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Binary Millisecond Pulsar Discovery
via Gamma-Ray Pulsations
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Millisecond pulsars, 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 ]1311-3430. 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 pulsar binary ever found.

Imost exactly 30 years ago, radio obser-
Avations detected the first neutron star with

a millisecond spin period (7). 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 to 100 GeV) pulsa-
tions were revealed by using rotation parameters
obtained from radio telescopes (4) to assign ro-
tational phases to LAT-detected photons.

The Fermi LAT also provides sufficient sen-
sitivity 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 unveiled 36 younger gamma-ray pul-
sars (6—9) with rotation rates between 2 and
20 Hz. In the radio band, all but four of these
objects remain completely undetected despite
deep follow-up radio searches (/0). This is a large

fraction of all young gamma-ray—emitting neu-
tron 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 via gamma-ray pul-
sations until now, and so we have not been able
to see whether a similar population of radio-
quiet MSPs exists.

The blind-search problem for gamma-ray pul-
sars is computationally demanding, because the
relevant pulsar parameters are unknown a priori
and must be explicitly searched. For observation
times spanning several years, this requires a dense
grid to cover the multidimensional 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 un-
known orbital parameters can increase the com-
putational complexity by orders of magnitude.
Thus, blind searches for binary MSPs were hith-
erto virtually unfeasible.

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 (/3)]. 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 conjectured this to be a
“black-widow” pulsar binary system (/6). In this
interpretation, an MSP strongly irradiates what is
left of the donor companion star to eventually
evaporate it. This plausibly explained the ob-
served 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; howev-
er, the computational challenge involved remained
enormous. To test the binary-MSP hypothesis
as the possible nature of 2FGL J1311.7-3429,
we developed a method to search the LAT data
for pulsations over the entire relevant parameter
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 individual dimensions are spin
frequency f; its rate of change £, the orbital period
Py, time of ascending node T, and x = ap sin 1,
the projection of the pulsar semimajor axis aj,
onto the line of sight with orbital inclination an-
gle 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,
—=5x 10 ¥ Hzs ' < f<0. Although the optical
data constrain Py, and T, the uncertainties
are by far larger than the precision necessary
for a pulsar detection. This required us to search
ranges of Puy, = 5626.0 £ 0.1 s and T, =
56009.131 £ 0.012 MJD (modified Julian days)
around the nominal values (/5), 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 strategy that previously enabled the de-
tection of 10 solitary, younger (i.e., non-MSP)
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pulsars in blind searches of LAT data (8, 9),
exploiting methods originally developed to detect
gravitational waves from pulsars (/7-20). Here,
we expanded this approach to also search over bi-
nary orbital parameters. The first stage of the hi-
erarchical scheme is the most computing-intensive
and uses an efficient “semicoherent” method (8),
extending the method of Atwood et al. (21). This
step involves (incoherently) combining coherent
Fourier power computed using a window of 2% s
(~12 days) by sliding the window over the entire
LAT data set (hence the term “semicoherent”). In
a second stage, significant semicoherent candi-
dates 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 (22, 23)].
The computing cost to coherently follow up a
single semicoherent candidate is negligible relative
to the total cost of the first stage. Therefore, con-
structing the search grid of the semicoherent stage
as efficiently as possible is of utmost importance.

The key element in constructing an optimally
efficient grid for the semicoherent search is a
distance metric on the search space (17-19, 24).
The metric provides an analytic geometric tool
measuring the 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 from a Taylor expansion of the frac-
tional loss to second order around the parameter-
space location of a given signal. In contrast to
searching for solitary pulsars, a difficulty in the
binary case is that the metric components ex-

plicitly depend on the search parameters (24).
Thus, the metric (and so the grid point density
required to not miss a signal) changes across or-
bital parameter space. Constructing a simple
lattice with constant spacings would be highly
inefficient, resulting in either vast over- or under-
covering of large parameter-space regions. We
developed a grid construction algorithm (25) that
effectively uses 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 4 years (1437 days) and
include gamma-ray photons with LAT-reconstructed
directions within 15° around the targeted sky po-
sition (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 conjectured pulsar, computed with a spectral
likelihood method (25). The gamma-ray spec-
trum of 2FGL J1311.7-3429 is best modeled by
an exponentially cut-off power law (fig. S1), with
spectral parameters reminiscent 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 re-
fined the pulsar parameters further in a timing
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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 the
TOAs. We used the Tempo?2 software (27) to fit
the TOAs to a timing model including sky po-
sition, /£, £, and binary-orbit parameters (Fig. 1 and
Table 1). We found no statistically significant evi-
dence for orbital eccentricity at the e < 10 level.
We measured a marginal evidence for a total
proper motion of 8 + 3 milliarcseconds per year.
Generally, the observed value of f = —3.198
(£0.002) x 10" Hz's™" is only an upper limit of
the intrinsic frequency changef’ in» because of the
Shklovskii effect in which Doppler shifts caused
by the proper motion can account for part of /.
Under the assumption that the proper motion of
PSR J1311-3430 is small enough to approxi-
mate f ~f in» we derived further quantities from
the pulsar rotational parameters (Table 1).

