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W H Y  A R E  B L A C K  H O L E  A N D  N E U T R O N  
B I N A R Y  M E R G E R S  S T A N D A R D  S I R E N S ?

• A standard candle requires uncorrupt and unbiased measurement of apparent F and absolute 
luminosities L of a source: 

• Unbiased: we know the physical model “exactly” 

• General relativity is THE physical model 

• Uncorrupt: we know that nothing else (e.g. interactions other than gravity) corrupts the model 

• Black hole and neutron binaries evolve over hundreds of millions of years and they clear 
any debris in their vicinity long before they merge 

• Similar to how sound waves distort the medium in which they travel, gravitational waves distort 
the spacetime itself 

• This analogy has led to the use of standard “sirens” instead of standard candles
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Schutz: 1986

F =
L

4πD2
L



G W  A P P A R E N T  A N D  A B S O L U T E  L U M I N O S I T I E S

• Luminosities: 

• The measured strain amplitude: h=dL/L gives the apparent luminosity  

• the rate at which the frequency increases gives absolute luminosity 

• Uncertainties in modeling (the instrument and the signals):  

• Instrument (amplitude and phase) calibration: currently at the level of 
2-3% in amplitude and ~ 1 radian in phase 

• Currently these are smaller than the statistical uncertainty 

• Gravitational waves are detected and their parameters measured 
using matched filtering – waveform uncertainties could lead to 
systematic biases 

• Analytic models agree with numerical models to better than 1% in 
amplitude and fraction of a radian in phase 

• Modeling uncertainties are currently under control
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U N K N O W N  P H Y S I C S :
• General relativity might not be the correct theory of gravity  

• Null tests of GR with GW data show no such evidence 

• Black holes could be charged or on eccentric orbits 

• Both affect the dynamics very strongly and so far we 
don’t see evidence for charge or eccentricity 

• Neutron stars have matter: 

• Matter effects (static and dynamical tides) are important  

• They affect the waveform at late stages of inspiral and 
post-merger oscillations 

• The equation of state of dense matter in neutron star 
cores is unknown: 

• GW and X-ray measurements can determine the 
EOS 

• When EOS is determined neutron star binaries can 
also measure both luminosity distance and redshift

4

Binary Neutron Star Mergers

Binary Black Hole Mergers



B R E A K I N G  T H E  M A S S - R E D S H I F T  D E G E N E R A C Y  W I T H  T I D E S

• GW observations can measure only redshifted 
mass 

• Mobs = (1+z) Mint  

• In GR and there is no mass scale and so 
black hole binaries cannot  directly infer Mint 

• Hadronic interactions impose a mass and 
length scale for neutron stars: 

• Neutron star masses are roughly in the 1–3 
solar mass range 

• Tidal effects go as (R/Mint)5, where R is the 
radius of the neutron star 

• By measuring the tidal effects we can infer 
both Mobs and Mint and hence infer the 
redshift
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Binary Neutron Star Mergers



M E A S U R I N G  S O U R C E  P R O P E R T I E S
for an arbitrary source must 
measure  (h+, hx, ψ, θ, φ), 
equivalently, (DL, ι, ψ, θ, φ) 

a single detector only measures a 
combination of h+ and hx; need at 
least three non-collocated 
detectors to measure both 

the shape of the waveform 
contains information about the 
masses, spins, eccentricity 

matched filter the signal with a set 
of templates over the parameter 
space 

fiducial arrival time and overall 
phase of the signal 

in all 15 parameters assuming GR 
is correct
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Effect of orientation of binary’s orbital plane
Polarization of gravitational waves depends on the orientation of the orbital plan of the 
binary system. Face-on we observe a mixture, while edge-on we observe pure h+

Spinning, but non-precessing binary

Effect of orientation of binary’s orbital plane
Spin precession leads to amplitude and frequency modulation

Spin-precessing binary
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G R AV I TAT I O N A L  W AV E  E V E N T  C ATA L O G S :  G W T C - 1  
T O  G W T C - 3

cumulative number of events 
GWTC-1: 2015-2017, 11 events: 10 binary 
black holes (BBH) and 1 binary neutron star 
(BNS) 
GWTC-2: 2015-2019: added 39 events, total 
number of events 50, 48 BBH, 2 BNS 
GWTC-2.1 2015-2020: revisited the O3a 
analysis,  8 new candidates, but also dropped 
3, total of 55 events. 

