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ABSTRACT
It is largely recognized that gamma-ray burst (GRB) jets involve ultrarelativistic motion.
However, the value of the Lorentz factor �0 is still not clear and only lower limits are known
for most bursts. We suggest here a new method to obtain upper limits on �0. The early high-
energy synchrotron afterglow flux depends strongly on �0. Upper limits on GeV emission
therefore provide upper limits on �0. Applying this method to 190 Fermi GRBs which have
not been detected by the Fermi-LAT, we place upper limits on the high-energy afterglow flux,
and in turn on �0. For bursts at a typical redshift z = 2, we find values of the order of 200
(and above) for a homogeneous density medium, and in the range 100–400 for a wind-like
medium. These upper limits are consistent with (and are very close to) lower limits and direct
estimates inferred using other methods, suggesting that the typical Lorentz factors of GRB
jets are of the order of a few hundred.

Key words: radiation mechanisms: non-thermal – gamma-rays: general.

1 IN T RO D U C T I O N

Gamma-ray burst (GRB) jets move at relativistic velocities with
Lorentz factors �0 much in excess of unity. The properties of the
emission (such as time-scales and typical frequencies) measured in
the observer frame appear very different from the intrinsic ones in
the comoving frame of the fluid. Only by estimating �0 it is possible
to infer the intrinsic properties of the emitting region. Unfortunately,
it is difficult to place significant constraints on �0 from observations.
As a consequence, a lot of useful information (such as the location of
the dissipation region, the ejecta mass, the typical frequencies of the
emitted photons), fundamental for discriminating among different
theoretical scenarios, suffer from large uncertainties. Improving the
estimates of the Lorentz factor is then essential for understanding
the nature of the central engine and outflow, the conditions at the
emitting region and the nature of the radiation process.

� E-mail: lara.nava@ts.infn.it

It was realized earlier that an ultrarelativistic motion is needed
in order to avoid the so-called compactness problem and to ex-
plain detections of γ -ray photons on short variability time-scales
(Ruderman 1975; Krolik & Pier 1991; Fenimore, Epstein & Ho
1993; Piran 1995; Baring & Harding 1997). The highest photon
energy detected during the prompt emission can then be used to
compute the minimum value of �0 required to avoid γ –γ opacity
within the emitting region. Using this method, lower limits in the
range 100–400 have been derived by Lithwick & Sari (2001) for a
sample of 13 BATSE bursts. Much larger lower limits (in the range
900–1200) have been derived for GRBs detected by the Fermi-LAT
(Abdo et al. 2009a,b; Ackermann et al. 2010), due to the extension
of the accessible range to GeV energies. These large lower limits
pose severe constraints on the baryon load of the ejecta, favouring
Poynting flux dominated jets. However, the formula used to derive
these extreme values has been questioned by Hascoët et al. (2012),
who proposed a more detailed calculation of γ –γ opacity and sug-
gested that the simpler formula overestimates �0 by a factor of 2–3.
Moreover, Zou, Fan & Piran (2011) pointed out that these limits
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rely on the one-zone model, where GeV and sub-MeV photons are
emitted from the same region and are produced by internal shocks.
The long-lasting nature of the GeV emission suggests a different
origin and dissipation radius for the high-energy component. A
two-zone model (where the collisions between the GeV and MeV
photons occur at larger radii than the prompt emission radius) im-
plies much weaker constraints (about one-fifth to one-half of the
one-zone values).

Another widely used technique for estimating �0 is based on
the onset of the afterglow emission (Sari & Piran 1999). A few
efforts have been made to collect samples of GRBs displaying a
peak in their early-time optical lightcurve and to derive the value
of �0, assuming that the peak time marks the outflow deceleration
time. Liang et al. (2010, 2015) derived values in the range 90–600.
Smaller values, between 30 and 300 (and between 20 and 200 for
a wind-like density medium) were instead inferred by Ghirlanda
et al. (2012). When the onset is not observed (i.e. observations start
when the flux is already decaying), an upper limit can be placed
on the deceleration time and then a lower limit on the value of �0.
The lower limits derived using this method are in the range 40–300
(Hascoët et al. 2014).

Zou & Piran (2010) suggested that flux limits on the early af-
terglow can also be used to constrain �0. For large �0, indeed, the
afterglow emission starts at an earlier time and has a higher peak
luminosity. A lack of detection can then be translated into an upper
limit on the brightness of the afterglow, and then on the value of �0.
They considered early X-ray observations in a sample of 16 GRBs
and derived upper limits on �0 of several hundreds. We suggest that
a similar method can be applied also to high-energy (GeV) obser-
vations. In the standard afterglow model, the early-time afterglow
emission is expected to extend up to GeV energies. A lack of GeV
emission can then be translated into an upper limit on �0.

In this paper, we propose to exploit LAT flux upper limits derived
on time-scales longer than the prompt duration to place limits on
the brightness of the synchrotron afterglow component, and in turn
on �0. We have already applied this method to a sample of 28 GRBs
observed by AGILE (Longo et al. 2012), deriving values between
100 and a few thousands (for a typical redshift z = 2). The LAT
allows us to place more stringent constraints, thanks to its higher
sensitivity, and to significantly increase the sample of GRBs to
which this analysis can be applied (190 events).

The paper is organized as follows. In Section 2, we calculate the
synchrotron afterglow flux in the range 0.1–10 GeV, and provide
equations which can be used to place upper limits on �0 from the
upper limits on the LAT flux. In Section 3, we consider a sample of
190 GRBs with no LAT detection and compute the upper limits on
�0. Some implications for GRBs detected by the LAT are discussed
in Section 4. Conclusions are summarized in Section 5.

