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Abstract We report the results from our analysis of Fermi Large Area Telescope (LAT) data for the
transitional millisecond pulsar binary PSR J1023+0038. The time period of the data is nearly 9 yr, and
that after the source’s transition, in June 2013 from the disk-free state to the active state of having an
accretion disk, is approximately 4 yr. We identify a high-energy >5.5GeV component in the source’s
spectrum in the active state, and find this component is only significantly detected in half of the orbital
phase centered at the descending node (when the pulsar is moving towards the Earth). Considering the
pulsar scenario proposed for multi-frequency emission from the source, in which the pulsar is still active
and a cold-relativistic pulsar wind inverse-Compton scatters the photons from the accretion disk, we
discuss the origin of the high-energy component. In order to explain the observed spectrum, a power-law
distribution of particles, with an index of ~3, in the pulsar wind is required, while the orbital variations
are possibly due to changes in power-law index as a function of orbital phase.
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1 INTRODUCTION

It has been realized that along the evolution path from
neutron star low-mass X-ray binaries to millisecond
pulsars (MSPs), probably near the end, these binaries
may show a unique feature: they can switch between
the states of having an accretion disk around the neu-
tron star and having a millisecond radio pulsar without
the disk. The first such so-called transitional MSP bi-
nary discovered was PSR J1023+0038 (Archibald et al.
2009). This binary, having an orbital period of 4.75 hours
(Woudt et al. 2004; Thorstensen & Armstrong 2005),
consists of a 1.69ms pulsar and a low-mass compan-
ion star with a G-type spectrum. Detailed analysis of
optical spectra has indicated that in the years 2000—
2001, the system contained an accretion disk for at most
2.5yr (Wang et al. 2009; see also Wang et al. 2013).
Following the discovery of PSR J1023+0038, two other
binaries, J1824—2452I (in globular cluster M28; Papitto
et al. 2013) and XSS J12270—4859 (Bassa et al. 2014,
de Martino et al. 2014), have also been identified with

the same feature. In addition, the Fermi ~y-ray source
3FGL J1544.6—1125 has also been suggested as a can-
didate system (Bogdanov & Halpern 2015). How such
a feature appears has been investigated from a binary
evolution point of view. Emission from the neutron star
would irradiate and evaporate the low-mass companion.
The process probably affects the evolution of these sys-
tems and induces the transition feature (e.g., Chen et al.
2013; Benvenuto et al. 2014).

After six years of having the radio pulsar in
J1023+0038, the system was found to be back in the ac-
tive state since June 2013 with an accretion disk appear-
ing again around the neutron star (Stappers et al. 2014).
Extensive observations of the source at multi-frequencies
have thus been conducted. Comparing with what was
learned in the disk-free state, the first radio pulsed emis-
sion cannot be detected anymore. At optical wavelengths,
dominant emission from the accretion disk appears again
(Coti Zelati et al. 2014), and at X-ray and y-ray energies,
the flux has increased by a factor of 10 (Patruno et al.
2014; Stappers et al. 2014; Takata et al. 2014). Another
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notable difference at X-ray energies is the disappear-
ance of orbitally modulated emission (Archibald et al.
2010; Bogdanov et al. 2011), which likely originated
from the intrabinary shock region. It has been suggested
that interaction of the pulsar wind with outflow from the
companion forms the intrabinary shock (Bogdanov et al.
2011). The scenarios, considered to explain these multi-
frequency properties in the active state, are based on hav-
ing either a rotation-powered pulsar (Takata et al. 2014)
or a propeller (Papitto & Torres 2015). Detailed differ-
ences between the two scenarios are discussed in Papitto
& Torres (2015). Given these, 1102340038 has been an
excellent target for us to identify properties related to its
transition nature, and to study and understand physical
processes such as the interactions of a radio pulsar with
an accretion disk and with stellar wind from a companion
star.