GWTC-3 adds a further 35 events from O3b 
total number of events observed to date to 90 

2 BNS events, 3 NS-BH events, 85 BBH 
events 

7 neutron stars, 2 mystery objects and 178 
black holes
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Reitze Plot



P O P U L AT I O N  P R O P E R T I E S ,  B A S E D  O N  7 6  
E V E N T S  W I T H  FA L S E  A L A R M  R AT E  <  1  P E R  Y E A R

what does the catalog contain: 
2 binary neutron star events 
72 confident binary black hole events 
2 neutron-star black hole candidate (one of which may be a binary black hole) 

rate at of mergers: 
black hole binaries merge at the rate of ~ [17, 45] yr-1 Gpc-3 

neutron star binaries merge at the rate of : [13, 1900] yr-1 Gpc-3 

neutron star-black hole binaries merge at the rate of : [7.4, 320]  yr-1 Gpc-3 

mass spectrum peaks and gaps: 
chirp mass peaks at 7.8 M⊙ and 26.6 M⊙ and a gap 10-20 M⊙ 

there seems to be no suppression of the rate above 60 M⊙
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Chirp Mass



E Q U AT I O N  O F  S TAT E  F R O M  M E R G E R S

what is the equation of state of 
dense matter in neutron stars? 

hadronic, strange matter, quark-
gluon phase transition? 

how heavy can neutron stars be 
and how rapidly can they spin?
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G L O B A L  G R O U N D - B A S E D  G R A V I TAT I O N A L -
W A V E  D E T E C T O R  N E T W O R K :  2 0 1 0 - 2 0 4 0 +
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L A S E R  I N T E R F E R O M E T E R  G R AV I TAT I O N A L  
W AV E  D E T E C T O R S
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L I G O  I N D I A
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F U T U R E  G R O U N D - B A S E D  G R A V I TAT I O N A L - W A V E  
O B S E R V AT O R I E S  

Upgrades: LIGO-A+, Voyager 

Future Observatories 
Einstein Telescope, Cosmic Explorer (often referred to as 3G or XG detectors)
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F U T U R E  R U N S  A N D  S E N S I T I V I T I E S
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F U T U R E  R U N S  A N D  S E N S I T I V I T I E S
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cosmicexplorer.org



S E N S I T I V I T Y  A N D  D I S TA N C E  R E A C H  
O F  F U T U R E  O B S E R V AT O R I E S
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O B S E R V I N G  C A PA B I L I T I E S  O F  G W  D E T E C T O R  
N E T W O R K S
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FIG. 2. Detection e�ciencies ✏ and detection rates DR of the six studied A+, Voyager, and NG networks are plotted as functions of redshift z.
The circles (squares) denote the values for events with SNR ⇢ � 10 (⇢ � 100). The thick, black lines in the rate panels are the cosmic BNS and
BBH merger rates, see Sec. III. The fit lines in the e�ciency panels are sigmoid fits with fsigmoid =

⇣
1+b

1+b eax

⌘c
. The fit parameters for the curves

are given in Appendix C.

a compact binary forms and the epoch when it merges. Further-
more, the merger rate is calibrated by demanding its local value
at z = 0 to be consistent with the merger rate determined by
LIGO and Virgo observations given above. Finally, metallicity
plays a crucial role in the formation of BHs due to its e↵ect
on stellar winds, which must be folded into the calculation of
rates. In addition, we must be mindful of the fact that the cos-
mological volume element (dV/dz) corresponding to a redshift
interval dz is itself a function of redshift due to the Hubble
expansion and the Universe was smaller at earlier times.

