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The discovery of a radioactively powered kilonova associated with the binary neutron star
merger GW170817 was the first—and still only—confirmed electromagnetic counterpart to a
gravitational-wave event1, 2. However, observations of late-time electromagnetic emission are
in tension with the expectations from standard neutron-star merger models. Although the
large measured ejecta mass3, 4 is potentially explained by a progenitor system that is asym-
metric in terms of the stellar component masses, i.e. with a mass ratio q of 0.7–0.85, the
known Galactic population of merging double neutron star (DNS) systems (i.e. those that
will coalesce within billions of years or less) has, until now, only consisted of nearly equal-
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mass (q > 0.9) binaries6. PSR J1913+1102 is a DNS system in a 5-hour, low-eccentricity
(e = 0.09) orbit, implying an orbital separation of 1.8 solar radii7, with the two neutron stars
predicted to coalesce in 470 million years due to gravitational-wave emission. Here we report
that the masses of the two neutron stars, as measured by a dedicated pulsar timing campaign,
are 1.62 ± 0.03 and 1.27 ± 0.03 solar masses for the pulsar and companion neutron star, re-
spectively; with a measured mass ratio q = 0.78±0.03, it is the most asymmetric DNS among
known merging systems. Based on this detection, our population synthesis analysis implies
that such asymmetric binaries represent between 2 and 30% (90% confidence) of the total
population of merging DNS binaries. The coalescence of a member of this population offers
a possible explanation for the anomalous properties of GW170817, including the observed
kilonova emission from that event.

We have been regularly monitoring the DNS PSR J1913+1102 with the Arecibo radio tele-
scope since its discovery7 in 2012. Our observations have used the Puerto Rico Ultimate Pulsar
Processing Instrument (PUPPI) to coherently remove dispersive smearing from the pulsar signal,
caused by the interstellar free-electron plasma along the line of sight to the pulsar. We analysed
data from this pulsar using standard pulse timing techniques (see Methods).

With a spin period of 27 ms, PSR J1913+1102 was the first-formed neutron star (NS) in this
binary system; this was subsequently recycled by accretion of matter from the progenitor to the
second NS 7. Its timing has allowed a precise measurement of the rate of advance of periastron,
ω̇ = 5.6501 ± 0.0007 degrees per year. Assuming general relativity (GR), this leads to a total
system mass measurement of 2.8887±0.0006M�—the most massive among known DNS systems
(by a 2% margin). In addition, we have now determined two more post-Keplerian (PK) parameters:
the first, the Einstein delay (γ = 0.471 ± 0.015ms), describes the effect of gravitational redshift
and relativistic time dilation, due to the varying orbital velocity and proximity of the neutron stars
to one another during their orbits. The second is the variation of the orbital period caused by the
emission of gravitational waves (Ṗb = (−4.8± 0.3)× 10−13 s s−1).

In Figure 1, we show the GR mass constraints corresponding to each measured PK parameter.
Combining ω̇ and γ we obtain the individual NS masses: mp = 1.62± 0.03M� and mc = 1.27±
0.03M� for the pulsar and the companion respectively, the mass ratio is q = mc/mp = 0.78±0.03.
The observed Ṗb is consistent with the GR prediction for these NS masses; apart from confirming
them, this effect has already provided a unique test of alternative gravitational theories that will be
reported elsewhere8. Table 1 summarises the best-fit model parameters for the PSR J1913+1102
system.
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PSR J1913+1102 is part of a population of several very close DNS binary systems with
moderate orbital eccentricities (. 0.2) and low proper motions (e.g. PSRs J0737−3039A/B9 and
J1756−225110). These imply an evolutionary path in which the second-formed NS was born as
a result of an envelope-stripped helium star progenitor having undergone a supernova with very
little mass loss and low natal kick6, 11, or a rapid core-collapse event due to electron capture onto
an oxygen-neon-magnesium core12–14. Either of these scenarios lead to a low-mass NS7, which is
confirmed by our measurements.

