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ABSTRACT

Context. A thermal X-ray component is observed in the early afterglow of some gamma-ray bursts. Possible explanations include
shockwave breakout, relativistic photosphere, or emission from cocoon. The difficulties of these models are discussed.
Aims. We propose an alternative model that attributes such a thermal component to the interaction of the gamma-ray burst outflow
with a baryonic material near the gamma-ray burst source.
Methods. The analytic model is based on relativistic energy-momentum conservation and a diffusion model for photons. The kine-
matic and observational properties of the supernova ejecta after the interaction are derived. In particular, the temperature and the
duration of the thermal emission are obtained.
Results. The model is applied to a prototypical GRB 090618 and other gamma-ray bursts associated with supernovae having thermal
emission in the early afterglow. The mass of the baryonic material is found to be a few 10−4 M�, indicating that this material can be a
small fraction of the supernova ejecta.
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1. Introduction

A thermal X-ray component is observed in the early afterglow of
some gamma-ray bursts (GRBs), such as GRB 060729, 081007,
090618, and 130427A; see (Page et al. 2011; Sparre & Starling
2012; Starling et al. 2012; Ruffini et al. 2014, 2015) for more
examples. Different origins of this component were proposed
in the literature, but consensus has not been reached. The
traditional shockwave breakout model (Campana et al. 2006;
Waxman et al. 2007; Li 2007) has difficulties in generating the
observed high luminosity in a distant radius, and especially
the required long duration of the order of hundreds to thou-
sands of seconds (Ghisellini et al. 2007; Starling et al. 2012).
Friis & Watson (2013) link the afterglow thermal radiation to the
prompt phase via photospheric emission from the jet, but the ob-
served cooling of thermal components in the afterglow is too fast
to be interpreted as part of the photospheric emission; see an ex-
ample in Fig. 4 below. Pe’er et al. (2006) interpret the thermal
emission as coming from a hot plasma “cocoon” emerging when
the GRB jet breaks out from the progenitor star, but this model
requires unusually high Lorentz factors (approx. 10) of the co-
coon, and unusually large radius (1013 cm).

In this paper, we provide a comprehensive interpretation
of the thermal component in the early afterglow, affiliating it
to the interaction of GRB outflow with a part of the bary-
onic shell surrounding the GRB source. We focus on the par-
ticular paradigm of “binary-driven hypernovae” (BdHNe); see
Ruffini et al. (2014, 2016), for example, and references therein.
Within this paradigm, such a shell is interpreted as supernova
(SN) ejecta. BdHN occurs in an ultra-compact binary system
composed of a FeCO core and a neutron star (NS); when the
FeCO core explodes as a supernova (SN), the companion NS

accretes a part of the SN ejecta and gravitationally collapses
to a black hole (BH), resulting in emission of a GRB with
isotropic energy Eiso > 1052 erg; for details see Rueda & Ruffini
(2012), Ruffini et al. (2014, 2016). Within this paradigm, the
mechanisms of GRB energy engine and explosive dynamics
in the prompt phase are described by the fireshell model; see
Ruffini et al. (2009), for example, and references therein. Such
an outflow GRB then interacts with the rest of the supernova
ejecta, accelerating and heating it. As a consequence, the super-
nova ejecta expand mildly relativistically and emit the thermal
radiation.

To observe a thermal component, some conditions are re-
quired due to the capacity of satellites. The flux of a thermal
component must be sufficient and the ratio of thermal flux to to-
tal flux prominent; these two conditions are not easily reached,
especially for high-redshift GRBs. In addition, most of the GRBs
only have observations of X-ray afterglow from Swift-XRT,
which covers energy of photons from 0.3 keV to 10 keV, cor-
responding to the temperature between ∼0.1 keV and ∼3 keV.
Practically, for most GRBs, Swift-XRT does not provide precise
data in its high-energy tail, thus the temperature we can measure
confidently is limited to between ∼0.1 keV and ∼1.5 keV. We
found five GRBs associated to a SN with known redshifts and
observed a thermal component in the early afterglow.

