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ABSTRACT

Recent work by Moroianu et al. (2022) has suggested that the binary neutron star (BNS) merger
GW190425 might have a potential fast radio burst (FRB) counterpart association, FRB20190425A,
at the 2.80 level of confidence with a likely host galaxy association, namely UGC10667. The authors
argue that the observations are consistent with a long-lived hypermassive neutron star (HMNS) that
formed promptly after the BNS merger and was stable for approximately 2.5 hours before promptly
collapsing into a black hole. Recently, Bhardwaj et al. (2023) conclusively associated FRB20190425A
with UGC10667, potentially providing a direct host galaxy candidate for GW190425. In this work,
we examine the multi-messenger association based on the space-time localization overlaps between
GW190425 and the FRB host galaxy UGC10667 and find that the odds for a coincident association are
O(5). We validate this estimate by using a Gaussian Process (GP) density estimator. Assuming that
the association is indeed real, we then perform Bayesian parameter estimation on GW190425 assuming
that the BNS event took place in UGC10667. We find that the viewing angle of GW190425 excludes an
on-axis system at p(6, > 30°) ~ 99.99%, highly favoring an off-axis system similar to GRB 170817A.
We also find a slightly higher source frame total mass for the binary, namely, miotal = 3.42f8€’%M@,
leading to an increase on the probability of prompt collapse into a black hole and therefore disfavors
the long-lived HMNS formation scenario. Given our findings, we conclude that the association between
GW190425 and FRB20190425A is disfavoured by current state-of-the-art gravitational-wave analyses.
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1. INTRODUCTION

The first detection of gravitational waves by Advanced
LIGO (Aasi et al. 2015) and Virgo (Acernese et al. 2014)
from the merger of two neutron stars, GW170817, al-
lowed for the first multi-messenger studies using both
gravitational wave data (GW) and electromagnetic ob-
servations (EM) (Abbott et al. 2019). Following the bi-
nary neutron star (BNS) merger, a burst of short gamma
rays (sSGRB) was detected by Fermi and INTEGRAL
about 2 seconds after the GW emission (Abbott et al.
2017). As NS matter collided, a Kilonova (KN) was
produced and was eventually observed 11.4 hours af-
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ter GW170817 was detected (Soares-Santos et al. 2017;
Nicholl et al. 2017). This allowed for the unique identifi-
cation of the host galaxy of GW170817, a relatively old
and massive galaxy, namely NGC4993. Follow-up, radio
observations determined a radio afterglow that was first
observed around 100 days after GW170817 and that is
still detectable to date (Balasubramanian et al. 2022).
The detection of GW170817 and its many EM coun-
terparts, in particular, GRB 170817A allowed for the
study of the statistical significance that both the GW
and sGRB events originated from a common astrophys-
ical source. Given the two second time delay between
GW170817 and GRB 170817A as well as the typical
Fermi sGRB detection rate, it was concluded that from
timing considerations alone, the coincident (common
source) hypothesis was favored by O(10°) times more
than a mere chance of random association. Further stud-
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ies (see for example Piotrzkowski et al. (2022)), used
the small localization volume for GW170817 and its
host galaxy, NGC4993, to study the statistical chance
of spatial association. These studies arrived at simi-
lar conclusions, however, we note that the most strin-
gent constraints were placed by the time delay between
GW170817 and GRB 170817A. With such strong odds,
it is believed that these two events and the follow-up EM
observations were all due to the first detectable merger
of neutron stars in both gravitational waves and light.

During the first half of the LIGO-Virgo-KAGRA
(LVK) third observing run (O3a) (Abbott et al. 2021a;
Akutsu et al. 2021), GW190425, a second high-
confidence detection of GWs from a BNS merger was dis-
covered (Abbott et al. 2020b). The gravitational waves
were observed initially only by the LIGO Livingston ob-
servatory but Virgo was also functional at the time. The
two detector network detection did not allow for precise
sky localization and GW190425 was localized to around
10° deg® in the sky. The large sky localization region
and the fact that this event happened at a distance of
about 200 Mpc did not allow for the detection of any
confidently associated electromagnetic counterparts in
low latency.

