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Abstract Itis expected that there should be a spectral cutoff at tijle émergy end of
emission from a prompt gamma-ray burst (GRB), due to,eycabsorption and/or a
high energy cutoff in the electron distribution. We analyfze spectral data of Fermi-
LAT detected GRBs 080916C and 090926A, aiming at locatiegfiectral cutoff. By
assuming that the prompt GRB spectrum at the high energyseagower law with
an exponential cutoff, our analysis finds that the cutoffrgné’...... depends on the
photon index3 and the cutoff occurs at very high ener@,.n = 16175:° GeV in
GRB 080916C an@. o = 100 GeV (for 3 =~ —2.3) in GRB 090926A. Such high
energy photons, if they exist, may disfavor the synchrotmagin and need alternative
generation mechanisms.
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1 INTRODUCTION

Gamma-ray bursts (GRBs) are believed to be produced byivistat jets released from newly
formed stellar mass black holes (see reviews, e.g. Pira@ 4868 Zhang 2007). The bulk Lorentz
factors of GRB jets are constrained to Be> 100 in the Compton-EGRET era. The argument is
that since EGRET has detected several GRBs with energaitop$iin the 100-MeV scale (Dingus
1995), the region producing the GRB emission must be expagndira-relativistically so that these
energetic photons can escape, avoiding— e* absorption (e.g. Lithwick & Sari 2001).

Due to its relatively low sensitivity and small field of vieGRET only detects a limited num-
ber of GRB events with photons in the 100-MeV scale. The Featellite was launched in 2008.
Compared to EGRET, the high energy detector LAT (Atwood.€2@D9) onboard the Fermi satellite
has a much higher sensitivity in a wider energy range, ab00tMeV-300 GeV, and has a much
larger field of view, covering one fifth of the whole sky. Untibw, Fermi-LAT has detected 17
GRBs, with a detection rate comparable to the expectatiaasbyming that the LAT-band emission
is the simple extrapolation of the high energy spectraliteihe MeV-range spectrum (Ando et al.
2008; Lv et al. 2010).

Researchers have long been very interested in looking éosplectral cutoff in the high energy
end of prompt GRB emission, because there are several ietisinmay lead to spectral cutoffs and
their detection would be very important for constraining pimoperties of GRB jets. For example, the
LAT has demonstrated that many bright GRBs show emissicenebitg up to tens of GeV without
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hints of spectral cutoffs. By assuming that threabsorption is only important at photon energy larger
than that of the highest photon energy in the LAT detectitims,GRB jets have been constrained
to have bulk Lorentz factors generally larger than the Bnobserved by EGRET, e.§. > 900,

' > 1200, andT" > 1000, for GRBs 080916C, 090510 and 090902B, respectively (Granal.
2010). However, a detection of spectral cutoff has also lae@ounced recently for GRB 090926A
(Ackermann et al. 2011), where the cutofffis ..x = 1.4 GeV and hence the bulk Lorentz factor
is constrained to b& = 200 — 700 by assumingy~y absorption as the cause of the cutoff. This is
smaller than the other Fermi-LAT GRBs.

Here, we carry out more careful analysis on the spectraleshaphe high energy end of the
prompt emission for Fermi-LAT GRBs, with the goal of discang the cutoff energy. We find
that the cutoff energy is much larger than the highest olesephoton energy, which gives more
stringent constraints on the properties of GRB jets. Weahice the method of using the number of
high energy photons to calculate the cutoff in Section 2;ént®n 3 we apply the methods to two
Fermi-LAT GRBs 080916C and 090926A; In Section 4 we have sdiseussion about the cutoff
and the bulk Lorentz factors; Finally a general conclusggiven in Section 5.

2 METHOD

For a certain observed GRB, we assume that there should kghahergy spectral cutoff in the
spectrum of the prompt emission, and assume that the spsletipe is a power law plus a high
energy exponential cutoff. Therefore the detected couettspm at the high energy end can be
written as

dn/dE = Bg(E)E" exp(—F/Ecutoft ) (1)

whereF is the photon energy3 is the normalizationg(FE) accounts for the photon energy depen-
dent sensitivity of the detector, ardtl ;. iS the cutoff energy.

For the LAT onboard the Fermi satellite, Atwood et al. (2008Yye presented the effective area
as a function of photon energy (their fig. 14). We use the falhg function to fit the effective area

() = { 9519 — 7266 exp(—F/54.65 MeV) — 5097 exp(—E/361.1 MeV), E < 1355MeV,
9= =1 9400, E > 1355MeV.

