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1 Introduction

The notion of symmetry is ubiquitous throughout physics. It is at the core of every physical theory
and one could argue it is a necessity for one to even do physics at all. Symmetries allow us to
greatly simplify the difficult problems we encounter in the Universe and approach them in a feasible
manner, and they often reflect fundamental insights about the structure of nature.

When studying symmetries, the concept of group becomes particularly useful (see, e.g., Zee
2016). Groups are abstract mathematical structures similar to, but simpler than, vector spaces.
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The “collection” of symmetries of a certain kind of a given physical system often, if not always,
constitutes a group. Hence, knowing the basic parlance of group theory is a powerful manner of
studying symmetries and their consequences.

The Bondi-Metzner—Sachs (BMS) group is the group of symmetries at infinity in asymptotically
flat spacetimes. In other words, consider the following scenario in general relativity. One has a
given distribution of matter in spacetime arranged in such a manner that, far away from all of
this matter, spacetime is nearly flat in a suitable sense (which we shall define). Far from all these
sources, spacetime resembles in a suitable sense Minkowski spacetime, so we would expect that the
symmetries at infinity should somehow resemble the symmetries of Minkowski spacetime—the
latter form the so-called Poincaré group. The BMS group is this group of symmetries at infinity,
and it was a surprise when Bondi, Metzner, and Sachs discovered it was actually a group much
bigger than the Poincaré group (Bondi, Van der Burg, and Metzner 1962; Sachs 1962b).

This simple fact hides deep physical truths about general relativity. Namely, it is a statement
that general relativity does not reduce to special relativity at large distances. Rather, it reduces to
a much more complex structure that arises only at infinity. This rich structure at infinity can be
exploited, as done by Dappiaggi, Moretti, and Pinamonti (2017), to construct physically interest-
ing states for quantum fields evolving on asymptotically flat backgrounds. There are also other
physical implications. For example, as reviewed by Strominger (2018), the BMS symmetries imply
correlations between S-matrix elements that yield the so-called soft graviton theorem (Weinberg
1965,1995), which is a fundamental ingredient for understanding the infrared structure of cross
sections in scattering experiments. BMS transformations can also be related to the so-called memory
effect—originally discovered by Zel'dovich and Polnarev (1974)—which predicts that after the
passage of a gravitational wave two nearby detectors will be permanently displaced. It is expected
that this effect should be measurable in the near future (Favata 2010; Grant and Nichols 2023).

In these lecture notes, we provide a simple introduction to the BMS group and some of its
physical consequences. We also discuss some prerequisites that are essential to understanding the
discussion, such as group theory and the concept of conformal infinity. It is assumed that the reader
is familiar with general relativity at an undergraduate level, and some applications might require
previous knowledge of quantum field theory to be fully appreciated (although the author tried his
best to keep the necessary knowledge to a minimum). Through familiarity with general relativity we
also assume some familiarity with differential geometry. We use the same notation and conventions
employed in the textbook by Wald (1984). This includes abstract index notation, metric signature
- + ++, and geometric units with G = ¢ = 1. Latin indices 4, &, ... represent abstract indices, Greek
indices p, 7, ... represent spacetime coordinate indices.

2 Symmetries and Groups

We begin by discussing what is the mathematical structure of the symmetries of a physical system.
This will naturally lead us to the notion of group, which is a well-established and well-studied
concept in mathematics. We shall then understand some of the basic ideas of group theory and in
particular exploit them to investigate properties of general relativistic spacetimes.



2.1 Rotations

Perhaps the paradigmatic example of a symmetry is rotational symmetry. This means that the
physical system does not change when we rotate it about a specific point and is present in many
interesting examples in fundamental physics. For example, the hydrogen atom model in quantum
mechanics presents spherical symmetry. So does the Schwarzschild solution in general relativity and
many star solutions of interest.

Let us for a moment ponder about what is it that defines a rotation as a rotation. To be concrete,
we are thinking right now about rotations as operations on three-dimensional real vectors, although
the discussion is easily generalized to higher dimensions. We know that a generic rotation should
be a linear transformation R: R* — R3. Indeed, R(«?) = «R?%, for rotations should not “see” the
length of a vector: they only care about its direction. Furthermore, R(% + 7) = Rz + R?, because
the rotation occurs in a “solid” manner: both elements of the sum and the sum itself should all
be rotated in precisely the same way. Hence, we conclude a general rotation should be a linear
transformation.

This, however, is surely not enough to characterize what we mean by a rotation. There are far
too many linear transformations! For example, given the canonical basis {¢,}, we could pick the
transformation defined by 7¢, = (1 +9,,)¢;, where g, is the Kronecker delta. This transformation
simply stretches one of the coordinate axes, while keeping the remaining ones constant. This is
surely a linear transformation, but it looks nothing like a translation.

The extra property that characterizes rotations is that they preserve angles and norms. Hence,
they do not impart any sort of stretching into the vectors they act on and they do not change the
relative angle between vectors. Mathematically this is expressed in terms of the scalar product in R?
as

Ri-Ro=1u-0. 1)

This can be shown to be equivalent to the requirement that
R'R=1, (2)

where R' is the transpose of R and 1 is the identity matrix. Matrices that satisfy Eq. (2) are said to
be orthogonal. This invites us to define

O@3) = {Re My;R'R = 1}, (3)

where M, is the space of 7 x 7 real matrices and the “O” in O(3) stands for “orthogonal”. O(3) is
the so-called orthogonal group in three dimensions. Notice that we can analogously define the
orthogonal group in z dimensions through

O(n) ={ReM,;R'R=1}. (4)

This is the collection (or rather the group) of rotations in » dimensions.

We would like to know which sort of structure represents collections of symmetries in general,
so it is interesting for us to study some properties of O(z) to figure out an abstract definition.
R'R = 1 seems too strict, since this is speciﬁc to rotations, and not every symmetry is a rotation. In
fact, even linearity might be a stretch, since complicated symmetries could be nonlinear in principle.
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One of the most basic facts we can notice about O(z) is that it is endowed with a product.
Namely, given two rotations R and S, we can also define RS, which stands for “apply the rotation S,
and then the rotation R”. This constitutes a rotation, for one can show through direct calculation
that RS € O(z). This is our first axiom for a group: a group should be a set G endowed with a
product -: G x G — G. Indeed, notice that if we apply two symmetry transformations in sequence,
the result should also be a symmetry. This is due to the fact that a symmetry related two physically
equivalent configurations, and thus applying two symmetries in sequence yields a configuration
that is physically equivalent to the original one.

Next, we notice that the product in O(z) is associative. Indeed, given rotations R, S, and 7', we
have that (RS)T = R(ST). We will also impose associativity as one of the axioms for a group. This
is due both to the fact that it is mathematically interesting to do so—the resulting theory is quite
rich—and due to the fact that it is even difficult to conceive how one could apply transformations
to a physical system in a manner which is not associative. If we think of the transformation (RS)T
in terms of two consecutive transformations (7" and then RS), it is not obvious that it is equivalent
to R(ST) (ST and then R). However, it seems intuitive that these two transformation processes
should be equivalent to the “physical realization” 7', then S, then R, which we would denote as RST
(without parentheses). Hence, it seems these transformations should compose in an associative
manner. A second argument could be that each transformation should be viewed as a function
between configurations of a physical system, and the composition of functions is always associative.

We then notice that “doing nothing” should be considered a symmetry. Indeed, a physical
configuration is physically indistinguishable from itself. Hence, we expect there to be an identity in
a group. And, correctly, we have that 1 € O(n), as one can promptly check.

Finally, undoing a symmetry transformation also constitutes a symmetry. If we perform a
transformation in the system in such a way that the configuration after the transformation is indis-
tinguishable from the configuration before the transformation, it is surely true that the statement
also holds the other way around. Thus, the group should be populated with the inverses of every
group element. As expected, for every R € O(z), R™' = R" € O(n).

We thus arrive at the following definition.

Definition 1 [Group]:

A group is a pair (G, -) where Gisasetand -: G x G — G is a function satisfying the following
conditions:

i. -isassociative, so (g - 2,) - g3 = g1 - (g, - g3) forevery ¢, 55, 43 € G,

ii. -hasaneutral elemente, .e., there is an elemente € Gwithe-g=g-e=gforallg € G,

iii. all elements in G have inverses, meaning that for each ¢ € G there is some ¢! € G with
gg=g"g=e
Groups which are also commutative (¢, - g, = g, - g, for all g1, g, € G) are said to be Abelian. We

often omit - when writing products when the product operation is clear: ¢, ¢, = ¢; - . L)

Our interest in groups is similar to one’s interest in vector spaces. These are useful mathemati-
cal concepts that have been well-developed by mathematicians and that occur once and again in
physical contexts. As such, it is useful to know a thing or two about groups because this helps
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us understanding physical phenomena better. Zee (2016) discusses applications of group theory
to physics. In the following, we will restrict our attention to groups that are of interest for our
discussions.

Just as one has the notion of a subspace of a vector space, we also have the notion of a subgroup

of a group.

Definition 2 [Subgroup]:
Let (G,-) beagroup and H ¢ G. We say (H, ) is a subgroup of (G, ) if (H,-) is a group. Notice
the product has to be inherited from the “mother” group. )

As an example, consider
O(n) ={R e M,; R'R = 1,detR = +1}. (5)

Notice that SO(z) < O(n). In fact, every element R € O(z) either lies in SO(z) or has detR = 1.
One can show that SO(x) is a subgroup of O(z), and it is SO(») that is often referred to as the
group of rotations. The reason is that O(z) is essentially SO(») with the possibility of composing
an element of SO(#) with a reflection, so SO(%) restricts our attention to the rotations that involve
no reflections. The “S” in SO(») stands for “special”, and refers to the fact that the matrices have
unit determinant.

In order to understand further the structure of SO(%) and O(z), it is useful to define a Lie

group.

Definition 3 [Lie Group]:
A Lie group is a group (G, -) endowed with a smooth manifold structure in such a manner that
the maps u: Gx G — Gand 1: G — G given by (g1, 8) = g, - & and «(g) = ¢~* are smooth. L)

Hence, a Lie group is a smooth group. This is useful because often in physics we encounter
groups that have infinitely many elements, where “infinitely many” is meant in a continuous (or,
more appropriately, smooth) way. This is the case of O(z) and SO(»). We can define coordinates
on these groups by employing the so-called Euler angles (see, for example, Goldstein 1980). SO(z)
is composed of a connected manifold, which means it is a “unique continuous piece”. O(z), on the
other hand, has two connected components, meaning there is a continuous piece with detR = +1
and another with det R = —1—one cannot smoothly change the signal of the determinant from +1
to —1.

2.2 Lorentz Group

Let us now move on to a more complicated example. Let us consider Minkowski spacetime (R*, 7, ).
We would like to investigate the linear isometries of this spacetime. Isometries are metric-preserving
diffeomorphisms, which means that they are transformations that preserve both the underlying
space R* and the metric 7, . Hence, they can be understood as the fundamental symmetries of the
spacetime. Linear isometries are a particular class of isometries that has the form

- = A (6)

for some matrix A”,.



For a diffeomorphism to preserve the metric it should satisfy

ox'™ 0x”
Tow 3 3w = o+ (7)

For a linear transformation, we can write this simply as
£ oAy _
Do\ o 5 = s - (8)

In Cartesian coordinates, we can write 7 as the matrix

-1 0 0 O

0O 1 0 O
7“1o 01 0 ©)

0O 0 0 1

and the expression ccan be written simply as
AyA = 7. (10)
We thus define the group

0(@3,1) = {A € M A'pA = 77}, (11)

known as the (3, 1)-pseudo-orthogonal group. “3” refers to the three positive signs in the Minkowski
metric and “1” refers to the remaining negative sign. Notice this is a generalization of the orthogonal
groups: O(z) could be defined as the group with matrices satisfying R"1R = 1, which is similar to
the condition defining O(3, 1). We could also define O(p, 4) in more generality, but these groups
are not of interest for us.

O(3,1) is known as the Lorentz group. It is composed of rotations, Lorentz boosts, and both
spatial and time reflections. Notice that O(3) is a subgroup of O(3, 1) formed by the elements with

(12)

where R is an orthogonal matrix.

One could argue, correctly, that technically (12) is not an element of O(3). Indeed, SO(3) is
formed by 3 x 3 matrices and (12) is obviously a 4 x 4 matrix. Yet, it seems odd to not consider (12)
an element of O(3), given that matrices of that form behave precisely as elements of O(3). Let us
then give meaning to this.

Definition 4 [Homomorphism]:
Let G and H be groups. We say a function ¢: G — H is a homomorphism if, and only if,

$(€)9(@) = ¢(a1) forevery ¢, ¢, € G. )



Notice we wrote simply G rather than the tuple (G, -). This is common in group theory, and
perhaps in all of mathematics. Notice also that the definition of a homomorphism resembles that
of a linear transformation between vector spaces: both of them are mappings between two algebraic
structures of the same kind (either groups or vector spaces) that preserve the algebraic structure.
Hence, they are natural maps between these sorts of structures.

Just as in linear algebra, we can now define an isomorphism.

Definition 5 [Isomorphism]:
Let G and H be groups and ¢: G — H be a homomorphism. If 4 is bijective, it is said to be an
isomorphism. 4

The inverse of a homomorphism, when it exists, is automatically a homomorphism. Isomor-
phisms between groups are analogous to isomorphims between vector spaces: they mean the two
groups (or vector spaces) are algebraically “equal” as far as the structure they preserve is concerned.
Two isomorphic groups can be understood as two copies of the same group.

Now we can give meaning to our previous idea: there is an injective homomorphism from
O(3) into O(3, 1). Or, alternatively, O(3, 1) has a subgroup that is isomorphic to O(3). We often
just make these statements briefly by saying O(3) is a subgroup of O(3, 1), where the necessary
homomorphisms are understood.

Just as we defined SO(z) to get rid of the reflections of O(z), we can define SO(3, 1) to focus on a
smaller subgroup of O(3, 1). Thereis, however, a caveat: while O(z) has two connected components,
O(3,1) has four. This is because in addition to spatial reflections we also have the independent time
reflections. If we reverse time and apply a spatial reflection, we get a transformation with positive
determinant, but which certainly is not a composition of “pure” rotations and boosts. Thus, we
provide the following definitions.

