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Properties of the γ-ray prompt emission are 
unremarkable 

14

XRT: 0.3-10 keV

BAT: 15-25 keV

BAT: 25-50 keV

BAT: 50-100 keV

BAT: 100-200 keV

Time since BAT trigger time [s]

[C
o
u
n
ts

/s
]

[C
o
u
n
ts

/s
/d

et
]

[C
o
u
n
ts

/s
/d

et
]

[C
o
u
n
ts

/s
/d

et
]

[C
o
u
n
ts

/s
/d

et
]

Figure 1. GRB100814A prompt emission detected by BAT and XRT.

 
Detected by Swift, Konus-Wind, Suzaku, Fermi-
GBM  
 
T90 =  174.5 ± 9.5 s in Swift 
Peak count rate: 2.5±0.2 ph cm−2 s−1 in the 15−150 
keV band.  
 
 
Typical powerlaw * exponetial cut-off spectrum: 
Photon Index 0.4; E peak = 128 keV (Konus-Wind) 
 
Fluence 0.02-2 MeV:  1.2 ± 0.2 10-5 erg cm-2  
 
Optical source; redshift z=1.44 
 
Energy emitted 1-10000 keV: 7 x 1052 erg. 
 
 
 
 
 
 



Very rich data set for the afterglow 

•  Bright X-ray afterglow detected by Swift/XRT 

•  An optical source was detected by Swift/UVOT, ROTSE, Faulkes Telescope, 
Lulin Telescope, Nordic Optical Telescope, CQUEAN at McDonald 
Observatory, Gran Telescopio Canarias, Calar Alto and BTA 6-m 

 
•  Radio emission detected by Expanded VLA 

•  X-ray and optical follow up from 100 till 106 second, and radio follow up till  
     60 x106 seconds 



The optical afterglow shows a rebrightening with 
no counterpart in the X-ray band. 

Swift, ground-based, radio observations of GRB100814A 15

!10

!8

!6

!4

!2

0

2

lo
g
F
!
[m

Jy
]

Filters:

10 keV"100.0 uvw2"10!2.25 uvm2"10!2.0

uvw1"10!1.75 u"10!1.5 b"10!1.25

white"10!0.25 g’"100.0 v"100.5

r’"100.75 Rc"101.25 i’"101.75

z’"102.25 7.9GHz"102.0 4.7GHz"102.75

10!3 10!2 10!1 100 101 102
days after burst

102 103 104 105 106 107

t(seconds after burst in the observer frame)

-0.4

-0.2

0.0

0.2

0.4

lo
g
(F

!
,o
b
s
/
F
!
,fi
t
)

Figure 2. The afterglow GRB 110814A from 10!5 eV to 1.73 keV. Individual light curves were shifted according to the text in the
figure to separate the di!erent light curves. The shaded areas point to the epochs when data for the SEDs were collected.

Initially, both X-ray 
and optical LCs 

show similar slow  
decay slope 

However, at ~15 ks 
the optical LCs 
show a flux rise, 

peaking at 
~1 day followed by plateau 

There is no analogous 
beheaviour in the 

X-ray: decay as before  

But both the X-ray and 
optical 

break to a steep decay 
at ~150 ks 

Then, while the X-ray and optical decay rapidly, we have a broad radio peak as well 



Analysis of the afterglow and rebrightening 
Optical early decay slope is α1 = 0.55c0.03 
 
X-ray LC early decay slope is αx,1 = 0.52±0.03, break time t x, b2 = 133±2.4 ks, late 
decay slope is α X,2 = 2.11±0.14 
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We fit of the light curves  built up 
in several filters during the 
rebrightening with a double 
broken power law model.  
 
Fixed α3 , α4 , tb2   for all filters: 
 
α 3 = 0.48 ± 0.03 ; α 4 = 1.97 ± 
0.02 ; t b2 = 217±2.4 ks 
 
Peak flux, α2, tb1 free to vary for 
each filter… 
 

F ~ t -α  ν-β 



 ... and we find correlations between the fit 
parameters. 



The optical rebrightening itself is chromatic! 

•  The redder bands peak later that the bluer; 

•  The peak flux is higher as time goes by, that is, 
    the redder bands have larger peak fluxes.  

For example: 
 
i’ band peaks at 90 ks, while u band peaks at 56 ks. 
The peak flux in r’ band is ~180 µJy, while the peak flux in uw1 band (300 nm) is 
100 µJy  

 
 
 



Analysis of spectral energy distributions (SEDs) 
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Figure 6. SEDs at 4500s (black), 22000s (red), 50000s (blue) and 400000s (green).
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Analysis of SEDs: spectral break in the optical 
24

500 s 4.5 ks 22 ks 50 ks 400 ks

Simple power law
! 0.96± 0.01
"2 53.1/44

Broken power law
!1 0.07+0.31

!0.26 0.52+0.07
!2.30 0.16+0.05

!0.13 0.10± 0.22

EbreakeV 90.4+910
!47.4 641+313

!640 482+600
!282 9.9+1.5

!3.8

!2 0.89+0.04
!0.06 1.02!0.08 0.84+0.09 1.02!0.05

"2/dof 5.8/4 11.8/14 58.3/34 119.3/113

Broken power law
with !! = 1/2

!1 0.34+0.06 0.52!0.06 0.50+0.02
!0.04

EbreakeV 540+580
!138 655+305

!390 46.36+41.22
!21.55

!2 0.84+0.06 1.02!0.06 1.00+0.02
!0.04

"2/dof 5.95/5 11.8/15 123.4/114

Sum of two power laws
!1,I !0.33

Ebreak,IeV 4.10+0.5
!0.3

!2,I 8.5+unconstrained
!6.3

!1,II 0.52!0.04

Ebreak,IIeV 92.5+43.5
!20.1

!2,II 1.02!0.04

"2/dof 111.6/111

Table 5. Best fit values of the parameters of the models for the 500 s, 4.5 ks, 22 ks, 50 ks and 400 ks SEDs. The spectral index including
the X-ray segment is forced between 0.84 and 1.02. In models for which !2 = !1 + 1/2, !1 is forced between 0.34 and 0.52 (see text for
details).
Notes for each fit: 4.5 ks SED: the broken power law model in which relation between !1 and !2.
22 ks SED: the fit with !2 = !1 + 1/2 yields a very bad "2 and it is not reported.
50 ks SED: the sum of two power laws model has the low energy spectral index fixed to -0.33 ( in our convention; it is rising as F " #1/3).
400 ks SED:The fits with broken power law models become indistinct from the simple power-law one, since the break energy tends to
1 eV.

The SEDs have been fitted with: 
 

-  Simple power law; 
-  Broken power law; 
-  Broken power law with Δβ = 0.5 (as 

expected in the External Shock Afterglow 
model); 

 

-  For the 50 ks SED only: Sum of two 
broken power law: first with low energy 
index β1 =  -0.33  (this value is expected 
in a synchrotron spectrum below the 
injection frequency νM ), second with Δβ 
= 0.5 

 
Results: 
 

50 ks SED is best-fitted by the sum of two 
broken power law model;  
 

The break of the first component is at ~4.1 
eV, in the near UV; 
 

Cons is ten t w i th the peak o f the 
rebrightening reached at ~50 ks in the UV. 



Off-Axis double jet model 

θ NARROW	


θ wide	


For an observer angle θobs ≈ 1.5 θwide and θnarrow = 0.5 θwide, the temporal 
slopes of the observed light curves can be explained (Granot, Panaitescu et al. 
2005). 
 
 

θ OBS	


Flux 

time 
ΓNarrow

-1 ~  
θOBS - θNAR  



Parameters in the double jet model 
We use  
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of observations in the ISM case or a decrease as t!1/4

decay slope for stellar wind (with a density profile of r!2,
where r is the distance from the progenitor, Kobayashi &
Zhang 2003). Neither of which are observed. Furthermore,
to keep !M,FS in the optical band with a flat spectrum,
one would require an extremely high value of kinetic
energy of the ejecta (see section 4.2). The optical bump
cannot even be the onset of FS emission in the context
of single component scenario, because one should not see
the observed decrease of the X-ray and optical flux before it.

The observed flux depends on blast wave parameters
depends on parameters such as the fractions of blast wave
energy given to radiating electrons and magnetic field "e
and "B, the circumburst medium density n, and the index
of the power-law energy distribution of radiating electron
p. A temporal evolution of such parameters might explain
the observed behaviour. An example is a change of den-
sity of the environment n. For frequencies below the cooling
break, the flux is proportional to n, while the flux in bands
above the break does not depend on it. It is therefore possi-
ble that a rapid increase in n causes an optical rebrightening
and simultaneously leaves the X-ray flux decay unperturbed,
as we observe. Does this explanation predict the spectral
changes that we see in the GRB100814 rebrightening? Since
!C ! n!1, one may think that n could increase so much
that !C enters the optical band and changes the shape of
the SED. However, several simulations have shown that the
light curves do not show prominent rebrightening even if the
blast-wave encounters an enhancement of density (Nakar &
Granot 2007)
We therefore conclude that a single component FS model
cannot explain the GRB100814A light curve. In the next
section, we discuss a few multi-component models to inter-
pret the behaviour of the afterglow of this burst.

4.2 Two-component jet seen sideways

In this model, the early optical emission and the X-ray emis-
sion is produced by a wide outflow, while the optical re-
brightening is due to emission from a narrow jet seen o!-
axis. The emission from the latter is initially beamed away
from the observer, however, as the Lorentz factor decreases,
more and more flux enters the line of sight. Such a scenario
has been already invoked (Granot et al 2005) to explain late
optical rebrightenings, so in principle it could explain the be-
haviour of GRB100814A. We shall now determine in more
detail whether this is plausible.

4.2.1 Narrow jet

A relativistic jet initially observed o!-axis will naturally pro-
duce a rising light curve; the exact slope depends on the ratio
between the o!-axis angle and the opening angle. Looking
at the synthetic light curves created by the code in “after-
glow library” of Van Eerten et al (2010) we notice that a
jet seen at #obs ! 3#j produces a rise with slope $ " #0.65,
and an initial decay with slope $ " 0.45, which are similar
to those we observe at the rebrightening (see also Granot et

al (2005)). In this context, the peak luminsity observed at
#obs is related to that on axis by the formula

L!obs,peak =" 2!"+3(#obs/#j # 1)2#L0,tj (1)

(Granot, Panaitescu, Kumar & Woosley 2002, hereafter
GP2002), where #j is the opening angle. For % = 0.5 and
$ = 2, which are the typical values of these parameters, we
have that L!obs,peak = 5.56$ 10!2L0,tj . The peak time will
be at

Tpeak = [5 + 2 ln(#obs/#j # 1)](#obs/#j # 1)2tjs (2)

for the values above, we have Tpeak " 25$ tj . Since Tpeak "
90 ks, tj " 3.6 ks.

Now, defining a % (1 + "2#2)!1, we have (GP2002)

!(#obs) = a!(# = 0) F (!, #obs, t) = a3F (!/a, 0, at) (3)

where " is the Lorentz factor. At the peak time we have
"!1 ! #obs # #j = 2#j . By assuming # is #obs # #j , as P2002
suggest, we have a = 0.5 in the equations above.

The peak frequency for #obs = 0 is given by

!M = 3.3$ 1014(z + 1)1/2"1/2B,!2

!

p# 2
p# 1

"2

"2eE
1/2
52 t!3/2

d Hz(4)

where td indicates time in days. The maximum flux is

F (!M ) = 1600(z + 1)D!2
28 "1/2B,!2E52n

1/2(t/tj)
!3/4 µJy (5)

(Yost et al. 2003). E52 is the kinetic energy of the ejecta,
while "e and "B,!2 are the fractions of shockwave energy
given to radiating electrons and magnetic field respectively.
D28 is the luminosity distance of the burst, while p is
the index of the power-law energy distribution of radiating
electrons, n the density in particles cm!3 of the circum-
burst medium. Substituting the known parameters, taking
p = 2.02 to explain the flat X-ray spectrum, and remember-
ing that for #obs = 3#j the observed !M will be 1/2 of the
!M on-axis (see eq.3), we have

F (!i, #obs, tpeak) = 0.17E1.27
52 "0.77B,!2"

1.02
e n1/2 (6)

where !i is the flux in the i" band (3.9 $ 1014 Hz). At the
peak of the rebrightening, we have F " 200µJy. Thus, we
have the condition

E1.27
52 "0.77B,!2"

1.02
e n1/2 " 1200 (7)

4.2.2 Wide jet

An o!-axis model cannot explain the early shallow decay
if the observer has #obs < #j ; the observer must be slightly
outside the opening angle of the outflow (i.e., #obs a bit larger
than #j). The time when the afterglow emission begins its
typical power law decay, t " 860 s, can be taken as the epoch
when "!1 ! #obs # #j . The following decay, with $ " 0.6,
can be explained if #obs " 3/2#j (Van Eerten et al. 2010).
Finally, a steeper decay will be visible when the observer will
see the radiation from the far edge of the jet, when &!1 !
#obs##j+2#j = 5/2 #j . Assuming that " & t!3/8, this second
break would be seen at t2 =! 58/3$0.86 =" 63 ks. However,
at this epoch the afterglow is dominated by the narrow jet
emission. It is important though that t2 occurs before the
end of the rebrightening, otherwise this model would predict

Swift, ground-based, radio observations of GRB100814A 7

of observations in the ISM case or a decrease as t!1/4
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where 
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peak of the rebrightening, we have F " 200µJy. Thus, we
have the condition

E1.27
52 "0.77B,!2"

1.02
e n1/2 " 1200 (7)

4.2.2 Wide jet

An o!-axis model cannot explain the early shallow decay
if the observer has #obs < #j ; the observer must be slightly
outside the opening angle of the outflow (i.e., #obs a bit larger
than #j). The time when the afterglow emission begins its
typical power law decay, t " 860 s, can be taken as the epoch
when "!1 ! #obs # #j . The following decay, with $ " 0.6,
can be explained if #obs " 3/2#j (Van Eerten et al. 2010).
Finally, a steeper decay will be visible when the observer will
see the radiation from the far edge of the jet, when &!1 !
#obs##j+2#j = 5/2 #j . Assuming that " & t!3/8, this second
break would be seen at t2 =! 58/3$0.86 =" 63 ks. However,
at this epoch the afterglow is dominated by the narrow jet
emission. It is important though that t2 occurs before the
end of the rebrightening, otherwise this model would predict

The synchrotron peak frequency νM and peak flux F(νM) are given by  
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of observations in the ISM case or a decrease as t!1/4

decay slope for stellar wind (with a density profile of r!2,
where r is the distance from the progenitor, Kobayashi &
Zhang 2003). Neither of which are observed. Furthermore,
to keep !M,FS in the optical band with a flat spectrum,
one would require an extremely high value of kinetic
energy of the ejecta (see section 4.2). The optical bump
cannot even be the onset of FS emission in the context
of single component scenario, because one should not see
the observed decrease of the X-ray and optical flux before it.

