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Gravitational-wave sources can serve as standard sirens to probe cosmology by measuring their
luminosity distance and redshift. Such standard sirens are also useful to probe theories beyond general
relativity with a modified gravitational-wave propagation. Many of previous studies on the latter assume
multimessenger observations so that the luminosity distance can be measured with gravitational waves
while the redshift is obtained by identifying sources’ host galaxies from electromagnetic counterparts.
Given that gravitational-wave events of binary neutron star coalescences with associated electromagnetic
counterpart detections are expected to be rather rare, it is important to examine the possibility of using
standard sirens with gravitational-wave observations alone to probe gravity. In this paper, we achieve this
by extracting the redshift from the tidal measurement of binary neutron stars that was originally proposed
within the context of gravitational-wave cosmology (another approach is to correlate “dark sirens” with
galaxy catalogs that we do not consider here). We consider not only observations with ground-based
detectors (e.g., Einstein Telescope) but also multiband observations between ground-based and space-
based (e.g., DECIGO) interferometers. We find that such multiband observations with the tidal
information can constrain a parametric non-Einsteinian deviation in the luminosity distance (due to
the modified friction in the gravitational wave evolution) more stringently than the case with
electromagnetic counterparts by a factor of a few. We also map the above-projected constraints on
the parametric deviation to those on specific theories and phenomenological models beyond general

relativity to put the former into context.
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I. INTRODUCTION

A historic detection of gravitational waves (GWs) was
made September 14, 2015, by the Laser Interferometer
Gravitational-wave Observatory (LIGO) in Hanford and
Livingston. The GW event is known as GW150914 [1] and
consists of a merger of a binary black hole (BBH). So far,
nearly 50 BBH merger GW events have been found [2].
Another milestone observation was made in 2017 when
LIGO and Virgo detected GW signals from a coalescing
binary neutron star (BNS), known as GW170817 [3]. This
event marked the dawn of multimessenger astronomy as
not only GW signals but also their associated electromag-
netic (EM) counterparts were detected [4]. A second BNS
event, GW 190425 [5], was found in the third observing run
by the LIGO/Virgo Collaboration (LVC), though no
electromagnetic counterpart is confirmed yet.

GW170817 serves as a standard siren to probe cosmol-
ogy, in particular measuring the Hubble constant [6-8].
This constant is inferred from the independent measure-
ment of the luminosity distance and the redshift of the
source. The former is measured from the GW amplitude
while the latter is obtained by identifying the host galaxy
through EM counterpart observations.
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Another important application of GW170817 is to test
general relativity (GR). Going beyond GR is motivated by
the unification of GR and the Standard Model [9-11], and it
can also explain some of unsolved problems in cosmology,
such as dark matter and dark energy problems [12-16]. GR
has passed all the tests put to it, including solar system
experiments [17] in the weak-field regime, binary pulsar
observations [18,19] in the strong/nondynamical regime
and GW observations [20-24] in the strong/dynamical
regime. GW170817 has been used to probe the modified
dispersion relation of GWs. For example, the comparison
of the arrival time difference between GW and EM wave
signals placed a bound on the fractional difference in the
propagation speed of GWs with respect to the speed of light
to be one part in 10~ [4].

Standard sirens like GW170817 can also probe other
aspects of the modified GW propagation, in particular the
modified friction term in the GW evolution. This in turn
modifies the GW amplitude from its GR counterpart, and
thus the luminosity distance measured with GWs may
differ from that measured through EM observations.
Alternatively, one can use the luminosity distance and
redshift measurement of standard sirens to probe both
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cosmology and modified GW propagation. This has been
demonstrated for future GW observations with advanced
LIGO with its design sensitivity, Einstein Telescope (ET),
and Laser Interferometer Space Antenna (LISA) [16,25—
27], assuming that the luminosity distance is measured
through GWs while the redshift is obtained from that of the
host galaxy that is identified through EM counterparts. If
there are no associated EM counterparts, one can still use
such GW sources “dark sirens” to probe cosmology
and gravity by taking their correlation with galaxy catalogs
[28,29].

In this paper, we study an alternative approach of using
standard sirens without EM counterparts to probe the
modified GW propagation through tidal effects of BNSs.
This idea was first proposed in [30] within the context of
probing cosmology with GW observations alone. The
authors in [30] realized that the tidal deformability that
characterizes tidal effects in a BNS depends on the intrinsic
mass, so together with the measurement of the redshifted
mass, one can infer the source’s redshift provided that one
knows the nuclear matter equation of state a priori.

We here apply the above methodology to tests of
modified GW propagation (or modified GW friction) to
study how much improvement one gains from the case
where one uses only BNSs with EM counterparts. We
follow [16,25] and work in a generic modified GW
parametrization (&g, n), where E; represents the ratio
between the luminosity distance measured by GW and
EM signals at large z while n denotes the redshift
dependence on the ratio. Such a generic parametrization
has a known mapping to theoretical constants in some
specific non-GR theories [16]. We carry out a Fisher
analysis to derive projected bounds on E; for various n
with ET and multiband GW observations. The latter is a
joint observation between ground- and space-based inter-
ferometers [31-38]. Here, we focus on multiband obser-
vations between ET and DECihertz laser Interferometer
Gravitational wave Observatory (DECIGO) [39,40].
B-DECIGO, the scientific pathfinder of DECIGO, is
planned to be launched in the 2030s [40], while DECIGO
is expected to be launched at a later time.