2 EX P E C T E D H I G H - E N E R G Y
AFTERGLOW EMISSION

In fast cooling regime, the bolometric afterglow luminosity from
the forward external shock is proportional to the rate at which the
energy is dissipated at the shock dm�2/dt (where m is the total mass
of the external medium collected up to the time t) and to the fraction
εe of this energy gained by the accelerated electrons. Since we are
interested in early-time afterglow evolution, we assume that � is
larger than 1/θ jet (where θ jet is the jet opening angle) and express
energetics and luminosities in terms of their isotropic equivalent

values. Using dr ∝ �2dt and introducing a generic density radial
profile n = n0r−s, the bolometric luminosity is (Sari 1997)

Laft
bol ∝ εet

2−sn0�
8−2s . (1)

The following two regimes can be identified:

(i) A coasting phase (� = �0): the luminosity has a strong de-
pendence on the value of �0 and is proportional to n0 (we consider
here and elsewhere in this work that εe has more or less the same
value for all GRBs; see below for a discussion). In a constant den-
sity medium (s = 0), the luminosity rises as t2, while it is constant
for a wind-like medium (s = 2).

(ii) A deceleration phase: � decreases according to �2 ∝ Ek/m(r)
(Blandford & McKee 1976), where Ek is the blastwave energy
(we are assuming an adiabatic evolution, i.e. Ek=constant), and
m(r) is the total mass collected up to the radius r. Regardless of
the radial density profile, the luminosity decreases with time as
Laft

bol ∝ εeEkt
−1. Since Ek is related to the prompt radiated energy

Eγ ,iso through the prompt efficiency ηγ (Ek=Eγ ,iso[1 − ηγ ]/ηγ ), we
can write Laft

bol ∝ εeEγ,iso(1 − ηγ )/ηγ t−1.

The energies we are interested in (>0.1 GeV) are most likely
larger than the cooling and synchrotron characteristic frequencies νc

and νm. Electrons radiating at such energies are rapidly cooling, and
the equations describing the luminosity of the emitted radiation are
similar to equations governing the bolometric luminosity, with mi-
nor corrections to the exponents and with the introduction of a weak
dependence on the fraction of energy εB in the amplified magnetic
field. In particular, during the deceleration (Sari, Piran & Narayan

1998) Laft
[0.1−10] = k εp−1

e ε
p−2

4
B [Eγ,iso(1 − ηγ )/ηγ ]

p+2
4 t− 3p−2

4 , where
the numerical factor k depends only on p (the power-law index of
the electron injection spectrum, Ninj(γ ) ∝ γ −p

e ) and varies less than
a factor 1.5 for p in the range 2.1–2.8.

This latter equation implies that, during the deceleration, the ratio
between the high-energy afterglow luminosity, at a fixed rest-frame
time, and the prompt energy Eγ ,iso depends only on two parameters,
εe and ηγ (Kumar 2000; Freedman & Waxman 2001). Nava et al.
(2014) found that for LAT GRBs with temporally extended emis-
sion, the value of this ratio is narrowly clustered, implying that the

product εp−1
e [(1 − ηγ )/ηγ ]

p+2
4 has more or less the same value in

different GRBs and does not introduce a significant scatter (see Nava
et al. 2014 for a more detailed discussion). Hereafter, we will as-
sume that both εe and ηγ do not vary by a significant amount, but we
explicitly write how our estimates depend on these two parameters,
so that the effects of a different assumption can be easily computed.
While during the deceleration phase the value of �0 does not affect
the flux (which is rather determined by the blast wave energy), �0

plays an important role during the coasting phase and in determining
the deceleration time, i.e. the time of the transition from a constant
to a decreasing Lorentz factor. For small �0, the deceleration oc-
curs at late times and the peak flux is smaller. To clarify this point,
Fig. 1 illustrates the afterglow lightcurves of two GRBs which have
the same parameters except for the initial Lorentz factors �0. Even
though they have the same energy Eγ ,iso (and hence same afterglow
luminosity after deceleration), the chances to detect emission are
very different in the two cases. Depending on the temporal window
of observation as compared to the time of the peak, the afterglow of
the low-�0 GRB might be completely missed. For a GRB observed
within the first few hundred seconds, chances of detection are larger
for high-�0 events. When observations extend to times longer than
the peak time, where the luminosity is proportional to Eγ ,iso, the
chances are dominated by the GRB energetics, and are larger for
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Figure 1. Examples of synchrotron afterglow lightcurves at a frequency
ν > max (νc, νm) for a constant density profile of the surrounding medium.
The afterglow parameters are the same in both cases, except for the ini-
tial Lorentz factor �0. At large �0 ∼ 103, the lightcurve peaks at early
times (see equation 4), while the peak is shifted at much later times when
�0 ∼ 102.

GRBs with a large Eγ ,iso. From this example, it is clear that three
quantities play a fundamental role: the prompt energy Eγ ,iso, the
observation time and �0. When the first two quantities are known, a
limit on �0 can be inferred from the non-detection of the expected
radiation.

2.1 Synchrotron fluence at ν > max (νc, νm)

Since the LAT is a photon-limited instrument, for a fixed spectral
index α the detection capability is directly related to the fluence.
We then estimate the synchrotron afterglow fluence Saft

[0.1−10] in the
energy range 0.1–10 GeV (observer frame) under the assumption
max (hνc, hνm) < 0.1 GeV. In this spectral range, the spectral slope
α (in the notation Fν ∝ να) is α = −p/2. We model the external
shock dynamics starting from the coasting phase, following Nava
et al. (2014), and the radiation output following Sari et al. (1998)
and Nappo et al. (2014). The choice of computing the afterglow
fluence in the range 0.1–10 GeV is motivated by the fact that avail-
able estimates of LAT flux upper limits have been computed in this
energy range (Ackermann et al. 2012). Moreover, this is also the
energy range chosen in the First Fermi-LAT GRB catalogue (Ack-
ermann et al. 2013) to quote fluxes and fluences of LAT-detected
GRBs which can be directly compared to the estimates provided
in the following. We also note that, if extended up to higher ener-
gies (>10 GeV), the estimates of the expected afterglow flux might
significantly depend on the possible presence of a spectral cutoff,
caused for example, by the maximum synchrotron energy. Limit-
ing the estimates at energies smaller than 10 GeV reduces these
uncertainties (see the discussion in Section 2.2).