The PSR J1913+1102 mass ratio makes it the most asymmetric among the known DNS bina-
ries that are expected to merge within a Hubble time, which otherwise have q & 0.9. Considering
all known DNS systems, the only one having a similar mass asymmetry is PSR J0453+1559 15,
with q = 0.753± 0.005; however, its orbital period of 4.07 days implies a coalescence time ∼100

times greater than the age of the Universe. In contrast, PSR J1913+1102 has an expected time
to coalescence of 470 Myr, which we determined from the orbital decay rate and other measured
orbital elements.

There are currently nine confirmed compact DNS binaries that are predicted to merge within
a Hubble time, for which precise NS mass measurements have been made6. We have performed
a population synthesis analysis for these DNS systems, including PSR J1913+1102, using their
individual properties and known masses (see also Methods). We find that PSR J1913+1102-like
binaries represent 11+21

−9 % of merging DNS systems (Figure 2), where the quoted value is the me-
dian and the errors represent the 90% confidence intervals. This therefore establishes the existence
of a population of asymmetric DNS systems that is significant enough to potentially lead to the
discovery of several corresponding merger events by ground-based gravitational-wave observato-
ries such as LIGO/Virgo. As such, the discovery of PSR J1913+1102 provides evidence for the
need to account for asymmetric coalescing DNS binaries—approximately one tenth of events—in
understanding merger scenarios and the physics that underpins them.

Observations of the electromagnetic counterparts to the GW170817 event have largely been
related to a relatively large amount of ejecta due to the preceding DNS merger, with mass on the
order of 0.05M�4, 16. This is in tension with standard models of DNS coalescence, which typically
predict at least a factor of 5 smaller ejecta mass, primarily based on the assumption of equal-
mass (or near-equal mass) progenitor DNS binary systems5, 17, 18. Until recently, this has been a
reasonable assumption given the known DNS population6. It is plausible that the anomalously
massive ejecta inferred from the observed late-time emission, in the specific case of GW170817,
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may be explained with an equal-mass system, particularly if one includes a secular component to
the ejecta19–21. The merger may also be explained by the invocation of various models to describe
the observations. These include an off-axis jet from a short gamma-ray burst22, 23; a mildly rela-
tivistic wide-angle outflow that interacts with the dynamic ejecta24, 25; a hypermassive neutron star
remnant of the merger acting as a spin-down energy source26, 27; as well as a hierarchical triple
system in which a disk is formed from a Roche lobe-filling outer star28.

In contrast, numerical simulations have shown that high-asymmetry (0.65 . q . 0.85)
systems will naturally produce larger tidal distortions during the merger phase, and result in larger-
mass and therefore brighter disks than for roughly equal-mass systems18, 29–31. The resulting tidal
effects consistently produce sufficient neutron-rich ejecta to power a kilonova and result in an
enhancement of r-process material32. A sufficiently unequal-mass binary that will merge within a
Hubble time may therefore be responsible for events such as GW170817, particularly in the slow,
∼ 0.04M� red component seen in the latter4. A significant population of asymmetric DNSs such
as PSR J1913+1102 would therefore lead to an enhanced detection rate of bright kilonovae. The
electromagnetic counterparts to such events are therefore particularly important for understanding
the Galactic heavy-element abundance16, 33, 34.

Enhanced pre-coalescence tidal distortions due to asymmetric mergers may also allow for
certain NS equation of state models to be ruled out through study of the gravitational-wave waveform21, 35–38.
Additionally, gravitational waves from merging DNSs have recently been used as distance indica-
tors (so-called “standard sirens”), allowing for an independent probe of the Hubble constant, H0,
when combined with radial velocity measurements of the electromagnetic counterparts39. Future
asymmetric DNS mergers with similar electromagnetic counterparts to those of GW170817 would
lead to a significantly more precise determination of H0—an estimated ∼ 15 suitable detections
would provide a ∼ 2% measurement40—and potentially provide the means by which to resolve the
tension that exists between H0 as measured with the cosmic microwave background 41 and through
local Universe analysis methods42.
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Methods

Timing analysis. PSR J1913+1102 was discovered in 2012 by Einstein@Home in data from the
PALFA survey7, which uses the William E. Gordon 305-m radio telescope at the Arecibo Obser-
vatory (AO) in Puerto Rico, to search for pulsars within 5 degrees of the Galactic plane. Since the
discovery, we have been using AO to regularly monitor this pulsar with the Mock Spectrometer
and the Puerto Rico Ultimate Pulsar Processing Instrument (PUPPI) pulsar backend system. This
has been done as both a dedicated follow-up campaign of PSR J1913+1102 and regularly as a test
source before PALFA observing sessions.

