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Gravitational waves : detectors     
❖ Gravitational Waves (GWs) are a fundamental prediction of 

General Relativity (GR) which are now confirmed 

❖ Current generation of  interferometers include 2 in the US,  
LIGO Hanford and Livingston, 1 in Pisa : Virgo. Japanese 
detector KAGRA is also joining the network and Indian 
detector LIGO-India is also expected to join in the coming 
years probing 10-4000 Hz GW universe 

❖ There will also be a space based GW detector called LISA 
that will be launched in 2030s, probing 10-4 - 10-2 Hz GW 
universe 

❖ In future the upgrades to the current generation ground 
based detectors are also foreseen like the Einstein Telescope 
(ET), Cosmic Explorer (CE)  

❖ There are also efforts in China for space based detectors 
like TIAN-QIN, TAIJI  

❖ There are proposal for the GW detectors on moon 

LISA

ET2



Memory of gravitational waves 

❖ GWs can permanently deform the space time 
❖ When a GWs passes through an interferometer causes a permanent 

displacement of the mirrors. 
❖ We refer to this permanent deformation as “memory”  

❖ The wave does not return to its zero point 

Credits : M Favata 

Persistence of memory, S Dali
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Linear and non-linear memory

❖ Arises when GWs are emitted from unbounded, non-oscillatory 
motion of objects 
❖ Hyperbolic encounters of compact objects lead to linear memory 
❖ Asymmetry in core collapse supernovae due to neutrino 

emission induced linear memory 
❖ GRB jets (ejecta) also have linear memory component

Linear Memory Non-linear Memory 
❖ Is produced by GWs itself (GWs produced by GWs)

❖ All sources of GWs will produce non-linear memory 
as well  

❖ Memory scales likes the radiated GWs energy

❖ Effect is hereditary and is integrated over the full 
past history of the system  

Fly By Encounter 

Asymmetric Core Collapse Supernovae Compact Binary Coalescence 

Braginskii, Grishchuck,
 Thorne, Zeldovich, Polnarev 

Throne,Christodoulou, 
Blanchet, Damour, Favata 
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“Better” Classification

Permanent change in the 
arm length of Michelson 
interferometer   

BMS transformation : 
Supertranslation

Displacement Memory Spin Memory Center of mass Memory 

Permanent change in the 
rotation observable of Sagnac 
interferometer 

BMS transformation : 
Superrotation

Related to the time delay 
acquired by the freely-
falling  objects on 
antiparallel paths 

BMS transformation : 
Superboost

S Pasterski et al arXiv:1502.06120
David A. Nichols arXiv:1702.03300
David A. Nichols arXiv:1807.08767
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Accurate models of gravitational waves from merging binary black holes are crucial for detectors to
measure events and extract new science. One important feature that is currently missing from the
Simulating eXtreme Spacetimes (SXS) Collaboration’s catalog of waveforms for merging black holes,
and other waveform catalogs, is the gravitational memory e�ect: a persistent, physical change to
spacetime that is induced by the passage of transient radiation. We find, however, that by exploiting
the Bondi-Metzner-Sachs (BMS) balance laws, which come from the extended BMS transformations,
we can correct the strain waveforms in the SXS catalog to include the missing displacement memory.
Our results show that these corrected waveforms satisfy the BMS balance laws to a much higher
degree of accuracy. Furthermore, we find that these corrected strain waveforms coincide especially
well with the waveforms obtained from Cauchy-characteristic extraction (CCE) that already exhibit
memory e�ects. These corrected strain waveforms also evade the transient junk e�ects that are
currently present in CCE waveforms. Last, we make our code for computing these contributions
to the BMS balance laws and memory publicly available as a part of the python package sxs, thus
enabling anyone to evaluate the expected memory e�ects and violation of the BMS balance laws.

I. INTRODUCTION

When Bondi, van der Burg, Metzner, and Sachs (BMS)
tried to recover the Poincaré group of special relativity
as the symmetry group of asymptotically flat spacetimes
in general relativity, they instead found an unexpected
infinite-dimensional group of transformations, known as
the BMS group [1, 2]. Fundamentally, the BMS group
extends the Poincaré group with an infinite number of
transformations called supertranslations.1 More recent
research [3–10] motivates the consideration of an extended
BMS group that includes another set of transformations
known as super-Lorentz transformations.2 When these
transformations are included, the group is then called

ú kmitman@caltech.edu
1 Formally, the BMS group is simply a semidirect product of the

Lorentz group with this infinite-dimensional Abelian group of
spacetime supertranslations, which contains the usual translations
as a normal subgroup. If one represents spacetime translations
as the ¸ < 2 spherical harmonics, then supertranslations can be
viewed as the ¸ Ø 2 spherical harmonics, i.e., when acted on by a
supertranslation the Bondi time u © t ≠ r changes as

uÕ = u ≠ –(◊, „) for – =
ÿ

¸Ø2

ÿ

mÆ|¸|

–¸mY¸m(◊, „) (1)

with –¸,m = (≠1)m–̄¸,≠m to ensure that uÕ is real.
2 Originally, these transformations were known as superrotations.

They can be thought of as a Virasoro-like symmetry acting on
the sphere at asymptotic infinity, i.e., the |m| Ø 2 elements of the
Virasoro algebra, which is just an extension of the more common
group of Möbius transformations.

the extended BMS group. Like rotations and boosts in
special relativity, we refer to the magnetic parity piece of
super-Lorentz transformations as superrotations and the
electric parity piece as superboosts.

One of the extended BMS group’s more useful features
is that for each transformation there is a corresponding
balance law. Just as the translation symmetries lead to
the four-momentum and its balance laws at null infinity,
the supertranslations and super-Lorentz transformations
of the extended BMS group induce “super” balance laws.
These super, or just BMS, balance laws can be extracted
from the Einstein field equations by examining certain
evolution equations [7, 11–13]. There is an infinite tower
of balance laws: one for each point on the two-sphere
or, equivalently, one for each spherical harmonic mode.
Furthermore, the BMS flux part of these balance laws can
be broken into two contributions, called “hard” and “soft,”
which are based on the order in which the gravitational
wave strain appears: nonlinear for the hard contribution
and linear for the curious soft contribution. An example
of the relationship between BMS charges and BMS fluxes
is the well-known mass loss equation [1]

ṁ = ≠1
4 ḣ ˙̄h + 1

4Re
#
g2ḣ

$
, (2)

where m is the Bondi mass aspect, h is the strain, and g
is the spin-weight operator (see Sec. I B for more details).
In Eq. (2), the left-hand side is the BMS charge, while
the right-hand side is the BMS flux, with the “ḣ ˙̄h” term
being the hard contribution (notice that this term is just
the time derivative of the energy flux) and the “g2ḣ”
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Computing Non-Linear memory (displacement)
❖ We compute the memory using only the (2,2) component of  the oscillatory waveform (formula of Throne)
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work we motivate the use of gravitational-wave memory
as a complementary resource for identifying the tidal dis-
ruption scenario which will help in distinguishing NSBH
from BBH mergers.

