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Abstract: <p>Gravitational waves from the mergers of five binary black holes and one binary& nbsp;neutron star were detected in the past two years
by the advanced LIGO and& nbsp;Virgo detectors. These detections allowed our Universe to be observed in& nbsp;gravitational waves for the first
time, and they have tested the& nbsp;predictions of general relativity for dynamical and strongly gravitating systems. | will discuss these results and
also& nbsp;highlight a few additional examples of ways in which gravitational waves can& nbsp;shed light on open questions in theoretical physics
and astrophysics. One& nbsp;involves the gravitational-wave memory effect, which is a constant change in&nbsp;the gravitational-wave strain
produced by the energy that gravitational waves&nbsp;and matter carry away from an isolated system. | will describe the challenges
in& nbsp;detecting the memory with LIGO and Virgo, and how the memory is related to& nbsp;the symmetries and conserved quantities of isolated
gravitating systems. A& nbsp;second involves using precision astrometry to detect a stochastic background of& nbsp;gravitational waves from
astrophysical, and potentially even cosmological,&nbsp;sources. With the upcoming data release from the Gaia mission, it will likely
be& nbsp;possible to place improved constraints on the stochastic background at& nbsp;frequencies higher than those coming from the cosmic
microwave background,& nbsp;but below those of pulsar timing searches. | will show how these constraints can be determined. Finaly, | will
discuss gravitational waves from a compact object orbiting an intermediate mass black hole surrounded by a dark matter spike. | will describe how
details about the dark matter distribution can be imprinted in the emitted gravitational waves.</p>
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. Binary black holes (BBH): LIGO-Virgo detections, testing

the predictions of GR, and GW memory effects

. Binary neutron star (BNS) detection: A few highlights
. Stochastic background of gravitational waves (GWs)

. Influence of dark matter on GW inspirals
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from GWs

quantities particles

Y
A
S
~di2 i \
h[ ‘\/-
b 9
=S

Ex. Stars/BHs

Scattering Ex. SNe neutrinos

Zel'dovich & Polnarev, (1974) Turner, (1978)
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Changes in Energy flux

Energy flux
from GWs

“*Ah” o< “conserved” + | du | from massless +
quantities particles

0

Y
~df2 =
b [ | <
X
-S

Ex. Stars/BHs i e
Scattering Ex. SNe neutrinos Ex: BBH mergers

Zel'dovich & Polnarev, (1974) Turner, (1978) Christodoulou, (1992) 15
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. Z7: Null surface S x R
/\ 4 Endpoint of outgoing null rays

Penrose (1963)
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Z": Null surface S* x R
AN Endpoint of outgoing null rays

4« ——2__<  Symmetries: BMS = Lorentz X ST
H——K, U =u+a), o) = Zoznggm(HA)
| fm

Penrose (1963)

16
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Z7: Null surface S* x R

/\ J ' Endpoint of outgoing null rays
,,jl,’_,ffj ?) < Symmetries: BMS = Lorentz x ST
x < 0 W =utad), a®) =Y amYm(®)

Penrose (1963)

Qo
4 A
A 2 )

Y

Time translation

16
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Z%: Null surface S* x R
Endpoint of outgoing null rays

Symmetries: BMS = Lorentz X ST
U =u+a(0t), a0®) =) amYm(®")
fm

Time translation Spatial translation ”
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Z%: Null surface S% x R
Endpoint of outgoing null rays

Symmetries: BMS = Lorentz X ST
U =u+a(0t), a0®) =) amYm(®")
{m

Time translation Spatial translation Supertranslation "

Pirsa: 18020090 Page 49/75



Symmetries —p conserved quantities by Noether's theorem

With GWs, changes in charges related to flux of charge
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Symmetries —p conserved quantities by Noether's theorem

With GWs, changes in charges related to flux of charge

Supertranslations

Supermomentum:
changes in charges only

are part of GW memory
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Symmetries —p conserved quantities by Noether's theorem

With GWs, changes in charges related to flux of charge

Supertra nslations Super-rOtatiOnS Barnich & Troessaert (2009)

A Virasoro algebra

<> |, = —z™*18,

Two conserved quantities: “super

Supermomentum:

changes in charges only center-of-mass” contain full GW

memory and “superspin” charges

are part of GW memory
Flanagan & Nichols (2016)