We consider two different radial density profiles characterized as
n ∝ r−s: a constant (s = 0) and a decreasing density (s = 2). While
in both cases the afterglow flux after the deceleration time decreases
with a temporal index β2 = −(3p − 2)/4, before the deceleration
the temporal indices are β1 = 2 and β1 = (2 − p)/2, for s = 0
and s = 2, respectively, where we used the notation F(t) ∝ tβ . If
observations start at ti and end at tf, the fluence is

Saft
[0.1−10] =

∫ tf

ti

F aft
[0.1−10] dt, (2)

where the flux F aft
[0.1−10] is given by

F aft
[0.1−10] =A

⎧⎪⎪⎨
⎪⎪⎩

tβ1 for t � tdec

t
β1
dec

(
t

tdec

)− 3p−2
4

for t � tdec.

(3)

Here, tdec is the deceleration time in the observer frame. If ob-
servations are characterized by temporal gaps, the integration in
equation (2) should be performed separately in each time inter-
val where observations are available. The total expected afterglow
fluence will be the sum of the contributions from each time interval.

In what follows, we give analytic approximations of the numerical
results for the computation of Saft

[0.1−10] (equation 2) for different
orders of the times ti, tf and tdec. We consider the general case ti �=
0, to account for cases where the GRB enters the LAT field of view
(FoV) after the trigger time.

2.1.1 Homogeneous medium: n = constant

The transition from the coasting to the deceleration regime occurs
around the deceleration time, which is also the time at which the
lightcurve peaks:

tdec = 3 (1 + z2)2/3

[
Sγ,iso,−4(1 − ηγ ) d2

L,2

�8
0,3 n0 ηγ

]1/3

s, (4)

where Sγ ,iso,-4 is the bolometric prompt fluence in units of
10−4 erg cm−2 and n0 is the density in cm−3. We use the nota-
tion Qx = Q/10x, except for the redshift (where z2 means that the
numerical factor has been estimated for a typical redshift z = 2) and
the luminosity distance dL, 2 = dL/dL, z = 2. We estimate the integral
in equation (2) for three different cases: tdec > tf (relevant for short
observing times and/or for small values of �0), ti < tdec < tf (rele-
vant for longer observing time and/or larger values of the Lorentz
factor) and tdec < ti (relevant when the GRB enters the FoV at late
times, when the fireball is already decelerating).

(i) tdec > tf:

Saft
[0.1−10] = 2.5 × 10−7t3

f,3�
(2p+4)
0,2 ε

p−2
4

B,−2n
p+2

4
0 ε

p−1
e,−1

× (1 + z2)−
p+2

2 d−2
L,2

[
1 −

(
ti

tf

)3
]

erg cm−2 . (5)

In this first regime, the dependence on �0 is very strong and there
is no dependence on Sγ ,iso. Moreover, the fluence depends nearly
linearly on n0.

(ii) ti < tdec < tf:

Saft
[0.1−10] = 10−5erg cm−2 Sγ,iso,−4�

2(p−2)
0,3 ε

p−2
4

B,−2

n
p−2

4
0 ε

p−1
e,−1

1 − ηγ

ηγ

(1 + z2)
2−p

2

×
{[

1 − 4

p + 2

(
tf

tdec

)− 3
4 (p−2)

]
− 3(p − 2)

(p + 2)

(
ti

tf

)− p−4
2

}
.

(6)

The dependences on n0, εB and z are very weak and can be neglected.
Also, according to observations of GRBs with temporally extended

emission, the term εp−1
e

[
1−η

η

] p+2
4

has a similar value for all GRBs

(Nava et al. 2014). The main parameters determining the afterglow
fluence are then Sγ ,iso and (depending on the value of p) �0.
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Figure 2. Synchrotron afterglow fluence integrated from ti = 0 to tf in the
range 0.1–10 GeV (observer frame). The three different stripes correspond
to three different integration times tf = 20, 300, 5 × 103 s (from right to
left). For each stripe, the solid lines correspond to different redshifts: z =
0.5 (upper boundary), z = 2 (central thick line) and z = 4 (lower boundary).
The filled dots show the Lorentz factor for which the light-curve peak time
is equal to the integration time: tdec = tf. All the curves have been derived
assuming εe=0.1, εB=0.01, ηγ =0.2, n=1 cm−3 and Sγ ,iso=10−4 erg cm−2.
Different values of Sγ ,iso and n0 significantly affect the curves, as indicated
by the vertical arrows: in the first regime, Saft

[0.1−10] depends almost linearly
on the external density (see equation 5), while in the second regime the
LAT fluence Saft

[0.1−10] depends linearly on the prompt fluence Sγ ,iso (see
equation 6).

(iii) tdec < ti:

Saft
[0.1−10] = 3 × 10−5S

p+2
4

γ,iso,−4ε
p−2

4
B,−2ε

p−1
e,−1

[
1 − ηγ

ηγ

] p+2
4

× d
p−2

2
L,2 t

− 3(p−2)
4

i,3

[
1 −

(
tf

ti

)− 3(p−2)
4

]
erg cm−2 . (7)

In this last regime, the synchrotron fluence is proportional to Sγ ,iso

but, contrary to the previous regime, it is independent of �0.