The gravitational memory e↵ect is an interesting fea-
ture directly related to the non-linearity of general rela-
tivity [33–36]. Here we concentrate on the type of non-
linear memory known as Christodoulou memory or dis-
placement memory, which is the most prominent kind of
memory present in GWs from bound compact binary sys-
tems, hence we will refer to it as just memory. According
to this e↵ect a passage of transient radiation can induce
a persistent physical change to spacetime. Therefore the
proper distance between the locations of freely-falling ob-
servers di↵ers before and after a GW passes through.
This additional non-oscillatory component to a GW sig-
nal can be understood as being sourced by the travelling
GWs themselves. The GW memory e↵ect also has close
connections to the symmetry group of asymptotically flat
spacetimes, the Bondi-Metzner-Sachs (BMS) group [37–
39], and its corresponding conserved quantities (see, e.g.,
Ref. [40] for more details). Several studies have been per-
formed on the prospect of detecting memory with LIGO,
LISA or other future GW detectors [41–47].

The memory component of GWs from CBCs slowly
accumulates during the inspiral and significantly jumps
during the merger phase of the evolution when spacetime
curvature is highest. This adds a late-time low frequency
component to the waveforms of CBC systems. This oc-
curs at the point in the signal where the frequencies go
beyond the sensitive range of current generation ground-
based detectors. This low frequency component has been
used to look for sources that emit GWs at very high fre-
quencies [48], for example very light BBH mergers [49],
thus providing a creative way to widen the parameter
space of GW searches. In this context, the utility of
memory for detection and interpretation of sources can
become significant when the purely oscillatory part of the
signal extends to such high frequencies that the detectors
become less sensitive. Tidal disruption of neutron stars
in NSBH systems is likely to happen at a few kHz and
therefore beyond the sensitive spot of the detectors [28].
We show that in this case the memory can provide crucial
information about the nature of the system.

The rest of the paper is organized as follows: In Sec-
tion II we describe the waveform model we use, which
includes memory for the case of NSBH and BBH coales-
cences. We then discuss the parameter space where mem-
ory can be utilized to identify the tidal disruption event
in Section III. In Section IV we quantify the amount to
which memory can contribute towards the distinguisha-
bility of NSBH and BBH mergers. We discuss the current
events of interest in Section V and finally give our con-
clusions in Section VI.

II. MEMORY OF NEUTRON STAR-BLACK
HOLE SYSTEMS

Current state-of-the-art waveforms used in GW data
analysis do not contain memory. However, the contribu-
tion from the memory e↵ect to the gravitational wave-
form can be computed from any waveform in the time-
domain [49–52]. It is convenient to decompose the GW
polarizations into modes h`m via

h+(t)� ih⇥(t) =
1X

`=2

X̀

m=�`

h`m(t)�2Y`m(◆,�) , (1)

where the basis �2Y`m(◆,�) is formed by the spin-
weighted spherical harmonics with spin weight -2. The
angles ◆ and � denote inclination and a reference phase
of the source (typically the phase at coalescence for com-
pact binaries). For non-precessing binaries the memory
contribution can be assumed to be linearly polarized and
only appears in the plus polarization. Additionally, con-
sidering only the dominant oscillatory waveform mode
h22, the general formula for the memory [49] simplifies
to:

hmem

+
(TR) = �R

7c

r
5

6⇡

Z TR

�1
dt |ḣ22(t)|2 �2Y20(◆,�) ,

(2)

where the integral from past infinity is taken from the
start of the oscillatory waveform to retarded time TR.
The overdot represents the time derivative and R is the
distance to the source. Neglecting contributions from
higher order oscillatory modes as well as higher order
memory modes typically leads to underestimating the
memory amplitude by up to 10% [51].
The waveform model we use for the oscillatory

waveform from aligned-spin NSBH systems is called
SEOBNRv4 ROM NRTidalv2 NSBH [16]. It is a frequency-
domain model based on the BBH model SEOBNRv4 [53]
relying on the e↵ective-one-body (EOB) framework [54,
55]. Tidal e↵ects on the phase are incorporated from
Ref. [56] and the amplitude is corrected to account for
tidal disruption inspired by Ref. [28] as well as NR sim-
ulations of NSBH coalescences [16]. The model takes
five parameters, the respective masses and dimension-
less aligned-spins of the black hole and the neutron star,
MBH, MNS, �BH and �NS, and the dimensionless tidal
deformability parameter of the neutron star defined as

⇤NS =
2

3
k2

RNS

MNS

, (3)

where k2 is the Love number and RNS is its radius [57].
Henceforth, we assume both spins to be zero and only
comment on what the impact of non-zero spins later
on. If ⇤NS = 0, the model reduces to a BBH wave-
form model. Since the memory contribution is computed
in the time-domain, we call the NSBH waveform model
in the time-domain via the LIGO Algorithmic Library

❖ Details 
❖ Here the integral is taken from 500M before merger and not the real , ignoring other modes and 

“deeper” memory contributions results the memory signal amplitude to be accurate up to a few 
percentage 

❖ We have also cross checked this result with the recent work where the memory is extracted from 
numerical relativity simulations exploiting the BMS conservation laws, our results are within 10% 
of the amplitude (for most cases we within 1%)  

❖ The amplitude of memory signal is much fainter as compared to the oscillatory signal 
6



Response of interferometer to a memory signal 

❖ Memory signal behaves like a growing step function with finite rise time. 
❖ The frequency spectra of memory will peak at 0 Hz which is beyond the reach of any detectors 
❖ In frequency domain memory signal will saturate at the low-frequency cut off of the detector 
❖ In time domain the band passed memory will look like a single cycle bursts signal with linear polarisation* 

7
*in detector frame precession 

can make memory elliptically polarised  



Response of interferometer to a memory signal 
❖ In the time-frequency domain one can 

visualise how memory appears in the full 
(oscillatory + memory) signal 

❖ NOTE : Memory amplitude has been 
artificially enhanced for better visualisation

❖ A few things to note here 

❖ The peak amplitude of memory in the 
detector just follows the power spectral 
density, fpeak  around 100 Hz  

❖ The main signal is extremely short, ideally 
one cycle and few sidebands 
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Properties of memory from CBC
❖ Features of memory signal : 

❖ Memory of the sources which have very high frequency (>3-5KHz) oscillatory signal will 
also peak at lower frequency cutoff of the detectors, in fact the spectra is broadband 

❖ Memory likes symmetrical systems (equal mass systems, aligned spins, circular orbits) 
have more memory than asymmetric systems [this is only merger memory] 

❖ Memory has a different dependancy on the binary’s orientation, memory peaks when the 
plane of the orbit is edge-on, this is orthogonal to what we get from the dominant  
oscillatory signal 

❖ The interplay of mass ratio and inclination angle estimate is especially interesting use 
case for memory  

9



Utility of memory 

❖ Detection of displacement memory will in itself be a proof of BMS symmetries and soft 
theorem validity. There are several efforts ongoing, till date memory is not detected. 

