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ABSTRACT

We present a multi-wavelength study of the unassociated Fermi -LAT source, 3FGL J0954.8−3948,
which is likely the γ-ray counterpart of a 9.3-hour binary in the field. With more than 9 years
of Pass 8 LAT data, we updated the γ-ray spectral properties and the LAT localization of the
γ-ray source. While the binary lies outside the cataloged 95% error ellipse, the optimized LAT
ellipse is 0.1 degrees closer and encloses the binary. The system is likely spectrally hard in X-rays
(photon index ΓX = 1.4+1.2

−1.0) with orbital modulations detected in optical, UV, and possibly
X-rays. A steep spectrum radio counterpart (spectral index α ≈ −1.6) is also found in the
TIFR GMRT Sky Survey (TGSS), implying that it is a pulsar system. We obtained a series of
SOAR and Gemini spectroscopic observations in 2017/2018, which show a low-mass secondary
orbiting in a close circular orbit with K2 = 272 ± 4 km s−1 under strong irradiation by the
primary compact object. All the observations as well as the modelling of the X/γ-ray high-energy
emission suggest that 3FGL J0954.8−3948 is a redback millisecond pulsar in a rotation-powered state.

Subject headings: binaries: close — gamma rays: stars — pulsars: general — X-rays: binaries

1. INTRODUCTION

Redback and black widow millisecond pulsars (MSPs)
are unique subclasses of pulsar binaries, which have com-
pact orbits (periods of . 1 days) and very low-mass com-
panions (M2 = 0.1 – 0.4M⊙ for redback and< 0.1M⊙ for
black widow; Roberts 2013; Chen et al. 2013). With sep-
arations of just a few R⊙ or less, the primary pulsars are
heavily ablating the secondary stars with high-power ra-
diation and pulsar winds, potentially explaining how iso-
lated MSPs are formed (van den Heuvel & van Paradijs
1988). They became even more interesting recently as
three redback MSPs (also known as transitional MSPs),
M28I (Papitto et al. 2013), PSR J1023+0038 (Archibald
et al. 2009; Patruno et al. 2014; Stappers et al. 2014),
and PSR J1227−4853 (Roy et al. 2015), have shown re-
markable transitions between the low-mass X-ray binary
(LMXB) state and the radio pulsar state, which could be
an important piece of evidence for the recycling explana-
tion for MSP formation (Alpar et al. 1982).
In the Fermi Large Area Telescope (LAT) third source

catalog (3FGL; Acero et al. 2015), over 1000 γ-ray
sources are without definitive associations at other wave-
lengths. On the basis of previous work (e.g., Abdo et al.
2013), some of these unassociated Fermi-LAT sources
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are likely to be redback and black widow MSPs. In
fact, recent coordinated multi-wavelength searches have
identified at least nine unassociated Fermi -LAT sources
as promising redback/black widow candidates, includ-
ing8: 3FGL J0838.8−2829 (Halpern et al. 2017), 3FGL
J0212.1+5320 (Li et al. 2016; Linares et al. 2017), 3FGL
J0427.9−6704 (Strader et al. 2016), 3FGL J2039.6−5618
(Romani 2015; Salvetti et al. 2015), 3FGL J1544.6−1125
(Bogdanov & Halpern 2015), 2FGL J1653.6−0159 (Ro-
mani et al. 2014; Kong et al. 2014), 1FGL J0523.5−2529
(Strader et al. 2014), 2FGL J1311.7−3429 (Romani 2012;
Kataoka et al. 2012), 1FGL J2339.7−0531 (Romani &
Shaw 2011; Kong et al. 2012), at least two of which, PSR
J1311-3430 (Pletsch et al. 2012) and PSR J2339-0533
(Pletsch & Clark 2015), have been confirmed as MSPs.
It is also worth mentioning that 3FGL J0427.9−6704 and
3FGL J1544.6−1125 are γ-ray emitting low-mass X-ray
binaries that are good candidates for transitional MSPs.
3FGL J0954.8−3948 is a bright unassociated Fermi -

