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ABSTRACT

Multi-band observations of the fast radio burst (FRB) 131104 show that this burst may be associated
with a gamma-ray transient entitled Swift J0644.5-5111. Follow-up observations for potential X-ray
and radio counterparts of FRB 131104/Swift J0644.5-5111 got null results and provided the upper
limits of the emission flux at 5.5 GHz, 7.5 GHz, U -band, and X-ray band. By assuming this association
and using these upper limits, environmental properties (the fraction of energy in a magnetic field
εB and the number density n) of the progenitor system of FRB 131104/Swift J0644.5-5111 were
constrained in the context of the standard afterglow model that neglects the non-relativistic effect
and jet effect by several groups. In this paper, we adopt a unified afterglow model that takes into
account the non-relativistic effect and jet effect and use the upper limits of four bands (5.5 GHz, 7.5
GHz, U -band, and X-ray) to obtain more stringent constraints on the parameter space spanned by
εB and n. We thus suggest that FRB 131104/Swift J0644.5-5111 might originate from a black hole-
neutron star merger event. Moreover, we calculate multi-band emissions from a kilonova powered
by the radioactivity of r-process elements synthesized in the ejected neutron-rich material and find
that the U -band emission from the putative kilonova is significantly lower than the upper limit of the
observations.
Subject headings: gamma-ray burst: general – radio continuum: general

1. INTRODUCTION

Fast radio bursts (FRBs) discovered one decade ago
are radio transients whose duration timescale is only a
few milliseconds (Lorimer et al. 2007; Ravi et al. 2016;
Kulkarni et al. 2014). It seems that the event rate of
FRBs is very low since only 34 FRBs have been discov-
ered.1 Considering the facts that radio telescopes observe
a small area of sky 2 and that the observed band is rather
narrow, however, the actual explosion rate of FRBs must
be rather high, about 2.8 × 103 Gpc−3 yr−1, and about
104 bursts per day all sky (Hassall et al. 2013). These
FRBs may be divided into two subclasses, repeating and
non-repeating FRBs. Except for FRB 121102 which is
a repeating FRB that has been recorded more than 140
bursts (cf. Palaniswamy et al. 2018),3 and the other are
non-repeating.4

The typical frequency and the observed peak flux of
FRBs are ∼ 1 GHz and ∼ 1 Jy, respectively.5 Based on

1 http://www.astronomy.swin.edu.au/pulsar/frbcat/
2 The total instantaneous field-of-view (FoV) of the Molon-

glo Observatory Synthesis Telescope (UTMOST) is ∼ 8 deg2

(http://astronomy.swin.edu.au/research/utmost/?page id=32);
the total instantaneous FoV of the Five-hundred-meter Aperture
Spherical radio Telescope (FAST) is 0.15 deg2 (Li et al. 2017), and
based on the method provided by Li et al. (2017), the computed
total instantaneous FoV of the Parkes radio telescope is 2.24 deg2.

3 Most of the bursts have not been published to
date, see, Spitler, the 2017 Aspen FRB conference
(http://aspen17.phys.wvu.edu/Spitler.pdf).

4 Piro & Burke-Spolaor (2017) proposed that FRB 110220 and
FRB 140514 might be the two bursts originated a repeating FRB
since their positions are close to each other.

5 However, the peak fluxes of some FRBs are significantly higher

these facts, the inferred brightness temperature can be
up to ∼ 1037 K, which is most likely to be reproduced by
the coherent radiation mechanism (Lorimer et al. 2007;
Katz 2014; Yang & Zhang 2017). The dispersion mea-
sure (DM) of a FRB can be calculated from the difference
of the arrival time between different frequencies. By com-
paring the DMs of the FRBs and that of our Galaxy at
the same directions, one can find that the former are sig-
nificantly larger than the latter (Thornton et al. 2013).
Research for the distributions of observed FRBs indi-
cate that the positions of these FRBs are random rather
than concentrating to the disk of the Galaxy (Caleb et al.
2017), indicating that the FRBs have a cosmological ori-
gin rather than a Galactic origin.
In the past decade, many theoretical models have been