❖ Here we present some consequences/utility of memory for GW astronomy 

❖ We present how memory can aid the detection of tidal disruption event in the case of 
neutron star black hole binary 

❖ We present how the various EoS effect the BNS post merger signal memory and their 
detection prospects 

❖ We present the search for ultra-light CBC made possible only through memory 

10



Leveraging memory to infer the nature of compact objects: Idea  
❖ Distinguishing between NSBH and BBH systems challenging 

(more challenging than distinguishing between BNS and 
BBH systems as two components show tidal deformation) 

❖ A smoking gun for a NSBH detection apart from just the 
mass estimate would be a tidal disruption event : Neutron star 
disrupted by the black hole around or before the inner most 
stable circular orbit 

❖ Memory signal is very subdued for tidal disruption events 
when compared to non tidal disruption events (GW 
radiation) 

❖ Memory provides a near perfect complement, as it peaks for 
the edge-on systems where masses are equal to help 
distinguish between a tidal disruption event with a non tidal 
disruption event 

11

Taken from Metzger & Berger



Leveraging memory to infer the nature of compact objects 

❖ We compute the memory from the NSBH 
model SEOBNR_NSBH which has tidal 
disruption physics

❖ We show that memory signal is sensitive in 
amplitude to the nature of the system BBH (no 
tidal disruption, maximum memory) NSBH 
(tidal disruption, minimum memory)   

3

(LAL) Suite [58]. Fig. 1 shows the oscillatory waveform
above 500 Hz for a binary system with component masses
2.5 and 1.5 M�. The primary objects is a BH and for
the secondary object we consider two cases: first we con-
sider an NS with ⇤NS = 200 and second a BH. One can
clearly distinguish the typical inspiral-merger-ringdown
signal in the BBH case, whereas the merger-ringdown
part is heavily suppressed in the NSBH case due to tidal
disruption. Knowing the oscillatory waveform we can
compute the dominant memory contribution according
to Eq. (2), which is also shown for both cases in Fig. 1.
The jump in the memory is considerably higher in the
BBH case.

Fig. 1. The oscillatory GW amplitude tapered at 500 Hz of
an NSBH and a corresponding BBH coalescence at a distance
of 100 Mpc and at an inclination angle of ◆ = 90�. We also
show the memory contribution of the two systems.

Fig. 2 shows the amplitude of the memory contribution
for di↵erent values of ⇤NS. The memory accumulated in
the inspiral and merger is largest for a BBH and gets
substantially smaller with increasing values of ⇤NS. Here
the memory is computed from the point where the in-
spiral frequency passes 200 Hz. The contribution from
earlier times is neglected since its e↵ect on the memory
amplitude is insignificant. A GW detector is only sen-
sitive above a certain frequency and will therefore not
see the eventual o↵set in the strain, but rather the rise
in memory since that also contains non-zero frequencies.
By applying a low-frequency cut-o↵ with a high-pass fil-
ter we see how the memory is observed in the detector.
We choose the cut-o↵ frequency to be 10 Hz since that
is the lower end of advanced LIGO’s design sensitivity.
The resulting signal is a burst at the time of the merger,
as shown in the inset of Fig. 2 for a NSBH system with
di↵erent values of the NS tidal deformability.

As a cross check for our memory calculation according
to Eq. (2) we apply the method developed in Ref. [59]
directly to NR waveforms of NSBH mergers by the
SXS collaboration [60]. Although it was stated earlier
that extracting memory from numerical relativity sim-
ulations is possible [61], it is dependent on the extrac-
tion method and usually just neglected. Only recently
it was computed directly from numerical relativity [62]
and shown how it can be added to waveforms in the
SXS catalog of numerical relativity waveforms [59, 63].

Fig. 2. The GW amplitude of the memory contribution from
a NSBH system at 100 Mpc. Shown is the last part of the
inspiral, from a frequency of 200 Hz until the merger. ⇤ = 0
corresponds to a BBH system. The inset shows the same GW
signals but with a low-frequency cut-o↵ at 10 Hz.

Essentially by exploiting the BMS balance laws, the
GW strain can be corrected to include the displace-
ment memory. For the available non-spinning simula-
tions SXS:BHNS:0001, SXS:BHNS:0002, SXS:BHNS:0004
and SXS:BHNS:0006 [64–67], which were also used to
tune the model SEOBNRv4 ROM NRTidalv2 NSBH [16], we
find the same memory amplitude with both approaches.
However, a systematic comparison would go beyond the
scope of this paper.
The amplitude of the memory as compared to the os-

cillatory part of the gravitational wave signal is much
smaller, typically about an order of magnitude. For fixed
total mass, the memory amplitude is maximal in equal
mass systems and decreases with more unequal masses.
Moreover, it has a distinct dependence on the inclination
angle of [51]

hmem

+
⇠ sin2 ◆

�
17 + cos2 ◆

�
, (4)

thus it is maximal for edge-on systems and vanishes for
face-on systems. However, it has a completely di↵erent
frequency content than the oscillatory inspiral-merger-
ringdown signal. It is basically just a burst saturating
towards the lower frequencies at the time of the merger.

III. NON-LINEAR MEMORY AS AN
IDENTIFIER OF TIDAL DISRUPTION EVENT

Identifying the nature of the compact objects in a CBC
from their GW signal alone where one of the companions
is low mass / 5M� is a challenging task. For example,
we have seen the detection of the events GW190814 [68],
GW190425 [6], GW200105 and GW200115 [3], where at
least one of the components was low mass and without
an EM counterpart, the nature of the lighter compan-
ion was not well established. The prima facie reason for
this challenge can be largely attributed to the fact that
we rely on the measurement of tidal deformation param-
eters di↵erent from null. Measuring tidal deformation

12



Leveraging memory to infer the nature of compact objects 

❖ Memory signal almost is fully correlated to the 
oscillatory signal definition of the three cases of 
tidal disruption 

❖ NOTE : Memory peaks at more edge-on 
systems so EM counterpart is not expected 
there

4

parameters is di�cult as these e↵ects are small and of-
ten become more prominent at higher frequencies where
the detectors’ sensitivities are not optimal. Inclusion of
memory provides a complementary way to infer the na-
ture of the less massive compact object.

In this section we start by summarizing the di↵erent
morphologies of NSBH binaries following Refs. [16, 28]
and discuss how the memory relates with each of these
cases. Then we briefly discuss the impact of an aligned
BH spin on the memory and a potential tidal disruption
event. Later we present the case for when memory is
most useful for identifying the nature of compact objects
in a low-mass CBC signal when EM counterparts are not
detected.