The content of this paper is organized as follows. In Sect. 2,
a physical scenario is outlined. In Sect. 3, we solve the equa-
tions of relativistic energy-momentum conservation in order to
recover the amount of thermal energy and the velocity of the
shell after the collision with the GRB outflow. The photon diffu-
sion is also considered in this section. In Sect. 4, we compute the
resulting temperature and estimate the optical depth of the shell.
We apply the model in Sect. 5 and consider the cases of three

Article published by EDP Sciences A131, page 1 of 7

https://doi.org/10.1051/0004-6361/201527553
http://www.aanda.org
http://www.edpsciences.org


A&A 600, A131 (2017)

family 2 GRBs with different magnitudes of energy, including
the prototype GRB 090618. We also make a comparison to three
family 1 GRBs. We then compare our results with those in the
literature before presenting our conclusions.

2. The scenario

The presence of the baryonic material in the vicinity of the GRB
source is expected in many GRB models. In our scenario, the
thermal component in the early afterglows of some GRBs is at-
tributed to the interaction of the GRB outflow with this baryonic
material.

In particular, within the BdHN model, baryons may form
part of SN ejecta. In the BdHN scenario, the induced gravi-
tational collapse of the NS to a BH occurs after the SN ex-
plosion (Rueda & Ruffini 2012). The binary stars in the BdHN
model have very small orbital separation, typically <1010 cm
(Fryer et al. 2014). Consequently the travel time of the SN ejecta
needed to reach the NS is as short as approximately 10 s.
The time delay between the SN explosion and BH formation
comprises this travel time as well as the time needed for the
NS to accrete sufficient mass to undergo gravitational collapse
(Fryer et al. 2014). The delay between the SN explosion and the
BH formation in this model is of the order of 50 s (Izzo et al.
2012). From the observational point of view, the supernova in
the optical band is detected days after the GRB; see, for ex-
ample, (Woosley & Bloom 2006; Hjorth & Bloom 2012) for re-
views. Given that the typical velocities of the SN ejecta are
larger than 0.1c (Bufano et al. 2012), the interaction between the
GRB outflow and SN ejecta should occur at distances larger than
R > 1011 cm, at least an order of magnitude larger than the or-
bital separation in the binary. Then R is also considered to be ap-
proximately the distance between the shell and the GRB source.

One can assume that the SN ejecta represents a massive op-
tically thick shell located at the radius R from the SN source
when it is hit by the GRB outflow. The GRB outflow is energetic
enough that it penetrates the SN ejecta. The prompt radiation is
emitted at larger radii, above the photospheric radius, typically
1012 cm (see, for example, Vereshchagin 2014), well above the
SN ejecta.

Here, we approximate the total energy of GRB outflow E
as the observed isotropic energy Eiso. This energy is mainly the
kinetic energy of baryons Ek and the energy of photons Eγ, so
we assume E = Ek + Eγ. Thermal energy of baryons can be
safely neglected. As long as baryons are ultra-relativistic, they
carry kinetic energy Ek = γMbc2 and momentum γMbc, where
Mb is rest mass of baryons, c is the speed of light, and γ is their
bulk Lorentz factor. Hence, the total energy of GRB outflow is
E and total momentum is E/c.

We neglect both the initial kinetic energy of the massive shell
as well as its internal energy. This assumption is justified as long
as SN ejecta are initially non-relativistic. Indeed, typical SN Ibc
ejecta velocities are below 0.1c (Cano 2013).

The massive shell may not fully cover the sphere, also the
GRB outflow may be jetted, therefore in the following, we only
consider the interacting part; see Fig. 1 involving a portion of
the shell with area 4πεR2 and the associated mass M = εMs; the
energy of GRB outflow interacting with this portion of the shell
E = εEiso, where ε is a fractional factor and Ms is the mass of the
spherical shell. For brevity, in the following, when we mention
the shell, we are referring to the interacting part of the shell.

Fig. 1. Cartoon illustrating the binary system left after the explosion of
the SN and formation of the GRB. GRB outflow collides with the SN
ejecta and interacts with baryonic material on its way out to the distant
observer.

3. Velocity and internal energy

Interaction transfers energy and momentum from the GRB out-
flow to the clumps of the shell. Energy-momentum conservation
reads

E + Mc2 =
(
Mc2 + W

)
Γ, (1)

E
c

=

(
M +

W
c2

)
Γv, (2)

where Γ =
[
1 − (v/c)2

]−1/2
is the Lorentz factor of the radial

motion of the shell, W is internal energy, and M is the mass of the
baryonic shell. These equations can be used to find the internal
energy and the velocity of the shell after the interaction.