Recent work by Moroianu et al. (2022), has found
evidence at a 2.80 level, for the association between
GW190425 and the fast radio burst FRB20190425A de-
tected by the CHIME Collaboration about 2.5 hours af-
ter the BNS merger with a likely host galaxy associa-
tion, namely UGC10667. Using approximately a cou-
ple orders of magnitude precise baseband localization of
FRB20190425A, Bhardwaj et al. (2023) robustly associ-
ated UGC10667 as the host galaxy of FRB20190425A,
with a probability of chance association of < 0.1%.

Given the total mass for GW190425 was found to be
3.470% Mg, the LVK collaboration suggested that the
two neutron stars most likely collapsed into a black hole
promptly. This is consistent with our current constraints
on the equation of state (EOS) for dense nuclear matter
(Abbott et al. 2020a). Moroianu et al. (2022) and Zhang
(2022), however, put forward a proposed scenario to sug-
gest a mechanism for the potential FRB emission and
to explain the delay of the merger. In order for the pro-
posed neutron star to not collapse directly into a black
hole, it is necessary to invoke a highly spinning remnant,
as this might provide increased mass support, as well as
a stiffer EOS and potentially an exotic compact object
as one of the binary components, e.g., a quark star. The
hypermassive NS would then survive the direct collapse
for about 2.5 hours until it collapses into a black hole
ejecting its magnetosphere in the process leading to the
production of FRB20190425A.

In this work, we re-examine the association between
GW190425 and FRB20190425A by considering spatial
and temporal coincidence including the limited field of
view of CHIME. We assume that UGC10667 is the host
galaxy for both GW190425 and FRB20190425A in our
posterior odds calculations. We then perform GW pa-
rameter estimation on GW190425 under the assumption
that UGC10667 is indeed the host for both transients to
have a direct measurement of the viewing angle to the
BNS event as well as improved mass estimates.

2. GW190425 AND FRB20190425A ASSOCIATION

To examine the association between the gravitational-
wave event GW190425 with its potential EM counter-
part FRB20190425A, we follow the formalism in Ash-
ton et al. (2018, 2021) to compute the posterior odds
for a common source for the two transients. We com-
pare two hypotheses: a common source C, in which
the GW190425 post-merger remnant produces an FRB
counterpart by ejecting its magnetosphere before col-
lapsing onto a black hole (Moroianu et al. 2022); and a
random coincidence hypothesis R, in which both events
are entirely distinct.

The agreement between posterior distributions, under
the common source hypothesis, is quantified by the pos-
terior overlap integral. For a given set of parameters 6,
the integral is defined as,

[ p(0ldaw, C)p(0ldsar, C)
To = / (0]C)

do. (1)

where p(|dgw, C) is the parameter’s posterior given the
GW observation, p(f|dgm,C) is the parameter’s prob-
ability from EM and 7(6|C) is the parameter’s prior
distribution.

Considering both spatial and temporal coincidences
between the GW and FRB observations, as mathemat-
ically derived in Ashton et al. (2018) Eq. (5), the pos-
terior odds between the two competing hypotheses can
then be calculated as,

Oc/r =7c/rIp, 0L, = no/rIp ZaLi.  (2)

where Zp, o is the overlap integral for the 3-dimensional
localization volumes between the two transients and Zp,
and Zg are the overlap integrals for the approximately
disjoint luminosity distance and sky localizations respec-
tively. The temporal overlap integral is given by Z;_  and
To/r is the ratio of probabilities for the two hypothe-
ses based solely on prior information, e.g., the detection
rates for the transients.

2.1. Spatial overlap
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To measure the posterior odds of GW190425 being
associated with FRB20190425A we use the publicly
available LVK posterior samples on the parameters of
GW190425 (Abbott et al. 2020b, 2021b),(LVK Scientific
Collaboration 2020a).

