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Abstract: <p>A burst of gravitational radiation passing through an arrangement of freely falling test masses far from the source will ca
permanent displacement of the masses, called the "gravitational memory". It has recently been found that this memory is closely relate
change in the so called "super-translation” charge carried by the spacetime, where "super-translations" here refer to an unexpected enlargen
asymptotic symmetries of general relativity beyond the expected asymptotic Poincare-transformations, known already since the work of Bont
in the early 60s (no relation with a€"a€™supersymmetry"”). | will describe these concepts from an intuitive perspective and point ou
super-translations, as well as gravitational memory, are a phenomenon that is unique to relativity in 3+1, but not higher, dimensions. | close
by explaining the relation between these results and the notion of a "charge super-selection sector" in quantum field theories with massless
such as QED.</p>

<p>[Based on joint work with A. Ishibashi and R. M. Wald]</p>
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History

I
Bondi and others (van der Burg, Metzner, Penrose,

Pirani, | Robinson, Sachs, Trautman, ...) basically
worked out theory of gravitational waves in
General Relativity from physics viewpoint in 60s.

s H.Bond, 1919 T200s 1 D€ pivotal paper in a series of several papers is:

“Gravitational Waves in General Relativity. VIl. Waves from Axi-Symmetric Isolated
Systems,”

[Bondi, van der Burg, Metzner 1962]
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History

That paper was restricted to axi-symmetric solutions, but a closer look
shows that this simplification is not really essential and that the main insights
generalize fsahs 19621. These are:

>

Derivation of “Bondi coordinates” and explanation of their geometric
significance

Asymptotic expansion in 1/r of “wave-like” solutions in General
Relativity

|dentification of residual “asymptotic symmetries” (“BMS group™) and
explanation of their geometric significance. Later in this talk — special to
four dimensions

Characterization of “information” carried by gravitational waves
(“news”).

Proof that: no news <> stationary, proof completed in [Geroch 1977 Later in this talk
— higher dimensions
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Conformal Infinity

t

A year later R. Penrose introduced conformal techniques into the subject:

“Asymptotic properties of fields and space-times,”

[Penrose 1963]

This method makes more transparent the geometric nature of asymptotic
conditions (“null infinity””). The idea is to select a suitable conformal factor
2(x) and to consider a conformally rescaled metric

d5? = Q(z)*ds”

in such a way that infinity becomes a “place” in an unphysical spacetime
M = M U I with conformal boundary ¥ = “scri”. More precisely, the
rescaled metric g should be smooth at .#, and 2 = 0,d(2 # 0 at .#.
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“Scri”=Conformal Infinity
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Is “scri”’ the correct asymptotic condition!?

General guiding principles for asymptotic/boundary conditions

(I) The asymptotic conditions should not rule out solutions representing
interesting dynamical processes in the interior of the spacetime, i.e.
should not implicitly require fine-tuned restrictions on initial data on a
Cauchy surface S

The asymptotic conditions should be sufficiently strong so as to be able
to define global quantities associated with the spacetime. These are
typically generators of remaining “asymptotic symmetries”

Comepletely straightforward at spatial infinity. By (corvino & schoen 2000}, [Chrusciel &
Delay 2002], We are free to even impose exact Kerr/Myers-Perry near spatial
infinity, because we can glue this to any compact initial data set. —>
ADM quantities.

Highly non-trivial at null infinity, because one wants to impose Einstein’s
equations, Ric, = 0 onto the spacetime, which pose an initial value
problem. = not free to impose asymptotic conditions at will.
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Asymptotic flatness

I
For exactly what type of initial data on a Cauchy surface S in the interior of

the spacetime are the asymptotic conditions satisfied? The answer to this
highly non-trivial question is open in general. It is however known that:

» The asymptotic conditions are linearly “stable” (Geroch & Xanthopouios 19771 in
d = 4 dimensions, and also in even d > 4 dimensions [Hollands & Ishibashi 2005]