(2)
The fit is precise enough, with less than 3% error, that we wgé this function for the following
analysis of LAT detected GRBs.

[ andE..og IN Equation (1) are free parameters. Using Equations (1j2nde perform Monte
Carlo simulations to reconstruct the observations, aniveléne probabilityP that the simulation
successfully reconstructs the observation. For a given GirRBhave learned thaY; photons are
detected at energy above — we will use this observational result as the criterion ofthier the
simulation reconstructs the observational results. Wegeiherate a total oivV,,; spectra for given
parameterss and E..o¢; If the number of simulated spectra that fit the criteriom\is then the
probability of successful simulation 3 = N, /N.¢. In the phase space of parameteendE..of,
the set of parameters with maximal valuefis the most favored values. We will use this method
to calculate the cutoff energy.of-

3 APPLICATION
3.1 GRB 080916C

GRB 080916C is a bright, long GRB which has 145 photons dedeloy LAT atE > 100 MeV,
within which 14 showE > 1 GeV and one ha& > 10 GeV, consistent with a power law spectrum

1 This shape is consistent with the prediction of spectradfEdue toy~y absorption (e.g. Granot et al. 2008).
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Table1l Observational Results of Two Fermi-LAT Detected GRBs

Name B Photon Number

(> 100 MeV) (> 1GeV) > 10 GeV)
GRB 080916C —2.3% 145 14 1
GRB 090926A —1.7%, —2.30 123 14 —¢

The five columns correspond to the GRB name, the high energiophindex, and the photon
number above 100 MeV, 1 GeV and 10 GeV, respectively.

@ Spectral index resulting from the fit of a single Band funetio

b Spectral index resulting from the fit of a Band function pluysosver law.

¢ For GRB 090926A, we do not know the number of photons aboveeM G
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Fig.1 The relation between the probabilify (see the text) and the cutoff ener@y,t.« for GRB
080916C. The power law index is taken tope= —2.3, which resulted from the spectral fit with a
single Band function from a few keV up to 100 GeV. TRevalue peaks around 200 GeV.

with index 3 ~ —2 up to the~ 10GeV scale. The time integrated spectrum is well fit by the
empirical Band function (Band et al. 1993), which is a fuantof two smoothly joined power laws.
There is not an additional component at high energies. Tgeelst photon energy is 13.2 GeV, for
which a photon was detected 17 s after the GRB trigger. Thehidf this burst isz = 4.35
(Greiner et al. 2009). The observational results used asrttegion in the Monte Carlo simulation
are summarized in Table 1.

Since the spectrum shows a single component with high enedgx 5 = —2.3 (Abdo et al.
2009), we take this value fg# in Equation (1) and seE.,..¢ as a free parameter. We simulate
Niot = 10* spectra, each with 145 photonsfat> 100 MeV. We set the criterion as being: there are
14 photons atZ > 1 GeV and one photon & > 10 GeV.

Figure 1 shows the probability as a function of the cutoff energy....¢ for GRB 080916C.
We can see thaP increases slowly with,.,.o¢ Up to 160 GeV, and then decreaseszat00 GeV.
This indicates that there exists a cutofffat,.x = 16175:° GeV for the 1o confidence level in the
spectrum of this burst.
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One may comment that it is the fluence, rather than photon eynitat should be fixed for
the simulated spectra. We actually also perform a simulatioh a fixed fluence above 100 MeV.
However, because the photon number is more or less constaptyarying by~ 10% for cutoff
energy changing from 100 MeV te 1 TeV, the simulation results are similar and the conclusion
does not change.

3.2 GRB 090926A

As reported by Ackermann et al. (2011), GRB 090926A is alsdghh long burst. In the first 30 s
after trigger, there were 123 photons with>100 MeV detected by LAT, among which 14 showed
E > 1 GeV. It can also be fit by a Band function with~ —2.3. The highest energy photon was
detected with 19.6 GeV at 25s after the GRB trigger. The afaginal result is summarized in
Table 1.