We here present a brief summary of our findings. We first
compute the measurability of the BNS redshift with GW
observations alone, and find that multiband observations
improve the accuracy by ~50% compared to the case with
ET only. Next, we show the bound on the modified GW
propagation parameter =, Figure | presents such a bound
against the fraction a of BNS events within the redshift
range of z = [0.1,2] whose redshift is identified through
EM counterparts. We choose a representative case of n =
2.5 and SLy equation of state (EOS). Observe that the
addition of BNSs without EM counterparts improves the
bound by a factor of a few in the case of ET alone, and
the bound further improves further if one uses multiband
observations. Although the figure is only for n = 2.5, we
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FIG. 1. Measurability of the modified GW propagation param-
eter &, as a function of the fraction « of the events with redshift
identification through EM counterparts. We show results for
(i) using only BNS events with EM counterparts (“EM” as in
Eq. (37), as done in previous literature) and (ii) combining BNS
events with and without EM counterparts (“GW + EM” in
Eq. (38). We consider observations with ET alone and multiband
observations (with an observation time of 3 yrs for the latter). We
use SLy EOS and set n = 2.5 in Eq. (3). The vertical dashed line
at @ = 2 x 1073 corresponds to the typical fraction of BNSs with
EM counterparts [41]. Observe that the addition of BNSs without
EM counterparts improves the measurability from those with EM
counterpart by a factor of a few.

find that the bound on &, is insensitive to the choice of n.
Lastly, we map the bound on E, to parameters in specific
non-GR theories. In the case of a scalar-tensor theory, for
example, the relevant parameter can be constrained to a
level of ~1072.

The organization of the rest of the paper is as follows.
In Sec. II, we briefly introduce the formalism of how the
modified luminosity distance is parameterized and the
mapping between this theory-agnostic parametrization
and constants in specific non-GR theories like scalar-tensor
theories and phenomenological models. In Sec. III, we will
explain how to estimate uncertainties of the redshift
measurement for a BNS event without EM counterpart
from the tidal effect in the gravitational waveform.
Section IV describes the Fisher analysis for parameter
estimation on the redshift and non-GR parameters. We
present our results on the measurability of the redshift,
modified GW propagation parameter and theory-specific
parameters in Sec. V. In Sec. VI, we give concluding
remarks and describe avenues for possible works. We use
the unit G = ¢ = 7 = 1 throughout.

I1I. MODIFIED LUMINOSITY DISTANCE

GW sources can be used as standard sirens to probe
cosmology from the relation between the luminosity
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distance d; and the redshift z [6,42,43]. Such sources can
also be used to probe gravity since the above relation not
only depends on cosmological parameters but also on the
underlying gravitational theory.

A. Formalism

One can, in particular, probe generic theories that
modifies the Hubble friction term in the propagation
equation of GWs [25]1:

hy + 2H[1 + ay ()] k) + kgyha = 0. (1)

Here /1, is the metric perturbation (or GW amplitude) in the
Fourier domain with A = 4, x representing the plus and
cross polarization modes, a prime representing the deriva-
tive with respect to the conformal time 7, k,, is the wave
number, H = a’/a with a denoting the scale factor, and
ay () is the modified friction term. The above equation
reduces to the one in GR when a);, = 0. The friction term
modification affects the GW amplitude, which can be
absorbed into the luminosity distance. This leads to a
difference in the luminosity distance measured through
GWs d3"(z) and EM waves dS™(z) as follows [25,46]:

& (2) = d(2) exp [ I

A useful parametrization has been proposed in [25] as

(2)

‘i’”fz dz} .

di" (2)
di"(2)

-5,
(1+z)"

=5+ 3)

Here E corresponds to the constant ratio of the luminosity
distance in the limit z — oo while n shows the redshift
dependence of the ratio. GR is recovered when E; — 1 and
this is the case when z — 0. Such a parametrization allows
us to treat the modification in the luminosity distance
measurement from GWs in a generic way, and at the same
time to map the modified GW propagation parameters
(Eg,n) to theoretical constants in known gravitational
theories beyond GR.

B. Mapping to scalar-tensor theories and
phenomenological models

In this paper, we consider scalar-tensor theories and
phenomenological models as specific examples [16].

'In general, the last term on the left-hand side of Eq. (1) can
acquire non-GR corrections that modify the propagation speed of
GWs and/or add a mass to the graviton, and an anisotropic stress
source term may arise on the right-hand side (see, e.g., [44,45]).

1. Horndeski theories

Let us first review scalar-tensor theories. We consider, in
particular, theories within Horndeski theories [47], which
are most general scalar-tensor theories with field equations
containing up to second order derivatives (see, e.g., [48] for
a recent review). The action is given by [16]

S = / d*x\/=g {25; Li+ LG W) (4)

with Lagrangian densities

Ly = G,y(4,X),
Ly = G3(¢. X)0p,
Ly = G4(¢. X)R = 2Gux (¢, X)[(D¢) (V,.V.$)],
Ls = Gs(¢, X)G,, V'V + §G5X(¢’ X)
x [(@¢)° -30¢(V,V,¢)* +2(V,V,¢)’].

where ¢ is the scalar field, X = 0,4¢0"¢, R and G,
represent the Ricci scalar and Einstein tensor in the
Jordan frame metric g,,. G;(¢, X) are arbitrary functions
of ¢ and X and G,y = 0G;/0X. The matter field y, in
the Lagrangian density for matter £,, is minimally coupled
to gravity. Given that GWI170817 placed a stringent
bound on the propagation speed of GWs c¢,,, [4,49], we
consider G4x = 0 and G5 = const., which guarantees that
Cow = 1 [50-52].

The correction to the Hubble friction term is related to
G, through the effective Planck mass M as

dln M2,

T M%; = 2G,. (5)

Ay =
The modified GW propagation parameters are given by [16]

im M. (0) N amo
oo Mg (2) 2(Ep—1)°

—
—
=

(6)

0 =

where @, is @), at the present time.