The GeV ~-ray counterpart to J1023+0038 and
follow-up activity in the active state were observed with
the Large Area Telescope (LAT) onboard the Fermi
Gamma-ray Space Telescope (Fermi) (Tam et al. 2010;
Stappers et al. 2014; Takata et al. 2014). The release
of the best Fermi LAT dataset (Pass 8 data) in early
2015 and the accumulation of nearly 4 yr of data after
the June 2013 transition to the active state now allow a
detailed study of the y-ray emission from J10234-0038.
For this purpose, we have carried out data analysis. We
have detected a high-energy component in the source’s
GeV emission, which previously appeared in the results
in Torres et al. (2017). We have found this part of emis-
sion is possibly orbitally modulated. In this paper we re-
port these results.

2 DATA ANALYSIS AND RESULTS
2.1 LAT Data

LAT is a ~-ray imaging instrument onboard Fermi,
which continuously provides observational data for GeV
sources by scanning the whole sky every three hours
(Atwood et al. 2009). In the analysis, we selected 0.1—
300 GeV LAT events from the Fermi Pass 8 database in-
side a 20° x 20° region centered at J1023+0038, the
position of which is R.A. = 100823m47.69%, Decl. =
+00°38 40.8” (Jaodand et al. 2016). The time period
of the data we analyzed is from 2008—08-04 15:43:36
(UTC) to 2017-06-01 00:37:25 (UTC), nearly 9 yr. We
excluded events with quality flags of ‘bad’ and those with
zenith angles larger than 90°; the latter is to prevent con-
tamination from Earth’s limb. These selections are rec-
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ommended by the LAT team'. LAT science tools soft-
ware package v10rOp5 was used in the data analysis.

2.2 Likelihood Analysis

We first conducted binned maximum likelihood analysis
on the LAT data of J10234-0038 in the energy range 0.1—
300 GeV. The Fermi LAT 4-year catalog (Acero et al.
2015) was used to construct the source model. Sources
within 20° from J10234-0038 were included, with their
spectral forms given in the catalog that was used. We
let the spectral parameters of the sources within 5°
from J1023+4-0038 be free, and fixed those of the other
sources at their catalog values. The source J102340038
was included as a point source with emission mod-
eled with an exponentially cutoff power law dN/dE =
NoE'exp(—E/E.), where I' and E, are the photon
index and cutoff energy, respectively. We also consid-
ered Galactic and extragalactic diffuse emission in the
source model, where the spectral model gll_iem_v06.fits
and the file iso_.PSR2_SOURCE_V6_v06.txt were used
respectively. The normalizations of the diffuse compo-
nents were set free in the analysis.

The LAT data of J1023+0038 during the time pe-
riods before 2013 June 1 (MJD 56444) and after 2013
July 1 (MJD 56474) approximately correspond to the
disk-free and active states (Stappers et al. 2014; Takata
et al. 2014), respectively. From the data, we obtained
I' = 18404, E. = 241 (Fy.1-300 = 0.6 +£ 0.3 x
108 photonss~! cm~2) in the former state with a test
statistic (TS) value of 78, and I' = 2.0£0.1, E. =
3.040.4 (Fu.1-300 = 9+ 1 x 1078 photonss~! cm~2)
in the latter state with a TS value of 3819. These results
are provided in Table 1. Comparing with the previous re-
sults, for example in Takata et al. (2014), these values are
consistent within uncertainties.

We also evaluated the significance of the spectral
cutoff by repeating the likelihood analysis but model-
ing the source emission with a power law dN/dFE =
NoE~T. The cutoff significance was estimated from
\/—210g(Lp1/Lexp), where Ly, and Ly, are the max-
imum likelihood values obtained from a power law with
and without the cutoff respectively (Abdo et al. 2013).
We found that in the active state, the spectral cutoff was
detected with a significance of 8.30, and in the disk-
free state, it was only marginally detected with a signif-
icance of 2.80. The power-law fit for the vy-ray emis-
sion has I' = 2.440.1 and Fy1-300 = 1.0 +£ 0.3 x

U http:/ffermi.gsfe.nasa.gov/ssc/data/analysis/scitools/
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Fig.1 Thirty-day interval light curve and TS curve of J1023+0038 in the 0.1-300 GeV band. The dashed lines in the upper panel
signify the state transition period from MJD 56444 to MID 56474. The dotted line in the bottom panel marks the TS threshold

above which the flux data points are kept in the light curve.