Ackermann et al. (2011) use three models to fit the spectrupradpt emission of GRB
090926A from 3.3 s to 21.6 s: Band, Band + power law, and Banawep-law with an expo-
nential cutoff (CUTPL). In the Band + CUTPL model, they findw@aff in 1.417532 GeV with a
high energy index of-1.7. However, although the additional power law is statisticpteferred over
the Band function alone, the fit of the Band function alondss atatistically justified, with a high
energy index off = —2.3 (Ackermann et al. 2011; Zhang et al. 2011). Therefore, wesicen that
the high energy index in Equation (1) could Be= —2.3, — 2, — 1.7 in the simulation. Moreover,
here we consider the prompt emission from the trigger to b 30 s.

The resultis shown in Figure 2. We can see that# —1.7, there is a clear cutoff &.,iox =
2.611% GeV for the Ir confidence level. This is consistent with the result by Ackann et al.
(2011) that a cutoff is detected at 1.4 GeV for the casé ef —1.7. If 5 = —2.0, we can also see a
peak atE.,or = 14f257 GeV at the T confidence level. If takingg = —2.3, the case of a single
Band function fit to the prompt emission, there is no cleakp#ahe P value, which indicates that
if there exists a cutoff in this burst, the cutoff shouldBg,;.¢ > 100 GeV.

4 DISCUSSION

Let us discuss the implication of the results of the abovéyaisto the GRB physics, in particular
the bulk Lorentz factor of GRB jets. There are several rea$ioat an intrinsic, exponential spectral
cutoff is expected in the prompt GRB emission. First, if thisra high-energy cutoff in the acceler-
ated electron distribution, the corresponding synchrogmectrum should show a cutoff at the high
energy end. The electrons are supposed to be acceleratedhieyetectromagnetic processes, and a
general bound can be derived for the maximum synchrotrotophenergy, due to the competition
between acceleration and synchrotron cooling (e.g. Li 20EQ.iog = 50T f~1(1 + 2)~! MeV,
wheref is a correction factor accounting for uncertainties of émedion and: is the GRB redshift.
It should be thatf > 1, andf ~ a few is expected (e.g. Lemoine & Revenu 2006). Therefore the
bulk Lorentz factor is 5
3 cutoff
r=2x10 100(}er(1+2)' 3)

Second, pair production§ — e*e™) within the emitting region is expected to result in a cutoff
at high energy. If the high energy photons are produced isdhee region as the photons in the MeV
range, which is assumed to be uniform, isotropic, and tintependent in the comoving frame of
the emission region, the bulk Lorentz factor can be derieelet a function of the spectral cutoff
(Abdo et al. 2009),

1
. —B—11 20-8)

Ecutoﬁ Ec) :| : (4)

= {UT(d—L)QECf(Ec)F(ﬁ) x (1+ 2)72(1+ﬁ)( m2ch

cAT
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Fig.2 The relation between the probabilify (see the text) and the cutoff ener@y,t.« for GRB
090926A. The solid curve is fg8 = —1.7, dash-dotted fo = —2, and dotted for3 = —2.3. A
peak appears df..tonr ~ 2 GeV if 8 = —1.7, and atE.uon ~ 10 GeV if 5 = —2, but there is no
clear peak for3 = —2.3. Thus Ecuor > 100 GeV if we consider a single Band function fit to the
prompt emission.

wheredy, is the luminosity distance anfd. is the pivot energy fixed at 1 MeV. GRB 080916C shows
only one component, i.e. the spectrum can only be fit by a Bandtion without an additional
component from X-ray up to the 10 GeV range. This is consistéth the synchrotron mechanism
being the radiation mechanism of prompt GRB emission (seegvgaal. 2009 for a more detailed
discussion). Takingg = —2.3, our analysis finds the cutoff around 160 GeV (Fig. 1) Fotor >

70 GeV at the I confidence level. This lower limit is much larger than thett@gt photon energy of
detected photons in this burst. Using this lower limit ang 4.35, the cooling limit of Equation (3)
givesl' > 2.3x10%f, 5 (Wherefy 5 = f/10°°). Moreover, quoting the relevant values of parameters
in the absorption limit (Eq. (4)) from Abdo et al. (2009), wavel” > 1230.

As for GRB 090926A, a spectral fit with only a Band function Iscastatistically justified, so
this burst could also be mainly produced by synchrotronataat if all photons are generated in a
single region, i.e. assuming a one-zone model. If taking —2.3, we also havé. ;o > 100 GeV
for this burst. This constraint givds > 2 x 10 £, 5 in the cooling limit (Eqg. (3)). Taking = 2.1
(henced;, = 5.2 x 10?8 cm), AT = 0.15 s andF(E.) = 2.3 x 10~ photons cm? kevV—! s~!
(Ackermann et al. 2011), we gEt> 1300 in the absorption limit (Eq. (4)).