The observed flux depends on blast wave parameters
depends on parameters such as the fractions of blast wave
energy given to radiating electrons and magnetic field "e
and "B, the circumburst medium density n, and the index
of the power-law energy distribution of radiating electron
p. A temporal evolution of such parameters might explain
the observed behaviour. An example is a change of den-
sity of the environment n. For frequencies below the cooling
break, the flux is proportional to n, while the flux in bands
above the break does not depend on it. It is therefore possi-
ble that a rapid increase in n causes an optical rebrightening
and simultaneously leaves the X-ray flux decay unperturbed,
as we observe. Does this explanation predict the spectral
changes that we see in the GRB100814 rebrightening? Since
!C ! n!1, one may think that n could increase so much
that !C enters the optical band and changes the shape of
the SED. However, several simulations have shown that the
light curves do not show prominent rebrightening even if the
blast-wave encounters an enhancement of density (Nakar &
Granot 2007)
We therefore conclude that a single component FS model
cannot explain the GRB100814A light curve. In the next
section, we discuss a few multi-component models to inter-
pret the behaviour of the afterglow of this burst.

4.2 Two-component jet seen sideways

In this model, the early optical emission and the X-ray emis-
sion is produced by a wide outflow, while the optical re-
brightening is due to emission from a narrow jet seen o!-
axis. The emission from the latter is initially beamed away
from the observer, however, as the Lorentz factor decreases,
more and more flux enters the line of sight. Such a scenario
has been already invoked (Granot et al 2005) to explain late
optical rebrightenings, so in principle it could explain the be-
haviour of GRB100814A. We shall now determine in more
detail whether this is plausible.

4.2.1 Narrow jet

A relativistic jet initially observed o!-axis will naturally pro-
duce a rising light curve; the exact slope depends on the ratio
between the o!-axis angle and the opening angle. Looking
at the synthetic light curves created by the code in “after-
glow library” of Van Eerten et al (2010) we notice that a
jet seen at #obs ! 3#j produces a rise with slope $ " #0.65,
and an initial decay with slope $ " 0.45, which are similar
to those we observe at the rebrightening (see also Granot et

al (2005)). In this context, the peak luminsity observed at
#obs is related to that on axis by the formula

L!obs,peak =" 2!"+3(#obs/#j # 1)2#L0,tj (1)

(Granot, Panaitescu, Kumar & Woosley 2002, hereafter
GP2002), where #j is the opening angle. For % = 0.5 and
$ = 2, which are the typical values of these parameters, we
have that L!obs,peak = 5.56$ 10!2L0,tj . The peak time will
be at

Tpeak = [5 + 2 ln(#obs/#j # 1)](#obs/#j # 1)2tjs (2)

for the values above, we have Tpeak " 25$ tj . Since Tpeak "
90 ks, tj " 3.6 ks.

Now, defining a % (1 + "2#2)!1, we have (GP2002)

!(#obs) = a!(# = 0) F (!, #obs, t) = a3F (!/a, 0, at) (3)

where " is the Lorentz factor. At the peak time we have
"!1 ! #obs # #j = 2#j . By assuming # is #obs # #j , as P2002
suggest, we have a = 0.5 in the equations above.

The peak frequency for #obs = 0 is given by

!M = 3.3$ 1014(z + 1)1/2"1/2B,!2

!

p# 2
p# 1

"2

"2eE
1/2
52 t!3/2

d Hz(4)

where td indicates time in days. The maximum flux is

F (!M ) = 1600(z + 1)D!2
28 "1/2B,!2E52n

1/2(t/tj)
!3/4 µJy (5)

(Yost et al. 2003). E52 is the kinetic energy of the ejecta,
while "e and "B,!2 are the fractions of shockwave energy
given to radiating electrons and magnetic field respectively.
D28 is the luminosity distance of the burst, while p is
the index of the power-law energy distribution of radiating
electrons, n the density in particles cm!3 of the circum-
burst medium. Substituting the known parameters, taking
p = 2.02 to explain the flat X-ray spectrum, and remember-
ing that for #obs = 3#j the observed !M will be 1/2 of the
!M on-axis (see eq.3), we have

F (!i, #obs, tpeak) = 0.17E1.27
52 "0.77B,!2"

1.02
e n1/2 (6)

where !i is the flux in the i" band (3.9 $ 1014 Hz). At the
peak of the rebrightening, we have F " 200µJy. Thus, we
have the condition

E1.27
52 "0.77B,!2"

1.02
e n1/2 " 1200 (7)

4.2.2 Wide jet

An o!-axis model cannot explain the early shallow decay
if the observer has #obs < #j ; the observer must be slightly
outside the opening angle of the outflow (i.e., #obs a bit larger
than #j). The time when the afterglow emission begins its
typical power law decay, t " 860 s, can be taken as the epoch
when "!1 ! #obs # #j . The following decay, with $ " 0.6,
can be explained if #obs " 3/2#j (Van Eerten et al. 2010).
Finally, a steeper decay will be visible when the observer will
see the radiation from the far edge of the jet, when &!1 !
#obs##j+2#j = 5/2 #j . Assuming that " & t!3/8, this second
break would be seen at t2 =! 58/3$0.86 =" 63 ks. However,
at this epoch the afterglow is dominated by the narrow jet
emission. It is important though that t2 occurs before the
end of the rebrightening, otherwise this model would predict

E is the kinetic energy, D is the luminosity distance, p is the slope of power law energy 
distribution of electrons, ε e and ε B are the  fraction of energy given to electrons and 
magnetic field in the shock, n is the density, t j is the jet break time. 

Conditions: 
 

-  Peak flux of rebrightening (narrow jet) is ~ 200 µJy at 90 ks after trigger. 

-  Flux at the slow decline (wide jet) is ~100 µJy at 4.5 ks after trigger     

Solutions: 
 
For n=10, ε e = ε B =1/3, p=2.02, the observed fluxes can be explained if:  
E Narrow  = 2 x 1054 erg,  E Wide  = 5.6 x 1054  erg; θ Narrow = 0.023 rad; θ wide= 0.046 rad.	

 
 
 



Chromatic behaviour: problem the double jet 
model 

If νM does cross the optical band at ~90 ks, we must have 

8

a return to shallow decay once the rebrightening were over.
From Van Eerten et al. (2010), the brightness of an afterglow
seen at 1.5!j is ! 1/10 of the brightness it would have if
seen on-axis, in a given band. At 4500s, the R-band flux is
" 100µJy. If we assume p = 2.02, we have

E1.27
52 "1.02e "0.77B,!2n

1/2 " 137 (8)

If we assume typical values "B = 0.1, "e = 1/3 and n = 10 for
both the narrow and wide jet, we obtain that the isotropic
energetics of the narrow and the wide jet are 2.0# 1054 and
5.6 # 1052 erg respectively. As for the half-opening angles
of the outflow, a jet break at $ 3.6ks for the narrow jet
would imply (Sari, Piran & Helpern 1999) ! " 0.023 rad.
The opening angle of the wide jet is 3/2 as much as the
observing angle, while the opening angle of the narrow jet
is three times as much; thus the wide jet opening angle will
be twice as much as that of the narrow jet. The beaming-
corrected energies are 5.4#1050 and 6#1049 erg respectively.
These values of the parameters are not unusual for GRB
modeling.

4.2.3 Chromatic behaviour

This modeling, however, does not yet take into account the
presence of a spectral break during the rebrightening, which
seems to cross the optical band from higher to lower frequen-
cies. Such crossing may also explain the chromatic behaviour
of the optical afterglow at the rebrightening. Taking into ac-
count equations (3) and (4), which give the value of #M as
observed on-axis and how its value is modified by observing
the outflow o!-axis, we find the condition

E1/2
52 "1/2B,!2"

2
e " 4.2# 103 (9)

The high value for the right-hand is needed to have #M in the
optical range ! 105 s after the trigger, even from a largely
o!-axis observer.
Eq (7) has to be modified, because we are now assuming that
at the rebrightening we are observing the peak flux F!M . It
becomes

E52"
1/2
B,!2n

1/2 " 28 (10)

To satisfy these equations together, one would need
the isotropic energy E52 ! 109 and a value of density of
n ! 10!14, both unphysical. As a further consequence of
these extreme values for the energetics and densities, the
Lorentz factor of the jets is also enormous. In fact, in order
to be decelerated at tobs " 800 s in such a thin medium,
the initial Lorentz factor of the jet should be (Molinari et
al. 2007) " ! 50000. For these reasons, this model cannot
be considered viable if, during the rebrightening, there is
chromatic evolution due to the transit of #M .

4.3 Reverse Shock and Forward Shock interplay

We now examine the possibility that the early optical emis-
sion is due to RS. In this scenario, the energy injection, due
to late shells piling up on the leading ones, lasts the whole
duration of observations, producing a long-lived RS (Sari &
Mészáros 2000; Uhm & Belobedorov 2007), which is visible
in the optical. The RS shock and the emission caused by
is long-lived because of the ongoing energy injection. This

shock does not produce substantial X-ray emission (Zhang
& Mészáros 2001); the X-ray flux is always due to the FS. In
this scenario, the break frequency determined by fitting the
50 ks SEDs is the synchrotron peak frequency #M,FS of the
FS which is, initially, above the optical band. When #M,FS

approaches the optical band, the peak of the FS starts to
dominate over the RS emission and produces the rebrighten-
ing and the chromatic behaviour we observe. After ! 70 ks,
both X-ray and optical emissions are of the same origin, the
FS.
In the following, we shall be using the formulation of Sari &
Mészáros (2000) (hereafter SM00) to predict the temporal
evolution of the flux due to FS and RS. We assume that
the circumburst medium density n decreases with radius as
n % r!g ,where r is the radius reached by the shocks, while
the mass M of the late ejecta which pile up with the trailing
shells obey M(> ") % "!s, where " is the Lorentz factor
of these late shells. This parameter, s, defines the energy
injection into the ejecta (see also Zhang et al. 2006), which
keeps the shocks (both reverse and forward) refreshed. The
energy of the blast wave increases with time as E % t1!q ,
where q is linked to the parameter s (Zhang et al 2006).
We note that SM00 take the approximation of a constant
density throughout the shell crossed by the RS and do not
take into account the PdV (where P stands for pressure and
dV the element of volume) work produced by the hot gas
(Uhm 2011). Changes in the density and mechanical work
should be taken into consideration in a more realistic sce-
nario; we do that using numerical simulations (see below).
However, this formulation enables us to use relatively easy
closure relations that link the spectral and decay slopes to
the parameter s of energy injection and the density profile g
of the surrounding medium. At 4500s, we assume an order
#M,RS < #O < #C,RS , (where #O is the frequency of optical
bands) since #O > #C,RS > #M,RS would imply an implausi-
ble index p for the energy distribution of the electrons that
produce the RS emission, p $ 1. We also assume that the
X-ray band is above the cooling frequency of the FS emis-
sion, i.e. #C,FS. To have spectral indices consistent with those
observed, we assume pFS = 2.02 and pRS = 2.20 for the For-
ward and the Reverse Shock respectively. These values of p
would lead to spectral indexes $RS = 0.60 and $FS = 1.01.
These values are within 3% of the spectral parameters ob-
tained when fitting the various SEDs. We find that a medium
with constant density, g = 0, cannot explain both the X-ray
and early optical decay slopes. In fact, the amount of en-
ergy injection which would make the X-ray decay match the
observed value produces too shallow an optical decay. Con-
versely, less energy injection, which would make the optical
match the observation, would produce a X-ray too steep. We
also find that a wind-like circumburst medium, with g = 2,
makes the decay slope of the optical steeper than that ob-
served, even with a high degree of energy injection. Instead,
we find that there exist solutions for “intermediate” profile
density, g = 1.15 We note that other similar cases, halfway
between constant and stellar wind profile, have been found
in modeling of GRBs. See, for example, Starling et al (2008).
For g = 1.15, energy injection characterized by s = 2.75 (or
q " 0.6), would cause the decay indices of the RS and the
FS emissions to be &RS = 0.58, and &FS = 0.58.

We can also test whether this model predicts the correct
rise and the decay slopes at the rebrightening (see Fig. 2

This high value is needed to keep νM inthe optical range ∼ 90 ks after the trigger, 
also from a largely off-axis observer. 
 
Even assuming the largest possible values for ε e = ε B , E ~ 1061 erg !! 
 
 

Therefore, the model cannot be considered viable if, during the rebrightening,  
there is chromatic evolution due to the transit of νM 
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Fig. 1.—Stratification function of the numerical model. Here isG (E ) E (t)ej ej ej
kinetic energy of the ejected flow. It serves as a Lagrangian coordinate: E pej
corresponds to the first ejected shell and corresponds to the last shell;0 E p Eej b

ergs is the total energy of explosion. The RS starts at and54E p 10 E p 0b ej
moves toward , passing through points A, B, C, and D. The transitionE p Eej b

from “head” to “tail” of the ejecta occurs between points A and B. Point C is
close to the inflection point of function and corresponds to the maximumG (E )ej ej
of (Fig. 2). Point D is near the end of the ejecta. In the exact numerical model,rej
the ejected flow is described by two functions, and withG (t) E (t) 0 ! t !ej ej

s. However, for the afterglow emitted after the RS passes point A, onlyt ! 100b

one function is important— —and can be assumed for all shells afterG (E ) t ! 0ej ej
point A (see the text and eq. [2]). Therefore, we show only here. [SeeG (E )ej ej
the electronic edition of the Journal for a color version of this figure.]