LAT source in 3FGL, detected in 0.1–100 GeV with a
detection significance of 19σ (Acero et al. 2015). It first
appeared in the Fermi -LAT first source catalog (1FGL;
Abdo et al. 2010), and subsequently in the Fermi -LAT
second source catalog (2FGL; Nolan et al. 2012). The γ-
ray source resembles other γ-ray pulsars with low source
variability (its chi-squared variability index of 51 with 47
degrees of freedom is consistent with a steady source) and
a significantly curved γ-ray spectrum (Abdo et al. 2013).
Both features suggest that 3FGL J0954.8−3948 could be
a γ-ray pulsar. Indeed, Saz Parkinson et al. (2016) found
that 3FGL J0954.8−3948 is a strong MSP candidate us-

8 The list does not include 2FGL J0846.0+2820 (Swihart et al.
2017) and 1FGL J1417.7−4407 (Strader et al. 2015), which have
giant secondaries with orbital periods of 8.1 days and 5.4 days, re-
spectively. The latter was confirmed as a MSP (PSR J1417−4402;
Camilo et al. 2016)

ar
X

iv
:1

8
0
7
.0

2
5
0
8
v
1
  
[a

st
ro

-p
h
.H

E
] 

 6
 J

u
l 

2
0
1
8



2 Li et al.

ing statistical and machine learning techniques. Drake
et al. (2017) suggested a binary with an orbital period of
9.3 hours, named SSS J095527.8−394752, to be a promis-
ing counterpart to 1FGL J0955.2−3949. In addition, a
bright radio counterpart possibly associated with the bi-
nary was independently discovered by Frail et al. (2016).
However, these counterparts are later found to be out-
side the 3FGL error ellipse, and the association therefore
remains questionable until now.
In this paper, we present multi-wavelength observa-

tions of 3FGL J0954.8−3948, with which we show that
SSS J095527.8−394752 is still likely to be the counterpart
of the γ-ray source. Furthermore, the observed timing
and spectral properties are in agreement with the sug-
gestion of Drake et al. (2017) that 3FGL J0954.8−3948
is a new member of the group of redback MSPs.

2. FERMI -LAT GAMMA-RAY ANALYSIS

Before searching for the X-ray/optical counterparts, we
first re-localized 3FGL J0954.8−3948 in γ-rays taking ad-
vantage of the Pass 8 LAT data (Atwood et al. 2013) with
a timespan of more than 9 years, whose performance has
been much improved over the 4 years of Pass 7 data used
in 3FGL. This would in principle yield a more precise
γ-ray position with a more restricted error circle.
The LAT events and the spacecraft data were down-

loaded from the Fermi Science Support Center (FSSC).9

The dataset covers the time range of 4 Aug 2008 – 16
Dec 2017 with reconstructed energy in 0.1–100 GeV.
We selected SOURCE class events (Front and Back)
but excluded those with a zenith angle larger than
90◦ or a rocking angle larger than 52◦ to avoid the
Earth limb contamination. The region of interest (ROI)
was centered at (α, δ) = (148.◦712,−39.◦809), which is
the 3FGL position of 3FGL J0954.8−3948. All the
3FGL sources located within a 20◦ radius circle at the
center were included to build a spatial and spectral
model for the γ-ray emission in the field. The model
also includes the latest Galactic interstellar emission
model (gll iem v06.fits) and the isotropic emission spec-
trum (iso P8R2 SOURCE V6 v06.txt), of which the lat-
ter takes the extragalactic emission and the residual in-
strumental background into account (Acero et al. 2016).
With the latest instrument response function

P8R2 SOURCE V6, model fitting was performed
by the maximum likelihood method (Mattox et al.
1996), which is integrated in the Fermi Science Tools
available at FSSC. In addition, the fermipy package10

developed within the LAT collaboration was used
to facilitate the analysis (Wood et al. 2017). Under
the framework, the significance of a certain source is
characterized by Test Statistic (TS),

TS = 2(logL − logL0),

where logL and logL0 are the logarithms of the maxi-
mum likelihood of the complete source model and of the
null hypothesis model (i.e., the source model without the
certain source), respectively.
The localization fit was performed at > 1 GeV to bene-

fit from the improved angular resolution and the reduced
background contamination. We first performed an initial

9 http://fermi.gsfc.nasa.gov/ssc/
10 http://fermipy.readthedocs.io/en/latest/index.html

fit with a 14◦×14◦ ROI, by allowing the background dif-
fuse components as well as all the sources located < 5◦

from 3FGL J0954.8−3948 to vary. Given the ∼ 4σ ev-
idence for spectral curvature of 3FGL J0954.8−3948 in
3FGL, we employed two curved spectral models for it,