Compact binaries that form at redshift z f merge at redshift
z after a delay time td (see, e.g., Ref. [150, 151]). For a given
redshift z and delay td the redshift when the binary forms can
be found by solving

td�
1

H0

Z z f

z

dz0

(1 + z0)E(z0)
= 0, E(z0) =

h
⌦⇤ +⌦M(1 + z0)3

i
,

(5)
where ⌦M and ⌦⇤ are the dark matter and dark energy densi-
ties and we have assumed a flat Universe in which dark energy
is interpreted as a cosmological constant [152]. The delay time
is not the same for all binaries and depends on the configu-
ration of the compact binary when it forms and is modelled
by a probability density P(td). The merger rate density ṅ(z)
(normally computed in units of Gpc�3 yr�1) in the source’s
frame is obtained by integrating the SFR over all possible time

delays,

ṅ(z) = A
Z tmax

d

tmin
d

 (z f (z, td)) P(td) dtd, (6)

where tmin
d and tmax

d denote the smallest and largest possible

BNS BBH
SNR ⇢ � 10 � 100 � 10 � 100

zr zh zr zh zr zh zr zh

HLVKI+ 0.11 0.42 0.011 0.041 0.6 3.7 0.058 0.33
VK+HLIv 0.22 0.9 0.022 0.087 1.4 9.7 0.11 0.68
HLKI+E 0.64 3.3 0.06 0.27 7.1 > 50 0.33 2.2
VKI+C 1.2 8.1 0.1 0.46 18 > 50 0.58 4.3
KI+EC 1.5 9.5 0.13 0.51 26 > 50 0.72 4.9
ECS 2.3 16 0.17 0.67 42 > 50 1 7.1

TABLE III. The reach zr and horizon zh of the considered networks
for BNS and BBH signals with SNRs ⇢ � 10 or ⇢ � 100. Here we
define the reach (horizon) as the redshift at which a given network
detects 50% (0.1%) of the injections with the specified SNR or louder.
Please refer to the detection e�ciency panels of Fig. 2 for a visual
representation.
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2020               2025                2030                2035                2040                                       

Adv            
A+            

Voyager

3G+
ECS

z=0.04            
0.11            

0.22            

1.2            
2.3            

redshift reach to 
BNS mergers            

horizon is typically a factor of 5-10 larger

reach of a detector is the distance at which 
the catalog is 50% complete



24

2020               2025                2030                2035                2040                                       

Adv            
A+            

ECS

20            
170

1800            

130,000            
240,000            

number of BNS 
detections            

V+

3G+
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2020               2025                2030                2035                2040                                       

Adv            
A+            

ECS

20, 0            
170, 0 1800, 2            

130,000, 170            
240,000, 560            

number of loud 
BNS detections            

loud= SNR > 100

V+

3G+
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2020               2025                2030                2035                2040                                       

Adv            
A+            

ECS

0.3            
0.6            

1.4            

18            
42            

redshift reach to 
BBH mergers            

V+

3G+
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2020               2025                2030                2035                2040                                       

Adv            
A+            

ECS

0            
5 60            

8500            
18,000            

number of loud 
BBH detections            

loud= SNR > 100V+

3G+

~20          

super loud= SNR > 1000

~10          
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TABLE IV. Cosmic merger rates (per year) of BNS and BBH mergers
in the Universe and the number that would be observed by di↵erent
detector networks each year with ⇢ � 10, 30, 100, where ⇢ is the
SNR ratio. Due to uncertainty in the various quantities that go into
the calculation these numbers are no more accurate than one or two
significant figures.