A. Memory signal for various cases of tidal
disruptions

In an NSBH inspiral due to gravitational wave emis-
sion, the BH exerts tidal forces on the NS. If the NS ap-
proaches su�ciently close to the BH that the tidal forces
overcome the self gravity of the NS, it can lose mass in
a process called mass shedding. This can lead to the
tidal disruption of the NS, where it is completely torn
apart due to the strong gravitational field of the BH. De-
pending on whether the mass shedding begins before the
innermost-stable circular orbit (ISCO), after which the
NS plunges into the BH and finally merges, the charac-
teristic imprint on the emitted GW signal will be di↵er-
ent. The fate of the NS depends mainly on its equation
of state (and therefore the tidal deformability), the mass
ratio and the spin of the BH. NSBH coalescences can be
roughly classified in three categories:

• Non-disruptive mergers: The NS crosses the
ISCO before mass shedding occurs and it plunges
as a whole into the BH. The waveform looks similar
to a BBH but with a slightly suppressed amplitude
in the merger and ringdown.

• Mildly disruptive mergers: Although the NS
undergoes mass shedding prior to crossing the
ISCO, it is not completely torn apart. In the GW
signal the merger and ringdown phase is suppressed
but still present.

• Disruptive mergers: In this case the NS gets
tidally disrupted before reaching the ISCO and a
remnant torus of matter forms. The GW signal
lacks a clear merger and ringdown part, instead the
amplitude tapers o↵ .

The amplitude of the memory signal is fully correlated
with the oscillatory waveform. The nature of the co-
alescence determines the morphology of the oscillatory
waveform and therefore also a↵ects the memory ampli-
tude. For the first case of non-disruptive mergers, where
the oscillatory waveform is BBH-like, the memory is more

Fig. 3. The hhrss of the memory amplitude for edge-on NSBH
binaries is plotted as a function of the NS tidal deformability
and the mass of the BH. The red (yellow) curve corresponds
to the light- (dark-) gray region of the top right plot in Fig. 2
of Ref. [16]. The region below the yellow curve contains non-
disruptive mergers, in between the curves there are mildly
disruptive mergers without a torus remnant and above the
red curve we find disruptive mergers with a torus remnant.
The mass of the NS is fixed to 1.5 M� and the luminosity
distance is 100 Mpc.

pronounced. This is because most of the memory is gen-
erated when the gravitational field is the strongest and
therefore, like the oscillatory signal, the memory signal
looks almost as in the case of a BBH with the same
masses. For the other two cases where tidal disruption
occurs, the lack of the merger-ringdown part of the sig-
nal means there is less overall contribution to the genera-
tion of memory, causing it to be much weaker. It should
be noted that although the amplitude of the memory
signal corresponds to the peak amplitude of the oscilla-
tory signal the frequency spectra of the memory signal is
completely di↵erent. When the CBC system consists of
low mass companions the oscillatory waveform can peak
at frequencies beyond the sensitivities of the detectors
but the memory signal will always appear at the low fre-
quency cut-o↵ of the detector. The correlation of the
memory with the nature of the NSBH is shown in Fig. 3,
where we plot the root-sum-squared amplitude hrss of the
memory waveform for a fixed NS mass of 1.5M� and with
varying tidal deformability parameter ⇤NS and mass of
the BH MBH. The di↵erent regimes can be clearly distin-
guished, the borders between disruptive/mildy disruptive
and mildy disruptive/non-disruptive are indicated with
red and yellow lines respectively.

Considering a spin component of the BH that is aligned
with the orbital angular momentum of the binary, tidal
disruption occurs for a wider region in the parameter
space as can be seen in Fig. 2 of Ref. [16]. In contrast
for anti-aligned-spins tidal disruption is less favored. The
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Leveraging memory to infer the nature of compact objects 
❖ We add the memory to the full oscillatory 

waveform of NSBH system and compare how 
memory can aid 

❖ The contours are the matches (overlaps between 
waveforms) on the left its only the oscillatory 
signal on right its the full oscillatory with 
memory 

❖ The yellow line define the 90% distinguishability 
criteria 

❖ We clearly see that for the upcoming generations 
of detectors memory will increase the parameter 
space significantly where we can find a tidal 
disruption event 
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Fig. 4. The plots on the left hand side show the match of the GW signal between the oscillatory waveform in the latest stages
of the inspiral above 500 Hz and the merger/plunge from a NSBH and a corresponding BBH for di↵erent mass ratios and tidal
deformabilities. The plots on the right hand side show the same but including the memory contribution. The mass of the
secondary object is fixed to 1.5 M�. We display the match for di↵erent PSDs of current and future detectors, starting with
advanced LIGO on top, the Einstein Telescope [81] in the middle and Cosmic Explorer [82] at the bottom. The oscillatory
waveform is only taken into account above a frequency of 500 Hz as only there the waveforms start to di↵er according to
Ref. [70]. A yellow line marks a match of 0.97, where waveform templates can be distinguished to 90% confidence if the event
has an SNR of 10.

where the glitches were modelled and removed using the
BayesWave algorithm [91, 92]. For our follow-up analysis
we choose a 40 second time window after the frequency

of the oscillatory waveform goes beyond 512 Hz (we re-
fer to this as the on-source time). The rest of the data
(of about 4000 seconds in duration) is considered for the
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of the oscillatory waveform goes beyond 512 Hz (we re-
fer to this as the on-source time). The rest of the data
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Binary neutron star : post merger memory 
❖ In this work we further move ahead in the direction of matter effects and  

work on memory from the binary neutron star systems 

❖ While thinking about the BNS systems one can not ignore the post merger 
part of the signal while considering the non linear memory contribution. 

❖ NSBH systems always form remnant black holes, this makes NSBH simpler 
in this regard. 

❖ Thanks to very high quality and numerous NR waveforms from CORE and 
SCARA databases we have done “extensive” work on categorising non-linear 
memory from BNS post merger signal 
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Binary neutron star post merger memory 

❖ We illustrate some oscillatory post merger NS signal with various EoSs, from softer to 
harder (low tidal deformability to high) 

❖ This part of the talk is based on in work by Lopez, Tiwari, Ebersold 2305.04761   
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FIG. 6. [PLACEHOLDER] Top panel shows the NR waveform (inspiral and merger part ) using SACRA model with m1 =
m2 = 1.35M� for di↵erent EoS. The bottom panel plots the non-linear memory contribution from BNS systems when its
edge-on (left). The same plot of GW signal from non-linear memory with a frequency cut-o↵ of 10 Hz is shown in the right.

increase in GW amplitude during the merger and de-
pending on the size of PM phase, there is an increase
in the memory GW amplitude. To study the e↵ect of
non-linear memory for two extreme cases of BNS sys-
tem: direct collapse to BH and post-merger pahse, we
consider the SACRA NR waveforms of EoS 15H and B.
Figure. 7 shows the oscillatory and memory waveforms
from SACRA NR catalogue for two EoS 15H and B cor-
responds to hard and soft available models respectively
and compares the waveform with BBH SEOBNRTidal
waveform. Fig. 8 plots the memory waveform from the
oscillatory signal in Fig. 7 with a low-frequency cuto↵ at
10 Hz.