As an example of Horndeski theories, we consider
f(R) gravity where the Einstein-Hilbert action is modified
with R — R + f(R) for an arbitrary function f. G4 then
becomes

1+ fr
2

G4 = M]23’ (7)

where My is the Planck mass that is related to the effective
Planck mass as Mp = lim,_, M(z). fr = f'(R) and a
prime represents a derivative with respect to R. For such a
model, =, and n are given by
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TABLE I. Mapping of the modified GW propagation param-
eters (Eg,n) to parameters in scalar-tensor theories (top) and
phenomenological models for ), or the effective Planck mass
M g (bottom) [16].

Non-GR Model Hy—1 n
HS f(R) [53] 3fro e
designer f(R) [54] —0.24Q%/°B, 3.1
D 1 3(i+1)Q,
Brans-Dicke [55] 5 0¢ho <4TQMW
power law a,; [56] "2—”20 n
DE density ay, [56,57] T -
power law Mg [58] 19, i

_ 1
':‘0:\/1+fR0z1+§fR0’ (8)

where the subscript O corresponds to the present value. In
particular, we consider a model proposed by Hu and
Sawicki (HS). &, and n for the HS f(R) gravity are given
in Table I where 7 is a positive integer and €, is the matter
energy density parameter.

f(R) gravity is a special case of Brans-Dicke theory [55].
G, and G, in the latter theory is given by

M
2 ki

Gy(g) = (10)
and G, = -U(¢) + Xw(¢)/p, where @ is the Brans-
Dicke function and U is the scalar field potential. The
theory reduces to f(R) gravity when @ = 0. The mapping
of (Ey,n) to Brans-Dicke theory is given in Table I,
where o¢g = ¢y — 1.

2. Phenomenological models

The second model we consider is a phenomenological
parametrization on «;, motivated by a time-varying effec-
tive Planck mass M. We consider two different para-
metrization for a,:

(i) power law:

ay = ayod"; (11)
(i1) dark energy density:

Q,(a
Ay = a0 éio), (12)

where Q, is the dark energy density parameter.
Once again, E, and n for these models are summarized in
Table I.

In Appendix A, we review other models within
Horndeski theories and phenomenological classes, and
give the mapping to (Z,,n) in Table 1.

III. REDSHIFT INFERENCE THROUGH
TIDAL EFFECTS

To probe gravity from the luminosity distance-redshift
relation in Eq. (3), one needs an independent measurement
of d; and z. The former is measured from the amplitude of
GWs while the latter is more challenging to measure as it
typically degenerates with the mass. If a BNS event has an
associated EM counterpart, one can use the redshift
information of the host galaxy, which has been used for
GW170817 to measure the Hubble constant [6] and also to
give future forecasts on testing the modified GW propa-
gation [25]. However, BNS events with EM counterparts
are expected to be rare, with a fraction of only ~1073 or
so [41].

An alternative method to measure the redshift with GW
observations alone is to use the tidal effect [30]. Such an
effect in BNS is characterized by tidal deformabilities or
Love numbers that depend on the intrinsic (source-frame)
masses of NSs. Together with the redshifted mass meas-
urement, one can break the degeneracy between the redshift
and the mass to extract the former. This method requires
one to know the nuclear matter equation of state a priori
which still has relatively large uncertainties. One may use
future GW observations of nearby BNS sources (z < 0.1)
with EM counterparts to determine the equation of state,
and use those of BNSs with large z to probe the modified
GW propagation [30,59].

Let us explain this tidal method in more detail by taking
NRTidalv2 [60,61] as an example. The tidal contribution to
the gravitational wave phase in the frequency domain is
given by

13
wr(x) = —S—U’%ffxﬂzp(x)’ (13)

where x = (zM_f)'/? with M, = (1 +z)M is the total
redshifted mass with M representing the intrinsic total
mass, v representing the symmetric mass ratio mymg/
(my + mp)? and f is the observed GW frequency. P(x) is a
Padé-resummed function given by

L ngx e+ nypx? + npx? + ns x4 gy

P(x
( ) 1 +d1x+d3/2x3/2+d2x2

(14)

where the coefficients can be found in [60]. k. is related to
the tidal Love number k as

ot — % Kl 4 12%) (i—j)sk/* + (Ao B)]. (15)
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Here, subscript A and B denotes the two component stars,
X,=my/M and the compactness is given by C, =
my /R, with the stellar radius R4. Since k depends on
the intrinsic stellar mass instead of the redshifted one, the
tidal effect can be used to extract the redshift information
from a GW observation alone.

IV. FISHER ANALYSIS

In this paper, we carry out a parameter estimation based
on a Fisher analysis [62], which is valid for sources with
sufficiently large signal-to-noise ratios (SNRs). We perform
two different Fisher calculations, one for the redshift
estimate and another for the modified GW propagation
parameter estimate. Below, we will explain each of these
Fisher analyses in turn.

A. Redshift estimate

The first step is to estimate the measurability of the
redshift by using template gravitational waveforms of
BNSs, which we take as the (nonspinning) IMRPhenomD-
NRTidalv2 waveform [60,61,63,64]. It consists of the
IMRPhenomD waveform for point-particle binaries with
an updated tidal effect added to the phase. The waveform &
in the frequency domain can be written as

h(f) =A(f)e= v, (16)

where A is the IMRPhenomD amplitude2 while y is the
phase given by3

l/’(f) :pr(f) +WT(f)' (17)

Here v, is the (nonspinning) point-particle term that is
taken from the IMRPhenomD waveform while y is the
tidal contribution given in Eq. (13) that is parametrized by
the Love number k. In our analysis, we use the tidal
deformability 4 = (2/3)R°k, which is a function of the NS
mass m. It is convenient to Taylor expand A(m) about a
fiducial mass mg as [30,59]

A= /1() + /11("1 — mo) + O[(I’I’l - mg)z]
= Jo +dym + O[(m — my)?), (18)

where A; are the Taylor coefficients about m while do =
/10 —Almo and /11 = /11.