The results are summarized in Fig. 2, which shows curves of
Saft

[0.1−10] as a function of �0. These have been derived for ti = 0,
but they hold as long as ti < min (tdec, tf), since for n = constant
most of the emission is radiated at t � tdec, and the initial integration
time does not significantly affect the fluence estimates. Each shaded
stripe corresponds to a different value of the final integration time tf

(from left to right: tf = 5 × 103, 300, 20 s). We chose tf = 5 × 103 as
maximum value because this roughly corresponds to the maximum
time-scale over which observations can be performed without tem-
poral gaps. For each stripe, three different curves (corresponding to
three different values of the redshift) are marked with a solid line: z
= 0.5 (upper boundary), z = 2 (central thick line) and z = 4 (lower
boundary). All curves have been derived for Sγ ,iso = 10−4 erg cm−2,
εe=0.1, εB=0.01, ηγ = 0.2 and n = 1 cm−3.

Low values of �0 correspond to late peak times. In this first
regime, Saft

[0.1−10] strongly depends on �0 and on the redshift (see
equation 5). Moreover, it depends nearly linearly on the density: the
curves should be moved up/down for increasing/decreasing density,
as indicated by the arrows. The prompt fluence plays no role in this
regime.

For increasing �0, the peak time decreases. For each curve, the
�0 at which tdec = tf is marked by a filled dot. At larger �0, we

switch to the regime tdec < tf. In this second regime, the afterglow
fluence depends very weakly on all the unknown parameters, except
Sγ ,iso. All the curves (for different tf and redshifts) flatten (i.e. the
dependence on �0 is weaker) and converge to a similar value, as
predicted by equation (6). This value is proportional to Sγ ,iso: the
curves should be moved up/down for increasing/decreasing prompt
fluence, as indicated by the arrows.

If a LAT observation results in a non-detection, and the upper
limit on the LAT average flux is estimated on a time [ti, tf], these
plots and equations (5)–(7) can be used to set an upper limit on �0.
Under favourable observing conditions, the most stringent limits
which LAT can place on the 0.1–10 GeV fluence are around a few×
10−7 erg cm−2 (Ackermann et al. 2012, 2013). Our calculations
show that strong limits (�200) on �0 can hence be placed only if
the GRB is observed for at least several hundred seconds (green
stripe in Fig. 2).

While the curves in Fig. 2 have been derived under the assump-
tions that LAT observations start at the trigger time and that there
are no temporal gaps in the observations, equations (5)–(7) can also
be used in the more general case where ti �= 0 and/or in the case of
gaps during observations, for example caused by Earth occultation.
In this latter case, the equations should be applied to each time in-
terval where observations are performed, and the total fluence can
then be estimated as the sum of contributions from each interval.

2.1.2 Wind-shaped environment: n ∝ r−2

We derive the synchrotron fluence at ν > max (νc, νm) for a density
n = 3 × 1035A�r−2, where A� is defined such that A� = 1 corresponds
to the case of a typical wind from a Wolf–Rayet star (Chevalier &
Li 2000). The deceleration occurs around the time

tdec = 350
Sγ,iso,−4(1 − ηγ ) d2

L,2

�4
0,2 A� ηγ

s. (8)

Also in this case, we consider all three possibilities for the order
of ti, tf and tdec. Similar considerations to the case s = 0 can be
derived.

(i) tdec > tf:

Saft
[0.1−10] = 3.7 × 10−6t

4−p
2

f,3 �
(p+2)
0,2 ε

(p−2)/4
B,−2 A(p+2)/4

�

× ε
p−1
e,−1d

−2
L,2

[
1 − ti

tf

] 4−p
2

erg cm−2 . (9)

(ii) ti < tdec < tf:

Saft
[0.1−10] = 10−5 erg cm−2 S

4−p
2

γ,iso,−4�
3(p−2)
0,2

× ε
p−2

4
B,−2A

3(p−2)
4

� ε
p−1
e,−1

[
1 − ηγ

ηγ

] 4−p
2

d
2−p
L,2

×
{[

1 − 2(4 − p)

p + 2

(
tf

tdec

)− 3
4 (p−2)

]
− 3(p − 2)

(p + 2)

(
ti

tf

)− p−4
2

}
,

(10)

(iii) tdec < ti:

Saft
[0.1−10] = 3 × 10−5S

p+2
4

γ,iso,−4ε
p−2

4
B,−2ε

p−1
e,−1

[
1 − ηγ

ηγ

] p+2
4

× d
p−2

2
L,2 t

− 3(p−2)
4

i,3

[
1 −

(
tf

ti

)− 3(p−2)
4

]
erg cm−2 . (11)
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Figure 3. Same as in Fig. 2 but for a wind circumburst density profile with
A� = 1 (see equations 8–10). The two shaded stripes correspond to two
different integration times: tf = 10, 5 × 103 s (from right to left).

The results are summarized in Fig. 3, which shows Saft
[0.1−10] as a

function of �0, for the case ti = 0. Each shaded stripe corresponds to
a different value of the final integration time tf. Since the dependence
on tf is weaker as compared to the case n = n0, only two cases are
shown: tf = 5 × 103, 10 s (from left to right). All curves have
been derived for Sγ ,iso = 10−4 erg cm−2, εe=0.1, εB=0.01, ηγ =
0.2 and A� = 1. As in the constant density case, in the first regime
(tf < tdec) the afterglow fluence depends on �0 and z, although the
dependence on �0 is weaker (see equation 9). Moreover, it depends
nearly linearly on the density: the curves should be moved up/down
for increasing/decreasing density. The prompt fluence plays no role
in this regime. For increasing �0, the deceleration time decreases
and we switch to the regime tdec < tf. For each curve, the �0 at
which tdec = tf is marked by a filled circle. In the second regime,
the fluence depends very weakly on all the unknown parameters,
except Sγ ,iso. All the curves converge to a similar value, as predicted
by equation (10). This value is roughly proportional to Sγ ,iso.

