFT perspective, this theory is of course highly tuned, but the correction itself is
generic. Perturbatively in the Wilson coefficient ¢, the theory admits AF, static, and spherically
symmetric background solutions with AdS, x S near-horizon geometry in the extremal limit. On
top of these, perturbations take the form of scaling solutions in (6.0.1) with exponents (6.0.2),

where | ¢ 600 +2)
TeR = 5 (=1 +[0—1]), L Ly v (6.0.4)
As anticipated, the ¢ = 2 is a marginal deformation for which
C
y = fy\mzo = —48W. (6.0.5)

This is negative when ¢ > 0, which is the sign consistent with positivity bounds and the WGC,
and vice versa. In other words, within our truncated theory, we find that “consistent” low-energy
physics is associated with a definite sign for the correction 4.

It is tempting to view this sensitivity to UV physics as signalling a breakdown of EFT. This occurs
when curvature invariants constructed within the deformed geometry become large. Since the
EFT is only constructed (and hence valid) to first order in the metric perturbations, we should
only consider curvature invariants to that order. For an EFT with a Lorentz-invariant energy
cut-off A on an extremal black hole background with horizon radius ry, we show that this
breakdown occurs when the metric perturbations reach

h ~ hop? ~ (Arg)? (6.0.6)

in some orthonormal frame. For the EFT to be valid even at the level of the background, we also
require that Ary > 1. On the other hand, metric perturbation theory breaks itself down when
the quadratic action in perturbations no longer dominates over higher-order terms in the action.

!For a discussion on different critical values of v, see section 7.2.4.
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We confirm that this happens when
h ~ hop? ~ 1, (6.0.7)

as expected. Evidently metric perturbation theory breaks down first — in other words, we lose
control over metric perturbation theory long before the EFT is out of control. In [185], this is
shown to signal an instability of the IR fixed point and suggests that RG flow leads to a different
IR theory likely with less symmetry. It is however notable that, in the marginal case, the point
at which metric perturbation theory breaks down is determined by the EFT. Whether or not
metric perturbation theory is reliable therefore depends on the EFT — from the perspective of
an observer (in the bulk), this is a form of UV sensitivity.

The following set-up is illustrative. Consider the action
5 1 1 ap v 1 2 1 2,2
SUV = d N\ —g ER - 16 F'UJ/FM - §(v¢) - im ¢ (6.0.8)

describing Einstein-Maxwell theory coupled to a massive dilaton ¢ with m in D = 5. It is
a partial UV completion of the effective action (6.0.3) — more precisely, when the dilaton is
heavy relative to the background curvature, i.e. m?r% > 1, this is the tree-level effective action
we obtain from integrating out said massive dilaton in (6.0.8), with ¢ = 1/32 and A? = km?/a?.

The theory (6.0.8) is renormalisable and hence perfectly well-behaved as a UV theory — it
is described by a two-derivative action which universally arises as the bosonic sector in string
theory and its supergravity [272-274]. Perturbatively in « this also admits AdS, x S Robinson-
Bertotti background solutions [275, 276], on top of which perturbations take precisely the form
of the scaling solutions in (6.0.1) with scaling exponent

1 2 6l +2) - i

a (L+1)m?2r%;
=—(-1+1(—-1|) — . 6.0.
7Ty (=1+] ) 32m?rik (-1 14+ 4 (6.0.9)

2.2
mery

The leading term at O(a") is what we would obtain as the uncorrected ygg in pure Einstein-
Maxwell theory, so the O(a?)-term is a correction to this. Further, let us make the trivial ob-
servation that, depending on the parameters of the theory («, m) and the solution (¢, ), the
exponent v can take either sign. As discussed, v < 0 leads to metric perturbations blowing
up at the horizon, rendering metric perturbation theory out of control and signalling that the
near-horizon will be replaced by a solution with less symmetry.

The leading-order contribution itself vanishes when ¢ = 2, in which case the marginal scaling
takes the form

o4 L~ s (6.0.10)
T= 32m27‘?{/€ 14 25 e

mQT'H
As expected, this agrees with (6.0.5) in the limit where mry — oo and with appropriate
identification of ¢ and A. Once again, this can also take either sign — it is positive when
0 < m?r?% < 8/3, but negative otherwise. Whether or not metric perturbation theory blows up
is therefore sensitive to the precise mass of the dilaton. Having 4 positive however automatically
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takes us outside the regime of validity of the low-energy theory. We see that metric perturbation
theory already breaks down in the UV, and the EFT in fact captures this effect perfectly. If it
was the EFT itself that breaks down, we would have expected that details of the UV completion
are necessary and sufficient to cure this. Since the singularity persists even in the UV, this is
certainly not associated to a breakdown of EFT.

For deformations of AF RN black holes, the combination of Wilson coefficients for four-derivative
EFT corrections entering the AF extremal charge-to-mass ratio also enters the scaling exponent
4 in the marginal case. Therefore, Wilson coefficients satisfying the AF WGC lead to worse
behaviour on the horizons of marginal deformations to AF extremal RN black holes. There is
an infinite tower of marginal deformations of extremal RN black holes in AdS, with different
combinations of Wilson coefficients entering the marginal scaling exponent 4. On a speculative
basis, but informed by examples, we conjecture that EFTs with consistent UV completions also
lead to worse behaviour on the horizons of these marginally deformed AdS RN geometries. We
explore the implications of this so-called near-horizon negativity, along the lines of other criteria
and bounds within the EFT consistency program [164, 180, 181, 277].

In chapter 9, we turn to dynamics of matter fields in the near-horizon geometry of undeformed
extremal black holes. Moving beyond the stationary deformations, the dynamical perturbations
to near-extremal black holes are described by JT gravity when we dimensionally reduce onto
the AdS, -factor — this is a special case of the 2D dilaton gravity models from section 1.2.2. It
is described, up to boundary terms, by the action

Syrlg, ®] = /M d%zy/—g® (5 — A) (6.0.11)

which admits AdS, as a background solution. AdS; holography is subtle, because we can only
consistently describe the ground states of the system. The boundary is one-dimensional, so con-
formal symmetry is associated to the Hamiltonian of the field theory vanishing. It can be param-
eterised by a single function ¢(u), but is invariant under reparameterisations of it — these are an
asymptotic symmetry of AdSs . To study non-trivial dynamics, we turn to nearly-AdSs/nearly-
CFT holography, where leading-order corrections away from AdSs are taken into account. Time
reparameterisation invariance is broken spontaneously and explicitly to the SL(2) subgroup.
EFT principles dictate that the dynamics of the boundary are described to leading-order by the
Schwarzian action for the boundary time ¢(u), with the Schwarzian derivative being the lowest-
order derivative operator invariant under the residual symmetry. This is a field theory which is
amenable to perturbative QFT.

We are interested in studying boundary correlation functions of Goldstone EFT (1.1.20) in the
bulk with contributions from the Schwarzian modes. The reason for this is twofold. As we
already seen, the (0¢)*-operator is the prototypical example of an operator subject to non-trivial
restrictions from positivity and causality constraints. On the other hand, there are interesting
interpretations of the (0¢)*-operator itself in AdSs . First of all, it can be thought of as the
TT-deformation of free massless scalar field — these deformations have found a lot of interest
in recent years as exactly solvable, integrable, but irrelevant deformations to QFTs. These are
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known to generate square-root structures in brane actions, which also famously give rise to the
Goldstone EFT. Interestingly, these can be thought of as coupling to two-dimensional topological
massive gravity, in which case the Wilson coefficient of the Goldstone EFT interaction is related
to the mass squared of the graviton. The fact that positivity bounds prefer a sign of Wilson

coefficient is on one-to-one correspondence with positivity of the graviton mass squared.

It is interesting to see what implications different signs of the Wilson coefficient have on the
observables within the boundary theory itself. To that end, we present preliminary results for
matter boundary correlation functions. In the matter sector, the holographic dictionary can be
used to determine the connected generating functional

Wmatter[Xrat] = 2_2 (H/dtin(ti)) <]Z{ OX(tj)> , (6.0.12)

matter

where x, act as sources in the boundary theory. We determine the 2- and 4-point function up to
1-loop, making use of the fact that bulk loop integrals are just one-dimensional. The generating
function also includes an integral over the dynamical gravitational degrees of freedom, in this
case the boundary time ¢, so generally

Zxr] = / Dt ¢~ Lschw[t]—Wmatter [xr.t] (6.0.13)

so that

<ﬁ ox(tj)> = / Dt sehw <ﬁ (’)X(tj)> . (6.0.14)

grav. matter

We evaluate leading-order corrections away from the gravitational saddlepoint.
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Chapter 7

Deformations of Near-Horizon
Geometries

In this chapter, we revisit deformations of extremal charged black holes and discuss similar
deformations to black branes. We start in section 7.1 by introducing the set-up by reviewing
background solutions and the decoupling of perturbations thereof in pure Einstein-Maxwell
theory. We solve for these deformations explicitly and discuss some of their properties in section
7.2. By starting in the near-horizon region from the out-set, we generalise to deformations to
the near-horizon region of extremal black branes and discuss a holographic interpretation.

Details on the decompositions of perturbations on the sphere and AdS, are given in appendices
7.A and 7.B respectively. In appendix 7.C, we collect results on geodesics and tidal forces in the

background and its deformation.

7.1 Reissner-Nordstrom Black Holes

Consider Einstein-Maxwell theory in D = d + 2 dimensions with cosmological constant A, de-
scribed by the following action

1 1
Seu = / dPay/—=g [% (R —28) = Fu P . (7.1.1)

In terms of the Planck mass Mp, 1/k = Mlﬁll. For convenience, we will concentrate on asymptot-

ically AdS spacetimes and write

(D—-1)(D—2)

A=—
2L2 :

(7.1.2)

where L denotes the AdS radius. The AF and dS cases can be reached via the limit . — oo or
analytic continuation L? — —L? respectively.
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The background equations of motion associated to this are

1
G + Mg = KT, T = FuuF,* — 1 W F g, (7.1.3)

and
VF#F,, = 0. (7.1.4)

7.1.1 Background Solution

For convenience, we restrict ourselves to static and spherically symmetric, and electrically charged
background solutions, which corresponds to the following Ansatz

dr?

B(r)
F =V (r)dt Adr, (7.1.5b)

Gudatda” = —A(r)dt? + +r2dQ3, (7.1.5a)
where dQ2?2 is the round metric on S¢.

The solution to the Einstein-Maxwell equations (7.1.3) and (7.1.4) of this form is the AdS RN
solution, and it is given by A(r) = B(r) = f(r), for

r? M Q?
flr)=1+ 15— p5+ 72(D—3)" (7.1.62)
q 2 _ (D=3)¢*k
V)= pm @ =—p—5— (7.1.6b)

7.1.2 Perturbations

To study perturbations on top of the D-dimensional RN backgrounds, we consider small per-
turbations /kh := g — g and 6F := F — F around the background solutions and linearise
the equations of motion (7.1.3) and (7.1.4) in these. Following [278], it is natural to decom-
pose perturbations with respect to the background spherical symmetry in terms of tensor; vector;
and scalar harmonics — a discussion of this can be found in 7.A Particular linear combinations
of the gauge-invariant variables known as “master variables”, which mix the gravitational and
electromagnetic (EM) perturbations, obey Schrodinger-like “master equations”

1
f

where M € {T,V+,V—,S+,5—} labels tensor, EM and gravitational vector, and EM and gravi-
tational scalar modes respectively. Further, Uy,(r) is a mode-dependent effective potential con-

Oo®pr — Upr®pr =0, Oy = ——02 - +9,(f0,), (7.1.7)

taining the angular dependence, although the details of the effective potential are irrelevant in
the upcoming discussions and we will drop the subscript M for now. See appendix 7.A for more
details.

We shall be interested in the near-horizon region, where Schwarzschild-like coordinates are not
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suitable, so it is useful to employ ingoing coordinates (v, r, z*) with

Vi=t 41y, drei= (;7“ (7.1.8)

The perturbations now obey the master equation (7.1.7) with
Og- = 20,0, - +0,(f0,+). (7.1.9)

Due to staticity of the background, we can use the Killing vector £k = 9/0v to decompose the
perturbations in terms of its eigenfunctions @, (¢,7) = e~ ¢,/ (r), so that (7.1.7) reduces to

fohr + (ff —iw)dhyy — Unrdar = 0. (7.1.10)

This is the equation we wish to solve.

7.1.3 The Extremal Limit

RN spacetime has two real horizons r1 which are implicitly defined by f(r+) = 0, while the de-
generate extremal horizon ry is implicitly defined by f(ry) = 0 and f'(rg) = 0 simultaneously.
For AF RN black holes in D dimensions, this is explicitly given by

2
D=8 _ M <J\24> _ Q2 (7.1.11)

so the extremal limit is reached when v
@l =~ (7.1.12)
It will often be convenient to repackage dependence on the AdS length scale L into

. . 2
(D (D2)_(1;)2 1)9 Y (7.1.13)

oc=1+

Hence the limit 0 — 1 is degenerate in that it corresponds to both ry — 0 and L — .

We are interested in the deformations from [184, 185, 270, 271] — these are stationary per-
turbations of extremal black holes within the near-horizon limit. It turns out that the extremal
limit is in tension with both the stationary limit and the near-horizon expansion, and the or-
der in which these expansions are performed is subtle. To see this, our prescription will be
to first consider the general case of non-extremal and non-stationary perturbations outside the
near-horizon limit, and then take at most two limits consecutively to see any non-commutativity.

The Stationary Limit

By stationary perturbations, we mean solutions to (7.1.10) withw = 0!

IStationary scalar and vector perturbations generically have off-diagonal components, so generic stationary metric
perturbations are not static — only pure stationary pure tensor perturbations are static.
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w#0 w=0

ry reg. ry reg.

sub. £ & + &
oo irreg. oo irreg.

ry irreg. ry reg.

ext. | ' H €8 H I8
oo irreg. oo irreg.

Table 7.1: Classification of singular points of the master equation (7.1.10) in different limits.
This suggests that one should take the stationary limit first.

As an ODE, the master equation (7.1.10) has singular points at the horizon(s) » = r4 (orr =rgy
in the extremal limit) and at » — oo, and the classification into regular and irregular singular
points depends on whether the stationary and/or extremal limits are taken. For non-stationary
and sub-extremal perturbations, the two horizons are regular singular points, which remain
regular in the stationary limit and become confluent and irregular in the extremal limit. In the
simultaneous stationary and extremal limit, the degenerate horizon once again becomes regular.
In all cases, » — oo is an irregular singular point. This is summarised in table 7.1. The equation
of motion for non-stationary extremal perturbations has two irregular singular points, so the
solutions differ drastically from the other cases. This suggests that the stationary limit should
be taken before the extremal limit.

The stationary solutions, for which we set w = 0 from the out-set, are not solutions that can be
reached in the naive limit as w — 0 for finite-w excitations. We should therefore think of these
solutions as deformations of the background solution which are not dynamically excitable with
finite energy.

The Near-Horizon Limit

In the sub-extremal case, it is convenient to parameterise
re =rg(lte), p=r—ry, (7.1.14)

where rg is the location of the extremal horizon. The near-horizon and near-extremal limits
correspond to expansions in € and p/ry respectively. Since the location of the outer horizon is
affected by the extremal limit, these will not be independent.