The times of arrival of these pulses were measured by cross-correlating each pulse profile
with a noise-free representative template profile, from which we calculate a phase shift and apply
it to the observed time stamp of the data profile43. The uncertainty in each resulting pulse arrival
time is determined by adopting the error in the calculated phase shift from the aforementioned
correlation procedure. This process was carried out using the PSRCHIVE suite of analysis tools44.
Corrections between Terrestrial Time and the observatory clock were applied using data from the
Global Positioning System (GPS) satellites and the Bureau International des Poids et Mesures. Our
model also included input from the Jet Propulsion Laboratory DE436 solar system ephemeris, in
order to convert measured arrival times to the reference frame of the Solar System barycentre, by
taking into account the motion of the Earth.

These barycentred times of arrival were then compared to a predictive model of their ex-
pected arrival at Earth using the TEMPO45 pulsar timing software package. Every rotation of the
NS is enumerated relative to a reference observing epoch, by accounting in our model for intrinsic
pulsar properties such as the rotation frequency and its spin-down rate, as well as its sky position
and proper motion. We have also addressed potential arrival-time delays due to the frequency-
dependent refractive effect of the ionised interstellar medium, by including the dispersion measure
(DM) in our timing model, which is the integrated column density of free electrons along the line
of sight between Earth and the pulsar. The relatively large value DM = 339.026 ± 0.005 pc cm−3
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for this pulsar explains why initial observation, primarily taken at an observing frequency centred
at 1.4 GHz, displayed evidence of interstellar scattering that resulted in significant smearing of the
observed pulse shape due to multi-path propagation of the signal on its way to Earth7. This led to
increased systematic uncertainties in the derived pulsar parameters, and we therefore switched to
observations with the higher-frequency S-band-low receiver (centred at 2.4 GHz with a bandwidth
of 800 MHz) to reduce these effects.

Along with these model parameters, our timing data resulted in significant measurement of
the Keplerian orbital elements of the PSR J1913+1102 system, as well as several post-Keplerian
parameters; the latter are a theory-independent set of parameters that characterise perturbations on
the Keplerian description of the orbit in the relativistic regime46–48. As described in the main text
of this letter, we have increased the measurement precision of the orbital precession rate and have
determined the Einstein delay, from which we have been able to constrain the individual masses of
the NSs in this system. We now have also made a precise determination of the orbital decay rate,
due to the emission of gravitational waves, which serve to remove orbital energy from the system
over time. We expect the precision of the orbital decay to improve rapidly over time with further
observations. It should also be noted that sources of kinematic biases can be introduced into the
measured orbital decay and pulsar spin-down rates, from apparent acceleration of the pulsar due
to its tangential motion (i.e. the “Shklovskii effect”49) and the Galactic potential50, 51. We find the
total proper motion of this pulsar to be 9.3 ± 0.9mas yr−1, within 3σ of what would be expected
if the PSR J1913+1102 system were in the Local Standard of Rest (6.50mas yr−1); this assumes
a distance of 7.14 kpc, based on the measured value of DM, and calculated using a model of the
Galactic ionised electron density distribution52. The total kinematic bias to the observed orbital
decay corresponds to approximately one-third of the uncertainty in the orbital decay measurement;
we are therefore confident that our measurements are consistent with intrinsic parameter values for
the pulsar, at the current level of uncertainty.

