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LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

01+02: O3a: O3b: O4a:

10 events 45 events 35 events 128 events 161 events .



LVK BBH population properties
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C5

Luminosity (Planck units): i 3.6 x 10°*W

10-3 Extragalactic

(binary black holes)
Radiate ~0.01Mc2 in ~10GM/c3

10-27 Galactic
(binary pulsars)

Solar system

52
0 (Mercury & Sun)

Nonlinear dynamics important

S even in the wave zone for BBHs!
Image Credit: NASA 5



. Computing memory effects in the Bondi-Sachs framework
. Measuring memory with GW detectors

. Detection prospects of GW memory effects

. Generalizations of GW memory: “Higher” memory effects

. Detection prospects of higher memory effects



Bondi-Sachs coordinates  Bondi+ (1962), Sachs (1962)

~ Bondi coordinates (u,r, HA) 6" : coordinates on 2-sphere

_ u: retarded time hag: metric on S2

— r: areal radius
Bondi gauge conditions

‘S < rr — BrA = 0 det(hAB) — q((gc)
A & N ~ O is a null vector field and angular
\g\\_:;_/j coords held fixed along integral curves
H——K. ° . . .
N7 — 2-metric determinant r & u independent
/v"A\

Penrose (1963)
Bondi-Sachs metric

ds® = —Ve*’du® — 2e*’dudr + r*hag(df”™ — U”du)(d6® — UBdu)

v



Metric expanded in 1/r, “on shell”

1 1
hag = [1+ O(r ?)]gas + FCAB + r—35AB +0O(r %)

gas : Round 2-sphere metric Da : covariant derivative of gag
2
V=1+ 4002 B=0(r?)
r
A = DgCA® ° NA 4+ DAC2 4 C*D%Cge + O(r %)
212 3r3 - 1613 TE

Bondi metric functions: radiative data & “charges”

CAB(U,HC): shear tensor m(u,@A): Bondi mass aspect

Nag = 0,Cag: Bondi news NA(u,HB): angular momentum aspect

Eng(u, 8%): first “higher” aspect (quadrupole)



“Conservation-law"-type Einstein equations (w/ G & c)

2 = & L NasN2B & L DL DaNAB
G gc2 1P C4c NP
: 4
N = Damc? A :G(DBDADCCBC—DQDBCAB)
c* (3 BC 1 BC
| —DgN"=~Cca + —N"-DgCca
4G \ c C

~ Nag can be of order 10-1->c for BBH mergers

~ Yim moments of conservation laws related to Bondi-

Metzner-Sachs (BMS) charges

~ “Higher” evolution-type Einstein equations (quadrupole)
En =

C 1 c3 /1
~mC ~DaNg; A “NepCPC CA“DigDPC
5 AB T 3P (AlNB) T 4 (c CD AB T LA UB C]D>
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Bondi-Metzner-Sachs (BMS) algebra

< Bondi, van der Burg, Metzner (1962), Sachs (1962)

Symmetry (u=0): (= oz(@A)gu + YA

a(0™), supertranslation; YA, Lorentz

U =u+a(0), )= omYm(6)
/m

Penrose (1963)

73 Lorentz =3P Relativistic angular momentum

Supertranslations =% Supermomentum

—~ GWSs change charges, but change in charges

equals their flux
10



“Electric & magnetic parity” decomposition of Cap

1
Ca = D(ADB>¢ -+ €C<BDA>DC\U DADBCAB — §D¢

~ D = D?*(D? 4+ 2) removes the ¢ < 1 spherical harmonics
(Bondi 4-momentum loss)

~ For £ > 1 get constraints on the change in the shear ACagp

DA® = 8Am + / NAgNABdu’
uop

Supermomentum
GW memory P GW “flux” term

“charge” term
— Cap related to the strain measured by LIGO via

r(n+ — ihx) — CAB(E'_AI‘_B — ief;B)
~ GR predicts a lasting strain after a burst of waves!
rAh, = e°DaDgA® .




DA® = 8Am +

“Change in charge”
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Ex. NSs/BHs
scattering or BBH Kicks

Zeldovich & Polnarev (1974)

NAB NABCIU/

uo

| Imge redit: SXS

“Hard” flux
of GWs

Ex: BBH mergers

Christodoulou (1992)
Blanchet & Damour (1992)
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DAD(u) :8Am(u)+/ NagNABdu’

uo

- Detectors like LIGO/Virgo measure a finite frequency range;

the zero-frequency ACag is not accessible to LIGO.