Table 1 Likelihood Analysis Results for J1023+0038

Data set Model > 0.1 GeV Flux I E. TS
(10~8 photoncm—2m~25~1) (GeV)
Disk-free state  Power law with cutoff 0.6 0.3 1.8+04 241 78
Power law 1.0 £ 0.3 24 4+0.1 - 77

Active state Power law with cutoff 941 2.0 £0.1 3.0+04 3819

Phase I Power law with cutoff 6.6 £0.9 1.7+ 0.1 2.04+04 1450

Phase 1T Power law with cutoff 92402 1.96 £0.01 324+0.1 2128

Notes: The uncertainties are given at a 1o confidence level.
Table 2 Fermi LAT Flux Measurements of J102340038
Disk-free state Active state Phase I Phase IT

E Band F/10712 TS F/10712 TS F/10712 TS F/10712 TS
(GeV) (GeV) (ergem 257 1) (ergem— 25 1) (ergem—2s1) (ergem—2571)
0.15 0.1-0.2 241 10 1542 359 12+4 105 1542 185
0.33 0.2-0.5 1.940.8 24 15+1 895 1242 288 161 540
0.74 0.5-1.1 1.3+0.3 30 13.6+£0.8 1255 12+1 492 15+1 765
1.65 1.1-2.5 0.7£0.2 18 9.1£0.6 846 8.7+0.9 390 9.24+0.9 451
3.67 2.5-5.5 0.5£0.2 11 5.4+0.6 339 5.7£0.9 182 5.1£0.8 154
8.17 5.5-12.2 0.7 6 2.5+£0.6 78 1.8 4 441 83
18.20 12.2-27.2 0.5 0 1.0 3 0.7 0 1.9 4
40.54 27.2-60.5 0.6 0 241 14 4.0 4 241 9
90.27 60.5-134.7 1.3 0 4.5 8 3.3 0 342 10
201.03  134.7-300.0 2.8 0 4.3 0 7.3 0 9.4 0

Notes: F is the energy flux (E2dN/dE). The uncertainties are given at a 1o confidence level. Fluxes without uncertainties are the

95% upper limits.

108 photons s~! cm ™2 in the disk-free state (with a TS
value of 77). These results are also listed in Table 1.

2.3 Light Curve Analysis

We extracted the light curve of J102340038 in 0.1-
300GeV, by conducting a maximum likelihood anal-

ysis of the data during each 30-day time interval. A
point source with power-law emission was considered for
J10234-0038.

In Figure 1, the obtained light curve as well as the TS
curve is shown. Only data points with TS greater than 9
(>30 significance) were kept in the light curve. In the
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disk-free state, emission was weak as TS values for most
data points were smaller than 9.

In the active state, the flux appears to have a fac-
tor of three variations (5 — 15 x 10~% photonss~! cm~2;
the TS varies between 10—-140), although the uncertain-
ties are also very large, not allowing a clear conclusion
to be drawn. Following Nolan et al. (2012), the variabil-
ity index TSy, was calculated during the active state.
There are a total of 48 time bins, and if the flux is con-
stant, T'S., would have a X2 distribution with 47 degrees
of freedom. Variable sources would have TSy, larger
than 72.5 (at a 99% confidence level; Nolan et al. 2012).
The computed TSy, for the source was 29.0, indicating
no significant long-term variability observed in the y-ray
emission.

2.4 Spectral Analysis

We obtained the v-ray spectra of J1023+0038 during
both the disk-free and active states. The energy range
of 0.1-300GeV was evenly divided in logarithm into
10 energy bands, and a maximum likelihood analysis of
the LAT data in each of the bands was conducted. In
the analysis, the spectral normalizations of the sources
within 5° from J10234+0038 were set free, and all the
other parameters of the sources were fixed at values ob-
tained from the above maximum likelihood analysis. A
point source with power-law emission was assumed for
J10234-0038. We kept the spectral data points when TS
was greater than 9 (> 3o significance); otherwise we
derived 95% flux upper limits. The obtained spectra are
shown in Figure 2, with the flux and TS values of the
spectral data points provided in Table 2.