Once we apply our model to the data set, we produce post-fit timing residuals—the difference
between the predicted and observed pulse arrival times (Figure 3). The timing precision achieved
by this fit to our pulse arrival-time data is characterised by the root-mean-square (rms) of the post-
fit timing residuals. Our analysis of the PSR J1913+1102 data set resulted in rms residuals of
56.1µs, consistent with the typical measured uncertainty in the observed pulse arrival times. We
achieved a reduced χ2 (i.e. χ2 divided by the number of degrees of freedom) of 1.01 for our fit,
reaffirming the success of our timing model in describing the system, and implying that the timing
residuals can be well represented by white Gaussian noise, as can be seen in Figure 3.
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Population synthesis. Modelling of the merger event that caused GW170817 has mostly relied
on a DNS population consisting of roughly equal-mass neutron stars. Although it may be the
case that it was the result of a binary system with pre-merger mass ratio q ∼ 1, the discovery of
PSR J1913+1102 highlights the need to consider the effects of an asymmetric DNS merger.We note
here for completeness that the possibility exists for GW170817 to have been cause by a neutron
star-black hole merger. However, the abnormally low mass of the black hole in such a progenitor
system would make this an unlikely scenario.

Previous studies53–56 simulated the population of a DNS system from its measured param-
eters, within a modelled Galactic pulsar population, and the sensitivities of the pulsar survey in
which it was discovered. The modelling must account for selection effects, including the search
degradation factor due to orbital acceleration, calculated from a semi-analytical model with the
pulsar and companion masses and inclination as input57. We calculated the probability density of
the population of PSR J1913+1102-like DNSs that are beamed toward Earth (Nobs,J1913) using the
more precisely measured orbital properties presented in this work. Assuming a beaming correc-
tion fraction for the pulsar55 of fb = 4.6, we derived the probability density of the total population
(Ntot,J1913) of J1913+1102-like DNS systems in the Galaxy: (Npop,J1913 = Nobs,J1913 × fb). The
mode of the resulting distribution is Ntot,J1913 = 700+2600

−400 , where the uncertainties represent the
90% confidence interval of the distribution. This is consistent with previous estimates55, but has
smaller error bars due to the updated orbital parameters and the addition of a new radio pulsar
survey56.

Due to its small orbital period, the PSR J1913+1102 system will merge within a Hubble
time; there are eight other known DNS systems in the Galaxy that will also merge within the age
of the Universe (which we henceforth refer to as “Merging DNSs”, MDNSs). We obtained the
individual probability densities of the population of these MDNSs using results given in the afore-
mentioned previous studies55, 56. Assuming that these individual population distributions represent
independent continuous random variables, we estimate the total population of MDNS systems in
the Galaxy by convolving the individual population probability distributions, resulting in a mode
Ntot,MDNS = (11.4+6.3

−3.8) × 103. Using our derived probability densities of PSR J1913+1102-like
systems together with those of all MDNS systems, we then compute the probability density of
PSR J1913+1102-like DNS systems in the Galaxy as a fraction of the MDNS population to be
11+21
−9 % (90% confidence), using the median as the quoted value (with the mode of the distribution

occurring at 6%); Figure 2 presents the corresponding probability distribution. This in turn leads
to an estimate that roughly one tenth of detected DNS mergers result from the coalescence of an
asymmetric binary system.

10



43. Taylor, J. H. Pulsar timing and relativistic gravity. Philosophical Transactions of the Royal
Society A 341, 117–134 (1992).

44. Hotan, A. W., van Straten, W. & Manchester, R. N. PSRCHIVE and PSRFITS: an open
approach to radio pulsar data storage and analysis. Publications of the Astronomical Society
of the Pacific 21, 302–309 (2004). astro-ph/0404549.

45. https://github.com/nanograv/tempo.

46. Damour, T. & Deruelle, N. General relativistic celestial mechanics of binary systems. I. the
post-Newtonian motion. Annales de l’I.H.P. Physique théorique 43, 107–292 (1985).
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Figure 1 Pulsar mass/companion mass diagram for the PSR J1913+1102 system.
Shaded regions bounded by solid curves represent 1σ mass constraints from each mea-
sured post-Keplerian parameter, derived in the context of general relativity. These are:
orbital precession rate (ω̇), time dilation/gravitational redshift (γ), and the rate of orbital
decay (Ṗb). The inset shows a zoom-in of the dotted square region in the main plot, with
the 3σ confidence region for the mass measurements shaded in red. The two most pre-
cisely measured parameters allow us to determine the individual masses of this system;
each additional post-Keplerian parameter measurement provides an independent consis-
tency test of the predictions of general relativity.