Consecutive expansions are unambiguous e.g. for the metric function f(r) itself. However, the
standard form of the master equation (7.1.10) also involves factors of f~!, which is not uni-
formly convergent in £ and p — consecutive expansions therefore do not commute. To avoid
this ambiguity, our prescription will be to expand only f(r) (and not its inverse) within the
equations of motion, and then carefully take the respective limits of the solutions.

Physically, this corresponds to taking the perspective that extremal black holes should be seen as
extremal limit of non-extremal black holes physics. More precisely, the near-horizon dynamics of
extremal black hole perturbations are to be understood as the extremal limit of the near-horizon
dynamics of non-extremal black hole perturbations. For singular geometries, one motivation for
this is the criterion established in [279]. At its core, this states that zero-temperature singular so-
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lutions are admissible if they can be reached as the zero-temperature limit of finite-temperature
non-singular solutions. The physical motivation for this is that for such geometries, the would-
be zero-temperature naked singularities would be shielded by the horizon of a regular geometry
in the finite-temperature case.

7.2 Stationary Deformations

With the subtleties from the previous section 7.1.3 in mind, let us now solve (7.1.10) starting
with the sub-extremal case in the near-horizon region. The extremal limit of these solutions are
indeed found to be of the form (6.0.1), and we discuss the role of the near-horizon geometry in
fixing this.

7.2.1 Sub-Extremal Deformations

In general, we can write
1
fr)=f'ro)p+ §f”(r+)p2 ... (7.2.1)

within the near-horizon limit. Notably f’(r;) = O(e) and vanishes in the extremal limit, so let

!
us define 3 = 52]{”((::)) which is finite in the extremal limit. In the near-horizon region, the master

equation (7.1.10) can be approximated by

(p* +eBp) " + (20 +2B) ¢ — Usp =0, (7.2.2)

where U, := 2U(r = ry)/f"(r4). This is the hypergeometric differential equation in disguise,
and the solutions are Legendre’s functions

¢ = APu(2) + BQa(2), (7.2.3)

with integration constants A and B, and

1 .20
a—g(—1+\/1+4U*>, s=1+ 5. (7.2.4)

The combination p/e in the expression for z is symptom of the tension between the extremal and
near-horizon expansions. In the strictly sub-extremal case, the near-horizon limit corresponds
to z — 1, and the non-extremal solution (7.2.3) takes the form

¢~A{1+;a(a—1)(z—1)+...] +B[c—;log(z—1)+... , (7.2.5)

for some constant ¢ involving Digamma functions. Finite boundary conditions at the horizon
require B = 0, and the remaining solution is regular on the horizon. We will discard the former
branch of solutions even in the extremal case, regardless of behaviour at the boundaries, as they
would not arise from regular non-extremal solutions.
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7.2.2 Extremal Limit

The horizon ceases to be analytic in the extremal limit as z becomes large. Setting B = 0 from
the out-set for finite boundary conditions at the horizon in the sub-extremal case, the asymptotic
expansion of the solution (7.2.3) in ¢ is

¢ ~A

- 1+a 5 —a
F(—1—2a)<55> +...+F(1+20‘)<55> +.. (7.2.6)

f(-a)2 \p f@? \»

where & is the extremal limit of «. The subleading terms come in the form of a power series in
e/p, so even for & € C we can simply rescale the integration constants by the most negative real
power of ¢ respectively in order to obtain finite solutions in the extremal limit. What remains is

¢ = de7 (7.2.7)

where C' is some constant. Had we not set B = 0 from the out-set, the other solution with
exponent —1 — & could have also survived. Note that these are precisely the deformations from
[184, 270] of the form (6.0.1), obtained by directly solving the extremal limit of the master
equation (7.1.10)

02" +2p¢ —Usp =0 (7.2.8)

with U, the extremal limit of U,. In terms of their notation, the scaling exponents are

1 .1 1 -

We can understand the critical scaling of the near-horizon solutions from a holographic perspec-
tive [280]. The near-horizon limit of the extremal AdS RN metric

o2 | o f"ra) )\ de?
ds _f”(TH)[ p < 5 dt> + 2

+ r%d03 (7.2.10)

is the Robinson-Bertotti solution, i.e. AdS; x S¢ with AdS; length scale Ly = 2/f"(ry). We
expect this AdS, -factor to be generic (under suitable assumptions) to the near-horizon ge-
ometry of extremal black holes even in theories with other matter fields and higher-derivative
corrections [281, 282] — see [283] for a review on this. This means that we expect to find such
critical scaling behaviour of stationary perturbations in the near-horizon limit even in such more
general theories.

If we are only interested in finding the scaling dimensions themselves (which is the case), it
is more straightforward to follow the procedure outlined in [184]. By using the isometries
of the near-horizon geometry, the problem is reduced to finding AdS; x S backgrounds and
decomposing the perturbations with respect to the enhanced isometries thereof — details for
this are given in appendix 7.B. The resulting perturbations equations are easier to decouple and
will just be algebraic (quadratic) in ~.
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7.2.3 Black Branes

We just saw that near-horizon deformations of extremal black holes are most easily studied
by solving for stationary perturbations of the Robinson-Bertotti geometry AdS, x S?. Higher-
dimensional AdS spacetimes arise within the near-horizon geometry of black branes, so by start-
ing within the near-horizon limit, we can generalise the discussion above to deformations of
extremal black p-branes. We discuss some properties of these deformations, which also apply to
the deformations of extremal black holes from before.

Consider Einstein gravity with zero cosmological constant minimally coupled to a (p + 1)-form
gauge field A, via the action

1 1
S = /le-w/g |:2/{R )!F(p-‘rl) /\*F(p-‘rl) , (7.2.11)

2(p+2

for Fi,19) = dA(,41). This admits AdS,;2 x S9=P Freund-Rubin spacetime, which is described
by the metric

d 2
ds? = pdugda® + p—’; +d92,, a€{0,...,p} (7.2.12)

as background solutions [284], where we have set the AdS,» length scale to unity for conve-

nience.

As a special case, these Freund-Rubin geometries include the Robinson-Bertotti solution AdSs x
S?. As in the special case, these solutions also arise (up to a conformal factor) as the near-
horizon geometries of extremal electrically charged black p-branes

o d—p—1
ds® = H 4505 nydatda® + HYSS (49> + p2d03_,), H =1+ (m) . (7.2.13)
where A = 4/n for 5--BPS black branes [285-287] 2.
The equation of motion for a test scalar field takes the form

—p 20,0 + p*020 + (p+ 2)p0p — Usp = 0 (7.2.14)

for some effective potential U. In the near-horizon limit, perturbations to these extremal black
branes see the Freund-Rubin spacetime (7.2.12), so the equation of motion governing them
takes the same form. The most natural extension to the stationary perturbations of black holes
from section 7.2 are modes which satisfy the massless Klein-Gordon equation on the brane —
these are plane waves localised to the brane with null wave vector, or more explicitly

d(2, ) ~ p(a?) e*a™ ko k® = 0. (7.2.15)

Indeed for p = 0, this reduces to w = k® = 0, and the modes are stationary by definition. Thus

>The M2- and M5- or F1- and NS5-branes in D = 11 and D = 10 supergravity respectively are well-known
examples of %-BPS brane solutions [273, 274, 288].
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we find the analogue of (7.2.8) generalised for black p-branes:
2" + (p+2)pd’ — Usdp = 0. (7.2.16)

The solutions to this are nonetheless scaling solutions of the form (6.0.1) now with

p+1 4 ~
=——|-1+/1+ —=U. 7.2.17
ges 5 < + Pt 1? ) ( )

instead of (7.2.9).

7.2.4 Singularities

A priori, there is no reason why 1 + 4U, /(p 4+ 1)? > 0, so we have v; € C in principle. Splitting
Y+ = g £ iy; with vg, v € R, the solution can be written as

¢ = crp'? cos (vyrlog p) + crp % sin (y1 log p) (7.2.18)

_ptl
2 >

non-zero imaginary part leads to only a slightly worse singularity on the horizon in a manner

for some constants cg,c; € R. When ~; # 0 we always have vy = and we see that a

which is not sensitive to the sign or magnitude of it. The qualitative nature of the horizon is
. . . . 41

therefore effectively determined solely by g, the lower bound for which is vy, = —25-.

Now, recall that the field ¢ with near-horizon scaling in (7.2.7) was derived from the equations
of motion governing perturbations propagating on extremal RN background geometries. In
real terms, this translates to the following scaling for the perturbed metric and Weyl tensors in
Schwarzschild-like coordinates:

h.~p?, 6C..~p'~2. (7.2.19)

Either by changing coordinates (¢, p) — (t, z) with z = 1/p or going into an orthonormal frame,
one sees that all scalar invariants take the form

S=p", neNt, (7.2.20)

even when these are constructed with covariant derivatives acting on tensors. Given a causal

geodesic with tangent vector u, normalised as u?

€ {-1,0}, one can construct a parallel-
propagated orthonormal frame by taking é," = u*, so that the component of the Riemann

tensor entering the geodesic deviation equation takes the form

Ry = (U2)2 Roi01 D (u2)2p7_2. (7.2.21)

We therefore see that a timelike scalar polynomial (s.p.) or parallel-propagated (p.p.) singularity,
in the sense of [160], occurs when v < 0 or v < 2 respectively. For details such as explicit
construction of the vielbeine, see appendix 7.C.
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In physical terms, p.p. singularities cause divergent tidal forces for point-particle observers —
in other words, they lead to a breakdown of the worldline EFT, as was shown in [271]. We can
think of these as an artefact of treating the observer as a point-particle, or more concretely the
geodesic/geometric optics approximation. In the following, we will take the perspective that
Yerit = 0 is the more interesting critical value that divides regular from singular behaviour on
the horizon. This is achieved when U, = 0 irrespective of p, so we conclude that deformations
of extremal black branes qualitatively do not differ much from ones of extremal black holes. It
should be noted that other choices of ~; are also interesting, and there will be deformations
corresponding to those.

At first thought, the presence of either type of singularity on the extremal horizon might be
concerning, and prompt a dismissal of the solution. However, (7.2.5) shows that all of these
singular solutions arise as non-extremal solutions that are regular at the horizon, so they are
“good” and hence admissible singular solutions in the sense of [279]. For AdS RN black holes,
[185] takes the perspective that these signal an RG instability in the IR of the dual field theory.

7.2.5 Holography

From the perspective of AdS, 2 holography, the critical exponents (7.2.17) can be understood as
the negative scaling dimension of the operator dual to a scalar field with (effective) mass squared
U,. The solution regular on the horizon, with scaling exponent ~., is dual to an operator with
scaling dimension

Ay i=p+1+4 (7.2.22)

with alternative boundary conditions [289].

Recall that for the Einstein-Hilbert action supplied with the canonical boundary term (with
which we associate Dirichlet boundary conditions at the conformal boundary), the bulk scalar
field can have fall-off (1/p)*+ and finite action when we find ourselves above the Breitenlohner-
Freedman (BF) bound m? > m%, = —(p+1)?/4. However, there exists an alternative boundary
term (with which we associate von Neumann boundary conditions at the conformal boundary),
for which the scalar field can also have fall-off (1/p)*~ with A_ := p+1 — A, as long as we
are in the BF window

_M§m2§_w+1 SN p;lgA_Sjil_ (7.2.23)

4 4 2 2

The lower bound on A_ is corresponds to the unitarity bound for scalar fields in AdS, > —
see e.g. [290, 291] for details . The lower bound on v, = —A_ > —pgi hence corresponds
to the upper bound on A_, which ensures finite boundary action for the bulk fields. This fact
motivates our conjecture in section 8.4.1.

Holography is helpful in shedding on light on (near-)extremal black holes, as their thermody-
namic properties can be studied directly from the dynamics of the near-horizon perturbations.

3The statement that the same bulk Lagrangian can give rise to different theories depending on the boundary term
typically goes under the name of standard/alternative quantisation in the context of holography:.
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We will discuss this in chapter 9.

7.A Spherical Symmetry Decomposition

In this appendix, we briefly summarise the spherical decomposition of the EM and gravitational
perturbations in Einstein-Maxwell theory (7.1.1), most closely following [278] and building on
[242, 243]. We focus on scalar perturbations as only they can lead to marginal deformations.
Explicit expressions for the effective potentials are complicated and of secondary relevance,
hence omitted.

7.A.1 Tensor Modes

The tensor harmonics T;; satisfy

(A+k2)T;; =0, T, =0, DT =0, (7.A.1)

A
where

k2 =0(l+D—-3)-2 (=1,2,... . (7.A.2)

We parameterise our tensor metric and field strength perturbations as

6gab =0, 8gai =0, 6gi; = 2r*HrTyj, (7.A.32)
6Fp =0, 6F,; =0, 6&F;=0. (7.A.3b)

The perturbation Hry is already gauge-invariant, and the tensor mode master variable satisfying
the master equation (7.1.7) is defined to be

oy = rP-2/2,. (7.A.4)

7.A.2 Vector Modes

The vector harmonics V; satisfy
(A+KE)V; =0, DVi=0, (7.A.5)

and we define from it vector-derived tensor harmonics as

1

DV, (7.A.6)

where
k. =(l+D-3)—1, £=1,2,... . (7.A.7)

However, it can be shown that ¢ = 1 corresponds to V;; vanishing, and therefore needs to treated
carefully.
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We parameterise our vector metric and field strength perturbations as

8gab =0, 0gai = 1faVi, 0gij = 2r*HrV,j, (7.A.8a)
0Fay =0, 0Fu = DgAVy, 6F; = 2ADV)), (7.A.8b)

and define the gauge-invariant variables via

2D —
b3 <fa + TDaHT> = gure™D, <Q n (?’)WA> . (7.A.9)
l{V mv

There are now two distinct vector mode master variables satisfying the master equation (7.1.7),
and they are linear combinations of the gauge-invariant EM and gravitational perturbations

DT = arQ+ biA, (7.A.10)

for some constants a1 and b... In the decoupling limit, e, = 0 and b_ = 0, so we refer to <I>‘J§ and
®,, as the EM and gravitational vector modes respectively. Only the EM ¢ = 1 mode is dynamical,
while the gravitational counterpart corresponds to adding rotation to the background solution.

7.A.3 Scalar Perturbations

The scalar harmonic S satisfies
(A+E2)S =0, (7.A.11)

and we define from it scalar-derived vector and tensor harmonics:

1 .
Si=——D;S, Sy=
ks 7

1
kS

A 1

where
k2 =0((+D-3), £=0,1,... . (7.A.13)

However, ¢ = 0 has constant eigenmodes and therefore corresponds to just a shift in the back-
ground parameters. The ¢ = 1 mode corresponds to S;; vanishing, and therefore needs to be

treated carefully.

We parameterise our scalar metric and field strength perturbations as

69ab = fabS:  O69ai =7 faSi, 0gij = 2r* (Hrvi;S + HrSyj) (7.A.14a)
1

OF,, = —k—eabSDCBC, §Fu = epSiB®,  6F;j =0, (7.A.14b)
S

and define the gauge-invariant variables by

1 1
F=H;,+——Hpr+-D,rX*“ (7.A.15a)
D -2 r

Fab = fab + 2D, Xy) (7.A.15b)
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with
a ab T r
X=g"— | fo+ —DyHp (7.A.16a)
ks ks
B = (ﬁ;b + kSEOXb) : (7.A.16b)

There are two master variables satisfying the master equation (7.1.7), the EM and gravitational
scalar modes @ and @ respectively, that are related to the gauge-invariant variables above via

F=a_®g+b_0,0g + ay L +0,0,9, (7.A.17a)
& = c_Dg + c  PF, (7.A.17b)
& =a-0g +b_0,P5 +ard + 0,008, (7.A.17¢)

for some constants a, by, a, by, and c.. For £ = 1, only the EM scalar mode is gauge-invariant
and dynamical.

