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Binary Millisecond Pulsar Discovery
via Gamma-Ray Pulsations
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Millisecond pulsars (MSPs), old neutron stars spun-up by accreting matter from a
companion star, can reach high rotation rates of hundreds of revolutions per
second. Until now, all such “recycled” rotation-powered pulsars have been detected
by their spin-modulated radio emission. In a computing-intensive blind search of
gamma-ray data from the Fermi Large Area Telescope (with partial constraints from
optical data), we detected a 2.5-millisecond pulsar, PSR J1311-3430. This
unambiguously explains a formerly unidentified gamma-ray source that had been a
decade-long enigma, confirming previous conjectures. The pulsar is in a circular
orbit with an orbital period of only 93 minutes, the shortest of any spin-powered

via gamma-ray pulsations until now,
and so we have not been able to see if a
similar population of radio-quiet MSPs
exists.

The blind-search problem for
gamma-ray pulsars is computationally
demanding, because the relevant pulsar
parameters are unknown a priori and
must be explicitly searched. For obser-
vation times spanning several years,
this requires a dense grid to cover the
multi-dimensional parameter space,
with a tremendous number of points to
be individually tested. Blind searches
for MSPs in gamma-ray data are vastly
more difficult than for slower pulsars
largely because the search must extend
to much higher spin frequencies [to
and beyond 716 Hz (12)]. Furthermore,
most MSPs are in binary systems,
where the additionally unknown orbital
parameters can increase the computa-
tional complexity by orders of magni-
tude. Thus, blind searches for binary
MSPs were hitherto virtually unfeasi-
ble.

We have now broken this impasse,
detecting a binary MSP, denoted PSR
J1311-3430, in a direct blind search of
the formerly unidentified gamma-ray
source 2FGL J1311.7-3429, one of the
brightest listed in the Fermi-LAT
Second Source Catalog [2FGL, (13)].
This source also had counterparts in
several earlier gamma-ray catalogs and
was first registered in data from the
Energetic Gamma Ray Experiment
Telescope [EGRET, (/4)] on the
Compton Gamma Ray Observatory.

In a search for potential optical
counterparts of 2FGL J1311.7-3429,
Romani (/5) identified a quasi-
sinusoidally modulated optical flux
with a period of 93 min and conjec-

pulsar binary ever found.

Almost exactly 30 years ago, radio observations detected the first neu-
tron star with a millisecond spin period (/). Launched in 2008, the Large
Area Telescope (LAT) on the Fermi Gamma-ray Space Telescope (2)
confirmed that many radio-detected millisecond pulsars (MSPs) are also
bright gamma-ray emitters (3). In each case, gamma-ray (0.1-100 GeV)
pulsations were revealed by using rotation parameters obtained from
radio telescopes (4) to assign rotational phases to LAT-detected photons.

The Fermi LAT also provides sufficient sensitivity to detect pulsars
via direct searches for periodicity in the sparse gamma-ray photons.
Such blind searches (5) of LAT data for solitary pulsars have so far un-
veiled 36 younger gamma-ray pulsars (6—9) with rotation rates between
2 and 20 Hz. In the radio band all but four of these objects remain com-
pletely undetected despite deep follow-up radio searches (/0). This is a
large fraction of all young gamma-ray emitting neutron stars and shows
that such blind-search gamma-ray detections are essential for under-
standing the pulsar population (/7). However, no MSP has been detected

tured this to be a “black-widow” pulsar

binary system (/6). In this interpreta-

tion, an MSP strongly irradiates what
is left of the donor companion star to eventually evaporate it. This plaus-
ibly explained the observed brightness variation resulting from strong
heating of one side of the companion by the pulsar radiation. Associating
this optical variation with the orbital period of the putative binary system
constrained the ranges of orbital search parameters and also confined the
sky location for the search. Thus, these constraints made a blind binary-
MSP search in LAT data feasible; however the computational challenge
involved remained enormous. To test the binary-MSP hypothesis as the
possible nature of 2FGL J1311.7-3429, we developed an advanced me-
thod to search the LAT data for pulsations over the entire relevant para-
meter space.

Under the black-widow interpretation, the search is confined toward
the sky location of the potential optical counterpart and the orbit is ex-
pected to be circular, leaving a five-dimensional search space. The indi-
vidual dimensions are spin frequency £, its rate of change f , the orbital
period Py, time of ascending node T, and x = a,, sin 1, the projection
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rent Fourier power computed using a win-
dow of 2%° s (~12 days) by sliding the
window over the entire LAT data set
(hence the term “semi-coherent”). In a
second stage, significant semi-coherent
candidates are automatically followed up
through a fully coherent analysis made
possible because only a small region of
parameter space around the candidate is
explored. A third stage further refines
coherent pulsar candidates by including
higher signal harmonics [using the H-test

st "k'\-»f"u"'ﬁ M A o *ﬂ.‘-»;ﬁuf’ﬁ Mrivh ]

(22, 23)]. The computing cost to coherent-
ly follow up a single semi-coherent candi-
date is negligible compared to the total
cost of the first stage. Therefore, con-

A

structing the search grid of the semi-
coherent stage as efficiently as possible is
of utmost importance.

