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Introduction

P Gravitational memory effect:

the permanent change in the relative distance between test particles after the passage
of gravitational waves

1. 1970's: Zel'dovich & Polnarev, Braginsky & Grishchuk, ...
The (linear) memory effect is related to the permanent change in the quadruple
moment of the source.

2. In 1990's: Chritodoulou, Blanchet & Damour, Wiseman & Will, Thorne, ...
The nonlinear memory effect is sourced by the energy flux of radiative degrees of
freedom, including photons, neutrions and gravitational wave itself.
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» Since 2014: a new direction emerged

1. Connection with the asymptotic symmetry of the isolated system:
Strominger, Compére, Flanagan, ...

i+

-

i Bondi-Metzner-Sachs symmetry = { supertranslations X Lorentz transformations }
ii Vacuum is degenerate at .#:

supertranslations .
vacuum ‘E————= vacuum memory effect <> vacuum transition

iii The flux-balance law constrains the memory effect:

Ah ~ /du%thz



Introduction

New developments

> Since 2014: a new direction emerged (continued...)
2. New memory effects:



Introduction

New developments

> Since 2014: a new direction emerged (continued...)
2. New memory effects:
a. Spin memory effect: Pasterski, Strominger, Zhiboedov

GWs

AN
~ !
’ N N
~
!\[J\I Au — #0
~ ~ ~



Introduction

New developments
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2. New memory effects:
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b. Center-of-mass memory effect: Nichols
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New developments

> Since 2014: a new direction emerged (continued...)
2. New memory effects:
a. Spin memory effect: Pasterski, Strominger, Zhiboedov
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b. Center-of-mass memory effect: Nichols

#0

Spin and center-of-mass memories are also called the subleading displacement memory effect.
The first ever discussed memory effect is specifically called the (leading) displacement memory

effect.
3. Enlargement of the BMS symmetry:

supertranslations X local conformal transformations on 52

BMS — "extended BMS”: Barnich, Troessaert, ...

supertranslations x Diffeomorphims on $2

"generalized BMS": Campiglia, Laddha, ...

Lorentz ===—==> Super-Lorentz



Introduction
Soft hairs

» Black hole memories, soft hairs, information paradoxes, ...:

Strominger, Hawking, Perry, Donnay, Wald, Flanagan, ...

How soft hairs impact the shadow?

Image memory effect?
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Black hole soft hairs

/

No-hair theorem ~ “Three-hair theorem”

Conserved charges of (standard/extended/generalized) BMS symmetries



Asymptotically flat spacetimes

> Metric in Bondi-Sachs coordinates (u, g, 9, ¢)
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Asymptotically flat spacetimes

> Metric in Bondi-Sachs coordinates (u, g, 9, ¢)

X 2M 1 CABCAB 1
ds’ = |- =+ —+4+0 (= )|d? 2[—1 O(=)|dud
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+2 |:9 cAB + - (7NA — 7CBCgACBC) + O (*):| dudy”?
2 o \3 8 02

+ [0*hag + ocas + O (&°)]d9Adv5.

» Asymptotic symmetry
xP — Xt 4 P
Ze8o0 =0, Zigon=0, 9,(g"8Lgag) =0, and the falloff
resulting in
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Asymptotically flat spacetimes

Noether charges

» Charges
1
Qr = /d%NET (M T Z@A@Bc“5> ,
S
Qw = Qreuw + 4/d219\/EWQ,
S
1
Qy = /dzﬂx/EYA <NA +49ac2 — ZCAB@CCBC) ,
S

_ capchE

2= 32

In general,

Qe = Q7 + Qw + Qy.
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Bald Kerr black hole

» Bald metric
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» Conserved charges, e.g.,

Time translation Q; = 47rl\°/ln
Rotation Q4 = —47Ma



Soft-haired Kerr black hole

Generalized BMS transformation and the metric

> Generalized BMS transformation C Weyl BMS
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Finite supertranslation 7
Finite superrotation T4 with W =0
Finite super-boost T4 with W # 0

» Soft-haired metric
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Soft-haired Kerr black hole

Conserved charges

» Conserved charges, e.g.,
Time translation

Qr = 47M + /dzﬁ\/z (%@A.@BEAB - éEABNAB>
Rotation
Qp = — 4rMa + /dzz?\/ﬁ{m (M + %@A@BEAB)
+450,W + T (48A62 - %EABQCEBC) }

» And more soft hairs...



Soft-haired Kerr black hole

Adapted tetrads

observer

e\

\ tangent
light ray
PRD 89,124004(2014)
> Adapted tetrads
Bald Kerr Soft-haired Kerr
1 1 %
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Soft-haired Kerr black hole

Celestial coordinates

€l
\ tangent
light ray
PRD 89,124004(2014)
» Bald Kerr
5 \/q + a2 cos? 0, — A2 cot? 0, 3 A
x‘~+ , XU -
ro rosinf,

» Soft-haired Kerr

R}(@) = rotation matrix

(@) — dilation factor

CLIGAT + (i — T) 5 W)



Soft-haired Kerr black hole
The image
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1. rotated by RJ‘:(@)

2. dilated by eV

3. shifted by S'(#, ) at a speed §'(§) = K, 7AW/




An astronomical black hole is not exactly stationary.
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Image memory effect
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Image memory effect
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Summary
» Soft-haired Kerr black hole is related to the bald counterpart by
P a supertranslation 7(0)
» a4 super-Lorentz transformation T4(8)

» Soft hair modified black hole image gets
1. rotated 2. dilated 3. drifted at a constant velocity

» The emission of the null radiation causes the change of soft hairs, leading to the
image memory effect

the shift of straight line trajectory

(&' (a;). 3 (uH
i #@E (), 7 (ay))

A ari

J . _;J

Thank you!
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