SO(3,1) = {A € M; A'pA = y,det A = +1} (13)

and
SO"(3,1) = {A e Mz A"yA = y,det A = +1, Ay > 0}. (14)

Ay > 0 prevents time reflections, and when combined with det A = 1 we end up ruling out spatial
reflections too. Hence, SO™ (3, 1) is connected.

Restricting our attention to SO (3, 1) also has physical motivation. It is well-known that the
weak interactions explicitly break parity (spatial reflection) and time reversal symmetries (see, e.g.,
Schwartz 2014). Hence, even in flat spacetime, O(3, 1) is not a fundamental symmetry of nature, but
SO (3, 1) is. Of course, the group reflecting the spacetime symmetries is O(3, 1), but mathematical
simplicity also allows us to focus on SO (3, 1). This is what we will do for the rest of these notes.

Finally, a comment about nomenclature is in place. SO(3,1) is known as the proper Lorentz
group. The group

O*(3,1) = {A e Mz ATyA = 3,7y > 0} (15)

is known as the orthochronous Lorentz group, since it forbids time reversals. Finally, SO*(3,1) =
SO(3,1) n O*(3, 1) is the proper orthochronous Lorentz group, also called the restricted Lorentz

group .



2.3 Poincaré Group

When discussing the Lorentz group we restricted our attention to linear isometries. Apart from
mathematical simplicity, there is no reason to make this restriction. Hence, we now consider the
full group of isometries of Minkowski spacetime. These are the transformations x* — x* such that

0x'* 0"

Tor 3 3w = Do+ (le)

Notice this equation means the Jacobian 5 must be a Lorentz transformation. Hence, we have
the differential equation

ox'* P
A, (17)
Integrating this equation leads us to
K = A['{/,x/J + 4, (18)

for an arbitrary vector 2” € R* which appears as an integration constant. If we omit the indices, we
can write the resulting transformation as

x— x = Ax+a (19)

This is known as a Poincaré transformation, and we denote (19) as (A, 2). Once we restrict attention
to A € SO™(3,1), we get the group

ISO"(3,1) = {(A,2); A € SO™(3,1),a € R*}. (20)

This is known as the proper orthochronous Poincaré group, or restricted Poincaré group.
To find the group product of the restricted Poincaré group we perform two Poincaré transfor-
mations in sequence. Define

x> x = Ax+a,
{ / " ! / (21)
x >x =Nx +a.
Then
x> x" =ANAx+Na+d. (22)
Hence,
(N,4)o (N a) = (NANa+ ), (23)
where © denotes the group product.
We have two interesting subgroups of ISO™ (3, 1). Firstly, notice that
{(A,0);A€S07(3,1)} (24)
is isomorphic to th restricted Lorentz group SO (3, 1). Furthermore,
{(L,a);a€ R4} (25)

_8-



is isomorphic to (R*, +), the group of translations. There are some interesting ideas connected to
these two subgroups.
Firstly, notice that given any (A, 4) € ISO"(3, 1) and « € R* we have that

(A, =A%) 0 (1,42) © (A D) = (A, -AT10) © (A, 2+ b), (26a)
= (AT'A AT e+ AT - AT, (26b)
= (1,A™'a) eRY, (26¢)

where (A™,=A7'6) = (A, 5)"" and the inclusion in the last line implicitly assumes an isomorphism
between (25) and (R*, +). This means that R* is not only a subgroup of ISO* (3, 1), but a normal
subgroup.

Definition 6 [Normal Subgroup]:
Let G be a group and N < G be a subgroup. We say N is a normal subgroup, and write N < G,
if it holds that for any » € N and any g € G we have ¢ 'ng € N. L)

Normal subgroups are a particularly important class of subgroups, as discussed by Geroch
(1985), for example. For our purposes, it is useful to notice the following. Let ¢ € G (G a group)
and H < G be a subgroup. Then define

¢ 'Hg = {g_llog;/o € H}. (27)

This is in general a new subgroup of G that is isomorphic to /. Hence, we get many copies of H
inside G. For a normal subgroup, we have a uniqueness property in the sense that all of these copies
coincide, for g™ Ng ¢ N due to the very definition of normal subgroup.

Notice that SO*(3, 1) is not a normal subgroup. Indeed,

(A7 -A"2) 0 (A,0) 0 (A, a) = (A -A"1a) o (AN, Aa), (28a)
= (ANTTAN AN Aa - N 7a), (28b)

and this is not in general an element of (24).

It is also interesting to notice that if we understand SO* (3, 1) and R* as the subgroups given on
(24) and (25), then SO* (3, 1) nR* = {(1,0)}, which is the subgroup composed solely by the neutral
element. Furthermore, notice that any element of ISO*(3, 1) can be written in the form

(A, a) = (A,0) 0 (1,Aa). (29)

We thus write ISO*(3,1) = SO*(3, 1)R*, meaning that every Poincaré transformation is a transla-
tion followed by Lorentz transformation. Due to R* being normal, this can also be rewritten as
ISO*(3,1) = R* ® SO* (3, 1) with

(A 2) = (L,2) 0 (A, 0). (30)
This sort of structure has a particular name in group theory.

Definition 7 [Semidirect Product]:
Let G be a group with neutral element ¢, 7, N ¢ G subgroups, and N < G. If

G =HN = {bn;h e H,n e N} (31)
and H n N = {¢}, then we say G is the semidirect product of N and A and write G = H x N. &
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The notation A x N makes reference to the facts that, asa set, G = Hx N and, as a group, N < G.
As discussed by Robinson (1996), for example, semidirect products can also be defined for two
given groups and used as a way of building a third new group. For us, this internal definition will

be enough.

3 Symmetries in Curved Spacetimes

Now that we know how to characterize symmetries in terms of groups, the next step should be to
adapt this discussion to curved spacetimes. This will require us to develop some new geometric
language in order to appropriately formulate what constitutes a symmetry in a curved spacetime.
Furthermore, we will be able to provide a geometric, coordinate-free construction of the isometry
groups we previously discussed. Parts of this section are inspired by the book by Wald (1984, App.
Q).

This section will rely considerably on a basic understanding of differential geometry as required
for general relativity. Examples of textbooks on differential geometry are the ones by Lee (2012)
and Tu (2011), but basic differential geometry is also reviewed in general relativity books such as the
ones by Hawking and Ellis (1973) and Wald (1984).

3.1 Pullbacks and Pushforwards

We now take an active point of view on diffeomorphisms. Rather than thinking about them as
mere changes of coordinates, we will think of them as active transformations that take one manifold
into another one and discuss how the structures on these manifolds transform. To understand this,
we will have to discuss some properties about smooth mappings between manifolds.

Let M and N be manifolds. Given a point p € M, we denote the space of tangent vectors to M
at p by 7, M. Suppose we are given a smooth mapping ¢: M — N. This mapping gives us some
structure to relate M and N. Which sorts of relations can we derive from this?

Suppose first that we are given a smooth function f: N — R. We can “pullback” f using ¢ by
defining a new map ¢,/ M — R through ¢, f = f > ¢. This can be depicted in the diagram

M— N
N
R

We call ¢, / the pullback of # through ¢. This name comes from the fact that ¢ is “pulling back” the
function f from N to M.

Next suppose we have a vector v € 7, M (we sometimes omit the abstract indices to avoid
cluttering the notation in what follows). While we could pull back a function, we can “push
forward” this vector. Recall that a vector at p is a linear map v: €~ (p) — R (€~(p) being the space
of functions which are smooth at p) satisfying certain conditions so that it behaves as a directional
derivative (see, e.g., Lee 2012; Tu 2011). We can define a new vector ¢*v € LN by imposing that

¢ o(f) = v(g.f) = o(f = ¢) (32)

for every f € €¥(¢(p)). Diagrammatically this can be written as
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G (p) — G (5(p))
R

where ¢, is the pullback map defined as ¢,/ = f - .

Notice that the pushforward ¢" is a linear map ¢": 7,M — T;(,) N and can thus be interpreted as
the derivative of ¢ at p in the usual sense of multivariable calculus (although it is now generalized to
manifolds). The pushforward of a smooth mapping is also known as the differential or the tangent
map.

This process does not stop at the level of vectors. Let w € 7} ) N be a covector at ¢(p) € N.
Recall that a covector in 7, N is a linear map w: 7}, N — R. We can pull back this covector to a
new covector ¢,» € 7'M by defining

pxw(v) = w(p ) (33)

for every v € T,M. We can write this in the diagram

TM ’ ¢(p)N

where ¢*: T M — T, N is the pushforward.
Given a tensor T of type (0, /) at p, we can also pull-it-back by defining ¢,7" through

AT (vy, ., y) =T (P 0y, .., P 1p). (34)

Analogously, for a tensor 7" of type (£, 0) we define the pushforward through

T (wys.es0y) = T (P01, s B0y (35)

This is consistent with our previous definition of pushforward of a vector due to the definition of
pullback of a covector.

Notice we thus get a number of relations between different structures defined on A1 and N.
Nevertheless, we have quite some restrictions. We cannot push forward nor pull back a tensor of
mixed type, since we do not know how to pull back contravariant tensors and we do not know how
to push forward covariant tensors.

Suppose, however, that ¢: M — N is not only smooth, but actually a diffeomorphism. We
recall this means that ¢ is smooth, bijective, and has a smooth inverse. In particular this implies
that dim 2/ = dim N. In this case, we have the inverse mapping ¢! and we can exploit it to define
the pullbacks and pushforwards that ¢ cannot handle. Given a tensor 7" of type (£, /) at p € M, we
define

BT (@1, vy Wps Vg5 s 1) = TPy, oee s Puaps (¢_1)*vl, s (¢_1)*01). (36)

The pullback ¢, is defined analogously, but since it holds that ¢, = (¢7")" it suffices to work with
the pushforward.
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If we consider a diffeomorphism ¢: A — A, we get an interesting structure. If we are giving
a tensor field 7', we can now consider the pushforward of the entire field, $7". This leads us to a
new tensor field that can be compared to the original tensor field 7'. In general, these two tensor
fields will not be the same, even though they are related by a diffeomorphism. In coordinate-
parlance, the coordinate components of 7" are preserved, but they are taken to ¢(p) instead of
being kept at p. This is an ambiguity in the description, and hence it is understood as a gauge
symmetry. We get physical symmetries in the particular case in which ¢*7" = T, so that acting on the
spacetime with a diffeomorphism keeps everything unchanged—this is not a mere redundancy, but
an actual symmetry of the spacetime. The diffeomorphisms that keep the metric invariant, i.e., the
diffeomorphisms with ¢"¢ = g, are called isometries.

3.2 Lie Derivatives

An interesting structure we can consider when dealing with diffeomorphisms is a one-parameter
group of diffeomorphisms. Thisisamap ¢: RxM — M such that ¢,: M — M isadiffeomorphism
for every ¢+ € Rand the map # — ¢, is such that ¢, - ¢, = ¢,, . Notice then that {¢,}teR then hasa
natural group structure.

Take a point p € A and consider a one-parameter group of diffeomorphisms in A4. Notice that
%,(¢) = ¢,(p) defines a curve in M—this is called an orbit of ¢,. If we differentiate y, atz = 0, we get
a vector v, € T,M. Through this process we get a vector field v associated to ¢, which is everywhere
parallel to the orbits of ¢,. Inversely, given a smooth vector field v, it is always possible to find a
one-parameter group of diffeomorphisms in A4 whose orbits are all parallel to ». This is said to
be the flow of v. For details, see the books by Lee (2012, Chap. 9), Tu (2011, Chap. 14), and Wald
(1984, Sec. 2.2). We should mention that the one-parameter group of diffeomorphisms might not
be defined for all parameter values 7 € R, but rather be defined only on a smaller interval. In any
case, it is always possible to find a local flow.

Suppose now we want to consider how a given tensor field 7" changes in spacetime. Itis, of course,
useful to have a derivative of 7" to analyze this variation. We would like to compute something like

Iy T2 0 = 10) (37)
dr P t—0 t

Of course, this equation makes no sense. There is no vector space structure on the manifold for p +
to make sense and we cannot compare tensors at different points of the manifold. However, if we are
given a one-parameter group of diffeomorphisms {¢t} with tangent vector field v (or, equivalently,
if we are given the vector field and consider the one-parameter group of diffeomorphisms) we can

define . .
* 1% 1%
¢—zT by T

£,0%,  =lim —

bh
byl t—0 t ’

(38)

Notice that ¢7,7" = ¢, T picks the tensor field at “p + #” and pulls it back to p. Hence, Eq. (38) gives
a precise mathematical meaning to Eq. (37). £, is known as the Lie derivative with respect to .
Notice it is a linear map that takes smooth (£, /)-tensor fields to smooth (#, /)-tensor fields. The Lie
derivative preserves contractions and it can be shown that the Lie derivative obeys the Leibnitz rule
on tensor products,

£,85®T)=(£,5)®T +S® (£,T). (39)
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Notice that £,7" = 0 everywhere if, and only if, ¢, is a symmetry of 7' for all 7, i.e., ¢;7 = T for all z.
Ata point p, notice that

(ﬁvT 1 kbr--bz)p _ 1[1_% - =3 ~ (¢itT 1 kbl-nb,)],' (40)
In particular, consider the case of a scalar function. Then
d .
(£vf)p = a (¢—tf)p: (413.)
=0
d
=%l (/) (41b)
-4 e (410
Cde|, ?p
= o(f),» (41d)

where the last step can be performed by choosing a coordinate system and employing the chain rule.
We thus learn that

£f = o(f). (42)

Now that we know how the Lie derivative acts on functions, the next simplest step is to learn
how it acts on vector fields. To find that, introduce a coordinate system such that the parameter
along the integral lines of v is one of the coordinates, x%. In this manner, we have that

v = (a%) (43)

This corresponds to choosing the function x' such that »(x") = 1, which clearly can always be done
in neighborhoods in which +* does not vanish.