In order to solve Eqs. (1) and (2), we introduce the new
variables

η =
E

Mc2 , ω =
W

Mc2 , u = Γ
v

c
, (3)

and we rewrite the energy-momentum conservation

η = (ω + 1)
√

u2 + 1 − 1, (4)
η = (ω + 1) u. (5)

The solution to this system reads

u =
η√

1 + 2η
,

W
E

=
ω

η
=

1
u
−

1
η
· (6)

In non-relativistic and ultra-relativistic asymptotics, respec-
tively, the solution becomes

u '
v

c
' η � 1, ω ' η, (7)

u ' Γ '

√
η

2
� 1,

ω

η
'

√
2
η
· (8)

This solution is illustrated in Fig. 2. These results imply the fol-
lowing. On the one hand, when the energy E is much less than
the rest mass of the shell, E � Mc2, most of the energy is trans-
ferred into internal energy W ' E, and the resulting velocity of
the shell is non-relativistic, v/c ' E/(Mc2). On the other hand,
for E � Mc2 , the transfer of momentum is inefficient. We have
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Fig. 2. Two functions are shown: the dimensionless velocity parame-
ter u = Γv/c of the shell after the interaction with the GRB outflow
(thick), as a function of the parameter η = E/(Mc2), as well as the ratio
between the internal energy and the initial energy (thin), ω/η = W/E,
as a function of the same parameter η. The dotted (dashed) line shows
the non-relativistic (ultra-relativistic) asymptotics for u, while the dash-
dotted line shows the ultra-relativistic asymptotics for W/E.
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Fig. 3. Ratio between internal (dashed) and kinetic (solid) energy of
the shell to initial energy E (dotted) after the interaction. In the non-
relativistic case with η � 1, all the energy of the GRB outflow is trans-
formed into internal energy (heat) of the baryonic shell. In the ultra-
relativistic case with η � 1, the energy of the GRB outflow is trans-
formed mostly into kinetic energy of the shell.

Γ '
√

E/(2Mc2) and W/(Mc2) '
√

2Mc2/E. The shell is accel-
erated to ultra-relativistic velocity, but some energy goes into in-
ternal energy as well. This internal energy can then be transferred
into kinetic energy during the acceleration phase; see below.

In Fig. 3, we present the ratio between internal and kinetic
energy of the shell to initial energy E of the GRB outflow, com-
puted after the interaction. One can see that in the non-relativistic
case, with E � Mc2, all the energy of the GRB outflow is trans-
formed into internal energy of the massive shell. In contrast, in
the ultra-relativistic case, with E � Mc2, the energy of the GRB
outflow is transformed mostly into kinetic energy of the shell.
We notice a striking similarity with the corresponding diagram
for the energies emitted in the P-GRB and in the extended after-
glow in units of the total energy of the plasma within the fireshell
model; see, for example, Fig. 5 in (Ruffini et al. 2009).

3.1. Acceleration

If the shell is spherical and it remains opaque after the interac-
tion, the internal energy of the shell is transformed into its kinetic
energy. This energy transformation results in expansion with ac-
celeration (Piran 1999; Ruffini et al. 2000). At the phase of ac-
celeration, the radial momentum is not conserved, and Eq. (2) in
the above set cannot be used. The final velocity after the accel-
eration phase can be found from the energy conservation alone,
namely from Eq. (1). If the shell is spherically symmetric, as-
suming all energy is ultimately transferred into kinetic energy of
the shell (W � Mc2) from the energy conservation, Eq. (1), one
has

Γ − 1 =
E

Mc2 =
Eiso

Msc2 = η. (9)

Again, in non-relativistic and ultra-relativistic asymptotics, re-
spectively, one finds

v

c
'

√
2η, η � 1, (10)

Γ ' η, η � 1. (11)

As a matter of fact, the values of velocity (Lorentz factor) after
the interaction are always smaller than the final values, reached
after the acceleration phase.

We note that in the derivation in this Section, we never used
the condition W � Mc2. This condition is valid in the context
of GRBs, as baryons never reach relativistic temperatures after
collision, kT � mpc2.