proposed to explain FRBs, including magnetar giant
flares (Kulkarni et al. 2014), giant pulses from young pul-
sars (Connor et al. 2016), planetary companion around
pulsars (Mottez & Zarka 2014), neutron star (NS)-black
hole (BH) transitions (Falcke & Rezzolla 2014), NS-
white dwarf (WD) mergers (Gu et al. 2016), NS-NS
mergers (Abadie et al. 2010; Wang et al. 2016), WD-
WD mergers (Kashiyama et al. 2013), NS-BH merg-
ers (Mingarelli et al. 2015), pulsar-asteroid collisions
(Geng & Huang 2015; Dai et al. 2016b), cosmic string
collisions (Zadorozhna 2015), charged BH-BH mergers
(Zhang 2016), light sails of extragalactic civilizations
(Lingam & Loeb 2017), and so on.
Searching and observing the electromagnetic counter-

than 1 Jy, e.g., the peak flux of FRB 150807 is 128 ± 5 Jy
(Ravi et al. 2016).

http://arxiv.org/abs/1806.03441v1
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parts at other bands, e.g., X-ray, ultraviolet (UV), opti-
cal, as well as infrared (IR), are helpful for determining
the nature of FRBs. However, discovering these electro-
magnetic counterparts of FRBs are very difficult since
the positional accuracy for FRBs are very poor so that
their host galaxies can hardly be fixed. Furthermore, a
major of FRBs were found from historical records and
the electromagnetic counterparts at other bands cannot
be confirmed.
Nevertheless, two (FRB 150418 and FRB 131104) of 33

non-repeated FRBs might have electromagnetic counter-
part candidates at other bands observed. Keane et al.
(2016) declared that they found bright radio transients
on 5.5 GHz and 7.5 GHz from 2 hours to 6 days after
with FRB 150418. The results of FRB 150418 are con-
troversial since the observations of the Very Large Array
(VLA) suggested that the 5.5 GHz and 7.5 GHz radio
emission detected by the Australia Telescope Compact
Array (ATCA) 2 hours to 6 days after the trigger of
FRB 150418 might be generated by the activity of an
active galactic nucleus (AGN) rather than FRB 150418
(Williams & Berger 2016).
A gamma-ray transient, Swift J0644.5-5111, has been

reported to be associated with FRB 131104, the con-
fidence level is 3.2σ (DeLaunay et al. 2016). The du-
ration T90 and the fluence Sγ of Swift J0644.5-5111
are ≈ 377 s and ≈ 4 × 10−6 erg cm−2, respectively;
the DM of FRB 131104 is 779 ± 1 pc cm−3. The
redshift (z) of FRB 131104/Swift J0644.5-5111 inferred
from the DM is ≈ 0.55.6 Therefore, the isotropic
gamma-ray energy Eγ,iso of Swift J0644.5-5111 is ≈

5 × 1051 erg (DeLaunay et al. 2016). The follow-up
observations performed by the XRT and the UVOT
on board Swift two days after Swift was triggered
by Swift J0644.5-5111 didn’t detect X-ray and optical
counterparts (DeLaunay et al. 2016). Shannon & Ravi
(2017) observed the 5.5 GHz and 7.5 GHz counterparts
of FRB 131104 three days to 2.5 years after the FRB
trigger and found that the upper limits of the 5.5 GHz
and 7.5 GHz are 70 µJy and 100 µJy, respectively.
A powerful tool to determine the progenitor system

of Swift J0644.5-5111 is to research the properties of
its environment, e.g., the number density (n) of the
interstellar medium (ISM) surrounding the progenitor.
Assuming that Swift J0644.5-5111 was associated with
FRB 131104 and using the upper limit of 5.5 GHz coun-
terpart of FRB 131104 reported by Shannon & Ravi
(2017), Murase et al. (2017) constrained the density of
the ISM of FRB 131104 with the external shock model
of afterglows and concluded that n . 2 × 10−3 cm −3.
By using the same model and the upper limits of radio
counterparts and adopting different values of redshift,
the fraction of energy in magnetic field (εB), and the
fraction of energy in electrons (εe), Gao & Zhang (2017)
constrained the parameter space of the ISM density. Ac-
cording to the detected limit obtained by the XRT and
employing the afterglow model, Dai et al. (2016a) got a
stringent constraint, n . 2.6× 10−4 cm−3.
While some research mentioned above (Murase et al.