The NRTidal waveform also has a tidal correction to the
amplitude, though the tidal effect is mostly determined from the
phase and thus we do not include such effects in the amplitude
for simplicity.

*In this paper, we include the tidal phase only in the inspiral
part of the IMRPhenomD phase, though we have checked that
our results are unaffected even if we include the tidal phase also in
the intermediate portion of the waveform.
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FIG. 2. The noise spectral densities for ET [65] and DECIGO
[66]. We also present the GW spectrum for GW170817 and a
BNS with (1.35,1.35) Mg at z = 1. For each GW spectrum, we
show the frequency at ISCO and that at 1 yr, 3 yr, and 5 yr before
coalescence.

One can compute the measurability of parameters
@' from a Fisher matrix as follows. We first assume that
the detector noise is stationary and Gaussian. Then, the
probability distribution of & becomes also Gaussian as

p(0') o exp {-%r,,.(ef _oyoi—on|, (o)

where & are the maximum likelihood parameters. [';; is the
Fisher matrix defined as

r—an /fhigh 8,718];1 df (20)
lj B ' low Sl‘l (f) 7

where 9; = 9/00" while S, is the noise spectral density.
Shigh and fiq,, are the high and low frequency cutoffs to be
discussed later.

= A
Ly = Zrl(j), (21)
A

where A is the label of each detector. Finally, the 16 root-
mean-square error on 6; is given by

A0 = () (22)

In Fig. 2, we present S, for ET and DECIGO, together
with the GW spectrum for GW170817 and a BNS with
(1.35,1.35) M at z = 1. For ET, we choose the low and
high frequency cutoffs in the Fisher matrix in Eq. (20) as

fl(f\? =1 Hz, fl(lli:‘;) = min(fiscos feont)s (23)
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where

1

—, 24
6’27M, (24

fISCO =

is the frequency at the innermost stable circular orbit
(ISCO) while f., is the (redshifted) contact frequency
of two NSs and is given by

1 M
cont — —\/ 25
f t 23/271_( 1 + Z) R3 ( )

for an equal-mass BNS with R representing the stellar
radius. For a NS with a soft (stiff) EOS, the radius is

relatively small (large)’ and fISCO < fcont (fISCO > fcont)-
On the other hand, for DECIGO, we choose the low and

high cutoff frequencies as

(DEC) 1 Mg )38 (1 yr\3/3
=0.233 Hz,
flow ( MZ ) Tobs Z

From =100 Hz, (26)

where M, = Mzn3/ 3 is the redshifted chirp mass, T,

is the observation time and f ]((]))‘f ©) corresponds to the
(redshifted) frequency at T, before coalescence.

Let us now explain parameters &' specific to our analysis.
We use the sky-averaged waveform and the parameters are
given by

0" = (InM_,n,t.,¢.InAlnz). (27)

Here 5 = m;m,/M? is the symmetric mass ratio with
individual masses my, and ¢, and ¢, are the coalescence
time and phase respectively. The amplitude parameter A is
given by A = M3/ /(v/307%/3dE™), which corresponds to
the leading, sky-averaged amplitude in the frequency
domain without the frequency dependence [67]. We assume
the tidal parameters 4, and A, are known a priori from
BNSs with z < 0.1 (we discuss how the imperfect knowl-
edge of the EOS affects the measurability of the redshift in
Appendix C). Regarding fiducial values for Fisher ana-
lyses, we choose m| =my =my=135Mg, t.=0,
¢. =0, and vary z or d7". Fiducial values for Jo and 7,
are summarized in Table II in Appendix C for three EOSs
as representatives of soft, intermediate and stiff classes:
SLy [68], MPA1 [69] and MS1 [70].

B. Parameter estimation for modified GW propagation

We now move onto explaining the second Fisher analysis
for estimating the measurability of cosmological parame-
ters and the modified GW propagation parameter. We
consider a spatially flat Universe and work on the following
four parameters [25]:

TABLEIL  Values of 49[10% gcm?s?], ,[(10°° gem?s?/My)]
and their standard deviations for Gaussian priors for SLy and
MSI. The priors are taken from the results of two cases under the
detection of HLV in Sec. 5.4 in [59], the pessimistic case with
30 BNSs and the optimistic case with 384 BNSs.

SLy MSI1
Pessimistic Optimistic Pessimistic Optimistic
(30 BNSs) (384 BNSs) (30 BNSs) (384 BNSs)
Ao 4.46 12.41
3, 0.039 0.014 0.029 0.009
X -1.99 -3.35
o3, 0.025 0.0125 0.019 0.009
pi = (lnHo,anM,Wo,Eo). (28)

Here H is the Hubble constant, Q,, is the matter energy
density parameter at present time, wy, is the equation of state
parameter for dark energy [71 ,721* while =, is the modified
GW propagation parameter in Eq. (3). The luminosity
distance measured by EM observations depends only on the
first three parameters in Eq. (28) as

z dzZ
o H(Z)

di™(z) = (1 +2) (29)

with the Hubble parameter given by

H(2) = Hop/@u (12 + (1= Q) (1 270, (30)

We can construct a Fisher matrix to estimate the
measurability of the parameters p’ by studying how
Indf" depends on each of these parameters and comparing
it with a measurement error on Indj" . Combining infor-
mation from multiple events, we can write down the Fisher
matrix as [59]

FA Z (0Ind;"/dp;)(0ln diw/apj)

(Alndi"),, .