In such a coordinate system, acting with ¢_, is equivalent to performing the coordinate trans-
formation x' — x' + 7 while holding the remaining coordinates fixed. The matrix components of
the pushforward ¢”,: 7,M — 7} (, M are then given in the coordinate basis by

(¢it)‘uv = 3‘“1/' (44>
Hence, this means that
(g2, T, (e d”) = T (ot + 2,0, 27). (45)

Using this in the expression for the Lie derivative, Eq. (38) on the previous page, we conclude that
in this coordinate system

JTH
et net
£, = T (46)

Notice that using this expression it is particularly simple to prove the validity of the Leibnitz rule.
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Using this general expression, we see that given a vector field w” we have, in this coordinate
system adapted to »*,

ow”

e Y

£,w e (47)
Similarly, we can compute the commutator’ [v, w]* and find that

ow”

[0, w]” = P (48)
too. Hence, we conclude that in this coordinate system we have

£ = [v,w]”. (49)

Since this equation is covariant and both quantities are defined in a coordinate-independent manner,
we can conclude that
£,w" = [v,w]” (50)

as a tensor equality.

Having the expressions for the Lie derivatives of scalars and vector fields, we can derive all other
cases. These formulae are more easily expressed in terms of derivative operators, so that is what we
will do. As an example, let us consider the Lie derivative for one-forms. Given some one-form g,
and a vector field w”, we have that

£,(u,w*) = v(n,w), (51a)
= vbw”Vb Y F vquﬂVb w”. (51b)
This follows from using the expression of the Lie derivative for scalar functions. However, if we

instead used the Leibnitz rule and the expression for the Lie derivative of a vector field we would
have found

£v((ua wﬂ) = waﬁv(ua +[uﬂ£vwa’ (523>
= w'E,p, +,[v, w]”, (52b)
= w'Eyp, + 0"V, w — W'V, 0%, (52¢)

Bringing everything together and solving for w”£,u, we find that
W'ttty = 0w,y + 0V, 0 (53)
for all w”, and therefore it follows that
£ty = 0"V ey + Y, 0 (54)

The general expression for an arbitrary tensor field can be obtained by induction. One finds
that

k !
D < aray .
LT, =T, ZT oty Ve 0 1T ety Vi, ¥ (55)
= =

J
This expression holds for any derivative operator (see Wald 1984, Sec. 3.1), not only for the Levi-

Civita connection.

"Recall that the commutator of two vector fields »* and w” is the vector field [v, w]* such that [s, w](f) = v(w(f)) -
w(v(f)). Using a derivative operator, we can write [v, w]* = vab w® — wab v”.
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3.3 Conformal Killing Vector Fields

At this stage, we are ready to discuss an important class of concepts: Killing vector fields and
conformal Killing vector fields.

We begin by giving meaning to the term “conformal”. A conformal transformation is a trans-
formation that, in some sense, preserves angles. Within differential geometry and general relativity,
a conformal transformation is a smooth map such that ¢,¢, = Q’*¢, = 7, for some (smooth)
function Q > 0. Notice that angles are preserved in a specific sense: g, & = 0if, and only if,
2, k%" = 0. Therefore, under a conformal transformation of the metric, null vectors are preserved
and, as a consequence, so are the lightcones. This means therefore that the causal structure of
spacetime is preserved.

We previously mentioned that a diffeomorphism ¢: A — A such that ¢°¢, = 0 is called
an isometry. There is a second interesting class of diffeomorphisms that “almost preserve” the
metric, known as conformal isometries. There are the diffeomorphisms such that ¢"¢ , = O? ¢, for
some function Q > 0. Hence, a conformal isometry is a diffeomorphism that also happens to be a
conformal transformation.

Suppose now we are given a one-parameter group of conformal isometries (regular isometries
then become a particular case). We surely must have that

£Ugab = )'gﬂb (56>

for some function 2 yet to be determined (and that should vanish for a regular isometry). Using
Eq. (55) on the preceding page for a derivative operator with V, ¢, - = 0, we find that

£vgab = va O + Vb U (57)

and Eq. (56) becomes
V,y, +V, 0, =g, . (58)

For general 4, this is known as the conformal Killing equation. For A = 0 (corresponding to regular
isometries rather than conformal isometries) this is known as the Killing equation.
Assuming spacetime is z-dimensional and contracting both sides of the conformal Killing

equation with ¢** leads to
2V, v = nl, (59)

which establishes the value of 2. Hence, the conformal Killing equation becomes
Vo +V o = 2(V o) (60)
2 Ub + b Ua = 7 ¢ v gﬂb .

Notice that Killing vector fields are infinitesimal generators of isometries, so they capture—in
an infinitesimal sense—what are the symmetries of the metric. Conformal Killing vector fields are a
bit more generous and consider the conformal symmetries of the metric.

In a curved spacetime, symmetries correspond to the integral lines of complete Killing vector
fields, where “complete” means that their integral lines (Z.e., their flow) is defined for all times. The
symmetry group of the spacetime is a subgroup of the group composed by all diffeomorphisms,
Diff(A) (the group product is the composition of maps). As an example, we say that a spacetime is
spherically symmetric when the group of isometries has a subgroup isomorphic to SO(3).
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Figure 3.1: Diagram for construction of stereographic coordinates. One picks a point in the sphere and
connects it to the north pole. One follows the line determined in this manner until it intercepts
the xy-plane, at which point one records the coordinates x and y of the intersection. The coordinates
attributed to the point in the sphere are then { = x + iy and its conjugate {. This corresponds to

F=6? cot(g).

3.4 Case Study: Conformal Isometries on a Sphere

As a case study, let us consider what are the isometries and the conformal isometries on the two-
sphere S*. This will be a convenient discussion for later.

To perform the calculations, it will be useful to employ some coordinate system. Spherical
coordinates” (8, ¢) are one of the options, but we will employ a different choice. Namely, we
choose to work with stereographic coordinates. This corresponds to defining a complex coordinate
[ =¢? cot(g). Geometrically this construction is illustrated on Fig. 3.1. One draws the sphere as
the unit sphere in three dimensions and traces lines from the north pole to different points of the
sphere. Given a point on the sphere, the line from it to the north pole can be extended untill it
crosses the xy-plane, marking the coordinate { = x + 7y at the crossing point. In this manner, each
point in the sphere is mapped to a point in the plane, and the north pole is mapped to infinity. Itis
worth mentioning that this is a way of viewing the sphere as the Riemann sphere C u {oo}.

The round metric on the sphere is given by

ds® = d&” +sin® 6.dg” . (61)
In stereographic coordinates, we get

ds’ = 2, A2 dZ, (62a)

*In our conventions, ¢ is the polar angle and ¢ is the azimuthal angle.
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with

2
V= —————. (62b)
7y
The Christoftel symbols for this metric in stereographic coordinates are
27 ; 2
FZ = - - d rr..=-——. 63
T AW (©3)

Notice that for a vector field Y to be real, it is necessary that ¥’ f_ve.
Let us then consider the conformal Killing equation. A vector field Y* is a conformal Killing
vector field on the sphere if it satisfies

C
VY, VY =YYy, (64)
where 7, is the round metric. It is convenient to write this in the form

% LY+ VY =VYY,. (65)

In components, this expression is given by

2,Y =0, (66a)
aZYf =0, (66b)

{18 e o v vy
()ZY +T ZZY +0,Y° +T L=V (66¢)

Eq. (66c¢) is trivial. The derivatives in Egs. (66a) and (66b) should be understood as Wirtinger
derivatives, which for { = x + 7y are defined as the linear operators

0 1(0 0 0 1(0 0
i—z(ﬂ—l@) and ()_Z_E(EJ”@) (67)
As a consequence, the equation
0
7o (68)
of
is equivalent to the Cauchy-Riemann equations, and thus it means that £ is an analytic function of
¢. Hence, Egs. (66a) and (66b) imply that Y* (¥*) is an analytic function of { (£).
Hence, the local Killing fields are characterized by linear combinations of fields with the form
Y = al" fora € Candz > 0an integer. There is, however, a caveat: some of these fields may
not be global Killing vector fields (as we would need for a complete Killing vector field). This is
because the stereographic coordinate we are working with is only defined away from the north pole,
since { = oo at the north pole. To avoid this, we define a new stereographic coordinate £ through
£=-¢7 tan(g). £ is then the coordinate antipodally related to {. These two coordinate systems are

related by
f =% <69>



with an analogous expression for the conjugates. The line element in the £ coordinate is identical to
the expression in terms of the { coordinate, and hence so are the results of the Killing equation: Y? d
must be an analytic function of .

Consider now the vector field defined by ¥ = . When we change coordinates from { to £,
we find that
(-1)"

fn—Z .

Since z > 0, this is only an analytic function of £ for » < 2.

Therefore, we find that there is a six-dimensional real space of possible conformal Killing vector
fields, which is spanned by Y4 =1,004,i,il%

We then have a new question: are these vector fields complete?

Let us consider some curve that is everywhere parallel to the most general vector field with

r¥ =

(70)

Y =a+pl+yl (71)
for «, 8,y € C. This curve is characterized by the differential equation
dz _ 2
5 =a+pB{+y{ (72)
The full solution has the form (O2(0) + (0
a(t +o(t
SURFOHORRIO) 73)

where the specific functional form of a(z), b(¢), c(¢), and d(z) depends on the values of «, 8, y, and the
general case is particularly complicated. One can choose their normalization such that ad — bc = 1.
Such a transformation is known as a Mébius transformation, and these transformations correspond
precisely to the conformal transformations on the Riemann sphere.

Notice that a Mobius transformation

al+b
$= v

(74)

with ad — be = 1 has precisely one pole at £ = —% and one zero at { = —2. They are analytic in the
complex plane and are a diffeomorphism of the Riemann sphere onto itself.

The (non-conformal) Killing vector fields on the sphere are the conformal Killing vector fields
which satisfy the extra condition V, ¥* = 0. Imposing this condition on a vector field with the
form (71) we conclude that a (non-conformal) Killing vector field has the form (71) with the extra
conditions that 8 + § = 0 and y = 4. These are three real constraints, so we get a three-dimensional
real space of Killing vector fields.

What is the group of conformal isometries on the sphere? To answer this question, we must
study how two M&bius transformations compose. Consider two consecutive Mébius transforma-

tions

al +b al'+ b

ézﬁ{,z([-{—d and Z—>é”=m (75)
We want to express the coefficients of the resulting transformation
. 4"{ " b”
{—{ = m (76)
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in terms of the original coefficients. We assume that

ad —bc=dd -b'cd = 1. (77)
One can show that
a b a b\fa b
(C/I d”) - ([I d’)(c d)’ (78>
with
d”d” _ b//((/ — 1' (79)

This is the product of two 2 x 2 complex matrices with unit determinant. Furthermore, notice
that the Mobius transformation corresponding to the matrix 4 is the same M&bius transformation
corresponding to the matrix —4. Hence, the group is the group SL(2, C)/Z,: the group of 2 x 2
complex matrices with unit determinant up to sign. This may seem complicated, but it turns out
that

SL(2,C)/z, = SO*(3,1). (80)

Hence, the group of conformal isometries on the two-sphere is just the restricted Lorentz group.

From our analysis it is difficult to see this, but it turns out that the group of isometries on the
two-sphere is SO(3), as one would expect. This can be more easily seem through the language of
Lie algebras.

3.5 Case Study: Killing Isometries on Minkowski Spacetime

Itis instructive to consider as a second case study the isometries in Minkowski spacetime. We should,
of course, recover the Poincaré transformations. While this time we are dealing only with isometries,
we are now in a four-dimensional manifold (as compared to a two-dimensional manifold), so the
system of differential equations becomes more difficult to solve.
The Killing equation is
V4 4L -0 (s1)

In globally inertial Cartesian coordinates this expression becomes
9, +9,& =0. (82)
Consider Eq. (82) for u = v = . This yields
0,£ =0, (83)
and thus £ is time-independent. Picking ¢ = # and » = , for example, leads to

atfx = _axft . (84)

Since the right-hand side is time-independent, so must be the left-hand side. Hence, £, must be at
most linear in z. More generally, gi can depend at most linearly on x” and it is independent of x*.
Can there be crossed terms, i.e., terms of the form yz, for example?
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Difterentiate Eq. (82) on the previous page and apply it a few times to see that

3,06 = -0,0,£,, (852)
=-0,0,&,, (85b)
=+9,0,&,, (85¢)
= +9,0,&,, (85d)
= -0,0,£, (85¢)
= -0,0,&, (85)

and thus
2,0, =0, (86)

meaning crossed terms are not allowed.
Taking all of this into consideration, we have that

§ =a+bx+cy+dz, (87)

for a,b,c,d € R, with similar expressions for the other components. Imposing Eq. (82) on the
preceding page for this ansatz leads to relations between the constant coefficients of the different
components f# . At the end of the say, one gets the ten-dimensional vector space spanned by the
Killing vectors given by

AN AN AN A
B _(E) s B _(E) B _(8_) R _(_z) ) (88a)
. aﬂ aa . id iﬂ a__id iﬂ
ge=dg) ol solm) dn) moolg) ep) e
T T T AU A & AU P AT
S R B by B O R R

Using methods we do not cover in these notes (namely, the theory of Lie algebras) one can show
that the diffeomorphisms generated by these ten vector fields constitute precisely the Poincaré group
ISO*(3,1). The vectors Py generate translations, /* generate rotations, and K} generate boosts.

4 Asymptotically Flat Spacetimes

Our goal in these lectures is to understand the asymptotic symmetries of asymptotically flat space-
times. For that end, we must have a good understanding of what we mean by “asymptotic” and
what we mean by “asymptotically flat”. The goal of this section is to give attention to these terms
and discuss how they are currently understood in general relativity.

4.1 Infinity in Minkowski Spacetime

We shall begin by giving meaning to “infinity” in Minkowski spacetime. Our approach is similar in
nature to the one by Wald (1984, Chap. 11).
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To begin our discussion, let us choose a system of coordinates to better visualize what we
are doing. Spherical coordinates turn out to be convenient for our discussion, so we write the

Minkowski line element as
ds’ = —dF + dr” + 2 dS%, (89)

where dS” stands for the round metric on the sphere.

When we talk about what happens “at infinity” in Minkowski spacetime, there are three pos-
sibilities we could be considering. Namely, we could be thinking about taking the limit  — oo
or taking the limit » — +co. This, however, is not a clear enough picture of what infinity is in
Minkowski spacetime. For instance, we do not know if taking » — +co toward different directions
will lead to the same result. Furthermore, we could take » — +co while holding # constant or while
holding # = #—r constant, for example, and this turns out to lead to very different results. Therefore,
we must be more careful.