BNS BBH
Cosmic rate 4.7 ⇥ 105 1.2 ⇥ 105

SNR ⇢ � 10 � 30 � 100 � 10 � 30 � 100

HLVKI+ 220 7 0 6,800 280 7
VK+HLIv 1,800 71 2 31,000 2,600 64
HLKI+E 42,000 1,700 46 98,000 31,000 2,000
VKI+C 140,000 8,900 250 110,000 61,000 8,600
KI+EC 190,000 13,000 340 120,000 75,000 12,000
ECS 270,000 28,000 780 120,000 93,000 21,000

Only NG networks will deliver an abundance of exception-
ally loud BNS signals with SNRs above 100; even to cosmolog-
ical distances of z . 0.5. Such events will allow us to probe the
nuclear physics with high fidelity, constrain the dense-matter
equation of state, and explore the BNS post-inspiral signal.

For both the BNS and BBH coalescences the di↵erences in
reach and horizon distances, see Tab. III, imply that not only a
larger, but also older part of the BNS and BBH populations can
be studied with NG networks. These networks will observe
almost all BNS and BBH mergers up to luminosity distances
of . 2 Gpc and . 25 Gpc, respectively. Their horizons lie at
zh & 10 for BNSs and beyond ⇠ 50 for BBHs, in contrast to the
Voyager network with zh ⇠ 0.9 and zh ⇠ 9.7, respectively. This
means that a NG network could observe BNS coalescences
from roughly 500 Myr and BBH mergers from less than 50 Myr
after the Big Bang, thus expanding their observational potential
deep into the realm of the dark ages! While the expectations
for mergers in this regime are very low, population III stars
and primordial BHs could pose potential progenitor and source
systems, to which all networks other than NG would be blind.

Lastly, the shear abundance of loud events up to far redshifts
will further enable astronomers and cosmologists to better
understand source population demographics as well as trace
and correlate the large-scale structure of the Universe with
these mergers. Louder and more abundant signals will be a
treasure trove for tests of GR which benefit from the outright
signal strengths but also the potential of signal binning. We
examine rare, extremely loud signals with SNRs ⇢ & 300 in
Sec. VI.

C. Measurement quality

The three-dimensional localization of a source, on the sky
and in luminosity distance, is crucial in enabling a multitude of
science, especially for BNS mergers which can exhibit observ-
able electromagnetic (EM) counterparts. Hence, we summa-
rize the expected detection rates of events with 90%-credible
sky area ⌦90/deg2

 0.01, 0.1, 1 and fractional luminosity
distance errors �DL/DL  0.01, 0.1 in Tab. V. The visual rep-
resentations in form of CDFs can be found in the ⌦90- and

TABLE V. Detection rates of BNS and BBH mergers from the full red-
shift range z 2 [0.02, 50] to be observed by di↵erent detector networks
each year with⌦90/deg2

 1, 0.1, 0.01 as well as �DL/DL  0.1, 0.1,
where ⌦90 is the 90%-credible sky area and DL the luminosity dis-
tance. These detection rates are calculated for events with SNR ⇢ � 10.
Due to uncertainty in the various quantities that go into the calcula-
tion these numbers are no more accurate than one or two significant
figures.

Metric ⌦90 (deg2) �DL/DL

Quality  1  0.1  0.01  0.1  0.01

BNS

HLVKI+ 6 1 0 19 1
VK+HLIv 19 1 0 130 1
HLKI+E 33 1 0 4,200 5
VKI+C 10 1 0 150 1
KI+EC 210 6 1 13,000 14
ECS 2,200 77 2 27,000 33

BBH

HLVKI+ 110 4 0 600 0
VK+HLIv 310 12 0 3,600 3
HLKI+E 610 24 1 34,000 110
VKI+C 210 7 0 12,000 48
KI+EC 4,600 190 7 67,000 590
ECS 27,000 2,000 77 82,000 1,500

�DL/DL-panels of Fig. 3. We will further expand our exami-
nation of the potential to enable multi-messenger astronomy at
redshifts z  0.5 in Sec. V.