17
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Symmetries —p conserved quantities by Noether's theorem
With GWs, changes in charges related to flux of charge

Supertra nslations Super-rOtationS Barnich & Troessaert (2009)

A Virasoro algebra

<> |, = —z™18,

Two conserved quantities: “super

Supermomentum:

changes in charges only center-of-mass’ contain full GW

memory and “superspin” charges

are part of GW memory
Flanagan & Nichols (2016)

Super center of mass an important ingredient in proposed

solution to BH information paradOX! Hawking, Perry, Strominger (2017) 17
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A(4-momentum) /dZQ a—01AE

Pirsa: 18020090 Page 54/75



A(4-momentum) /d2Q ap—01AE

A(supermomentum) /sz ay>1AE + (memory /ST)
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A(4-momentum) /d2Q ap—01AE

A(supermomentum) /sz ay>1AE + (memory /ST)

A(spin) o %/dZQI|m|<:1AJ
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A(4-momentum) /d2Q ap—01AE

A(supermomentum) /sz ay>1AE + (memory /ST)
A(spin) o %/dZQI|m|<:1AJ

A(spin) o %/dZQI|m|>1AJ—|- (spin memory)
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New “spin memory" effect related to extended symmetries
Angular Angular

. ., Changes in
duh” o 4+ [ du| momentum 4+ momentum
super-spin
flux, matter flux GWs
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New “spin memory" effect related to extended symmetries

: Angular Angular
. ., Changes in
duh” o 4+ [ du| momentum 4+ momentum
super-spin
flux, matter flux GWs

2 P

a : P /

/.. i ;
=P tili2

-8

Ex. Spinning objects

scattering

Pasterski+, (2015)
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New “spin memory" effect related to extended symmetries

: Angular Angular
. ., Changes in
duh” o 4+ [ du| momentum 4+ momentum
super-spin
flux, matter flux GWs

Ex. Spinning objects

scattering Ex. SNe neutrinos

Pasterski+, (2015) Presumably, not yet computed
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New “spin memory" effect related to extended symmetries

: Angular Angular
. ., Changes in
duh” o 4+ [ du[ momentum + momentum
super-spin
PR flux, matter flux GWs

Ex. Spinning objects

-

scattering Ex. SNe neutrinos  Ex: BBH mergers

Pasterski+, (2015) Presumably, not yet computed Nichols, (2017)
19
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Non-spinning compact binaries, spin memory in (L,m)=(3,0) mode

3
647mr

A = /du himm = /du%[og,zuz,z] sin® 6 cos 6 == ..

Expand for quasi-circular binaries in terms of x = (Mw)2/3

—_
O 3M:7 x 12 %= X sin” 0 cos 0
~,

Cannot measure AY with LIGO, but can measure hy
3

64rr

12|V|
= 77 x'/2 sin 6 cos 6§ + .
br 20

hsmm _

%[02 2Us 2] sin® @ cos + . ..
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= Numerical

o))

----- Analytical

n

hy [107%4]

S = N W b

08 -06 -04 -02 00
Time (s)
Nichols (2017)
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ob | 7 Numerical
sp | ===-" Analytical
T af
=
L~ 3 o
X
- 2k
1F
OF
| X i A i I I
-0.8 -0.6 -04 -0.2 0.0
Time (s)
Nichols (2017)
Mode SNR in LIGO
Quadrupole ~ 1 x 10°
Displacement Memory ~ 1
Spin Memory ~ 0.03
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7
ob | 7 Numerical
sp | ===-" Analytical
T af
S
[ S— 3-
X
- 2_
Lf ~ 10 km arms
ot
08 —06 04  —02 oo | - Planned for
Time (s) 2030s
Nichols (2017)
Mode SNR in LIGO
Quadrupole ~ 1 x 10°
Displacement Memory ~ 1

Spin Memory ~ 0.03
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- Numerical

N

----- Analytical

Ln

hy [107%4]

C = N W b

~ 10 km arms
08 —06  —04 -—02 00 | » Planned for
Time (s) 2030s
Nichols (2017)
Mode SNR in LIGO SNR in ET
Quadrupole ~ 1 x 10° ~ 5 x 10°
Displacement Memory ~ 1 ~ 30

Spin Memory ~ 0.03 ~ 1
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1. GWs and GRB emitted at same time; 1.7s delay because
GWs faster than light (upper bound).
2. GRB delayed by 10s; GWs slower than light (lower bound)

GWs

Gamma rays

\ : _ \ —
Gives constraint: —3 x 107 < 8% _ 1 <7 x 1071
LVC (..Nichols..), Fermi, Integral, (2017) Vem

Improved constraints on Lorentz violation by 10'° in one case!