In the wind density scenario, LAT upper limits as deep as a few×
10−7 erg cm−2 lead to place stronger limits on �0, as compared
to the constant density case, even in the case of relatively short
observation times tf.

2.2 Caveats

The estimates presented in the previous section neglect possible
physical processes that might decrease the expected flux. The high-
energy synchrotron afterglow emission might indeed be affected by
the following.

(i) Inverse Compton scattering: in this case, the synchrotron lu-
minosity at frequencies larger than max (νc, νm) is suppressed by a
factor (1+Y), where Y is the Compton parameter. This can be rel-
evant for small values of εB, a very uncertain parameter in GRB
studies. However, at high-energies, the Compton scattering is in
Klein–Nishina regime, and the relevance of inverse Compton ef-
fects is strongly reduced. Beniamini et al. (2015) have shown that Y
at 0.1–10 GeV is of order unity, even for very small values (<10−5)
of εB;

(ii) The maximum synchrotron photon energy: this is limited by
the maximal energy up to which electrons can be shock-accelerated.
The limit is estimated to be around � × 70 MeV (de Jager & Harding
1992; Piran & Nakar 2010). This means that the maximum photon

energy is constant during the coasting phase and then it decreases.
For � < 150, this limit is then expected to produce a cutoff in
the afterglow synchrotron spectrum around the energies relevant
for this study. The extrapolation of the synchrotron spectrum with
index α = −p/2 up to 10 GeV, might then be incorrect. In this
case, the flux is smaller than what estimated before, especially at
late times, when � has significantly decreased. Since we will apply
our estimates to early-time observations (tf = 100 s, see Section 3)
and since α < −2, for the application presented here, this effect, if
present, introduces a flux suppression at most of a factor of 2–3;

(iii) γ –γ absorption: for LAT observations performed simulta-
neously to the prompt emission, it might be relevant to include
γ –γ absorption of GeV photons passing the shell of lower energy,
prompt photons. Even though afterglow photons are produced at
much larger radii as compared to prompt photons, Zou et al. (2011)
have demonstrated that opacity might still arise and partially sup-
press the GeV flux.

All these processes, if relevant, lower the expected synchrotron
fluence, as compared to estimates presented in the previous section.
This would lead to higher upper limits on �0 (i.e. if the expected
flux is smaller, non-detections are consistent with theoretical ex-
pectations also for higher �0, leading to less stringent upper limits
on �0). This might be regarded as a weakness of the method. On
the other hand, this can be used to check consistency by comparing
the upper limits derived with this method with lower limits and
direct estimates derived with different methods. If the comparison
does not outline any inconsistency, the assumption that the GeV
afterglow flux is not strongly suppressed is well supported. On the
other hand, an inconsistency between this and other methods would
reveal the need for at least one of the mentioned processes to be at
work. As we will show later, inconsistencies are not found.

3 U PPER LIMITS O N �0

As of 2016 January, the GBM has detected prompt emission from
almost 18001 GRBs. Around 105 have been detected also by the
LAT,2 corresponding to around 13 per cent of the GRBs falling
within the nominal LAT FoV, i.e. at an angle of 65◦ from the LAT
boresight (see also Vianello et al. 2015).

Ackermann et al. (2012) have considered all GRBs with no evi-
dence of emission above 100 MeV, which fell within the LAT FoV
during the first 2.5 years (288 events). The upper limits on the av-
erage flux in the range 0.1–10 GeV have been estimated on three
different integration times: during the prompt emission, and for
fixed 30 s and 100 s integration times, starting from the trigger time
(i.e. ti = 0). We consider here the upper limits estimated for tf =
100 s. For each burst in this sample, we have computed the prompt
fluence Sγ ,iso in the energy range 1–104 keV using the best-fitting
model reported in the Fermi GBM burst online catalogue3 (Bhat
et al. 2016). The fit models used in the catalogue include a simple
power law (PL), a power-law with an exponential cutoff (CPL), a
smoothly broken PL (SBPL) and the so-called Band function. We
have considered only those GRBs for which the best-fitting model
is a peaked (in νFν) function (i.e. either the CPL, SBPL or Band
models), otherwise a model extrapolation down to 1 keV and up to
10 MeV would be unsafe. The final sample includes 190 GRBs. In

1 http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
2 http://fermi.gsfc.nasa.gov/ssc/observations/types/grbs/lat_grbs/
3 http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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Figure 4. Upper limits on �0 for bursts with no LAT detection, as a function of the redshift, for a constant density medium (left-hand panel) and a wind shaped
medium (right-hand panel). Only upper limits smaller than �0 = 2000 are shown. Different colours of the curves refer to different values of the prompt GBM
fluence: lighter colours are used for brighter bursts (see the colour bar). Red arrows: upper limits for GRBs with measured redshift. Star symbols: GRBs for
which �0 has been estimated from the peak of the early optical lightcurve (green stars) and GeV lightcurve (yellow stars), taken from Ghirlanda et al. (2012).

this sample, we find that the limits on the LAT fluence SUL
[0.1−10] in

the first 100 s range from 5 × 10−7 erg cm−2 to 8 × 10−5 erg cm−2.
For this sample, ti = 0, and tf, Sγ ,iso and SUL

[0.1−10] are known.
Imposing Saft

[0.1−10]< SUL
[0.1−10], equations (5) and (6) (or 9 and 10 for

the wind case) can then be inverted to find the upper limit on �0.
We assume εe=0.1, ηγ =0.2, n0 = 1 (or A� = 1 for the wind density
case), εB=0.01 and p = 2.2 (but εB and p do not affect the estimates,
and the density is important only at small values of �0). Since the
redshift is known only for a small fraction of the sample, we derive
the upper limits on �0 as a function of z. The results are shown in
Fig. 4 both for a constant density medium (left-hand panel) and a
wind medium (right-hand panel), for z in the range 0.1–10 (blue
and light-blue curves). Red arrows mark those bursts for which the
redshift is known. Only cases resulting in upper limits smaller than
2000 are shown. To emphasize the role of the prompt fluence, we
use different colours for different values of Sγ ,iso: brighter (in the
GBM range) bursts are marked with lighter colours. It is evident that
stringent limits on �0 can be derived only for the brightest GRBs.
For a typical redshift z ∼ 2, the limits on �0 lie above 200 and in the
range 100–400 for a constant and wind-like medium, respectively.