(31)

Here a labels each BNS while A = (gw,em) labels
whether the redshift is measured from GWs through the
tidal effects or from EM counterparts. (Alnd;")7,, is the

total error on Ind;" given by

(Alndf™)?

w dlndf"  \?
(A) — (Alnd% )éw +€A< 82 AZ)

+ (And§™); (32)

lens’

“The equation of state for dark energy is given by Ppg =
woepg Where Ppg and epg are the pressure and energy density of
dark energy.
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with €,,, = 1 and €, = 0. The first term on the right-hand

side is the measurement error on Indj" through GWs, the
second term is due to the measurement error on the redshift,
while the last term is due to the gravitational lensing
given by [73]

(AIndf" ) = 0.052. (33)
The first two terms are computed from I';; in the previous
subsection, either with ET alone or with the multiband
observations. For BNSs with redshift identified from EM
counterparts, the measurement error on the redshift is
typically negligible and we drop the second term in
Eq. (32) (i.e., €¢y = 0) for such cases.

In this paper, we follow [59] and assume that all BNSs
are identical except for their redshifts. Under this
assumption, one can turn the summation in F;; into an
integral as

A _ /Zmax (0Ind}"/0p;)(0Ind;" /0Op;)
z

v (Aln diw)%A)

R(z)dz. (34)

min

We choose the minimum and maximum redshifts (z,,;, and
Zmax) @S Zmin = 0.1 and z,,,x = 2. This is because we use
BNS sources with z < 0.1 (with EM counterparts) to
determine the NS EOS while the SNR becomes too small
for detection when z > 2.” R(z) is the distribution of BNS
mergers which is given by [75]

4rr?(z)ngs(z)
R(z) = ——————2T.., 35

(Z) H(Z)(l +Z) obs ( )
in which 725 = 107 Mpc=3 yr~! [76] is the current BNS
merger rate, r(z) is the comoving distance, and

1+27
S(Z):{%<s—z>

shows the redshift evolution of the merger rate. We show
the BNS merger rate within each redshift bin and the
accumulated merger rate up to a given redshift in Fig. 3.

Unlike the multiband GW observations of stellar-mass
black hole binaries with ground-based detectors and LISA
whose rate is much lower than that with ground-based
detectors alone [31], the rate for joint detection of GWs
from BNSs with ET + DECIGO is comparable or even
higher than ET alone. This is because the signal-to-noise
ratio (SNR) of BNS GW detection with DECIGO is higher
than that of ET, as can be seen from Fig. 2. Thus, DECIGO

(z<1)

(1<z<5)’ (36)

The SNR for a sky-averaged BNS at z =2 with ET is 4.5
which may be smaller than the detection threshold SNR, though
the latter may be reduced if we have additional information from
DECIGO for multiband observations (see, e.g., [74] for a related
work).

LOx10" TRy
[ |— accumulated merger rate

T 8.0x10°

) I

"Q") 5

S 6.0x10

=

5 I

an

S 4.0x10°

E ]

w2

Z 2.0x10°

FIG. 3. The BNS merger rate per unit redshift (R(z)) and the
accumulated number of events up to a given redshift ( [§ R(z)dz)
as a function of z.

can detect GW signals from BNSs whose signals can also
be detected with ET. Moreover, since DECIGO will be able
to give a precursor alert to ET, the detection SNR threshold
may be lowered (as we explain in footnote 5), which will
increase the rate compared to the case with ET alone.
Given that various cosmological observations, including
cosmic microwave background (CMB), baryon acoustic
oscillation (BAO) and supernovae, measured cosmological
parameters with some errors, one can impose prior on such
parameters for our Fisher analysis. For simplicity, we
impose Gaussian priors with standard deviation ¢°; for
each parameter. The Fisher matrix for BNSs with redshift
identification due to EM counterparts is given by

(‘7(1),1')2 '

Flem) — gptem

Ly 1

(37)

Here « is the fraction of total BNSs with which the redshifts
are identified through their EM counterparts [41]. One can
further add BNSs whose redshift is identified through the
tidal measurement of GWs as

((j’_")z . (38)

m(gwtem) (gw) (em)
Fi —(l—a)Fij +akb; o +

The 1-6 root-mean-square error on p' can be estimated as

Ap' = \/ (F71),. (39)

We end this section by describing the fiducial values and
priors for p’. For the former, we use Hy =67.64kms~!' Mpc~!,
Q) = 0.3087, wy = —1, Ey = 1. This corresponds to the
ACDM model in GR with the first two parameter values
being the best-fit values from CMB, BAO and supernovae
observations [25]. For the prior, we use [25]
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FIG. 4. The fractional uncertainty of the redshift as a function
of the source redshift with ET and multiband GW observations
(with a 3-yr observation for the latter). We present the results for
SLy (soft) [68], MPA1 (intermediate) [69] and MS1 (stiff) [70]
EOSs. Notice that the uncertainty is insensitive to z and is larger
for softer EOSs.

(0%0, oy a?nHO,a?nQM) = (00,0.0535,0.018,0.039), (40)

which is obtained from the same datasets as those for the
above fiducial values.

V. RESULTS

We now present our main results. We first show the
measurability of redshift with GW observations. We next
use this to compute the measurability of the modified GW
propagation parameter =, and cosmological parameters.
We finally map the projected bounds on E, to those on
example theories within the Horndeski class and example
phenomenological models.

A. Redshift inference

We begin by showing the measurement accuracy
of z with GW observations using ET and multiband
(ET 4+ DECIGO) detections in Fig. 4 for the three repre-
sentative EOSs. Observe that the redshift can be measured
to O(10%) and is insensitive to the BNS redshift. Notice
also that the measurability of z increases as the EOS
becomes stiffer. This is because the NS radius becomes
larger and the tidal effect in turn becomes stronger. We
further see that the multiband detection improves the
measurability of z from the case with ET alone by
~50%. The result for ET in Fig. 4 is consistent with that
in [30]. The difference originates from using, e.g., different
point-particle waveforms (IMRPhenomD v.s. Taylor F2)
and tidal effects (5 and 6PN v.s. NRTidal fit).