4. Temperature and optical depth

The co-moving temperature of the shell Tc is found from the
condition W = 4πεaR2lT 4

c . The observed temperature for the
source with angle ϑ with respect to the line of sight is

T =
1

1 + z
Tc

Γ (1 − β cosϑ)
=

1
1 + z

√
1 + 2η

1 + η − η cosϑ

(
ω

η

F
al

)1/4

,

(12)

where F = εEiso/
(
4πεR2

)
= Eiso/

(
4πR2

)
is isotropic energy

flux, and z is cosmological redshift of the source. This expres-
sion gives, respectively, in non-relativistic and ultra-relativistic
asymptotics

T '
( F
al

)1/4

, E � Mc2, (13)

T ' 2Γ

 F
al

(
2
η

)1/21/4

, E � Mc2, (14)

where in Eq. (14), we assume that the source is near the line
of sight. We reiterate here that the GRB outflow penetrates the
massive shell through holes and its emission reaches the distant
observer.

The shell will emit photons from its photosphere. The case
of ultra-relativistic photosphere with Γ � 1 is treated in
(Ruffini et al. 2013); see, also, the recent review (Vereshchagin
2014). From now on, we assume that the photosphere is not
ultra-relativistic. We still retain fully relativistic expression (12).
The validity of the treatment in the previous section requires
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that the shell is opaque; its optical depth τ is large. The latter
is given by

τ = σnl =
σM

4πR2Zmp
� 1, (15)

where σ is the Thomson cross-section, mp is proton mass, and Z
is atomic number.

The emission from the photosphere occurs due to radiative
diffusion from the interior of the shell. The emission lasts until
all energy diffuses out from the shell. The characteristic diffusion
time from a clump with a given thickness is

tD =
l2

D
= 3τ

l
c
, (16)

where D = c/(3σn) is the diffusion coefficient for photons. Since
τ � 1, we have l � ctD. The density decrease in diffusion co-
efficient due to expansion of the shell can be neglected if the
diffusion time is less than the dynamical time of expansion R/v,
namely if

3τ
v

c
�

R
l
· (17)

In the opposite case, one must consider the effects of expansion
and the thermal spreading of the baryonic shell after interac-
tion with photons on the diffusion time. For the ultrarelativistic
case of diffusion, we refer to (Ruffini et al. 2013) and for thermal
spreading we refer to (Ruffini et al. 2014). In any case, this effect
reduces the diffusion time.

Note that Eqs. (8) and especially (14) are relevant in the con-
text of the fireshell model (Ruffini et al. 2009) as they describe
the values of the Lorentz factor of the pair-electromagnetic-
baryon (PEMB) pulse and its temperature at the moment after
the collision of the pair-electromagnetic (PEM) pulse with the
baryonic remnant. The asymptotic expression (11) describes the
Lorentz factor of the PEMB pulse under the condition η < 104.

5. Application

From the observation, one can derive the isotropic energy via
the observed flux and redshift, and by fitting the light curve and
spectra, one can obtain the evolution of temperature from ther-
mal emission, as well as the velocity of expansion. In practice,
the satellites do not cover the whole energy band; we can only
find given temperatures with given duration. The Swift-XRT is
the most widely used instrument for detecting the GRB after-
glow; it covers 0.3 ∼ 10 KeV. In other words, by analyzing the
data from Swift-XRT, we can only infer the thermal temperature
in soft-X-ray band, and the corresponding duration. For exam-
ple, in Fig. 7 of (Ruffini et al. 2015), the temperature of black-
body radiation from 196 s to 461 s is clearly within the scope
of Swift-XRT; temperature decreases along the time. Therefore,
here, we adopt three parameters Eiso, tD, and u given by the ob-
servations. Then, we deduce the temperature using the above
equations for the comparison with the observational one. It is
convenient to rewrite Eq. (12) using Eqs. (6) and (16) as

T = X(u)
1

1 + z
F1/2

(
a

mpc2

3σ
ZctD

)−1/4

' 2.13(1 + z)−1X(u)E1/2
iso,52R−1

13 t−1/4
100 Z−1/4

10 keV, (18)

where E52 = E/1052 erg, R13 = R/1013 cm, t100 = tD/100 s,
Z10 = Z/10,

X =
1
√

u
1

√
1 + u2 − u cosϑ

 u +
√

1 + u2 − 1

2u2 + 2u
√

1 + u2 + 1

1/4

(19)

=

 u−1/4, u � 1,

23/4u1/4, u � 1

is a slowly varying function of u, which decreases as u−1/4 for
u < 1 and increases as u1/4 for u > 1, with X(u = 1, ϑ = 0) ≈ 1.7.