These limits can be compared with limits and direct estimates
available in the literature and computed with different methods.
Ackermann et al. (2012) derived upper limits for six bright GRBs
for which a high-energy cutoff in the prompt spectrum at energies
<100 MeV is implied by the LAT non detection. Their upper limits
on �0 as a function of z are shown in their fig. 11. The curves are
similar to those derived here, with limiting values around ∼150 at
z = 0.5 and ∼500 at z = 5. Upper limits on �0 have been computed
also from early-time X-ray observations, resulting in maximum
values around several hundreds, by Zou & Piran (2010). They have
also shown that when these are combined with lower limits required
to avoid the compactness problem, values of �0 are in the range
102–103.

Concerning direct estimates (rather than limits) of �0, a spec-
tral break in the prompt component has been observed only in a
few cases (Ackermann et al. 2011; Tang et al. 2015). Most of the

available estimates of the value of �0 have been inferred from the
detection of an early peak in the afterglow lightcurve. Ghirlanda
et al. (2012) collected all GRBs with known redshift and with an
early peak in the optical lightcurve, and inferred �0 under the as-
sumption that the peak corresponds to the blast wave deceleration
time. The �0 values have been derived both for a constant and wind-
like medium, and are shown in Fig. 4 as star symbols (the green
colour refers to optical lightcurves, while the yellow colour refers
to a similar analysis applied to GeV lightcurves of LAT GRBs with
temporally extended GeV emission).

The most stringent limits derived in this work lie above most
of the values inferred from GRBs with an optical peak. This
implies that the non-detection of synchrotron afterglow radiation
is consistent with the simplest model, and there is no evidence
that mechanisms producing a suppression of the GeV flux (see
Section 2.2) are at work. The possibility of testing the relevance of
these processes is however limited by the instrument sensitivity. We
can conclude that present instrument capabilities are not pointing
to the need for a relevant suppression of the high-energy afterglow
synchrotron flux.

On the other hand, the upper limits lie not far from (and some-
times below) the estimated values of �0. This suggests that the
LAT should be able to detect the synchrotron afterglow component
for those GRBs with the largest bulk Lorentz factors and largest
energetics. A fraction of the LAT-detected GRBs are indeed char-
acterized by the presence of an emission above 100 MeV lasting
much longer than the prompt radiation, whose flux decays in time
as a PL (Ackermann et al. 2013). These are the brightest GBM
GRBs, and a large Lorentz factor �0 > 500 has been inferred for
them. An association with synchrotron afterglow radiation has been
claimed to be consistent also with their spectral and temporal prop-
erties (Kumar & Barniol Duran 2009, 2010; De Pasquale et al. 2010;
Ghirlanda, Ghisellini & Nava 2010; Ghisellini et al. 2010; Lemoine,
Li & Wang 2013; Nava et al. 2014; Beniamini et al. 2015), although
photons with particularly large energies (>10 GeV) detected at late
times (>102 s) are in excess of the synchrotron limit and require a
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Figure 5. Prompt fluence (left-hand panel) and peak flux (right-hand panel) in the energy range 1–104 keV versus the angle θ to the LAT boresight. Grey dots
represent Fermi GRBs detected only by the GBM. Square symbols represent GRBs detected also by the LAT: filled symbols refer to those with temporally
extended emission, empty symbols refer to those with no evidence for extended emission, and empty symbols with a cross inside refer to cases for which the
classification is uncertain.

different explanation (Piran & Nakar 2010; Wang, Liu & Lemoine
2013; Ackermann et al. 2014).

Finally, we comment on the dependence of these results on the
unknown parameters εe and ηγ , with reference to a homogeneous
density medium (similar considerations hold also for a wind-shaped
density medium). In the first regime, where observations stop before
the lightcurve reaches the peak (equation 5), our estimates of �0 do
not depend on ηγ , and they depend very weakly on εe (�0∝ ε0.1

e ).
In the second regime (equation 6), the Lorentz factor appears also
in the definition of tdec, and it is then less obvious to understand
how different assumptions on ηγ and εe affect the results. From
numerical estimates, we find that if the value of εe(1 − ηγ )/ηγ

increases by a factor of 5 compared to our fiducial value of 0.4, the
upper limits on �0 are smaller, by a factor of 1.5. They lie closer
to the direct values estimated from the peak of optical lightcurves
(green star symbols in Fig. 4). Conversely, if the value of εe(1 −
ηγ )/ηγ is decreased by a factor of 10, the upper limits increase by
a factor of �3, and the most stringent values are now at the level
of the direct estimates derived from GeV lightcurves of GRBs with
LAT temporally extended emission (yellow star symbols in Fig. 4).