2017; Gao & Zhang 2017; Dai et al. 2016a) well con-

6 The inferred redshift relies on the assumption that the DM is
dominated by the intergalactic medium. A large host contribution
would result in a smaller redshift.

strained the density of the ISM of Swift J0644.5-
5111/FRB 131104, they assumed that the explosion pro-
ducing the gamma-ray burst (GRB) is isotropic and rel-
ativistic, and didn’t take into account the jet effect and
the evolution from ultra-relativistic to non-relativistic.
However, these two effects cannot be neglected since the
outflows launched by the explosions of a massive star or
the merger of NS-NS/BH binaries are jets rather than
isotropic fireballs, and the ISM would decelerate the rel-
ativistic jet and the jet would eventually become non-
relativistic if the jet sweeps up an enough mass of the
ISM.
In this paper, we also suppose that both FRB 131104

and Swift J0644.5-5111 originate from an explosion of
a massive star or a merging of NS-NS/BH binary and
adopt the unified dynamic afterglow model proposed
by Huang et al. (1999, 2000a,b) which describes ultra-
relativistic, trans-relativistic, and non-relativistic out-
flows to pose more stringent constraints on the den-
sity of the ISM and other parameters of Swift J0644.5-
5111/FRB 131104. The jet effect and non-relativistic
effect would be taken into account throughout this pa-
per. The remainder of this paper is organized as follows.
In Section 2 we present our adopted model. In Section
3, we constrain the parameters. Our discussion and con-
clusions are presented in Sections 4 and 5, respectively.

2. THE MODEL

We assume that FRB 131104 is associated with
Swift J0644.5-5111 and originates from the core collapse
of a massive star or the merger of binary compact stars.
It is suggested that a relativistic outflow could be gen-
erated during these processes. The relativistic outflow
whose velocity is significantly larger than the sound ve-
locity of the ISM sweeps up this external medium, pro-
ducing a forward shock which accelerates the electrons.
The accelerated electrons emit photons which consti-
tute multi-band afterglows (Sari et al. 1998). In order
to accurately describe the outflow evolution from ultra-
relativistic to non-relativistic stages, Huang et al. (1999,
2000a,b) developed a unified dynamic model for an after-
glow which can be applied both the completely adiabatic
case and the completely radiative case. The equation of
the dynamic evolution is given by

dγ

dm
= −

γ2 − 1

Mej + ǫm+ 2(1− ǫ)γm
, (1)

where γ is the Lorentz factor of the shock wave, m is the
mass of the ISM swept up by the shock, and Mej and ǫ
are the outflow mass and the radiative efficiency respec-
tively. To solve this equation, three additional auxiliary
equations are required by

dR

dt
= βcγ(γ +

√

γ2 − 1), (2)

dm

dR
= 2πR2(1− cos θ)nmp, (3)

dθ

dt
=

cs(γ +
√

γ2 − 1)

R
, (4)

where θ is the half-angle of the outflow, cs is the sound
velocity of the outflow, R is the radius of the shock, and
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t is the observed time. The dynamic evolution of the
shock can be obtained by solving these equations.
According to the standard afterglow model, the distri-

bution of the electrons accelerated by the forward shock
is a power-law function of γe (Mészáros & Rees 1997;
Sari et al. 1998): Ne(γe)dγe ∝ γ−p

e dγe, where p is the
spectral index and is fixed to be 2.5 here. The minimum
Lorentz factor of the accelerated electrons is

γm =
p− 2

p− 1

mp

me
εe(γ − 1) + 1, (5)

where mp and me are the masses of the protons and
electrons, respectively. εe is the fraction of the shock en-
ergy going into the electrons. The critical Lorentz factor
above which the relativistic electrons would emit syn-
chrotron radiation in the dynamical time t is

γc = (1 + z)
6πmec

σTγB2t
, (6)

where c is the speed of light in a vacuum, σT is the Thom-
son scattering cross-section, B = (32πmpεBn)

1
2 γc is the

magnetic field behind the shock and εB is the fraction of
energy in a magnetic field. Hence, the two characteristic
frequencies of the synchrotron radiation are