PLExpCutoff :
dN

dE
∝ E−Γg exp

(

−
E

Ec

)

and

LogParabola :
dN

dE
∝

( E

Eb

)−(Γg+β log(E/Eb))

,

where Γg serves as the photon index for both models, Ec

characterizes the cutoff energy for PLExpCutoff, β de-
fines the degree of curvature for LogParabola, and Eb is
a fixed scale parameter. Both models give good fits to
the data and PLExpCutoff is slightly preferred over Log-
Parabola by 1σ. Three parameter-fixed γ-ray sources
located outside the 5◦ region, 3FGL J0928.9−3530,
3FGL J0937.1−4544c and 3FGL J1007.4−3334 were not
well modelled in the first round and a second iteration
was done with their normalization parameters freed.
Taking the best-fit source model from the afore-

mentioned processes as the input, we re-localized
3FGL J0954.8−3948 using the “Source localization”
function in fermipy for both LogParabola and PLEx-
pCutoff models. The spectral parameters of all the
sources, except the Galactic/Isotropic diffuse compo-
nents and 3FGL J0954.8−3948, were fixed during the
localization, although we found that freeing the nor-
malizations of the background diffuse components has
no significant effect on the localization result. Ta-
ble 1 summarizes the best localization parameters of
3FGL J0954.8−3948 for PLExpCutoff and LogParabola.
There is no obvious difference between the localizations
from LogParabola and PLExpCutoff, but the PLEx-
pCutoff version is slightly favoured given the smaller
− logL of the best-fit. Figure 1 shows the new γ-ray
localization of 3FGL J0954.8−3948 (PLExpCutoff) on
the DSS1 image and the TS map of the field. Compared
with the 95% error ellipse of 3FGL J0954.8−3948 pre-
sented in 3FGL (i.e., 5.′3 and 4.′0 for the semi-major and
semi-minor axes, respectively), the updated LAT posi-
tion is shifted by 6.′2 to (α, δ) = (148.◦8462,−39.◦8089)
with a much improved 95% error radius of 2.′2 (Figure
1). Using this best-fit position, broadband spectral fit-
ting in the energy range of 0.1–100 GeV was also per-
formed for both PLExpCutoff and LogParabola, and the
best-fit parameters are listed in Table 1.
High long-term γ-ray flux variability is a common fea-

ture of transitional MSPs. To examine this possibility
for 3FGL J0954.8−3948, we computed a long-term light
curve with 90-day binning in the energy range of 0.1−100
GeV (Figure 2). For each time bin, the flux was cal-
culated independently using the likelihood analysis. In
the source model used, the spectral shapes of all sources
(including 3FGL J0954.8−3948) located within 5◦ from
3FGL J0954.8−3948 were fixed according to their best-fit
models determined previously (i.e., only normalizations
were allowed to vary). Upper limits at 95% confidence
level were calculated when 3FGL J0954.8−3948 had TS
< 4. In addition, we followed the method presented in
Acero et al. (2015) to obtain the variability significance
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TABLE 2

Swift Observations of 3FGL J0954.8−3948

Swift ObsID Date BJD XRT Exposure XRT Count Ratea UVOT Filter Magnitudea

(start time) (seconds) (10−3 cts s−1) (Vega)

00031664001 2010 Mar 24 2455279.5230275 3557 5.0± 1.4 UVW1 20.24± 0.13
00084699001 2015 Feb 04 2457057.7715524 238 < 27.0b UVW2 > 20.40
00084699002 2015 Feb 16 2457070.4008172 145 < 37.0b UVW2 > 20.33
00084699003 2015 Jun 21 2457195.0878701 186 < 24.7b UVM2 > 20.78
00084699004 2015 Aug 07 2457242.3099548 278 < 22.5b UVW2 > 20.47
00084699005 2015 Aug 12 2457247.3567788 356 < 36.1b UVM2 > 20.36
00084699006 2015 Aug 19 2457254.1462335 1578 < 8.7b UVW2 20.07± 0.19
00084699007 2015 Aug 24 2457258.9278091 1091 4.4+2.8