4 IM P L I C AT I O N S FO R G R B S W I T H
D E T E C T E D G E V T E M P O R A L LY
EXTENDED EMISSION

In order to detect synchrotron afterglow radiation with the LAT,
Saft

[0.1−10] must be larger than the instrument threshold:

Saft
[0.1−10] > Sth[bkg, θ, tf − ti, α]. (12)

This threshold does not have the same value for all GRBs, because
it strongly depends on the specific observing conditions. It is then
impossible to identify a unique condition which all GRBs must sat-
isfy in order to have a detectable GeV afterglow radiation. More
precisely, the minimum value of the fluence Sth required for detec-
tion will in general depend on the level of background, the angle
θ between the burst location and the LAT boresight (which might
also change during observations), how long the GRB is inside the
LAT FoV (�t = tf − ti), and the spectral index α. The level of

background depends on contamination from Earth-albedo events
CR-background, on the geomagnetic latitude, and on the location
of the Earth limb. Sth can then considerably vary from burst to
burst, and two events with similar intrinsic properties and located
at similar distances can result in a detection or non-detection due to
different observing conditions.

As discussed in Section 2.1, also the theoretical estimate of
Saft

[0.1−10] cannot be fully determined, because it depends on a few
unknown parameters, such as �0, z (which is not measured in most
cases) and possibly n (depending on the interval time ti − tf during
which the event is observed). However, for a typical tf (of at least
few hundred seconds) and for reasonably large Lorentz factors (�0

> 100), the main parameter determining the afterglow fluence in
the LAT range is the prompt fluence Sγ ,iso (see Figs 2 and 3, and
equations 6 and 10), if εe and ηγ do not vary significantly. The con-
dition for having a detectable afterglow fluence can then be roughly
translated into a condition on the prompt fluence. Keeping in mind
that this is true only in the regime tf > tdec > ti and that also �0 plays
a role in determining the afterglow fluence, the prediction is that,
when the emission detected by LAT is indeed afterglow radiation,
these events should also be the ones with the largest prompt flu-
ences. A correlation between the prompt sub-MeV fluence and the
GeV fluence arises also if both emissions are related to the prompt
component, but in this case it is not trivial to explain why the GeV
radiation extends in time significantly beyond the prompt phase.

Following these considerations we collect all GRBs detected by
Fermi up to 2016 January and plot their distribution in the plane
Sγ ,iso–θ (Fig. 5, left-hand panel), to verify if LAT-detected GRBs
with temporally extended emission show indeed a tendency to have
larger prompt fluences. For each burst in this sample, the prompt
fluence Sγ ,iso has been estimated in the energy range 1–104 keV
using the best-fitting model reported in the Fermi GBM burst online
catalogue.4 Grey empty circles are GRBs detected by the GBM but
with no emission detected by the LAT. GRBs also detected by the
LAT5 are instead marked with a square symbol. Note that, when

4 http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
5 http://fermi.gsfc.nasa.gov/ssc/observations/types/grbs/lat_grbs/
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GeV radiation is detected, there is a possibility that this radiation
is not synchrotron afterglow emission, i.e. there are cases where
the afterglow fluence is too faint, and photons of a different origin
(for example, the high-energy extension of the prompt spectrum)
are responsible for the LAT detection. To account for this possible
contamination, we classify LAT GRBs according to the duration
of the LAT emission as compared to the duration of the prompt
detected by the GBM. According to information derived either from
the GRB LAT catalogue (Ackermann et al. 2013), the GCN archive,
or literature, we divide the sample into three categories: (i) GRBs
with temporally extended emission (filled squares), (ii) GRBs with
no LAT emission after the end of the prompt emission (empty
squares) and (iii) GRBs for which the classification is uncertain,
since a few photons have been detected by the LAT after the end of
the prompt emission, but on time-scales comparable to the prompt
duration (squares with a plus symbol inside).

LAT GRBs with temporally extended emission and non-LAT
GRBs clearly populate two different regions of the plane, with LAT
GRBs to clustered in the high-Sγ ,iso/low-θ region (Fig. 5, left-hand
panel). We check if this tendency is present also when the prompt
fluence is replaced with the prompt peak flux Fγ ,iso. The right-hand
panel in Fig. 5 shows, for the same sample, the prompt peak flux as
a function of θ . GRBs detected by the LAT now span almost all the
range of peak fluxes, and no clear separation is present between LAT
and GBM-only GRBs, indicating that the prompt peak flux does not
influence the possibility of having a bright long-lasting high-energy
component. The separation between LAT and non-LAT bursts is
instead evident in terms of prompt fluence, consistently with the
afterglow model.

5 D I S C U S S I O N A N D C O N C L U S I O N S

The luminosity of the early afterglow emission strongly depends
on the value of the initial Lorentz factor �0. This parameter in-
deed affects the expected emission in two ways: (i) it is the main
parameter determining the deceleration time, i.e. the transition be-
tween the coasting phase (where the Lorentz factor is constant)
and the deceleration phase, and (ii) it is the main parameter deter-
mining the luminosity of the radiation during the initial coasting
phase. Large values of �0 imply a short deceleration time and a
large peak flux. Afterglows of high-�0 GRBs are then easier to
detect (Fig. 1). Early-time flux upper limits can then be translated
into upper limits on the afterglow luminosity, and in turn on the
value of �0.

In principle, this method can be applied to optical and X-ray ob-
servations. The optical band, however, likely lies below the cooling
frequency, where the flux depends on very uncertain parameters,
especially εB. Recent afterglow modelling on different samples se-
lected in different energy bands (radio, optical, X-ray and GeV) have
showed that εB probably spans a large range of values, covering at
least 4–5 orders of magnitude (Lemoine et al. 2013; Barniol Duran
2014; Santana et al. 2014; Beniamini et al. 2015; Zhang et al. 2015),
making the predictions of the optical flux very uncertain. The X-ray
band, instead, lies most likely above the cooling frequency, but, for
small values of εB, this part of the synchrotron spectrum is strongly
affected by inverse Compton scattering (Beniamini et al. 2015; Be-
niamini, Nava & Piran 2016). Again, the very uncertain value of εB

would reflect on a large uncertainty on the expected X-ray flux, and
then in not very robust limits on �0. Higher (approximately GeV)
energies are less affected by these issues: first, we can safely as-
sume that the LAT energy range is above the cooling frequency, and

second, the Klein–Nishina cross-section strongly limits the effects
of the inverse Compton scattering on this part of the synchrotron
spectrum.