The joint posterior overlap integral Zp, o requires
interpolating the three-dimensional posterior density
p(Dr,Qdgw,C). Since GW190425 was not a well-
localized event, the density surface presents degenerate
correlations and non-Gaussianities. To assess the good-
ness of the three-dimensional fit, we look at the one-
dimensional slice of the interpolation and of the GWTC-
3 samples over the FRB sky location, as shown in Fig-
ure 1. For comparison purposes, we compute the in-
terpolation with ligo.skymap’s ClusteredKDE (Singer
et al. 2020) as well as with the publicly avaliable LVK
3D skymap. We also interpolate the posterior distri-
bution with a Gaussian Process (GP) density estima-
tor (D’Emilio et al. 2021), which comes with an associ-
ated fit uncertainty. As best illustrated by Figure 1, we
believe the public 3D skymap interpolation to be inac-
curate in three dimensions since important density fea-
tures are smoothed out. Hence we only report results
obtained with the ClusteredKDE and the GP density
estimates.

To better understand the individual contributions of
the joint integral, we also calculate the odds association
by approximating Zp, o =~ Ip,Zq. Since the Zp, inte-
gral is in one-dimension, it is computed with a Gaussian
KDE; while the two-dimensional Zg is computed with
the ligo.skymap package. We also compute both in-
tegral interpolations with a GP density estimator, for
comparison. The latter are shown in Figure 2.

2.2. Instantaneous field-of-view of CHIME

In Earth-fixed coordinates, CHIME looks directly over
LIGO Hanford and near the region of the largest an-
tenna response. Moreover, the LIGO-Virgo detector
network preferentially detects signals from directly over-
head/underneath. Due to this, FRBs observed within a
few hours of a GW trigger will have a higher probability
of chance sky position overlap than FRBs observed at
other times.

Therefore, we need to account for this non-negligible
correlation between CHIME and the LIGO detectors
due to CHIME’s instantaneous field-of-view (FOV). We
encode the correlations between the two instruments en-
tirely in the spatial overlap prior, i.e. the denominator
of Eq. (1), such that it corresponds to their common
FOV viewing window. We modify the default full sky
prior 7w(2|Full Sky), from (Romero-Shaw et al. 2020),
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Figure 1. Posterior probability of the luminosity distance
from GWTC-3 samples marginalised along the FRB line-
of-sight (LOS) (black line). The top panel shows low-spin
results, bottom panel shows high-spin results. The marginal
posterior distribution is computed using localization FITS
files (dotted line), a Clustered KDE (dashed line), and a GP
density estimator (solid line). The shaded band shows the
GP’s 20 uncertainty. The LOS PE samples obtained in this
work are also shown here for comparison (as histograms).

by assuming an overlapping time coincidence window of
[-2,2.5] ht.

The instantaneous FOV of CHIME at the time of
the event, centered around our choice of the overlap-
ping time coincidence window defines m(Q2/FOV). This
is shown as the red box in Figure 2, it effectively re-
stricts the full sky prior and hence we expect to reduce
the chances for coincidence by about a factor of 5. The
limited sky prior coincides with a large region of the
GW190425’s skymap, where we have used a GP estima-
tor to interpolate the LVK public samples. We also note
that the location of the presumed host galaxy falls just
about within the 50% probability contours of the GP
density estimator, as shown by black crossing lines.

The posterior overlap integral results are shown in Ta-
ble 1 for both low-spin and high-spin samples and for
both spatial priors 7(QFOV) and w(Q|Full Sky). We
note that the latter are only included for comparison,
since we do believe that the full sky prior causes an over-
estimate of the association odds in the case of CHIME-

I The requirement for coincidence is a window of [—2, 24] h in Mo-

roianu et al. (2022).
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Figure 2. Skymap for GW190425 event, obtained both with
high-spin and low-spin priors. The red box shows CHIME’s
instantaneous FOV at the time of GW190425. Interpolation
was generated with a two-dimensional GP density estimator
(contour lines). The location of FRB20190425A’s most prob-
able host galaxy (UGC10667) is annotated for comparison.

detected counterparts. The GP’s high-spin results are
consistent, within their uncertainty, with the values ob-
tained with KDEs. The GP’s low-spin results present a
larger discrepancy with the KDEs, in some cases. We
blame this on the posterior surface of low-spin results be-
ing narrower and therefore the FRB location lying right
on the edge of the 50% spatial overlap probability con-
tours. We also note that for the approximately disjoint
integral Zp, T, most of the support is given by correla-
tions with the luminosity distance, which increases the
overall integral value. We conclude the values obtained
with the high-spin prior samples, which allow for the
spinning HMNS hypothesis, are the most trustworthy,
and hence we take Zp, o ~ 10.