Constrains modified gravity theories (e.g., galileons) saksteint (2017) 5,
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Pirsa: 18020090

Credit: AEI Potsdam
Ejected neutron-rich material

produces kilonova and forms
heavy elements via r-process

H i, . ; GW estimates consistent with
ol galactic abundances
___]L_ | Can use to compare with
U g kilonova light curves

LVC (..Nichols...), (2017)
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GWs passing Earth cause stars’ positions to be deflected pyne+ (199)
on o h

Possible to look for GWs
from supermassive BBHs

via these deflections
Moore+, (2017)

Northern hemisphere Southern

26
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GWs passing Earth cause stars' positions to be deflected pyne+ (1996)

on o< h

Possible to look for GWs
from supermassive BBHs

via these deflections
Moore+, (2017)

Northern hemisphere Southern

A stochastic background
of GWs (stationary,
Gaussian, isotropic, GW
fluctuations) produces

correlated stellar motion .
e.g., Book+ (2011) Credit: ESA/Planck 26
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1 dpgw
(572) ~ (F hms)? ~ (Ho)2Qgu(f) where Qg = — -8

pcdInf
Al 1 AG?
Can measure hyns ~ — at f~ = constrain Qpyy S ————
s \/ﬁ T Book-+ (2011% n(HOT)2

27
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1 dpy,,
(812) ~ (Fhems)? ~ (Ho)2Qgw(f) where Qg = — L8

Y, 1 AG?
Can measure hyms ~ ﬁ at f~ T constrain ng 5 ITIG V)

Book-+ (2011) n(HOT)2

1200
100

H(

b
Source density [deg ]

Gaia: measure n~10° stars ~10° quasars for T~5yr withAf ~ 10uas

27
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o
(662) ~ (F hrms)2 ~ (Ho)2Qgw(F) where Qg = — 228

pcdInf
A6 1 AG?
Can measure hyys ~ — at f~ = constrain Qpy < ——
e \/ﬁ T Book+ (2011% n(HOT)2

200

100

4

Source density [deg <]

Gaia: measure n~10° stars ~10° quasars for T~5yr withAf ~ 10uas

AO \° /108 /5yr\°
c Q. <1078 — —
For quasars: aw S 10 (10uas) ( " ) ( T )

27
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BN-+matter spectrum
IGO (O1)
aia (Expected)

ulsar Timing
MBBH upper
SA (Expected)
osmic Strings
BH lower

—

<
(o))

—mw

OVOC—NTO
==
WS >W

—_—

=
a
(
I
I
I
|
I
I
I
|
I
I
I
I
I
I
I

=]

lation Background
107" 10-"" 10° 10" 10*

Nichols+ (in prep)

Inflation

Fluctuations

Credits: NASA, DAMTP
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THE GRAVITATIONAL WAVE SPECTRUM

quantum fluctuations in the very early Universe
%) memory effects
ok}
& na t
merging binary
8 neutron stars and
W stellar black holes
in distant galaxies;
‘ : fast pulsars
nary stars in ‘-N\HI
the galaxy | and mountains
beyond
) AGE OF THE
Wave Period  N|VERSE YEARS HOURS SECONDS  MSEC
Frequency (Hz) 10" 10% 1012 100V 10°® 106 10 102 1 10?
., 1N B N
S
INFLATION precision LISA BIG GEOQ, LIGO,
o PROBE GAIA, SKA timing of (ESA/NASA, BANG OBS  VIRGO, TAMA
= (NASA) (ESA, 2014 -) millisecond 2034 -)  (NASA) (2002-)
1 pulsars
o polarization precision (1982 -) laser tracking of laser
map of cosmic astrometry, VLBI drag-free proof interfero-
microwave mass in spacecraft meters
background orbiting the sun on Earth
(also bar
detectors)

Adapted from LIGO
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