» They are satisfied for generic non-linear, but small, perturbations off
MinkOWSki Spacetime [Christodoulu & Klainerman 1993 (d = 4), Choquet-Bruhat, Chrusciel, Loizelet 2006
(d > 4)]

> A large class of spacetimes satisfying asymptotic conditions semi-locally
can be obtained via characteristic initial data formulation of Einstein’s

equation [Friedrich 1982, 2002 (d = 4), M Anderson & Chrusciel 2005 (d > 4)]

The subject of this talk is what one can learn if asymptotic flatness conditions
a la Penrose/Bondi are imposed.
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Relation with Bondi coordinates, BMS symmetry |

There is a lot of freedom to choose (2, but things become particularly nice if
we make a special choice that brings the metric into “Conformal Gaussian
Null form.” Then, putting

1
r = — = luminosity distance ,

Q

we have
ds? = —2du(dr + adu + rB4 dzA) + r2y 4 pdz4dz?

and we can then make expansions of the type

) ( etc.

and one shows for instance that the leading term in y45 equals s45 =
standard metric on S 2. For instance, Schwarzschild spacetime:

Ba=0, 7ap=845.
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Bondi coordinates/Scri

The geometric nature of the “Bondi” coordinates (u,r, z4) is as follows:

BoNDl COORDINATES
(w,r, ZA)
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Relation with Bondi coordinates, BMS symmetry Il

It is clear from the drawing that the remaining freedom for the coordinate
system is a combination of:

» We can change the surface ¥(u = 0), i.e. the place where u = 0.
A

» We can apply a conformal transformation to the angular coordinates 2.

» We can change the affine parameterization of the geodesics
parameterized by 7.

The first transformation which is u +— u + 7'(z) on ., is of main interest in
this talk. It is generated by the vector field

0
X=T(z)—+...
( )(9'11,
where 7' is any smooth function on the “celestial sphere”. These vector
fields are called (infinitesimal) “BMS super translations”.
» Ordinary time translations correspond to 1’ = (constant)

» Ordinary spatial translations correspond to /" = ([ = 1 spherical
harmonic). “Dipole” vector <+ direction of translation.
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BMS supertranslation

The geometric significance of a BMS super translation 7'(z) is this:

BMZ 6ufor'bunsla_£}ons T=T(z)

Pirsa: 17080000 Page 12/33



Basic setup

We would now like to study the following situation: VVe have a spacetime
that is stationary before some advanced time u( and then again after some
some advanced time u:

de=b: ut Kerv w—""
A>hi  Myes-Pery
(by CWVI'no-Salloveh)

We ask: what is the relationship between the metrics before 1 and after u;?
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Stationary metrics

WVe first ask what we can learn about the asymptotic expansion of a stationary
metric. By this we mean that there is an asymptotic symmetry K which is
time-like near infinity .# and which is actually an exact symmetry:

£kg=0, Ricg=0.

We learn the following: There is an asymptotic boost ¢ and an asymptotic

super-translation 1) putting the metric into a “standard frame [Holiands, ishibashi, wald
2016] .

Standard frame for stationary metrics

This means that ¢*¢* g has the following properties:

> 'ygg = ﬁg”) = o™ =0 uptol <n <d-— 3, except ald=3) =
constant.
» Lowest expansion orders equal to Minkowski

» *¢* K agrees with infinitesimal coordinate shift of u
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Non-stationary metrics

t

For radiating (non-stationary) metrics, we learn the following: There is an
asymptotic boost ¢ and an asymptotic super-translation 1/ putting the metric
into a “standard frame”’[Holiands, A Thorne 2014] .