13



0.0 0.2 0.4 0.6 0.8 1.0
Fraction of PSR J1913+1102 like systems

0.000

0.001

0.002

0.003

0.004

0.005

0.006
No

rm
al

ise
d 

pr
ob

ab
ilit

y 
de

ns
ity

Figure 2 Probability density of the population of PSR J1913+1102-like DNS systems
in the Galaxy, as a fraction of the total number of DNSs that will merge within a Hubble
time. We find this fraction to be 0.11+0.21

−0.09, where the uncertainty represents the 90%
confidence interval (represented by vertical dashed lines). The quoted value is the median
of the distribution, shown on the plot as a solid vertical line, and the peak value of 0.06
represented by a dotted vertical line. This implies that roughly 1 in 10 merging DNS
systems are likely to be asymmetric in component masses.
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Figure 3 Post-fit timing residuals for PSR J1913+1102. These are obtained after includ-
ing all best-fit parameters in the DDGR model ephemeris for this pulsar. Each contributing
instrument is represented by different colours, as follows: Mock spectrometer centred at
1300 MHz and 1450 MHz—orange and red, respectively; PUPPI centred at 1400 MHz in
incoherent mode—purple; PUPPI centred at 1400 MHz in coherent folding mode—yellow;
and PUPPI centred at 2350 MHz in coherent fold mode—cyan. The latter provided a sig-
nificant improvement in data quality, as evidenced by the reduction in weighted rms timing
residual to 48µs, down from 72µs at L-band coherent mode. Error bars shown reflect the
1σ (68%) uncertainties of each data point.
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Table 1: Measured and derived parameters for PSR J1913+1102.

Parameter name Value
Reference epoch (MJD) 57504.0
Observing time span (MJD) 56072 − 58747
Number of arrival time measurements 2541
Solar system ephemeris used DE436
Root mean squared timing residual 56 µs
Reduced χ2 of timing fit 1.01
Right ascension α (J2000) 19h 13m 29.05365(9) s
Declination δ (J2000) 11◦02′05.7045(22)′′

Proper motion in α −3.0(5) mas yr−1

Proper motion in δ −8.7(1.0) mas yr−1

Pulsar spin period, P 27.2850068680286(19) ms

Period derivative, Ṗ 1.5672(7) × 10−19 s s−1

Dispersion measure, DM 339.026(3) pc cm−3

Orbital period, Ṗb 0.2062523345(2) d
Projected semimajor axis of the pulsar’s orbit, x 1.754635(5) light s
Orbital eccentricity, e 0.089531(2)
Longitude of periastron, ω 283.7898(19)◦

Epoch of periastron passage, T0 (MJD) 57504.5314530(10)
Total system mass, M 2.8887(6) M�
Companion mass, Mc 1.27(3) M�
Rate of periastron advancea, ω̇ 5.6501(7)◦ yr−1

Einstein delaya, γ 0.000471(15) s
Orbital decay ratea, Ṗb −4.8(3) × 10−13 s s−1

Pulsar mass, Mp 1.62(3)
Mass ratio 0.78(3)
Orbital inclination angle, i 55.3◦

Dispersion-derived distanceb, d 7.14 kpc

Surface magnetic flux density at the poles, B0 2.1 × 109 G

Characteristic age, τc 2.8 Gyr

Time to coalescence, Tc 470(−14, +15) Myr

Values in parentheses represent the 1σ uncertainty on the last quoted digit. Unless other-
wise noted, measured parameters were determined using the Damour & Deruelle General
Relativity (DDGR) timing model46,47, which assumes general relativity to be the correct
theory of gravity.
aPost-Keplerian orbital parameters were measured using the model-independent Damour
& Deruelle (DD) timing model46–48.
bDistance is derived based on a model of the Galactic ionised electron density52
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