Fig. 2.—(a–d) Blast-wave evolution in the mechanical model. (a) Density of the preshock ejecta as a function of radius r of the expandingn (RS)p r /mej ej p

blast wave; the assumed external density cm is shown for comparison. (b) Lorentz factors of the preshock ejecta, , and the blast, G.!3n p r /m p 1 G (RS)1 1 p ej
(c) Pressures at the FS and RS, and . (d) Relative Lorentz factor of the RS, (see BU06). (e, f) Observed emission from the blast wave as a function ofp p gf r 43
observer time. The emission parameters are , , and . (e) Observed spectral flux, assuming the burst is at a cosmological redshifte p 0.01 e p 0.1 p p 2.3 z pB e

. Thin curves show the FS emission—X-ray (dashed line) and optical (dotted line). Thick curves show the RS emission—X-ray (solid line) and optical (dash-1
dotted line). (f) Evolution of spectral indices (X-ray) and (optical) for the RS emission. The transition from the slow cooling spectrumb b b p (p! 1)/2 pX O

( ) to the fast cooling spectrum ( ) occurs early in the X-ray band and later in the optical band. The peaks in and will be0.65 n 1 n b p p/2 p 1.15 n ! n b bc c X O

discussed elsewhere (Z. L. Uhm & A. M. Beloborodov 2007, in preparation). The correspondence between the marked points in dynamical panels a–d and emission
panels e–f is approximate: radiation received at a given is emitted by the blast as it propagates a range of radii . [See the electronic edition of the2t r " 2G t cobs obs
Journal for a color version of this figure.]

head at early times s and proceeds to the tail. Equa-2t ! 10obs
tion (2) becomes valid in the tail.
The emission produced by the FS with usual parameters

, , and is shown by the thin curvese p 0.1 e p 0.01 p p 2.3e B
in Figure 2e. Both X-ray and optical light curves are incon-
sistent with observations and illustrate the problems of the FS

model. The theoretical optical light curve peaks at s,3 410 –10
when the peak frequency of synchroton emission passes
through the optical band (e.g., Sari et al. 1998). This peak is
not observed. The theoretical X-ray light curve has a long
monotonic decay with slope .2 By contrast, observed X-a " 1
ray afterglows are much weaker at s; they show an2 410 –10
initial steep decay to a low emission level and then a plateau.
The RS emission for the same explosion is shown by thick

curves in Figure 2e. The same parameters ,e p 0.1 e pe B

, and are assumed for the RS. Then the cooling0.01 p p 2.3
frequency is between optical and X-ray bands throughoutnc
most of the afterglow.
The X-ray emission is produced by fast-cooling electrons near

the RS. Its initial peak (marked A in Fig. 2e) is followed by the
steep decay AB and the plateau BC. This behavior can be un-
derstood from Figures 2a–2d, which show the explosion dy-
namics. The ejecta density drops dramatically behind the head
of the ejecta because of the large gradient of (see Fig. 1 andGej
eq. [2]). Therefore, X-ray emission is strongly reduced when the
RS enters the tail. Its decay at s has a temporal2 3t p 10 –10obs

index and is limited only by the spherical curvature ofa " 3
the RS. The X-ray emission does not recover until the RS prop-
agates to the region of flatter stratification function (smaller

and higher ). This recovery begins at s3FdG /dE F r t " 10ej ej ej obs
and corresponds to the beginning of the X-ray plateau (point B).
During the plateau stage, at the RS grows and reaches arej
maximum at point C where is near its minimum.FdG /dE Fej ej
This point is the end of the X-ray plateau.
Following point C, the X-ray light curve has a slope a "
until the last break at point D. This break corresponds to the1

2 It deviates from the power law because of energy injection into the FS
from the tail. The growth of blast-wave energy (by a factor of 3) implies a
deviation from the standard deceleration law .2 3G r r p const1

If the central engine produces a long-lived relativistic outflow, emission from Reverse 
Shock may be significant and extend for long time. 
 

Depending on physical parameters, the RS can give different contributions in Opt and 
X-ray 
 

Can a superposition of Reverse Shock and Forward Shock emissions reproduce 
the complex behaviour of GRB 100814A ? 

Uhm & Beloberodov 2007 
Piran et al. 2003 



Modeling of RS and FS emission 

•  Light curve slopes 
 

We use the predictions of Sari & Meszaros 2000 (SM00): 
No. 1, 2000 SARI & MÉSZÁROS L35

TABLE 1
Temporal Exponents of the Peak Frequency nm, the Maximum Flux , the Cooling Frequency nc, and the Flux in a Given Bandwidth FnFnm

Fn

Shock nm Fnm nc n ! n ! nm c n 1 max (n , n )c m

F . . . . . .
24! 7g" sg

!
2(7" s! 2g)

6s! 6" g! 3sg
2(7" s! 2g)

!
4" 4s! 3g! 3sg
2(7" s! 2g)

6! 6s! g" 3sg" b(24! 7g" sg)
!

2(7" s! 2g)
!4! 4s" g" sg" b(24! 7g" sg)

!
2(7" s! 2g)

R . . . . . .
12! 3g" sg

!
2(7" s! 2g)

6s! 12" 3g! 3sg
2(7" s! 2g)

4" 4s! 3g! 3sg
!

2(7" s! 2g)
12! 6s! 3g" 3sg" b(12! 3g" sg)

!
2(7" s! 2g)

8! 4s! 3g" sg" b(12! 3g" sg)
!

2(7" s! 2g)

Note.—F is forward, R is reverse. Calculated both in the adiabatic regime [ , where ] and in the cooling regimeb !a !bn ! n ! n F ! F (n /n) ! t n b = (p! 1)/2m c n n mm

[ , where ].1/2 b !a !bn ! n ! n F ! (n /n ) (n /n) ! t n b = p/2c m n c m m

(which uses the forward shock only). A good sampling of the
spectrum, especially at low frequencies, can therefore show the
existence or nonexistence of such a feature. The forward shock
always dominates above by a small factor offn 1 max (n , n )m c

. Since , the forward shock does not radiate muchp!2g p ! 2
more than the reverse at high frequencies.
In the case of fast cooling, we have ignored the effect of

the ordered structure of the electron’s energy behind the shock
(Granot, Piran, & Sari 2000), both for the reverse and forward
shock. This effect will increase the emission at frequencies
below the self-absorption frequency , but will not changen ! na
the qualitative conclusions of this Letter.
The spectrum displayed in Figure 1 is valid at any moment

if the energy and momentum injection is continuous, but also
at the moment of impact in the case of discrete injection. How-
ever, in the latter case the reverse shock component will rapidly
disappear, as discussed by Sari & Piran (1999a, 1999b) and
Mészáros & Rees (1999), and the forward shock after the col-
lision will evolve as in the standard nonrefreshed scenario.
For the continuous case, the time dependence of the!qt

various quantities is given in Table 1, for arbitrary parameters
s and g, assuming a spectral shape proportional to n!b. Above
the peak where the flux has the valuen = min [n , n ]max m c

, the dependence is calculated separately for!a !bF F ! t nn, max n

the slow and fast cooling regimes.
As a numerical example, we specialize to the constant density

case, where . We then haveg = 0

f 13 1/2n = 2.0# 10 Hz (1" z)m

3(s!1)/2(7"s)t1/2 2 1/2 !3/2# e e E t , (4)B, !2 e, 0.5 52 day ( )t0
r 11 !1/4 1/2n = 9.1# 10 Hz (1" z) em B, !2

3(s!1)/4(7"s)t2 1/4 1/4 !3/4# e E n t , (5)e, 0.5 52 0 day ( )t0
15 !1/2 !3/2n = 2.7# 10 Hz (1" z) ec B, !2

!3(s!1)/2(7"s)t!1/2 !1 !1/2# E n t , (6)52 0 day ( )t0
f 1/2F = 2.6 mJy (1" z)en, max B,!2

3(s!1)/(7"s)t1/2 !2# E n D , (7)52 0 L, 28 ( )t0
r 11/8 1/2F = 12 mJy (1" z) en, max B, !2

27(s!1)/8(7"s)t9/8 3/8 !2 !3/8# E n D t . (8)52 0 L, 28 day ( )t0

For slow cooling, , , and synchrotron self-n 1 n 1 n n = nc m a max m
absorption occurs at

3/5(s!1)/(7"s)tf !1 !1 1/5 1/5 3/5n = 3.6 GHz (1" z) e e E n , (9)a e, 0.5 B, !2 52 0 ( )t0
6/5(s!1)/(7"s)tr !2/5 !1 1/5 2/5 2/5 !3/5n = 43 GHz (1" z) e e E n t ,a e, 0.5 B, !2 52 0 day ( )t0

(10)

while for fast cooling, , the spectral peak is atn 1 n 1 nm c sa
, and we haven = nmax c

21(s!1)/10(7"s)tf !1/2 6/5 7/10 11/10 !1/2n = 0.3 GHz (1" z) e E n t ,a B, !2 52 0 day ( )t0
(11)

r !11/40 6/5n = 0.8 GHz (1" z) ea B, !2

93(s!1)/40(7"s)t31/40 41/40 !29/40# E n t . (12)52 0 day ( )t0
Using the normalization of the peak flux and the break points,

the flux can be calculated at any frequency. Similar to the
standard case, it is possible to test the model by comparing the
temporal decay and spectral slopes. In the standard case (in-
stantaneous injection), the flux above this frequency is falling
with time, while the flux below this frequency is rising with
time. The additional energy in the varying injection case tends
to flatten the decay rate, and for high enough values of s can
even make it grow (the factors in eqs. [5]–[12] are equiv-t/t0
alent to a power of the ratio of the injected to initial energy

). Stated differently, one would need a steeper spectralE/E0
index to give rise to the same observed temporal decay in the
refreshed scenario. Table 2 summarizes for the values ofg = 0
the spectral index b that can be inferred from a measured
temporal decay index a in the instantaneous and refreshed
scenarios, for reverse and forward shocks.
The spectral indices needed to explain a t!1 decay, as is

observed in many bursts, are considerably steeper. Some con-
fusion can occur between a slow cooling, moderately refreshed
( ) forward shock and a fast cooling forward shock in thes = 2
nonrefreshed scenario, since these two scenarios predict a sim-
ilar relation between a and b for nominal values. However,
most other regimes are considerably different from the standard
instantaneous forward shock prediction even if one only has
moderately accurate spectral information.

Parameter s describes the energy associated with the shells: E(>Γ) ~ E0 (Γ/Γ0)–s+1 

It is also tells us the rate of energy injection into the front shell. 
 

Parameter g describes the density profile of the external medium: ρ ~ r -g  



RS + FS interplay: Scenario I 

 
The early optical is RS emission; the X-
ray emission and optical rebrightening is 
from FS  
 

Late steep decay is jet break. 

Fl
ux

 

time 

Optical 

X-ray 

No solutions for g=0, (interstellar medium, ISM), nor for g=2, the density profile of stellar 
wind expected around a massive star progenitor. 
 
Instead, g=1.15, s =2.75, p=2.02, can reproduce the decay slopes within 3 sigma:  
α1 = α1,X = 0.58; α 3= 0.51. Note g=1.15 is intermediate between ISM and wind. 
 

α2 = -0.57 is not consistent with observation, and α2,X = 1.3 is way off. However, the 
model is approximate and numerical simulations indicate that  jet break decay slope 
might be steeper (Granot et al. 2006, Van Eerten et al. 2010, etc.) 
 
 

α1 α2 
α3 

α4 

α1, X 

α2, X 
RS 
FS 



But Model I cannot explain chromatic 
behaviour due to transit of νM at rebrightening. 

(Yost et al. 2003). At rebrightening, all emission is from Forward Shock. 
 
The 50 ks SED indicate FS electrons have p=2.02.  
 
To have νM at optical band at rebrightening, the equation above* requires 
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and Table 2). For g = 1.15 and s = 2.75, !M,FS ! t!1.28

and F (!M,FS) ! t0.15 (see SM00). This implies that F (! <
!M,FS) will rise as ! t+0.57 and a decay as steep as t!0.51.
These values match the observed ones, except the rise slope
which is slightly shallower than observed.

As for the steep decay starting around 2 " 105 s, the
decay slope, assuming a sideways spreading jet and the
same energy injection, would be " # 1.3. This value is
not consistent with the observed X-ray and decay slope
and may represent a drawback of the scenario at hand. We
note that numerical simulations (e.g. Zheng & MacFadyen
2009) of jet breaks indicate that the ejecta do not spread
sideways, but the decay slope can be very steep. A degree
of energy injection can moderate this fast decay and
perhaps reproduce the observed behaviour, although this
can be stated only at a qualitative level and without much
predictive power.

To summarize, this model naturally explains the pres-
ence of a break frequency at the optical rebrightening, and
the chromatic behaviour as a consequence of the interplay
of RS and FS.

A similar two-component scenario has already been
used to model a few Swift GRBs (e.g. Jélinek et al. 2006)
and pre-Swift GRBs (see Zhang et al. 2003). However, in
previous cases the RS was supposed to vanish within a
few hundreds seconds; in the case of GRB100814A the RS
emission can be long-lived due to the continuous process of
energy injection.
The model we use also explains why the rise and decay
slopes in di!erent filters are basically consistent. It also
explains why the optical rebrightening has no counterpart
in the X-ray and why the optical light curve starts to
decay fast slightly after the X-ray light-curve does: the jet
break takes longer to appear in the optical than in the
X-ray band, because at 200 ks !M,FS is still close to the
optical range, while !X $ !M,FS. The decay slopes before
the rebrightening and during the rebrightening itself are
also roughly accounted for. In this scenario the X-ray and
optical rebrightening are due to the same component. Thus,
they should exhibit the same global temporal behaviour.
If we extrapolate the peak time - peak frequency trend to
X-ray frequencies, we find that the peak time of the X-ray
should have been several hundreds seconds after the trigger.
This is consistent with observations, since the X-ray plateau
appears to have started at that epoch. Finally, such a long
lived RS scenario would produce a bright radio emission;
radio observations started a few days after the trigger and
managed to detect a measurable radio flux (see section 2.4)

However, a more serious issue we have yet to consider is
whether !M,FS can be in the optical band as late as % 90 ks
after the trigger. We assume that 860 s is the deceleration
time and onset of FS emission, and we compute the value
of !M at this epoch. We take pFS & 2.02, and we use equa-
tions (2) of Yost et al. (2003), assuming that GRB100814A
is closer to stellar wind environment2. Then, we follow the

2 GRB100814A may be an intermediate case between constant
density and stellar wind environment, although g > 1 is closer to
the wind scenario.

temporal evolution of !M according to SM00 for g = 1.15
and s = 2.75. We find that !M,FS ! t!1.28. Thus, at 90 ks,
we would have

#1/2B,!2#
2
eE

1/2
52 ! 760 (11)

Even assuming the very large values for #B,!2 and #e, 33 and
1/3 respectively at the equipartition, we would still need
E % 1058 erg. Such large energy is not predicted by any
models of the GRB central engine.

A more plausible variant of the previous model, which
also keeps all the advantages described above, predicts that
all the emission in the X-ray is also produced by the RS,
with !X > !C,RS, while the FS produces the rebrightening.
In this case, we can choose a large value for the parameter
p of the Forward Shock, and this eases greatly the energy
requirements. We find that for g = 1.25, s = 2.65, pRS =
2.02, pFS = 2.85, the predicted temporal slopes are "O =
0.57 before the rebrightening, "X = 0.60; the slope of the
optical rise is '0.52, while the successive decay between %
50 and % 200 ks would be "O = 1.10. All these values are
within 2.8$ of the observed values, except the rise, which
is slightly steeper than predicted, and decay slope after the
rebrightening, which is slower than predicted. However, the
decay slope may be shallower because !M,FS is still close to
the optical band and the model is approximated, thus we
can consider this solution satisfactory. The spectral slopes
are accounted for, too.

Equation (11) becomes

#1/2B,!2#
2
eE

1/2
52 & 0.58 (12)

We can derive, as we did for !M,FS, another condition. The
maximum flux F (!M,FS) has to be equal to the peak flux
reached at & 90 ks, which is & 200 µJy. We find

#1/2B,!2E
1/2
52 A" & 1.6 " 10!3 (13)

These equations have to be solved jointly. Assuming the typ-
ical #e = 1/3, we find that #1/2B,!2E

1/2
52 & 5.3. If we take

#B,!2 = 33 as well (these values of the # parameters are
reached at equipartition) then E & 0.86 at the onset of the
external shock and energy injection. The medium is thin,
with A" & 3" 10!4.
Since we have obtained the values of E and circumburst
density, we can also derive the values of the microphysi-
cal parameters for the RS. At 50 ks, the X-ray emission is
still dominated by the RS and, from the best fit model, we
have a break at 92.5+43.5

!20.1eV & 2.2 " 1016Hz. Such break
has got to be the synchrotron cooling frequency !C,RS. For
the chosen values of s and g, its value decays as t!0.06.
Thus, we can compute its value at the deceleration time
860 s as function of the relevant parameters, multiply it by
(50/0.86)!0.06 & 0.76 and force the result to be equal to the
break energy we find at 50 ks.