2.3. Temporal overlap and prior odds

Following Ashton et al. (2018), we can write the tem-
poral overlap integral for the time of coalescence t. for
GW190425 and FRB20190425A as,

L if (e — tpw) € [AP™ID, Apmax
Itc _ At ( EM) [ ] (3)

0 otherwise

where At is defined as the window used to search for GW
and FRB coincident events and where T is the total co-
observation time for both transient surveys. Now, the
prior odds can be written in terms of the GW, EM, and

joint detection rates as,

Row EM (@)

Te/R ™ RowRemT

Since we have little information on the rates of BNS
detections with or without FRB counterparts, specifi-
cally FRB signals detectable by CHIME. For the special
case in which we are in Row ~ Rgw rm < RgwMm, hence
we must thus have,

1

2.4. Posterior Odds

We can now write the posterior odds between the co-
incident hypothesis C' and the random association R
by combining the spatial and temporal overlap integrals
with the prior odds ¢, r. This choice leads to the poste-
rior odds not to explicitly depend on the co-observation
time T', we can therefore write the odds as,

1
(@) ~——-—7 6
C/R REMAt DL7Q ( )

We proceed to estimate Rgy by using the observed
CHIME FRB detection rate using the latest catalog re-
lease (Amiri et al. 2021). Using the 536 FRBs observed
in 341 days, we estimate Ropmve =~ 1.6 dayfl, where we
have made the simplifying assumption that the CHIME
instrument had zero downtime.

The analysis performed in Moroianu et al. (2022)
used a search window around O3a GW triggers of
At = 26 hours (2 hours in the past and 24 hours in
the future). Using the same search window we obtain
(RemAt) ™! = 0.5. Consequently, the posterior odds are
Oc¢/r =~ 5 assuming high-spin spin prior.

We can compute an optimistic estimate for the
posterior odds by using a search window of At =~
3 hours (corresponding roughly to the time delay
between GW190425 and FRB20190425A), obtaining
(RgmAt)™! =~ 5 and thus the corresponding posterior
odds are O¢/r ~ 50. Our full results are summarized
in Table 2. We positively highlight the sensitivity of our
calculations to our prior assumptions, suggesting the im-
portance of careful consideration of the latter. Our opti-
mistic (At = 3 hours) vs agnostic (At & 26 hours) priors
on the time window result in about O(10) discrepancy in
the odds. Similarly, the discrepancy in results between
un-informed (full-sky prior 7(2|Full Sky)) and informed
(spatial overlap 7(Q2JFOV)) priors is about O(5).

3. GW190425 PARAMETER ESTIMATION WITH
UGC10667 AS ITS HOST GALAXY
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Table 1. Spatial overlap probabilities and constituent elements for two spin priors, calculated as-
suming Planck 2015 cosmology and using GWTC-3 samples. We report values obtained with two
KDE methods (public LIGO FITS file for Zo and LIGO.skymap’s ClusteredKDE for Ip, o) and a

Gaussian Process (GP) density estimator.

Ip. .0 Ip;Za Ip, To
Prior assumptions KDE GP KDE GP KDE GP KDE GP
Low-spin  7(Q[Full Sky) | 45.7 72.574¢ 92 81171 124 127t%1 07 64798
7(QFOV) 89 141753 1.8 157715 - - 01 1.27%1
High-spin  7(Q[Full Sky) | 52.1 50.373% 521 63.873% 134 135%%!1 38 4.7%9%
7(QFOV) 101 9.8797 101 12470 - - 0.7 09731

Table 2. Posterior odds O¢,r calculated using the overlap inte-
gral Ip, o for two values for At: the actual search window used
by Morianu et al (2022) and the approximate time delay between

transients.
At =~ 26 hours At =~ 3 hours
Prior assumptions KDE GP KDE GP
Low-spin  7(Q[Full Sky) | 22.8 36.272% 228 362723
7(QIFOV) 45 7.0t 445 705742
High-spin  7(Q[Full Sky) | 26.0 251719 260 251719
7(QFOV) 50 49703 505 49133