GW190814 [18] is the best-localized, observed GW event
so far, with a 90%-credible sky area of 19 deg2 and a luminos-
ity distance error of about 19%. In comparison, both HLVKI+
and VK+HLIv will detect O(1) to O(10) BNS sources per year
with sky areas below 1 deg2 and 10% luminosity distance er-
rors, with BBH-numbers being an order of magnitude larger.
HLVKI+ and VK+HLIv will further be capable to observe annu-
ally O(1) BNS and O(1) to O(10) BBH mergers, respectively,
with sky areas below 0.1 deg2.

The picture for the NG networks is dramatically di↵erent
than it was for the signal visibility. These networks di↵er in the
number of NG detectors per network with one in HLKI+E and
VKI+C, two in KI+EC, and three in ECS. Since sky localization
and luminosity distance measurements improve dramatically
with more detectors in a network, the number of more sensitive
NG detectors has a strong e↵ect on the measurement quality.
This is illustrated by the increase of green-colored points in the
KI+EC and ECS panels of Fig. 5, indicating their improved sky
localization capabilities.

Consequently, these networks will detect BNS coales-
cences localized to within a 90%-credible sky area smaller
than (1, 0.1) deg2 on the order of (O(10), O(1)) per year in
HLKI+E and VKI+C, (O(102), O(1)) per year in KI+EC, and
(O(103), O(10)) per year in ECS, with the latter two being the
only networks to also observe a handful of BNS per year with
⌦90  0.01 deg2. Furthermore, fractional luminosity distance
errors smaller than (0.1, 0.01) will be observed at rates of the
order (O(102), O(1)) per year in VKI+C, (O(103), O(1)) per
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• Luminosity distance is measured “easily” from GW observations. 

• How do we get the redshift?
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• EM counterpart 

• Statistical host identification 

• Cross correlation of GW and EM catalogs 

• Features in the mass-spectrum of neutron stars and black holes 

• Astrophysical distribution 

• Tides in neutron stars

Redshift



Counterpart cosmology

BNSs/fraction of NSBH expected to have EM 
counterparts at several wavelengths (GRB, KN 
- optical/IR, afterglow - X-ray/optical/radio..)

➔ Which counterpart will be the most 
promising for 3G cosmology?

◆ GRBs and afterglows only detectable 
close to on axis (~<O(1%)). Helpful to 
constrain inc angle, but unlikely to be 
useful for 3G

◆ KNe are ~isotropic, but faint and fading 
fast 

BBH in AGN disks may also be promising 
(Bartos+17, McKernan+19)

1% BNS

Chen, Fishbach, Holz 2018

NSBH? 
(Vitale & 
Chen  2019)
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6 Borhanian et al.

HLV+ HLVKI+ Voy+ ECC
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heavy BBHs
GW190814-like

HLV+ HLVKI+ Voy+ ECC

Figure 2. Left panel: The median and standard deviation of the distribution of fractional errors in H0 measurement (assuming
errors from redshift measurements are negligible) over 100 realizations for a single dark siren event for the four networks under
study. All the three populations we considered give statistically similar estimates of H0. Right panel: Same as the left panel
but the errors have been computed for the expected number of events in two years of observing time for a network, assuming
100% duty cycle. The error estimates for some of the cases are not plotted because we do not expect to see any such event in an
observing time of two years.

Our conclusions rely on controlling the amplitude cal-
ibration of the detectors to below . 1%, which can
be accomplished with photon calibrators (Karki et al.
2016), and two assumptions on a dark siren’s host galaxy:
its unique identification and a negligible uncertainty in
peculiar velocity correction. The sky area could be ‘con-
taminated’ with faint galaxies or the host itself could
be faint and missing from current catalogs. Further,
the host’s peculiar velocity correction might not meet
the desired accuracy, especially for close-by sources with
small Hubble-Lemaître flow. Fortunately, EM follow-
up observations of such well-localized sirens should be
able to identify the host galaxy, obtain the redshift ac-
curately by spectroscopy, model the velocity flow, and
constrain the uncertainty in peculiar velocities to ⇠ 100
– 150 km/s (Mukherjee et al. 2019), which is accurate
enough for 99% of the sources considered in this study.
Such follow-up surveys will be of interest to the entire
astrophysics community since they would not only bene-
fit from the Hubble-Lemaître constant measurement, but
improve our understanding of the correlations between
binary coalescences and their environments.