The rotational ephemeris of PSR J1311-3430
also provided constraints on the companion mass
m, through the binary mass function that com-
bines x, Py, and the gravitational constant G,
4n’ ¥ (mesin 1)’

G Pgrb (mc + mp)2
=2.995 (£0.003) x 10" M.

f(mp’mc) =

where m;, is the pulsar mass and Mo is the mass of
the Sun. Typical MSP masses are 1.35 to 2.0 M.
Assuming my, = 1.35 M. and 1 = 90° (orbit is
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edge-on) yields the minimum companion mass,
me > 8.2 x 107> M., which is only about eight
times the mass of Jupiter. By 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 Re(m,/1.35 M),
where Ro 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
ablated material of the companion. Interactions

Table 1. Measured and derived parameters for PSR ]1311-3430, with formal 1c uncertainties (dd,

days; hh, hours; mm, minutes; ss, seconds). Spectral parameters are averages over pulse phase.

Parameter

Value

Right ascension (J2000.0) (hh:mm:ss)
Declination (J2000.0) (dd:mm:ss)

Spin frequency, f (Hz)

Frequency derivative, f (107 Hz s7%)
Reference time scale

Reference time (M]D)

Orbital period Py, (d)

Projected pulsar semimajor axis x (lt-s)
Time of ascending node T, (M]D)

390.56839326407 + 0.00000000004

13:11:45.7242 + 0.0002
—34:30:30.350 £ 0.004

—3.198 £ 0.002

Barycentric Dynamical Time (TDB)

55266.90789575858

0.0651157335 + 0.0000000007

0.010581 + 0.000004

56009.129454 + 0.000007

with the companion wind could affect the gamma-  Eccentricity e <0.001
ray flux observed. In a dedicated analysis (25), Data span (M]D) 54682 to 56119
we found no evidence for a modulation at the  Weighted root mean square residual (us) 17
orbital period of the gamma-ray flux or its spectrum.  Derived Quantities

We also examined the gamma-ray spectral — Companion mass m. (M) >0.0082
parameters of PSR J1311-3430 as a function of  Spin-down luminosity E (erg ) 4.9 x 10**
rotational phase (25). Dividing the data into 10 Characteristic age 1. (years) 1.9 x 10°
segments according to different rotational-phase  Surface magnetic field Bs (G) 2.3 x 108
intervals, we spectrally analyzed each segment Gamma-Ray Spectral Parameters
separately. In line with the background estima-  Photon index, T’ 1.8 £0.1
tion in the pulse profile (Fig. 1), we detected sig-  Cutoff energy, E. (GeV) 3.2+0.4
nificant gamma-ray emission at all phases. The  Photon flux above 0.1 GeV, F (1072 photons cm™ s7%) 9.2+05
gamma-ray spectrum in the off-pulse phase inter-  Energy flux above 0.1 GeV, G (107** erg cm™2 s7%) 6.2+0.2

val (fig. S2) is better modeled by an exponen-
tially cut-off power law, potentially 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 pre-
viously unidentified gamma-ray source, including
Green Bank Telescope observations at 820 MHz,
gave no pulsar detection (28). However, material
ablated from the companion by the pulsar irra-
diation might obscure radio pulses. At higher radio
frequencies, decreased scattering and absorption
resulting in shorter eclipses are observed for other
black-widow pulsars (/2).

The optical observations provide evidence
for strong heating of the pulsar companion that
is near filling its Roche lobe (/5). With m, =

Weighted counts

80 1
ad MMWM

1.35 M. and 1 =90°, the Roche lobe radius of the 40
companion is, to good approximation (29), R; = 20
0.063 R.. The minimum mean density of the 90l 0-3~-1GeV
Roche lobefilling companion directly follows 2 60
from .the orbital p?riod (30), p=45gcm °. This R R T .,".,,- i % 30
is t\ylce the density of the planetary-mass com- 552 .':'. s L - ":: e WS et B ol1-3 GoV
panion of PSR J1719-1438 (317). One scenario v i PRI VL N =
for the formation of that system posits an ultra- . sahs B i eat g ¥ 2