7.B Near-Horizon Isometries Decomposition

In this appendix, we will briefly outline how to compute the critical exponents by starting within
the near-horizon limit, following [184].

7.B.1 Background

First consider the background. In ingoing coordinates (v, r, %) with dv = /A/Bdt + dr/B, the
most general static and spherically symmetric Ansatz (7.1.5) becomes

ds* = —Bdv?® + 2dv dr + r2dQ2, (7.B.1a)
B
F = Z\If (r)dv Adr, (7.B.1b)
so in the near-horizon limit
ds?* = —Bygp*dv? + 2dv dp + r3,dQ2, (7.B.2a)

B
F = /=™ Fypdo A dp, (7.B.2b)
ANH

where Axg = A" (rg), Byu = £B”(ry), and Fyu = ¥/(rp) are constants. This is the form of
the AdSy x S? Ansatz we will use. It is given in Gaussian null coordinates, which are a natural
and well-defined set of coordinates near null surfaces.
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7.B.2 Perturbations

Using the isometries of the AdS; factor in the near-horizon geometry, we can decompose the
metric and field strength perturbations in the scalar sector as

| AN 2 12 1 o 2)
0g=p" 1/ —=—T00S AnuB dv® +2dvdp + ———p “d 7.B.3a
g=p [ BIP\,IHfoo (\/ NHBNHp” dv vdp \/mp p ( )
, 1 o
2f0S;dat | pdv + ————p d hrviiS + hrSij)dzida’? 7.B.3b
+2fo x(ﬂv—i‘\/mp P>+(L’YJ+TJ)$ 30] ( )
oF = p7 [anv ANdp+ pegSidv Adz® + pte; Sidp A dmi] , (7.B.3¢)

where foo, fo, Az, b7, a, €y, and e; are constants. In order for § F to be closed, we also need

R (7.B.4)

7.B.3 Explicit Solution in D =5

For concreteness, let us give explicit expressions for the perturbations in Einstein-Maxwell theory
(7.1.1) for D = 5. The near-horizon Ansatz solves the background equations of motion for

4o
Angg = 2F2h—2— Bap = — BS5
NH NHF . NH 2 (7.B.5)

and the perturbation equations are solved by

hy =0 (7.B.6a)
foo = 16 — 3k% + 28v(v + 1)o (7.B.6b)
i G ) (0TI
hy k2
- - ~12 B.6
Jo = Grer?, ( y+1 7") (7.8.60)
7+l ks hr 4—k%+4y(y+1)o

p p— p— 7-B-6d
ks 0 r%ﬁel 44/2 kr3/1+ 20 ( )

up to gauge transformations.

7.C Tidal Forces

Let us derive the tidal force felt by an observer crossing the horizon of such a deformed geometry.

7.C.1 Geodesics in Spherical Symmetry
Let us first review the geodesics on the background.
Consider a spherically symmetric spacetime, i.e. with metric

2 2 dr? 2 102
ds® = —f(r)dt + m + r°dQy. (7.C.1)
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Let u be the tangent vector to a (affinely parameterised) geodesic, so the appropriate Lagrangian
is L = —g,ufu”. From the Euler-Lagrange equation for ¢, we see that we can pick 6 = /2

without loss of generality. Further, the spacetime has two Killing vectors

0 0
k= a, m = %, (7.C.2)

which are associated to the conserved quantities
E=—k-u=ft, h=m-u=r?sin(h)?s, (7.C.3)

which are the energy and the angular momentum. We can therefore write

u= <lf?, 7,0, :;) . (7.C.49)

Let us further restrict ourselves to an orbit with no angular momentum, i.e. h = 0. In order for
the geodesic to be properly normalised,

2 2
oc=u’= —ljc + 7”7 (7.C.5)

so that for a timelike geodesic (o = —1),

r_Erafir) (7.C.6)

which is the equation of motion we want.

7.C.2 Local Inertial Frame

The (inverse) orbit space vielbein basis satisfying e}, = u* amongst the other conditions men-

e = <?,—\/E2+0 ,O)

» ( \/m ) (7.C.7)
61 = _wavO )

or in terms of the orbit space vielbeine themselves

tioned is

VE? E
eV = Edt + erdet, et =/E2 +ofdt+ ?dr. (7.C.8)

This can be inverted to give

E E?
e = VT o1 - B, o=~ Zer YL 1 (7.c9)
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which is notably degenerate for null geodesics. Using Cartan structure equations, the only non-
vanishing orbit space torsion-free connection coefficient is

Y

w —dt + —— —————dr. (7.C.10)
0727 T 2f /B2t of

The base space vielbeine are the usual ones in spherical symmetry, and while generically w,; # 0

(for a,b,--- € {0,1} and 4,7,--- € {2,...,D — 1}) because the orbit space vielbeine are non-

diagonal, w’, ~ e’ and therefore only have spacetime components in the base space directions.

For example, in D = 4 spacetime dimensions
\/ E? FE t 0
oded = sin 0dr A d¢ + rcosfdd ANdo = —%Ufe?’ Aed + 7636’1 — %83 Ae? (7.C.11)

so that

. \/ E?
owdy = VERO VE?+ o fsinfd¢
r

E

owd] = ——€> = Esinfd¢ (7.C.12)
r

owd, = cot 963 = cos fd¢.
r

7.C.3 Tidal Forces

However, the claim in [270] is that the tidal forces diverge for v < 2. Indeed, we will see that
the divergent components of the Riemann tensor enter the geodesic deviation equation.

Geodesic Deviation on Extremal Horizons

Given a congruence of geodesics with tangents u* and deviation vectors n*, the geodesic devia-
tion equation reads
D277“
— _pH a, B v
VS R gt un” (7.C.13)

To see this, we follow [292] and switch to a (inverse) tetrad basis é,” of radially free-falling

observers — in other words, a tetrad basis which is parallely propagated: Dé,"' /DX = 0. More
concretely, this can be done by picking

ey = ut, (7.C.14)
where u* is the unit tangent vector to the geodesic. Since u - n = 0, we also have 7jg = 0.

Since the tetrad basis is parallely propagated, the geodesic deviation equation simplifies to

D2 Aa R A
D)?\72 = —R%i". (7.C.15)

The radial component is the one that describes the radial force an observer would feel as they
cross the horizon along a null geodesic — this is therefore the component of physical interest.
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The relevant equation is
D*j! AL o1

so the component of interest, in tetrad basis, is
231 A 041 5 140\2 2
Rg9 = (60 €1 — €y € ) Ro101 = 0 Ro101- (7.C.17)

Since R O R + §R, we see that for dRop0p ~ p7~2, the right-hand side of this diverges for v < 2
for timelike geodesics. This is the radial force felt by observers following geodesics crossing the
horizon, and is therefore argued to be physical. The tidal forces do not diverge in the angular
directions, so scalar contractions of this (contracted with just 7)) also inherit the tidal force
singularity from the radial component. It is therefore physical.
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Chapter 8

Extremal AdS RN and the UV

We now turn to near-horizon deformations of extremal AdS RN black holes in the EFT of grav-
ity. In particular, we will closely examine the critical exponents in GR and identify a tower
of marginal deformations subject to UV sensitivity in section 8.1, before discussing UV correc-
tions in extended versions of the two examples in the introduction in section 8.2. In section
8.3 we show that this UV sensitivity is associated to a breakdown of metric perturbation theory
rather than EFT, and conclude by presenting a speculative conjecture about constraints on EFT
corrections in section 8.4.

Explicit expressions for the critical exponents for deformations to the near-horizon region of
extremal Reissner-Nordstrom black holes are given in appendix 8.A. In appendix 8.B, we give
expressions for higher-order terms in the expansion of the Einstein-Hilbert in metric perturba-
tions.

8.1 C(ritical Exponents

The critical exponents for the tensor, vector, and scalar deformations to extremal AdS RN in
pure Einstein-Maxwell theory (7.1.1) are given in (8.A.1). They are derived from (7.2.9), with
the effective potentials derived from the spherical decomposition described in appendix 7.A and
explicitly given in [278]. These are functions of the horizon size r and the multipole moments
e {2,3,... }.

The tensor, vectors and EM scalar modes all have positive-definite critical exponents, so they are
not associated to s.p. singularities on the horizon and do not allow for marginal cases — these
are of no interest to us. However, the critical exponent for gravitational scalar modes can become
arbitrarily small in magnitude and even negative, which is associated to s.p. singularities on the
horizon — this is exacerbated for larger black holes and in higher dimensions. More specifically,
in D = 4, the ¢ = 2 and ¢ = 3 modes are always p.p. singular, and the larger the black hole is,
the more modes with ¢ > 3 are also p.p. singular. Deformations of extremal AdS RN in D > 5
are always s.p. singular for 2 < ¢ < D — 3 and for sufficiently large black holes with ¢ > D — 3.
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Figure 8.1: The (more regular) scaling dimension 7, for gravitational scalar modes in D = 11
for various /.

In particular, the scaling is marginal, i.e. 75— = 0, and hence vulnerable to UV corrections when

2 D-2
7D—4+2(D_4)(D_3)2€(£+D*3)- (8.1.1)

g =

This can be achieved for { =2in D =50r¢ > D —3in D > 5. As an example, figure 8.1 shows
~vs— for several /-modes in D = 11. In the full non-linear theory, generically all modes will be
excited, so deformations to extremal AdS RN black holes in D = 4 and D > 4 will generically

be p.p.- and s.p. singular respectively. This means that deformations to extremal AdS RN black
holes are generically singular [184, 185].

Analytic continuation to A > 0 is achieved by extending the domain of o from [1,00) to [0,1).

Modes with ¢ > D — 3 on backgrounds with sufficiently large black holes are still singular, but
for £ < D — 3 only some black holes are.

8.1.1 AF Limit

The AF limit is given by taking ¢ — 1 and is degenerate with the small black hole limit. As
before, the critical exponents are positive-definite for the tensors, vectors, and EM scalars for all
physical modes, while for the gravitational scalar modes

1 je-E52
V- = =5+ - 53 | (8.1.2)

Similar to AdS RN, this can be arbitrarily close to zero and even negative. In D = 4, we find
that v5_ € NT, so the perturbations are smooth on the horizon. However, in higher dimensions
~vs— is generally fractional, indicating non-smoothness of the horizon. The second type of s.p.
or p.p. singular modes, i.e. ones with / > 3in D = 4 or { > D — 3 in higher dimensions, is
absent. We therefore only find negative vs_ and hence an s.p. singularity for / < D — 3 going
down to v = —1/2, and the marginal vs_ = 0 for £ = D — 3. This confirms that there indeed
exist perturbations to extremal black holes in D > 5 that are s.p. singular at the horizon, and
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we expect that non-linear solutions will generally be s.p. singular at the horizon. Remarkably,
deformations to AF RN in D = 5 remain marginal even fully non-linearly.

8.1.2 Boundary Conditions

A stationary perturbation of a RN black hole with appropriate boundary conditions at the hori-
zon and asymptotic infinity constitutes a linearisation of a black hole solution that is close to
the original RN geometry, and should be subject to uniqueness theorems [293, 294]. More ex-
plicitly, the effective potentials and their so-called S-deformations given in [278] can be used to
show that extremal modes that are finite at the horizon are inconsistent with the right fall-off
conditions at asymptotic infinity, establishing perturbative uniqueness.

This means that additional sources able to change the asymptotic boundary conditions are re-
quired to support near-horizon modes with the desired near-horizon scaling and fall-off condi-
tions at infinity. We can understand this from the extremal limit of the sub-extremal solution
(7.2.6) — scaling in ¢ will generically be different at asymptotic infinity, so the extremal limit
will produce non-normalisable or trivial modes in the absence of external sources. Physically,
these deformations should therefore be thought of as sourced by tidal deformations.

An explicit realisation of this are multi-black hole solutions, which are known exact solutions
in Einstein-Maxwell theory. In practice a convenient way of realising this is to simply impose
Dirichlet boundary conditions (BCs) at finite distance, which is particularly natural in asymptot-
ically AdS spaces.

Multi-Black Hole Solutions

The Majumdar-Papapetrou solution is an illustrative example of an explicit non-linear realisation
of the deformations above [295]. This is an exact solution to the Einstein-Maxwell equations
(7.1.3) and (7.1.4) given by the metric

N
~ 2 o M,
ds? = —H2dt> + Ho3nda'da’, H(x) =1+ Pt (8.1.3)
i=1 '

and describes a static spacetime with N extremal black holes with masses M; and horizons at
x;. By linearising this exact solution around the horizon of any individual black hole, we can
see how it is tidally deformed by the other ones.

For convenience, let us pick x; = 0 as the reference. Denoting r; = |x;| and p = |x/, and defining

0; by x - x; = pr; cosf;, we can write

P + M . . 1 5
H = W [1+g(p)], g(p)= m E E mi;(6;) (7‘) (8.1.4)
=1 j=0 g

where m;;(6;) = M;C (%5%) (cos6;) and C](.a) are Gegenbauer polynomials. The natural Schwarzschild-
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like radial coordinate is r = pH'/(P—3) with which the metric takes the form

2
32:—f<1—j7> dt2+<1—

We see that perturbations to the background metric scale as

_92 2
g 1. ..\ “dr 2 1002
D3 /7 + 2pHg> 7 + r=dQy. (8.1.5)

h~pP=3%070 0 e N (8.1.6)

The near-horizon coordinate identified previously is p = r — r ~ p”~3, so this corresponds to
the near-horizon scaling (6.0.1) with scaling exponent
J— 1

However, j € {0, 1} are gauge modes related to the mono- and dipole, i.e. our choice of reference
black hole and near-horizon coordinate. Identifying j—1 = ¢, we see that these are the EM scalar
modes in (8.A.1). In D > 4 this is not generally an integer, which is merely a manifestation of the
fact that horizons of multi-black hole solutions in D = 4 and D > 4 are smooth and generically
non-smooth respectively [265-269].

8.2 Corrections from the UV

A notable feature of the gravitational scalar modes is that for every / =2in D =5and ¢ > D—3
in D > 5, there exists a 7 /L via o for which the near-horizon scaling is marginal, i.e. y5_ =0 '.
In particular, we see from (8.1.2) that the (¢,0) = (D — 3, 1)-deformation of AdS RN black holes
is always marginal, while for higher ¢ it is just a matter of finding a sufficiently large o. This
opens up an intriguing possibility for UV sensitivity — it was first noticed in [270] for AF-RN
backgrounds, although a morally similar example was discussed in e.g. [296].