We found that the y-ray emission during both the
disk-free and active states can be significantly detected
in <5.5GeV bands. In >5.5GeV bands, the y-ray emis-
sion can only be significantly detected in the active state.
There are two firm detections in 5.5-12.2 and 27.2-
60.5GeV bands, with TS values of 78 and 14, respec-
tively.

This high energy component was not detected by
Takata et al. (2014), but in an updated spectrum of
the source given in Torres et al. (2017) obtained using
the Fermi Pass 8 data, the spectral data points in the
>5.5 GeV band appeared. No discussion about this com-
ponent was made in Torres et al. (2017). Data from the
active state we used in the analysis have a duration >2
times longer than that used in Torres et al. (2017), which
confirms the high energy detection and has allowed the
following detailed analysis.

Y. Xing et al.: Modulated y-ray Emission from PSR J1023+0038

2.5 Orbital Variability Analysis

In order to fully study the > 5.5GeV component, we
investigated orbital variability of the source by first ob-
taining orbital-resolved spectra in the active state. The
updated timing ephemeris during this state is provided in
Jaodand et al. (2016). This ephemeris is valid only be-
fore MJD 57500, ~400 days before the end of the LAT
observation we used.

We checked the orbital periods (and uncertainties)
published in other ephemerides (Archibald et al. 2009,
2013) and found the phase drift caused by the differences
in orbital period (and uncertainties) is negligible, indicat-
ing that the ephemeris can be safely extended to cover
the whole period of the active state used in the analysis.
Using the ephemeris and the Fermi plugin of TEMPO2
(Hobbs et al. 2006; Edwards et al. 2006), orbital phases
for photons were assigned. We divided the orbit into four
0.5 phase ranges, which were centered at the ascending
(phase 0)/descending (phase 0.5) nodes and the inferior
(phase 0.25)/superior (phase 0.75) conjunctions. Source
spectra in these four phase ranges were extracted. We
found possible spectral differences in the energy range
of >5.5GeV between the orbital phase ranges of 0.75-
1.25 (Phase I) and 0.25-0.75 (Phase II). The two spectra
are shown in Figure 2, and their flux and TS values are
provided in Table 2. As can be seen, the ~y-ray fluxes in
the low energy bands during Phase II are slightly higher
than those during Phase I, but within 30 uncertainties.
In the high energy ranges of >5.5 GeV, the vy-ray emis-
sion can only be significantly detected during Phase II,
with TS values of 83, 9 and 10 in 5.5-12.2, 27.2-60.5
and 60.5-134.7GeV bands, respectively. During Phase
I, only upper limits could be obtained with TS values of
< 4. These results likely indicate the existence of an ad-
ditional >5.5 GeV component during Phase II.

In order to search for possible emission differences
between the two phase ranges of Phase I and II, we per-
formed likelihood analysis on the 0.1-300 GeV data dur-
ing both of them. The results, given in Table 1, con-
firmed the spectral analysis results. The y-ray spectrum
in Phase I has a smaller photon index, lower cutoff en-
ergy and lower photon flux compared to those in Phase
II, but the differences are not significant (within 30) due
to large uncertainties. Considering these likelihood re-
sults are mainly dependent on the <5.5GeV part of the
source’s emission because of higher detection signifi-
cance in the lower energy bands (see Table 2), we also
only conducted likelihood analysis on the 5.5-300 GeV
data. The ~y-ray emission of the source was modeled as
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a simple power law. The 5.5-300 GeV ~-ray emission
was only significantly detected during Phase II with a
TS value of 101 (I' = 2.7 & 0.4 and the 5.5-300 GeV
flux is 3.240.7 x 10719 photonscm =2 s~ 1), correspond-
ing to a ~100 detection significance, while during Phase
I no significant y-ray emission was detected (TS~ 7).
The steep power-law fit during Phase II was plotted in
Figure 2 for comparison. Two >5.5GeV TS maps dur-
ing Phase I and II are shown in Figure 3. These re-
sults confirm the existence of the additional >5.5 GeV
component during Phase II, which is likely the cause
of the obtained higher cutoff energy. The best-fit posi-
tion of the >5.5GeV ~v-ray emission during Phase II is
R.A.=155.97°, Decl.=+0.67° (epoch J2000.0) with 1o
nominal uncertainty of 0.04° (obtained with gtfindsrc).
The source J1023+4-0038 is 0.03° away from the best-fit
position and within the lo error circle. All of these re-
sults indicate that the >5.5 GeV high-energy component
comes from J1023+0038 and shows orbital variations.