The early studies show that the GW signal from non-
linear memory of individual event is not loud enough to
be detected by ground-based detectors [14, 36, 37]. It
require heavier sources in BBH to observe memory from
single event with current generation GW detectors [38].
The previous works by [39] and [14] shows the search for
GW memory in a population of events for BBH events.
The method is called SNR stacking, uses when individ-
ual events have lower significance than the e↵ective SNR
gives combined higher-siginificant event. The cumulative
SNR of N events each with SNR ⇢i is define as,

⇢e↵ =

vuut
iX

N=1

⇢2i . (11)

We compute the cumulative memory SNR for the
waveforms from three systems shows in Fig. 7. The
events are generated by fixing the maximum redshift to
zmax = 0.1 and zmax = 1 and the maximum luminosity
distance (DL) compute from redshift as in [40]. The pop-

ulation model we consider constrained within the maxi-
mum redshift and the source is oriented edge-on during
merger phase. Even though the third generation detec-
tor can have higher horizon redshift [41], the GW mem-
ory shows very low snr compare to oscillatory waveforms.
The e↵ective SNR for memory waveform compute for the
randomly chosen 10 and 100 events of varying distance
within the maximum luminosity distance [40] for the de-
sign sensitive of AdvLIGO, ET and CE (Fig. 11. The
analysis repeat for fifty times to get enough statics. Fig. 9
shows the cumulative memory SNR of 10 and 100 events
corresponds to advanced LIGO, Einstein telescope, and
cosmic explorer design sensitivity for 50 realizations.

The three compact binary systems consider for the
study, the median e↵ective SNR of GW memory from
the BBH system have an order of magnitude improve-
ment compare to BNS post merger memory. This trend
can observe for e↵ective SNR computation within di↵er-
ent zmax. The BNS merger rate inferred by the GWTC-
3 catalogue is between 10Gpc�3yr�1 � 1700 Gpc�3yr�1

[29]. Considering a fiducial rate of 1000Gpc�3yr�1, the
0.22 years of observing time required to get the e↵ective
SNR from 100 BNS merger within z < 0.1.

Also, the SNR falls with increase in maximum redshift.
The source is uniformly oriented such as uniform in

polarization, cos(i) and phase during merger. We fix
one year of data taking for Adv LIGO or 5 years for
ET. The rate of the BNS merger rate of the masses lies
in the range 1 � 2.5M� is 320+490

�240 Gpc�3yr�1[2]. The
detectable events per year is shown in Table. II, where
horizon distance from [40] for the design sensitive of Ad-
vLIGO, ET and CE (Fig. 11).

The less compact system (harder EoS) have low mem-
ory, as the EoS changes from harder to softer, there is
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Binary neutron star post merger memory 
❖ Binary neutron stars when they have low enough mass and 

hard (large Lambda) enough EoS will show post merger 
signal post merger 

❖ The memory content of post merger signal is not negligible 

❖ If after merger the remnant collapse quasi-instantaneously 
to a BH then there is no post merger signal and no post 
merger memory 

❖ We find that as a function of tidal deformability parameter 
(softer - harder EoS) the memory monotonically decreases 

❖ The memory signal is proportional to the energy emitted 
and hence we can also infer that the post merger signal 
energy also decreases as a function of tidal deformability 
parameter 
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FIG. 2. Peak amplitude of memory waveform from NR sim-
ulation as a function of its EoS for the edge-on system at
100Mpc is presented for 3 values of mass ratios. The text in
each point shows the name of EoS the x-axis corresponds to
the tidal deformation parameter.

A. Non linear memory of BNS inspiral-only model :
SEOBNR NRTidalv2 waveform

III. DISTINGUISHABILITY OF MATTER EFFECTS
WITH NON-LINEAR MEMORY : SINGLE EVENT

GW emitted during binary neutron star coalescence
brings knowledge about the system and equation of state
because of the dominant tidal e↵ects when the two NS
get closer. The BNS merger has three outcomes depend-
ing on the mass of progenitors and EoS. One is prompt
collapse to black holes for higher masses and/or softer
EoS. Another case is delayed collapse to BH, forming a
post-merger intermediate phase with hyper-massive NS
if the remnant NS mass is less than the maximum mass
supported by nuclear matter EoS for nonrotating isolated
NS. The third possible fate of a BNS merger is the forma-
tion of supermassive NS by the gradual loss of angular
momentum and final collapse to BH if the progenitors
have a small mass [23–25].
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FIG. 3. Peak amplitude of memory waveform from equal mass
binary system at 100Mpc with SEOBNR NRTidalv2 model
as a function of tidal deformability (⇤1 = ⇤2).

The BNS coalescence with a formation of massive NS
(M � 2M�) in the post-merger phase generates a short-
duration GW signal for 10 � 100 ms at a few kHz (1-
4 kHz). The dominant oscillation frequency of the post-
merger GW signal is due to the quadrupole oscillation in
the fluid and secondary peak frequency generated by the
non-linear coupling between di↵erent oscillation modes
[27]. Even though the frequency of the post-merger GW
signal is in the kHz range, which is beyond the sensitivity
of the current ground-based detector (Fig. 11), these GW
signal provides the distinguishability of BNS with BBH
and NSBH system for the same mass progenitors [28].

Comparing the BNS merger with NS-BH
The constrain from EM observation and astrophysi-

cal EoS inferences provide the highest NS mass below
(Tolmann–Oppenheimer–Volko↵ ) TOV mass ( 2.0 �
2.5M�). The GW detections from BNS systems give
the upper bound on NSs mass limit as  2.5M� and
the lower bound on BHs as ⇠ 5M� [29]. There ex-
ist a mass gap from 2.5 � 5M� by the observational
evidence, which is either NS or BH called lower mass
gap. The binary mergers with component masses in this
gap can lead to the direct collapse of BH. The mass
gap 2.5 � 5M� decides whether the component is ei-
ther NS or BH. The GW oscillatory waveform was gener-
ated using post–Newtonian approximation based on the
e↵ective one-body framework in the frequency domain.
SEOBNRv4 ROM NRTidalv2 approximation is used for
BNS system with di↵erent tidal deformability parame-
ters with ⇤1 = ⇤2 = 0 mimics BBH system [21] and
SEOBNRv4 ROM NRTidalv2 NSBH for NSBH system
[22] with aligned spin assumption for all the cases. Both
waveform models consider tidal correction from NR sim-
ulation at the late stage of inspiral. Fig. 1 shows the
oscillatory waveform (top panel) and corresponding non-
linear memory (second panel) for BNS, BBH and NSBH
systems with a total mass of 2.7M� and 5M� and mass
ratio q = 1. The examples show in terms of combined

Collapse to BH
Cases 
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Binary Neutron star post merger memory 
❖ The cases when the post merger part of the signal is 

available (and detected) it is smoking gun for a BNS 
system. 