For the value of !C,RS at deceleration time, we take the
formulation of Kobayashi & Zhang (2003), their eq.9. We
have

!C,RS = 2.12" 1011
!

1 + z
2

"

!3/2

#!3/2
B,RS,!2E

1/2
52 A!2

" tdec (14)

For the values of density and energy chosen above we
find !C,RS = 4.7"1019#B,RS,!2 Hz at the deceleration time.
Thus Eq.14 implies that #B,RS,!2 must be very high; taking
!C,RS & 2.2" 1016Hz would imply #B,RS,!2 # 1. Such value

Even assuming εe = εB = 1/3, E ~ 1058 erg. Too much for any GRB model.   

For wind-like media, the synchrotron peak frequency νM is given by 

* GRB100814A medium has profile intermediate between ISM and Wind. We therefore calculate 
 νM at deceleration time ~860 s as in wind medium and then we follow its evolution with s=2.75,  
 g=1.15, as in SM00.    
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of observations in the ISM case or a decrease as t!1/4

decay slope for stellar wind (with a density profile of r!2,
where r is the distance from the progenitor, Kobayashi &
Zhang 2003). Neither of which are observed. Furthermore,
to keep !M,FS in the optical band with a flat spectrum,
one would require an extremely high value of kinetic
energy of the ejecta (see section 4.2). The optical bump
cannot even be the onset of FS emission in the context
of single component scenario, because one should not see
the observed decrease of the X-ray and optical flux before it.

The observed flux depends on blast wave parameters
depends on parameters such as the fractions of blast wave
energy given to radiating electrons and magnetic field "e
and "B, the circumburst medium density n, and the index
of the power-law energy distribution of radiating electron
p. A temporal evolution of such parameters might explain
the observed behaviour. An example is a change of den-
sity of the environment n. For frequencies below the cooling
break, the flux is proportional to n, while the flux in bands
above the break does not depend on it. It is therefore possi-
ble that a rapid increase in n causes an optical rebrightening
and simultaneously leaves the X-ray flux decay unperturbed,
as we observe. Does this explanation predict the spectral
changes that we see in the GRB100814 rebrightening? Since
!C ! n!1, one may think that n could increase so much
that !C enters the optical band and changes the shape of
the SED. However, several simulations have shown that the
light curves do not show prominent rebrightening even if the
blast-wave encounters an enhancement of density (Nakar &
Granot 2007)
We therefore conclude that a single component FS model
cannot explain the GRB100814A light curve. In the next
section, we discuss a few multi-component models to inter-
pret the behaviour of the afterglow of this burst.

4.2 Two-component jet seen sideways

In this model, the early optical emission and the X-ray emis-
sion is produced by a wide outflow, while the optical re-
brightening is due to emission from a narrow jet seen o!-
axis. The emission from the latter is initially beamed away
from the observer, however, as the Lorentz factor decreases,
more and more flux enters the line of sight. Such a scenario
has been already invoked (Granot et al 2005) to explain late
optical rebrightenings, so in principle it could explain the be-
haviour of GRB100814A. We shall now determine in more
detail whether this is plausible.

4.2.1 Narrow jet

A relativistic jet initially observed o!-axis will naturally pro-
duce a rising light curve; the exact slope depends on the ratio
between the o!-axis angle and the opening angle. Looking
at the synthetic light curves created by the code in “after-
glow library” of Van Eerten et al (2010) we notice that a
jet seen at #obs ! 3#j produces a rise with slope $ " #0.65,
and an initial decay with slope $ " 0.45, which are similar
to those we observe at the rebrightening (see also Granot et

al (2005)). In this context, the peak luminsity observed at
#obs is related to that on axis by the formula

L!obs,peak =" 2!"+3(#obs/#j # 1)2#L0,tj (1)

(Granot, Panaitescu, Kumar & Woosley 2002, hereafter
GP2002), where #j is the opening angle. For % = 0.5 and
$ = 2, which are the typical values of these parameters, we
have that L!obs,peak = 5.56$ 10!2L0,tj . The peak time will
be at

Tpeak = [5 + 2 ln(#obs/#j # 1)](#obs/#j # 1)2tjs (2)

for the values above, we have Tpeak " 25$ tj . Since Tpeak "
90 ks, tj " 3.6 ks.

Now, defining a % (1 + "2#2)!1, we have (GP2002)

!(#obs) = a!(# = 0) F (!, #obs, t) = a3F (!/a, 0, at) (3)

where " is the Lorentz factor. At the peak time we have
"!1 ! #obs # #j = 2#j . By assuming # is #obs # #j , as P2002
suggest, we have a = 0.5 in the equations above.

The peak frequency for #obs = 0 is given by

!M = 3.3$ 1014(z + 1)1/2"1/2B,!2

!

p# 2
p# 1

"2

"2eE
1/2
52 t!3/2

d Hz(4)

where td indicates time in days. The maximum flux is

!M = 4$1014(z+1)1/2(p#0.69)"1/2B,!2

!

p# 2
p# 1

"2

"2eE
1/2
52 t!3/2

d Hz(5)

F (!M ) = 1600(z + 1)D!2
28 "1/2B,!2E52n

1/2(t/tj)
!3/4 µJy (6)

(Yost et al. 2003). E52 is the kinetic energy of the ejecta,
while "e and "B,!2 are the fractions of shockwave energy
given to radiating electrons and magnetic field respectively.
D28 is the luminosity distance of the burst, while p is
the index of the power-law energy distribution of radiating
electrons, n the density in particles cm!3 of the circum-
burst medium. Substituting the known parameters, taking
p = 2.02 to explain the flat X-ray spectrum, and remember-
ing that for #obs = 3#j the observed !M will be 1/2 of the
!M on-axis (see eq.3), we have

F (!i, #obs, tpeak) = 0.17E1.27
52 "0.77B,!2"

1.02
e n1/2 (7)

where !i is the flux in the i" band (3.9 $ 1014 Hz). At the
peak of the rebrightening, we have F " 200µJy. Thus, we
have the condition

E1.27
52 "0.77B,!2"

1.02
e n1/2 " 1200 (8)

4.2.2 Wide jet

An o!-axis model cannot explain the early shallow decay
if the observer has #obs < #j ; the observer must be slightly
outside the opening angle of the outflow (i.e., #obs a bit larger
than #j). The time when the afterglow emission begins its
typical power law decay, t " 860 s, can be taken as the epoch
when "!1 ! #obs # #j . The following decay, with $ " 0.6,
can be explained if #obs " 3/2#j (Van Eerten et al. 2010).
Finally, a steeper decay will be visible when the observer will
see the radiation from the far edge of the jet, when &!1 !
#obs##j+2#j = 5/2 #j . Assuming that " & t!3/8, this second
break would be seen at t2 =! 58/3$0.86 =" 63 ks. However,



Numerical simulations for Scenario I 

FS+RS (solid)
FS (dotted)
RS (dashed)

10 keV (red)

Detailed simulations, which takes into account: 
 

Stratification in the Lorentz factors of ejecta; 
 

Mechanical work (pdV) done by the gas. 

Parameters of the simulation: 
 

Kinetic Energy E = 1054 erg; 
	


ε e,FS = 0.1, ε B,FS = 0.01; 
 

ε e,RS = 0.1, ε B,FS = 0.05; 
 

p = 2.1 ; θ jet = 0.07 rad 
 

RS energizes 100% of electrons of ejecta; but FS 
energizes only 1.5% of medium. 
 

Agreement of light curves with observations; 
 

Harder spectrum around peak time predicted; 
 

It can produce many curves changing Γ(t). 
 

Problem: how FS energizes only ~1.5% of electrons? 
 



RS + FS interplay: Scenario II 
 
The early optical and X-ray are RS 
emission;  
 

The optical rebrightening is FS emission; 
 

Late steep decay is jet break. 
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Parameters s=2.65, g=1.25 can reproduce the decay slopes within 3 sigma:  
α1 = 0.57; α 1, X = 0.58; α 4= 2.07; α 2,X ~ α4  
 

α2 = -0.52 is not consistent with observation, and α 3 = 1.1 is way off. However, the 

model is approximate; and observed α 3 < 1.1 can be explained because ν M ~ ν opt 

We can now model the FS assuming a very steep spectrum. This eases the energy 
requirements.  We take pFS=2.85. We take pRS = 2.02 to explain the hard X-ray 
spectrum. 

α3 



Modeling of FS and RS in Scenario II  

The condition ν M ~ ν opt at the rebrigtening time becomes  
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and Table 2). For g = 1.15 and s = 2.75, !M,FS ! t!1.28

and F (!M,FS) ! t0.15 (see SM00). This implies that F (! <
!M,FS) will rise as ! t+0.57 and a decay as steep as t!0.51.
These values match the observed ones, except the rise slope
which is slightly shallower than observed.

As for the steep decay starting around 2 " 105 s, the
decay slope, assuming a sideways spreading jet and the
same energy injection, would be " # 1.3. This value is
not consistent with the observed X-ray and decay slope
and may represent a drawback of the scenario at hand. We
note that numerical simulations (e.g. Zheng & MacFadyen
2009) of jet breaks indicate that the ejecta do not spread
sideways, but the decay slope can be very steep. A degree
of energy injection can moderate this fast decay and
perhaps reproduce the observed behaviour, although this
can be stated only at a qualitative level and without much
predictive power.

To summarize, this model naturally explains the pres-
ence of a break frequency at the optical rebrightening, and
the chromatic behaviour as a consequence of the interplay
of RS and FS.

A similar two-component scenario has already been
used to model a few Swift GRBs (e.g. Jélinek et al. 2006)
and pre-Swift GRBs (see Zhang et al. 2003). However, in
previous cases the RS was supposed to vanish within a
few hundreds seconds; in the case of GRB100814A the RS
emission can be long-lived due to the continuous process of
energy injection.
The model we use also explains why the rise and decay
slopes in di!erent filters are basically consistent. It also
explains why the optical rebrightening has no counterpart
in the X-ray and why the optical light curve starts to
decay fast slightly after the X-ray light-curve does: the jet
break takes longer to appear in the optical than in the
X-ray band, because at 200 ks !M,FS is still close to the
optical range, while !X $ !M,FS. The decay slopes before
the rebrightening and during the rebrightening itself are
also roughly accounted for. In this scenario the X-ray and
optical rebrightening are due to the same component. Thus,
they should exhibit the same global temporal behaviour.
If we extrapolate the peak time - peak frequency trend to
X-ray frequencies, we find that the peak time of the X-ray
should have been several hundreds seconds after the trigger.
This is consistent with observations, since the X-ray plateau
appears to have started at that epoch. Finally, such a long
lived RS scenario would produce a bright radio emission;
radio observations started a few days after the trigger and
managed to detect a measurable radio flux (see section 2.4)

However, a more serious issue we have yet to consider is
whether !M,FS can be in the optical band as late as % 90 ks
after the trigger. We assume that 860 s is the deceleration
time and onset of FS emission, and we compute the value
of !M at this epoch. We take pFS & 2.02, and we use equa-
tions (2) of Yost et al. (2003), assuming that GRB100814A
is closer to stellar wind environment2. Then, we follow the

2 GRB100814A may be an intermediate case between constant
density and stellar wind environment, although g > 1 is closer to
the wind scenario.

temporal evolution of !M according to SM00 for g = 1.15
and s = 2.75. We find that !M,FS ! t!1.28. Thus, at 90 ks,
we would have

#1/2B,!2#
2
eE

1/2
52 ! 760 (11)

Even assuming the very large values for #B,!2 and #e, 33 and
1/3 respectively at the equipartition, we would still need
E % 1058 erg. Such large energy is not predicted by any
models of the GRB central engine.

A more plausible variant of the previous model, which
also keeps all the advantages described above, predicts that
all the emission in the X-ray is also produced by the RS,
with !X > !C,RS, while the FS produces the rebrightening.
In this case, we can choose a large value for the parameter
p of the Forward Shock, and this eases greatly the energy
requirements. We find that for g = 1.25, s = 2.65, pRS =
2.02, pFS = 2.85, the predicted temporal slopes are "O =
0.57 before the rebrightening, "X = 0.60; the slope of the
optical rise is '0.52, while the successive decay between %
50 and % 200 ks would be "O = 1.10. All these values are
within 2.8$ of the observed values, except the rise, which
is slightly steeper than predicted, and decay slope after the
rebrightening, which is slower than predicted. However, the
decay slope may be shallower because !M,FS is still close to
the optical band and the model is approximated, thus we
can consider this solution satisfactory. The spectral slopes
are accounted for, too.

Equation (11) becomes

#1/2B,!2#
2
eE

1/2
52 & 0.58 (12)

We can derive, as we did for !M,FS, another condition. The
maximum flux F (!M,FS) has to be equal to the peak flux
reached at & 90 ks, which is & 200 µJy. We find

#1/2B,!2E
1/2
52 A" & 1.6 " 10!3 (13)

These equations have to be solved jointly. Assuming the typ-
ical #e = 1/3, we find that #1/2B,!2E

1/2
52 & 5.3. If we take

#B,!2 = 33 as well (these values of the # parameters are
reached at equipartition) then E & 0.86 at the onset of the
external shock and energy injection. The medium is thin,
with A" & 3" 10!4.
Since we have obtained the values of E and circumburst
density, we can also derive the values of the microphysi-
cal parameters for the RS. At 50 ks, the X-ray emission is
still dominated by the RS and, from the best fit model, we
have a break at 92.5+43.5

!20.1eV & 2.2 " 1016Hz. Such break
has got to be the synchrotron cooling frequency !C,RS. For
the chosen values of s and g, its value decays as t!0.06.
Thus, we can compute its value at the deceleration time
860 s as function of the relevant parameters, multiply it by
(50/0.86)!0.06 & 0.76 and force the result to be equal to the
break energy we find at 50 ks.

For the value of !C,RS at deceleration time, we take the
formulation of Kobayashi & Zhang (2003), their eq.9. We
have

!C,RS = 2.12" 1011
!

1 + z
2

"

!3/2

#!3/2
B,RS,!2E

1/2
52 A!2

" tdec (14)

For the values of density and energy chosen above we
find !C,RS = 4.7"1019#B,RS,!2 Hz at the deceleration time.
Thus Eq.14 implies that #B,RS,!2 must be very high; taking
!C,RS & 2.2" 1016Hz would imply #B,RS,!2 # 1. Such value

The condition F(νM ) ~ 200 µJy at the rebrigtening time is  
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and Table 2). For g = 1.15 and s = 2.75, !M,FS ! t!1.28

and F (!M,FS) ! t0.15 (see SM00). This implies that F (! <
!M,FS) will rise as ! t+0.57 and a decay as steep as t!0.51.
These values match the observed ones, except the rise slope
which is slightly shallower than observed.