We have modelled approximately GeV synchrotron afterglow
emission during the coasting and deceleration phases, and com-
pared model expectations with LAT observations. Since the LAT
is a photon-limited instrument, for a fixed photon index the rele-
vant quantity for the detection is the fluence. We have presented
equations to estimate the synchrotron afterglow fluence in the range
0.1–10 GeV (observer frame) as a function of all afterglow parame-
ters, prompt fluence, redshift and initial (ti) and final (tf) observation
times (see equations 4–7 for a homogeneous density medium, and
equations (8)–(11) for a wind-like density medium). For the case
ti = 0 (i.e. for GRBs which are inside the LAT FoV at the trigger
time) the results are summarized in Fig. 2 and 3 (for a constant and
a wind-like density profile, respectively). The fluence is shown as a
function of �0 for different observing times tf and for fixed εe=0.1,
εB=0.01 and p = 2.2 (the last two parameters however play a very
little role in modifying the estimates), while the dependence on n, z,
and Sγ ,iso are shown in the figures. These curves and the equations
provided in Section 2.1 can be used to set a limit on �0, if the upper
limit on the LAT average flux from ti to tf is known.

We have applied these equations to a sample of 190 GRBs with
no evidence for GeV emission (Ackermann et al. 2012). We have
used the upper limits on the average LAT flux (estimated in the
first 100 seconds after the GRB trigger) to place upper limits on
�0 (Fig. 4). For a typical redshift z = 2, the inferred values are
above 200 for a homogeneous medium, and in the range 100-400
for a wind-like density medium. These values are consistent with
estimates (and lower limits) available in literature and inferred with
different methods.

These estimates rely on the assumption that processes such as the
existence of a limit on the maximal synchrotron photon energy, γ –γ

absorption with lower energy, prompt photons and inverse Compton
scattering, do not significantly lower the expected high-energy syn-
chrotron flux (see Section 2.2 for a discussion). The lack of conflict
between our results inferred from high-energy observations and es-
timates inferred (with other methods) from observations at lower
frequencies implies that there is no need to invoke a suppression of
the high-energy afterglow flux. An improved instrument sensitivity
is required to probe the presence and relevance of the mentioned
processes.

On the other hand, the fact that most of the inferred upper limits lie
very close to �0 values (and lower limits) estimated with different
methods (see Fig. 4, star symbols) implies that the synchrotron
afterglow radiation from GRBs with the highest �0 should be bright
enough to be detected by the LAT. For very large �0, the deceleration
time is small, and the afterglow luminosity is a good proxy for the
blastwave energy. In turn, for a fixed value of the prompt efficiency
ηγ , the blastwave energy is a proxy for the energy radiated during the
prompt, Eγ ,iso, implying that the GeV synchrotron radiation should
be detectable for the GRBs with the highest prompt fluences. This
scenario is consistent with the detection, in a considerable fraction
of the LAT GRBs, of a slowly fading GeV radiation on time-scales
much longer than the prompt emission, whose luminosity is tightly
correlated with the prompt energy (Nava et al. 2014).

The synchrotron afterglow scenario is then consistent not only
with detections, but also with non-detections of GRBs by the LAT,
and offers a method to place upper limits on �0. This method, in
combination with other estimates (mostly lower limits), provides a
tool to restrict the acceptable range of values for the still uncertain
parameter �0.

MNRAS 465, 811–819 (2017)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/465/1/811/2417490 by guest on 11 July 2020



Upper limits on GRB’s bulk Lorentz factors 819

AC K N OW L E D G E M E N T S

LN was partially supported by a Marie Curie Intra-European Fel-
lowship of the European Community’s 7th Framework Programme
(PIEF-GA-2013-627715). LN and TP were supported by the ISF-
CHE I-Core centre for Excellence for research in Astrophysics
(1829/12), and by the China-NSF-Israel-ISF grant.

R E F E R E N C E S

Abdo A. A. et al., 2009a, Science, 323, 1688
Abdo A. A. et al., 2009b, ApJ, 706, L138
Ackermann M. et al., 2010, ApJ, 716, 1178
Ackermann M. et al., 2011, ApJ, 729, 114
Ackermann M. et al., 2012, ApJ, 754, 121
Ackermann M. et al., 2013, ApJS, 209, 11
Ackermann M. et al., 2014, Science, 343, 42
Baring M. G., Harding A. K., 1997, ApJ, 481, L85
Barniol Duran R., 2014, MNRAS, 442, 3147
Beniamini P., Nava L., Duran R. B., Piran T., 2015, MNRAS, 454, 1073
Beniamini P., Nava L., Piran T., 2016, MNRAS, 461, 51
Bhat P. et al., 2016, ApJS, 223, 28
Blandford R. D., McKee C. F., 1976, Phys. Fluids, 19, 1130
Chevalier R. A., Li Z.-Y., 2000, ApJ, 536, 195
de Jager O. C., Harding A. K., 1992, ApJ, 396, 161
De Pasquale M. et al., 2010, ApJ, 709, L146
Fenimore E. E., Epstein R. I., Ho C., 1993, A&AS, 97, 59
Freedman D. L., Waxman E., 2001, ApJ, 547, 922
Ghirlanda G., Ghisellini G., Nava L., 2010, A&A, 510, L7
Ghirlanda G., Nava L., Ghisellini G., Celotti A., Burlon D., Covino S.,

Melandri A., 2012, MNRAS, 420, 483
Ghisellini G., Ghirlanda G., Nava L., Celotti A., 2010, MNRAS, 403, 926
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