For concreteness, let us assume we want to take the limit » — 40 at constant » = £ — ». In this
case, it makes sense to change coordinates so we use « rather than # when writing the line element.
Doing so leads us to the line element

ds = -di* - 2dudr + 72 dS°. (90)

At this point we could attempt to take the limit » — +coin order to understand what is the geometry
of infinity in Minkowski spacetime. Nevertheless, there is a difficulty in doing so: this limit leads to
a divergence in the metric. This divergence is not due to a bad choice of coordinates, because it has
geometrical (and hence physical) implications. Namely, the area of a sphere with radius » diverges
as we take » — +oo. Hence, it is not possible to take this limit for this metric.

Despite this difficulty, we would still like to understand the structure of infinity. To do so, we
will make a new change of coordinates. We define a new coordinate / = 1, which turns the line
element into

ds’ = —du’ + 202 dudl + 172 dS°. (91)

A few comments are in order. Firstly, notice that the physical region of Minkowski spacetime
corresponds to / > 0—the limiting case / = 0 would in principle be infinity (in the sense that
r — +ooas/ — 07) and / < 0 is non-physical. Secondly, this coordinate patch does not cover the
points with » = 0, since / diverges there. Thirdly, notice that this was merely a coordinate change,
and taking the limit / — 0" is not any more possible than taking the limit » — +oco was before.

Nevertheless, this new coordinate system seems to be “better behaved” at infinity. Namely, we
know infinity sits at / = 0, which we can barely grasp. The only problem we face now is the presence
of the /7% factors in Eq. (91). To deal with them, we will take an apparently ad boc approach. We
will define a new, unphysical metric g, through

gab = 1277417 ’ (92>
where 7, is the Minkowski metric. The line element for this new unphysical metric is now

di* = ~2du* + 2dudl + dS*. (93)
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This new unphysical metric has an advantage: it is well-behaved in the / — 0" limit. We can thus
describe the geometry of infinity by plugging in / = 0 and getting the induced metric

7 oo = 0de’ + dS°, (94)

where we write 0 d«” explicitly as a reminder that this is a metric in a three-dimensional manifold.
We write do” instead of ds” to make explicit that this is the induced metric. We can now consider
the behavior of tensor fields at infinity by perfoming suitable transformations of tensor fields on
Minkowski spacetime in order to map them from the original spacetime with metric 77, to the
unphysical spacetime with metric ¢, and subsequently evaluating them at / = 0. In this sense,
infinity becomes a set of regular points.

Let us summarize what is the trick we just employed and notice some of the ideas that went in
performing it. We had an issue with the metric 7, because it diverged in the region we wanted to
consider—namely, infinity. Nevertheless, we found a function / that conveniently vanishes precisely
at the region in which the metric diverges. We then noticed that the metric g, = />, is finite in the
region we wanted to study. Hence, we decided to let go of 77, and work with g, instead, at least
while we are considering the behavior at infinity. By making appropriate transformations of tensor
fields so they can be understood as being defined in the spacetime given by ¢, , we can analyze their
behavior at infinity by simply evaluating them at infinity, which became a set of regular points in
the new unphysical spacetime.

It is important to emphasize that ¢, is an unphysical metric. It is not the metric that describes
the spacetime geometry as measured in experiments. It is defined as a mathematical construction
that allows us to “bring in infinity” and consider it as a regular point. In general, g, will not even
satisfy the Einstein field equations, so it is not an accurate model of the bulk spacetime3 we are
trying to describe. Nevertheless, the price we pay to study infinity is that we are forced to work with
Z,, rather than with the physical metric 7, .

This procedure is called a conformal compactification. It is conformal because we have a
transformation of the form 7, — Q%y,, for some function Q which is positive in the bulk spacetime.
Itisa cornpactiﬁcation because it transforms a spacetime that is not compact into a spacetime that
is compact. There are, however, better choices of compactification. In our construction, we defined
a function Q = / which was not defined at some points of spacetime—namely those with » = 0.
We can, however, define a conformal compactification that takes proper account of all points in
Minkowski spacetime.

To that end, we will make some more changes of coordinates. We begin by defining the advanced
time coordinate » = ¢ + ». This is in contrast to the retarded time coordinate # = ¢ — ». Both of these
coordinates are depicted on Fig. 4.1 on the following page. In terms of retarded and advanced times
and angular coordinates the Minkowski line element is written as

1
ds* = —dudo + Z(U - u)*ds?. (95)
It is convenient to work with null coordinates—i.e., coordinates with

EATEN o0

3By “bulk” we mean the interior of the spacetime, or the set of all “finite” points. This contrasts with infinity, which
would be the “boundary” of spacetime.
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y = constant

u = constant

v = constant

v = constant

r=0

Figure 4.1: Illustration, with one dimension suppressed, of the physical meaning of the null coordinates u
and v. Surfaces of constant u are outgoing spherical “waves”, while surfaces of constant v are their
incoming analogues. The figure is based on Hawking and Ellis 1973, Fig. 12.i.

(and similarly for v)—because we can compactify each of these coordinates separately and still get
null coordinates. This will allow us at the end to draw a diagram in which all (radial) null geodesics
are at 45° angles, which is convenient for reading the causal structure of spacetime.

We will now compactify the coordinates of Eq. (95) on the previous page. Our goal is to take
the coordinates » and v which obey

—00 <% < v < +00 (97)

and map them to coordinates with range in a finite interval. This can be done by means of a function
[+ (a,b) > R where — < 2 < b < +o0and such that £ is injective. Two examples are the functions

artanh: (-1,1) > R (98)
and
tan: (—g,+72—r) - R, (99)

but one could also work with other options. We will use the tangent function. We define new
compactified null coordinates U and 7 through

#u=tanU and v=rtanV. (100)

Notice that this maps the infinite range of # and v tp a finite range of U and V. Namely, U and V'
satisfy

T T
5 <UsV<+3. (101)
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The middle inequality holds because tan is crescent and « < v.
In our new choice of coordinates, we have the line element

ds* = se? Use? V|-dU dr + /lk sin?(V - U) ds?|. (102)

At this stage, our coordinates are already compactified. We just need to get rid of the divergences of

the metric at infinity. To do so, we perform a conformal transformation. As Eq. (102) suggests, we
take

Q =2cosUcosV (103)

so that we define g, = Q%7 and get
di* = —4dU dV +sin®(V - U) dS>. (104)
For convenience, we finally introduce coordinates 7" and R through
T=U+V and R=V-U (105)

which mimics (up to normalization) # = r — » and v = ¢ + ». This finally leads to the unphysical

metric
di* = —d7”° + dR® + sin® RdS”. (106)

The physical region corresponds to the limits

-7 <T-R<T+R<+m, (107)

which in particular implies R > 0.

Eq. (106) is the line element for the Einstein static universe (Choquet-Bruhat 2015, Sec. VIL.2.1).
This spacetime has topology R x §® and it is a solution to the Finstein field equations, but for
a perfect fluid stress tensor with a cosmological constant component. This is, of course, a very
different scenario from the Minkowski metric, which is a vacuum solution. This greatly exemplifies
that the unphysical metric is really unphysical.

We can make a plot of the region given on Eq. (107). Plotting R on the horizontal axis and T’
on the vertical axis, we get the diagram shown in Fig. 4.2 on the next page. This is known as the
Penrose diagram for Minkowski spacetime. It is a finite drawing of all of Minkowski spacetime,
with each point representing a sphere S*. We can “double” the diagram by letting each point be a
hemisphere, and this version of the diagram is interesting because it can be “wrapped around the
Einstein static universe”, as shown in Fig. 4.3 on page 26.

The region 7"+ R = +7 of the Penrose diagram corresponds to the limits » — +co at constant
u. Each direction leads to a different point and each different value of « leads to a different point
as well. In total, we get a three-dimensional manifold .7" with topology R x s> R corresponds to
the values of # and S? to the possible directions. Similarly, 7 — R = -7 is the region .¥~ of limits
r — +oounder constant v and it also has topology R x s? for analogous reasons. ¥ is known as the
future null infinity and the symbol 7" is pronounced “scri plus”. ¥~ (“scri minus”) is the past null
infinity.

The point 7" = 0 with R = 7 is at the boundary between .¥" and .#”. Notice this is indeed a
point: for R = 7 we are at one of the poles of the three-sphere, which is thus a single point. This
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Figure 4.2: Penrose diagram of Minkowski spacetime.

point, denoted 7°, is known as spatial infinity and it corresponds to the limits » — +ooat constant z.
Notice that, since this is a single point, limits in different directions all coincide.

We still have two interesting points. 7' = 7z with R = 0 is at the future of #". This is located
at the other pole of the three-sphere and thus is also corresponds to a single point, denoted 7*
and known as future timelike infinity. This is the limit # — +co at constant 7, and there is no
direction-dependence either. Similar comments are in order for the past timelike infinity 7, located
atT = -z withR = 0.

All timelike curves start at ;= and end at /7. All null curves start at 5~ and end at F*. All
spacelike curves start and end at °. Fig. 4.4 on page 27 illustrates some curves of interest on the
Penrose diagram for Minkowski spacetime.

Conformal compactifications were introduced in general relativity by Penrose (1963, 1965), and
we shall extensively use them in the rest of these notes.

We should mention an important property of the conformal transformations we are employing
to find an unphysical spacetime. While it is true that ¢, is unphysical it is important to notice that
a vector &* will satisfy g, k*#* = 0 for g, = Q%¢, if, and only if, ¢, #°4” = 0. As a consequence,
conformal transformations preserve lightcones, and thus they preserve the causal structure of
spacetime. This means that Penrose diagrams are useful tools for analyzing the causal structure of
spacetime.

Notice also that in the Penrose diagram for Minkowski spacetime all radial light rays move at
45° angles. This allows us to read the causal structure of Minkowski spacetime directly from its
Penrose diagram. This is the reason why these sorts of diagrams are popular in general relativity.
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Figure 4.3: Minkowski spacetime embedded in the Einstein static universe. Since the Einstein static universe
bas the topology R x S* we represent it as a cylinder. The Penrose diagram for Minkowski
spacetime is wrapped around the Einstein cylinder.

4.2 Asymptotically Flat Spacetimes

At this point we would like to adapt our discussion of infinity to more general spacetimes. This is
related to defining what is an asymptotically flat spacetime.

In a general spacetime, the structure of infinity could be much different from that of Minkowski
spacetime. Some spacetimes might not even get to infinity. Consider a dust-filled closed Friedman—
Lemaitre-Robertson—Walker universe, for example. Such a universe begins at a Big Bang, ends
at a Big Crunch, and has compact spatial sections (it is spatially a sphere). Therefore, we never
really get to infinity. We either reach the north or south pole of the spatial spheres or we reach the
singularities at the beginning or end of spacetime.

We want to consider spacetimes that asymptotically look like Minkowski spacetime. Hence,
their behavior at infinity should somehow resemble that of Minkowski spacetime. We know
Minkowski spacetime has five different infinities, so there are five different meanings we can give to
“asymptotically flat”, plus combinations of them.

What are reasonable conditions we can impose? It makes sense to consider spacetimes in
which the gravitational field falls off away from a central distribution of matter, so we have an
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(a) Curves of constant r. (b) Curves of constant t.

(c) Curves of constant u. (d) Curves of constant v.

Figure 4.4: Different curves represented in the Penrose diagram for Minkowski spacetime. Vertical curves
are curves with constant r. Horizontal curves are curves with constant t. Diagonal lines have
constant u (outgoing) or v (incoming).
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asymptotically flat spacetime at null and spatial infinities. There is less interest in spacetimes which
are asymptotically flat at timelike infinities, though, because this means the spacetime becomes flat
at late or early times, so the matter content has vanished. While there are situations in which this
can be interesting, these are more specific spacetimes that often will not be what we are looking for.
Hence, one often defines asymptotic flatness at spatial and null infinities.

Our definition will actually be even simpler than that. For our purposes, a single null infinity
will typically be enough. Hence, we will discuss asymptotically flat spacetimes at future null infinity
(the past case is analogous). We follow the book by Dappiaggi, Moretti, and Pinamonti (2017, Chap.
2), which also discusses the timelike case. For the more complete case which involves spatial infinity,
see the book by Wald (1984, Chap. 11).

We will first discuss in a handwaving way each of the axioms that we will employ and then state
the final definition. The goal is to motivate the definition. We will find a definition by mimicking
and generalizing the construction of conformal infinity we performed for Minkowski spacetime.

We start with a spacetime (M, ¢, ). We want to enforce conditions on this spacetime so that
it can be considered asymptotically flat. Our construction should be coordinate-independent in
nature, so that it actually captures the physical aspects of spacetime rather than spurious coordinate
behaviors.

Our first demand will be that there is an unphysical spacetime (41, 7, ) which conformally
extends (44, ¢, ). This unphysical spacetime will play the same role that the Einstein static universe
played for Minkowski spacetime.

We need a way of injecting A1 into M. Before, we had a natural way of viewing Minkowski
spacetime as a submanifold of the Einstein static universe, which was given by the coordinate
restrictions on the Einstein universe. In our more general case, this role is played by a function
¥: M — M that should satisfy some convenient properties. In practice, it is convenient to choose
¥ to be an embedding. Let us define this by following Tu (2011).

Definition 8 [Immersion]:
Let y: M — M be a smooth map between the manifolds A7 and A. We say y is an immersion
if, and only if, y*: M — TW,)]I;I is injective for all p € M. )

Definition 9 [Embedding]:

Let M and M be smooth manifolds. An immersion y: M — M is called an embedding if, and
only if, it is injective and y: M — y (M) is a homeomorphism, where y (A1) is endowed with the
subspace topology. L

Definition 10 [Embedded Submanifold]:
Let M and M be smooth manifolds. If y: M — A1 is an embedding, we say that (M) is an
embedded submanifold of A1. &

It holds that embeddings are diffeomorphisms onto their images. Hence, we can think of an
embedding as being a generalization of diffeomorphism that does not need to be surjective. It makes
a copy of M in M.

Hence, we have the next condition we want to impose on (M, g, ): there is an embedding
¥: M — M, and we also require as a technical condition that ¢(A4) is an open subset of M.
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Having a smooth embedding, we have a way of connecting the two manifolds A1 and M.
Nevertheless, we still have not imposed any restrictions on the metrics ¢, and g, . To do so, we
notice that y: M — (M) is a diffeomorphism, and hence we can use it to perform both pullbacks
and pushforwards of tensor fields in A and y(M). We will then ask that there is a function
Q € 6%(y(M)) such that Q > 0 and

Zu |¢(M) = ‘()’2%*&1[7 . (108)

This ensures that ¢ represents a conformal transformation between the spacetimes (44, ¢,, ) and
(M’ gﬂb )

Given these objects, we define future null infinity as the boundary " = dy(M). 5" is an
embedded submanifold of 41 and it is not to the past of any points of y(M). In symbols, we write

I (v M) = . (109)
The causal past of a set S, /7 (S), is defined as follows.