As for the steep decay starting around 2 " 105 s, the
decay slope, assuming a sideways spreading jet and the
same energy injection, would be " # 1.3. This value is
not consistent with the observed X-ray and decay slope
and may represent a drawback of the scenario at hand. We
note that numerical simulations (e.g. Zheng & MacFadyen
2009) of jet breaks indicate that the ejecta do not spread
sideways, but the decay slope can be very steep. A degree
of energy injection can moderate this fast decay and
perhaps reproduce the observed behaviour, although this
can be stated only at a qualitative level and without much
predictive power.

To summarize, this model naturally explains the pres-
ence of a break frequency at the optical rebrightening, and
the chromatic behaviour as a consequence of the interplay
of RS and FS.

A similar two-component scenario has already been
used to model a few Swift GRBs (e.g. Jélinek et al. 2006)
and pre-Swift GRBs (see Zhang et al. 2003). However, in
previous cases the RS was supposed to vanish within a
few hundreds seconds; in the case of GRB100814A the RS
emission can be long-lived due to the continuous process of
energy injection.
The model we use also explains why the rise and decay
slopes in di!erent filters are basically consistent. It also
explains why the optical rebrightening has no counterpart
in the X-ray and why the optical light curve starts to
decay fast slightly after the X-ray light-curve does: the jet
break takes longer to appear in the optical than in the
X-ray band, because at 200 ks !M,FS is still close to the
optical range, while !X $ !M,FS. The decay slopes before
the rebrightening and during the rebrightening itself are
also roughly accounted for. In this scenario the X-ray and
optical rebrightening are due to the same component. Thus,
they should exhibit the same global temporal behaviour.
If we extrapolate the peak time - peak frequency trend to
X-ray frequencies, we find that the peak time of the X-ray
should have been several hundreds seconds after the trigger.
This is consistent with observations, since the X-ray plateau
appears to have started at that epoch. Finally, such a long
lived RS scenario would produce a bright radio emission;
radio observations started a few days after the trigger and
managed to detect a measurable radio flux (see section 2.4)

However, a more serious issue we have yet to consider is
whether !M,FS can be in the optical band as late as % 90 ks
after the trigger. We assume that 860 s is the deceleration
time and onset of FS emission, and we compute the value
of !M at this epoch. We take pFS & 2.02, and we use equa-
tions (2) of Yost et al. (2003), assuming that GRB100814A
is closer to stellar wind environment2. Then, we follow the

2 GRB100814A may be an intermediate case between constant
density and stellar wind environment, although g > 1 is closer to
the wind scenario.

temporal evolution of !M according to SM00 for g = 1.15
and s = 2.75. We find that !M,FS ! t!1.28. Thus, at 90 ks,
we would have

#1/2B,!2#
2
eE

1/2
52 ! 760 (11)

Even assuming the very large values for #B,!2 and #e, 33 and
1/3 respectively at the equipartition, we would still need
E % 1058 erg. Such large energy is not predicted by any
models of the GRB central engine.

A more plausible variant of the previous model, which
also keeps all the advantages described above, predicts that
all the emission in the X-ray is also produced by the RS,
with !X > !C,RS, while the FS produces the rebrightening.
In this case, we can choose a large value for the parameter
p of the Forward Shock, and this eases greatly the energy
requirements. We find that for g = 1.25, s = 2.65, pRS =
2.02, pFS = 2.85, the predicted temporal slopes are "O =
0.57 before the rebrightening, "X = 0.60; the slope of the
optical rise is '0.52, while the successive decay between %
50 and % 200 ks would be "O = 1.10. All these values are
within 2.8$ of the observed values, except the rise, which
is slightly steeper than predicted, and decay slope after the
rebrightening, which is slower than predicted. However, the
decay slope may be shallower because !M,FS is still close to
the optical band and the model is approximated, thus we
can consider this solution satisfactory. The spectral slopes
are accounted for, too.

Equation (11) becomes

#1/2B,!2#
2
eE

1/2
52 & 0.58 (12)

We can derive, as we did for !M,FS, another condition. The
maximum flux F (!M,FS) has to be equal to the peak flux
reached at & 90 ks, which is & 200 µJy. We find

#1/2B,!2E
1/2
52 A" & 1.6 " 10!3 (13)

These equations have to be solved jointly. Assuming the typ-
ical #e = 1/3, we find that #1/2B,!2E

1/2
52 & 5.3. If we take

#B,!2 = 33 as well (these values of the # parameters are
reached at equipartition) then E & 0.86 at the onset of the
external shock and energy injection. The medium is thin,
with A" & 3" 10!4.
Since we have obtained the values of E and circumburst
density, we can also derive the values of the microphysi-
cal parameters for the RS. At 50 ks, the X-ray emission is
still dominated by the RS and, from the best fit model, we
have a break at 92.5+43.5

!20.1eV & 2.2 " 1016Hz. Such break
has got to be the synchrotron cooling frequency !C,RS. For
the chosen values of s and g, its value decays as t!0.06.
Thus, we can compute its value at the deceleration time
860 s as function of the relevant parameters, multiply it by
(50/0.86)!0.06 & 0.76 and force the result to be equal to the
break energy we find at 50 ks.

For the value of !C,RS at deceleration time, we take the
formulation of Kobayashi & Zhang (2003), their eq.9. We
have

!C,RS = 2.12" 1011
!

1 + z
2

"

!3/2

#!3/2
B,RS,!2E

1/2
52 A!2

" tdec (14)

For the values of density and energy chosen above we
find !C,RS = 4.7"1019#B,RS,!2 Hz at the deceleration time.
Thus Eq.14 implies that #B,RS,!2 must be very high; taking
!C,RS & 2.2" 1016Hz would imply #B,RS,!2 # 1. Such value

These equations must be solved together. Assuming εe = εB = 1/3, we obtain  
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and Table 2). For g = 1.15 and s = 2.75, !M,FS ! t!1.28

and F (!M,FS) ! t0.15 (see SM00). This implies that F (! <
!M,FS) will rise as ! t+0.57 and a decay as steep as t!0.51.
These values match the observed ones, except the rise slope
which is slightly shallower than observed.

As for the steep decay starting around 2 " 105 s, the
decay slope, assuming a sideways spreading jet and the
same energy injection, would be " # 1.3. This value is
not consistent with the observed X-ray and decay slope
and may represent a drawback of the scenario at hand. We
note that numerical simulations (e.g. Zheng & MacFadyen
2009) of jet breaks indicate that the ejecta do not spread
sideways, but the decay slope can be very steep. A degree
of energy injection can moderate this fast decay and
perhaps reproduce the observed behaviour, although this
can be stated only at a qualitative level and without much
predictive power.

To summarize, this model naturally explains the pres-
ence of a break frequency at the optical rebrightening, and
the chromatic behaviour as a consequence of the interplay
of RS and FS.

A similar two-component scenario has already been
used to model a few Swift GRBs (e.g. Jélinek et al. 2006)
and pre-Swift GRBs (see Zhang et al. 2003). However, in
previous cases the RS was supposed to vanish within a
few hundreds seconds; in the case of GRB100814A the RS
emission can be long-lived due to the continuous process of
energy injection.
The model we use also explains why the rise and decay
slopes in di!erent filters are basically consistent. It also
explains why the optical rebrightening has no counterpart
in the X-ray and why the optical light curve starts to
decay fast slightly after the X-ray light-curve does: the jet
break takes longer to appear in the optical than in the
X-ray band, because at 200 ks !M,FS is still close to the
optical range, while !X $ !M,FS. The decay slopes before
the rebrightening and during the rebrightening itself are
also roughly accounted for. In this scenario the X-ray and
optical rebrightening are due to the same component. Thus,
they should exhibit the same global temporal behaviour.
If we extrapolate the peak time - peak frequency trend to
X-ray frequencies, we find that the peak time of the X-ray
should have been several hundreds seconds after the trigger.
This is consistent with observations, since the X-ray plateau
appears to have started at that epoch. Finally, such a long
lived RS scenario would produce a bright radio emission;
radio observations started a few days after the trigger and
managed to detect a measurable radio flux (see section 2.4)

However, a more serious issue we have yet to consider is
whether !M,FS can be in the optical band as late as % 90 ks
after the trigger. We assume that 860 s is the deceleration
time and onset of FS emission, and we compute the value
of !M at this epoch. We take pFS & 2.02, and we use equa-
tions (2) of Yost et al. (2003), assuming that GRB100814A
is closer to stellar wind environment2. Then, we follow the

2 GRB100814A may be an intermediate case between constant
density and stellar wind environment, although g > 1 is closer to
the wind scenario.

temporal evolution of !M according to SM00 for g = 1.15
and s = 2.75. We find that !M,FS ! t!1.28. Thus, at 90 ks,
we would have

#1/2B,!2#
2
eE

1/2
52 ! 760 (11)

Even assuming the very large values for #B,!2 and #e, 33 and
1/3 respectively at the equipartition, we would still need
E % 1058 erg. Such large energy is not predicted by any
models of the GRB central engine.

A more plausible variant of the previous model, which
also keeps all the advantages described above, predicts that
all the emission in the X-ray is also produced by the RS,
with !X > !C,RS, while the FS produces the rebrightening.
In this case, we can choose a large value for the parameter
p of the Forward Shock, and this eases greatly the energy
requirements. We find that for g = 1.25, s = 2.65, pRS =
2.02, pFS = 2.85, the predicted temporal slopes are "O =
0.57 before the rebrightening, "X = 0.60; the slope of the
optical rise is '0.52, while the successive decay between %
50 and % 200 ks would be "O = 1.10. All these values are
within 2.8$ of the observed values, except the rise, which
is slightly steeper than predicted, and decay slope after the
rebrightening, which is slower than predicted. However, the
decay slope may be shallower because !M,FS is still close to
the optical band and the model is approximated, thus we
can consider this solution satisfactory. The spectral slopes
are accounted for, too.

Equation (11) becomes

#1/2B,!2#
2
eE

1/2
52 & 0.58 (12)

We can derive, as we did for !M,FS, another condition. The
maximum flux F (!M,FS) has to be equal to the peak flux
reached at & 90 ks, which is & 200 µJy. We find

#1/2B,!2E
1/2
52 A" & 1.6 " 10!3 (13)

These equations have to be solved jointly. Assuming the typ-
ical #e = 1/3, we find that #1/2B,!2E

1/2
52 & 5.3. If we take

#B,!2 = 33 as well (these values of the # parameters are
reached at equipartition) then E & 0.86 at the onset of the
external shock and energy injection. The medium is thin,
with A" & 3" 10!4.
Since we have obtained the values of E and circumburst
density, we can also derive the values of the microphysi-
cal parameters for the RS. At 50 ks, the X-ray emission is
still dominated by the RS and, from the best fit model, we
have a break at 92.5+43.5

!20.1eV & 2.2 " 1016Hz. Such break
has got to be the synchrotron cooling frequency !C,RS. For
the chosen values of s and g, its value decays as t!0.06.
Thus, we can compute its value at the deceleration time
860 s as function of the relevant parameters, multiply it by
(50/0.86)!0.06 & 0.76 and force the result to be equal to the
break energy we find at 50 ks.

For the value of !C,RS at deceleration time, we take the
formulation of Kobayashi & Zhang (2003), their eq.9. We
have

!C,RS = 2.12" 1011
!

1 + z
2

"

!3/2

#!3/2
B,RS,!2E

1/2
52 A!2

" tdec (14)

For the values of density and energy chosen above we
find !C,RS = 4.7"1019#B,RS,!2 Hz at the deceleration time.
Thus Eq.14 implies that #B,RS,!2 must be very high; taking
!C,RS & 2.2" 1016Hz would imply #B,RS,!2 # 1. Such value

 E52     0.86  
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and Table 2). For g = 1.15 and s = 2.75, !M,FS ! t!1.28

and F (!M,FS) ! t0.15 (see SM00). This implies that F (! <
!M,FS) will rise as ! t+0.57 and a decay as steep as t!0.51.
These values match the observed ones, except the rise slope
which is slightly shallower than observed.

As for the steep decay starting around 2 " 105 s, the
decay slope, assuming a sideways spreading jet and the
same energy injection, would be " # 1.3. This value is
not consistent with the observed X-ray and decay slope
and may represent a drawback of the scenario at hand. We
note that numerical simulations (e.g. Zheng & MacFadyen
2009) of jet breaks indicate that the ejecta do not spread
sideways, but the decay slope can be very steep. A degree
of energy injection can moderate this fast decay and
perhaps reproduce the observed behaviour, although this
can be stated only at a qualitative level and without much
predictive power.

To summarize, this model naturally explains the pres-
ence of a break frequency at the optical rebrightening, and
the chromatic behaviour as a consequence of the interplay
of RS and FS.

A similar two-component scenario has already been
used to model a few Swift GRBs (e.g. Jélinek et al. 2006)
and pre-Swift GRBs (see Zhang et al. 2003). However, in
previous cases the RS was supposed to vanish within a
few hundreds seconds; in the case of GRB100814A the RS
emission can be long-lived due to the continuous process of
energy injection.
The model we use also explains why the rise and decay
slopes in di!erent filters are basically consistent. It also
explains why the optical rebrightening has no counterpart
in the X-ray and why the optical light curve starts to
decay fast slightly after the X-ray light-curve does: the jet
break takes longer to appear in the optical than in the
X-ray band, because at 200 ks !M,FS is still close to the
optical range, while !X $ !M,FS. The decay slopes before
the rebrightening and during the rebrightening itself are
also roughly accounted for. In this scenario the X-ray and
optical rebrightening are due to the same component. Thus,
they should exhibit the same global temporal behaviour.
If we extrapolate the peak time - peak frequency trend to
X-ray frequencies, we find that the peak time of the X-ray
should have been several hundreds seconds after the trigger.
This is consistent with observations, since the X-ray plateau
appears to have started at that epoch. Finally, such a long
lived RS scenario would produce a bright radio emission;
radio observations started a few days after the trigger and
managed to detect a measurable radio flux (see section 2.4)

However, a more serious issue we have yet to consider is
whether !M,FS can be in the optical band as late as % 90 ks
after the trigger. We assume that 860 s is the deceleration
time and onset of FS emission, and we compute the value
of !M at this epoch. We take pFS & 2.02, and we use equa-
tions (2) of Yost et al. (2003), assuming that GRB100814A
is closer to stellar wind environment2. Then, we follow the

2 GRB100814A may be an intermediate case between constant
density and stellar wind environment, although g > 1 is closer to
the wind scenario.

temporal evolution of !M according to SM00 for g = 1.15
and s = 2.75. We find that !M,FS ! t!1.28. Thus, at 90 ks,
we would have

#1/2B,!2#
2
eE

1/2
52 ! 760 (11)

Even assuming the very large values for #B,!2 and #e, 33 and
1/3 respectively at the equipartition, we would still need
E % 1058 erg. Such large energy is not predicted by any
models of the GRB central engine.