To further study the variations, we selected LAT pho-
tons in the 5.5-300GeV band within an aperture radius
of 1.1° (approximately the 95% contamination angle at
5.5GeV) and assigned the orbital phases to each of the
photons. The folded light curve is shown in Figure 4.
We applied the x? test for periodicity and obtained a x2-
test value of 21.8, which corresponds to a 2.8¢ detection
significance. However, we note that because the number
of photons is very limited (47 photons in total), the x2-
test statistic may not be valid owing to the non-Gaussian
distribution of photons in each of the bins. We also ap-
plied the H-test for periodicity, which is a powerful test
for weak periodic signals (de Jager & Biisching 2010).
An H-test value of 17 was obtained, corresponding to a
3.20 detection significance. We checked the exposures
during each of the phase bins (calculated using the LAT
tool gtexposure) and found they only had <7% vari-
ations (obtained from W, where E represents
the exposure). These variations are too small compared
to variations in the light curve (~170% obtained from
W, where C' represents the counts) to cause any
artificial orbital modulations. We also constructed a 0.1-
5.5GeV folded light curve, for which the <7% varia-
tions in the exposures are comparable to variations in the
light curve (~17%), indicating that the exposure differ-
ences cannot be negligible. The folded light curve (with
exposures corrected) is shown in Figure 4. We applied
the x? test to the folded light curve and obtained a x2-
test value of 11.0, which corresponds to a <1.50 detec-
tion significance. We also applied the H-test to <5.5 GeV
photons and obtained an H-test value of 15, correspond-
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ing to a 3.00 detection significance. However, we note
that the H-test can only be applied to a set of arrival times
rather than a folded light curve, thus, owing to the non-
negligible exposure variations, the H-test result is not
trustable. All of these results indicate that the possible
orbital modulation is weak and appears only in the high
energy range of >5.5 GeV.

3 DISCUSSION

We have analyzed nearly 9yr of Fermi LAT data for
J1023+0038, in which the active state of the source
lasted nearly four years. From our analysis, we found
that during the active state, the source’s y-ray flux is ap-
proximately 14 times higher than that during the disk-
free state. However, no apparent spectral differences can
be seen between the two states, partly because the uncer-
tainties on the parameters obtained in the disk-free state
are particularly large (Table 1). The results are consistent
with those obtained in the previous studies (Takata et al.
2014). We also obtained a long-term light curve for the
source and found that its emission in the active state is
consistent with being non-variable.

In the active state, it was proposed that if consid-
ering a still active radio pulsar, the inverse Compton
(IC) process, which in this case arises from a cold
pulsar wind scattering off the optical/infrared pho-
tons from the accretion disk, leads to ~y-ray emission
from J1023+0038 (Takata et al. 2014). Another pro-
posed scenario considers a propellering neutron star
(Papitto et al. 2014; Papitto & Torres 2015), around
which the disk-magnetosphere boundary undergoes self-
synchrotron Compton processes, giving rise to the ob-
served ~y-ray emission. Recent X-ray observations dur-
ing the active state favor the pulsar scenario. Coherent
X-ray pulsations possibly due to the heated polar caps
(Archibald et al. 2015) were detected, while the spin-
down rate did not have dramatic changes compared to
that during the disk-free state (Jaodand et al. 2016).
These results suggest that the spin-down mechanism of
the pulsar is still dominant (Jaodand et al. 2016). We
may suspect that because of the low mass-accretion rate,
limited by the low X-ray luminosity of the source (~
6 x 1033 ergs!; Li et al. 2014), a hybrid situation exists
in the active state. On one side, matter from the accretion
disk reaches the surface of the neutron star, and on the
other side, part of the magnetic field lines are still open,
driving the activities as in a rotation-powered pulsar.