Definition 11 [Causal Past]:
Let (M, g, ) be a spacetime. Consider a set.S < M. The causal past of S in A, denoted /™ (S; M)

or simply /™ (S), is defined as the set of all points in A7 from which one can reach § by means of a
future-directed causal curve. See the book by Wald (1984, Chap. 8) for further details. )

Hence, .7" is defined in this general construction as a submanifold of M satisfying a couple of
special properties. In particular, it is a future boundary in the sense that is is not in the past of any
points in the spacetime.

Near infinity we expect the spacetime to be reasonably well-behaved, so that it actually looks like
Minkowski spacetime. Thus, we demand it enjoys reasonably good causal properties. We cannot
allow for closed timelike curves near infinity, for example. We enforce this behavior by demanding
that strong causality holds in a neighborhood of infinity.

Definition 12 [Strong Causality]:

Consider a spacetime (M, g, ). We say (M, g, ) is strongly causal if for any point p € M and
every neighborhood U of p there is a neighborhood ¥ of p with p € I ¢ O such that no causal curve
intersects ” more than once. L]

As discussed by Wald (1984, Chap. 8), strong causality essentially means that no causal curve
comes arbitrarily close to intersecting itself. This prevents causality violations upon perturbations
of the metric in an arbitrarily small neighborhood of a given point. There are stronger causality
impositions one could consider, but we shall assume only strong causality.

We need to impose that Q brings infinity in. This is done by imposing that Q vanishes on .¥".
However, we defined Q only on y(M). Hence, we ask that Q extends to a function Q € €(M)
such that

Ql,. = 0. (110)

Furthermore, we want " to be precisely the submanifold with Q = 0, so we must also require that

V, Q. # 0. (111)
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This ensures Q = 0 is indeed a hypersurface and ensures there is a non-vanishing vector normal to
the surface. Hence, we get a single “sheet” with Q = 0 rather than a plateau.

We want to obtain the full range of limits » — +c0at constant #’s. To ensure we get all points
at infinity, we define the vector field »* = 3V, Q. We then demand the existence of a function
w € (M) with w > 0 on y(M) u .F* such that

¥, (@) =0 (112)

and such that the integral curves of ™' z* are complete on .#*. This technical condition is meant to
ensure that 7% = R x §%.

Finally, we need for the Riemann tensor to fall off sufficiently quickly near infinity. Thus,
we ask that (M, g , ) satisfies the vacuum Einstein field equations on some neighborhood of the
boundary of y(41). This can be weakened to requiring that the vacuum Einstein field equations
hold asymptotically (Wald 1984, Chap. 11). The point is that at infinity we should get a vacuum
solution, so that we are far away from any matter sources.

We now bring everything together to get to the following definition.

Definition 13 [ Asymptotically Flat Spacetime at Future Null Infinity]:
Consider a spacetime (44, g, ). Suppose that there are

i. an unphysical spacetime (M, 7, ),
ii. asmooth embeddingy: M — M such that y(M) is open in M,

iii. and a smooth function Q: ¢ (M) — R with Q > 0 and
gab = sz*gah : (113>

Furthermore, suppose that these objects are such that the following conditions are met:

i. ¥(AM) is a manifold with boundary 5" = 0y (M), where 5" is an embedded three-manifold

of M and it holds that .7+ nj_(;#(M);M) = Q.

—
oy

i. Strong causality holds in (M, Z,,) ataneighborhood of .77.
iii. Q can be extended to a smooth function Q: M — R with Q| = 0and V, Q|,. # 0.

iv. Denoting »* = %V, Q, there is a smooth function »: M — R with @ > 0 such that
V, (@*7%) |7 = 0 and such that the integral lines of »™'#* are complete.

v. The vacuum Einstein field equations hold for (4, ¢, ) on a neighborhood of infinity, or at
least asymptotically as one approaches infinity.

If all of these conditions are met, we say that (44, g, ) is asymptotically flat at future null infinity. ~ 4
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4.3  Case Study: Schwarzschild Spacetime

As a case study, let us show that Schwarzschild spacetime is asymptotically flat at future null infinity
(and actually at past null infinity too). We follow the discussion by Schmidt and Walker (1983) and
we will not make an effort to prove all of the conditions of asymptotic flatness, but rather show the
conformal compactification procedure.

We want to get to future null infinity, so it makes sense to employ a retarded time coordinate
instead of the more usual Schwarzschild time coordinate. In this scenario, « is known as the retarded
Eddington-Finkelstein coordinate. The Schwarzschild metric is written as

d.cz:—(l—%‘/[

) di’ - 2dudr+ 2 ds”. (114)

M is the black hole’s mass, and the coordinate ranges are # € R and » > 0. Notice that » = 0is noz a
part of spacetime, since it is a physical singularity.

We proceed as with Minkowski spacetime. Define a new coordinate / = 1, which is now defined
on the entire spacetime, since » > 0 strictly. Using this new coordinate we get the line element

ds* = ~(1 - 2Ml) du” + 2072 dudl + 172 dS7. (115)

As with the Minkowski spacetime, we have a divergence at / — 0" because the area of the spheres
tends to infinity. We solve this by multiplying the metric by /* (which means our conformal factor
is QO = /) to get to

di* = (1 -2M1)di” +2dudl + dS”. (116)

This unphysical metric can now be extended so that / € R. Through this procedure we get the
unphysical spacetime (M, )

5 The BMS Group

We are almost ready to discuss the Bondi-Metzner—Sachs (BMS) group. The last pre-requisite we
should discuss is the basic theory of Carrollian manifolds, which is the sort of structure present at
null infinity. This language will provide the natural arena for us to discuss the BMS group.

5.1 Carrollian Structures

By going back to the examples we provided of Minkowski and Schwarzschild spacetimes, one can
notice that the line element for the induced metric at " appears to have the form given in Eq. (94)
on page 22,

dé |, = 0da” +dS”. (117)

Notice this is not a pseudo-Riemannian metric, because it is degenerate. If we denote this metric by

b, » we know there is a vector n* # 0 such that

b, n" =0. (118)
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Namely, in these coordinates we have
A

These sorts of spacetimes can be understood as limiting case of Lorentzian spacetimes. Namely,
consider the Minkowski metric

ds’ = =2 de* + d” + dy” + d7°, (120)

where we intentionally wrote the ¢ factors explicitly. Notice now that in the unusual limit c — 0 we

get
ds* = —0de” + dx” + dy” + d2”, (121)

which is a degenerate metric. Hence, the sort of manifold we are interested in can be understood as
the ¢ — 0 limit of a Lorentzian manifold.

These sorts of limits were originally considered by Lévy-Leblond (1965), who was interested
in studying the ¢ — 0 limit of the Poincaré group. Notice that in this limit the lightcones “close”
around the time axis, and there is no propagation. This resembles the strange causality features
present in the books by Lewis Carroll, in which Alice now and again finds herself in unexpected
situations. This prompted the name “Carrollian manifold” for manifolds endowed with a metric
that is degenerate along a specific direction.

The work of Lévy-Leblond (1965) was mostly focused on the Carroll group, which is the ¢ — 0
limit of the Poincaré group. Carrollian structures in differential geometry were defined and studied
by Duval, Gibbons, and Horvathy (2014a,b) and Duval, Gibbons, Horvathy, and Zhang (2014).
We now review the basic ideas and definitions necessary for the study of BMS symmetries.

When describing a pseudo-Riemannian manifold, we typically provide a pair (M, g, ). M is
the underlying smooth manifold on which we consider a smooth metric tensor g, . By analogy, one
would in principle expect that for Carrollian manifolds we should specify a pair (57, l’aﬂb ), where
" is the underlying smooth manifold and ;Jab is the degenerate metric tensor field. This, however,
is insufficient. Due to l’aﬂb being degenerate, we also need to specify the non-vanishing vector »*
such that I’oab n“ = 0. This vector has the role of defining the kernel of the metric tensor. A triple
(7, l;ﬂb ,n”) is known as a weak Carrollian structure, or simply a Carrollian structure.

The adjective “weak” makes reference to the fact that one can strengthen the definition of a
Carrollian structure by further specifying a covariant derivative. To understand why, recall thatin a
pseudo-Riemannian manifold the metric singles out a particular choice of covariant derivative by
imposing that the Christoffel symbols be given by

L oo
rjo{W = zgﬁ (a/tgva’ + avgqu - afgyv)' (122>

Nevertheless, this is not applicable for a Carrollian metric. Since Carrollian metrics are degenerate,
the inverse metric tensor g* does not exist. Hence, imposing that the metric is parallelly transported
by the covariant derivative does not single out a covariant derivative. Duval, Gibbons, Horvathy,
and Zhang (2014) go further and ask that »* is too parallelly transported, but this is also not enough
to specify a single covariant derivative. Thus, one has to specify a covariant derivative in addition to
a weak Carrollian structure. A quadruple (7, l;ﬂb , 7%V, ) is known as a strong Carrollian structure.
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Definition 14 [Carrollian Structures]:

A weak Carrollian structure, or simply a Carrollian structure, is a triple (.77, I’odb ,n*) where 7*
is 2 smooth manifold with dimension 4, ;Jab isa positive semi-definite symmetric tensor with matrix
rank d — 1, and »* is a non-vanishing vector withij nt = 0

A strong Carrollian structure is a quadruple (J b FRLAN V, ) where (J b > 7°) is a weak Car-
rollian structure and V, is a covariant derivative with V, lo = 0 and V, * = 0. &

Now suppose we are given an asymptotically flat spacetime (44, ¢, ) with unphysical conformal
extension (M, ¢ g ,) and conformal factor Q. Then future null 1nﬁn1ty has a natural Carrollian
structure (F*, b, ,n*). Namely, 5" is just future null infinity itself, h ), is the metric induced on .¥*
by z,,and »* = 3V, Q.

To proceed, notice that there is a gauge freedom in the definition of future null infinity. Namely,
if (M, g, ) is asymptotically flat with conformal factor Q, then the conformal factor wQ for w €
@>(M) and » > 0 would work just as well. Using this freedom, the Carrollian structure of null
infinity can be made into a strong Carrollian structure. As discussed by Wald (1984, Chap. 11), one
can use this gauge freedom to impose that V, »° = 0. Notice that this condition is equivalent to
imposing that V, , Q = 0, which does not need to hold in general. However, one can always find a
choice of Q for which this holds.

The strong Carrollian structure ends up being too strong for our purposes. Hence, we will
work mostly with the weak Carrollian structure of null infinity and only comment later on the role
the strong Carrollian structure can play.

5.2 Symmetries at Null Infinity

We are now ready to discuss the symmetry group of future null infinity. To do so, consider the
gauge freedom mentioned at the end of the last section, which consists of exchanging the conformal
factor Q according to Q — wQ for smooth » > 0. Using that g, = Q’¢, (we are omitting the
pushforward for simplicity), that /., is the metric induced by 7, on %, and that »* = 7V, Q we
get that under QO — wQ the Carrollian structure at null infinity transforms according to

I - 7 245 — *h

ab?

and  #* — &7 'n% (123)

There is no a priori preference on whether we should choose Q or wQ when performing the
conformal compactification. After all, this procedure is unphysical. Therefore, we must consider the
two scenarios as being physically equivalent. We thus get an equivalence relation being Carrollian
structures

(J+,l’7ﬂb,n“) ~ (JJ',wZ/’aﬂb,w_ln”). (124)

The transformations that take (57, l;ﬂb ,n) to an equivalent structure (5", wzl’% , o 'n*) should be
regarded as symmetries of future null infinity. The transformations that preserve .* are diffeomor-
phisms, the transformations that preserve (.77, ;Jﬂb) (up to gauge transformation) are conformal
isometries, and the transformations that preserve (.57, Zydb ,n”) are a subclass of conformal isometries
that preserve the so-called strong conformal geometry (see, e.g., Penrose 1974; Penrose and Rindler
1986).

We will begin our discussion by taking a coordinate approach. Using the gauge freedom in the
definition of future null infinity one can choose a coordinate system near .#* in which (see, e.g.,

-33 -



Wald 1984, Chap. 11)
di* =2dQdu +ds? + 6(Q), (125)

where Q is the conformal factor used in the definition of null infinity. The induced metric l'adb then
has the line element
ds* = ds’ (126)

while the normal vector »* is given by

e = (%) (127)

Notice this choice of coordinates does not restrict the generality of our analysis. It merely provides
a “standard” triple

(J+’2db,n4) _ (Rx s2,ds*, (&%) ) (128)

This can be thought of as a canonical choice of null infinity which we use to compare with other
possible choices. Notice that these other possible choices are just as physical as this canonical choice.

We will find the conformal isometries that preserve the strong conformal structure—i.e., the
transformations that preserve the Carrollian structure—Dby finding the transformations that preserve
7*, then restrict them to the transformations that preserve (7", 4, ) (up to gauge transformation),
and finally restricting these to the transformations that preserve (5%, &Zb ,n) (up to gauge transfor-
mation).