Before showing bounds on Z, let us first present in
Fig. 5 different errors on the luminosity distance [Eq. (32)]
in the second Fisher matrix F';;. We chose SLy EOS and the

multiband observation. Notice that the error propagated

0
10 F T E
-1 -
210 °F - L
=) 3 - PR
- p— L - -
< L - PR
+— - e
= 3 - S
(] -
Q e
= o - _
2107
Pl - - redshift (GW) ET
—— redshift (GW) multiband
— — luminosity distance (GW) ET
—— luminosity distance (GW) multiband
- -+ luminosity distance (lensing)
-3 . . . .
10— 1 0
10 10
redshift z
FIG. 5. Various sources of the luminosity distance measure-

ment uncertainties in Eq. (32) as a function of the BNS redshift.
We use the SLy EOS and assume multiband observations (with a
3-yr observation time). Notice that the redshift uncertainty
dominates the error budget throughout.

from the redshift measurement in Fig. 4 dominates
the other two errors (direct measurement of d° from
GWs and the lensing) for both ET alone and multiband
observations. On the other hand, when there is an EM
counterpart, the error from redshift is negligible and it is the
lensing (direct luminosity distance measurement) error that
gives the dominant contribution for multiband (ET alone)
observations.

B. Constraints on GW propagation parameter

Having the redshift measurability at hand, we next
present the measurability of the modified GW propagation
parameter =,. Figure 1 in Sec. I presents such a measure-
ment error on Z for n = 2.5 against the fraction a of the
redshift identification of BNSs through EM counterparts
for ET and multiband observations. We show the results
using BNSs with EM counterparts only (whose redshifts
are identified), and combining BNSs with and without the
counterparts. We chose the SLy EOS and an observation
time of 3 yrs for DECIGO in the multiband observations
(see Appendix B for how the results change with a different
choice of EOSs and observation time). Notice first that
the addition of BNS events without EM counterparts
improves the measurability of E, from the case with EM
counterparts alone by a factor of a few. Notice also that for
the combined case, BNSs with EM counterparts have a
noticeable contribution when a > 0.1 for ET alone and
a 2 0.01 for multiband observations (where the red curves
drop). Furthermore, when a ~ 1 (i.e., most of BNSs have
EM counterparts), multiband observations significantly
improve the bound on Z, from the case with ET alone.
This is because when a ~ 1, the error budget in the
luminosity distance measurement is different between
ET and multiband cases as already explained in Sec. VA
and in Fig. 5.
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0=0.002
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! ‘ ! ‘ ! ‘
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n

FIG. 6. Measurability of Z, against the index » in the modified
GW luminosity distance in Eq. (3) for three representative EOSs.
We consider a multiband observation with combined BNS events
with and without EM counterparts. We fix the fraction of BNSs
with EM counterparts as @ = 2 x 107>, The observational time is
3 years. Observe that the measurability is not very sensitive to the
choice of n.

Next, Fig. 6 presents the measurability of E against the
index n in the luminosity distance ratio expression [Eq. (3)]
for a multiband observation with combined BNS events
(both with and without redshift identification through EM
counterparts) for o = 2 x 1073.° We show the results for
the three representative EOSs. Notice first that the meas-
urement error of E; is mostly insensitive to n and varies
only by ~20%. Notice also that the error decreases for
stiffer EOSs (MS1), which is consistent with the measure-
ment error of z in Fig. 4.

C. Mapping to Horndeski theories

Finally, we consider mapping the bounds on the modi-
fied GW propagation parameter =, to those on scalar-tensor
theories and phenomenological models. The top panel of
Fig. 7 shows bounds on the HS f(R) gravity |fzo| and
Brans-Dicke theory [6¢g| as a function of « for various
choices of the positive integer 7. Observe that the addition
of BNSs with redshift identification through tidal mea-
surements and the use of multiband observations improve
the bounds on these theories from the case with ET
observations of BNSs with EM counterparts by a factor
of 2—-10. Observe also that the bounds are insensitive to a
variation in 7, especially for the multiband case.

®The fraction @ =2 x 1073 is derived for short gamma-ray
bursts assuming that 2% of them points to us and only 10% of
them can have measurable redshift due to noisy spectrum,
dimming at high redshift, etc. [41]. This fraction can be larger
for other sources, such as kilonova, or if we take into account off-
axis emission.

F S T S g
— iy e T EM (ET) ]
10 F e IT T E
g £ Te- / 3
—_ _27
Z107E
= —
— n=4
107
T
s
2
S 10 — power law,n =1
— power law, i =4 : EM + GW (multi-band)
10'3 — DE density | | | =

107 10" 10° 10° 10" 10°

o

FIG. 7. Top: projected bounds on parameters in the HS f(R)
gravity (| fzo|) and Brans-Dicke theory (|6¢|) as a function of the
fraction a for redshift identification through EM counterparts. We
present the bounds for the following two cases: (i) GW obser-
vations of BNSs with ET where the sources’ redshifts are
identified through EM counterparts only (dashed), and (ii) multi-
band GW observations of BNSs whose redshifts are identified
through either EM counterparts or GW tidal effects (solid). For
each case, we show the bounds for two choices of the positive
index 7. We assume 3-year observations and the SLy EOS. The
dashed vertical line at @ =2 x 10~ [41] corresponds to an
example value for the fraction of BNSs with redshift identifica-
tion. Bottom: a similar bound on the phenomenological ay
models in Egs. (11) and (12).