−2.0
UVM2 20.01± 0.24

00034854001 2016 Dec 22 2457744.5423559 1785 3.4+2.0
−1.5

U 18.97± 0.07

00034854002 2017 Mar 09 2457821.8875329 2008 3.9+2.1
−1.6

UVW2 > 21.74
aThe upper limits listed are in 95% confidence level.
bThe source is detected in the stacked Swift/XRT image with 2.1+1.6

−1.2
× 10−3 cts s−1.

vidual spectra all had exposure times of 1200 sec. The
Gemini spectra used the R400 grating, centered around
6800 Å, with a 1.′′0 slit. All the exposures were 600 sec.
Fifteen spectra were obtained with Gemini; two of these
Gemini spectra had signal-to-noise too low to be useful,
but the remaining thirteen spectra were good. Both the
SOAR and Gemini spectra were reduced and optimally
extracted in the usual manner.
The immediate impression upon viewing the spectra is

that the effective temperature of the star varies substan-
tially over its orbit, and is quite warm when the “day”
side of the star is facing Earth, suggesting the presence of
heating. Comparing to the Paschen series of stars from
the Ca triplet library of Cenarro et al. (2001), the Gemini
spectra around φ ∼ 0.75 are of mid-A type, with effective
temperatures around ∼ 8000 K. The Paschen series en-
tirely disappears by the “night” phase of φ ∼ 0.25, where
the relative strength of the metal to hydrogen lines are
consistent with an early to mid G-type spectrum, with
estimated temperatures of ∼ 5700 K. The spectra show
no evidence of emission lines at any phase.
We determined barycentric radial velocities by cross-

correlating the individual spectra with templates appro-
priate to their specific spectral types, primarily in the
region of the Ca triplet and the Paschen series. These
22 velocities are listed as barycentric dynamical times on
the TDB system (Eastman et al. 2010) in Table 3.
We fit a circular Keplerian model to these radial veloc-

ities using the custom Markov Chain Monte Carlo sam-
pler The Joker (Price-Whelan et al. 2017). The poste-
rior distributions are approximately normal and uncor-
related. We summarize these with medians and equiv-
alent 1σ quantiles: period Pspec = 0.3873396(81) d,
semi-amplitude K2 = 272 ± 4 km s−1, systemic veloc-
ity γ = 96 ± 3 km s−1, and time of ascending node for
the compact object T0,spec = 2458097.94433± 0.00053 d.
A fit with these median values has χ2/d.o.f. = 17.7/18,
suggesting a reasonable fit. The orbital period is consis-
tent with the CSS value (§4). Dropping the assumption
of a circular orbit does not significantly improve the fit.
Assuming that the orbital period derivative over the

period between the CSS and the SOAR/Gemini epochs
is negligible (i.e., a stable period), we further constrain
the orbital period by performing a joint fitting of the
CSS photometric data and the radial velocities with a
sinusoidal function and a cosinusoidal function (with the

Fig. 4.— Gemini spectra of the star in the red near the extremes
of the “day” (φ = 0.73) and “night” (φ = 0.25) side spectra, with
the Paschen series evident on the day side and the Ca triplet on
the night side.

same period and T0 parameters shared), respectively.
The best-fit orbital period is Pjoint = 0.3873279(3) d
with T0,joint = 2458097.94395 ± 0.00068 d (χ2/d.o.f. =
134.9/202). This more precise orbital solution was used
in the UVOT and XRT timing analyses discussed in
§3 and §7.2, respectively (Figure 3). In addition, we
tried fitting the data by allowing a “phase shift” be-
tween the CSS photometric light curve and the radial
velocity curve, which is possible when the heating pat-
tern is asymmetric. This gives Pjoint,s = 0.3873318(13) d
with T0,joint,s = 2458097.94384 ± 0.00068 d and ∆φ =
0.08 ± 0.03 (i.e., the photometric peak at φ = 0.83;
χ2/d.o.f. = 125.6/201).