Because our analysis gives much more stringent constraimte spectral cutoff energy, our
derived bulk Lorentz factors are much larger than those fpoavious authors. As discussed in Li
(2010), too large a bulk Lorentz factor may lead to severabjgms in the standard fireball shock
model of GRBs: The internal shock radius may be larger tharaRB ejecta deceleration radius,
which is physically impossible (Lazzati et al. 1999); Theattons may be slowly cooling and not
radiating efficiently which raises the problem of GRB enéimgg(Derishev et al. 2001); In order for
the thermal pressure of the initial fireball to accelerageliaryon content to a large Lorentz factor,
the baryon content should be small enough that most of theefiie energy is released as thermal
photons, which contradicts most GRB spectra; In the syriobmdnternal shock models, a large
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Lorentz factor leads to a large internal shock radius, wiieeemagnetic field may be too low to
generate MeV synchrotron photons (e.g. Li & Waxman 2008).

If the very large bulk Lorentz factor is a problem for the syratron internal shock model, then
some revision to the model should be considered. One may &pdndon synchrotron radiation as
the main mechanism in GRBs. However, compared with invemaEon, synchrotron is still the
more favored mechanism (e.g. Wang et al. 2009; Piran et@9;2Daigne et al. 2011). So one should
abandon the assumption that the highest energy part of tiBegpBctrum has a synchrotron origin;
for example, use an inverse Compton origin instead. On therdtand, one can also abandon the
simple one zone assumption, i.e. the highest energy photanke generated at different radii from
the MeV photons. Indeed, under the framework of the stanidéednal shock model, one naturally
expects that internal collisions happen in a wide rangedif ead each shell of the outflow should
experience many collisions at different radii. Li (2010ggicts that the inverse Compton radiation
at large radii smears out the spectral cutoff at high ené&nggthermore, in this case both the cooling
and absorption limits are not available. Relaxing the omeezassumption, the analysis by Zhao et al.
(2011) and Zou et al. (2011) suggests that the bulk Lorertnifa could be much lower than 1000.
Actually, the systematic time delay of high energy photomglies that the bulk Lorentz factor could
have a typical value, i.e. a few hundred (Li 2010).

It should also be noted that the analysis shows that thetigg@utoff depends on the value
- the harder thes, the lower the value for cutoff energy, as shown in Figure2G&B 090926A.

If taking 3 = —1.7 as in Ackermann et al. (2011), we find a cutoff at a few GeV, lsinto their
result. The bulk Lorentz factor constrained by this valuespdctral cutoff is a few hundred, well
below 1000 (Ackermann et al. 2011). However, since a singledBunction still gives a satisfactory
fit (Ackermann et al. 2011; Zhang et al. 2011), taking thealue from a single Band function fit,
the cutoff becomes much larger than 100 GeV.

However, in the case of GRB 080916C, since there is no extrgpooent in the spectrum, we
only takeg = —2.3 which results from a single Band function fit. In principteand E.¢o, as well
as other spectral parameters, should be simultaneousyndieed by spectral fitting. However, be-
cause thes value in a single Band function fit mainly depends on the sfop@ a low energy range,
<MeV up to 210 GeV, whereas thé’.,.;.¢ value depends on the spectral shape>atdo GeV,
there should be no strong degeneracy betweandE.... in the spectral fit. So we can reasonably
use the presumed valye= —2.3 and not try the other values for GRB 080916C.

5 CONCLUSIONS

We analyze the spectral data of Fermi-LAT detected GRBs D80%nd 090926A, aiming at lo-
cating the spectral cutoff. By assuming that the prompt GB&#sum at the high energy end is
a power law with an exponential cutoff (Eq. (1)), our anadyfands that the cutoff energlfcuson
depends on the photon indgxand the cutoff occurs at very high ener@.ioa ~ 160 GeV and
Ecutorr 2100 GeV (for 5 &~ —2.3) in GRBs 080916C and 090926A, respectively. Such high gnerg
photons, if they exist, require a very large bulk Lorentzéaof GRB jets]" > 102, in order to avoid

~~y absorption (Eq. (4)), or eveln > 10* in order to avoid cooling of electrons suppressing acceler-
ation (Eq. (3)). Sinc& > 10* is difficult to reach, the high energy photons disfavor a syatron
origin, and need alternative mechanisms.
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