We perform Bayesian parameter estimation with
BILBY (Ashton et al. 2019; Romero-Shaw et al. 2020)
using the DYNESTY nested sampling library (Speagle
2020). We use the publicly available strain data for
GW190425 (LVK Scientific Collaboration 2020b) ob-
served by both the LIGO Hanford and Virgo detectors.
To reduce the computational costs, the analysis is per-
formed using the reduced order quadrature approxima-
tion (Smith et al. 2016; Baylor et al. 2019), using the
GW waveform model IMRPhenomPv2_NRTidal (Dietrich
et al. 2017, 2019) which includes both tidal and preces-
sion effects as in (Abbott et al. 2021a). We closely follow
the analysis configuration performed in (Abbott et al.
2021a), namely we maintain the same prior probability
distributions on the GW binary parameters, such that
we produce two sets of results: low-spin and high-spin
priors. These correspond to dimensionless spin mag-
nitudes for both components to be within the ranges
X1,2 < 0.05 and x1,2 < 0.89 respectively.

To investigate the effects on the GW190425 parame-
ter estimation results when we assume that UGC10667
was indeed the true host galaxy, we impose two distinct,
and progressively stricter, constraints: we fix the sky lo-
cation to (a,d) = (255.72°,21.52°), the sky location of

UGC10667 (Moroianu et al. 2022); and then we also fix
the GW luminosity distance to the one of UGC10667,
corresponding to the spectroscopic redshift estimate for
UGC10667 of z = 0.03136 £ 0.00009 (Abazajian et al.
2009), such that the galaxy position is fixed.

In Figure 3, we show the inferred posterior distribu-
tions on the total mass myqs, the mass ratio g, and the
effective inspiral spin parameter y g for GW190425 un-
der both low-spin and high-spin assumptions, and with
both the fixed sky and fixed position configurations.
Similarly, in Figure 4, we show the marginalized poste-
rior distributions on the primary m; and the secondary
mo masses (both in the source frame) for GW190425.
Lastly, the posterior distributions on the luminosity dis-
tance Dy and the inclination angle ¢ are shown in Fig-
ure 5. For all results, we show the GW190425 posterior
distribution inferred by the LVK (Abbott et al. 2020a)
for reference.

For the low-spin prior we find that the total mass and
mass ratio are consistent with the LVK results for the
fixed sky case, namely we find that the mass ratio must
be greater than ¢ = 0.7 at 68% confidence and the to-
tal mass is 3.3070 9% M. Meanwhile, when we fix the
redshift to that of the UGC10667 galaxy position, the
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fixed position case only allows total masses greater than
Moy = 3.3 Mg at 99.9% confidence, namely we find
3.3270-0% M. For all runs, we find consistent posteri-
OTS ON Xeff-

For the high spin prior we find consistent results for all
intrinsic parameters. However, the mass ratio posteriors
are bimodal allowing for mass ratios around ¢ = 0.45
and we can constrain g to be as low as ¢ = 0.3 with 99%
confidence. The total mass in this case is allowed to be
higher than in the LVK case, due to the increased spin
support, see Table 3 for explicit values. As for yeg, we
find that g > 0 at 99% confidence, meaning that the
binary can be highly spinning with positively aligned
spins.

We find that fixing the sky location constrains the lu-
minosity distance and inclination to approximately the
same distribution for both spin prior assumptions, as
shown in Figure 5. This effect can be understood as
coming from the antenna pattern response functions,
which depend on the sky location, constraining how the
GW signal power is divided between both GW polariza-
tion amplitudes.

Since the luminosity distance and inclination angle de-
generacy is broken for all the assumptions considered in
this work, it is useful to show the marginalized posterior
distribution for the viewing angle 6. (shown in Figure 6)
to more clearly show that under the assumption that
UGC10667 was indeed the host galaxy of GW190425
then it must have been an off-axis merger and conse-
quently lead to effects on the expected EM emission
(Bhardwaj et al. 2023).

Finally, we provide a summary of the measured
GW190425 parameters under the assumptions described
in this section. The summary includes both the low-spin
and high-spin prior results, with both the fixed sky and
fixed position assumptions in Table 3.