A more plausible variant of the previous model, which
also keeps all the advantages described above, predicts that
all the emission in the X-ray is also produced by the RS,
with !X > !C,RS, while the FS produces the rebrightening.
In this case, we can choose a large value for the parameter
p of the Forward Shock, and this eases greatly the energy
requirements. We find that for g = 1.25, s = 2.65, pRS =
2.02, pFS = 2.85, the predicted temporal slopes are "O =
0.57 before the rebrightening, "X = 0.60; the slope of the
optical rise is '0.52, while the successive decay between %
50 and % 200 ks would be "O = 1.10. All these values are
within 2.8$ of the observed values, except the rise, which
is slightly steeper than predicted, and decay slope after the
rebrightening, which is slower than predicted. However, the
decay slope may be shallower because !M,FS is still close to
the optical band and the model is approximated, thus we
can consider this solution satisfactory. The spectral slopes
are accounted for, too.

Equation (11) becomes

#1/2B,!2#
2
eE

1/2
52 & 0.58 (12)

We can derive, as we did for !M,FS, another condition. The
maximum flux F (!M,FS) has to be equal to the peak flux
reached at & 90 ks, which is & 200 µJy. We find

#1/2B,!2E
1/2
52 A" & 1.6 " 10!3 (13)

These equations have to be solved jointly. Assuming the typ-
ical #e = 1/3, we find that #1/2B,!2E

1/2
52 & 5.3. If we take

#B,!2 = 33 as well (these values of the # parameters are
reached at equipartition) then E & 0.86 at the onset of the
external shock and energy injection. The medium is thin,
with A" & 3" 10!4.
Since we have obtained the values of E and circumburst
density, we can also derive the values of the microphysi-
cal parameters for the RS. At 50 ks, the X-ray emission is
still dominated by the RS and, from the best fit model, we
have a break at 92.5+43.5

!20.1eV & 2.2 " 1016Hz. Such break
has got to be the synchrotron cooling frequency !C,RS. For
the chosen values of s and g, its value decays as t!0.06.
Thus, we can compute its value at the deceleration time
860 s as function of the relevant parameters, multiply it by
(50/0.86)!0.06 & 0.76 and force the result to be equal to the
break energy we find at 50 ks.

For the value of !C,RS at deceleration time, we take the
formulation of Kobayashi & Zhang (2003), their eq.9. We
have

!C,RS = 2.12" 1011
!

1 + z
2

"

!3/2

#!3/2
B,RS,!2E

1/2
52 A!2

" tdec (14)

For the values of density and energy chosen above we
find !C,RS = 4.7"1019#B,RS,!2 Hz at the deceleration time.
Thus Eq.14 implies that #B,RS,!2 must be very high; taking
!C,RS & 2.2" 1016Hz would imply #B,RS,!2 # 1. Such value

FS modeling 



Modeling of FS and RS in Scenario II - 2 

At 50 ks, the X-ray is RS. The 50 ks SED tells us there is a cooling break at ~0.1 keV 
(not well constrained). We calculate νC at deceleration time, ~860 s: 
 
 
 
(Kobayashi & Zhang 2003). From SM00, we calculate how much it becomes at 50 ks.   
We find 
 
	

	


εB,RS must be very large; but it can’t be too large, otherwise the RS would not produce 
emission. Since the cooling break has a large error, we take ε B,RS = 0.60. 
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and Table 2). For g = 1.15 and s = 2.75, !M,FS ! t!1.28

and F (!M,FS) ! t0.15 (see SM00). This implies that F (! <
!M,FS) will rise as ! t+0.57 and a decay as steep as t!0.51.
These values match the observed ones, except the rise slope
which is slightly shallower than observed.

As for the steep decay starting around 2 " 105 s, the
decay slope, assuming a sideways spreading jet and the
same energy injection, would be " # 1.3. This value is
not consistent with the observed X-ray and decay slope
and may represent a drawback of the scenario at hand. We
note that numerical simulations (e.g. Zheng & MacFadyen
2009) of jet breaks indicate that the ejecta do not spread
sideways, but the decay slope can be very steep. A degree
of energy injection can moderate this fast decay and
perhaps reproduce the observed behaviour, although this
can be stated only at a qualitative level and without much
predictive power.

To summarize, this model naturally explains the pres-
ence of a break frequency at the optical rebrightening, and
the chromatic behaviour as a consequence of the interplay
of RS and FS.

A similar two-component scenario has already been
used to model a few Swift GRBs (e.g. Jélinek et al. 2006)
and pre-Swift GRBs (see Zhang et al. 2003). However, in
previous cases the RS was supposed to vanish within a
few hundreds seconds; in the case of GRB100814A the RS
emission can be long-lived due to the continuous process of
energy injection.
The model we use also explains why the rise and decay
slopes in di!erent filters are basically consistent. It also
explains why the optical rebrightening has no counterpart
in the X-ray and why the optical light curve starts to
decay fast slightly after the X-ray light-curve does: the jet
break takes longer to appear in the optical than in the
X-ray band, because at 200 ks !M,FS is still close to the
optical range, while !X $ !M,FS. The decay slopes before
the rebrightening and during the rebrightening itself are
also roughly accounted for. In this scenario the X-ray and
optical rebrightening are due to the same component. Thus,
they should exhibit the same global temporal behaviour.
If we extrapolate the peak time - peak frequency trend to
X-ray frequencies, we find that the peak time of the X-ray
should have been several hundreds seconds after the trigger.
This is consistent with observations, since the X-ray plateau
appears to have started at that epoch. Finally, such a long
lived RS scenario would produce a bright radio emission;
radio observations started a few days after the trigger and
managed to detect a measurable radio flux (see section 2.4)

However, a more serious issue we have yet to consider is
whether !M,FS can be in the optical band as late as % 90 ks
after the trigger. We assume that 860 s is the deceleration
time and onset of FS emission, and we compute the value
of !M at this epoch. We take pFS & 2.02, and we use equa-
tions (2) of Yost et al. (2003), assuming that GRB100814A
is closer to stellar wind environment2. Then, we follow the

2 GRB100814A may be an intermediate case between constant
density and stellar wind environment, although g > 1 is closer to
the wind scenario.

temporal evolution of !M according to SM00 for g = 1.15
and s = 2.75. We find that !M,FS ! t!1.28. Thus, at 90 ks,
we would have

#1/2B,!2#
2
eE

1/2
52 ! 760 (11)

Even assuming the very large values for #B,!2 and #e, 33 and
1/3 respectively at the equipartition, we would still need
E % 1058 erg. Such large energy is not predicted by any
models of the GRB central engine.

A more plausible variant of the previous model, which
also keeps all the advantages described above, predicts that
all the emission in the X-ray is also produced by the RS,
with !X > !C,RS, while the FS produces the rebrightening.
In this case, we can choose a large value for the parameter
p of the Forward Shock, and this eases greatly the energy
requirements. We find that for g = 1.25, s = 2.65, pRS =
2.02, pFS = 2.85, the predicted temporal slopes are "O =
0.57 before the rebrightening, "X = 0.60; the slope of the
optical rise is '0.52, while the successive decay between %
50 and % 200 ks would be "O = 1.10. All these values are
within 2.8$ of the observed values, except the rise, which
is slightly steeper than predicted, and decay slope after the
rebrightening, which is slower than predicted. However, the
decay slope may be shallower because !M,FS is still close to
the optical band and the model is approximated, thus we
can consider this solution satisfactory. The spectral slopes
are accounted for, too.

Equation (11) becomes

#1/2B,!2#
2
eE

1/2
52 & 0.58 (12)

We can derive, as we did for !M,FS, another condition. The
maximum flux F (!M,FS) has to be equal to the peak flux
reached at & 90 ks, which is & 200 µJy. We find

#1/2B,!2E
1/2
52 A" & 1.6 " 10!3 (13)

These equations have to be solved jointly. Assuming the typ-
ical #e = 1/3, we find that #1/2B,!2E

1/2
52 & 5.3. If we take

#B,!2 = 33 as well (these values of the # parameters are
reached at equipartition) then E & 0.86 at the onset of the
external shock and energy injection. The medium is thin,
with A" & 3" 10!4.
Since we have obtained the values of E and circumburst
density, we can also derive the values of the microphysi-
cal parameters for the RS. At 50 ks, the X-ray emission is
still dominated by the RS and, from the best fit model, we
have a break at 92.5+43.5

!20.1eV & 2.2 " 1016Hz. Such break
has got to be the synchrotron cooling frequency !C,RS. For
the chosen values of s and g, its value decays as t!0.06.
Thus, we can compute its value at the deceleration time
860 s as function of the relevant parameters, multiply it by
(50/0.86)!0.06 & 0.76 and force the result to be equal to the
break energy we find at 50 ks.

For the value of !C,RS at deceleration time, we take the
formulation of Kobayashi & Zhang (2003), their eq.9. We
have

!C,RS = 2.12" 1011
!

1 + z
2

"

!3/2

#!3/2
B,RS,!2E

1/2
52 A!2

" tdec (14)

For the values of density and energy chosen above we
find !C,RS = 4.7"1019#B,RS,!2 Hz at the deceleration time.
Thus Eq.14 implies that #B,RS,!2 must be very high; taking
!C,RS & 2.2" 1016Hz would imply #B,RS,!2 # 1. Such value
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and Table 2). For g = 1.15 and s = 2.75, !M,FS ! t!1.28

and F (!M,FS) ! t0.15 (see SM00). This implies that F (! <
!M,FS) will rise as ! t+0.57 and a decay as steep as t!0.51.
These values match the observed ones, except the rise slope
which is slightly shallower than observed.

As for the steep decay starting around 2 " 105 s, the
decay slope, assuming a sideways spreading jet and the
same energy injection, would be " # 1.3. This value is
not consistent with the observed X-ray and decay slope
and may represent a drawback of the scenario at hand. We
note that numerical simulations (e.g. Zheng & MacFadyen
2009) of jet breaks indicate that the ejecta do not spread
sideways, but the decay slope can be very steep. A degree
of energy injection can moderate this fast decay and
perhaps reproduce the observed behaviour, although this
can be stated only at a qualitative level and without much
predictive power.

To summarize, this model naturally explains the pres-
ence of a break frequency at the optical rebrightening, and
the chromatic behaviour as a consequence of the interplay
of RS and FS.

A similar two-component scenario has already been
used to model a few Swift GRBs (e.g. Jélinek et al. 2006)
and pre-Swift GRBs (see Zhang et al. 2003). However, in
previous cases the RS was supposed to vanish within a
few hundreds seconds; in the case of GRB100814A the RS
emission can be long-lived due to the continuous process of
energy injection.
The model we use also explains why the rise and decay
slopes in di!erent filters are basically consistent. It also
explains why the optical rebrightening has no counterpart
in the X-ray and why the optical light curve starts to
decay fast slightly after the X-ray light-curve does: the jet
break takes longer to appear in the optical than in the
X-ray band, because at 200 ks !M,FS is still close to the
optical range, while !X $ !M,FS. The decay slopes before
the rebrightening and during the rebrightening itself are
also roughly accounted for. In this scenario the X-ray and
optical rebrightening are due to the same component. Thus,
they should exhibit the same global temporal behaviour.
If we extrapolate the peak time - peak frequency trend to
X-ray frequencies, we find that the peak time of the X-ray
should have been several hundreds seconds after the trigger.
This is consistent with observations, since the X-ray plateau
appears to have started at that epoch. Finally, such a long
lived RS scenario would produce a bright radio emission;
radio observations started a few days after the trigger and
managed to detect a measurable radio flux (see section 2.4)

However, a more serious issue we have yet to consider is
whether !M,FS can be in the optical band as late as % 90 ks
after the trigger. We assume that 860 s is the deceleration
time and onset of FS emission, and we compute the value
of !M at this epoch. We take pFS & 2.02, and we use equa-
tions (2) of Yost et al. (2003), assuming that GRB100814A
is closer to stellar wind environment2. Then, we follow the

2 GRB100814A may be an intermediate case between constant
density and stellar wind environment, although g > 1 is closer to
the wind scenario.

temporal evolution of !M according to SM00 for g = 1.15
and s = 2.75. We find that !M,FS ! t!1.28. Thus, at 90 ks,
we would have

#1/2B,!2#
2
eE

1/2
52 ! 760 (11)

Even assuming the very large values for #B,!2 and #e, 33 and
1/3 respectively at the equipartition, we would still need
E % 1058 erg. Such large energy is not predicted by any
models of the GRB central engine.

A more plausible variant of the previous model, which
also keeps all the advantages described above, predicts that
all the emission in the X-ray is also produced by the RS,
with !X > !C,RS, while the FS produces the rebrightening.
In this case, we can choose a large value for the parameter
p of the Forward Shock, and this eases greatly the energy
requirements. We find that for g = 1.25, s = 2.65, pRS =
2.02, pFS = 2.85, the predicted temporal slopes are "O =
0.57 before the rebrightening, "X = 0.60; the slope of the
optical rise is '0.52, while the successive decay between %
50 and % 200 ks would be "O = 1.10. All these values are
within 2.8$ of the observed values, except the rise, which
is slightly steeper than predicted, and decay slope after the
rebrightening, which is slower than predicted. However, the
decay slope may be shallower because !M,FS is still close to
the optical band and the model is approximated, thus we
can consider this solution satisfactory. The spectral slopes
are accounted for, too.

Equation (11) becomes

#1/2B,!2#
2
eE

1/2
52 & 0.58 (12)

We can derive, as we did for !M,FS, another condition. The
maximum flux F (!M,FS) has to be equal to the peak flux
reached at & 90 ks, which is & 200 µJy. We find

#1/2B,!2E
1/2
52 A" & 1.6 " 10!3 (13)

These equations have to be solved jointly. Assuming the typ-
ical #e = 1/3, we find that #1/2B,!2E

1/2
52 & 5.3. If we take

#B,!2 = 33 as well (these values of the # parameters are
reached at equipartition) then E & 0.86 at the onset of the
external shock and energy injection. The medium is thin,
with A" & 3" 10!4.
Since we have obtained the values of E and circumburst
density, we can also derive the values of the microphysi-
cal parameters for the RS. At 50 ks, the X-ray emission is
still dominated by the RS and, from the best fit model, we
have a break at 92.5+43.5

!20.1eV & 2.2 " 1016Hz. Such break
has got to be the synchrotron cooling frequency !C,RS. For
the chosen values of s and g, its value decays as t!0.06.
Thus, we can compute its value at the deceleration time
860 s as function of the relevant parameters, multiply it by
(50/0.86)!0.06 & 0.76 and force the result to be equal to the
break energy we find at 50 ks.

For the value of !C,RS at deceleration time, we take the
formulation of Kobayashi & Zhang (2003), their eq.9. We
have

!C,RS = 2.12" 1011
!