In fact, in most cases, the thermal component in soft X-ray
contains a small fraction of the GRB energy; see Table 1. The
baryonic shell may not necessarily be spherically symmetric as
we assumed; clumps may have different thickness. The thin-
ner clumps have earlier emission with higher temperature, and
vice versa. The small ratio between thermal energy in X-ray and
GRB energy can be explained assuming a small ratio of the total
surface of relatively thin baryonic clumps to the total spherical
area at that radius. Naturally, in the BdHN paradigm, these thin
clumps are accumulated around the accreting source, the progen-
itor of GRB.

5.1. The case of GRB 090618

A thermal component has been inferred from observations of
the early X-ray afterglow in GRB 090618. Following (Izzo et al.
2012) and (Ruffini et al. 2014), we summarize the parameters:

– isotropic energy of GRB Eiso = 2.9 × 1053 erg;
– redshift z = 0.54;
– observed duration of the thermal component in the early af-

terglow, t = 73 s;
– observed temperature T is decreasing from 0.62 keV to

0.14 keV.

In the model described above, we neglected the initial kinetic
energy of the shell and assumed that the interaction between the
GRB outflow and the shell results in two effects: heating of the
shell and its acceleration. The parameters of the shell were in-
ferred from observations (Ruffini et al. 2014):

– radius R = 2.6 × 1012 cm;
– velocity v/c ' 0.49.

These parameters are relatively close to those discussed above.
The observed trend of decreasing temperature can be explained
by the expansion of the shell, neglected in our simplified treat-
ment in Sect. 4. Given relativistic velocities of the shell, neither
non-relativistic nor ultra-relativistic approximations can be used
to infer the parameters of the clump. Instead, the full analytic so-
lution (6) must be used. Therefore, from Eq. (6), we determine
η = 0.95, then from Eq. (3) it follows that Ms = 0.17 M�, then
the optical depth of the clump is found from Eq. (15), that is,
Zετ = 1.6 × 106, then the length of the clump is obtained from
Eq. (16), giving

l
Zε

= 5.8 × 105 cm. (20)

With these parameters, the constraint Eq. (17) is not satisfied, as
both terms appear to be almost equal. This implies that the ob-
served temperature should be less than the one estimated below.

It is clear from Fig. 3 that, with these parameters, the en-
ergy of GRB outflow is divided almost equally between kinetic
energy of the shell and its internal energy.
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Assuming that the shell is composed of radioactive elements
produced at the SN explosion, the atomic number should be ap-
proximately Z = 26; Eq. (18) gives a temperature of 6.9 keV,
which is a factor ∼10 higher than the one observed. Clearly,
in our simplified treatment, this coincidence is remarkable. In
fact, we assumed that the temperature and density distribution in
the shell are uniform. However, realistic temperature and den-
sity profiles will give a smaller temperature at the photosphere,
compared to the temperature in the interior of the shell.

Our model predicts that in the non-relativistic case (η . 1)
practically all the kinetic energy of the GRB outflow is trans-
ferred into internal energy of the baryonic shell, namely W ' E.
In the case of GRB 090618, we have W ' E/2. However, the
total energy in the thermal component is estimated to be only
Ebb = 9 × 1050 erg. This can be explained if only a small frac-
tion (ε ' 0.0031) of the GRB outflow actually interacts with
thin baryonic clumps. We highlight that our model is also valid
without imposing the spherical symmetry. This implies that the
mass of thin baryonic material that emits thermal radiation seen
in the early afterglow is M ∼ 5 × 10−4 M�. This is the lower
limit to the total mass of baryonic material around the source.
The rest of the material could be much more massive and thicker.
This model also could explain unusual parameters of SN ejecta
inferred from observations of the bump in the light curve at
t ∼ 106 s.

If the GRB outflow is spherical, interaction of this outflow
with the main (thick) part of the SN ejecta (see Fig. 1), which
contains most of the mass, will increase the internal energy, thus
contributing to the bolometric luminosity of the optical SN light
curve. This effect could explain why the nickel mass inferred
from the optical luminosity by a single star collapsar model of
GRB-SN connection is systematically higher than in normal type
Ib/c SNe (Cano 2013).