❖ The utility of memory in this case is limited as 
compared to the NSBH case and the post merger part 
will have much higher SNR 

❖ Memory is useful only in the so called lower mass gap 
 

❖ In this case memory can help in distinguishing 
between BBH and BNS systems as the BNS system 
will also directly collapse to BH with no post merger 
signal 

(3 − 5M⊙)
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FIG. 4. [PLACEHOLDER] Match between the GW waveform for BNS and BBH system (q=1). The plot on the left side shows
the match between oscillatory waveforms of GW from BNS and BBH. The right side shows the GW waveform from the same
systems with the memory signal. The solid black line refers to the match of 98.5%, 99% and 99.5% at which we can distinguish
the two waveforms with 90% confidence when the source is at 20Mpc (snr ⇠ 14.3), 170Mpc (snr ⇠ 17.4), and 200Mpc (snr
⇠ 25) for PSD, corresponding to the advanced LIGO, ET, and CE, respectively. The oscillatory waveforms are above 400Hz.
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Binary Neutron star post merger memory : Population of events 

❖ We further study if a population of 
BNS events will allow us to detect 
post merger NS memory and can 
in principle lead to distinguishing 
from the BBH system 

❖ Cumulative memory SNR of 10 
and 100 events corresponds to 
advanced LIGO, Einstein 
telescope, and cosmic explorer 
design sensitivity. 
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and cosmic explorer design sensitivity. The plot on the left (right) side shows the events within the redshift of z=0.1 (z=1).
The top row corresponds to events with the NR waveform template of EoS 15H (hard), and the second row corresponds to
the NR waveform of EoS B (soft). The bottom row corresponds to the cumulative memory SNR of BBH waveforms with
SEOBNRv4 ROM NRTidalv2 model. All the events with mass ratio one and total mass equal to 2.7M�. Each box plot
corresponds to 50 realizations.

10

Adv LIGO ET CE

10�2

10�1

100

101

102

EoS : 15H

N=10
N=100

Adv LIGO ET CE

10�3

10�2

10�1

100

101

EoS : 15H

N=10
N=100

Adv LIGO ET CE

10�2

10�1

100

101

102

EoS : B

N=10
N=100

Adv LIGO ET CE

10�3

10�2

10�1

100

101

EoS : B

N=10
N=100

Adv LIGO ET CE

100

101

102

103

BBH

N=10
N=100

Adv LIGO ET CE
10�2

10�1

100

101

102

BBH

N=10
N=100

z = 0.1 z = 1

� e
ff

FIG. 9. [PLACEHOLDER] Cumulative memory SNR of 10 and 100 events corresponds to advanced LIGO, Einstein telescope,
and cosmic explorer design sensitivity. The plot on the left (right) side shows the events within the redshift of z=0.1 (z=1).
The top row corresponds to events with the NR waveform template of EoS 15H (hard), and the second row corresponds to
the NR waveform of EoS B (soft). The bottom row corresponds to the cumulative memory SNR of BBH waveforms with
SEOBNRv4 ROM NRTidalv2 model. All the events with mass ratio one and total mass equal to 2.7M�. Each box plot
corresponds to 50 realizations.
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Linear memory : Detectability of GRB jet  
❖ Unbounded ejecta from BNS/BHNS merger must produce a GW signal in form linear memory 

(Birnholtz and Piran 2013)  

❖ But now we have NR and we know more about the properties of ejecta. 

❖  We know the velocity distribution of the ejecta and the fraction of it being unbounded 

❖ We compute the linear memory for all the NR waveforms that we considered using ejecta mass and 
velocity from NR simulations, we found that amplitude of linear memory will be at least 2 orders 
of magnitude smaller than non-linear memory of the BNS merger/post-merger 

❖ Not detectable even with ET and CE 

20

8

is very low even with the third generation detectors if we
have only 10 events since the ⇢median

e↵
reduced to less than

two. For the case of events distributed within zmax = 1,
we find ⇢median

e↵
. 1 for all three detector sensitivities.

Hence, even though the third generation detector can
have higher horizon redshift [45], the detection of GW
memory from far away sources is not feasible.

In Appendix C, we show the cumulative SNR of non-
linear memory from BBH events with the same procedure
as discussed in this section. We also investigated the pos-
sibility of distinguishing di↵erent EoS and BBH mergers
using non-linear memory. Table II shows the di↵erence
between the ⇢median

e↵
for the three EoS shown in Fig. 5

in addition, we also included the BBH events discussed
in Appendix C. The �⇢median

e↵
for the BNS systems with

di↵erent remnants, one which directly collapses to a BH
and the other forming a post-merger NS, show a di↵er-
ence in cumulative SNR of greater than five, whereas the
non-linear memory from BBH and BNS di↵ers by more
than 100.

EoS B HB 15H BBH

B 0 2.3 7.48 124

HB 0 5.18 126

15H 0 132

TABLE II. Di↵erence between the median of ⇢e↵ for the pop-
ulation of 100 events distributed within z < 0.1 with the CE
sensitivity.

In the four compact binary systems considered for the
study, the median e↵ective SNR of GW memory from
the BBH system has an order of magnitude improvement
compared to BNS post-merger memory. This trend can
be observed for e↵ective SNR computation within di↵er-
ent zmax. The BNS merger rate inferred by the GWTC-
3 catalogue is between 10Gpc�3yr�1 � 1700 Gpc�3yr�1

[46]. Considering a fiducial rate of 1000Gpc�3yr�1, 0.9
years of observing time are required to get the e↵ective
SNR from 100 BNS merger within z < 0.1 with CE. Also,
the SNR falls with an increase in maximum redshift.

V. LINEAR MEMORY OF EJECTA FROM BINARY
NEUTRON STAR AND BLACK HOLE-NEUTRON STAR

SYSTEMS

In BNS and NSBH systems, a substantial amount of
matter can be dynamically ejected depending on the con-
figuration of the system. This can lead to another non-
oscillatory emission of GWs, the so-called linear memory.
This contribution to the GW signal is usually present
if the interacting particles in a GW source are or be-
come unbound. An example is binaries on hyperbolic
orbits [14, 47], but linear memory has also been studied
e.g for gamma-ray burst jets [48–50] and in the context
of supernova explosions and their associated asymmetric
mass loss due to neutrino emissions [51–55]. A general

formula for the linear memory from a system of N bod-
ies with changing masses mA or velocities vA is given in
Ref. [17], the change to the metric perturbation in TT
gauge is

�hTT

jk = �
NX

A=1

4mA

r
p

1 � v2A

"
vjAv

k
A

1 � vA · N

#TT

, (11)

where the � means to take the initial and final value of
the summation, N denotes a unit vector pointing from
the source to the observer and r is the distance to the
source. The particles composing the system of masses
mA moving with velocities vA in our case might refer to
the individual pieces of matter becoming unbound in a
BNS/NSBH coalescence. However, modeling the ejecta
dynamics is a complex task as it depends on most of the
binary’s parameters like mass ratio, equation of state,
spins, composition or magnetic fields. Nonetheless, we
want to provide some estimates to show that the non-
linear memory signal we are investigating in this paper is
not noticeably contaminated by a potential linear mem-
ory signal.