1 + z
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B,RS,!2E
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" tdec (14)

For the values of density and energy chosen above we
find !C,RS = 4.7"1019#B,RS,!2 Hz at the deceleration time.
Thus Eq.14 implies that #B,RS,!2 must be very high; taking
!C,RS & 2.2" 1016Hz would imply #B,RS,!2 # 1. Such value

Modeling of RS  
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Modeling of RS and FS in Scenario II - 3  
At  deceleration time ~860 s, the flux is ~ 300 µJy. It is given by 
 

 
 

For the values of parameters at hand, self-absorption frequency ν SA,RS > ν M,RS ; 
thus ν peak,RS =  ν SA,RS  
 
We know that 
 
 
 

From deceleration time 860 s and A* = 3 x10-4, we find Γ = 125. Since εB,RS = 
0.60, we find F( ν peak,RS) = 2.2 x 104 µJy. 
 
From first equation above, we thus find ν peak,RS =  ν SA,RS = 9.8 x1010 Hz. 
 

Since  ν SA,RS depends on known parameters and ε e,RS, we can determine it.  
We find ε e,RS~ 0.21 
 
 
  

10

is very large and would imply a very strong magnetization of
the outflow, for which the RS emission may be suppressed.
However, the error on the break energy is quite large, with
a 3! upper limit of 0.45 keV. We can thus assume that
"B,RS,!2 ! 47. Such limit indicates that the ejecta carry a
considerable magnetic field. In the following, we will assume
"B,RS,!2 = 60.

We note that at 4500 s the optical emission as well is
due to RS, and the spectrum shows a break at ! 0.7keV.
Such break has got to be the synchrotron cooling frequency
#C,RS . However, in this case the break energy is even less
constrained than the break at 50 ks. Basically the limit on
"B,RS derived above can explain this break as well.

This model predicts the correct values for the late, post-
jet break decay slopes, if one assumes that the jet is spread-
ing sideways: from Table 1 of Racusin et al. (2009), for
pFS = 2.85, q = 0.6, #O < #C,FS, the flux decay slope is
$ = 2.07, consistent with observations. As for the X-ray
light curve, we are not aware of relationships that predict
the slopes of RS emission after a jet break. It is reasonable
to assume that these post-jet slopes are similar to that of
the FS. Thus, the late X-ray decay slope can be explained
by the model we are discussing.

We can now determine "e,RS . The optical flux at 860 s
is RS emission, and the flux density is F ! 300µJy. The
optical emission is obviously

F (#Opt) = F (#peak,RS) (
#Opt

#peak,RS
)!! (15)

Where #peak = max(#M,RS, #SA,RS)
3. Now, we know that

#M,RS = !!2#M,FS

!

"e,RS

"e,FS

"2 !
"B,RS

"B,FS

"1/2

R2
p (16)

where Rp = gRS/gFS with g = (p" 2)/(p" 1). We first find
out ! at the deceleration time, !dec, using eq. 2 of Molinari
et al. (2007), A" = 3 # 10!4 and E = 0.86 # 1052 erg. We
find that !dec ! 125, weakly depending on density and E.
For the values of the RS parameters already defined, and
even assuming a very high value for "e,RS = 0.4, we have
#M,RS < #SA,RS at deceleration time. Thus, the peak flux
of the RS will be reached at #SA,RS and in Eq.15 #peak is
the self-absorption frequency. We know that

F (#peak,RS) = !F (#M,FS)

!

"B,RS

"B,FS

"1/2

(17)

where ! is the Lorentz factor at any given time4. For the val-
ues already found, we have F (#peak,RS) = 2.2 # 104 µJy at
the onset of the deceleration. We can obtain the value of the
frequency #SA,RS must be, in order to produce the observed
optical flux, from eq.15. We find #SA,RS ! 9.8 # 1010 Hz.
Knowing this value and that of the other parameters, from
Eq.9 of SM00 we can also find "e,RS , which is the only re-
maining unknown. We find that "e,RS ! 0.19.

3 We do not know, at this stage, whether the peak flux of the
RS will be reached at the synchrotron peak frequency or at the
synchrotron self-absorption frequency
4 This condition is valid at any given time, not only at the de-
celeration time as usually assumed. The component moving at !
is responsible of the energy injection and just decelerates at the
moment.

We note that the value of %O is not constrained to-
ward low values at a few ks after the trigger. Using multi
filter GROND data, Nardini et al. (2013, in preparation)
find a value of %O $ 0.2" 0.3, which seems to decrease with
time between $ 1 and $ 10 ks. Such value and behaviour
cannot be explained in the standard external shock model,
unless one assumes that the RS emission is in fast cooling
regime, #C < #O < #M , and wind environment, so that
#C is rising. Since the synchrotron spectrum, around #C , is
thought to be very smooth, one expects to see the spectral
slope %O to change from % 0.5 to % 0 when #C approaches
the optical band from redder frequencies. It is easy to show
that this configuration is not attainable in our scenario, in
which the early emission is from RS. To estimate #M,RS,
we start from #M,FS, and then use Eq.16. We know already
that !dec ! 125. Thus, we have #M,RS $ 8.7109 Hz at 860 s
with the values of "B,!2,RS = 33 and "e,RS = 0.21 we’ve
found. According to SM00, with g = 1.25 and s = 2.65
#M,RS & t!0.81. Thus, at 4500 s #M,RS ! 2.3#109 Hz. Even
for higher values of "e of the RS, typical of a magnetized
outflow, one could not move #M,RS above the optical band
at 4500 s. For that to happen, one would require implausi-
bly high values of E or a much higher value of pRS, which is
however constrained to be pRS < 2.04 by the X-ray spectral
index, in our model.

In our scenario, a more reasonable hypothesis to explain
the spectral evolution between 1 and 10 ks is to assume that,
as time goes by, the second component producing the re-
brightening becomes more and more important. This second
component has a blue spectrum (% < 0) in this phase, thus
the observed SED, which is a sum of the two components,
becomes less and less steep.

We shall now investigate the behaviour of the radio light
curves in the context of the scenario under examination. The
radio flux is still rising after the putative jet break, peaking
at 106 s and decaying afterwards. The rise of the radio flux
can be ascribed to a few possibilities. One is that the same
component which is causing the optical peak moves into the
radio band. However, we find this scenario unlikely, at least
in the context of the model adopted in this article. If the
optical peak at 105 s is caused by the transit of #M,FS, for
the same peak frequency to cross the radio band a few 109 Hz
at 106 s, would require that #M,FS should evolve as t!5. This
is not possible even in the context of a jet break. Another
possibility is that the radio peak is the transit of #M,RS.
Such a transit is expected to occur on a timescale of a few
hours from the trigger for a typical GRB, not 106 s; however,
#M,RS evolution in GRB100814A might be di"erent from
the usual because of the continuous energy injection and
density profile of the shocked material. We find that, at the
deceleration time, #M,RS ! 8.7 # 109 Hz and it decays as
t!0.8 for the chosen values of s and g; at the jet break time
#M,RS ! 1.5 # 108 Hz, and it is likely to decay faster from
this point. Thus, #M,RS is not expected to transit in the 4.7
and 7.9 GHz bands as late as 106 s.

We are therefore left only with the possibility that the
radio peak is due to the self-absorption frequency #SA, ei-
ther of the RS or the FS, crossing the radio band from bluer
frequencies. According to the analytical solution of a side-
ways spreading jet, the flux below #SA is expected to become
constant after the jet break; however numerical simulations
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is very large and would imply a very strong magnetization of
the outflow, for which the RS emission may be suppressed.
However, the error on the break energy is quite large, with
a 3! upper limit of 0.45 keV. We can thus assume that
"B,RS,!2 ! 47. Such limit indicates that the ejecta carry a
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Such break has got to be the synchrotron cooling frequency
#C,RS . However, in this case the break energy is even less
constrained than the break at 50 ks. Basically the limit on
"B,RS derived above can explain this break as well.

This model predicts the correct values for the late, post-
jet break decay slopes, if one assumes that the jet is spread-
ing sideways: from Table 1 of Racusin et al. (2009), for
pFS = 2.85, q = 0.6, #O < #C,FS, the flux decay slope is
$ = 2.07, consistent with observations. As for the X-ray
light curve, we are not aware of relationships that predict
the slopes of RS emission after a jet break. It is reasonable
to assume that these post-jet slopes are similar to that of
the FS. Thus, the late X-ray decay slope can be explained
by the model we are discussing.

We can now determine "e,RS . The optical flux at 860 s
is RS emission, and the flux density is F ! 300µJy. The
optical emission is obviously

F (#Opt) = F (#peak,RS) (
#Opt

#peak,RS
)!! (15)

Where #peak = max(#M,RS, #SA,RS)
3. Now, we know that

#M,RS = !!2#M,FS

!

"e,RS

"e,FS

"2 !
"B,RS

"B,FS

"1/2

R2
p (16)

where Rp = gRS/gFS with g = (p" 2)/(p" 1). We first find
out ! at the deceleration time, !dec, using eq. 2 of Molinari
et al. (2007), A" = 3 # 10!4 and E = 0.86 # 1052 erg. We
find that !dec ! 125, weakly depending on density and E.
For the values of the RS parameters already defined, and
even assuming a very high value for "e,RS = 0.4, we have
#M,RS < #SA,RS at deceleration time. Thus, the peak flux
of the RS will be reached at #SA,RS and in Eq.15 #peak is
the self-absorption frequency. We know that
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where ! is the Lorentz factor at any given time4. For the val-
ues already found, we have F (#peak,RS) = 2.2 # 104 µJy at
the onset of the deceleration. We can obtain the value of the
frequency #SA,RS must be, in order to produce the observed
optical flux, from eq.15. We find #SA,RS ! 9.8 # 1010 Hz.
Knowing this value and that of the other parameters, from
Eq.9 of SM00 we can also find "e,RS , which is the only re-
maining unknown. We find that "e,RS ! 0.19.

3 We do not know, at this stage, whether the peak flux of the
RS will be reached at the synchrotron peak frequency or at the
synchrotron self-absorption frequency
4 This condition is valid at any given time, not only at the de-
celeration time as usually assumed. The component moving at !
is responsible of the energy injection and just decelerates at the
moment.

We note that the value of %O is not constrained to-
ward low values at a few ks after the trigger. Using multi
filter GROND data, Nardini et al. (2013, in preparation)
find a value of %O $ 0.2" 0.3, which seems to decrease with
time between $ 1 and $ 10 ks. Such value and behaviour
cannot be explained in the standard external shock model,
unless one assumes that the RS emission is in fast cooling
regime, #C < #O < #M , and wind environment, so that
#C is rising. Since the synchrotron spectrum, around #C , is
thought to be very smooth, one expects to see the spectral
slope %O to change from % 0.5 to % 0 when #C approaches
the optical band from redder frequencies. It is easy to show
that this configuration is not attainable in our scenario, in
which the early emission is from RS. To estimate #M,RS,
we start from #M,FS, and then use Eq.16. We know already
that !dec ! 125. Thus, we have #M,RS $ 8.7109 Hz at 860 s
with the values of "B,!2,RS = 33 and "e,RS = 0.21 we’ve
found. According to SM00, with g = 1.25 and s = 2.65
#M,RS & t!0.81. Thus, at 4500 s #M,RS ! 2.3#109 Hz. Even
for higher values of "e of the RS, typical of a magnetized
outflow, one could not move #M,RS above the optical band
at 4500 s. For that to happen, one would require implausi-
bly high values of E or a much higher value of pRS, which is
however constrained to be pRS < 2.04 by the X-ray spectral
index, in our model.

In our scenario, a more reasonable hypothesis to explain
the spectral evolution between 1 and 10 ks is to assume that,
as time goes by, the second component producing the re-
brightening becomes more and more important. This second
component has a blue spectrum (% < 0) in this phase, thus
the observed SED, which is a sum of the two components,
becomes less and less steep.

We shall now investigate the behaviour of the radio light
curves in the context of the scenario under examination. The
radio flux is still rising after the putative jet break, peaking
at 106 s and decaying afterwards. The rise of the radio flux
can be ascribed to a few possibilities. One is that the same
component which is causing the optical peak moves into the
radio band. However, we find this scenario unlikely, at least
in the context of the model adopted in this article. If the
optical peak at 105 s is caused by the transit of #M,FS, for
the same peak frequency to cross the radio band a few 109 Hz
at 106 s, would require that #M,FS should evolve as t!5. This
is not possible even in the context of a jet break. Another
possibility is that the radio peak is the transit of #M,RS.
Such a transit is expected to occur on a timescale of a few
hours from the trigger for a typical GRB, not 106 s; however,
#M,RS evolution in GRB100814A might be di"erent from
the usual because of the continuous energy injection and
density profile of the shocked material. We find that, at the
deceleration time, #M,RS ! 8.7 # 109 Hz and it decays as
t!0.8 for the chosen values of s and g; at the jet break time
#M,RS ! 1.5 # 108 Hz, and it is likely to decay faster from
this point. Thus, #M,RS is not expected to transit in the 4.7
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We are therefore left only with the possibility that the
radio peak is due to the self-absorption frequency #SA, ei-
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ν M,FS (optical rebrightening). It must  
evolve fro 1014 Hz at ~105 s  to 109 Hz 
at t ~106 s. Can’t be. 
 

ν M, RS ~ 9 x109 Hz at deceleration time. 
According to SM00, evolves as t -0.8.  
It will be ν M, RS ~ 1.5 x108 Hz at 1 day 
after trigger, then decays faster (jet 
break). Can’t be. 

νSA, FS . We have 
 

(Yost et al. 2003). νSA, FS will be below 106 Hz at deceleration time. Can’t be.    
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For the Wind-like CBM:

F max
! = 7.7 (p + 0.12) (z + 1)1.5 D!2

28 !0.5
B,!2 E52 A" t!0.5

d mJy
"a = 3.3 ! 109 (z + 1)!0.4 fW (p) !̄!1

e !0.2
B,!2 E!0.4

52 A1.2
" t!0.6

d Hz

"m = 4.0 ! 1014 (p " 0.69) (z + 1)0.5 !0.5
B,!2 !̄2

e E0.5
52 t!1.5

d Hz
"c = 4.4 ! 1013 (3.45 " p)e0.45p (z + 1)!1.5 !!1.5

B,!2 E0.5
52 A!2

" t0.5
d Hz

(2)

where fW (p) = ( (p " 1)/(3p + 2) )0.6. The units are: D28 = luminosity distance in 1028 cm,
!B,!2 = !B in %, n = density in cm!3, A" = density scaling for the Wind-like profile so that

# = 5 ! 1011 A" r!2 g cm!1 (r in cm; a standard reference for a mass loss of 10!5 M# yr!1

at a wind speed of 1000 km s!1), E52 = isotropic-equivalent energy in units of 1052 ergs, td
= observed time post-burst in days. The electron energy partition !e is given as a fraction.

The post-tjet evolution with laterally expanding ejecta uses the time-dependences of

Sari, Piran & Halpern (1999) (eqs. 2-5), and is connected to the pre-jet behaviour without
smoothing (i.e., a sharp jet break).

Using the relativistic equations for the shock energy, E = M$2, we calculate the time
at which $ = 1 as the nonrelativistic transition, tnr. This would be equivalent to using the

Blandford & McKee (1976) approximation for the energy, E = M$2%2, and defining the
nonrelativistic transition condition as $% = 1. We again employ a sharp transition to the

post-tnr behaviour.