4. CONCLUSION

In this work, we have investigated the association be-
tween the gravitational-wave event GW190425 and its
presumed electromagnetic counterpart FRB20190425A.
We have re-calculated the probability of association as a
Bayesian hypothesis comparing the hypothesis between
a common source for the transients and the chance of
a random source association. The posterior odds were
calculated, following previous work, as a product of tem-
poral and spatial overlap integrals. We found that the
spatial overlap can marginally support a common source
hypothesis, yielding a value of O(50). However, since
both the CHIME observatory and the LIGO interferom-
eters point in similar directions, the significance of the
spatial overlap is lowered to O(10). The temporal over-

lap integrals yield less favorable results since they take
into account the correlations between the instruments.
The overall posterior odds were found to be O(5) and
to only minimally support the association claimed by
Moroianu et al. (2022).

We further investigate the association by re-
running parameter estimation with the sky location
of UGC10667, the host galaxy for the FRB20190425A
counterpart identified by Bhardwaj et al. (2023), as well
as with its measured redshift. The end-to-end parame-
ter estimation analysis for the claimed associated tran-
sients is shown in this work in its entirety. Some of
these, such as the viewing angle results, have been used
by Bhardwaj et al. (2023) to argue against the associa-
tion hypothesis.

To conclude, we bring forward a word of caution when
performing GW and EM counterpart associations, as
shown in this work, simple spatial and temporal coinci-
dences are useful and can in principle rule out potential
associations (see Ashton et al. 2018), however, for the
case considered, more observations of potentially asso-
ciated GW and FRB counterparts will be needed to po-
tentially shed light on the possibility of such transients
having a common origin.
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Figure 3. Corner plot showing the marginalized posterior distributions on the total mass m¢ot, the mass ratio ¢ and the
effective inspiral spin parameter xesq for GW190425 for both the low spin (left panel) and high spin (right panel) priors under
the fixed sky location (orange) and fixed position (green) assumptions as described in §3. For both cases, we also show the
corresponding results from Abbott et al. (2020a) for reference (blue).
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Figure 4. Marginalized posterior distributions on the primary mass mi and the secondary mass msa (both in the source frame)
for GW190425 for both the low spin (left panel) and high spin (right panel) priors under the fixed sky location (orange) and
fixed position (green) assumptions as described in §3. For both cases, we also show the primary and secondary mass posteriors
from Abbott et al. (2020a) for reference (blue).
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Table 3. Summary of updated parameters for GW190425 using both the low-spin and high-spin priors under
the fixed sky and fixed position assumptions as described in Section 3. We report all mass measurements in
the source frame assuming a Planck 2015 cosmological model.

Low-spin Prior High-spin Prior
Fixed Sky Fixed Position Fixed Sky Fixed Position

Primary mass m1/Mo 1747048 1757008 2.017053 2.1055°5
Secondary mass ma /Mg 1.5579-9% 1.5719:98 1.3570:38 1.3270:58
Chirp mass M/Me 1.437093 1.4427G:901 1.4375:92 1.44275:901
Mass ratio ma/mi 0.89%515 0.89%5:1% 0.6775:29 0.637037
Total mass miot /Mo 3.305:05 3.327001 3.37+9:28 3421034
Effective inspiral spin parameter Yes 0.0179:02 0.01+9:92 0.061998 0.07+0:10
Luminosity distance Dy, 183.7738-2 Mpc - 183.27378 Mpc -
Viewing angle 6, 3787924 dog  56.1114% deg  37.87413 deg  55.67143 deg

T 300+ T T
e VK 2020
250 e Fixed Sky
e Fixed Positio
R,200-
2
~ 150+
@)
100+
50 T T T T T T T
0 1 2 3

Figure 5. Marginalized posterior distributions on the luminosity distance Dy and the inclination angle ¢ for GW190425 for
both the low spin (left panel) and high spin (right panel) priors under the fixed sky location (orange) and fixed position (green)
assumptions as described in §3. For both cases, we also show the results from Abbott et al. (2020a) for reference (blue).
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Figure 6. Marginalized posterior distributions on the view-
ing angle 6, for GW190425 under the fixed sky location (or-
ange) and fixed position assumptions (green) as described in
§3. For both cases, we also show the viewing angle posteri-
ors computed using the results of Abbott et al. (2020a) for
reference (blue). We show both the low spin (light lines) and
high spin (solid lines) prior results for completeness.
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