What do we actually mean by UV sensitivity? We generally expect UV completions of GR to
correct the action (7.1.1) by higher-derivative terms. The effect of these is to change the effec-
tive potential (and possibly the effective propagation speed) of decoupled modes in (7.1.10),
which show up as a correction to the near-horizon scaling (6.0.1) that can be resummed into the
critical scaling exponents into the form of (6.0.2). Schematically, given some higher-derivative
operators O with mass dimension [O] supplied with Wilson coefficients co, we expect

S = Sgm + /dD:L'\/ Z NCE DO —>  YEFT = ZC@’V@ (8.2.1)
o

Let us take 4 to denote the scaling exponent in the marginal case, i.e. when ygg = 0. The
existence of singularities on the horizon of the deformed geometry depends on is very sensitive
to the sign of this quantity 4 regardless of how small its magnitude is. This in turn depends
on the signs of the c», which encode the details of the UV completion — this is a form of UV

'Once again, we take marginal deformations to have v = 0 because we are interested in s.p. singularities (or
the lack thereof). However, other choices of vy are also possible, and it remains true that deformations for some
particular (¢, o) will be marginal with respect to that ~erit.
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sensitivity and is in tension with what we would expect from cherished EFT principles such as
decoupling and separation of scales.

Of course, for UV physics to cause a qualitatively distinct effect, we have to excite individual
marginal /-modes only with completely regular modes — this is difficult to achieve non-linearly.
We already saw that non-linear deformations of AdS RN in D > 5 and AF RN in D > 5 gener-
ically suffer from s.p. singularities on their horizons, so there is no UV sensitivity since the
EFT corrections do not change the qualitative behaviour. However, no deformation of AF RN
in D = 5 is s.p. singular, and the lowest harmonic ¢ = 2 is just marginal. In this case, we
therefore do not expect deformations in GR to be s.p. singular even fully non-linearly, and EFT
corrections can cause an s.p. singularity via the marginal mode depending on the sign of the
Wilson coefficient. This means that deformations in D = 5 are truly marginal even non-linearly,
so we will focus on the D = 5 case from now on unless specified otherwise.

As a concrete example of corrections to the critical scaling exponents coming from modifications
within the IR and the UV, let us revisit the example from the introduction in more detail. For
these, it is convenient to make full use of the near-horizon geometry symmetries following the
procedure in appendix 7.B.

8.2.1 IR Modification: EFT Correction

We take the action to be
KRC
S = Spm + ¥ /de\/—g(FWFW)Q, (8.2.2)
where Sgy is given in (7.1.1). It is a specific yet generic correction that one would expect in a
generic low-energy EFT, which is parameterised by the Wilson coefficient c.

The theory admits spherically symmetric, static, and electrically charged background solutions
of the form (7.1.5) with metric functions and electrostatic potential

c 12Q* q Kk ¢
A(T) = B(T) = f('l") — p rlO 5 \II('I") = 7'72 — 160@7‘*8, (823)
and f(r) is given in (7.1.6). The extremal limit is reached when
Q* 48 2 3 18 )
— =142 ——(14+2 =1+ = —— (142 8.2.
T + <+0A2T%{( +26)7, ) +2c+cA2r%{( + 2¢) (8.2.4)
and, particularly, in the AF limit
2|Q|
— =14 —5--c. 2.5
R e 825

The fact that the charge-to-mass ratio at which extremality is reached also receives corrections
is responsible for bounds from the WGC [155].

Stationary perturbations of these exhibit critical scaling in the near-horizon region, for which the
critical exponents can be found directly by using the background Ansatz and decomposition of
perturbations in appendix 7.B. For the gravitational scalar modes, these take the form of (6.0.2),
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Wlth YGR = YS— once again given iI'l (8A1), and
EF —7;2 Ad 7 (826)
! H o o

with A and dv7 given around (8.A.9) respectively. In D = 5 the GR contribution vanishes when
o = —2+ 3k%/8, where k% = (({ + 2), and

o 72k% (k% — 4)?
A2 15k% — 128K2% + 256

(8.2.7)

2>

This is negative-definite for all £ > 2. In the AF limit, the marginal mode corresponds to ¢ = 2,
in which case the expressions above reduce to the ones given in the introduction.

8.2.2 Partial UV Completion: Tower of Massive Spin-0

Next, consider Einstein-Maxwell-Dilaton theory in D dimensions, with N scalars with masses
m; for i € {1,... N}, described by the following action 2

SEMD = /de\/

1 _ 1 1
(R 2A) + Z (—Nea@FWFW = 5 VudiV"6i - 2m§¢?>] .
(8.2.8)
We want to treat o perturbatively, and have chosen our normalisation such as to reproduce the

Einstein-Maxwell action (7.1.1) as « — 0 and the example (6.0.8) from the introduction for
N =1.

Our claim is that this is actually a partial UV completion to Einstein-Maxwell theory with higher-
derivative corrections when the dilaton masses m; are very large relative to the background cur-
vature. In this case, we can ignore the kinetic term for the dilaton so, treating « perturbatively,
the individual equations of motion for the dilatons become

2
m;o; =

Lk |14 0 o (8.2.9)
4Na 7y mi . 2.

At energies £ < m;, we can find the tree-level effective action by evaluating the full action on
the saddle point for the dilaton, i.e. its classical equations of motion, to give
2

SEMDD/dDw\/ [ SF, PR 32]\?;(FWFW)2+...}, (8.2.10)
Mg

where we have defined the effective mass mg via

1 1
— = —. (8.2.11)
m?eff XZ: m?

We identify this truncated effective theory with the EFT-corrected theory (8.2.2) with Wilson
coefficient ¢ = 1/32 and the Lorentz-invariant cut-off A> = N2kmZ;/a®. More generally, the

2A coupling of the form £ O F2e®>i % would have been more natural, but the equations of motion for the
dilatons are less straightforward to decouple.
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low-energy dynamics of the massive dilatons are captured by an F2("*1)_term at order O(A~2").

Let us consider D = 5 again from now on. The full theory admits AdS; x S® background
solutions given in (8.A.14), and we can use the decomposition (7.B.3) to find the critical scaling
exponents. These take the form of

042

2,2 2
NErimegh

with qgr as before and ¢~ given in (8.A.15) respectively. When the GR contribution vanishes,
we now find

~ N
N2r3mZgr 4 (15k% — 128k2 4 256) — rm? + kg -

’z)\/:

which is non-negative when

mZgrirX < (8.2.14)

At first thought, it seems like 4 does not have a preferred sign from the perspective of the UV

theory. However, the dilaton masses are not arbitrary when we think of (8.2.10) as a partial UV

completion for the F*-correction. In order to remain within the regime of validity, we require

the dilaton masses to be large relative to the background curvature, and the leading-order term

is

2 Ok2(k2 — 4)°
N2r3m2uk 4(15kg — 128k + 256)

5 = +0(m7?). (8.2.15)

This matches the expectation from the F*-contribution in (8.2.7), and is negative. Deformations
can only have positive 4 when subleading corrections become sizable. The marginal case in the
AF limit corresponds to ¢ = 2, and reproduces the example from the introduction.

From discussions around the species bound e.g. in [297], we expect that a UV cut-off can be
lowered when there is a large number of light states in the UV, and we might therefore expect
a breakdown of EFT and positive 4 even at low energies in the large-N limit. In this spirit, let
us briefly comment on different mass distributions m; in the large-N limit. For m,, with explicit
scaling in N, we want m,, = O(N) at the very least — these cancel in mZ;x and therefore do
not affect the sign of 4. When m,, = o(V), there are different distributions we could consider.
In the simplest case when all the masses are equal, i.e. m,, = m, we find that

M2 = —55—5 (8.2.16)
which does not scale with N. Similarly, if e.g. we had a tower of successively more massive

states m,, = nm, as one would expect from string theory, we would have

- 1 k k
(8.2.17)

where H,, ,, is the n-th generalised harmonic number of order m. In both of these examples, the
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subleading corrections remain subdominant in N and hence have no chance of flipping the sign
of 4 by overwhelming the leading-order contribution.

8.3 Breakdown of Breakdowns

In the previous section, we saw that for every harmonic ¢ there exists a black hole with tuned size
ri /L deformations of the near-horizon geometry to which are marginal. The sign of 4 depends
on the signs of the Wilson coefficients, so it seems that the presence of curvature singularities
on the horizon of deformed extremal black holes is strongly sensitive to the details of the UV
theory. This suggests that there is a breakdown of EFT near the horizon — or does it?

One hint from our discussion in section 8.1 is that singular critical scaling near the horizon is
already present in GR, where we understand this to signal a breakdown of metric perturbation
theory near the horizon. This suggests that the apparent breakdown of EFT above is better
understood as metric perturbations going out of control. This section aims to address this, by
determining when metric perturbation theory and EFT break down respectively. It will indeed
turn out that metric perturbation theory will have gone out of control by the time EFT breaks
down.

8.3.1 Effective Field Theory

Effective field theory breaks down when curvature invariants of the geometry become large
— this is when the asymptotic expansion in higher-derivative interactions goes out of control.
For this, we have to consider both curvature invariants of the unperturbed and the deformed
geometry.

At the level of the unperturbed background geometry, this means that the EFT regime of validity

a . b
<X> <}X§> <1 (8.3.1)

as a,b — oo. For the sake of concreteness, we can consider a curvature invariant evaluated on

is schematically defined by

the horizon such as )

~
5% 2n’
TH

(R") = R",,R"™, .. R" (8.3.2)

which leads to the intuitive bound Ary > 1 on the background curvature. There are no other
scales in the system, so this is the strongest bound we expect to find on the background.

As we are working to first order in metric perturbations, we will consider curvature invariants
perturbed to first order only, and the EFT expansion is under control when, schematically

a . b p : q
D@ e

asa,b— ocoorp,q— oo, with p+¢g+1 = a+b. We expect this to lead to a bound on the metric

J

perturbation h ~ hgp?, but in order to ensure that actual gauge-invariant contractions do not
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conspire to vanish we once again evaluate these on-shell of the explicit solutions (7.B.6).

The most obvious invariant to check is

(8.3.4)

S [(R™)] ~

As n — oo, we just recover the bound on the background quantities, and we see that the
strongest bound on h is obtained for small n. However, terms with small n are not required to
be subdominant for the EFT expansion, seen as an asymptotic expansion, to be under control. To
obtain the strongest bound on /, we need to consider operators that vanish on the undeformed
background, such as

R:=R-R, (8.3.5)

where R is the background value for the Ricci scalar. These vanish at the level of the background,

and it turns out that the leading-order contribution of R" on the deformed geometry is
S(R™) ~ [y(v+ Dhop™rE]" . (8.3.6)

From the limit n — oo, we see that we require generally require

h ~ hop" < (Arg)? (8.3.7)
in order for EFT expansion to remain under control. In the marginal case, v ~ ﬁ and we
H
require
h ~ hop? < (Arg)™. (8.3.8)

8.3.2 Metric Perturbation Theory

A precise discussion on the expansion of the Einstein-Maxwell action (7.1.1) in perturbations
can be found in appendix 8.B. Schematically, this takes the form

SUﬂm:/de¢:gh82Ur+h2+.“]. (8.3.9)

The quadratic action in perturbations is the part responsible for linearised perturbation theory.
It is clear that perturbation theory breaks down when the action, as an asymptotic expansion
in perturbations, is no longer well-defined. This occurs when higher-order terms in the action
dominate, so a naive guess for when control over perturbations is lost is

h ~ hop? ~ 1 (8.3.10)

in an orthonormal frame.

We should be concerned that the actual coefficients of individual terms in the actual action for
perturbations (8.B.1) might vanish — in the worst case, all higher-order terms vanish and the
quadratic term is trivially under control. To concretely check this is not the case, let us explicitly
evaluate the Einstein-Maxwell action at cubic and quartic order in perturbations, given in (8.B.2)

175



and (8.B.3) respectively, on-shell for the explicit solutions (7.B.6) in D = 5. The expressions
are complicated, but we indeed find that they are non-vanishing. By treating the spherical

harmonics as O(1) again, we can estimate the order of magnitude of the integrands as

3 3 h4 4y
3) hp @ TP
’Con—shell ~ 7,8 ’ ‘Con—shell ~ ,r.10 . (8'3'11)
H H

We identify the amplitude as ¢y ~ hr/r%, and we see that as long as ¢op? < 1 we also have
S8 et < S
on-shell

onsheq CONfirming our earlier naive estimate.

The threshold for a breakdown of metric perturbation theory will have already been reached
when the EFT is out of control. Finding singular behaviour on the horizon hence only indicates
a breakdown of metric perturbation theory. This is supported by the examples in section 8.2,
where the deformations suffer from singularities on their horizons in both the IR theory (8.2.2)
and its UV completion (8.2.8). Within the UV theory itself, there is no EFT that could break
down, and if breakdown of EFT were the cause of the divergences in the IR, we would have
expected details of the UV physics to be sufficient to resolve them. The fact that this effect
persists even in the UV therefore suggests that the EFT managed to accurately capture the UV
physics. In this sense, finding negative 4 is a feature rather than a bug of the EFT. This is
consistent with the holographic perspective provided in [185], which suggests that the true
near-horizon geometry will be replaced by one with less symmetry.

8.4 UV Sensitivity

In the previous section we established that the UV sensitivity of marginal deformations is asso-
ciated with metric perturbation theory going out of control rather than a breakdown of EFT, as
one might initially think. However, precisely when and if metric perturbation breaks down is
still sensitive to the signs of Wilson coefficients, and one might hope to get interesting insights
on UV physics from this.

8.4.1 Near-Horizon Negativity

In addition to corrections coming from the F*-term, we also derive the corrections to the critical
exponents for deformations of AdS RN due to all other four-derivative EFT corrections to the
Einstein-Maxwell action in appendix 8.A.2. It was previously noted in [270] that these lead to
deformations of AF RN with negative marginal scaling exponent ¥ < 0 when the Wilson coeffi-
cients respect the WGC and vice versa. More specifically, the combination of Wilson coefficients

1 11 31
co = 561 + ?CQ + 563 + 3c4 + 6(c5 + c6) + 9(2¢7 + ¢3) (8.4.1)

enters both the extremal charge-to-mass ratio (8.2.5) and 4 in (8.2.7) within the AF limit, with
the sign satisfying the WGC and related entropy bounds leading to a negative contribution to ¥
[155, 161].

Making such a connection in AdS is more subtle: There are proposals for the WGC in AdS,
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but the status of a definite statement is unclear, so we shall stick to discussing the AF WGC
[298]. The effective combination of ¢; that enters 4 is now a function of L, which reduces to
the combination entering the WGC bound in the limit L — oco. Requiring the AF WGC therefore
no longer determines the sign of 4! It is however notable that there is a link at the level of
individual contributions. All Wilson coefficients enter 4 in (8.2.7) of deformed extremal AdS
RN with a negative coefficient and the AF extremal charge-to-mass ratio (8.2.5) with a positive
coefficient. Individual contributions pushing towards satisfying the WGC therefore cause worse
behaviour on the horizons of the deformed extremal AdS RN black holes.

Evidently, Wilson coefficients consistent with healthy UV completions on AF backgrounds seem
to be associated to worse behaviour of deformed extremal black holes. Let us take this at
face value and think about the full parameter space of operators that lead to worse behaved
deformations on the horizon. As is familiar from positivity and causality bounds, we allow
for violations due to gravitational interactions that should vanish in the decoupling limit, so
concretely

¥ <S40 (k). (8.4.2)

We dub this near-horizon negativity. Crude physical motivation behind this is that, from the
perspective of AdSs holography, corrections pushing us towards more negative ~ (such as the
ones from known partial UV completions or with Wilson coefficients obeying known bounds)
are precisely the ones trying to move further away from the unitarity bound on the AdS, scaling
dimension A. This is however notably in stark contrast with the fact that the lower bound
~v > —1/2 ensures finite action for the bulk fields in AdS, . The fact that the scaling dimensions
~ contain non-trivial information about physical UV completions should not come as a surprise.
The effective potential for perturbations around backgrounds, in different limits, is also bounded
by infrared and quasi-normal mode causality [1, 2, 277] through the scattering time delay and
quasi-normal mode frequencies respectively. This clearly suggests some physical information
about consistent UV completions is however non-trivially retained in the effective potential, and
the scaling dimensions are derived from precisely this.