νm = 3.3× 1011(1 + z)
1
2 ε2e,−1ε

1
2

B,−2E
1
2
51.7t

−
3
2

day Hz, (7)

and

νc = 3.8× 1017(1 + z)−
1
2 ε

−
3
2

B,−2E
−

1
2

51.7n
−1
−2t

−
1
2

day Hz. (8)

Assuming that εe = 0.1 and εB = 0.01, νm becomes
smaller than νc very quickly. The electrons would be in
the slow-cooling phase about two days after the explo-
sion. Considering the synchrotron self-absorption effect,
the synchrotron self-absorption frequency at the radio
band is

νa =























2.4× 108(1 + z)−1ε−1
e,−1ε

1
5

B,−2E
1
5
51.7n

3
5
−2 Hz,

νa < νm < νc;

8.6× 109(1 + z)
p−6

2(p+4) ε
2(p−1)
p+4

e,−1 ε
p+2

2(p+4)

B,−2 E
p+2

2(p+4)

51.7

×n
2

p+4

−2 t
−

3p+2
2(p+4)

day Hz, νm < νa < νc;

(9)

the observed flux is

Fν =



















( ν
νa
)2( νa

νm
)

1
3Fν,max, ν < νa;

( ν
νm

)
1
3Fν,max, νa < ν < νm;

( ν
νm

)−
p−1
2 Fν,max, νm < ν < νc;

( ν
νc
)−

p

2 ( νc
νm

)−
p−1
2 Fν,max, νc < ν < νmax;

(10)
when νa < νm < νc, and

Fν =



















( ν
νm

)2(νmνa )
p+4
2 Fν,max, ν < νm;

( ν
νa
)

5
2 ( νa

νm
)−

p−1
2 Fν,max, νm < ν < νa;

( ν
νm

)−
p−1
2 Fν,max, νa < ν < νc;

( ν
νc
)−

p

2 ( νc
νm

)−
p−1
2 Fν,max, νc < ν < νmax;

(11)
when νm < νa < νc. Here, νmax is the characteristic fre-
quency of the electron having the largest Lorentz factor
γmax ≃ [6πqe/(σTB)]1/2. Fν,max is the peak value of the

observed flux

Fν,max=(1 + z)
Ne,totPν,max

4πD2
L

=5.7× 102(1 + z)ε
1
2

B,−2E51.7n
1
2
−2D

−2
L,28 µJy,

(12)

where DL is the luminosity distance to the source.
Some relevant works (e.g., Murase et al. 2017;

Gao & Zhang 2017; Dai et al. 2016a) in the literature do
not take into account the non-relativistic effect, the jet
effect and the lateral expansion effect. However, all these
effects are included in our numerical calculations.

3. CONSTRAINING THE PARAMETERS

In this section, we use the equations of the unified dy-
namic afterglow model listed in section 2 as well as the
upper limits of the observations of radio (5.5 GHz and
7.5 GHz), U -band, and X-ray counterparts to constrain
the ISM density (n) and εB. Some parameters are fixed:
z = 0.55, Eγ,iso = 5×1051 erg, θ = 0.1, p = 2.5, εe = 0.1.
Thus, the light curves depend on the values of εB and n
which are the parameters needed to be constrained. For
comparison, we also calculate the multi-band afterglows
from both for the isotropic outflow and for the jet whose
half-angle is supposed to be 0.1 here. Santana et al.
(2014) presented a systematic study on magnetic fields in
GRB external forward shocks and found that the range
and the median value of εB are 10−4−10−0.5 and ≈ 10−2,
respectively. Hence, we set εB = 0.0001, 0.001, 0.01, and
0.1.

3.1. The parameters inferred from the models

The parameter limits derived from the unified dy-
namic model are listed in Table 1 and the theoretical
light curves are plotted in Fig. 1–4. We emphasize that
the U -band emission is fainter than observations even if
εB = 0.1 and n = 1 cm−3, indicating that the upper limit
of U -band observations cannot be used to constrain the
relevant parameters.
It should be noted that some papers (e.g., Dai et al.