The transformations that preserve F* are diffeomorphisrns This is still extremely general. We
can restrict this large group further by imposing that (57, lo , ) is preserved up to gauge transforma-
tion. Since the gauge transformations map (.57, /oab) to (J*, wzloab) we see that this is the group of
conformal isometries of (.7, bd ). In the canonical triplet, we have

(54, h,) = (5*,dS%). (129)

Hence, we want transformations that are conformal isometries of the sphere (since we have the
metric of a sphere) and change # in an arbitrary way. We know from Section 3.4 that the conformal
isometries on the sphere are the M&bius transformations, which in stereographic coordinates can
be written as

¢ fg g (130)
with
(f 2) e SL(2,C)/Z, = SO* (3, 1). (131)

Furthermore, we have to assign a general transformation law for #. Since # does not occur in the
metric, we can preserve the conformal structure of the metric by perfoming any transformation of
the form

u— Fu,¢,) (132)

Wlth <= > 0 (a condition which is meant to keep the coordinates well-defined).
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We thus get the general coordinate transformations
al +b
D (133)
u— Fu,0,9).
This collection of transformations form a group known as the Newman—-Unti group (Newman

and Unti 1962). As a set, the Newman-Unti group is given by SO*(3,1) x (R x §%).
For completeness, we mention that under the M&bius transformation

’ ﬂ;-l— b
Z—>Z—C;+d (134)
the metric of the sphere transforms according to (recall Eq. (62) on page 16)
2y dE AF = 2K(E, Dy de dF (135)
with )
s 1
K4 = a1 (136)

(@l +b)(al +b) + (L +d) (e +d)

Now we impose that the Carrollian structure is preserved as a whole. This means we also must
have that n* — ™' %*. We know already that w = K (¢, {) because we have already restricted the set
of possible transformations to the Newman—-Unti group. To further restrict the transformations,
we notice that the # parameter is defined by the equation

2V ou=1, (137)

and this equation is gauge-independent. Hence, since the normal vector transforms as »* — w n?,
it follows that we must have
V,u— oV, u. (138)

This is better expressed in the language of differential forms, in which case we find that the transfor-
mation for » must be such that

du — du' = K(2,{) du, (139)

where we used w = K(Z, (). Integrating Eq. (139) allows us to conclude that the allowed transforma-
tions for # are those with the form

u— i = KO+ £, (140)

where f € B (S?) is an arbitrary function that occurs as an integration constant. We assume it to
be smooth because we are working in a smooth manifold, so the chart transition maps should be
smooth.

The transformations that preserve the (weak) Carrollian structure are thus given by

yo, Bl
T+d _ (141)
n— K )+ f(£0),
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where K is given by Eq. (136) on the previous page. These are known as Bondi-Metzner—Sachs
(BMS) transformations and they form the (restricted) BMS group (Bondi, Van der Burg, and
Metzner 1962; Sachs 1962b), which we will denote as Gpytg. The adjective “restricted” refers to the
fact that we are ignoring time and space reflections.

Notice that a BMS transformation is characterized by a pair (A, ) € SO*(3, 1) x €~(S”), where
A relates to the coefhicients 4, &, ¢, and d in Eq. (141) on the preceding page by

T (A) = (f Z) (142)

with IT: SL(2,C)/Z, — SO" (3, 1) being the isomorphism between the two groups. We denote the
function K associated to A by K. Using this notation, the group product @ is given by

(NS f) 0 (A f) = (WA f+ Ky o A) - (f 2 A)), (143)

where o denotes composition of mappings and - denotes the pointwise product of functions.
Notice that SO* (3, 1) is isomorphic to the subgroup

Z ={(A,0);A € SO™(3,1)} (144)
of the BMS group. Similarly, €*(S*) is isomorphic to
T ={(Lf);f €6(sH)} (145)

Eq. (143) allows us to conclude that 7" is a normal subgroup of the BMS group. & is not a normal
subgroup of the BMS group.
Notice that these two subgroups satisfy

LnT ={(1,0)}, (146)

which means their intersection is given by the BMS group’s identity. Furthermore, using Eq. (143)
we can see that any element (A, f) of the BMS group can be written in the form

(A £) = (1,0) © (1, ). (147)

Hence, we can write the BMS group as &7 These results allow us to conclude that the BMS
group is the semidirect product of & and 7. Hence, the BMS group is given by & x T'. Using that
Z =S0"(3,1) and T = B™(S?), we can write that the BMS group is given by the semidirect product
SO*(3,1) x B=(S?).

5.3  Alternative Derivation with Conformal Killing Vector Fields

Let us now derive the BMS group once again, but this time employing vector field methods. In
other words, we want to find which vector fields generate the BMS transformations. This will make
it easier for us to compare the results with those of the Poincaré group.

We know we want to consider conformal isometries. Furthermore, these conformal isometries
should also preserve (in a conformal sense) the normal vector *. We can state these conditions
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mathematically by stating that we are looking for diffeomorphisms generated by vector fields £*
such that

7 7 a A a
£fb¢zb = lbﬂb and £§:7l = —zi’l B (148)

where the second condition follows from the fact that »* transforms as »* — » '»* while Z’ab
transforms as l'aﬂb — wziydb .

Eq. (148) establishes a system of difterential equations for the vector field £*. Eq. (55) on page 14
allows us to express this system of differential equations in terms of any derivative operator on .7".
We choose to do so with the derivative operator D, , which is defined as having the same Christoffel
symbols as the Levi-Civita connection on the round sphere, with the remaining Christoftel symbols
vanishing. This choice of connection turns (.57, 124,7 ,n*,D,) into a strong Carrollian structure.

Using the condition imposed on the metric, we find that

by, = £y, (1492)
= &D.h, +h,D, £ +h, D, £, (149b)
=D, (h,£) + D, (h, £). (149¢)

The equation ) ) )
D, (b, &) + D, (b, £) = b, (150)

is the conformal Killing equation for a vector field l;ab £’ defined on the sphere. Therefore, we can
conclude that the projection of £ on the sphere is a conformal Killing vector field on the sphere. If
we denote this conformal Killing vector field as Y we can thus write

£ =Y+ Fn, (151)

for some smooth function F which we assume is such that ‘;i: > 0. This family of vector fields
generate the Newman—-Unti transformations.

At this poing, it is useful to notice that Egs. (150) and (151) imply
DY, +D,Y, =b,. (152)

a

This can be understood as an equation on the two-sphere, in which we have an inverse metric
available. Contracting the expression with the inverse metric allows us to conclude that

DY = ). (153)

This last equation can be understood as both on the sphere or on .77, as it is the same statement in
both cases.

As in our previous derivation, we get from the Newman-Unti group to the BMS group by
considering the behavior of the normal vector »*. We have

—%n” = £en’, (154a)
=D, n* —n"D, £, (154b)
=-n'D, &, (154c)
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where we used the fact that D, # = 0. In terms of D,, the differential equation implied by the
behavior of »* is

a )' a
anb £ = 575 (155)
where 4 is given by Eq. (153) on the preceding page. We can use Eq. (151) on the previous page to
find that
”bDb & = ”bDb Y+ ”bDb (Fn®), (156a)
= ("D, F)n*. (156b)
This last expression can be obtained by using D, »* = 0 and #’D, ¥* = 0—the latter can be obtained

by expressing the equation in terms of Christoftel symbols.
Egs. (155) and (156) can be combined to yield

a )' a
(anbF)n =5 (157)
This implies
WD, F=%, (158)

which together with Eq. (153) on the previous page yields

D,Y*

n*D,F = >

(159)

This is a differential equation that must be respected by the function F if we want »* to be preserved
up to a gauge transformation.

To solve this differential equation, introduce the coordinate # through »“D, » = 1. Since D, Y*
can be understood as defined on the sphere, it bears no dependence on the parameter . We can
then integrate the differential equation to get

a

Fu2,8) = 25+ 0,0, (160)

where f € €(S*) arises as an integration “constant”.
Bringing everything together we find that the generic vector field generating a BMS transforma-
tion is given by
i _va . DY ’ A a
o (B (61

with Y being some conformal Killing vector field on the two-sphere, #’D, « = 1,and f € €(S?).

5.4 Poincaré Group as a BMS Subgroup
Now that we know what the BMS group is, it is interesting understand how the Poincaré group fits
within it.

We begin by noticing that the BMS group is given by Ggys = SO*(3,1) x 67(S?), while the
Poincaré group is ISO*(3, 1) = SO*(3, 1) x R*. The semidirect product structure is certainly similar,
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but we still need to understand how and whether the Poincaré group is a subgroup of the BMS
group.

The physical reason we expect ISO* (3, 1) to fit inside Gpys is because Gpyg is the symmetry
group at future null infinity, while ISO* (3, 1) is the symmetry group in the bulk of Minkowski
spacetime. It seems reasonable that bulk symmetries should extend to boundary symmetries, so it is
reasonable to expect that there is a relation between these two groups. In fact, before the analysis
by Bondi, Van der Burg, and Metzner (1962) and Sachs (1962b), it was thought that the symmetry
group at infinity should simply be the Poincaré group. Hence, a byproduct of our discussion should
be to understand what are the extra symmetries present in the BMS group.

We start by considering Lorentz transformations. These are the vector fields J* and K given on
Eq. (88) on page 20. These vectors induce vectors on .#". These induced vectors can be computed by
considering the expressions on Eq. (88) on page 20, changing coordinates from (z, x, y, 2) to (#, 7, {, ),
dropping the »-component of the resulting vectors (which is not defined intrinsically on .%) and
then taking the » — +co. Through this procedure, the generators of Lorentz transformations take

the general form
a _ ya z b i ¢
Fioy +2DbY(au), (162)
where Y is some conformal Killing field on the sphere. Comparing this equation with Eq. (161) on
the preceding page lets us notice that Lorentz transformations correspond precisely to the SO*(3, 1)
contributions to the BMS group. This is not surprising, since SO*(3, 1) is indeed the Lorentz
group.
We still have to discuss the role of translations. These are the fields £ given on Eq. (88) on
page 20. We can compute the induced vectors on future null infinity. One finds the general form

£ - fe(5) (163)

where £ is a linear combination of spherical harmonics with / < 1. If we compare this result with
Eq. (161) on the preceding page, we find that the translations are inside the BMS group by means of
the €%(S?) factor. In fact, this €(S?) factor generalizes the translations by allowing transformations
of the form

£ = 1¢H(5) (164)

where f € *(S?), meaning f is now a linear combination of spherical harmonics with any value
for /. This thus leads us to the concept of generalized translations, or supertranslations.

From this discussion, one may be prompted to conclude that the Poincaré group is a subgroup
of the BMS group. While this is correct, there is an important caveat: there is not a preferred choice
of Poincaré subgroup.

To be more clear, let us work with the Lorentz group. This is motivated by the fact that there is
actually a preferred choice of translations, but there is no preferred choice of Lorentz subgroup of
the BMS group. The “natural” choice of Lorentz subgroup of Ggys is given by

Z ={(A,0) € Gpys A € SO™(3,1)}. (165)
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It is correct to say that &£ = SO* (3, 1). Hence, the Lorentz group is a subgroup of the BMS group.
Nevertheless, let ¢ € €*(S*). Noticing first that (1,¢) " = (1, —g), we point out that

(1,-2) 0 (4,0) 0 (L, g) = (A, =g + (Ky1 o A) - (g = A)), (166)

which in general is not an element of £. Hence, & is not a normal subgroup. This means that while
& is a copy of the Lorentz group inside the BMS group, so is ¢ Zg.

In some cases, this is not a deep statement. For example, consider Minkowski spacetime. We
have a bulk Lorentz group, which induces symmetries at infinity. The induced group can then
be chosen to be the correct Lorentz group. However, in the general case of an asymptotically flat
spacetime we might not have bulk symmetries to choose which is the correct Lorentz group. Hence,
both & and ¢ ' Zg¢ should be considered as possible Lorentz groups. It is impossible to prefer one
over the other. This leads to difficulties in defining angular momentum at null infinity (Winicour
1980).

It is interesting to point out that the analogous problem does not occur for translations. Sachs
1962a has shown that the translations are in fact the unique four-dimensional normal subgroup of
the BMS group. Therefore, although there is not a preferred definition of Lorentz transformations
within the BMS group, there is a preferred definition of translations.

5.5 Possible Criticism of the Derivation of the BMS Group

Since our derivation of the BMS group has led us to an infinite-dimensional group, one could
challenge some assumptions we made during the derivation. The purpose of this section is to
consider two possible critiques of the derivation of the BMS group and argue that the results are, in
fact, correct. Hence, we will try to point out possible problems with the arguments and show that
these “problems” are in fact necessary to obtain the Poincaré group at infinity.

We begin by noticing that an appropriate definition of asymptotic symmetries at null infinity
should reproduce ar least the Poincaré group. Whatever symmetry group we have at infinity, it
should have the Poincaré group as a subgroup. This is due to the fact that at null infinity we have
“effectively” Minkowski spacetime, and the Poincaré group is the symmetry group of Minkowski
spacetime. All Poincaré transformations should have an asymptotic version at null infinity, and
thus should belong to the group of asymptotic symmetries. Hence, an asymptotic symmetry group
that is smaller than the Poincaré group should be considered inadmissible on physical grounds.

The first possible criticism one could make to the derivations we provided is that we considered
that (77, l;ﬂb ,n") was preserved only conformally. Hence, instead of using the equivalence relation

(T by %) ~ (0D, 07 %), (167)
we should have used ) )
(j+7 hdb)nd) ~ (‘7+, hﬂbanﬂ)) (168)

which means we should consider only isometries, not conformal isometries. In other words, we
should always work with & = 1.

If one goes back to our derivation an considers this new imposition, one will find this does not
rule out the supertranslations. Rather, it only affects Lorentz transformations. Boosts, to be more
precise. The only transformations with » # 1 are the Lorentz boosts, which become conformal
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transformations on the sphere at infinity. Hence, excluding conformal transformations seems to
be too strong of a requirement, because it leads to a asymptotic symmetry group that does not
have the Poincaré group as a subgroup. We conclude that we must, in fact, consider the conformal
transformations, precisely as we did.

The second criticism one could make is that we imposed that the weak Carrollian structure
should be preserved, but we could have imposed conservation of the strong Carrollian structure.
As shown in Appendix A, it turns out that preserving the strong Carrollian structure rules out
supertranslations, but it also rules out spatial translations. Hence, it is too strong of a requirement,
and we cannot ask for the strong Carrollian structure to be preserved by the asymptotic symmetries
without losing the Poincaré group in the process.

We conclude, therefore, that supertranslations seem to be a necessity if we want to enjoy the
Poincaré group at infinity. They are a feature, not a bug.

6 Physical Consequences and Applications

Now that we know what the BMS group is we are ready to discuss some of its physical implications
and applications. We have already mentioned the difficulty in defining angular momentum at
null infinity in the previous section, but now we dive deeper in the physical consequences of BMS
symmetries.

6.1 Physical Realization of Supertranslation

So far, BMS transformations, and supertranslations especially, may seem to be purely theoretical.
After all, supertranslations are symmetries that are only available at infinity, and infinity is always
far away. Now we discuss how a supertranslation can be physically realized, what what it means to
do so.