Standard frame for radiating metrics

This means that ¢*¢*g has the following properties:

> 'yAB—ﬁf —oz(")—(]uptol<n<d/2—

» various differential relations between 'y A B, [3 ,a(™ in range
d/2—-1<n<d-3
» Lowest expansion orders equal to Minkowski

— difference between d =4 and d > 4
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Difference between stationary and radiating metrics:

Basic conclusion

>

>

For radiating metrics, non-trivial metric components appear at order
—d/241
r

For stationary metrics, non-trivial metric components appear at order
—d+3
r

These orders are equal only for d = 4

Quantities characterizing radiation defined in terms metric components

of order r—4/2t1 eg news = —@nﬂz—l)

Quantities characterizing Bondi energy F/, momentum P etc. are
defined in terms metric components of order 413, e.g. a(?~3)

These orders are equal only for d = 4

This implies that the proof of the Positive Bondi Mass Theorem E > |P| is
more involved in d > 4, but nevertheless possible [Holiands & A Thorne 2014]
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Difference between d = 4 and d > 4:

Now we return to situation with two stationary epochs interrupted by a
non-stationary (radiation) epoch. We have learned that the standard rest
frames before and after the radiation epochs are related by an asymptotic
boost, ¢, and an asymptotic super translation, 1.

d=4vsd >4

» In d = 4, the standard rest frames differ in general by a non-trivial boost
and super-translation.

» In d > 4, the standard rest frames differ in general by a boost, but no
super translation.

In any dimension, the relative boost is precisely that which transforms the
Bondi d-momentum (E, P) before the radiation epoch into that after the
radiation. In dimension d = 4 the relative super-translation is related to the
gravitational memory, as also observed by [strominger and Zhiboedov 2014, Pasterski, Strominger

Zhiboedov 2015, ...].
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Geometric interpretation

The geometric interpretation is illustrated in following figure.
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Memory effect

What is gravitational memory?

The memory effect is the permanent displacement of an arrangement of
freely floating test masses, initially at rest, that is produced by the passage of
a burst of gravitational radiation.
U1
gA| =421 pA L B

uo ug
where 24 = displacement vector, A4 z(%) = memory tensor.

It was first discovered in [zetdovich & Polnarev 1974, Braginsky & Grishchuk 1985, Braginsky & Thorne 1987] iN
the context post-Newtonian approximations to full general relativity. Later
[christodouls 1991] Showed that there is also a contribution to memory arising from
gravitational energy fluxes. The relationship between these considerations
was clarified by wiseman & wi 1991,Thorne 1992..1, and more recently by (sieri & Garfinide 2014, Tolish

& Wald 2015, ...].
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Memory effect Il

lllustration of memory tensor A“ 5
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Memory effect lli

I
To compute memory tensor, recall that the acceleration between nearby

test-masses separated by z* in asymptotic region is described by geodesic
deviation equation:

The asymptotic form of the Riemann tensor can be inferred using Einstein’s
equations [Hollands & A Therne 2014]. One finds

No memory in d > 4

» Inevend > 4, A4 B = 0 [Hollands, Ishibashi, Wald 2016]

» Ind = 4, instead A g = DADRT— (trace), where T is the super
translation relating the standard frames before/after the radiation epoch.

[Strominger and Zhiboedov 2014, Pasterski, Strominger, Zhiboedov 2015, ...]

Pirsa: 17080000 Page 22/33



Pirsa: 17080000

Formula for relative supertranslation in d = 4

In any even d, the Bondi news is (Holiands & A Thorne 2014):

news = —du’yféz 2

The flux of gravitational radiation per “angle” z is

1
3o fdu news(u, z)? .

which can be decomposed into quadrupole, octupole, ... F2), F3) .
contributions. The relative super-translation is then (Holiands, ishibashi, Wald 2016]

F(2) =

ul

T(Z) = 2(E—P-z)ln(E—-P-2)
i

(.-H'-Z) i’il Pa— 2?:g+2

e [] 810842
6”2 (DI +2)(13)(+4)°
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Conclusions

No Memory, no super translations in d > 4

» In d = 4 dimensions, if we have initially and finally stationary metrics,
their “standard frame” is related by an asymptotic boost and an
asymptotic super translation. The asymptotic super translation, 7', is a
“potential” for the gravitational memory tensor. Thus, ind = 4 it is
impossible to bring the metrics in a stationary epoch into a preferred
reference rest frame.