We have confirmed the detection of a high-energy
>5.5GeV component during the active state, and this
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respectively.

component was only detected in half of the orbit around
the descending node. Previously, the detection of or-
bital modulation at y-ray energies has been reported for
two black widow pulsar binaries (in which the compan-
ion star has a very low mass of ~ 0.02 M¢); Fruchter
et al. 1988), PSR B1957+20 (Wu et al. 2012) and PSR
J1311-3430 (Xing & Wang 2015a), and possibly for the
transitional pulsar binary XSS J12270—-4859 (Xing &
Wang 2015b). Because the detection for J12270—4859
was in its disk-free state, these three cases imply a rel-
atively clear picture can be considered. A pulsar wind

interacts with the outflow from a companion, forming a
shock front. High-energy particles from the shock front
IC scatter field optical/infrared photons to GeV energies.
In PSR J1311—3430 and J12270—4859, the modulation
has been suggested to be due to occultation of the emit-
ting region by the companion (Xing & Wang 2015a,b).
In B1957+20, a >3 GeV component appeared when the
companion star was between the pulsar and the Earth,
and this component has been suggested to arise because
the IC process of a cold pulsar wind occurs as a head-
on collision (towards the Earth; Wu et al. 2012). In the
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model proposed by Takata et al. (2014) (see also Li et al.
2014), the existence of the intrabinary shock was also
considered for J1023+0038, which has been likely indi-
cated by the orbitally modulated X-ray emission in the
disk-free state (Archibald et al. 2010; Bogdanov et al.
2011). However, although IC scattering of the pulsar-
wind particles, accelerated by the intrabinary shock, can
produce >5 GeV emission, the predicted flux level is less
than the observed flux (see Fig. 5). In their model, syn-
chrotron radiation of the shocked pulsar wind explains
the Swift/NuSTAR observations. It is difficult to produce
a flux level of ~ 107 '2ergecm=2s~! in the >5.5GeV
band when we simultaneously fit the X-ray and ~-ray
data.

Therefore, the possibility left is that the high-energy
component still arises from the IC process of cold-
relativistic wind scattering off disk photons. The model

in Takata et al. (2014) and Li et al. (2014) assumed a
mono-energetic distribution of wind particles, and esti-
mated a typical Lorentz factor of I'y ~ 10* with canon-
ical parameters of the MSP. With the mono-energetic
assumption of the pulsar wind, however, the predicted
spectrum steeply drops above several GeV (see fig. 5
in Li et al. 2014) and the predicted flux is inconsis-
tent with flux of the > 5.5 GeV component. It has been
discussed that acceleration of the pulsar wind is caused
by magnetic reconnection/dissipation in the pulsar wind
(Coroniti 1990; Lyubarsky & Kirk 2001). The energy
distribution, as a result of dissipation of the magnetic
energy to particle energy, can form a non-thermal par-
ticle distribution of f(I')dl' o I'"*dI’ with s ~ 3 —
4 (Sierpowska-Sierpowska-Bartosik & Torres 2008 and
references therein).
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In Figure 5, we re-fit the NuSTAR X-ray (provided
by Li et al. 2014) and GeV spectra in the active phase by
assuming a power law distribution (s ~ 3) of the parti-
cles in the cold-relativistic pulsar wind. The model with a
power law distribution interprets the observed GeV spec-
tra well. However, the property of the orbital modula-
tion is puzzling. As a possible interpretation, the power-
law index s of the pulsar wind varies with orbital phase,
since the observed emission in different orbital phases
emanates from different field lines. Possible supporting
evidence is the different I' values obtained in Phases I
and II (see Table 1). With the power-law index s > 2,
most of the wind energy is carried by lower energy par-
ticles with 'y ~ 10%. In such a case, a change in the
power-law index does not affect the radiation flux of the
lower energy part (<5.5GeV) in the spectrum, but sen-
sitively affects the high energy part (>5.5GeV). In this
scenario, the power-law index s for observed emission
in Phase II should thus be smaller than that in Phase I,
although the current Fermi data do not allow a clear de-
termination observationally.
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