2016a, Murase et al. 2017, and Gao & Zhang 2017) have
constrained the ISM density for the isotropic outflow
case. For example, Dai et al. (2016a) used the up-
per limit of the X-ray observations and inferred that
n . 2.6× 10−4 cm−3 if εB = 0.01, being roughly consis-
tent with the value inferred here (2.0× 10−4 cm−3).
According to Table 1, the ISM density derived by the

model that takes into account the jet effect and the non-
relativistic effect is apparently different from that derived
by the isotropic models adopted by previous studies (e.g.,
Dai et al. 2016a, Murase et al. 2017, and Gao & Zhang
2017). Moreover, the constraint on the ISM density ob-
tained by multi-band upper limits is tighter than that
derived by any single band. These two facts demonstrate
the necessity of employing the unified model and combin-
ing the data at all bands.
We give Table 2 to describe the properties adopted by

four models (this paper, Dai et al. 2016a, Murase et al.
2017, and Gao & Zhang 2017) and their results.

3.2. The contours
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TABLE 1
Parameter limits derived from the unified dynamic model

εB n(cm−3) n(cm−3) n(cm−3) n(cm−3)
5.5 GHz 7.5 GHz X-ray Together

Jet

0.0001 non non non non
0.001 < 6.5× 10−2 < 1.6× 10−1 non < 6.5× 10−2

0.01 < 6.6× 10−3 < 1.3× 10−2 < 7.4× 10−4 < 7.4× 10−4

or > 1.9
0.1 < 7.4× 10−4 < 1.3× 10−3 < 6.3× 10−5 < 6.3× 10−5

or > 5.3

Isotropic

0.0001 < 6.5× 10−2 < 1.3× 10−1 < 1.0 < 6.5× 10−2

0.001 < 9.0× 10−3 < 1.0× 10−2 < 1.0× 10−2 < 9.0× 10−3

0.01 < 1.0× 10−3 < 1.5× 10−3 < 2.0× 10−4 < 2.0× 10−4

0.1 < 8.5× 10−5 < 1.0× 10−4 < 3.0× 10−6 < 3.0× 10−6

TABLE 2
The differences of our model and three previous models

this paper Murase17 Gao17 Dai16

Isotropic yes yes yes yes
Jet yes no no no

Relativistic yes yes yes yes
Non-relativistic yes no no no

kilonova yes no no no
X-ray yes no yes yes
Optical yes no no no
Radio yes yes yes yes

Fig. 5 consists of four contour sub-figures correspond-
ing to the detected flux at 5.5 GHz (t = 3 days), 7.5 GHz
(t = 3 days), U -band (t = 2 days), and X-ray (t = 2
days). The red lines represent the detection limits. Ev-
ery panel has 48 × 48 data points each of which repre-
sents the value of εB and n at this point. The curves in
these panels represent the detection limits, and the ad-
mitted (two dimensional) parameter space is lower than
the lines. Panel c (corresponding to U -band) has no line,
indicating that the theoretical U -band flux reproduced
by all possible parameters are smaller than the detected
limit and cannot pose any constraint on the parameters.

4. DISCUSSION

4.1. The possible origin of
Swift J0644.5-5111/FRB 131104

It has long been believed that the GRB prompt
emission would be produced in the relativistic jet
launched by the core collapse of massive stars
(Usov 1992; Woosley 1993; Thompson & Duncan 1995;
MacFadyen & Woosley 1999) or mergers of compact star
systems containing at least one neutron star. The GRBs
are usually divided into two categories: long GRBs with
T90 > 2 s are linked to the core collapse of massive
stars while short GRBs with T90 < 2 s are linked to the
mergers of binary compact stars. However, some long
GRBs (e.g., GRB 060614, Yang et al. 2015) share the
properties of short GRBs and can be classified to “long-
short bursts” which might be produced by NS-NS merg-
ers or BH-NS mergers. The massive star scenario can be
excluded both because the required medium density is
very low (as in section 3) and because the association of