There is a more direct perspective connecting black holes in AdS to the AF WGC. We previously
thought of AF RN black holes as AdS RN black holes in the limit where . — oo, but we should
proceed with caution as L is not dimensionless. The most obvious scale that this should be
compared to is the curvature of the black hole set by r; — in this case, the AF limit is controlled
by the dimensionless ratio 5 /L. This is what we have been implicitly thinking of when stating
that the AF limit is given by sending 0 — 1. Since the L-dependence of the scaling exponents is
only in terms of ry /L via o, only the ¢ = 2 harmonic is marginal. However, in more complicated
and realistic configurations it is conceivable that there exists another length scale R that we can
compare the AdS radius L to. When R < ry, o is not fixed and we can take an AF limit where
the tower of marginal modes survives — in this case, we essentially identify asymptotically
AdS spacetimes with sufficiently large AdS lengthscale as AF. In other words, if we do not
distinguish between actually AF spacetimes and asymptotically AdS spacetimes with AdS radius
large relative to some intermediate length scale, we might expect that contributions from UV
corrections are qualitatively similar.
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8.4.2 Constraints on Four-Derivative Corrections

Let us now study the consequences near-horizon negativity has on the four-derivative corrections
to the Einstein-Maxwell action (8.A.5). For this we must determine the EFT corrections to the
scaling exponent. There is however one subtlety which is not encountered in the AF story. As
mentioned in appendix 8.A.2, the generic EFT corrections from (8.A.5) modify the background
solution in such a way that the asymptotic AdS length scale is corrected. It is however only
meaningful to compare scaling exponents for theories with the same asymptotics. To account
for this, we must either work in a form of the EFT action for which there are no corrections to the
asymptotic cosmological constant or account for the redefinition of the asymptotic observables
when the EFT corrections are included. The latter is most easily done by performing from the
outset the field redefinitions that put the EFT corrections into the minimal Weyl tensor form

53 v 56 v K57 Hég v
SEFT = /dBZL‘\/ -9 |:K:[\20/—LVPUCM p7 + pCMVpUFM FP7 4 7(F2)2 + 7Fu FVprUFaM:| )

A2 A2
(8.4.3)
with ¢; defined in (8.A.12) of .

Either way, the corrections to the critical scaling exponents in this theory can then be determined
from the general expressions give in appendix 8.A.2. From around (8.A.9) it can be shown that,
the marginal critical exponent takes the form of

1 64k%
S _ o, 8.4.4
7T A2, 956 — 128K2 + 15Kk% " (849
and )
1 k% —8
€0 =160 (k2 —4)° + 552 [(72 — 21k2) 3 + (k2 — 4) cq] - (8.4.5)

Since ¢, enters 4 with a negative coefficient, near-horizon negativity would require ¢, > 0. The
AF limit corresponds to k% = 8 and reproduces the original WGC bound

60“ = 2) =cy>0. (8.4.6)

The general bound ¢, > 0 on AdS RN will give an infinite tower of additional bounds. Concretely,
the new bounds beyond the AF WGC come from ¢ > 2.

In particular we note that if we assume near-horizon negativity is valid in the limit kg — oo, i.e.

for large BHs, then we infer

do= lim 2O _ L

— — (4ep — 21 . 4.
oo kL g4 (4c0 = 21es + co) (8.4.7)

This conjectured bound is independent of the AF bound on ¢.
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8.A (Critical Exponents for Extremal Reissner-Nordstrom

In this appendix, we collect the critical exponents of the near-horizon scaling solutions (7.2.7)
in GR and its IR and UV modifications considered in the main text. We only state the more
regular power -4 in (7.2.9), as the other branch of the solutions can be switched off by finite
BCs at the horizon in the sub-extremal case.

8.A.1 Pure GR

Let us first consider pure GR. We can use the effective potentials in [278] to find that for the
tensor, vector, and scalar modes respectively

11 4(0+D -3
7T=—+\/1+( i ), (8.A.1a)
2 2 o
11 AL+1)(0+D—4) 200+ 1)(t + D — D1 + (D — 3)0]
W=y g0 (D —3)%0 E4 (D — 3)302 ’
(8.A.1b)
1 A0+ D — 3) 40+ D —3)[1+ (D — 3)0)]
=TSP\ T D9 i4¢1+ (D —3)(D — 2)0° (8A19
Note that
v >0, M e {T, V+,V—, S+} (8.A.2)

for all o € [0, 00) and /.

This is however not the case for the gravitational scalar modes vs_. In D = 4 we find that

0(0+1) [ 2+ 0+ 4

For ¢ > 3, the right-hand side of the inequality takes values in [1,00) so this is never achieved

vs— < 2 for

for A > 0. In D > 5 this is worse, and we even find vg_ < 0 if

. (D —2)k% — 4(D — 3)?

> DD =3 (8.A.4)

for/{ > D—3ino € [0,00). For modes with ¢ < D — 3 this also holds for all o € [1, 00) and some
values of o when A > 0. This is illustrated for D = 11 in figure 8.1.

Further, note that v > —1/2 and this is saturated for / = (D — 3)/2 at 0 = 1. As is shown
in figure 8.2, this is possible only in odd D, although in even D, ¢ = |(D — 3)/2] will achieve
v = —% + m. An exception to this is D = 5, where the minimum is not attained since ¢ = 1

is not physical for gravitational scalar modes.
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Figure 8.2: The (more regular) scaling dimension v, for the most singular mode with ¢ =
| (D — 3)/2] in various dimensions D. For odd D, the minimum = —1/2 is attained at 0 = 1.

8.A.2 1IR: EFT Correction

In this section, we will derive the critical exponents of gravitational scalar perturbations in
Einstein-Maxwell theory with EFT corrections. We shall focus on the leading four-derivative

corrections given by the action

Sprr = / d’zy/—g [leQ +do Ry R™ + d3Rypo R*P7 + dyRF?
(8.A.5)
+ ds Ry F* F** + dg Ryppo F* F? + d7(F?)? + dsF,,"F,"F," F,""|.

The d; have been taken to be dimensionful for notational convenience, but with Lorentz-invariant
cut-off A we can write these in terms of dimensionless couplings ¢; as

C123 C456 RC78
dip3 = — dase = —>5 d7g = —5—. (8.A.6)
14 EAZ’ 19y A2 ? ’ A2

To find the critical scaling exponents, we follow the procedure in appendix 7.B and start directly
within the extremal near-horizon geometry. For simplicity, we restrict ourselves to D = 5.

In particular, the Ansatz (7.B.2) satisfies the background equations of motion for

2kF2 1 1
Ang = NH 2(—=3 +40)(—1 + 40 + 802 2(1 — 40 + 1603
N 1+2a{0+r%1A22(1+2a)[( +40)(=1+ o + 80%)er + 2(1 — do + 1607)c
+2(1 — 40 + 320%)c3 + 4(1 — 4o + 2403)cy + 40 (1 + 20)(—1 + 60)(c5 + 2c6)
+4(1 4 20)*(—1 + 40)(2c7 + cs)] }
(8.A.73)

4 1
Bnu :2{0 + 5 [2(3 — 4o)er +2(ca + c3) + 4(1 — 40%)cq — 4o (1 + 20)(c5 + 2¢6)
Y re A
— 4(1+ 20)%(2¢7 + )] }
(8.A.7b)

Using the decomposition in appendix 7.B.2, we find that perturbations on top of this background
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take the form of the scaling solutions (6.0.1) with critical exponents in the form of (6.0.2). More
specifically, we find that

8
1
YEFT = WA Z ci0i, (8.A.8)
=1
where

6y1 = —576(2 — 2)2(40 — 3)o — 16k% [(—80° — 400 + 27)z — 200 + 5] — 16k§(1 + 20)

(8.A.9a)
52 =576(z — 2)2(1 + 20 + 40?)o — 16k% [(560° + 280 + 9)z + 480° + 800 + 31]
+ 40k4(1 + 20)
3 =576(2 — 2)2(1 + 4o + 160*)o + 16k% [—(2560° + 200 + 9)z — 1440 — 2800 — 47]
+ 64k (—1 + 7o)

(8.A.9b)

(8.A.90)
04 = —1152(z — 2)2(—1 + 40)0 + 96k3(1 + 20) [(100 — 3)z + 20 + 3] — 96k5(1 + 20)
(8.A.9d)
5 =576(z — 2)20° [(2 — 6)0 — 2] — 48k% [92%0% — 1220 (1 + 40) — 4(0® + 60 + 2)] (8.A.9€)
ATe
— 36k% (=32 + 8)o + 2] — 9K}
076 =2304(z — 2)z [(92 — 14) + 2] 0 — 192k% [(92% — 322 — T)o? — (2 + 19)0 — 2] (8.A.99)
+ 48k4 (92 — 14)0 + 2] — 36k N
07 = — 2304(z — 2)2(1 + 20%)0 + 192k3(1 + 20) [32(1 + 60) + 20 + 13]
— 576k%(1 + 20) (8.4.98)

= 26787

and

1
A =2 (v + 1)(ver + 2){ — 48(1 + 76r)*(2 + 76r)*(~1 + 26r)0 (8.A.10)

+ 8% (678 + 1076r + 3)0 — 47Gr — 6] + 3k4(2v6r +3)} -
We have further defined

k2 14 20
=g t+rerR=1+-"2—1/1+

k2 ALl
4o 302 8 ® )

for convenience. The AF limit is given by sending ¢ — 1 and reproduces the expressions in
[270].

The expressions above are not manifestly invariant under field redefinitions, because the asymp-
totics of the full solution are modified by the EFT corrections. A basis of linear combinations of
Wilson coefficients invariant under field redefinitions is {cs, cg, ¢7, ¢s}, with

7 19 1 1 1
1= Cr4 —=Cl — ==Cy — ——C3+ ~C4 — —C5 — ~ A12
Cr Cr 36 C1 36 () 7 C3 604 605 406 (8 a)
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- 4 4
cg =cg +Co+ §C3 +c5 + gCG . (8.A.12b)

To connect with [155], it is also convenient to use {cy, cs, cg, co } as a basis, with

C9 = C9 + C5 + Csg. (8.A.13)

8.A.3 UV: Einstein-Maxwell-Dilaton

In this section, we derive the critical exponents in Einstein-Maxwell-Dilaton theory with action
(8.2.8), treating everything perturbatively in «. We are only interested in the critical exponents,
so we follow the procedure in appendix 7.B and start directly within the extremal near-horizon
geometry.

For simplicity, we restrict ourselves to D = 5. Then, the Ansatz (7.B.2) satisfies the background
equations of motion for

1 aBNHF1\21H
= HONH 8.A.1
¢i= om? (8.A.14a)
F2 . [4k1+4+3¢ 1 3a2 4 1 942
Anpg = M + — 1+4)|, Bxu=—5 (143¢) — —5—5— (1+2)".
NH = o 13 112¢ " N2y gff ( ) NH 2 ( ) N2 nmgffrH ( )
(8.A.14b)

Since the background for the scalar comes in at O(«), the corrections in the perturbation equa-
tions will come in at O(a?). Thus the first non-trivial corrections to the critical exponents will
come in at O(a?).

In the end, we are only interested in the gravitational scalar modes, as these are the ones
that exhibit UV sensitivity. The decomposition in appendix 7.B.2 then renders the perturbation
equations algebraic in the constants, and the critical exponent takes the form (8.2.12) with ~gr
as given in (8.A.1) and

1
~07= —9kImlgry (1420) (420 —4+k%) x+6(1420)% [-12(z — 2)z0 + k%(1 + 32)] , (8.A.15)

where

N
) 8.A.16
X= ;er +k2 4z0 ( )

8.B Einstein-Maxwell Action Expansion

An expansion of the Einstein-Maxwell action (7.1.1) in the metric and field strength perturba-
tions h and ¢ F' takes the form

Semlg, F1 =Y S™[g, h; F,6F) (8.B.1)



where SN) has N factors of the metric or field strength perturbations in total. When evaluated
on the background, S is just some constant and S(!) is a boundary contribution at most.
Furthermore, when evaluated on-shell of perturbations, the quadratic action S is also only a
boundary contribution.

8.B.1 Explicit Expressions

The explicit form of the cubic and quartic action is

1 3 D v T o o o
ms( )[h75F] = /d Iv—g {h“ [hp Vo Vil + hup (V Viphepy + va[ohu} ) + vl’hupv[ohp]

g g 1 g ]' o 1 o
+ V[Vhp]uvo—hp + V,,h [pvo.} hup + §hvphupvo—hu - ivph [vahg]‘u - ivph Z/V[pha],u
1 - 3 - 1 1 g 1
— nghypv hup — gvuhp Vihpo + gvuhvyh — §h//’hl, R, + §6F"V (SFPM]
125 v | hPo F, ol L poop, FPho\h, F" h
-k 77 W+§ pplwe | + K oAby L, o)p
(8.B.2)

and
ﬁsw [h,0F] = / dPz\/—g {h“” [hu”hf <—vkv[0hﬂp — VoVinh, + %h,ﬁRaA - ;WRPW>
+ h,Ph? <—vAv[ph(,]y — VoVl + %hgﬂRym + ;hV“RMUQ
+ h,f( — 2V op V7 + V(hV oy h, T = VR, Vs = Vph YV iz,
= %v( Moy, VBT — %vyh(gvaa - ivghvahw>
" hpg( = 2Vuhyio Vihy + Vol Vo + Vo b, Vi huw = Vah, 'V iahy,
1 v 1 A 1 A 1
+ 5 Viehn Vol = VA VA + 5 Vaho VA — 4VphWV,,h)
—~ %h,mﬁf;, F,% — hyoF,’F, U} — K25 [Fﬂf’hghu[ o + F2 b g ,\hy(’]
— %,@FW [h()hm (FPhyoh,” + F,Ph,7h,") + %Fﬂ%jh}hmh(, A} }

(8.B.3)
respectively, with R being the Riemann tensor evaluated on the background solution.

183



Chapter 9
AdS,; Holography

In this chapter, we will study the boundary correlation functions of dynamical bulk matter fields
on the AdSs factor within the near-horizon geometry of these extremal black holes. This is moti-
vated by the many facets the Goldstone EFT (1.1.20) has in two dimensions — it can be thought
of as a free theory coupled to topological massive gravity or a deformed by the TT operator.
The causality constraints on the coupling of the Goldstone operator are well understood from
the perspective of both massive gravity and the TT deformation, and our aim is to understand
this from the perspective of boundary observables. To this end, we will present preliminary
results for holographic boundary correlation functions.

In section 9.1, we start by reviewing JT gravity and solve for its bulk and boundary dynamics
— we mostly follow [97, 299, 300] but also found [301] useful. In section 9.2, we study holo-
graphic boundary correlation functions for a free scalar field and the leading-order Goldstone
EFT (1.1.20) up to 1-loop in bulk matter fields and Schwarzian modes.