The key element in constructing an op-

-

sy
W it it

timally efficient grid for the semi-coherent
search is a distance metric on the search
space (17-19, 24). The metric provides an
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Fig. 1. Phase-time diagram and gamma-ray pulse profiles for
PSR J1311-3430. Two pulsar rotations shown for clarity. (A)
The pulsar rotational phase for each gamma-ray-photon
arrival time with the probability weight shown in color code. (B)
The pulse profiles in different energy bands. Each bin is 0.02
in phase and photon weights are used. The dashed line
indicates the estimated background level from a surrounding
annular region.

of the pulsar semi-major axis a;, onto the line of sight with orbital incli-
nation angle 1. We designed the blind search to maintain sensitivity to
very high pulsar spin frequencies f'< 1.4 kHz, and values of f typical
for MSPs, =5 x 107"* Hz s™' < f < 0. Although the optical data con-
strain P,y and T, the uncertainties are by far larger than the precision
necessary for a pulsar detection. This required us to search ranges of Py,
=5626.0 £0.1 s and T, = 56009.131 + 0.012 MJD around the nominal
values (15), and 0 <x < 0.1 It-s (light-seconds).

Searching this five-dimensional parameter space fully coherently
given a multiple-year data time span is computationally impossible. To
solve this problem, we used the hierarchical (three-staged) search strate-
gy that previously enabled the detection of ten solitary, younger (i.e.,
non-MSP) pulsars in blind searches of LAT data (8, 9), exploiting me-
thods originally developed to detect gravitational waves from pulsars
(17-20). Here we expanded this approach to also search over binary
orbital parameters. The first stage of the hierarchical scheme is the most
computing-intensive and employs an efficient “semi-coherent” method
(8), extending (21). This step involves (incoherently) combining cohe-

expected fractional loss in signal-to-noise
ratio (S/N) squared for any given pulsar-
signal location at a nearby grid point. The
metric is obtained by locally Taylor-
expanding the fractional loss to second
order around the parameter-space location
of a given signal. In contrast to searching
for solitary pulsars, a difficulty in the bi-
nary case is that the metric components
explicitly depend upon the search parame-
ters (24). Thus, the metric (and so the grid-point density required to not
miss a signal) changes across orbital parameter space. Constructing a
simple lattice with constant spacings would be highly inefficient, result-
ing in either vast over- or under-covering of large parameter-space re-
gions. We developed a grid-construction algorithm (25) that effectively
utilizes the metric formalism. Orbital grid points were first placed at
random, then those that were either too close together or too far apart
according to the metric were moved (barycentric shifts), minimizing the
maximum possible loss in S/N for any pulsar signal across the entire
search parameter space. By design the resulting grid (25) ensured never
losing more than 30% in S/N for any signal parameters.

The input LAT data we prepared for this search spanned almost four
years (1437 days) and includes gamma-ray photons with LAT-
reconstructed directions within 15° around the targeted sky position (25).
To improve the S/N of a putative pulsar signal, we assigned each photon
a weight (23) measuring the probability of originating from the conjec-
tured pulsar, computed with a spectral likelihood method (25). The
gamma-ray spectrum of 2FGL J1311.7-3429 is best modeled by an ex-
ponentially cut-off power law (fig. S1), with spectral parameters remi-
niscent of other gamma-ray pulsars (Table 1). The computational work
of the search was done on the ATLAS cluster in Hannover, Germany.
Soon after initiation, the searching procedure convincingly detected PSR
J1311-3430.

Following the blind-search detection, we refined the pulsar parame-
ters further in a timing analysis (26). We obtained pulse times of arrival
(TOAs) from subdividing the LAT data into 40 segments of about equal
length. We produced a pulse profile for each segment using the initial
pulsar parameters, and cross-correlated each pulse profile with a multi-
Gaussian template derived from fitting the entire data set to determine

Pulse phase
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Table 1. Measured and derived parameters for PSR
J1311-3430. Numbers in parentheses are formal 10 uncer-
tainties in the last digits. Spectral parameters are averages
over pulse phase. dd, days; hh, hours; mm, minutes; ss,
seconds; MJD, Modified Julian Day.

Value
13:11:45.7242(2)
—34:30:30.350(4)

390.56839326407(4)
-3.198(2) x 107"

Parameter

Right ascension (J2000.0) (hh:mm:ss)
Declination (J2000.0) (dd:mm:ss)
Spin frequency, f (Hz)

Frequency derivative, f (Hzs™)

Reference time scale TDB
Reference time (MJD) 55266.90789575858
Orbital period Py, (d) 0.0651157335(7)
Projected pulsar semi-major axis x (It-s) 0.010581(4)
Time of ascending node 7, (MJD) 56009.129454(7)
Eccentricity e <0.001
Data span (MJD) 54682 - 56119
Weighted RMS residual (ps) 17
Derived Quantities
Companion mass m, (M,) >0.0082
Spin-down luminosity £ (ergs ) 4.9 x 10*
Characteristic age 1. (yr) 1.9 x 10°
Surface magnetic field Bs (G) 23 x10°
Gamma-Ray Spectral Parameters
Photon index, I" 1.8+0.1
Cutoff energy, E. (GeV) 32+04