6. RADIO MEASUREMENTS IN THE LITERATURE

Using the Giant Metrewave Radio Telescope (GMRT)
150 MHz All-Sky Radio Survey (TGSS ADR; Intema
et al. 2017), Frail et al. (2016, 2018) identified radio
pulsar candidates associated with unidentified Fermi-
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TABLE 3
Barycentric Radial Velocities of 3FGL J0954.8−3948

BJD Radial Vel. Unc. Source
(d) (km s−1) (km s−1)

2457945.5057483 338.1 20.2 SOAR
2457956.4698649 86.6 21.3 SOAR
2457956.4838969 31.4 20.1 SOAR
2457956.4988242 -32.9 22.1 SOAR
2458072.7785401 -158.3 21.7 SOAR
2458072.7925358 -137.4 34.5 SOAR
2458072.8257413 -39.0 20.2 SOAR
2458095.7339401 180.2 8.5 Gemini
2458095.7425900 200.8 8.2 Gemini
2458095.7501254 249.8 7.6 Gemini
2458097.7417328 371.2 7.8 Gemini
2458102.7595228 349.6 7.1 Gemini
2458102.7681525 346.9 7.1 Gemini
2458102.7756881 362.7 7.4 Gemini
2458103.8328295 3.6 6.7 Gemini
2458103.8414655 56.2 6.8 Gemini
2458103.8507936 96.0 7.0 Gemini
2458106.7470583 122.3 9.8 Gemini
2458106.7557001 100.0 9.7 Gemini
2458106.7632348 71.0 8.9 Gemini
2458140.6035185 -81.1 23.9 SOAR
2458140.6175631 -22.2 20.1 SOAR

LAT sources in 2FGL, 3FGL, and the preliminary 8-year
source catalog13 (FL8Y). Three candidates were found
within 2FGL sources, and one of these is associated with
3FGL J0954.8−3948. However, as the radio source is
outside the 3FGL source’s 95% error ellipse, no detailed
investigation was done.
The 3FGL J0954.8−3948-associated pulsar candidate

is located at α(J2000) = 09h55m27.s75± 2.′′0, δ(J2000) =
−39◦47′51.′′1 ± 2.′′7 (1σ uncertainty; 2DRMS = 3.′′4),
which is roughly consistent with the Gaia optical po-
sition of SSS J095527.8−394752 (the offset: 2.′′9). This
radio counterpart is a bright point source with 77 mJy
at 150 MHz, but was cataloged neither in the Sydney
University Molonglo Sky Survey (SUMSS at 843 MHz;
Mauch et al. 2003) nor the NRAO VLA Sky Survey
(NVSS at 1.4 GHz; Condon et al. 1998), indicating that
it has a steep radio spectrum. Frail et al. (2016) esti-
mated the spectral index to be α ≈ −1.6 (where the
flux density Sν ∝ να), although it is highly uncertain
given the poor flux constraints by SUMSS and NVSS.
Nevertheless, this spectral index is fully consistent with
that of a typical pulsar: α = −1.60± 0.03, the weighted
mean spectral index of the 441 pulsars recently studied
in Jankowski et al. (2018), for instance.
3FGL J0954.8−3948 is also one of the 56 targets in the

Parkes radio MSP survey (Camilo et al. 2015). Unfor-
tunately, no radio pulsation was found in a blind search
with five 60-minute observations at 1.4 GHz. However,
the offset between the optimized position of the radio
search and the radio counterpart is as large as 5′, which
is comparable to the Parkes beam of 7.′2 (half-width at
half-maximum; Camilo et al. 2015). This offset could
have reduced the sensitivity of the search. Additionally,
the radio pulsations could be eclipsed by the materials
from the ablating companions during (some of) the ob-
servations. New search observations should be made at

13 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/

the updated position.

7. DISCUSSION

In various aspects from radio through GeV γ-rays, we
have shown that 3FGL J0954.8−3948 is well consistent
with a redback MSP binary:

• The system exhibited a clear orbital modulation in
optical with a compact orbit of P = 9.3 hours and
K2 = 272 km s−1, which is common among the
known redback systems.

• The X-ray counterpart has a hard spectral index (i.e.,
ΓX ≈ 1.4) comparable to other redbacks, though the
spectral index is uncertain, and deeper X-ray obser-
vations are needed.

• The γ-ray flux is mostly stable on a monthly time
scale and a significant curvature is found in the LAT
spectrum. Both are signature features observed in
many LAT-detected pulsars.

• It has a pulsar-like radio counterpart with a steep
spectral index of α ≈ −1.6.