In order to estimate the maximum amount of linear
memory created by dynamical ejecta, we assume that
the ejected mass mej travels radially away from the much
larger remnant mass with velocity vej. In this case the
amplitude of the linear memory created can be approxi-
mated by [13]

�h =
2Gmej v2ej

c4 r
. (12)

This is the model creating the maximum linear mem-
ory amplitude, whereas a perfectly spherically symmetric
outflow of the ejected mass would not lead to any linear
memory. The emission direction is mostly perpendicu-
lar to the direction of the ejecta, thus if the material is
ejected in the orbital plane, the maximum amplitude of
the linear memory can be observed in the z-direction.

From studies about dynamical ejecta in NR simula-
tions of a wide range of BNS systems [56–59], we find
that the ejected mass is typically below 0.01M� but can
go up to 0.1M� for certain EoS, more unequal mass sys-
tems or eccentric mergers. The velocity of the ejecta is
usually about 0.2 c with values up to 0.4 c, mostly di-
rected in the orbital plane with the velocity component
perpendicular to the orbital plane generally around or
well below 0.1c, with equal mass BNS commonly hav-
ing more ejecta out of the orbital plane. The azimuthal
opening angle of the ejecta is often between ⇠ ⇡ and 2⇡
with more unequal mass systems on the lower and equal
mass BNS with more uniform radial ejecta. According
to Eq. (12), the order of magnitude of the linear memory
can be estimated as

�h = 3.8 ⇥ 10�25

✓
mej

0.01M�

◆⇣ vej
0.2c

⌘2
✓

r

100Mpc

◆�1

,

(13)



Conclusions 
❖ Memory is a particularly resourceful feature in GW, which can be used to extract a 

lot of interesting and sometimes unreachable physics! 

❖ Memory is not yet detected but this is just a matter of time*  

❖ We have explored the various consequences that memory especially the matter 
effects

❖ These by no means completes the utility of memory in this regime  

❖ We are now moving on with the studies of spin and eccentricity with non-linear 
memory 
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Thanks for your attention
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Search for non-linear memory from ultra light CBC: Idea 

❖ Sub-Solar mass CBC can be visible during the inspiral phase if the components are 
sufficiently massive (> 0.4 solar mass)  

❖ Sub-solar mass matched filter search is computationally very demanding (very long 
signal !!) 

❖ We note that the merger of CBC which are less than 0.4 solar masses the memory will lie in 
the band of out present day detectors for very nearby events 
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Search for non-linear memory from ultra light CBC

❖ We use the NRSur waveform model for the 
oscillatory waveform and compute the 
memory for only the merger part of the 
signal 

❖ The memory contribution from early 
time inspiral is negligible as the memory 
amplitude is directly related to emitted 
GW radiation 

❖ We study the dependancy of the memory 
amplitude as a function of mass ratio and 
spins for very light BBH waveforms

Unequal mass 
Mass ratio 324



Search for non-linear memory from ultra light CBC

❖ cWB search is indeed sensitive to memory 
bursts

❖ We find the range (iFAR ≥ 1yr) of the search 
by injecting 6 different memory signals in 
O2 data (equal masses, 3 non-spinning, 3 
with 0.8 aligned spins)

❖ Range scales linearly with total mass of the 
system, can be extrapolated to arbitrarily 
low masses 
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Search for non-linear memory from ultra light CBC

❖ Constraints from memory are not 
competitive with matched-filter searches 
for the corresponding oscillatory signal 
(reported e.g. in LIGO O2 subsolar mass 
paper, arXiv:1904.08976 ) 

❖ However, memory only search expands 
the parameter space to masses below MTot 
≤ 0.4M⊙ 

Upper limit on binary merger rate 

Ebersold and Tiwari PRD 2020 26



Gravitational waves : “Interesting” events   
❖ GW190521 under the assumption of CBC 

has un-ambiguously both components way 
above 3 solar masses 

❖ There is a hint for in-plane spin* 

❖ The heavier component’s mass has 
probability of only 0.32% of being lower 
than 65 solar masses (within the gap of 
pair instability supernova)

❖ The remnant is confidently above 100 
solar masses (our definition of 
intermediate mass black hole)

PHYSICAL REVIEW LETTERS 125, 101102 (2020) 27



Gravitational waves : “Interesting” events   
❖ The two NSBH events (blue and orange) in the 

picture both have the lighter component less than 
3 solar masses and the heavier greater than 3 solar 
masses 

❖ We consider objects less than 3 solar masses to 
be a candidate for neutron stars conservatively 

❖ GW190814 was also an event (grey) with lighter 
component less than 3 solar mass and the heavier 
much larger than 3 

❖ In the absence of the tidal deformation parameters 
we rely on masses for the lighter components 

The Astrophysical Journal Letters, 892:L3 (24pp), 2020 March 20 
Astrophys.J.Lett. 915 (2021) 1, L5 28



Gravitational waves : “Interesting” events   

❖ The BNS event GW190425 was also 
peculiar the total mass of the detected BNS 
event was confidently larger than the total 
mass of other double NS systems that we 
have observed 

❖ This BNS detection was not accompanied 
by any electromagnetic counterparts 

The Astrophysical Journal Letters, 892:L3 (24pp), 2020 March 20 
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Leveraging memory to infer the nature of compact objects 

❖ For the interesting events (red bold events before) we ran cWB in the targeted reconstruction 
setting to find any memory signal 

❖ For the 2 NSBH and the one with ambiguous companion the mass ratio is too high for tidal 
disruption and also for the memory signal 

❖ For the BNS we find the loudest on-source event with p-value 0.4 (too high), for a detection we 
would have need the binary at 2 Mpc !