To get some intuition, we begin by discussing boosts. Like supertranslations, boosts are diffeo-
morphisms. As a consequence, two spacetimes that differ by a boost (or by a supertranslation) are
to be considered physically the same. There is no experiment that can distinguish between these
two possibilities. Nevertheless, it is possible to physically realize a boost. In other words, one can
“induce” a boost by means of a physical process.

Consider a spacetime comprised of a single massive particle of mass A4. By Birkhoff’s theorem
one knows this spacetime is given by Schwarzschild spacetime. This is independent of whether
the particle is “at motion” or “at rest”: both solutions are physically equivalent, because they are
diffeomorphic.

Consider, however, a spacetime as follows. We start with a single massive particle of mass 4,
but at advanced time v, a photon with energy F is sent in from infinity ez route to a collision with
the particle of mass 4. Upon the collision, the massive particle absorbs the photon. Hence, for
advanced time v < v, the solution is the Schwarzschild solution with mass A4, but for v > ¢, the
solution is the Schwarzschild solution with mass A + E. Furthermore, these two solutions are
boosted relative to each other, because after the collision the massive particle has energy A1 + E and
also is moving relative to its initial state. In other words, it was accelerated at the instant of the
collision. Notice that in this example the global spacetime is not Schwarzschild spacetime.
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Similarly, one can induce a supertranslation by throwing in matter. Hawking, Perry, and
Strominger (2017) considered throwing in a null shockwave with the stress-energy-momentum
tensor having the form

_T6DH (169)

T =
v 47y?

where T'({, {) is some function on the sphere and the dots indicate corrections that are necessary for
the stress tensor to be conserved. The / = 0 component of 7" induces a change in mass, the / = 1
components induce a change in momentum, and the / > 2 components induce supertranslations.

6.2 Construction of Hadamard Vacua

There are four basic forces in our universe. Gravity, electromagnetism, and the strong and weak
nuclear forces. While gravity is well-described by general relativity, the standard model of particle
physics provides a good description of the remaining three (Schwartz 2014). However, while general
relativity is a classical field theory, the standard model is a quantum field theory constructed on flat
spacetime. Thus, in principle, general relativity cannot explain how the fields of the standard model
fall, and the standard model knows nothing about gravity.

While a full description of gravity at the quantum level would require a knowledge of a full
theory of quantum gravity, which at the present is only a dream, we can make do with an approxi-
mation. Quantum field theory in curved spacetime is the description of how quantum fields evolve
upon a curved background spacetime. In this approximation, the background spacetime is assumed
to be fixed, so that the quantum fields to not affect the background geometry.

An interesting approach to quantum field theory that is particularly useful in the curved
spacetime formulation is known as the algebraic approach (see, e.g., Aguiar Alves 2023; Dappiaggi,
Moretti, and Pinamonti 2017; Fewster and Rejzner 2020; Hollands and Wald 2015; Wald 1994). In
this approach, one takes a dual view of the theory. One part of the theory is described by the algebra
of observables. This is the space of all observables to be considered in the theory and, as the name
suggests, it has the structure of an algebra, which is a vector space with some extra special properties.
On the other hand, we have the space of states, which are positive linear normalized functionals on
the algebra of observables. It is usually easy to construct the algebra of observables, at least in the
case of a non-interacting theory. However, even in the case of a non-interacting theory itis very
hard to construct physically meaningful states.

By “physically meaningful” we mean that the state should allow for the expectation value of the
stress-energy-momentum tensor to be well-defined. This is a non-trivial condition known as the
Hadamard condition. It essentially states that in the ultraviolet limit any “physically meaningful”
state should resemble the usual vacuum in Minkowski spacetime.

Dappiaggi, Moretti, and Pinamonti (2017) obtained a method to construct physically mean-
ingful states by exploiting the BMS group. Namely, one does as follows. Assume a spacetime
which is asymptotically flat at future null and timelike infinities (notice this requires the existence
of the timelike infinity). Then one can show that the algebra describing observables in the bulk of
the spacetime can be fitted in a one-to-one manner into the algebra describing observables at the
boundary of spacetime, Z.e., at future null and timelike infinities. Hence, any observable in the bulk
of the spacetime can be described at the boundary. One can then define a state at the boundary
by imposing that it is a BMS-invariant state. Since the BMS group is infinite-dimensional, this is
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a strong restriction that singles out a state. This state can then be used to define an induced state
in the bulk algebra, which turns out to the a Hadamard state. In other words, this construction
induces a physically meaningful state.

The elementary idea is that one exploits the infinite-dimensional symmetry group at the bound-
ary to define a state, which can then be pulled-back to the bulk. This construction is reviewed in
detail by Dappiaggi, Moretti, and Pinamonti (2017).

6.3 Weinberg’s Soft Graviton Theorem

Consider a scattering process in some collider experiment. One typically will collide » particles
and produce m particles as a consequence. This is an » — m scattering process. A typical task
in quantum field theory is to compute the cross section for such a scattering. However, there is
an important remark. In the out state, there might be particles that will not be measured by the
detectors of the experiment. For example, there could be gravitons or low energy photons. One
should somehow take this particles into account. This is done by considering the so-called inclusive
Cross sections.

In order to prove that these inclusive cross sections are well-defined (and, more specifically, that
they do not suffer of infrared divergences) one uses the so-called soft theorems. Our particular
interest is in the Weinberg soft graviton theorem (Weinberg 1965). This theorem relates the scattering
amplitude of the » — m process with the scattering amplitude of the » — m+ £ process that involves
the emission of # soft gravitons, i.e., of k gravitons with vanishingly small energy. The result is that
the two amplitudes are proportional to each other, with the proportionality factor being known as
the soft factor.

Relations between scattering amplitudes are often consequences of symmetries, and so is the
case in this scenario. More specifically, this is the consequence of a conserved charge. Strominger
(2014) argued that for the scattering problem to be well-defined in general relativity one should
have a specific relation between the BMS transformations at past and future null infinity. This
relation induces the conservation of infinitely many charges at infinity, each charge being related
to a different supertranslation. Imposing this conservation of charges at the quantum level leads
to a Ward identity—a dynamical consequence of the charge conservation. In the case of the BMS
conserved charges, this Ward identity leads precisely to Weinberg’s soft graviton theorem.

This application is reviewed in detail by Strominger (2018). Weinberg (1965, 1995) discusses the
soft theorems and their applications to infrared divergences and inclusive cross sections.

6.4 Gravitational Memory Effect

The gravitational memory effect was originally discovered in linearized gravity by Zel'dovich and
Polnarev (1974). It basically consists on the prediction that the passage of a gravitational wave
permanently displaces the relative positions of two nearby inertial detectors. It turns out that this
effect is too a reflection of BMS transformations.

A gravitational wave can be interpreted as a null shockwave such as the one on Eq. (169) on the
previous page. Hence, the passage of a gravitational wave induces a supertranslation in the spacetime.
We thus can understand the memory effect as being due to a supertranslation (Strominger and
Zhiboedov 2016).
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This application is interesting because the memory effect is particularly physical, and it is
expected to be measurable by future gravitational wave detectors (Favata 2010; Grant and Nichols
2023). Hence, we might soon have an experimental test of supertranslations.

The relation between supertranslations and the memory effect is briefly discussed by Strominger
(2018). The memory effect is reviewed, for example, by Bieri and Polnarev (2024).

6.5 Soft Hair on Black Holes

Finally, we discuss the results obtained by Hawking, Perry, and Strominger (2016, 2017) concerning
black holes.

A known prediction in black hole thermodynamics is the information loss puzzle. Hawking
(1974, 1975) originally noticed that the behavior of quantum fields on a spacetime containing a
black hole formed by gravitational collapse leads the black hole to emit radiation. This radiation,
now known as Hawking radiation, is thermal with temperature inversely proportional to the black
hole’s mass (in the case of a Schwarzschild black hole). This means that the black hole loses mass to
the radiation bath, and the temperature rises as the black hole becomes smaller. This means the
black hole loses mass even faster, until it eventually completely evaporates.

The complete evaporation argument assumes the calculations—which are performed using
quantum field theory in curved spacetimes—to hold up to the last instants of evaporation. Hence,
the argument cannot be fully trusted. Yet, it is interesting to consider its consequences.

The main puzzle is what is now known as the information loss puzzle, or information loss
paradox. It was noticed by Hawking (1976) that if the quantum field starts at a pure state at very
early times, it will be in a mixed state after the black hole evaporates. The basic idea is that the mixed
state for the fields outside the black hole is a partial trace of the full pure state. However, once the
black hole evaporates, the outer part is all that is left, and this is a mixed state. This means the time
evolution of the quantum field state is not unitary.

This conclusion is seen by many physicists as troublesome, but there is nothing problematic
with it in principle (Unruh and Wald 2017). It does involve problematic argument, though, due to
the details of the operator algebras describing the quantum fields, but we will not dive into these
details here.

What is mainly of interest for us is noticing that there are a few conserved quantities in the
stellar collapse spacetime. In principle, one would expect all ten Poincaré charges and the total
electric charge to be conserved. Hence, we have eleven “hairs” on the black hole characterizing what
it was formed from. Nevertheless, this is still not enough information to capture everything that
was going on in the spacetime at early times.

Hawking, Perry, and Strominger (2016, 2017) noticed, however, that supertranslations also
induce conserved chargesin the spacetime. The conservation of these supertranslation charges means
there are infinitely many conserved charges at null infinity. This means much more information is
preserved in the spacetime than previously thought.

It should be pointed out, though, that this does not mean all the information is preserved
nor that the evolution is unitary. Supertranslations provide an important piece to understand the
puzzle, but do not solve it completely.
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A Preserving the Strong Carrollian Structure

In this appendix, we consider how preserving the strong Carrollian structure can affect the BMS
group. For simplicity, we will from the start ignore the contributions due to Lorentz transfor-
mations, since we are interested in knowing whether preserving the strong Carrollian structure is
enough to get rid of the supertranslations. This considerably simplifies the calculations, but will still
allow us to conclude that the strong Carrollian structure is too strong to define asymptotic symmetry
groups. This is due to the fact that, as we shall see, we end up losing the spatial translations with
this definition.

Since we are working with only supertranslations, we are working from the start with isometries
(not conformal isometries) that preserve the strong conformal geometry. Hence, we have that the
vector fields £ generating the supertranslations are such that the induced metric l;ﬂb and the normal
vector n“ respect

£:hy, =0 and  £n° = 0. (170)

To impose the invariance of the strong Carrollian structure, we will also impose that £ should be
such that
£9, =0. (171)

If we can provide meaning to this equation (which can be done), it will be a natural condition to
impose if we want the strong Carrollian structure to be preserved.

Here is how we will define the Lie derivative of the covariant derivative. Firstly, we notice that
the Lie derivative can be thought of as a difference between two geometrical objects at a point. The
difference between two covariant derivatives is a (1, 2)-tensor, so the Lie derivative of the covariant
derivative will be a (1, 2)-tensor. That being said, we will define ££@ by demanding that

£V, 9") = (&) + Y, (&), (172)

Using Eq. (55) on page 14 and solving for (£;V, )¢ leads us to

(&)Y = £V, -y + 9N, 7, &, (173a)
=R eV vy, &, (173b)

where the second step is merely an use of the definition of the Riemann tensor along with some
simplification. Notice that R , ¢ is the Riemann tensor associated with V, . We should mention
that this calculation assumes implicitly that the covariant derivative is torsionless, as otherwise the
torsion tensor would play a role in the equations above.
We want to impose Eq. (171). Thus, we can impose that (£V, )¢’ = 0 for all vectors y*. This
leads to
R brydyydv v E =0 (174)
acd % % a Vd -

for all vectors ¥“. Hence, it must hold that

R &4V V£ =0. (175)
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To solve this equation, it is convenient to pick V, = D, , the Levi-Civita connection on the sphere.
This implies that R , ¢ contracted with #* in any of its indices will vanish. Recalling that the general
expression for a vector field generating a supertranslation is (Eq. (161) on page 38)

£ = fnf, (176)
where f € €*(S?), we get that
SR.'n"+ D, D, (fn") = 0. (177)
It then follows that
D,D,f =0. (178)

Using stereographic coordinates, we conclude using Eq. (63) on page 17 that this equation
corresponds to imposing that

%%f=-f%§%ﬁ (179a)
___X

0,0,f = T o (179b)

2,0,f =0, (179¢)

2,0.f = 0. (179d)

Denote f; = 0, f and f; = 9 e Then Eq. (179d) tells us that £ is an analytic function of £, and,

equivalently, bears no dependence on {. Thus, the left-hand side of Eq. (179a) does not depend
on £, but the right-hand side does. This is only possible if both of them vanish. Hence, f; = 0.
Similarly, / ;=0.We thus get to the system of differential equations

% =0 (180)
0 =0,
which is solved by ' = constant.

Therefore, imposing the preservation of the strong Carrollian structure imposes that the func-
tion £ is a constant. On the one hand, this does rule out the supertranslations. On the other hand,
it also rules out spatial translations. We thus conclude the strong Carrollian structure is way too
strong to be imposed on the asymptotic symmetry group.

References

Aguiar Alves, Nickolas de (2023). “Nonperturbative Aspects of Quantum Field Theory in Curved
Spacetime”. MSc thesis. Santo André, Brazil: Federal University of ABC. xxiv, 152 pp. arXiv:
2305.17453 [gr-qc] (cit. on p. 42).

Bieri, Lydia and Alexander Polnarev (2024). “Gravitational Wave Displacement and Velocity Mem-
ory Effects”. Classical and Quantum Gravity 41,135012. por: 10.1088/1361-6382/ad4dfe.
arXiv: 2402.02594 [gr-qc] (cit. on p. 44).

_ 46—


https://arxiv.org/abs/2305.17453
https://doi.org/10.1088/1361-6382/ad4dfe
https://arxiv.org/abs/2402.02594

Bondi, Hermann, M. G. J. Van der Burg, and A. W. K. Metzner (1962). “Gravitational Waves in
General Relativity, VII. Waves from Axi-Symmetric Isolated System”. Proceedings of the Royal
Society of London. Series A. Mathematical and Physical Sciences 269.1336, pp. 21-52. DOTI:
10.1098/rspa.1962.0161 (cit. on pp. 2, 36, 39).

Choquet-Bruhat, Yvonne (2015). Introduction to General Relativity, Black Holes, and Cosmology.
Oxford: Oxford University Press (cit. on p. 24).