These strongly suggest that the γ-ray source is a
new redback MSP binary. We also comment that
3FGL J0954.8−3948 is unlikely to be a black widowMSP,
since the source needs to be very nearby (i.e., d = 200
pc) to make the G-type secondary small in size (i.e., ∼
0.1R⊙). At this small distance, the X-ray and γ-ray lumi-
nosities would be as low as as LX ≈ 1.5×1030 erg s−1 and
Lγ ≈ 8 × 1031 erg s−1, which are far too low to produce
the huge “day” and “night” temperature difference seen
in the Gemini spectra (i.e., L ∼ 1034 erg s−1 is required;
will be discussed in §7.3). In addition, this close distance
also contradicts the parallax of 3FGL J0954.8−3948 mea-
sured byGaia (see §7.1). In contrast, a redback MSP sce-
nario can provide a self-consistent picture for the multi-
wavelength observations.

7.1. Basic Properties of the Binary

The observed kinematics of the secondary yield
the mass function f(M) = PspecK

3
2/(2πG) =

M1(sin i)
3/(1 + q)2 for gravitational constant G, in-

clination angle i, and mass ratio q = M2/M1. For
SSS J095527.8−394752, we find f(M) = 0.81± 0.04M⊙.
Assuming that the primary is a neutron star with a max-
imum mass of 2.0M⊙, then the observed mass function
implies i > 48◦ (for M1 = 1.4M⊙, i > 56◦). Given
that most redbacks have secondaries with masses of at
least 0.2M⊙, the most likely range of the inclinations is
somewhat more restricted, i > 52◦ (M1 = 2.0M⊙) to
i > 66◦ (M1 = 1.4M⊙). Under these circumstances, the
separation between the two binary members can be well
restricted to a ∼ (1.8 – 1.9)× 1011cm (equivalent to 2.6
– 2.7 R⊙) for M2 = 0.1 – 0.4M⊙.
Although not exclusively, normal redback systems of-

ten have luminosities of LX . 1032 erg s−1 (see, e.g.,
Linares 2014), putting a weak constraint of d . 1.7 kpc
on the distance for the redback MSP candidate. Another
constraint comes from the parallax information from the
second Gaia data release (GDR2; Gaia Collaboration
et al. 2016, 2018), ̟ = 0.36 ± 0.17 mas (corrected for
the global zero point of −0.029 mas; Lindegren et al.
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1.5 × 108 G for a spin period of Ps ∼ 3ms and Lsd =
2× 1034 erg s−1 (ǫ ∼ 0.5 assumed). The magnetospheric
emission from the outer gap is highly related to the gap
fraction, i.e., Lgap,γ ∼ f3

gapLsd, where the gap fraction
fgap is defined by the ratio of the gap thickness to the
light cylinder radius at the light cylinder. For MSPs, the
gap fraction is empirically found to be fgap > 0.3, as
the LAT γ-ray luminosities are often > 10% of the spin-
down powers (Abdo et al. 2013). In the model calculation
for 3FGL J0954.8−3948, we assumed a gap fraction of
fgap ∼ 0.5 to explain the observed luminosity with d =
1.7 kpc. As long as we fix the spin-down luminosity and
the gap fraction, the predicted γ-ray luminosity is not
sensitive to the spin period.
For the intra-binary shock contribution, we first

roughly estimate the ratio of the momenta of the stellar
wind and the pulsar wind (ηb) from the X-ray light curve.
It has been suggested that the X-ray orbital modulation
of redback systems is caused by the Doppler boosting
of the post-shocked wind (e.g., PSRs J1023+0038 and
J2129−0429; Li et al. 2014; Kong et al. 2018). If the X-
ray modulation of 3FGL J0954.8−3948 is genuine, then
the shock cone has to be wrapping the pulsar, such that
the X-ray emission can be Doppler boosted to create an
X-ray flux maximum when the companion is behind the
pulsar (phase = 0.75 in Figure 3). In this case, the stel-
lar wind should have a larger momentum than the pul-
sar wind. We therefore assumed ηb = 7, which was also
used to explain the X/γ-ray properties of the redback
MSP J1023+0038 (Li et al. 2014). The shock geometry
with ηb = 7 is calculated with the method discussed by
Canto et al. (1996), with the magnetic field strength at
the shock parametrized by the magnetization σ. Besides
the shock geometry, this magnetization parameter also
controls the X/γ-ray luminosities from the intra-binary
shock once the spin-down power is fixed at a certain value
(i.e., Lsd = 2 × 1034 erg s−1), as the synchrotron lumi-
nosity is proportional to the square of the magnetic field
strength, which depends on the magnetization as σ1/2.
For 3FGL J0954.8−3948, we applied σ = 0.1 to match
the observed X-ray luminosity.
The initial energies of the accelerated particles are as-