Swift J0644.5-5111/FRB 131104 requires that the FRB
was emitted before the gamma-ray radiation but the
scenario gives the reverse time sequence (Gao & Zhang
2017). Therefore, the possibility that Swift J0644.5-
5111 is a “long-short burst” produced by an NS-NS/BH
merger event must be investigated. Murase et al. (2017)
have suggested that Swift J0644.5-5111 might be as-
sociated with a gamma-ray burst and discussed var-
ious possible origins of Swift J0644.5-5111 (including
the possibility that it might be associated with an NS-
NS/BH merger). Here, we discuss the possible origin
of Swift J0644.5-5111/FRB 131104 with a different ap-
proach.
A long-short burst might be powered by an NS-NS

merger event or an BH-NS merger event(Yang et al.
2015). While the former cannot be excluded, we discuss
the latter that has also been proposed to be a possible
scenario producing FRBs with luminosity ∼ 1040 − 1041

erg s−1 (Mingarelli et al. 2015). In the BH-NS merger
model, the accretion disk is a cold thin disk (Rosswog
2005) and the duration of the GRB is approximately
equal to the viscosity timescale tvis of the accretion disk

tvis =
1

αΩk

(

Rd

H

)2

≃ 274 M
−

1
2

BH,1R
3
2

d,8α
−1
−2

(

h

0.1

)−2

s,

(13)
where α ∼ 0.01 − 0.1 (Lloyd-Ronning et al. 2016) is the

viscosity of the accretion disk, Ωk =
√

GMBH/R3
d is the

Keplerian velocity of the accretion disk, G is the gravi-
tational constant, MBH = MBH,1 × 10M⊙ is the mass of
the post-merger BH, H = h × Rd is the scale-height of
the disk, and Rd = Rd,S × RS is the outer radius of the
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disk with RS being the Schwarzschild radius of the BH.
The numerical simulations performed by Rosswog et al.
(2004) have shown that the radius of the outer disk can
be as large as 600 km.
Letting h ≡ H/Rd and adopting H = 0.1Rd, the esti-

mated viscosity timescale tvis can be approximately equal
to the duration of Swift J0644.5-5111. Therefore, we sug-
gest that Swift J0644.5-5111 might be a long-short burst
originating from a NS-BH merger event that could also
have produced FRB 131104.
While FRB 131104 might be powered by a NS-BH

merger event, we note that only a minor fraction of FRBs
can be supposed to be associated with an NS-NS/BH
merger events since the FRB rate is much higher than
the predictions for compact object coalescence rate. In
other words, FRB 131104 would have to be fundamen-
tally different than other FRBs.

4.2. The contribution from the UV emission of a
kilonova

The merger of a NS-NS binary or a BH-NS binary
would eject ∼ 0.001 − 0.1M⊙ of neutron-rich material
and synthesize some r-process heavy elements. The ra-
dioactive decay of these r-process elements could heat the
ejecta and yield UV-optical-IR radiation (named “kilo-
nova” e.g., Li & Paczyński 1998; Metzger et al. 2010;
Barnes & Kasen 2013).
In the BH-NS merger scenario, the contribution from

the emission of a kilonova must be taken into account.
We use the equations derived by Kawaguchi et al. (2016)
to calculate the multi-band emission from a kilonova.
The parameters adopted are listed below: the optical
opacity κ = 10 cm2 g−1, the ejecta mass Mej = 0.02M⊙,
the average velocity of the mass vej = 0.18c, the mini-
mum velocity of the mass vej,min = 0.02c, the efficiency of
thermalization ǫth = 0.5. The multi-band (U , R, I, and
Z) light curves are plotted in Fig. 6. We find that the U -
band emission (< 10−2 µJy) is significantly lower than
the upper limit (∼ 30 µJy) of the U -band observation
and can be neglected.

5. CONCLUSIONS

The long-duration (T90 ≈ 377 s) gamma-ray tran-
sient Swift J0644.5-5111 was supposed to be associated
with FRB 131104 (DeLaunay et al. 2016). The follow-
up observations for Swift J0644.5-5111 got the upper
limits of radio (5.5 GHz and 7.5 GHz), U -band and
X-ray radiation. Previous research used the standard
GRB afterglow model to constrain the properties of the
ISM surrounding the progenitor system of Swift J0644.5-
5111/FRB 131104. These works have neglected the jet
effect and the jet evolution effect.
In this paper, we have adopted the unified dynamic

model for the multi-band afterglows of GRBs and con-
sidered the upper limits of the observations for the elec-
tromagnetic counterparts at 5.5 GHz, 7.5 GHz, U -band,
and X-ray to constrain two most important parameters,
εB and n. To explain how our models are fundamentally
different than those presented elsewhere, we presented
Table 2 that can differentiate our model and the previ-
ous models.
Using this model, we found that when εB = 0.0001,

n cannot be constrained (in the jet case) or n ≤ 6.5 ×

10−2 cm−3 (in the isotropic case); when εB = 0.001,
n ≤ 6.5 × 10−2 cm−3 (jet) or n ≤ 9.0 × 10−2 cm−3

