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Abstract

A subset of gamma-ray burst X-ray afterglows show a rapid decline best interpreted as the collapse of
a newly born neutron star into a black hole. We measure the collapse time of 18 such neutron stars from
the X-ray afterglows of 72 short gamma-ray bursts observed by Swift . We apply hierarchical inference to
infer properties of the neutron star equation of state and dominant spin-down mechanism. Our inference
on the maximum mass, MTOV depends sensitively on the assumed binary neutron star mass distribution.
In light of GW190425, this mass distribution is likely different from the mass distribution for galactic
double neutron star systems. We show that our constraints depend on the fraction of binary mergers that
form through a distribution consistent with the locally-measured population and one that can explain
GW190425. Marginalising over this unknown fraction, we measure MTOV = 2.31+0.36

−0.21M⊙.
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1. Introduction

The historic first detection of gravitational waves from
a binary neutron star inspiral coincident with a short
gamma-ray burst confirmed that binary neutron star
mergers are the progenitors of some short gamma-ray
bursts (Abbott et al., 2017). However, despite the ex-
tensive observations we are still unsure about the nature
of the post-merger remnant of GW170817 (e.g., Ai et al.,
2019).

Understanding the fate of the post-merger rem-
nant is important as, combined with the mass from
gravitational-wave measurements, the inferred fate can
be used to measure maximum allowed non-rotating mass
against gravitational collapse, MTOV, a critical measure-
ment for determining the behaviour of matter.

Some X-ray afterglows of short gamma-ray bursts
show a sharp drop in luminosity which is best interpreted
as evidence for a supramassive neutron star that later
collapsed into a black hole (Rowlinson et al., 2010; Rowl-
inson et al., 2013; Lü et al., 2016). The time at which
supramassive neutron stars collapse is dependent on the
nuclear equation of state, which in turn sets MTOV, the
spin-down mechanism, and the mass and initial spin of
the progenitor. In Sarin et al. (2020), we measured this
collapse time from the afterglow of 18 short gamma-ray
bursts, combining these measurements we measured sev-
eral properties of these post-merger remnants. Here, we
briefly discuss this analysis and results specific to MTOV.

For results on the equation of state and the spin-down
mechanism and detailed methodology we refer the reader
to Sarin et al. (2020).

2. Measuring the collapse time

We measure the collapse time of a supramassive neutron
star as the time of the sharp drop in the X-ray afterglow.
Our model for the luminosity evolution of a supramassive
neutron star is,

L(t) = AtΓ +H(tcol − t)L0
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Here, t is the time since burst, n is the braking index,
A and Γ are the power-law amplitude and exponent, re-
spectively, which together describe the emission from the
tail of the prompt, L0 is the initial luminosity at the on-
set of the plateau phase, τ is the spin-down timescale,
and tcol is the collapse time. We fit this model to the
X-ray afterglows of all short gamma-ray bursts observed
since the launch of Swift and measure tcol. We show our
fit to the data for two representative short gamma-ray
bursts in Fig. 1.

3. Population properties

Individually, these events cannot constrain MTOV as
they do not have an accompanying mass measurement.
However, by considering a population, we can start to
constrain various properties of these post-merger rem-
nants.



Fig. 1. X-ray lightcurves for GRB160821B (left panel) and

GRB071227 (right panel) indicating signature of a collapsing neu-

tron star. Black points indicate flux data from Swift. The blue

curve shows the maximum likelihood and the dark red band is the

superposition of 100 predicted lightcurves randomly drawn from

the posterior distribution.

Through the analysis described in Sec. 2., we measure
the collapse time of 18 supramassive neutron stars. We
model the distribution of collapse times via,
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Here, γi describes the dominant spin-down mechanism,
Mp is the mass of the post-merger remnant, p0 is ini-
tial spin period, and α and β parameterise an equation
of state (see (Lasky et al., 2014) for details). Here, pa-
rameters denoted with i are unique to each event while
parameters without are the same for the entire popula-
tion. It is these latter parameters that we want to infer.
Short gamma-ray bursts not accompanied with a detec-
tion of gravitational waves provide no measure for the
mass of the remnant, we therefore marginalise over the
mass, to do so we need a suitable prior. Observations of
GW190425 suggest that the local distribution of binary
neutron stars is a poor representation of binary neutron
stars that merge. Therefore, we assume the mass distri-
bution of binary neutron stars that merge to be a mixture
of a distribution that can explain the local binary neu-
tron star population and GW170817, and one that can
explain GW190425. We let the mixing fraction ǫ be a
free parameter. This fraction is currently unknown but
will soon become measurable with future gravitational-
wave measurements.
With this prior on Mp we combine our 18 collapse

time measurements and derive a constraint on MTOV.
We show our one-dimensional posterior distribution on
MTOV in Fig 2.

4. Conclusion

We measure MTOV = 2.31+0.36
−0.21M⊙ marginalising over

the unknown mixing fraction between binary neutron
star mass distribution that can explain locally observed
binary neutron stars and GW170817, and one that can
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Fig. 2. One-dimensional posterior distribution onMTOV marginalised

over the unknown mixing fraction ǫ and for ǫ = 0

explain GW190425. If instead the mixing fraction ǫ = 0
(i.e GW190425 is not a binary neutron star merger) then
we measureMTOV = 2.26+0.31

−0.17M⊙. These measurements
are consistent with observations of high mass pulsars
(Antoniadis, 2013; Cromartie et al., 2019) and compa-
rable to MTOV inferred from GW170817.

These high values for MTOV suggest that a non-
negligible fraction of binary neutron star mergers will
result in the immediate formation of a neutron star.
This has important implications for kilonovae and short
gamma-ray bursts, in particular as there is growing be-
lief that the latter may not be launched without a black
hole central engine (see Beniamini et al. (2020)). If black
hole central engines are required, a significant fraction
of binary neutron star mergers will not produce a short
gamma-ray burst.

5. Acknowledgements

N.S is grateful to the organisers of the Yokohama GRB
conference for hosting a wonderful meeting and for travel
support. This research was supported by an Australian
Government Research Training Program (RTP) Schol-
arship. P.D.L. is supported through ARC FT160100112
and DP180103155.

References

Abbott, B. P., et al. 2017, PRL, 119, 161101
Ai, S., et al. 2019, arXiv:1912.06369
Antoniadis, J. o. 2013, Science, 340, 448
Beniamini, P., et al. 2020, arXiv:2001.00950
Cromartie, H. T., et al. 2019, Nature Astronomy, 439
Lasky, P. D., et al. 2014, PRD, 89, 047302
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