In even d > 4, the initial and final metrics are related by a boost, but no
super translation. The memory tensor is zero, and it is possible to bring
the metrics into a standard reference rest frame. By doing so, it is

ssible to reduce the asymptotic symmetry group from the BMS-group
to the Poincaré group.

In d > 4, one is free not to make this reduction. But then no conserved
quantity conjugate to super translation can be constructed on phase

Space [Hollands & Ishibashi 2005]
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Conclusions

L
Can BMS supertranslation(charge) “store” information?

» T'(z) certainly contains information about the radiation emitted.

» But it cannot be inferred locally within the portion of spacetime after
radiation was emitted. One has to know entire spacetime.

Statement should remain true in quantum case.

obﬁuwus
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Quantum BMS transformation

Analogue: Quantum field theory containing abelian gauge fields.

» Local gauge transformation: D, — ¢ *(*) D,e(*), where o(z) is
non-zero only inside a compact region.

» Global gauge transformation: «(z) non-zero at .#*. The restriction to
J+ given by T'(2) = €% s analogue of BMS supertranslation.

» “BMS” group abelian and co-dimensional

H =P Ha

where 7 are irreps of BMS group. The “vacuum sector” H; corresponds to
the trivial representation of BMS. It is generated from the vacuum by local
gauge invariant operators:

Quantum Hilbert space:

Ho = (local gengziinen operators)|0)
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Quantum BMS transformation

The other sectors #, are unitarily inequivalent and are built onto vectors of

form
Crreves o) = [T (e exnti [ ) o)

k Ch
that is
H, = (local gauge inv. operators)|C1,...,Cy).

They carry a non-trival representation m of BMS. These representations are
unitarily equivalent to each other if we make a local deformation of the C;’s.

BMS representation acts trivially on local observables in V', so local
observers practically cannot distinguish sectors. [suchholz & Roberts 2014) have
established an abstract and rigorous version of this.
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Can BMS supertranslations solve information loss paradox?

Recently Hawking et al. (Hawking, perry strominger 2016) have suggested that

supertranslation (charge) might be important for the Black Hole Information
Loss Paradox (providing part of the lost information).

i \ collapsing *

We have seen that a late time observer in the Minkowski region cannot
reconstruct the super-translation charge, in the sense that there are infinitely
many states with different super-translation charge having the same

expectation value (and probability distribution) with respect to observables
in the Minkowski region.
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Memory caused by particle collisions

Instead of a spacetime that is stationary, radiates, and then is again stationary,
we may consider a collision scenario: We collide point-particles in Minkowski
space with d-momenta (E;, P;)).

I,

Nty = (45 55209
el

Pirsa: 17080000 Page 30/33



Pirsa: 17080000

Memory caused by particle collisions |l

Distributional stress tensor for i-th outgoing particle

dr(®)
dt

T3y (x,t) = mOuu) 61 (x — yO(2))

where:

» u® = tangent to worldline

> m = rest mass

> %l; = gamma factor

> Ingoing particles: O(t) <> ©O(—t)
Full stress-energy tensor

ra= ¥ 1+ 1Y
(2) out () in

Linearized Einstein equation gives h,; — displacement tensor.

o(t) .
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The result is [Garfinkle, Hollands, Ishibashi, Tolish & Wald 2017

Memory tensor for particle collision

» Inevend > 4, A5 =0
» Ind = 4, instead A4 = DADgT— (trace), where T is the super

translation relating the standard frames before/after the radiation epoch.

Corresponding BMS-supertranslation is

T@)=2 ) 6 (Ey—2-Pg)n(Eg —2-Pg)

(i)in,out

(n(;) = +1, —1 for incoming/outgoing particle). This has obvious similarity
with the previous result in full (non-linear) GR. But also differences:

» No flux term (due to linear approximation to GR)
» Spacetime not stationary at early/late times
» N bodies vs. 1 body.
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