sumed to be power-law distributed. The maximum en-
ergy of the particles is determined by balancing the syn-
chrotron loss time scale and the acceleration time scale,
yielding the Lorentz factor of γmax = [9m2

ec
4/(4e3B)]1/2

at maximum, while γmin = 104 is assumed for the mini-
mum Lorentz factor. We finally solve the evolution of
the energies of the particles under synchrotron radia-
tion (inverse-Compton scattering loss is negligible for
the MSP binaries) and calculate the correspinding intra-
binary shock emission. Details of the calculation can be
found in Takata et al. (2014) and Li et al. (2014).
Figure 5 shows the calculated emission components

from the intra-binary shock and the outer gap, which
match the Swift/XRT and Fermi -LAT spectra very well.
Despite the ideal consistency, we emphasize that the pa-
rameter space for this system has not been fully explored,
and therefore this specific parameter set is just one ex-
ample that appears to fit the data. Additional measure-
ments for the key parameters, such as Lsd and Ps, are
essentially required to accurately capture the full physi-
cal behavior of the system in the future.

Note that Camilo et al. (2015) classified
3FGL J0954.8−3948 as a “poorer pulsar candidate” be-
cause of its “monotonically decreasing” (with energies)
LAT spectrum, which is theoretically unfavoured for a
pulsar. With our intra-binary shock model, we have
demonstrated that, even though the magnetospheric
emission of a redback pulsar (the outer gap model for
instance) peaks at ∼ 1 GeV (in the frame of νFν), the
spectrum can be contaminated at low energies by the
∼ 0.1 GeV shock emission, making the γ-ray counterpart
non-pulsar-like. Apparently, γ-ray spectra are not good
as a pulsar indicator alone when very strong intra-binary
shock emission is observed.

7.4. The Largely-Shifted LAT Localization

We should not expect 100% accuracy for 95%
error ellipses by definition, however, the case of
3FGL J0954.8−3948 is quite extreme—the 3FGL and
the updated error regions are separated by 6′ and just
barely touch each other by the edges (Figure 1)—which
may worth a brief discussion. We compared the 3FGL lo-
calization with the previous results in 1/2FGL, the 1FGL
95% error ellipse is big enough to encompass all the lo-
calizations, including the new best-fit position, while the
ones in 2FGL (which has the X-ray/optical/radio coun-
terpart inside) and 3FGL are more consistent with each
other. To ensure the reliability of the new LAT local-
ization, we visually checked the count map and the TS
map, which both confirm the new best-fit position. Fur-
thermore, our new error circle is almost identical to that
in FL8Y (i.e., FL8Y J0955.4−3949; Figure 1).
Obviously, the great improvement is given by a much

higher quality of data as more than 9 years of Pass 8
data were used. At the same time, 3FGL J0954.8−3948
is a relatively bright and significant γ-ray source in
3FGL with a detection significance of 19σ, reflecting
that the unsatisfactory localization is unlikely caused
by insufficient quality of the data used in the catalog.
Strong variability of nearby sources can possibly affect
the best-fit localization of an object, however, no cata-
loged variable γ-ray source can be found within 4◦ from
3FGL J0954.8−3948. Alternatively, the Galactic diffuse
emission in this area may not be well modelled in 3FGL,
leading to residual emission that could cause the offset.
Though 3FGL J0954.8−3948 is about 11◦ away from the
Galactic plane, there is still plenty of Galactic structure
to make this scenario possible. Lastly, the relatively soft
γ-ray spectrum of 3FGL J0954.8−3948 (the photon in-
dex is 2.54 in 3FGL; Acero et al. 2015) could also account
for the underestimated positional uncertainty.
In any case, our Fermi -LAT study on

3FGL J0954.8−3948 clearly shows that the 95%
error ellipses from the likelihood analysis can be un-
derestimated sometimes, even for bright sources with
significant detections. While we believe that most of
the 3FGL error ellipses are still reliable, expanding the
regions of interest slightly beyond the LAT error ellipses
could be a wise strategy when identifying unassociated
Fermi -LAT sources with multi-wavelength observations.
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