(isotropic); when εB = 0.01, n ≤ 7.4 × 10−4 cm−3 (jet)
or n ≤ 2.0× 10−4 cm−3 (isotropic); when εB = 0.1, n ≤

6.3×10−5 cm−3 (jet) or n < 3.0×10−6 cm−3 (isotropic).
It can be found that differences between the jet case and
isotropic case are so obvious that the jet effect must be
taken into account. If we have more accurate afterglow
data, the multi-band light curves produced by a jet and
an isotropic outflow can be distinguished since the former
emission would produce a jet break in light curves.
Furthermore, we plotted the n–εB contour sub-figures

(see Fig. 5) for the upper limits at 5.5 GHz, 7.5 GHz,
U -band, as well as X-ray, and found that the inferred
upper limits of the density of the environment of the
progenitor are consistent with both that of massive stars
(n ∼ 1 − 10 cm−3) and neutron stars (n ≪ 1 cm−3 and
can be as low as 10−8 cm−3, e.g., Zheng et al. 2014).
Since the duration T90 ≈ 377 s and the massive-star
scenario is excluded, the remaining possibilities are that
Swift J0644.5-5111 is an off-axis short GRB with an ex-
tended emission (Dai et al. 2016a) or a long-short burst.
Besides, the results above suggest that the environmen-
tal properties of Swift J0644.5-5111/FRB 131104 favor
a BH-NS merger scenario, supporting the conclusion of
Murase et al. (2017).
Since the BH-NS merger must eject 0.001− 0.1M⊙ of

neutron-rich material and a kilonova powered by the ra-
dioactivity of r-process elements synthesized in it must
be taken into account, we calculated the multi-band
emission from the kilonova. By comparing the U -band
luminosity of the kilonova and the upper limit of the
U-band observation, we found that the former is signifi-
cantly lower than the latter. Therefore we can conclude
that the kilonova emission can be neglected and the con-
straints obtained in section 3 are valid without further
modifications.
We caution that the connection between the

Swift J0644.5-5111/FRB 131104 is tenuous and all other
FRBs do not have gamma-ray counterparts. Based on
the large distance inferred from the DM of FRB 131104
and the fact that Swift J0644.5-5111 is a highly off-
axis event, the derived isotropic gamma-ray energy of
Swift J0644.5-5111 is very high. It would be expected
that upcoming multi-band and multi-messenger obser-
vations for FRBs could pose more stringent constraints
on all relevant parameters, shedding more light on the
nature of FRBs. 7

We thank an anonymous referee for helpful comments
and suggestions that have allowed us to improve our
manuscript. We thank Yong-Feng Huang, Jin-Jun Geng,
and Long-Biao Li for helpful discussion. This work
was supported by the National Basic Research Program
(“973” Program) of China (grant no. 2014CB845800)
and the National Natural Science Foundation of China
(grant no. 11573014). S.Q.W., L.D.L., and H.Y. are
supported by the China Scholarship Program to conduct
research at UCB, UNLV and KSU, respectively.

7 It should be noted that the distances of FRBs are orders of



6

REFERENCES

Abadie, J., Abbott, B. P., Abbott, R., et al. 2010, Classical and
Quantum Gravity, 27, 173001

Burke-Spolaor, S., & Bannister, K. W. 2014, ApJ, 792, 19
Caleb, M., Flynn, C., Bailes, M., et al. 2017, MNRAS, 468, 3746
Connor, L., Sievers, J., & Pen, U. L. 2016, MNRAS, 458, L19
Dai, Z. G., & Lu, T. 1998a, MNRAS, 298, 87
Dai, Z. G., & Lu, T. 1998b, A&A, 333, L87
Dai, Z. G., Wang, J. S., & Wu, X. F. 2016a, arXiv:1611.09517
Dai, Z. G., Wang, J. S., Wu, X. F., & Huang, Y. F. 2016b, ApJ,