This interpretation also provides a way to solve the puzzle of
energy requirement in the GRB-SN connection, that for a GRB
with very high energy, the isotropic energy of GRB 130427A, for
example, is more than 1054 erg, and in the framework of a single
star collapsar, the rest of the energy can hardly push the progen-
itor’s outer shell and generate a successful SN, but from the ob-
servation, the ejecta from the SN associated with GRBs has high
velocity (Cano 2013), approximately 2.5 times the velocity of
normal type Ib/c SN ejecta. This contradiction can easily be re-
solved considering the energy transfer from GRB outflow to SN
ejecta, the kinetic energy of SN ejecta between GRB-associated
SN and normal SN has a marked difference of approximately
1052 erg, which is similar to the GRB energy.

For GRB 090618, the thermal component with decreasing
temperature in the range 10–100 keV within the first 50 s is ob-
served, as shown in Fig. 4. As can be seen from the figure, the
thermal component in the early afterglow does not follow the
same power law behavior. Moreover, the temperature here de-
creases much steeper than t−2/3− t−1/2, as observed in the prompt
emission of many GRBs (Ryde & Pe’er 2009). This considera-
tion supports the idea that the thermal component in the early
afterglow has a different origin: in this article this component is
attributed to the collision of GRB outflow and a baryonic shell.

5.2. More examples

We consider five GRBs (see Table 1); all of them show supernova
signal; either from the spectral aspect, or a bump in the optical
light-curve is detected. Only the prominent part of the thermal
radiation is observed due to the capacity of satellites. Therefore,
the time tD from the observation should be shorter than the real

Fig. 4. Temperature and radius of the thermal component in the prompt
emission (gray points) and in the afterglow (blue points), plotted in
the observer’s frame. Upper: single power-law fitting of the temper-
ature in the prompt emission (dashed line, power-law index ∼−0.5)
clearly shows its extrapolation lays much higher than the temperature
in the afterglow (power-law index ∼−2). Bottom: radius in the afterglow
(∼1012 cm) is much larger than the radius in the prompt emission (109–
1010 cm). The value of temperature and radius in the prompt emission
are reproduced from (Izzo et al. 2012).

thermal emission time. However, it is reasonable to employ the
observed tD as an approximation since a great fraction of the
total thermal energy is released during tD.

In the table, only three GRBs have isotropic energy larger
than Eiso > 1052 erg, and they are interpreted as BdHNs; see
(Pisani et al. 2016).

Table 1 shows the observational parameters and the temper-
ature deduced from Eq. (18), and the ratio (defined as ε) of
observed total thermal energy Ebb in the early X-ray afterglow
versus isotropic energy. We notice that temperature, radius, and
velocity in the table are the averaged value, since not all the
GRBs provide adequate data to perform precisely time-resolved
analyses. For energetic GRBs with Eiso > 1052 erg, common pat-
terns are found, as radius increases while temperature decreases
within the duration tD, shown in Fig. 4, taking GRB 090618 as
an example. This is in agreement with Eq. (18).

The temperatures deduced are universally higher than the ob-
served ones, and a trend that the deduced temperature increases
along with the observed temperature can be found. These results
are in agreement with our expectations, as Eq. (18) depicts the
average temperature measured in the interior of the shell. More
precise work shall introduce a temperature distribution profile,
and a steep gradient of temperature always exists at the outer
edge, which emits thermal photons. A detailed simulation will
be given elsewhere.
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Table 1. Observational parameters and deduced temperatures of five SN-associated GRBs, assuming Z = 30.

GRB z Eiso,c R td,c ν Tobs T Ebb,c ε M
(×1052 erg) (×1012 cm) (×100 s) (×1010 cm/s) (KeV) (KeV) (×1050 erg) (10−4 M�)

100418A 0.62 0.097 0.061 >6.2 0 ± 0.01 0.60 >0.31 >0.032
081007 0.53 0.14 0.11 >1.2 0 ± 0.05 0.92 >0.31 >0.021
060729 0.54 1.60 3.10 >0.89 1.05 0.34 2.01 >3.83 >0.024 >3.9
090618 0.54 29 2.64 >0.73 1.47 0.50 6.9 >9.00 >0.0031 >5.2

130427A 0.34 140 19.54 >1.23 2.13 0.19 3.42 >2.11 >0.0015 >4.8

Notes. Subscript “c” presents the co-moving frame. Original data are from Swift-XRT, analyzed by HEAsoft version 6.17, using C-statistic to
compare nested models; both of them have better fitting with a single power-law and an additional black body. Observed temperature Tobs and
velocity ν are the mean value during thermal emission, and weighted by the thermal flux.