Dappiaggi, Claudio, Valter Moretti, and Nicola Pinamonti (2017). Hadamard States From Light-
like Hypersurfaces. SpringerBriefs in Mathematical Physics 25. Cham: Springer. por: 10.1007/
978-3-319-64343-4. arXiv: 1706.09666 [math-ph] (cit. on pp. 2, 28, 42, 43).

Duval, C., G. W. Gibbons, and P. A. Horvathy (2014a). “Conformal Carroll Groups and BMS
Symmetry”. Classical and Quantum Gravity 31.9,092001. por: 10.1088/0264-9381/31/9/
092001. arXiv: 1402.5894 [gr-qc] (cit. on p. 32).

(2014b). “Conformal Carroll Groups”. Journal of Physics A: Mathematical and The-
oretical 47.33, 335204. por: 10.1088/1751-8113/47/33/335204. arXiv: 1403 . 4213

[hep-th] (cit. on p. 32).

Duval, C., G. W. Gibbons, P. A. Horvathy, and P. M. Zhang (2014). “Carroll versus Newton and
Galilei: Two Dual Non-Einsteinian Concepts of Time”. Classical and Quantum Gravity 31.8,
085016. por: 10.1088/0264-9381/31/8/085016. arXiv: 1402.0657 [gr-qc] (cit. on
p- 32).

Favata, Marc (2010). “The Gravitational-Wave Memory Eftect”. Classical and Quantum Gravity
27.8,084036. por: 10.1088/0264-9381/27/8/084036. arXiv: 1003.3486 [gr-qc] (cit.
on pp. 2, 44).

Fewster, Christopher J. and Kasia Rejzner (2020). “Algebraic Quantum Field Theory: An In-
troduction”. In: Progress and Visions in Quantum Theory in View of Gravity: Bridging
Foundations of Physics and Mathematics. Ed. by Felix Finster et al. Cham: Springer, pp. 1-61.
DOTI: 10.1007/978-3-030-38941-3_1. arXiv: 1904.04051 [hep-th] (cit. on p. 42).

Geroch, Robert (1985). Mathematical Physics. Chicago Lectures in Physics. Chicago: The University
of Chicago Press (cit. on p. 9).

Goldstein, Herbert (1980). Classical Mechanics. 2nd ed. Addison-Wesley Series in Physics. Reading,
Massachussets: Addison-Wesley (cit. on p. 5).

Grant, Alexander M. and David A. Nichols (2023). “Outlook for Detecting the Gravitational-
Wave Displacement and Spin Memory Effects with Current and Future Gravitational-Wave
Detectors”. Physical Review D 107.6, 064056. por: 10 . 1103/ PhysRevD . 107 . 064056.
arXiv: 2210.16266 [gr-qc] (cit. on pp. 2, 44). Erratum: “Erratum: Outlook for Detecting
the Gravitational-Wave Displacement and Spin Memory Effects with Current and Future
Gravitational-Wave Detectors [Phys. Rev. D 107, 064056 (2023)]”. Physical Review D 108.2,
029901 (2023). DOIL: 10. 1103/PhysRevD. 108.029901.

Hawking, Stephen W. (1974). “Black Hole Explosions?” Nature 248, pp. 30-31. po1: 10.1038/
248030a0 (cit. on p. 44).

(1975). “Particle Creation by Black Holes”. Communications In Mathematical Physics

43.3, pp. 199-220. po1: 10.1007/BF02345020 (cit. on p. 44).

(1976). “Breakdown of Predictability in Gravitational Collapse”. Physical Review D 14.10,

pp- 2460-2473. po1: 10.1103/PhysRevD. 14.2460 (cit. on p. 44).

_ 47—


https://doi.org/10.1098/rspa.1962.0161
https://doi.org/10.1007/978-3-319-64343-4
https://doi.org/10.1007/978-3-319-64343-4
https://arxiv.org/abs/1706.09666
https://doi.org/10.1088/0264-9381/31/9/092001
https://doi.org/10.1088/0264-9381/31/9/092001
https://arxiv.org/abs/1402.5894
https://doi.org/10.1088/1751-8113/47/33/335204
https://arxiv.org/abs/1403.4213
https://arxiv.org/abs/1403.4213
https://doi.org/10.1088/0264-9381/31/8/085016
https://arxiv.org/abs/1402.0657
https://doi.org/10.1088/0264-9381/27/8/084036
https://arxiv.org/abs/1003.3486
https://doi.org/10.1007/978-3-030-38941-3_1
https://arxiv.org/abs/1904.04051
https://doi.org/10.1103/PhysRevD.107.064056
https://arxiv.org/abs/2210.16266
https://doi.org/10.1103/PhysRevD.108.029901
https://doi.org/10.1038/248030a0
https://doi.org/10.1038/248030a0
https://doi.org/10.1007/BF02345020
https://doi.org/10.1103/PhysRevD.14.2460

Hawking, Stephen W. and George F. R. Ellis (1973). The Large Scale Structure of Spacetime.
Cambridge Monographs on Mathematical Physics. Cambridge: Cambridge University Press.
DOI: 10.1017/CB09780511524646 (cit. on pp- 10, 23).

Hawking, Stephen W., Malcolm J. Perry, and Andrew Strominger (2016). “Soft Hair on Black
Holes”. Physical Review Letters 116.23, 231301. po1: 10.1103/PhysRevLett.116.231301.
arXiv: 1601.00921 [hep-th] (cit. on p. 44).

(2017). “Superrotation Charge and Supertranslation Hair on Black Holes”. Journal of
High Energy Physics 2017.5, 161. poI: 10. 1007 / JHEPO5(2017) 161. arXiv: 1611.09175

[hep-th] (cit. on pp. 42, 44).

Hollands, Stefan and Robert M. Wald (2015). “Quantum Fields in Curved Spacetime”. Physics
Reports 574, pp. 1-35. po1: 10. 1016/ j . physrep . 2015 . 02. 001. arXiv: 1401 . 2026
[gr-qc] (cit. on p. 42).

Lee, John (2012). Introduction to Smooth Manifolds. Graduate Texts in Mathematics 218. New
York, NY: Springer. po1: 10.1007/978-1-4419-9982-5 (cit. on pp. 10, 12).

Lévy-Leblond, Jean-Marc (1965). “Une Nouvelle Limite Non-Relativiste Du Groupe de Poincaré”.
Annales de Uinstitut Henri Poincaré. Section A, Physique Théorique 3.1, pp. 1-12 (cit. on
p- 32).

Newman, Ezra T. and Theodore W. J. Unti (1962). “Behavior of Asymptotically Flat Empty Spaces”.
Journal of Mathematical Physics 3.5, pp. 891-901. po1: 10.1063/1.1724303 (cit. on p. 35).

Penrose, Roger (1963). “Asymptotic Properties of Fields and Space-Times”. Physical Review Letters
10.2, pp. 66—68. DOI: 10.1103/PhysRevLett.10.66 (cit. on p. 25).

(1965). “Zero Rest-Mass Fields Including Gravitation: Asymptotic Behaviour”. Proceedings

of the Royal Society of London. Series A. Mathematical and Physical Sciences 284.1397, pp.159-

203. po1: 10.1098/rspa.1965.0058 (cit. on p. 25).

(1974). “Relativistic Symmetry Groups”. In: Group Theory in Non-Linear Problems.
Ed. by A. O. Barut. Nato Advanced Study Institutes Series 7. Dordrecht: Springer, pp. 1-58.
DOI: 10.1007/978-94-010-2144-9_1 (cit. on p. 33).

Penrose, Roger and Wolfgang Rindler (1986). Spinors and Space-Time. Vol. 2: Spinor and Twistor
Methods in Space-Time Geometry. Cambridge Monographs on Mathematical Physics. Cam-
bridge: Cambridge University Press. por: 10.1017/CB09780511524486 (cit. on p. 33).

Robinson, Derek J. S. (1996). A Course in the Theory of Groups. Graduate Texts in Mathematics
80. New York, NY: Springer. po1: 10.1007/978-1-4419-8594~1 (cit. on p. 10).

Sachs, R. K. (1962a). “Asymptotic Symmetries in Gravitational Theory”. Physical Review 128.6,
pp- 2851-2864. po1: 10.1103/PhysRev. 128.2851 (cit. on p. 40).

(1962b). “Gravitational Waves in General Relativity VIII. Waves in Asymptotically Flat
Space-Time”. Proceedings of the Royal Society of London. Series A. Mathematical and Physical
Sciences 270.1340, pp. 103-126. po1: 10.1098/rspa. 1962.0206 (cit. on pp. 2, 36, 39).

Schmidt, B. and M. Walker (1983). “Analytic Conformal Extensions of Asymptotically Flat Space-
Times”. Journal of Physics A: Mathematical and General 16.10, pp. 2187-2190. por: 10.
1088/0305-4470/16/10/015 (cit. on p- 31).

Schwartz, Matthew D. (2014). Quantum Field Theory and the Standard Model. Cambridge:
Cambridge University Press. Do1: 10.1017/9781139540940 (cit. on pp. 7, 42).

_ 48—


https://doi.org/10.1017/CBO9780511524646
https://doi.org/10.1103/PhysRevLett.116.231301
https://arxiv.org/abs/1601.00921
https://doi.org/10.1007/JHEP05(2017)161
https://arxiv.org/abs/1611.09175
https://arxiv.org/abs/1611.09175
https://doi.org/10.1016/j.physrep.2015.02.001
https://arxiv.org/abs/1401.2026
https://arxiv.org/abs/1401.2026
https://doi.org/10.1007/978-1-4419-9982-5
https://doi.org/10.1063/1.1724303
https://doi.org/10.1103/PhysRevLett.10.66
https://doi.org/10.1098/rspa.1965.0058
https://doi.org/10.1007/978-94-010-2144-9_1
https://doi.org/10.1017/CBO9780511524486
https://doi.org/10.1007/978-1-4419-8594-1
https://doi.org/10.1103/PhysRev.128.2851
https://doi.org/10.1098/rspa.1962.0206
https://doi.org/10.1088/0305-4470/16/10/015
https://doi.org/10.1088/0305-4470/16/10/015
https://doi.org/10.1017/9781139540940

Strominger, Andrew (2014). “On BMS Invariance of Gravitational Scattering”. Journal of High
Energy Physics 2014.7,152. por: 10.1007/JHEPO7 (2014) 152. arXiv: 1312.2229 [hep-th]
(cit. on p. 43).

(2018). Lectures on the Infrared Structure of Gravity and Gauge Theory. Princeton:
Princeton University Press. arXiv: 1703.05448 [hep-th] (cit. on pp. 2, 43, 44).

Strominger, Andrew and Alexander Zhiboedov (2016). “Gravitational Memory, BMS Supertrans-
lations and Soft Theorems”. Journal of High Energy Physics 2016.1, 86. poI: 10 . 1007 /
JHEPO1(2016)086. arXiv: 1411.5745 [hep-th] (cit. on p. 43).

Tu, Loring W. (2011). An Introduction to Manifolds. 2nd ed. Universitext. New York, NY: Springer.
Dpor: 10.1007/978-1-4419-7400-6 (cit. on pp- 10,12, 28).

Unruh, William G. and Robert M. Wald (2017). “Information Loss”. Reports on Progress in Physics
80.9, 092002. po1: 10.1088/1361-6633/aa778e. arXiv: 1703.02140 [hep-th] (cit. on
p. 44).

Wald, Robert M. (1984). General Relativity. Chicago: The University of Chicago Press (cit. on
pp. 2,10, 12, 14, 20, 28-30, 33).

(1994). Quantum Field Theory in Curved Spacetime and Black Hole Thermodynamics.
Chicago Lectures in Physics. Chicago: The University of Chicago Press (cit. on p. 42).

Weinberg, Steven (1965). “Infrared Photons and Gravitons”. Physical Review 140 (2B), B516-B524.
DoI: 10.1103/PhysRev.140.B516 (cit. on pp. 2, 43).

(1995). The Quantum Theory of Fields. Vol. 1: Foundations. Cambridge: Cambridge
University Press. Do1: 10.1017/CB09781139644167 (cit. on pp. 2, 43).

Winicour, Jeffrey (1980). “Angular Momentum in General Relativity”. In: General Relativity and
Gravitation: One Hundred Years After the Birth of Albert Einstein. Ed. by Alan Held. Vol. 2.
New York, NY: Plenum Press, pp. 71-96 (cit. on p. 40).

Zee, Anthony (2016). Group Theory in a Nutshell for Physicists. Princeton: Princeton University
Press (cit. on pp. 1, 5).

Zel'dovich, Yakov B. and A. G. Polnarev (1974). “Radiation of Gravitational Waves by a Cluster of
Superdense Stars”. Soviet Astronomy 18, p. 17 (cit. on pp. 2, 43).

— 49—


https://doi.org/10.1007/JHEP07(2014)152
https://arxiv.org/abs/1312.2229
https://arxiv.org/abs/1703.05448
https://doi.org/10.1007/JHEP01(2016)086
https://doi.org/10.1007/JHEP01(2016)086
https://arxiv.org/abs/1411.5745
https://doi.org/10.1007/978-1-4419-7400-6
https://doi.org/10.1088/1361-6633/aa778e
https://arxiv.org/abs/1703.02140
https://doi.org/10.1103/PhysRev.140.B516
https://doi.org/10.1017/CBO9781139644167

	Contents
	Introduction
	Symmetries and Groups
	Rotations
	Lorentz Group
	Poincaré Group

	Symmetries in Curved Spacetimes
	Pullbacks and Pushforwards
	Lie Derivatives
	Conformal Killing Vector Fields
	Case Study: Conformal Isometries on a Sphere
	Case Study: Killing Isometries on Minkowski Spacetime

	Asymptotically Flat Spacetimes
	Infinity in Minkowski Spacetime
	Asymptotically Flat Spacetimes
	Case Study: Schwarzschild Spacetime

	The BMS Group
	Carrollian Structures
	Symmetries at Null Infinity
	Alternative Derivation with Conformal Killing Vector Fields
	Poincaré Group as a BMS Subgroup
	Possible Criticism of the Derivation of the BMS Group

	Physical Consequences and Applications
	Physical Realization of Supertranslation
	Construction of Hadamard Vacua
	Weinberg's Soft Graviton Theorem
	Gravitational Memory Effect
	Soft Hair on Black Holes

	Preserving the Strong Carrollian Structure
	References