❖ NOTE : The poor sensitivity is not only because of the detector sensitivity but for the BNS it 
was only one detector which was operating making it hard to remove false alarms. 
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Gravitational waves : Current status   
❖ LIGO and Virgo interferometers have finished their third 

observing run, the fourth run started in May 
❖ They have detected over 50 gravitational waves events all 

associated with compact binary coalescence (CBC) mergers 
till date 

❖ The third observing run saw some exceptional* events, 
these include 
❖ GW190521 : Intermediate mass binary black hole 
❖ GW200105, GW200115 : 2 Neutron Star Black Hole 

binaries 
❖ GW190814  : Ambiguous lighter companion 
❖ GW190425 : Heavy double Neutron Star event with no 

electromagnetic counter part 
Black curve shows the detected events, blue is the expected curve

*exceptional for me31

12

GW candidates during O3 was enabled by the improved
sensitivity of the detector network. A conventional mea-
sure of sensitivity is the binary neutron star (BNS) inspi-
ral range, which quantifies the average distance at which
a fiducial 1.4M� + 1.4M� BNS could be detected with a
signal-to-noise ratio (SNR) of 8 [20–22]. During O3b the
median BNS inspiral range for LIGO Livingston, LIGO
Hanford and Virgo was 133 Mpc, 115 Mpc and 51 Mpc,
respectively. In Fig. 1 we show the growth in the num-
ber of candidates in the LVK catalog across observing
runs. Here, the search sensitivity is quantified by the
BNS time–volume, which should be approximately pro-
portional to the number of detections [3]. This is defined
as the observing time multiplied by the Euclidean sen-
sitive volume for the detector network [22]. For O1 and
O2, the observing time includes periods when at least
two detectors were observing, and the Euclidean sensi-
tive volume is the volume of a sphere with a radius equal
to the BNS inspiral range of the second most sensitive
detector in the network. For O3, to account for the po-
tential of single-detector triggers, the observing time also
includes periods when only one detector was observing,
and the radius of the Euclidean sensitive volume is the
greater of either (i) the BNS inspiral range of the second
most sensitive detector, or (ii) the BNS inspiral range of
the most sensitive detector divided by 1.5 (correspond-
ing to a SNR threshold of 12) [3]. As the sensitivity of
the detector network improves [23], the rate of discovery
increases.

Further searches for GW transients in O3b data have
been conducted focusing on: intermediate-mass black
hole (IMBH) binaries (with a component & 65M� and a
final BH & 100M�) [24], signals coincident with gamma-
ray bursts [25], cosmic strings [26], and both minimally
modeled short-duration (. O(1) s, such as from super-
novae explosions) [27] and long-duration (& O(1) s, such
as from deformed magnetars or from accretion-disk insta-
bilities) [28] signals. However, no high-significance can-
didates for types of signals other than the CBCs reported
here have yet been found.

We begin with an overview of the status of the Ad-
vanced LIGO and Advanced Virgo detectors during O3b
(Sec. II), and the properties and quality of the data used
in the analyses (Sec. III). We report the significance of
the candidates identified by template-based and mini-
mally modeled search analyses, and compare this set of
candidates to the low-latency public GW alerts issued
during O3b (Sec. IV). We describe the inferred astro-
physical parameters for the O3b candidates (Sec. V). Fi-
nally, we show the consistency of reconstructed wave-
forms with those expected for CBCs (Sec. VI). In the
Appendices, we review public alerts and their multimes-
senger follow-up (Appendix A); we describe commission-
ing of the observatories for O3b (Appendix B); we de-
tail data-analysis methods used to assess data quality
(Appendix C), search for signals (Appendix D) and in-
fer source properties (Appendix E), and we discuss the
di�culties in assuming a source type when performing a
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Figure 1. The number of CBC detection candidates with
a probability of astrophysical origin pastro > 0.5 versus the
detector network’s e↵ective surveyed time–volume for BNS
coalescences [3]. The colored bands indicate the di↵erent ob-
serving runs. The final data sets for O1, O2, O3a and O3b
consist of 49.4 days, 124.4 days, 149.8 days (177.2 days) and
125.5 days (142.0 days) with at least two detectors (one de-
tector) observing, respectively. The cumulative number of
probable candidates is indicated by the solid black line, while
the blue line, dark blue band and light blue band are the me-
dian, 50% confidence interval and 90% confidence interval for
a Poisson distribution fit to the number of candidates at the
end of O3b.

minimally modeled search analyses (Appendix F). A data
release associated with this catalog is available from the
Gravitational Wave Open Science Center (GWOSC) [29];
this includes calibrated strain time-series around signif-
icant candidates, detection-pipeline results, parameter-
estimation posterior samples, source localizations, and
tables of inferred source parameters.

II. INSTRUMENTS

The Advanced LIGO [1] and Advanced Virgo [2] in-
struments are kilometer-scale laser interferometers [30–
32]. The advanced generation of interferometers be-
gan operations in 2015, and observing periods have
been alternated with commissioning periods [23]. After
O1 [13, 33] and O2 [14], the sensitivity of the interfer-
ometers has improved significantly [3, 34]. The main im-
provements were the adjustment of in-vacuum squeezed-
light sources, or squeezers, for the LIGO Hanford and
LIGO Livingston interferometers and the increase of the
laser power in the Virgo interferometer. The instrumen-
tal changes leading to improved sensitivities during O3b



Gravitational waves : “Interesting” events   
❖ Henceforth I call these events interesting  

❖ GW200105, GW200115 : 2 Neutron Star Black Hole binaries, 
❖ GW190814  : Ambiguous lighter companion, 
❖ GW190425 : Heavy double Neutron Star event with no electromagnetic counter part 

❖ I leave alone GW190521 as the masses are so high that in any non-exotic sense they should be a BH (BH-like)
❖ With the detection of event with light mass companions less than 3 solar masses, we are beginning to uncover 

a population of such events which are not yet un-ambiguously Neutron Stars 
❖ To confidently claim an object to be a NS one relies on mass but is not the safest option 

❖ The safest option is to prove that the object shows tidal deformation, measuring tidal deformation effects 
are challenging since they are weak and also they occur at high frequencies where detectors are not most 
sensitive 

❖ In this case non linear memory can play a role!!! 
32



Detection methods for GW memory : The generic search algorithm  

❖ Memory manifests itself as a bursts like single 
cycle event 

❖ We employ bursts search called as coherent 
Wavebursts (cWB) to detect and reconstruct the 
memory signal 

❖ cWB relies on the excess power above the noise 
floor of the network of detectors to make a pre-
selection of time frequency pixels 

❖ Exploits the presence of signal (energy) in 
multiple detectors to appear coherently i.e. 
consistent in time and sky location 

Signal at Hanford

Signal at Livingston

Combined data Likelihood
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Detection methods for GW memory 

❖ For the search of memory only signal in data we just run cWB throughout the data set to 
find events which resemble memory signal 

❖ In order to reconstruct memory signal from already detected events we restrict cWB analysis 
to an on-source window of time and frequency and then compare the results with the 
surround off-source window to get the confidence estimate

❖ A dedicated work in this direction is also underway* 

❖ Our approach is frequentist 

❖ Of course there are bayesian methods to detected memory see works by Hubner,Lasky et al 
2020 
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Linear memory : Detectability of hyperbolic encounters of binaries 

❖ We used the 3PN hyperbolic encounter 
waveform and studied the detectability of 
BNS and BBH hyperbolic encounters 

❖ We consider the usual SNR~8 to be the 
detection threshold the luminosity distance 
at this SNR we call this horizon distance 

❖ We consider LIGO as representative of 
current generation of ground based 
detectors and ET as the representative of 
next generation. 

❖ The binaries are at fixed e=1.15 and mass ratio 
unity. 
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