In GRBs 100418A and 0810007, reported in Table 1, the
thermal component is observed, but the radius of emission does
not change with time, that is, velocity is consistent with zero. Our
model assumes that the baryonic shell is moving after the inter-
action with the outflow, and it cannot be applied to such cases.
It is interesting to note that the isotropic energy of both GRBs is
lower than 1052 erg.

6. Comparison with previous works

Several scenarios are suggested in the literature for the explana-
tion of the thermal component observed in the early afterglows
of some GRBs.

The shockwave breakout in the supernova naturally pro-
duces thermal emission; see, for example, (Campana et al. 2006;
Waxman et al. 2007; Li 2007). However, this emission is too
weak to explain the observed high luminosity in a distant radius
(Bayless et al. 2015). Moreover, the duration of the shockwave
breakout event is inconsistent with the observed long duration in
the order of hundreds to thousands of seconds (Ghisellini et al.
2007; Starling et al. 2012).

Friis & Watson (2013) link the thermal radiation observed in
the early afterglow to the prompt phase via photospheric emis-
sion from the jet. However, the observed temperature of the ther-
mal component in the early afterglow decreases much steeper
than t−2/3 − t−1/2, as observed in the prompt emission of many
GRBs (Ryde & Pe’er 2009), so it cannot be interpreted as part
of the photospheric emission; see also (Larsson et al. 2015), who
reached the same conclusion for GRB 101219b.

Some authors interpret the thermal emission observed in
some GRBs as coming from a hot plasma “cocoon” emerging
when the GRB jet breaks out from the progenitor star, Pe’er et al.
(2006), Suzuki & Shigeyama (2013), Piro et al. (2014). How-
ever, the observed energies, radii, and expansion velocities
are difficult to explain with this model (Friis & Watson 2013).
Unlike the cocoon scenario (Pe’er et al. 2006), where the co-
coon is entrained by the mild-relativistic jet propagating inside
the star, in our scenario, the baryonic shell interacts with the
ultra-relativistic outflow composed of baryons and associated
electrons, as well as photons. The outflow is accelerated to ultra-
relativistic velocity in the region that is evacuated by the accre-
tion process, see Fig. 1.

Some authors (Granot et al. 2003) discuss refreshed shocks
as the origin of re-brightening in the afterglow light curve. In
that scenario, the kinetic energy of the central engine is dissi-
pated in shock waves, produced in optically thin medium. The
non-thermal emission in this model is generated within the stan-
dard relativistic shock model with synchrotron emission from
electrons having power law distribution in energy moving in a

magnetic field; see, for example, (Kumar & Piran 2000). In con-
trast, in our scenario, the optical depth at which the GRB outflow
interacts with the baryonic material is high enough, such that the
emitted photons have sufficient time to thermalize before escap-
ing the plasma. This is why the internal energy, generated during
the interaction, is emitted in the form of thermal radiation, rather
than non-thermal radiation proposed by Granot et al. (2003).

7. Conclusions

The observed parameters of the thermal component in the early
afterglow in GRB 090618 are reproduced by considering the in-
teraction of the GRB outflow with the part of the SN ejecta hav-
ing a mass of 10−4 M� and a thickness of 107 cm. Similarly, the
parameters of associated baryonic shells are also obtained for
another two GRBs, namely 060729 and 130427A.

Our results suggest an alternative explanation of the ob-
served thermal signal in the early afterglow for GRBs with
isotropic energies above 1052 erg. We propose that this thermal
component is produced by the interaction of the GRB outflow
with part of the SN ejecta, which is accelerated and heated. In-
stead, for weaker GRBs with isotropic energies below 1052 erg,
we found that the thermal component is emitted by a source with
velocity consistent with zero. These results are in agreement with
the classification of GRBs proposed by Ruffini et al. (2016).

Our approach also offers natural solutions to the difficulties
existing in the collapsar model by interpreting the observed high
velocity, high kinetic energy and high mass of SN ejecta in the
SN-GRB connections by transferring energy from GRB outflow
to SN ejecta in the binary progenitor.
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