1 of that systen i Tt iy . f
compact x-ray binary with a He or C degenerate S I R R ‘._’i.’_’“ ¥ 10 / / |
donor transferring mass to the neutron star. How- 55 . .g}’ ;\"-“..' AT ;g} X "-“..' P 12[8-7GeV ]
ever, van Haaften ef al. (32) argue that angular HBF T O ST NPREER F 7 T S 9 ]
momentum losses through gravitational-wave ) "t b S ) "o b Sl S 6
emission are insufficient to reach the low masses Tieddi i -3 -}Ee.'...;’v : 2
and short period of the PSR J1719-1438 system ool .a‘§ g >7GeV
within the age of the universe. Instead, strong s o &l f,\:. <t 1 ﬁ Hi ﬁ ii ]
heating to bloat the companion or extra angular 1 1.5 2 0 05 1 15 2

Pulse phase Pulse phase

momentum loss from a companion evaporative
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wind are required. An alternative scenario (33)
proposes that a combination of angular momen-
tum loss and wind evaporation from an initial
companion mass of 2 M. in a 0.8-day orbit can
bring the system to low masses and short orbital

Fig. 1. Phase-time diagram and gamma-ray pulse profiles for PSR J1311-3430. Two pulsar rotations are
shown for clarity. (A) The pulsar rotational phase for each gamma-ray photon arrival time; probability
weights are 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.
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periods in ~6 billion years. Indeed, their sce-
nario produces a good match to the m. ~0.01 Mo,
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 evolution. Presumably, con-
tinued 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 compa-
nion winds to be found in typical radio searches.

References and Notes
1. D. C. Backer, S. R. Kulkarni, C. Heiles, M. M. Davis,
W. M. Goss, Nature 300, 615 (1982).
. W. B. Atwood et al., Astrophys. J. 697, 1071 (2009).
. A. A. Abdo et al., Science 325, 848 (2009).

. D. A Smith et al., Astron. Astrophys. 492, 923 (2008).
. The term “blind search” is used to reflect the fact that
the pulsar parameters are unknown a priori, implying
that a wide range of pulsar parameters must be explicitly

searched.
6. A. A. Abdo et al., Science 325, 840 (2009).

[S RNV )

7. P. M. Saz Parkinson et al., Astrophys. ]. 725, 571 (2010).
8. H.]. Pletsch et al., Astrophys. J. 744, 105 (2012).
9. H. ]. Pletsch et al., Astrophys. ]. 755, L20 (2012).
10. P. S. Ray et al., http:/arxiv.org/abs/1205.3089 (2012).
11. K. P. Watters, R. W. Romani, Astrophys. J. 727, 123
(2011).
12. J. W. T. Hessels et al., Science 311, 1901 (2006).
13. P. L. Nolan et al., Astrophys. ]. 199 (suppl.), 31 (2012).
14. C. E. Fichtel et al., Astrophys. ]. 94 (suppl.), 551 (1994).
15. R. W. Romani, Astrophys. ]. 754, 125 (2012).
16. A. S. Fruchter, D. R. Stinebring, ]. H. Taylor, Nature 333,
237 (1988).

17. P. R. Brady, T. Creighton, Phys. Rev. D 61, 082001
(2000).

18. H. ]. Pletsch, B. Allen, Phys. Rev. Lett. 103, 181102
(2009).

19. H. ]. Pletsch, Phys. Rev. D 82, 042002 (2010).

20. H.]. Pletsch, Phys. Rev. D 83, 122003 (2011).

21. W. B. Atwood, M. Ziegler, R. P. Johnson, B. M. Baughman,
Astrophys. ]. 652, L49 (2006).

22. 0. C. de Jager, B. C. Raubenheimer, J. W. H. Swanepoel,
Astron. Astrophys. 221, 180 (1989).

23. M. Kerr, Astrophys. ]. 732, 38 (2011).

24. C. Messenger, Phys. Rev. D 84, 083003 (2011).

25. See supplementary materials on Science Online.

26. P. S. Ray et al., Astrophys. ]. 194 (suppl.), 17 (2011).

27. G. B. Hobbs, R. T. Edwards, R. N. Manchester, Mon. Not.
R. Astron. Soc. 369, 655 (2006).

28. S. M. Ransom et al., Astrophys. J. 727, L16 (2011).

29. B. Paczyriski, Annu. Rev. Astron. Astrophys. 9, 183 (1971).

30. ]. Frank, A. R. King, D. ]. Raines, Accretion Power in
Astrophysics (Cambridge Univ. Press, Cambridge, 1985).