-8
Photon ﬂu:;?:g:f*?'slfl)GeV! F (10 pho- 92+05
Energy flux above 0.1 GeV, G (107" erg 62402

em 2s))

the TOAs. We used the Tempo2 software (27) to fit the TOAs to a tim-
ing model including sky position, f, f, and binary-orbit parameters
(Fig. 1 and Table 1). We found no statistically significant evidence for
orbital eccentricity at the e < 107 level. We measure a marginal evi-
dence for a total proper motion of 8 + 3 mas yr '. Generally, the ob-
served value of f =—3.198(2) x 10" Hz s™' is only an upper limit of
the intrinsic frequency change s, , because of the Shklovskii effect in
which Doppler shifts caused by the proper motion can account for part
of f . Assuming the proper motion of PSR J1311-3430 is small enough
to approximate f = f. » we derived further quantities from the pulsar
rotational parameters (Table 1).

The rotational ephemeris of PSR J1311-3430 also provided con-
straints on the companion mass m, through the binary mass function that
combines x, P, and the gravitational constant G,

4 X (mcSim)3
f(mp=l’I’IC)_ G Pirh (mc+mp)2

=2.995(3)x107 M.,
where m;, is the pulsar mass and M, the mass of the Sun. Typical MSP
masses are 1.35-2.0 M,. Assuming m, = 1.35 M, and 1 = 90° (orbit is
edge-on) yields the minimum companion mass, m. > 8.2 x 107° M,,
which is only about eight times higher than the mass of Jupiter. By

M

means of Kepler’s third law and typical MSP masses (m, >> m,), the
binary separation, a = a, + a., is accurately approximated by a = 0.75
R.(my/1.35 M,)"®, where R, is the radius of the Sun. Thus PSR
J1311-3430 is likely the most compact pulsar binary known.

The compact orbit and the optical flaring events (/5) suggest that the
pulsar heating is driving a strong, possibly variable, stellar wind of ab-
lated material of the companion. Interactions with the companion wind
could affect the gamma-ray flux observed. In a dedicated analysis (25),
we found no evidence for a modulation at the orbital period of the gam-
ma-ray flux or its spectrum.

We also examined the gamma-ray spectral parameters of PSR
J1311-3430 as a function of rotational phase (25). Dividing the data into
ten segments according to different rotational-phase intervals, we spec-
trally analyzed each segment separately. In line with the background
estimation in the pulse profile (Fig. 1), we detected significant gamma-
ray emission at all phases. The gamma-ray spectrum in the off-pulse
phase interval (fig. S2) is better modeled by a cut-off power law, poten-
tially indicative of magnetospheric origin from the pulsar, rather than by
a simple power law which would more likely suggest intrabinary wind
shock emission.

Repeated, sensitive radio searches of the previously unidentified
gamma-ray source, including Green Bank Telescope (GBT) observations
at 820 MHz gave no pulsar detection (28). However, material ablated
from the companion by the pulsar irradiation might obscur radio pulses.
At higher radio frequencies decreased scattering and absorption resulting
in shorter eclipses is observed for other black-widow pulsars (12).

The optical observations provide evidence for strong heating of the
pulsar companion that is near filling its Roche lobe (/3). With m, = 1.35
M, and 1 = 90° the Roche lobe radius of the companion is to good ap-
proximation (29) R = 0.063 R.. The minimum mean density of the
Roche-lobe filling companion directly follows from the orbital period
(30), p =45 g cm . This is twice the density of the planetary-mass
companion of PSR J1719-1438 (31). One scenario for the formation of
that system posits an ultra-compact X-ray binary with a He or C degene-
rate donor transferring mass to the neutron star. However (32) argue that
angular momentum losses through gravitational-wave emission are in-
sufficient to reach the low masses and short period of the PSR
J1719-1438 system in the age of the Universe. Instead, strong heating to
bloat the companion or extra angular momentum loss from a companion
evaporative wind are required. An alternative scenario (33) proposes that
a combination of angular momentum loss and wind evaporation from an
initial companion mass of 2M, in a 0.8 day orbit can bring the system to
low masses and short orbital periods in ~6 Gyr. Indeed, their scenario
produces a good match to the m. ~ 0.01M,, Py, ~ 0.065 days seen for
PSR J1311-3430. At this point in the evolution the system is detached,
the companion is He-dominated and irradiation has taken over the evolu-
tion. Presumably continued irradiation can drive the system toward PSR
J1719-1438-type companion masses, or produce an isolated MSP.

The direct detection of an MSP in a blind search of gamma-ray data
implies that further MSPs, including other extreme binary pulsars, may
exist among the bright, as-yet unidentified 2FGL gamma-ray sources
[e.g., (34, 35)] which are too radio faint or obscured by dense companion
winds to be found in typical radio searches.
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