- When ACag # 0, there is a GW memory signal, hmem(u),

computed from the conservation law that gives rise to ACag,

which has frequencies LIGO can measure.

- For binary black holes, the nonlinear GW flux term is the

dominant contribution to ACag and it has a distinct frequency,

time, polarization and sky pattern from the “main” signal.

- The GW memory signal (the nonoscillatory, nonlinear term) will

be usec

In the c

as the proxy for detection of memory with LIGO /Virgo

etection forecasts. 3



Memory effect from BBH mergers

—— hp) Mitman-+, (2020)

* hybridization interval

“Newtonian’ expectations

Numerical Relativity (NR)



GW memory for GW150914
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— Signal to noise (ratio) (S/N or SNR); o of a detection

Taals 2 : :
SNR2 — 4/ h(f)] i h(f): Fourier transform of h(t)
fow  On(f) Sn(f): LIGO noise spectrum
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Detecting memory in populations with LIGO

40 60 80
Lasky+ (2016) ~ number of events




Populations and time to memory detection

—— HLVK O4
————— HLVK O4 — HLVK O5
--------- HLVK 04 — HLVK 05 — HLVKI O5

Eftective ppaisp.



Memory detection and hierarchical inference

Time from current catalog [yr] at Oba sensitivity
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Time from current catalog [yr] at O4a sensitivity
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“Electric/Magnetic” decomposition of Cag
Cag = D(aDgy® + €c(gDayD*W

- Mass aspect evolution predicts offset in electric part of Cag,

but offset in magnetic shear not predicted for BBHs.

~ Do the evolution of higher Bondi aspects constrain Cag?

Angular momentum aspect and time integrals of Cag

- The angular momentum aspect evolution constrains both
electric and magnetic parts of the time integral of Cag

~ Magnetic part (“2D curl”) is “spin memory" pasterski+ (2015)

- Electric part (“2D divergence”) is “center of mass (CM)

memory'; more subtle because Cag has an offset nichors (2018)
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D2DV = 2AED (4NA + 3DeNBCCep + NBCDBCCA)

Flux term for

Charge term
GWs

y
S
. J’J

Ex. Unbound spinning

objects

Pasterski+ (2015)

Ex: BBH mergers

Nichols (2017)

— Integrating will lead to a change in the time integral of shear
21



Spin memory effect: Non-spinning binaries
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Planned GW detectors on Earth (3G)

‘ e aLIGO == ET
m== Voyager === CE

100 1000
Frequency [Hz] Hall4- (2019)
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S/N CE

102
M:ot [M o 1 Nichols, (unpublished)
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Time to spin memory detection
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—~ Compute DANA and use equation for the mass aspect:

D?’DAD = D2/ N g N2 du (Displacement memory from before)
_2DA (4NA —+ 3DBNBCCCA + NBCDBCCA>

(New flux and charge terms, which when integrated produce

an offset in the time integral of shear)

~ Dominant non-oscillatory contribution comes from the

charge term (‘“stationary-to-stationary” approximation):
- 3
DANA — —iau(m(gzo) D2CI>mem)

~ GW memory signal from CM memory looks qualitatively the

same as the spin memory, but is ~1/2 the magnitude.
26



Time to CM memory detection
—— 2CE

Effective ppota.
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Siddhant, Grant & Nichols (in prep)
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~ Next higher memory comes from the “quadrupole” aspect
Grant and Nichols (2022); also called “ballistic memory”™ crant (2024)

— PN calculations: displacement, spin, CM and ballistic flux
terms all contribute to the nonlinear radiative multipoles in

the known 3.5PN waveform (also charge contributions)
Siddhant, Grant, Nichols (2024)

— Electric-parity part from
D*AdD = D/NABNABdu —2(D*+ 2)D” (3DgN®“Cca+ N®“DgCca)

(Displacement and CM memory signals from before)
3

+24DADgEMB + > DaDe D0, W (*C)AB — o CAB]
(New charge and “pseudo-flux” terms for ballistic memory)
—DaDgd,[(NcpC-P)CAP]
(New flux term for ballistic memory) 28



Ballistic Memory

Eftective pppan




- GW memory from BBH mergers is an observational
signature of conservation laws in asymptotic flatness
- LIGO (A+) can detect it in a population of mergers

- Two generalizations of memory effects related to angular

momentum evolution: spin and CM memory

- Spin memory and CM are measurable by CE in populations

- A new hierarchy of potentially measurable memory effects
related to higher Bondi evolution equations.

~ Initial calculations suggest beyond CE, but more work needed
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