829, 27
Dai, Z. G., Wang, J. S., & Yu, Y. W. 2017, ApJL, 838, L7
DeLaunay, J. J., Fox, D. B., Murase, K., et al. 2016, ApJL, 832,

L1
Falcke, H., & Rezzolla, L. 2014, A&A, 562, A137
Gao, H., & Zhang, B. 2017, ApJL, 835, L21
Geng, J. J., & Huang, Y. F. 2015, ApJ, 809, 24
Gu, W. M., Dong, Y. Z., Liu, T., Ma, R., & Wang, J. 2016,

ApJL, 823, L28
Hassall, T. E., Keane, E. F., & Fender, R. P. 2013, MNRAS, 436,

371
Huang, Y. F., Dai, Z. G., & Lu, T. 1999, MNRAS, 309, 513
Huang, Y. F., Dai, Z. G., & Lu, T. 2000a, MNRAS, 316, 943
Huang, Y. F., Gou, L. J., Dai, Z. G., & Lu, T. 2000b, ApJ, 543,

90
Hurley, K., Boggs, S. E., Smith, D. M., et al. 2005, Nature, 434,

1098
Kashiyama, K., Ioka, K., & Mészáros, P. 2013, ApJL, 776, L39
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Fig. 1.— The light curves of 5.5 GHz, 7.5 GHz, U-band, and X-ray when the fraction of the shock energy going into the electrons ǫB is
set to be 0.0001. The solid lines correspond to the jet case while the dashed lines correspond to the isotropic-explosion case. The black
dashed lines represent the detection limits of each band, while the vertical cyan lines represent the start times of observations. The light
curves yielded by different densities (indicated in the panels) are represented by different colors, thicknesses and styles.

0.1 1 10 100
10-2

100

102

104

GHz

 njet=10-4 cm-3

 njet=6.5*10-2 cm-3

 niso=10-4 cm-3

 niso=9*10-3 cm-3

 Upper limit

Time(Days)

F
Jy

t = 3 days

0.1 1 10 100
10-2

100

102

104

GHz

t = 3 days

 niso=10-4 cm-3

 niso=10-2 cm-3

 Upper limit

 njet=10-4 cm-3

 njet=1.6*10-1 cm-3

Time(Days)

F
Jy  

0.1 1 10 100 1000
10-5

10-3

10-1

101

103

105

t = 2 days

 niso = 10-4 cm-3

 niso = 10-2 cm-3

 niso = 1 cm-3

 Upper limit

 njet = 10-4 cm-3

 njet = 10-2 cm-3

 njet = 1 cm-3

=0.001(U-band )

 

 

 F
Jy

Time(Days)
0.1 1 10 100 1000

10-19

10-17

10-15

10-13

10-11

10-9
X-ray

t = 2 days

  niso = 10-4 cm-3

  niso = 10-2 cm-3

  Upper limit

  njet = 10-2 cm-3

  njet = 1 cm-3

Time(Days)

Fl
ux

(e
rg

 c
m

-2
 s

-1
)

 

 

Fig. 2.— Same as in Fig. 1 but ǫB is 0.001.
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Fig. 3.— Same as in Fig. 1 but ǫB is 0.01. The lines in the last panel are more than those of the remaining panels of Fig. 1 and Fig. 2
since the lines reach the upper limit at t = 2 days if n = 1.9 cm−3 or 7.4× 10−4 cm−3 and additional light curves corresponding to other
three possible cases (n > 1.9 cm−3, 7.4× 10−4 cm−3 < n < 1.9 cm−3, and n < 7.4× 10−4 cm−3) are given.
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Fig. 4.— Same as in Fig. 3 but ǫB is 0.1.
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Fig. 5.— Contours for the detected flux at 5.5 GHz, 7.5 GHz, U -band, and X-ray. The red lines represent the detect limits. Panel c has
no line, indicating that the theoretical U -band flux reproduced by all possible parameters are smaller than the detected limit.
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Fig. 6.— The light curves of a kilonova at a redshift of 0.55.