We adjust this evolving synchrotron spectrum with self-consistent corrections to the

cooling rate, based upon the parameters already enumerated. We calculate the e!ects of
synchrotron photon upscatters (inverse Compton scatters, IC) o! the shocked electrons

as in Sari & Esin (2001). When IC dominates the cooling we adjust the cooling break
"c (by (1 + Y )!2 # Y !2 when Y > 1; Y the IC to synchrotron luminosity ratio #

(max[($c/$m)2!p,1]!e/!B)1/2). The upscattered photons can produce a high-frequency sec-

ondary source of flux; for it we adopt the spectral breaks as in Sari & Esin (2001) and use
our synchrotron spectral shape (a good approximation except for an ignored logarithmic

correction between "IC
m and "IC

c and the slope for " < "IC
a , where IC never dominates the

data).

We also treat radiative corrections self-consistently, from the model parameters. In-
stantaneously, we treat the shock as adiabatic. The energy is calculated for each time from

the solution of dE/E (Cohen, Piran & Sari 1998). It depends upon the ratio "c/"m in slow
cooling ("c > "m) as the losses quench out and we use the synchrotron-only rate of change in

"c, allowing a simple analytic solution for E(t). As this is when E(t) changes are becoming
unimportant, the approximation has little e!ect. We scale the shock’s energy to the value
at the change from fast- to slow-cooling regimes ("c = "m, fairly early).

νSA,RS ~ 9.8 1010 Hz at deceleration time. Following SM00, it evolves as t -0.65.  Thus  
νSA,RS ~ 3.5 109 Hz at jet break time. Then, νSA,RS ~ Γ 8/5 νSA,FS ; Γ ~ t -1/2 , νSA,FS ~ t-1/5 ;  
thus  νSA,RS ~ t-1 after jet break. At 10 days, νSA,RS ~ 0.5 GHz. However, energy 
injection will likely push νSA,RS into ~ GHz range. Could be. 



          Modeling the radio afterglow - 2 

•  νSA,RS can be the peak frequency crossing the observing radio band. Is 
the observed flux right? 

We found that F(νSA,RS ) ~ 2.2 x 104 µJy at deceleration time 860 s.  
 

For the chosen values of s and g, the flux at peak frequency evolves as t -0.16  
up to t jet = 1.3 x 105 s.  
 

F (peak,RS) ~ Γ F (peak,FS). In jet break regime, Γ ∼ t -½ while F (peak,FS) ~ t-1. 
But the late shells produce energy injection and E ~ t 0.4 and F (peak,FS) ~ E½. 
All together, we expect F (peak,RS) ~ t -1.3.  We have F (peak,RS) ~ 700 µJy at 
10, as observed. 

 
 
 
 

 



Some comments on Scenario II 
•  Physical parameters are not uniquely determined: other values of s and g can 

reproduce similar light curves. 

•  A kinetic energy E52 ~ 0.86 implies an efficiency η = Eγ / (Eγ + Ekin) ~ 0.9, rather 
high for any model to produce the gamma-ray emission. 

•  However, E52 is only the energy at deceleration time, when energy injection 
begins. It is possible that the energy injection is due to trailing shells that have 
produced Eγ as well. If we use E at the end of observation, we have η = Eγ / 
(Eγ + Ekin) ~ 0.2, more reasonable. 

•  The beaming-corrected energetics is much smaller. A jet break occurs when  
   Γ ∼ θ-1 . Γ=125 at deceleration time, then evolves as t-0.21 . Then, at 133 ks  
   Γ ∼ 44  and θ = 0.023 rad. Correcting for beaming, Eγ = 1.9 x 1049 erg. 

   The circumburst medium is very thin, with A* = 3 10-4, which implies n ~ 3 x 10-4 at 
~ 1 light year from the burst. This is not unusual (observed for other bursts, e.g. 
130427A, Perley et al. 2013). Some GRB progenitor emit a very thin wind at 
the end of their lives. 
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Fig. 4. r! band !F! light-curve (empty circles) superposed on the
unabsorbed 0.3–10 keV XRT light-curve (black crosses) of the
afterglow of GRB 081029. The r! band data were corrected for
the Galactic foreground extinction. Vertical dashed lines repre-
sent the transition time between the di!erent phases described in
§3.

3.2. X-ray light-curve

Owing to observing constraints (Sakamoto et al., 2008), XRT
started to follow-up GRB 081029 only 2.7 ks after the trig-
ger. Observations were performed in PC mode and found an
X-ray counterpart with a 0.3 -10 keV count rate of about 0.3
cts, corresponding to an unabsorbed flux of about 1.3"10#11 erg
cm#2s#1 following the spectral analysis reported in section 2.3.
The count rate of the XRT light-curve was downloaded from
the UK Swift Science Data Centre4 (see Evans et al. 2007, 2009
for an extended description of the data reduction). The X-ray
light-curve does not show any evidence of a rebrightening con-
temporaneous to the one observed by GROND (see Fig. 4) and
can be described by a broken power-law with temporal indices
"1,X = 0.48 ± 0.1 and "2,X = 2.4 ± 0.17 (#2red = 1.13). A single
power-law model is excluded (#2red = 4.9). A small fluctuation
("F $ 0.1 dex) from a straight power-law evolution is visible
during the first orbit (see §6). These temporal indices are consis-
tent with the values obtained for the optical-NIR evolution after
the bump ("(ii),(iii)2 = 0.47 ± 0.03, "(ii),(iii)3 = 2.3 ± 0.2). The tem-
poral break is located at 1.8+1.5

#0.9 ks, in perfect agreement with the
break of the second component in the GROND light-curve.

4. Colour evolution and spectral energy distribution
(SED)

Thanks to GROND’s capability of obtaining images in seven
bands contemporaneously, it was possible to study the colour
evolution during a bright optical rebrightening without requiring
4 http://www.swift.ac.uk/xrt curves/

0

Fig. 5. Temporal evolution of the AB magnitudes di!erences be-
tween GROND g! and z! bands. Vertical dashed lines represent
the transition time between the di!erent phases described in §3.

any temporal extrapolation. Thanks to the very small errors in
the GROND photometry due to the good sky conditions during
the first night of observations and thanks to the brightness of the
source, we are able to study the evolution of the colour between
di!erent bands in every exposure. Comparing the magnitudes
observed in di!erent bands we clearly see a sudden reddening
during the optical rebrightening (see Fig 5). A less prominent
colour evolution is observed during phase i) with the g! # z!
colour getting bluer by about "mag % 0.1 between 400 s and
3000 s. We cannot exclude a further less prominent colour evo-
lution during phase iii) while the hint of colour evolution during
the small rebrightenings observed during phase iii) is not statis-
tically significant.
In order to estimate the possible e!ect of the host galaxy dust
absorption, we extracted the optical-NIR SED of GRB 081029
at di!erent times before and after the bump. GRB 081029 oc-
curred at z=3.8479, therefore both the GROND g! (and par-
tially the r!) bands are a!ected by the Lyman alpha absorption.
Because of the uncertain intergalactic hydrogen column density
along the line of sight, the g! band is excluded from the SED
fits. We fitted the other six optical-NIR GROND bands (i.e.,
Ks,H, J, z!, i!, r!) assuming a simple power-law spectrum after
correcting the observed fluxes for the foreground Galactic ex-
tinction of EB#V = 0.03 mag (Schlegel et al. 1998) correspond-
ing to an extinction of AGalV = 0.093 mag using RV = 3.1. Large
and Small Magellanic Clouds (LMC, SMC) and Milky Way
(MW) extinction laws from Pei (1992) were used to describe the
dust reddening in the host galaxy. We found that all SEDs are
consistent with a negligible host galaxy dust absorption for all
considered extinction curves. Using a SMC extinction curve, we
obtained a 90% confidence level upper limit for the host galaxy
extinction AhostV < 0.16mag at 10.9 ks. The Ks,H, J, z!, i!, r! spec-
tral index (where the standard notation f (!) & !#$ is adopted) is
$opt = 1.06+0.06#0.05 and the reduced #

2 is 1.06. In Fig. 6 we show the
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GRB081029A (Nardini et al. 2011, Holland, DP 
et al. 2012) 

Nardini et al. 2011, 
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Fig. 2. Afterglow light curve of GRB 100621A as observed with
Swift in X-rays (top) and GROND in its seven filter bands (bot-
tom). The J-band data points at 14 ks are from SOFI imaging,
and the HKs-band data at 20 ks from a GROND-observation in
morning twilight at which the J-band was already saturated by
the rising Sun. The 7 vertical lines mark the times at which spec-
tral energy distributions have been extracted (see text and Fig. 3).

(Milvang-Jensen et al., 2010), and also faint UVOT detections
were recovered (Ukwatta et al., 2010b).

Here, we describe our multi-wavelength observations and re-
sults for GRB 100621A, and present an analyses of the data in
the framework of the fireball scenario.

2. Observations
2.1. GROND observations

Some of the GROND data of this burst, in particular the J-band
light curve and the host measurements, have already been re-
ported in (Krühler et al., 2011b). Here, we report the full data
set, including the multi-band light curve, and the SED evolution.

GROND exposures automatically started 230 s after the
Swift trigger, one of the fastest reactions of GROND@2.2m so
far. Simultaneous imaging in g!r!i!z!JHKs continued for 3.05
hrs, and was resumed on nights 2, 4, and 10 after the burst.
GROND data have been reduced in the standard manner using
pyraf/IRAF (Tody, 1993; Küpcü Yoldaş et al., 2008b). The opti-

cal/NIR imaging was calibrated against the primary SDSS3 stan-
dard star network, or catalogedmagnitudes of field stars from the
SDSS in the case of g!r!i!z! observations or the 2MASS catalog
for JHKS imaging. This results in typical absolute accuracies of
±0.03 mag in g!r!i!z! and ±0.05 mag in JHKS . The light curve
of the GRB 100621A afterglow in all 7 GROND filters is shown
in Fig. 2.

2.2. Swift XRT data

Swift/XRT data have been reduced using the XRT pipeline pro-
vided by the Swift team. The X-ray spectra were flux-normalized
to the epoch corresponding to the GROND observations using
the XRT light curves from Evans et al. (2007, 2009). We then
combined XRT and Galactic foreground extinction (E(B " V) =
0.03 mag; Schlegel et al. (1998)) corrected GROND data to es-
tablish broad-band spectral energy distributions (SEDs) which
are shown in Fig. 3.

2.3. NTT observations

NTT/SOFI at La Silla was used to obtain NIR-spectroscopy.
After recognizing the sharp drop in intensity at about To + 10
ks we took four 60-s J-band images starting at 07:05 UT, on
21 Jun 2010. While the results of the spectroscopy are deferred
to a later publication (these are of no relevance for the purpose
of this paper), the imaging provides an additional photometric
data point at a time when no GROND observations were possi-
ble anymore due to visitor mode regulations. The SOFI images
were reduced in the same manner as the GROND JHK data (ac-
tually within the same GROND pipeline), and calibrated against
the 2MASS catalog.

2.4. APEX observations

Since the SED slope, even after extinction correction, was rather
steep, the predicted sub-mm flux density of #50 mJy at 1 day
after the GRB led us to submit a DDT proposal to ESO for ob-
servations with LABOCA (Siringo et al., 2009) on the Atacama
Pathfinder Experiment APEX4 which was accepted at very short
turn-around time.

LABOCA, the “Large APEX Bolometer Camera”, is an ar-
ray of 295 composite bolometers. The system is optimized to
work at the central frequency of 345 GHz with a bandwidth of
about 60 GHz.

The first APEX/LABOCA observation was obtained 1.08
days after the GRB, leading to a clear detection. Two other addi-
tional observations were performed at 2 days (another clear de-
tection) and 4 days (upper limit only) after the GRB. This makes
GRB 100621A one of the rare cases with a sub-mm light curve
(see section 5.3). All these observations were carried out in pho-
tometry mode.

Immediately after the first epoch observation (done in pho-
tometry mode), we obtained at 5:32-6:26 UT a complementary
observation of GRB 100621A in mapping mode, for an expo-
sure of 7x 420 s and reaching a 1! sensitivity of 14 mJy/beam.
While no source was detected in this less sensitive observing
mode, it verifies that there is no strong, unrelated source close to

3 http://www.sdss.org
4 APEX is a collaboration between the Max-Planck-Institut für

Radioastronomie, the European Southern Observatory and the Onsala
Space Observatory.
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Can a complex ejecta structure explain this fast variability? 



Other scenarios 
•  Internal dissipation: the optical emission occurs when shells interact with each 

others and Γ is very high. Some GRBs shows optical flares and fast and variable 
rebrightening. Internal dissipation can explain these features, but the emission 
mechanism itself is not clear and we lack predictions; 

•  Change of microphysical parameters. If εe and εB of the shocks evolve in 
certain ways, one could have an optical rebrightening without X-ray counterpart. 
But the required evolution is un-explained and contrived; 

•  End of energy injection. When the energy emission process ceases, bright FS 
and RS reverberates throughout the ejecta, causing the rebrightening. Before and 
after the rebrightening, the emission is from FS only. The rebrightening is 
prominent only if the ejecta are narrowly collimated. However, this model 
predicts a radio flare at the time of the rebrightening, while in GRB100814A 
the radio peak is ~10 times later than the optical peak. Some peculiar values 
of parameters might allow for an extended radio rebrightening. 

      
 



Conclusions 
- We have gathered a rich set of X-ray, UV/Opt/IR and radio data of the Swift 
GRB100814A. The afterglow shows a prominent optical rebrightening peaking at ~1 day, 
which has no counterpart in the X-ray. The rebrightening is chromatic. Shortly after the 
optical rebrightening, both X-ray and optical fluxes start to decay fast. A radio transient 
peaks ~ 10 days after the trigger. 

- A double component jet observed off-axis can explain the observed light curves. 
However, it cannot explain the rebrightening chromatic behaviour if this is due to transit 
of synchrotron peak frequency νM; 

- In a second scenario, the early optical afterglow is due to Reverse Shock emission, 
caused by energy injection in form of late shells, while the X-ray and the optical 
rebrightening and Forward Shock emission. This model can reproduce the observed 
light curves. However, the transit of νM in the optical as late as 1 day requires 
implausibly high Energy. Numerical modeling constrains how the Lorentz factor of ejecta 
evolves in time to produce the light curves. But it still requires that the FS imparts all its 
energy only to 1% of electrons. 

- A third scenario assumes that early optical and all X-ray emission is from RS, while FS 
with a steep spectrum produces the rebrightening. The required E is ~ 1052 erg. The light 
curves features can be recovered, and the late radio peak can be qualitatively explained. 
 There are other GRBs like 100814A! 



What are Gamma-Ray Bursts? 

•  Cosmological sources of gamma-ray occurring 
randomly in the sky, associated with an explosion of a 
massive star (long GRBs) or the merge of two 
compact objects such two Neutron Stars or Neutron-
Star and Black Hole 

•  Last from ~10e-3 to 1000 s 
•  Followed by a long-lived  