REPORTS

31. M. Bailes et al., Science 333, 1717 (2011).

32. L. M. van Haaften, G. Nelemans, R. Voss, P. G. Jonker,
Astron. Astrophys. 541, A22 (2012).

33. 0. G. Benvenuto, M. A. De Vito, ]. E. Horvath, Astrophys.
J. 753, 133 (2012).

34. R. W. Romani, M. S. Shaw, Astrophys. ]. 743, 126 (2011).

35. M. Ackermann et al., Astrophys. J. 753, 83 (2012).

Acknowledgments: This work was supported by the
Max-Planck-Gesellschaft. The Fermi LAT Collaboration
acknowledges support from several agencies and institutes
for both development and the operation of the LAT as
well as scientific data analysis. These include NASA and
Department of Energy (United States), CEA/Irfu and
IN2P3/CNRS (France), ASI and INFN (ltaly), MEXT, KEK,
and JAXA (Japan), and the K. A. Wallenberg Foundation,
the Swedish Research Council, and the National Space
Board (Sweden). Additional support from INAF in Italy
and CNES in France for science analysis during the
operations phase is also gratefully acknowledged. Fermi
LAT data are available from the Fermi Science Support
Center (http://fermi.gsfc.nasa.gov/ssc).

Supplementary Materials
www.sciencemag.org/cgi/content/full/science.1229054/DC1
Materials and Methods

Figs. S1 and S2

References (36-38)

20 August 2012; accepted 17 October 2012
Published online 25 October 2012;
10.1126/science.1229054

Mapping Local Charge Recombination
Heterogeneity by Multidimensional
Nanospectroscopic Imaging

Wei Bao,>* M. Melli,** N. Caselli,>* F. Riboli,>* D. S. Wiersma,>*> M. Staffaroni,® H. Choo,’
D. F. Ogletree,* S. Aloni,* ]. Bokor,™® S. Cabrini,*t F. Intonti,>* M. B. Salmeron,?
E. Yablonovitch,® P. J. Schuck,*+ A. Weber-Bargioni't

As materials functionality becomes more dependent on local physical and electronic properties,
the importance of optically probing matter with true nanoscale spatial resolution has increased.
In this work, we mapped the influence of local trap states within individual nanowires on carrier
recombination with deeply subwavelength resolution. This is achieved using multidimensional
nanospectroscopic imaging based on a nano-optical device. Placed at the end of a scan probe,
the device delivers optimal near-field properties, including highly efficient far-field to near-field
coupling, ultralarge field enhancement, nearly background-free imaging, independence from
sample requirements, and broadband operation. We performed ~40-nanometer—resolution
hyperspectral imaging of indium phosphide nanowires via excitation and collection through

the probes, revealing optoelectronic structure along individual nanowires that is not accessible

with other methods.

py maps the spatial distribution of a specific

quantity (such as morphology), whereas op-
tical spectroscopy provides physical and chemical
material properties (such as electronic structure).
An ongoing challenge to understanding matter
at the nanoscale is the difficulty in carrying out
local optical spectroscopy. On a fundamental lev-
el, this should be possible by squeezing light
beyond the diffraction limit (/—4). Optical antenna—
based geometries have been designed to address
this nanospectroscopy imaging problem by trans-

In the study of materials, optical microsco-

forming light from the far field to the near field,
but with limitations on sensitivity, bandwidth, res-
olution, and/or sample types (5).

We report a strategy that overcomes these
limitations, based on a geometry that is capable
of efficiently coupling far-field light to the near
field and vice versa, without background illumi-
nation over a wide range of wavelengths. The
geometry consists of a three-dimensional (3D)
tapered structure terminating in a nanometer-sized
gap (Fig. 1A), with a shape resembling that of a
“campanile” bell tower (hereafter referred to as

campanile). We demonstrated with the campanile
probe hyperspectral imaging of local optoelectonic
properties in indium phosphide nanowires (InP
NWs) by exciting and collecting signal through
the probe tip. InP NWs, with their direct solar
spectrum—matched bandgap and presumed low
surface recombination velocity, are expected
to be the central functional elements of next-
generation light-harvesting devices. With the
campanile probe, we collect full spectra at each
pixel in a scan image, revealing photolumines-
cence (PL) heterogeneity along individual NWs
by mapping local charge recombination origi-
nating from trap states: critical optoelectronic
information that was unobtainable with previous
methods.

Various near-field probe geometries have been
engineered with extraordinary optical transmis-
sion (6) or with coupled optical antenna struc-
tures (7, 8) directly on the scanning-probe apex,
greatly improving coupling efficiencies as com-
pared to conventional aperture-based probes (9)
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