A brief review of the Schwarzian derivative is given in 9.A. Background on how this set-up can
be reinterpreted in terms of TT deformations and coupling to topological massive gravity is
given in appendix 9.B.

9.1 JT Gravity

In the preceding chapters, we were interested in stationary deformations to extremal black
holes in the near-horizon limit. We will now study honest dynamical perturbations in the near-
horizon limit of near-extremal black holes, which are described by JT gravity. This can be done
by spherical reduction, i.e. by focusing on the s-waves in the gravitational sector which are
entirely independent of the angular directions. The JT gravity action (1.2.29) is obtained by
using an appropriate spherically symmetric (warped) product metric.

In this section, we will solve the bulk equations of motion, find these to be largely trivial, and
perform a boundary reduction of the action.
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9.1.1 Classical Bulk Solutions

Let us start by finding the classical bulk solutions (essentially the saddle point) of the dilaton-
gravity system, by solving the classical equations.

Gravity: Bulk AdS,
The action is linear in the dilaton, so its equation of motion simply imposes
R=2A=-2/L> (9.1.1)

which we choose to negative, with L defining the AdS length scale. We will set L = 1 from now
on. All two-dimensional manifolds are conformally flat, so this means our bulk spacetime is just
AdS, !. We can write its metric in different coordinates as

2 2
— 4
Poincaré: ds®> = di” +dz = — dudv , u=t—z,uv=t+z (9.1.2a)
22 (u—v)?
47?2 2 —
Global: ds? = —— WUV d.T 2+ 4 , U= -z _ arctanu,V = r+z _ arctan v
sin(U — V)2 sin“(Z7) 2
(9.1.2b)
Rindler: ds? = dp? — sinh?(p)dr?, ¢ = cothpe™,z = cschpe” (9.1.20)

which cover different areas of the space. The isometry group of AdS; is SO(1,2) ~ PSL(2,R) ~
SL(2,R)/Zs, i.e. the Mobius transformations 2. We will therefore want any observables to be

invariant under this these transformations. One can verify that, indeed the metric in Poincaré co-

au+b av+b
cu+d’ cv+d

coordinate transformation to the Rindler patch is

ordinates is invariant under (u,v) — ( ) for ad — bec = 1. This means that an equivalent

_a(£1 + coshp)e™/? + bsinhp e~/
 ¢(%1 + coshp)e™/2 + dsinhpe7/2

t+z (9.1.3)

In particular, choosing (a, b, c,d) = %(1, —1,1,1), has the nice property that near the boundary
(z = 0or p — o0), we get t ~ tanh(7/2). We will mostly be interested in Euclidean signature,
which we reach by defining Euclidean time ¢ty = it;,. We get similar expressions for the metric
in the different coordinates, which all now cover the entire hyperbolic disk H2.

When considering the field theory just on AdSs , we will find that the dilaton and (if present)
bulk fields diverge near the boundary. This is unproblematic — in the context of holography
these correspond to UV divergences in the CFT, which we know how to handle®. We should

'In two dimensions, the Riemann tensor is fully specified by the Ricci scalar and one can always find a conformal
transformation to make this vanish.

“Note that SO(1, 2) has trivial centre while SL(2, R) does not.

3In holographic renormalisation, we think of the radial direction of AdS as an energy scale in the CFT. For example,
empty AdS corresponds to an RG flow trajectory that stays at the CFT. Turning on some irrelevant deformation in the
CFT means that our trajectory gets deflected as we flow from towards the UV in the CFT, i.e. the boundary of AdS,
in an uncontrolled manner. This is precisely what the non-normalisable modes correspond to on the AdS side. We
know how to treat this with a UV cutoff and counterterms on the CFT side, which corresponds to an IR cutoff on the
gravity side.
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therefore study cutoff EAdS, as a cutout from the full space defined by a boundary parame-
terised by the Poincaré coordinates (¢, z). Let u be a boundary time (no relation to the lightcone
coordinate), so that ¢ = ¢(u) and z = z(u). We fix the length of this boundary by demanding

that its line element is given by
1

ds‘boundary = gdu (9.1.4)

for some UV cutoff ¢ — 0. We can write this is as

dzt dz¥ |

0 du (9.1.5)

2 _ UV —
ds ‘boundary - gl“’dm dz” = G

and recognise that it is equivalent to demanding that metric induced on the boundary (parame-
terised by just w) is fixed to be
det da? t(u)?+2'(w)? 1
h = g‘boundary - g“”@a - Z(U)2 - ? (916)
this uniquely fixes z(u) = et’(u) + O(¢?) in terms of ¢(u), so there is only a single dynamical
boundary gravitational degree of freedom.

The original Einstein-Hilbert action enjoys full diffeomorphism invariance, and is in fact identical
for all configurations. It includes arbitrary reparameterisations of the boundary time u — f(u),
that give rise to zero modes in the action. Allowing for cutouts means that the symmetry group
is explicitly broken down to only a subgroup of these transformations — some will actually
change the shape of the cutout while others, the asymptotic diffeomorphisms (e.g. rotations
and translations) leave them invariant. These are precisely the PSL(2, R) transformations. In
the limit where ¢ — 0", 2 — 0, and we see that the dynamical mode ¢(u) transforms as

at(u) +b

m, ad —bc=1. (9.1.7)

t(u) —

It is sometimes said that the ¢(u)-modes are the Goldstone modes for the corresponding breaking
of the symmetry*.

Dilaton

The equations of motion for the dilaton are obtained by varying the JT gravity action with
respect to the metric. In the presence of matter with stress-tensor 7},, this is just

Ty = ViV ® — g (0 + A)®, (9.1.8)
or in Euclidean Poincaré coordinates
1 A
Ttt = — <8Z + (93 + 2> P (9193)
z z

1
Ty, = (z + 8Z> o0, ® (9.1.9b)

“The Mermin-Wagner theorem states that there are no Goldstone modes in one or two dimensions. This is not a
spontaneous breaking of symmetry.
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1 A
T..=— <—az + 07 + 2) . (9.1.90)
z z
Let us solve this in the absence of matter, with A = —1. The (¢, z)-component tells us that
t
D(t, 2) = f(z) +g(2) (9.1.10)

for some arbitrary functions f(¢) and g(z). Plugging this Ansatz into the other components gives

us
]‘ 1 / " ]‘ ]‘ / ]‘ 1
9(2) = ~g(2) ~g"(2) =0, —59() ~ g/ () + _f(:) =0 9.1.11)

which can be solved by
f(t) = z%tQ +ot+d, g(z)= g +cz (9.1.12)

for some arbitrary constants a, b, ¢, and d. Putting everything together, and relabelling a+d — a,

we find that

2, .2 a4 b ¢
po atbttc®+27)  a+blutov)+euw (9.1.13)

z u—v

Au+B Av+V)

where (&, b, &) = (—2a, —b+2c). Further, note that the Mébius transformation (u, v) — (6u3Dr oD

with C = —5% and D = 5 (such that AD — BC = 1 and AD + BC = 0) sends

U+ v 1 B2 - A%2w

—_—_— 1.1
u—v—>AB u—v ©.1.14)

effectively shifting (a,b,¢) — (a + B/A,0,é — A/B). This means we can always effectively set
b=0.

This solution has some interesting properties. First, we note that it indeed diverges as we
approach the boundary z = 0. For holographic renormalisation, we therefore set the boundary
condition for the dilaton as

s la+ct?(u) @
Pigey = lim @ ~ P R (9.1.15)

where @, is the renormalised field. Furthermore, note that (* = ¢*¥9,® satisfies
2V () = 26,, VPV )@ = er(yéﬁ)(D +A)P = QE(W)(D +A)P=0 (9.1.16)

by the equations of motion. In other words ( is a Killing of the dilaton-gravity system — this is
not a boring observation because higher-genus surfaces do not admit Killing vectors.

9.1.2 Boundary Dynamics

We now proceed to derive the action that governs the dynamics of the boundary modes and then
study them.
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Boundary Schwarzian Action

We have seen that the classical bulk equations of motion fix the bulk metric to be AdSs while
forcing the dilaton to blow up at the boundary. On this saddle point, we are left with the
following Euclidean action

du ®

Iy = — dzvVh ®(K —1) = —/ ds®(K —1) = —/ (K —1). (9.1.17)
oM oM oM € €

Let us now compute this. First note that the unit normalised tangent and normal vector fields to

the curve (¢(u), z(u)) are given by

t/ ]
R ) P A 9.1.18)
V2 22 \ 2 (u) V2 + 22\t (u)
Then, using the fact that the only non-zero Christoffel symbols of EAdS, in Poincaré coordinates
are —I't , =T%, = —I'*_, = 1/2, we find that the trace of the extrinsic curvature induced on the
boundary curve is > ©
dz dxV -1 dz® dmﬁ t (t/2 + 2/2 + ZZ”) N
K = h"K,, = i — — K,z = . 1.1
<g“ du du ) du du " (2 + u’2)3/2 (©.1.19)
Near the AdS, boundary, z = et + O(¢?),
K =1+ é(St)(u) + O(eh) (9.1.20)
where the Schwarzian derivative is given by
1 f// 2 f// / _3f//2 + 2f/f///
sne=—5(5) + (&) = 2 ©1.21)

Details on the properties of the Schwarzian derivative are presented in 9.A. This means that
dynamics of the boundary degrees of freedom ¢(u) is governed by the boundary Schwarzian
action

Tsehy = — / du B, (1) (SE) (1), (9.1.22)
oM

The bulk and boundary equations of motion for the dilaton are equivalent to each other, so
the solution for the renormalised dilaton field is simply the boundary limit of the bulk dilaton
solution. For convenience, we redefine our notion of boundary time with da = q,%du, under
which,

(St)(u) = @2 (St) (@) + (Sa)(u) (9.1.23)

>The surface is one-dimensional, so the tensor only has one component.
®This calculation looks deceptively simple!
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so that

J
— / da [@'®, (u)(St) (@) + @'~ @, (u)(ST) (u)]
o (9.1.24)
= / da [ﬁ’@r(u)(St)(@) + @ Py (u)
oM

—— [ ai|asi + 55 (02 - 2070,)|.

P2 — 2<1>;{<1>r}
2,2

We need to fix a boundary condition for the dilaton ®, to be constant ’, in which case the above
action reduces to

Tsepr = —® / da(St)(7). (9.1.25)
oM

Fixing the asymptotics of the dilaton like this leaves freedom only in the boundary time param-
eter, so we will now turn to study the dynamics of these.

Saddle Point and Fluctuations

We can minimally couple the Schwarzian action to matter in the following hybrid way

[=—3&, / du (St)(u) + / dtdz Lon(6, 016) = —, / du (St)(u) + / dudz t' Lo (6, 010).

(9.1.26)
The pure matter variation is
oLy, oLy, oLy, oLy,
ol C /dtdz < 96 0o+ 88t¢58t¢> /dtdz (&b - at&%(ﬁ) dop (9.1.27)
which just gives the standard Euler-Lagrange variation
oLy, oLy,
_ — 1.2
90 O 90,6 (9.1.28)
However, varying with respect to gravity in terms of the boundary parameter u gives the follow-
ing 8
6[—/du< PO, (S ()5t+/dz [&E +t8§t§tD
B l , , (OLm, 0Ly o
—/du< Lou(51)(u )5t+/dz [5t£m+t<a¢ 00+ 55070 ) o
:/du [ )] 5t+/dz St Ly, + 10, aﬁmatgb 5t (9.1.29)
00
oLy,
/du( )] 5t+/dz5t’ {ﬁm 88¢@¢D

- /4 ‘”(‘ o [as [en - ool ).

"From a higher-dimensional perspective, the dilaton value at the boundary corresponds to the radial the area of
fixed radial hypersurfaces, so it is natural to fix this.
8This is, once again, deceptively simple-looking!

189



This leads to the classical equations of motion

= [(St)(w)]" _p4d
@T — O /dz( m aw‘w) = (9.1.30)

for the boundary Schwarzian mode, where H = [ dz T} is the Hamiltonian of the matter sector.

We can solve this in the absence of matter, when H = 0. The solutions to this are functions with
constant Schwarzian derivative, but we do not want to consider the trivial cases of the constant
function and PSL(2, R) (gauge) transformations. To find the non-trivial solutions, we switch to
Euclidean Rindler time near the boundary ¢(u) = i tanh %(“) = tan @, with which

(S[t o 7])(u) = 7(St) (1) + (S7)(u) = (S7)(u) + %7"2. (9.1.31)

We therefore see that Rindler time 7 linear in boundary time is a non-trivial solution to the
equations of motion. Since we identify 7 ~ 7 + 27 in Euclidean signature, we take this solution
to be

T(u) = —u (9.1.32)

so that u ~ u + ( is also identified. However, for simplicity we will set § = 27 from now on.
Note that this is however a fourth-order differential equation, and the solutions are not generally
known.

We can also go beyond the semiclassical regime and study gravitational dynamics by considering
fluctuations around the saddle point

T(u) = u+e(u). (9.1.33)

Tree-level gravitational effects are described by linearised fluctuations, so we want to expand
the action to quadratic order. Once again, switching to Rindler time

(St)(u) = (ST)(u) + %T’(H)Q = % +e(e+€")+ %52 (e =37 — 25" + O (%) (9.1.34)

and dropping constant and/or total derivative terms

1_
I = —5® / du(£? — ™). (9.1.35)
2 Jom
The boundary 0M is parameterised by u ~ u+2x € [0, 27), so we can expand in terms of Fourier
modes
. 1 27 )
e(u) = Z e "™e,, &n= > i du e e(u) (9.1.36)
neZ
which diagonalises the quadratic action
Schw = _*q) Z n —nt JEnE—n = —f@ Zn (1- n? )enE—n (9.1.37)
neZ nez

From the definition of the 1PI effective action in Lorentzian signature, we find that in Euclidean
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signature [G(?)]~! =4T'(®) — —T() 50 we should be able to read off the two-point function from
S ~ T at tree-level. However, we need to mod out the PSL(2,R) gauge redundancies in the
path integral. These give rise to the zero modes in the action, with n = —1,0,+1 (or e_1, &,
and ¢;) corresponding precisely to the three parameters/generators of the PSL(2,R) group. We

therefore end up with the following expression

1 e—inu

(@)= D e ™ lenem) =5 D ) (9.1.38)
n#0,£1 n#0,£1
for the coordinate-space two-point function. To evaluate this, we note that

1 efisu

f(s) = e_Qﬂ-Z's _ 1 82(1 _ 32) (9.1.39)
has poles at s € Z with the desired residue. In particular
e—inu
\%C ds f(S) = Z m (9.1.40)

n#0,+1

for some contour C picking up only poles at n # 0,+1 € Z. We can take C to be the union of
a counter-clockwise circular contour C; encompassing all s € Z and another clockwise contour
C, only encircling s = —1,0, +1. It turns out that the integral over C, vanishes. To see this, we
break C; into two pieces C5 in the upper and lower half planes. For large |s| with s = = + iy,

—is(u—2m) —iz(u—2m)+y(u—2m)

e (&

f(s) ~ s2(1 —s?) - s2(1 —s?)