Similarly, the bottom panel of Fig. 7 presents bounds on
a0 in the two phenomenological models mentioned in
Sec. I B 2. Notice that the amount of improvement on the
bounds with the addition of BNSs without EM counterparts
and multiband observations is similar to those on scalar-
tensor theories in Fig. 7. Notice also that the variation in 7
is larger for this case than that for scalar-tensor theories in
the top panel.

VI. CONCLUSIONS AND DISCUSSIONS

In this paper, we considered using GWs from BNS
mergers both with and without EM counterparts to probe a
modified GW propagation effect in the amplitude due to a
modified friction in the tensor perturbation evolution. For
the events without EM counterparts, we use the tidal
information to break the degeneracy between the redshift
and the mass [30]. We found that by including BNSs
without EM counterparts and using multiband GW obser-
vations between ET and DECIGO, one can improve the
measurability on the modified GW propagation parameter
Zy by a factor of a few compared to the case with ET
observations of BNSs with EM counterparts that has been
studied previously. We further mapped these projected
bounds on E, to those on specific non-GR theories and
phenomenological models. For example, we found that a
parameter in an f(R) gravity can be constrained to
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|fro| < 1072, These findings show the impact of using the
tidal information and multiband observations to probe a
modified GW propagation (or modified friction) effect
entering in the waveform amplitude.

We end by presenting possible directions for future
avenues. One could improve the analysis here by carrying
out a Bayesian parameter estimation study (instead of a
Fisher analysis) and drawing BNSs from a population
model to allow for different parameters (like masses). One
should also relax the sky-averaged assumption and
account for sky location and orientation of a BNS. This
could be important given that there was a strong corre-
lation between the luminosity distance and the inclination
angle for GW170817 [77]. However, in Appendix D, we
carried out an additional analysis by relaxing the sky-
averaged assumption for DECIGO and showed that in
most cases, the measurement error for the luminosity
distance is still smaller than that from the redshift
measurement. This suggests that the result presented here
with the sky-averaged analysis should not change much
for multiband observations even if one accounts for the
correlation. It would be also important to take into account
systematic uncertainties due to imperfect knowledge of
the EOS and certain universal relations may help to break
the degeneracy among various tidal parameters [78—82].
Lastly, one could also attempt to combine the tidal method
presented here with other approaches that do not require
EM counterparts, such as correlating dark sirens with
galaxy catalogs [28,83,84] or using the known NS mass
distribution [85,86].
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APPENDIX A: ADDITIONAL SCALAR-TENSOR
THEORY AND PHENOMENOLOGICAL MODEL

In this Appendix, we present the mapping between the
modified GW propagation parameters (Z,, n) to additional
scalar-tensor theories and phenomenological models, and
present future projected bounds on these theories/models
through tidal measurement of BNS mergers. The mapping
is summarized in Table I.

(i) Designer f(R) gravity [54]: Other than the HS
model, an interesting f(R) gravity model includes
the designer model that exactly reproduces the
standard cosmological expansion history. The
model is characterized by the Compton wavelength
parameter

\\‘L‘_‘__ T T T T T
e EM (ET)
— 10" Tl
a 7 ]

L © EM + GW (multi-band)~
102 B I B Raae
10" EM (ET) 3

E = E-_==--~:::?\._-h-"‘_*—55:“‘2-_~- E

EJr : TS Eraaa ]
= 0% —g=1

- Ezg EM + GW (multi-band) ™4

- ]
10—3 —on=AL el
107 10 10” 107 10" 10°
o
FIG. 8. Similar to Fig. 7 but for the bounds on the Compton

wavelength parameter |By| in the designer f(R) gravity (top) and
|Q. | in the power law Mg formalism (bottom).

Hfp

Bo=—B | & 21050764,
0 H'(1+ fr)lo w0

(A1)

The top panel of Fig. 8 presents the bound on |By|
with GWs from BNSs using a three-year observa-
tion of a multiband network as a function of a. We
used n = 2.34, which is close to n = 2.5 in Fig. 1
and thus follows the same trend. Observe that the
bounds on By, increases by a factor of 2-5 if we add
BNS events without EM counterparts.

(i1) power law M : On top of the phenomenological
models for a,;, we consider a phenomenological
model on the effective Planck mass M. As an
example, we consider a simple power law model for
M?; given by [58]

1 _
M :g(l +Q.d"), (A2)

where €2 and 7 are constant parameters. @, in this
model is given by

P ii-1
nQ, a

=, A3
1+Q,.a" (A3)

Ay

Using the mapping in Table I, we present in the
bottom panel of Fig. 8 the projected bounds on |Q_ |
for BNSs with and without EM counterparts for
various 7. Observe that the addition of BNSs with-
out EM counterparts improve the bound by an order
of magnitude for small a and 7. On the other hand,
the improvement is by a factor of a few irrespective
of 7 when a ~ 1.
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FIG. 9. Measurement errors on the modified GW propagation
parameter =, as a function of a for three different observation
periods. We consider BNSs with redshift identified from EM
counterparts only (blue), as well as those with redshift identi-
fication by EM and GW observations (red). We fix n = 2.5,
choose the SLy EOS and consider multiband observations.

APPENDIX B: OBSERVATION TIME AND
EOS DEPENDENCE ON AE,

In this Appendix, we carry out some additional
investigations on the measurability of Z; with multiband
GW observations. Figure 9 presents how AZE,; depends
on the observation period. Notice that the observation
time has the most significant effect when a ~ 1. For this
case, the error on the luminosity distance measurement
is dominated by the lensing that is independent of the
observation time. Moreover, the prior on the second
Fisher matrix F ij in Eq. (37) is less important and the

measurability scales with T;bls/ * since the number of
BNS events increases linearly with T, [see Eq. (35)].
On the other hand, for smaller a, the prior on Fj;
becomes more important and the above scaling breaks
down. Notice also that the observation time has a larger
effect on the case with all BNSs (with and without EM
counterparts) than BNSs with EM counterparts only.
This is because for the former, the error on the
luminosity distance measurement is dominated by the
redshift uncertainty, and a longer observation time helps
more to break the degeneracy between the redshift and
other parameters.