Given the paucity of binary neutron star mergers with
EM counterparts so far, dark sirens offer an alternative
to resolve the H0 tension within the next five years (LSC
2016). Beyond the 2G+ era, our results are also very
encouraging for a possible synergy between the dark
sirens and the bright sirens, wherein the H0 measure-
ment from low redshift may be used as a prior in the
measurement of other cosmological parameters at higher
redshifts (Sathyaprakash et al. 2010).
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• With A+ and Voyager 
Sensitivity there is 10% 
and 50% chance we will 
observe such rare events 

• Next generation 
observatories guarantee 
hundreds of such 
identifications each year

Rare binary black holes can pin down the 
host galaxy with exquisite sky localization

• Single Event • Two years of observation



Redshifts Without EM Observations (Mass Function 
Cosmology)
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If I know this

Redshifts Without EM Observations (Mass Function 
Cosmology)
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Redshifts Without EM Observations (Mass Function 
Cosmology)

If I know this

Then I can measure this.
Chernoff & Finn (1993)
Taylor & Gair (2012)
Ezquiaga & Holz (2022)

Farr, et al. (2019)
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Inferring redshift from dark compact objects using 
cross-correlation 

Black holes will trace the underlying galaxies/dark matter distribution

Oguri 2016, 
Mukherjee+ 2018, 
2019, 2020,2021
Calore+ 2020
Scelfo 2020
Bera+ 2020
Diaz+2021 37



Inferring redshift from dark compact objects using 
cross-correlation 

Black holes will trace the underlying galaxies/dark matter distribution

Oguri 2016, 
Mukherjee+ 2018, 
2019, 2020,2021
Calore+ 2020
Scelfo 2020
Bera+ 2020
Diaz+2021

Mukherjee+ 2020
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• Cosmology Beyond H0



Very low-z cosmology with counterparts 

Given how loud nearby BNS will be in 3G, can get 
precision H0 measurements from few events. Let’s 
assume it will be feasible to detect KNe out to z~0.3 in the 
2030s.

Even if H0 tension won’t be interesting anymore in 2030s, 
percent-level H0  measurements help break degeneracies 
from other probes for beyond-LCDM cosmologies (Di 
Valentino+19)

Sub-percent distance measurements in the very nearby 
universe will be unique to 3G observatories. They can be 
used to e.g. probe the peculiar velocity field and growth 
of structure (Palmese & Kim 21), calibrate SN distances 
(Gupta+19).

DESI+CMB+1% 
GW H0 

Di Valentino+19

3% precision on f𝜎8, ~0.02 uncertainty on 
growth index 𝛾 with 3G (Palmese & Kim 21)
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Dark Energy using dark sirens

● GW sources and galaxies will be 
spatially clustered —> ‘This can give 
us redshift information’ using 
cross-correlation

● Numerous black holes to at low 
redshift, N^{1/2} reduction in error

● No ‘Fundamental limitation’ to 
measure luminosity distance

● Dark energy EoS measurement at 
sub-percent accuracy from 3G

Mukherjee+ 2021
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G W  D E T E C T O R S  A R E  A L S O  A  D E E P  P R O B E  O F  
F U N D A M E N TA L  P H Y S I C S

Black hole horizons, quantum gravity, information paradox  
black hole spectroscopy, multipolar structure, quantum 
modifications at horizon scales?  

Corrections to general relativity  
additional fields, modifications of inspiral radiation  
black hole uniqueness theorems violated: exotic compact objects?  

Probing dark matter  
primordial black holes?, mini-charged dark matter, ultralight boson 
clouds, bosenovas, EM signatures?  

Gravitational-wave propagation and graviton mass  
GW170817: constraints on Lorentz violation in the gravitational 
sector, Dispersion: graviton mass, extra dimensions, parity violation 
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