(9.1.41)

and since the original expression is symmetric under v — —u, we can pick v > 0 ~ 27 or
u < 0 ~ 27 for C; or C; respectively. At large |s|, the integrals over both vanish, and we are just

left with a contour integral over C; which picks up (minus) the residues at s = —1,0, +1 so that
1 5 _ 2 2
(e(u)e(0)) = 3 [(u — 7)sin(u) + 2 cos(u) — (u27r) +1+ ﬂ'ﬁ} , u>0. (9.1.42)

By symmetry, this expression holds for © < 0 when we just replace u +— |u|, so that generally

)2 2
(e(ui)e(uy)) = é [(|u”| — m) sin(|u;]) + gcos(|uij|) — W +1+ 7;] (9.1.43)

where u;; = u; — u;. It is also useful to note that

, 0
(¢! (ui)e(u7)) = sgn(uy) = (eui)e(uy) (9.1.44)
O uij|

2

(€ () (1)) = — =0 (e (ur)e ) (9.1.45)
s
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9.2 Matter Coupling

Let us couple the theory to some matter and study its boundary dynamics with gravity. This
can be done using the usual holographic dictionary, where the on-shell bulk partition function
is identified with the boundary field theory generating functional [94].

Take the matter sector to be described by the Euclidean action I,,,[x]| for some (collection of)
field(s) x. To find boundary correlation functions, we only need to take functional derivatives
of the boundary partition function Z|y,| with respect to x,. On the bulk side, we integrate out
the dilaton and then matter (in this order!) to find

A N/{; DgDP Dy e lrl9:2]=Im[x.9] /’Dt e*ISchw[t]Zm[Xhﬂ_ (9.2.1)
rXr

In the saddle point approximation on the gravitational side, this reduces to

_ Ion-shell

ZSaddle[Xr} ~ € Schw ] Zm [Xr,ﬂ (9.2.2)

evaluated at the combined saddle. Note that, even at tree-level, the saddle of #(u) will also
depend on the matter sector and is therefore non-trivial. However, in a regime where the grav-
itational dynamics are dominant, we can ignore the backreaction from the matter sector and
determine the saddle for ¢(u) independently®.

9.2.1 Free Theory

Take, for instance, the free theory

1

Pure Matter Sector

We can find Z,,[x.,t] exactly. Solving the bulk equations of motion asymptotically near the
boundary, we find

A

x(t,2) = 21785, (t) + . .. (9.2.4)

where ellipses denote asymptotically subleading terms as z — 0, and

1 1 1
A=+ Z+m2:§(1+ 1+4m2). (9.2.5)

In our putative dual theory we think of y, as sources for operators with scaling dimension
A. The holographic dictionary (at tree-level) tells us that the boundary field theory partition

°From a higher-dimensional perspective, the Schwarzian action comes with extra factors of Mp, so for sufficiently
slowly growing scaling dimensions, this is satisfied.
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function will be determined by the on-shell bulk action. In particular, the quadratic part is'®

X ()X (1)
where (a 1) a)
_@a=-9)ria) 1
D= AL 54 (9.2.7)
and (A
ca = (2A —d) (2) (9.2.8)

d
7Td/2F (A — 5)
is the correct normalisation for scalar two-point functions when A = d/2 + k and k € Z[94].

When we consider the free matter theory, this is in fact the only term in the effective action
W = —log Z,,, but there will be other contributions to the connected correlation functions
when we account for gravitational fluctuations. As discussed previously, these are contained
in the AdS, boundary and are therefore hidden in the (¢, z)-dependence. Defining x,(u) =
t'(u)" =A%, (t) such that the asymptotic boundary condition becomes

Xt z) = 2720 + - = et (W] AR () + - = A (u) + .. (9.2.9)
we see that , o A
log Zm[xr,t] D D / du du’ [ ] (tu()“zt t((Z’)))Q} X (W) xr (u') (9.2.10)

with everything evaluated on the saddle.

Boundary Correlation Functions

In the regime where the gravitational dynamics are dominant, there are no matter self-interactions
via gravity and the operator O, dual to ¥, is essentially free, and the only non-vanishing corre-
lation function is the 2-point function at tree-level

()t (ua) 12
(Oy (u1) Oy (u2)) ~ [(t(ul) - t(UQ))Q} (9.2.11)

with ¢(u) on the saddle of the purely Schwarzian theory.

We can capture gravitational loops by expanding around the Schwarzian saddle point

t(u) = tan u—i—;(u) (9.2.12)
which gives
/ / A
e (zsnl)2A e ) O] 6219
2

19This is slightly subtle. The boundary is not located at fixed z = ¢, so we need to evaluate the boundary term with
respect to the vector n* that is normal to the wiggling boundary curve (¢(u), z(u)). The corrections are subleading
in the UV cut-off e.
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where u;; = u; — u; and the higher-loop corrections are captured in

B(ui,uz) = A <5/(u1) + &' (ug) — W) (9.2.14)

C(u1,uz) = [(1+A+Acosu12)[5(u1) —5(u2)]2

(2sin %)2

— 2Asinuo [a(ul) — 5(uz)] [8’(u1) + 5’(u2)] (9.2.15)

— (1 — cosuia) ((1 — A)[(g"(w1)? + €' (u2)?)] — 2A€'(u1)5'(u2))].

We can then simply use our previous result for (e(u1)e(ug)) for Wick contractions to evaluate
corrections due to the Schwarzian. In particular, expanding up to quadratic order in fluctuations,
we find that the Wilson effective action takes the form

logZ Xr /Dte Tschw t]|: <H/duz Xr Uy ) ;QA [1 +C(U1,U2)]

2 sin “2#)

1
2 dui e (1 B(u1,u2)B(us,u
(131/ ( )> (25in %42)** (2sin 1) (1, u2) Blus, ua)

b

<0X(U1)OX(UQ)> ~ ﬁ [1 + (C(Ul, U2)>] (9.2.17)
(2 sin 52)

(9.2.16)
This means that

and
. 1
(] ] Ox(w)) ~ m o (Blur, us)Blus, us)) (9.2.18)
i (2sin %42)"" (2sin “34)

which we will evaluate shortly.

9.2.2 Example: Goldstone EFT

We have previously seen that there are interesting non-trivial constraints on the Goldstone EFT.

Let us therefore study the boundary correlation functions in this theory, and take
1 puv A nv 2
Lalh; x] = _ih OuXOyx — 1 (W 0ux0uX) (9.2.19)

This is actually an interesting set-up from the perspective of AdS; holography — the (9¢)*
teraction typical for Goldstone EFTs is also related to TT-flows and coupling to massive gravity
in D = 2. This is perhaps not surprising — we saw that the Goldstone EFT above describe trans-
verse fluctuations of branes embedded into higher dimensions. The actions for these typically
have square-root structure, which are also associated with TT-deformations (via brane actions)
and massive gravity. Details on this connection are reviewed in appendix 9.B.

Recall that, in holographic renormalisation, we can find correlation functions of operators dual
to the boundary fields by expanding the perturbative on-shell action asymptotically. For this, we
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solve the bulk fields perturbatively

X = X0+ Ax1+ ... (9.2.20)

with
Xo(z,2) = / da'Ka(z,z;2")x(2) (9.2.21a)
x1(z,x) = /dz’dx'GA(z,x;z',x')h“”vﬂ (XoV.,x) (7, 2)) (9.2.21b)

where ¥ is the boundary value of the bulk field y, and for d = A = 1 the bulk-to-boundary and
bulk-to-bulk propagators are respectively given by !

1 z

. , —_— R —
K(z,z;2") = s By gy (9.2.26a)
D(z,2: 2 2) = %arctanh(f) (9.2.26b)
™
where the chordal distance is defined as
/
E(z,2;2,2") = 22z (9.2.27)

22+ 2%+ (x —a')?

Two-Point Function

First, let us consider the one-loop correction to the two-point correlator
A

(Ox(21)Oy(z2)) D N /dzdm\/ﬁ(h“”h’” + perm.) 0, K (z, x; x1)0, K (2, 23 22) 0,0, DA (2, 2; 2, x)
A
=7 /dzdx [0 K(z,x;21)0"K(z, z;29)0D(z, x; 2, x)

+ 0'K (2, x;21)0" K (2, %;22)0,0,D(z, x; 2, x)] )
(9.2.28)

H just for completeness, we also note that in D = d + 1 bulk dimensions, the bulk-to-boundary and bulk-to-bulk
propagators are

A
K ix') = . — 2.22
alz,x;x') = Ca <z2+\x—x’|2> © a)
N
Da(z,x 2, %) = 2 Caeap A A "+ La- 4 e (9.2.22b)
2A —d
with normalisation constant r(A)
Ca = 9.2.23
A= AT 7 ( )
and the chordal distance given by
o 222
(z,x;2,%) = PRy T Y (9.2.24)
It is instructive to note that
K(z,x;x") ~ lim —n 19;Da(z,x; 2, %) ~ 24726 (x — X)), (9.2.25)

z~>0\/7
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However, as expected, this is UV divergent! In particular,
Da(z,x;52,2) = DaA(E = 1) (9.2.29)

diverges and needs to be regulated by replacing & +— H% for some small « [302]. All derivatives
of this vanish, and we find that the one-loop correction to the two-point function vanishes.

This means that the scalar field does not receive any corrections to its mass (in the bulk) or
anomalous dimension (in the boundary). Physically, we could have anticipated this, because the

bulk scalar field enjoys a shift symmetry, which a correction to the mass would violate.

Four-Point Function

Given the quartic interaction, the other non-trivial correlation function we can consider is the
four-point function at tree-level. When the gravitational modes are decoupled, we can just use
Witten diagrams to determine this

4
(Oy(21) Oy (22) O (73) Oy (74)) D :\14!/dzdx\/ﬁh(“1“2hu3“4) 1;[1 < K(z,:c;:m))

Oxti
A 1 . H . . v .
o dzdw?[auK(z,m,xl)a K(z,x;19)0, K (2, x;23)0" K (2, x;x4)

+ perm.].

(9.2.30)
Before proceeding, it is worth pointing out some of the peculiarities for correlation functions in
d = 1 CFTs, which are reminiscent of d = 2 QFTs [303]. First of all, ordering of the (space-)time
points is important, and we cannot reach different channels or operator position orderings via
crossing. We therefore need to a priori fix an ordering of the x;, e.g. x; < x;.1Vi. Further,
conformal transformations can be used to reduce n-point correlation functions to functions of

n — 3 independent cross ratios
wy = Anln 9.2.31)

TinTln—1
where z;; = x; — x;. For n = 4, this means that the correlation functions will depend on a single
cross ratio!?
Uy = 12134 (9.2.32)
24713

For the ordering =1 < x9 < 3 < x4 this takes values in uy € [0, 1].

As pointed out in [304], the boundary being 1-dimensional also means that we can use complex
methods to actually the integrals over said boundary. Then, in terms of this © = uy and the
auxiliary variable v = 1 — u, we find that

(O Or(22)0x(23)Ox (1) > sy
120 — 0% — v +2
2 v3

(9.2.33a)

log(v) + log(u) (9.2.33b)

2 u3

1—uv)? 120 — w3 —u+2
uv

s = (

12This is similar to how scattering in d = 2 only depends on one Mandelstam variable.
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which is manifestly symmetric under both crossing: (u,v) — (v,u), and braiding: (u,v) —

(—u/v,1/v).

However, we are actually interested in the interaction of these boundary matter degrees of
freedom with the boundary Schwarzian modes. Relabelling x; — ¢; = t(u;) and restoring
dynamical gravity'®, we find that the contribution to the matter sector effective action due to
the interaction term is

4
1 A - f(u,v)
o8 Zulxrst] > = i o (1T [ dtsto®)
4! 473 1:[1 2,3,
4
1 A u? f (u,v)
=——=—— duix, (wi)t' (u;) | —5—5—
A1 473 <£[1/ wixr (i)t (u )> 2,12,
Now, the full matter effective action is
Zolxeot] = 1+ ﬁ/d (u) | = ?/(8)
m|Xr, ] = U Xr (Uq — 9
i=1 [t(ul)_ UQ)}Q

(
i 21, 1L, )
+ Zl;[l/ uz’XT(ui) <2_4!4ﬂ_3u f(u,v))

[t(u1) — t(ua))” [t(us) — t(ua))?

(9.2.34)

+...
(9.2.35)

To determine the corrections due to gravitational loops, we want to expand up to quadratic
order in fluctuations around the Schwarzian saddle. First, we can write the cross ratio as

—
~
—~
<
—
N~—
~
—~
<
[}
N—
Pt

_ t(uz) —t(ug)] ’ y .
" Huz) — t(ua)] L)+ Alus) + () (9.2.36)

—
~
—~
<
—
N—
~
—~
I3
w
N—
Pt

where

sin (%) sin (“ﬂ)

2

i) = 9.2.37

" i (55 sin () N
1

Bu;) = €(u1) [sin uas + sinugq + sinuga] — €(ug) [sin usg + sinuygy + sin uys]

) S ) g

+€(us) [sinuar + sinuig + sinuga] — €(ug) [sinugz + sinugg + sinug] )

(9.2.38)

13Note that « and the u; are only indirectly related.
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sin %24 sin “3
2 2
X
(Sm s e(ug)e(us) + in 2t 6(”2)6(104))

+ (sin %)2 e(u1)e(ug) + (Sin %)2 e(us)e(uq) — (SID %)2 e(uz)e(u (sin %)2 e(u1)e(uyq)
+ cot (%) sin (%) sin (%) sin (%) e(u1)® — cot (%) sin ( ) sin (%) sin (%) e(ug)?
+ cot ( ;1) sin (u;ﬂ) sin (%) sin (%) €(ug)* — cot (%) sin ( ) sin (%) sin (%) E(U4)2}.
(9.2.39)
We can then use this to expand
fu,v) = X (uw;) + Y (u) + Z(u;) (9.2.40)
where
1\* 2-a-a°+2a 2—a—a®+2a*
X(u;) = (1 - ad) + a 223 a log(a) + a 233 a log(&) (9.2.41)
(@ —a&)(-1+ad)(6+ad) —-3+a+a —3+a+at _
Y(u;) = (— o8 - B log(a) + — i log(a)> I6]
=YD (u;)B
(9.2.42)
Z(us) = % (3 8+ ad@(—30 + 11ad)] B2 — 2(a — &)ad(—1 + ad)(6 + 0464)7)
2 _ 2 _ 4
3(-4+a)p +22a5( 3+a+at )'yl o) + 3(—4+a)p +2a5( 3+ a+a hlog(d)
& 2a
= 2P (w;) B + Z0) (u;)y
(9.2.43)

and we have denoted & = 1—a. Putting everything together, and suppressing the u;-dependence
of our auxiliary variables, we can finally write our matter sector partition function as

2 1
Zm[X’I‘vt] =1 + (H/dul X?"(uz)> . N2 []‘ + B(Ul,uz) + C(u1,u2)]
i=1

(2 sin #32 )

1 2
+ (H/dul M(W)) [g - %rjrg [a(us) + Blus) + y(ui)]® (X (us) + Y (u;) + Z(us))
1=1
X o %12)21(2 T [1+ B(u, uz) 4 C(u1, u)] [1 + Bluz, ug) + C(ug, ug)]

+...
(9.2.44)

which we could have, in principle, expanded further. To find the full partition function, we need
to evaluate the path integral over the Schwarzian modes, which we can do perturbatively. Since
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(e) = 0, this just leaves us with the even orders
Z[XT7 t] = <Zm[Xr’ t])

2
. (H J w») Dt 1+ (Clun, o))
=1

(2sin "%)
4 1
+ d 1 Xr\UWg
(21;[1/ i xr(u )> (QSin%)2 (QSin %)2

2
X [ (l; — 11!47/:3XOP> (1 -+ (C(ul,uQ)) + <C(U3,U4)> + <B(U1,UQ)B(U3,U4)>)

a %4723 (Yo +2Xap) (B(ur,ug) + Blus, us))) — %477/:3 (Za® +2aBY + X (82 + 2a7))

—AM?Y®) 4 2aX) (8 (B(u,u2) + B(us, us)))

—AM?ZB®) £ 20 ®) 4+ X) (B2 = XNa?ZD) +20X) () | +...
(9.2.45)
where we have defined A = \/4r. After exponentiating, we find

2
log Zxr. 1] = o (H [ mui)) e 4 {Cun, w)]
=1

T (2 sin %)2

1 (& 1 1
4] (Hl/d“ XT(“”) 7 (25in 427 (2sin 1)’

X [ (3 . :\Xa2> (B(uy, u2)B(us, ug)) — AXa2(1 + (C(ur, up)) + (C(uz, us)))

—M?Y P 1 20X) (8 (B(u1,u2) + Blus, ug))) — AMa?ZP) + 20y P + X)) (8?)