Figure 10 presents AE, with multiband observations
for the three representative EOSs. For the case with
BNSs with EM counterparts alone, EOS only affects the
first Fisher matrix fij through the maximum frequency
cutoff. Since the effect is small, we only consider the
SLy EOS for this case. Notice that the measurability of
&, improves as we make the EOS stiffer. This is as
expected from the measurability of the redshift from
Fig. 4.

Tobs =3yrs, n=2.5

10"
C — EM+GW (SLy)
— EM + GW (MPAI)
— EM +GW (MS1)
o
[1] -2
Y 107
-3 Lol Lol A Lol vl R
1075 - - - -
10° 10" 10° 107 10" 10

o

FIG. 10. Similar to Fig. 9 but showing how AZE, varies with
EOSs. We fix Ty, = 3 yrs and n = 2.5.

APPENDIX C: INCLUSION OF 1, AND 1,

In this Appendix, we study how the imperfect knowledge
of the EOS may affect the measurability of the redshift. For
this, we include 4, and 4, into a search parameter set &' in
Eq. (27) for the first Fisher analysis:

0" = (InM,.n,t.. .. InA,InJy,In1;,Inz). (Cl)
For simplicity, we follow [62,87] and assume a Gaussian
prior with standard deviations ¢ and o; . The effective
Fisher matrix now becomes

= ) , 9
Fl” = Fl” + .
J ; ] (661,)2

To give an example, we consider a prior for 4, and 4,
that corresponds to measuring them through a network of
LIGO Hanford/Livingston and Virgo (HLV) shown in
Table II that is taken from [59]. Following this reference,
we assume that all BNSs with z < 0.1 detected through
such a network has EM counterparts and can be used to
measure o and 4;. This is somewhat optimistic, though the
authors in [59] found that the measurability of these tidal
parameters do not change much even if one only uses BNSs
with z < 0.05.

Figure 11 presents the measurability of the redshift for
multiband GW observations where 4, and 1, are included in
the search parameter for Fisher analyses for the SLy and
MS1 EOSs. We consider a pessimistic (optimistic) case
with 30 (384) detected BNSs with z < 0.1 for a 3-yr
observation. For reference, we show the result without ;10
and Z; in the search parameter set from Fig. 4. Notice that
the uncertainty in the EOS affects the measurability of the
redshift only for BNSs with low z. Moreover, such an
uncertainty on the EOS will be reduced if one uses ET

(€2)
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FIG. 11. The measurability of the redshift with multiband GW

observations for the case where (i) the EOS is known a priori and
(ii) 4o and 1, are obtained from a network of HLV observations
[59]. For the latter, we consider both pessimistic (30 BNSs) and
optimistic cases (384 BNSs) for 3-yr observations. We show the
results for SLy (soft) and MS1 (stiff) EOS.

instead of LHV. We thus expect the effect of imperfect
knowledge of the EOS to be small and neglect them in the
main text.

APPENDIX D: DEGENERACY BETWEEN
LUMINOSITY DISTANCE AND BINARY
ORIENTATION

In this Appendix, we estimate the amount of degeneracy
between the luminosity distance and binary orientation for
multiband observations. Since the measurability of the
luminosity distance for the multiband observation is
mostly determined by observations with DECIGO (due
to its high SNR and a large effective baseline of 1 AU), we
focus on the latter for simplicity. The binary inclination
varies over time due to the motion of DECIGO, and thus it
is useful to work in a barycentric frame (centered at the
Sun) [67,88-90]. In such a frame, we can describe the sky
location of a BNS by (0,,¢,) and the direction of its
orbital angular momentum as (6, , ¢; ). Following [90], we
perform a new Fisher analysis with search parameters
given by’

"In this Appendix, we do not include z since we focus on
DECIGO which is insensitive to the effect close to merger. This
does not affect the luminosity distance measurement since the
amplitude parameters are mostly uncorrelated with the phase
parameters.

DECIGO, 3yr, z=1

e <o 2
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‘ ‘ ‘

(=}
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FIG. 12. Histogram for the probability of the luminosity
distance measurability with DECIGO for at z = 1 whose sky
location and orientation are randomly distributed. The black
dashed vertical line shows the measurability with the sky-
averaged case. Notice that most of binaries have the fractional
error of less than 10% even if we account for the degeneracy
between d;" and binary orientations.

0" = (lnMvr]’tC’qﬁc’lnA’9s7¢s’6L1¢L)’ (Dl)
and we take into account the motion of the detectors. We
use a restricted post-Newtonian waveform where we only
consider the leading Newtonian contribution for the
amplitude while we include up to 2PN order in the phase.
We carry out a Monte Carlo simulation in which we
consider 10° BNSs at z = 1 with the angle parameters
randomly drawn from a uniformly distribution in cos 6,
¢, cosO; and ¢; [67,89,90].

Figure 12 presents the distribution of the luminosity
distance measurability for a 3-yr observation with
DECIGO for BNSs at z = 1. For comparison, we also
show the measurability when we use a sky-averaged
waveform as done in the main part of this paper, which
roughly agrees with the blue solid curve in Fig. 5 at
z =1 (suggesting that the error is indeed determined
from the DECIGO measurement for multiband obser-
vations). Notice that although the sky-averaged analysis
underestimates the error, the measurement error is
below 10% for most of BNSs and thus does not exceed
the error on the luminosity distance from the redshift
measurement. This shows that the bound on E; for
multiband observations found in this paper through
the sky-averaged analysis will not be affected much
even if we include the effect of binary sky location and
orientation.
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