—Me?ZY) 4+ 20X) m} o,
(9.2.46)
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Therefore, the connected 4-point function with correction from the TT-deformation is

4

1 1
O, (w;)) = —=
<£[1 X(u ) w2 (2 sin “%2)2 (2 sin %)2

[ (3 - XXOP) (B(u1, u2)B(us, ua)) — AXa2(1 + (C(ur, ua)) + (Cluz, us)))
—Me?Y®) 1 2aX) (B (B(uy, uz) + Bus, us))) — Ma?ZP) + 20V ® 4+ X)) (5?)

—AMa2ZY) 4 20X) m} :
(9.2.47)

9.A The Schwarzian Derivative

From the definition given above, we can immediately verify that the chain rule for the Schwarzian

derivative is

(S[f o g])(2) = ¢(Sf)lg(2)] + (S9)(2)- (9.A.1)

We can also use the following function of two variables

f(Z)—f(w)>

zZ—Ww

F(z,w) = log < (9.A.2)

as an alternative way to define the Schwarzian derivative, as

_ PP [ f (w) 1
s =075 =01 (G2 o~ =) G439
Using this, it is easy to see that for M(z) = Zjis,

adfb)c2 (adfbg2 1

. (cz+d)? (cw+d

SM)(w) =6 lim —

( )( ) Z—w (az+b _ aw+b)2 (Z - ’LU)2
cz+d cw-+d

6 lim (ad — bc)? B 1 (9.A.4)
_621—“” <[(az+b)(cw+d) — (aw + b)(cz + d))? (z—w)2>

6 lim (ad — bc)? B 1 _

=6 Zl—w <[(ad —be)(z — w)]2 (2 — w)2> 0

so the Schwarzian derivatives vanishes for PSL(2,R) transformations. Now, (Sf)(z) = 0 is
a third-order differential equation, so three initial conditions are required to find the unique
solution. These map precisely into the four parameters (subject to one constraint) of PSL(2,R)
via
(0,20 M"0) = (5. 5.2, ©.A5)
d’ d? d3

so that f = M is the unique solution to (Sf)(z) = 0.

Using the composition law for the Schwarzian derivative, we then find that for two functions
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f(2) and g(z) related by a Mobius transformation f = M o g,
(SF)(=) = (SIM o g])(2) = g(SM)() + (S9)(2) = (S9)(2), (9.A6)

so their Schwarzian derivatives are equal. Conversely, two functions with equal Schwarzian
derivative must be related by a Mobius transformation. In other words, it is PSL(2, R) invariant!

9.B TT Deformations and Massive Gravity

We claimed that the leading-order Goldstone EFT interaction £ O (0x)* can be generated by a
TT deformation or equivalently coupling to two-dimensional (topological) massive gravity. In
this appendix, we will show this explicitly.

9.B.1 77T Deformation

Let us start by reviewing TT deformations briefly.

TT-Operator

Given some Lagrangian density £ of some fields collectively denoted as ¢ on flat space, the stress
tensor is defined to be

oL
T = 0yp—=—7— —nu L (9.B.1)
00,0 M
and satisfies
0, T" =0 (9.B.2)
on-shell. In complex coordinates z = 2! + iz> we have g = dzdz, and we define
T=-27T,, = —g (Th1 — Too — 2iT15) (9.B.3a)
T=—21Ts = —g (Th1 — Tag + 2iTh2) (9.B.3b)
0 = 21T,; = g (Th1 + Toa) (9.B.3¢)
so that stress-energy conservation is
oT =00, JT = 00. (9.B.4)
The Zamolodchikov operator is defined as
(TT)(z) = lim (TT)(z,w) = lim [T(2)T(w) — O(2)O(w)] (9.B.5)

zZ—w Z—w
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but it is not obvious that this limit is well-defined [186]. To show that it is, note that

9. [T(2)T(w) — O(2)0(w)] =0.T(2)T(w) — 8,0(2)O(w)
=0,T(z) 7(w) - _ZT(Z>@(UJ) ) ) (9.B.6)
=0,T(2)T(w) — 0, T(2)0(w) + T(z) [awT(w) — 6w®(w)]
_(82 + aw)(T(Z)T(w)) - (az + 5w)(T(Z)@(w))
and similarly
0 [T(2)T (w) — ©(2)0(w)] =0.T(2)T(w) — 9.0(2)O(w)
=0.0(z) 7(W) - _z@(Z)@(w) ) (9.B.7)
=0,0(2)T(w) — 9.0(2)0(w) + O(z) [GwT(w) — &J,@(wﬂ
_(az + aw) (T(Z)T(w)) - (5,2 + 5w) (@(Z)@(w))
Now, for any function f
(0, 4+ 0u)f(z—w) = fl(z—w) — fl(z —w) = (9.B.8)

so, OPE expanding

T(2)T(w) = Z A (z=w)O(w), T(2)0(w)=> B'(z—w)O(w), O(2)0(w) = Z Ct(z—w)O(w),

i

(9.B.9)
we find that
0.(TT)(z,w) = Z(@Z + 0w) [A'(z — w)Oi(w)] — (9. + Ow) [B'(z — w)O;(w)]
L | i (9.B.10)
=Y Az = w)9uOi(w) — B(z — w) 9y Oi(w)
and similarly
0:(TT)(z,w) = Az — w)0uOs(w) — C*(z — ) 0w Os(w). (9.B.11)
This means that in the OPE of T'T
(TT)(z,w) =Y _ Di(z — w)O(w) (9.B.12)

either O; are all derivatives themselves or come with constant coefficients'4. We can therefore
write

(TT)(z,w) = Opp(w) + derivative terms (9.B.13)

and so
(TT)(2) =: Opp(w) : (9.B.14)

4This argument is slick!
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is a well-defined operator.

It was pointed out in [305] that the TT-deformation can be equivalently written in terms of the
determinant ) .
detT = 5eweﬁyTofﬁvaW =T Thy — T2 = —P(TT - 0?) (9.B.15)

which we will use to define our theory'>.

Deformation by the TT-operator

Consider a sequence of theories defined by actions S labelled by some parameter A € R. To
each theory, we can associate a stress tensor 7 with which we can compute the (7T)-operator
at \. We then define Sy, by adding the operator

oA

55y = 6\ /d%« Oy=—— [ &2(TT) (9.B.16)
T

evaluated at each \. This defines the TT-deformed theory.

Alternatively, we can think of this sequence of theories as a trajectory S in theory space obeying
the flow equation

dS 1 9 _

—= =—— [ d“z(TT). 9.B.17

Ul Iy (9-B.17)
We note that the prefactors have been chosen for later convenience. This deformation is special
because the operator exists in any QFT, even without special symmetries or integrability [306,

307].

Connection to Goldstone EFT

Now consider a free massless scalar field in the matter sector. Using the shorthand X =
h*¥ 0, x0,x, we take the Lagrangian to be just given by the kinetic term

1
Lnlh;x] = —§X. (9.B.18)
The stress tensor is given by
oL
Tﬁ“’ = hll,Vﬁ — 2ﬁ8uxayx (9.B.19)
so one can show that . 5
a _ L (1 v 9\ p2
det T, = o <1 X8X> Le. (9.B.20)

For covariance, we require the deformed action to take the form

Sy = / d>x/—hL (9.B.21)

YIn [305], T and T are defined without factors of +27, and the deformation is defined as 4% = 4 [ d°z det T.
Furthermore d?z is defined to be without the Jacobian from switching between Cartesian and complex coordinates,
as opposed to the convention in e.g. Polchinski. This is therefore different by a factor 4.
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resulting in the following flow equation

0Ly 0 9
o (1—X8X>L‘. (9.B.22)
We can solve this perturbatively with the initial condition £)—g = —%X , but from this we can

guess that £, = 1 f(AX), giving us

1 1 A
Lalhix] = 35 <\/1 “OAX — 1) = — W Ouxdx — 7 (W 9,x0,)° + O(N)  (9B.23)

which defines our theory — this is reminiscent of the DBI action (1.1.21). We see that, to leading
in the TT-flow, the deformed theory reproduces the Goldstone EFT.

9.B.2 Massive Gravity

We also claimed that the leading-order Goldstone EFT interaction £ O (J9x)* can be generated
by coupling to massive gravity in 2D. We will show this explicitly by showing equivalence to a
TT-deformation.

Massive Gravity in D = 2

Denoting the dynamical and reference metric by ¢ and h, coupling to massive gravity amounts
to adding

1 1
SdrGT = 2/d2$ (x/—gR[g] + 2m2a£mass> (9.B.24)

where the only term in D = 2 is

LM = a\/=gLs(K[g,h]) = 2a/—g (Tr[K]* — Tr[K?]) (9.B.25)

and
K", [g,h] = 6", — ( g*lh)“ - (9.B.26)

Connection to 7T Deformations

It turns out that the TT-deformation is equivalent to coupling the original seed theory living on
the background h to 2D massive gravity with dynamical metric g and reference metric h, with
a=1and m? =1/) [187].

This is easier to see in the first-order formulation. Let e and f be the zweibeine associated to the
metrics g and h. Then, the TT-deformation of the seed theory Sy[h] defined on the background
h is, suppressing the dependence on the matter sector

STT [67 f] = 50[6] + SdRGT[€7 f]? (9B27)
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where!®
1 1
SdRGT = ﬁ / d2l‘ 6(JLb(e - f)a A (6 - f)b = ﬁ /d2l‘ 6a,bewj(6 - f)a,u(e - f)bu' (9.B.28)

First note that the stress-tensor with respect to the reference f is defined by

det(f)T,"[e, f] = 9hle. I _ —lew/eab(e -, (9.B.29)
éfa, A
which we can invert to give
e, — [ = —Xeeyy, det(f)T, " [e, f. (9.B.30)
Next note that the equation of motion for e is
. 55}\[67f] o 680[6] 1 N b
0= et = et + 3¢ ean(e— f)°, (9.B.31)
and let us denote its solutions by e,. Then, on-shell
det(f)T,"lex, f] = —%e“”eab(e* -, = 5(;8;0&[6} = det(es) Ty ,"[ex]- (9.B.32)
M le=ex

The indices are raised/lowered with different metrics g. and h on either side, so using det(g) =
det(e)?, we find that the determinant of this equation is

det T [ex, f] = det T*%, [e.]. (9.B.33)

We can then finally check that

dSrrple«, f] o [ 9Szrle, f] de,* 1 a b

AN _/d w( R o pyetab(es =N A (e = ) )
- T;eabew / d’z ( — Xepa€® det(f)T,%[ex, f]) < — Xe,getddet(f)T, (e, f])
__ %eabew / 2z det(f)2T, "[en, f1T}"ex, f]

= /dzx det T, [ex, f]
(9.B.34)
where detT = %e“”eabT‘IM T®, . This is the generalisation of the TT flow equation to curved
spacetime, and we can identify S)[f] = Spplex, f]-

6Note that € here is the one used in the definition of the wedge product of vielbeine and the determinant. It does
not transform as a tensor, but as a tensor density, and we cannot just raise/lower its indices!
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Concluding Remarks

In part II of this dissertation, we focused on extremal black holes.

First, we considered stationary deformations to the near-horizon region of extremal black holes.
We reviewed how these arise from the extremal limit of regular non-extremal solutions and
generalised the analysis to extremal black branes. The near-horizon geometry contains an AdS
factor, which essentially fixes the scaling of deformations within the near-horizon geometry.
These present an interesting window into high-energy physics because they are UV sensitive —
metric perturbation theory breaks down sooner for certain values of Wilson coefficients. We
clarified that this is not associated to a breakdown of the derivative expansion by constructing
an explicit UV completion, in which the problem persists. From examples, we then specula-
tively conjecture that effective theories derived from consistent UV completions always lead to
worse behaviour of stationary deformations near the horizon — we refer to this as near-horizon
negativity.

There are several future directions for this.

* A straightforward generalisation to this is to study the full gravitational deformations for
extremal black branes.

* Other possible generalisations are stationary deformations for other types of extremal
black holes. From the perspective of putting constraints on Wilson coefficients of higher-
derivative operators, these constitute different backgrounds we can use to probe the pa-
rameter space of Wilson coefficients.

* In AdSs , the isometries fix both the scaling exponents of the stationary deformations to
the near-horizon geometry and the frequencies of dynamical perturbations or scalar fields
in the near-horizon geometry through the Killing vector vd, — pd,. The latter can be
used to understand the Aretakis instability — the fact that derivatives of certain conserved
quantities transverse to the horizon grow polynomially along the horizon [308]. The
scalar toy model on the extremal black brane background exhibited qualitatively similar
behaviour to the scalar toy model and honest gravitational perturbations to the extremal
black hole. This suggests that we might be able to understand the Aretakis instability for
extremal black branes similarly. This is work in progress.

* As it stands, near-horizon negativity does not stand on particularly firm footing as a con-
jecture. It is mainly based on observations about specific examples, and we only have
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rough holographic arguments for why it should hold. It would be interesting to see if
stronger arguments could be made — a reasonable guess is that this could be related to
the averaged null energy conditions, focusing theorem, or some expectation value of stress
tensors in the CFT [309-312].

In chapter 9, we considered dynamical fluctuations within the near-horizon geometry of ex-
tremal black holes — the leading-order corrections from the exact AdS, -factor therein are de-
scribed by JT gravity. Specifically, we studied a bulk Goldstone EFT and used AdS; -holography
to present preliminary results for the boundary four-point correlation with 1-loop corrections
from the matter fields and the Schwarzian modes. Goldstone EFT is the prototypical example of
an EFT subject to various constraints, and set-up is particularly interesting for its connections to
TT deformations and coupling to 2D massive gravity, which suggest a preferred sign for the Wil-
son coefficient of the Goldstone EFT for reasons unrelated to the typical causality and analyticity

arguments.

* As mentioned previously, the reason we are interested in the four-point function is because
it can be used to extract observables quantifying the chaos of the system. It would be
interesting to see whether there is a qualitative difference distinguishing different signs of
the Wilson coefficient from this perspective.
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