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Fermi can measure the spectral properties of gamma-ray bursts over a very large energy range.
Localizations by the instruments onFermi in combination with follow-up bySwiftprovide accu-
rate positions for observations at longer wavelengths enabling the determination of redshifts, the
true energy budget, host galaxy properties and facilitate comparison with pre-Fermibursts. Multi-
wavelength follow-up observations were performed on the afterglows of four bursts with high en-
ergy emission detected byFermi/LAT, GRB 090323, GRB 090328, GRB 090510, GRB 090902B.
The observations were obtained in the optical/near-infraredbands with GROND which is mounted
at the MPG/ESO 2.2 m telescope, and additional optical observations ofGRB 090323 were ob-
tained with the 2 m telescope in Tautenburg, Germany. Further observations of GRB 090328,
GRB 090510 and GRB 090902B were obtained with the VLT, Chile.Three of the events are
classified as long bursts while GRB 090510 is a short GRB.
The afterglows of the long bursts exhibit power-law decay indices (α) from less than 1 to∼2.3
and spectral indices (βopt) values from 0.65 to∼1.2 which are fairly standard for GRB afterglows.
Constraints are placed on the jet half opening angles of. 2.1◦ to & 6.4◦, which allows limits to
be placed on the beaming corrected energies. These range from . 5×1050 erg to the one of the
highest values ever recorded,& 2.2×1052 erg for GRB 090902B. The extremely energetic long
Fermi bursts have optical afterglows which lie in the top half of the brightness distribution of all
optical afterglows detected in theSwiftera or even in the top 5 % if incompleteness is considered.

8th INTEGRAL Workshop "The Restless Gamma-ray Universe"
September 27-30 2010
Dublin Castle, Dublin, Ireland

c© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/



P
o
S
(
I
N
T
E
G
R
A
L
 
2
0
1
0
)
0
4
5

Optical and near-infrared follow-up observations of four Fermi/LAT GRBs Sheila McBreen

1. Introduction

The follow-up of gamma-ray bursts (GRBs) detected by theSwift satellite (1) has led to the
determination of the distance scale for a large sample of bursts. The Burst Alert Telescope (BAT)
(2) is sensitive in the energy range 15−150 keV and has good localization capabilities with typical
uncertainties in the arcminute range. Rapid follow-up bySwift’s narrow field instruments in the
X-rays (XRT) (3) and optical/UV (UVOT)(4) have lead to the arcsecond localizations required for
ground-based observers and in turn to spectroscopic redshift measurements of a large sample of
GRBs (5) and investigation of their host galaxies (e.g., 6; 7). To date distances to∼ 200 GRB
sources have been established with redshifts ranging fromz= 0.0085 (8; 9) toz∼ 8.2 (10; 11).
However, the BAT has a narrow spectral range and is not able todetermine the spectral parame-
ters of the prompt emission of GRBs over a broad energy range.The Fermi Gamma-Ray Space
Telescope (12) enables the investigation of the spectrum over seven decades in energy.Fermihosts
two instruments that detect GRBs: the Gamma-ray Burst Monitor (GBM: 13) sensitive to photons
from ∼8 keV to∼40 MeV, and the Large Area Telescope with a spectral coveragefrom ∼ 30 MeV
to ∼100 GeV (LAT: 14). Together they provide valuable information on the spectral properties of
the prompt emission (e.g., 15; 16; 17; 18; 19), the presence or absence of intrinsic spectral cut-offs
(20). GRBs can be localized with uncertainties of degrees byGBM, but arcmin localisations can
be provided when the bursts are detected by LAT. In such caseswhere the best position is provided
by LAT, the locations are followed up bySwift/XRT and ground-based observatories, enabling in-
vestigation of their afterglows and host properties and facilitating comparison to a general sample.

We report on the optical and near-infrared (NIR) observations of the afterglow of four bursts
with high energy emission, GRB 090323, GRB 090328, GRB 090510 and GRB 090902B and com-
pare them to the sample of GRB afterglows to date. Throughoutthe paper, we adopt concordance
ΛCDM cosmology (ΩM = 0.27,ΩΛ = 0.73, H0 = 71 km/s/Mpc), and the convention that the flux
density of the GRB afterglow can be described asFν(t) ∝ ν−βt−α.

2. Observations

GRB 090323
At 00:02:42.63 UT on 23 March 2009,FermiGBM triggered and located the long burst GRB 090323
(McBreen et al. (2010) and references therein (21)).Swiftcarried out a Target of Opportunity ob-
servation∼ 19 hours post burst and a fading afterglow was found. The fieldof GRB 090323 was
observed simultaneously in 7 bands (g′r′i′z′JHKS ) by GROND, mounted at the 2.2 m MPG/ESO
telescope at La Silla Observatory, Chile (22) and using the Schmidt-camera at the Alfred-Jensch
telescope of the Thüringer Landessternwarte Tautenburg (TLS), Germany. GROND and TLS ob-
servations started on 24th March 2009, 27 hours and 45 hours after the GBM trigger, respectively.
Observations continued in the following nights and the lastGROND epoch was obtained∼ 100 days
post-trigger. All GROND optical/NIR data presented were reduced and analyzed in standard man-
ner using pyraf/IRAF tasks (23; 24).
GRB 090328
At 09:36:46 UT on 28 March 2009,Fermi GBM triggered and located a long burst GRB 090328

∗Speaker.
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(McBreen et al. (2010) and references therein (21)). An X-ray and bright UV/optical afterglow
candidate was found inSwift observations. A spectrum of the optical afterglow was takenwith
the GMOS instrument mounted on the Gemini South Telescope (25) and the redshift was reported
to be z= 0.736. Optical/NIR follow-up observations by GROND started 1.6 days post trigger.
The afterglow was detected in all seven bands consistent with the reported redshift. In addition,
GROND imaged the field of GRB 090328 at 2.5, 3.5, 4.5, 6.5 and 11.5 days after the trigger. The
host galaxy was detected at a distance of 0.14′′ from the afterglow location. Spectroscopy of the
afterglow was performed on 2009 March 30.01 UT (∼ 1.6 days post burst) using the FOcal Reducer
and low dispersion Spectrograph 1 (FORS1; 26) at the 8 m ESO-VLT UT2 telescope (Programme
ID: 083.D-0903). The FORS1+2 spectroscopy data were reduced with standard IRAF routines,
and spectra were extracted using an optimal (variance-weighted) method.
GRB 090510
At 00:23:00 UT on 10 May 2009 theSwift BAT triggered on and located the short burst, GRB
090510 and the burst also triggeredFermi/GBM and other instruments (McBreen et al. (2010) and
references therein (21)).Swiftslewed after 91 seconds and observations with the XRT and UVOT
revealed an uncatalogued source (29). Kuin et al. (2009) (30) report that the afterglow of GRB
090510 is detected in almost all UVOT filters which implies that the redshift is less than about 1.5.
GROND imaged the field of GRB 090510 starting 6.18 h after the burst. Observations continued
for 4 h until local twilight and were resumed in the followingnight for 1.5 h. In the first epoch,
the afterglow is detected in theg′r′i′z′ optical channels, while theJHKS band yield only upper
limits and the second epoch only yield upper limits on the afterglow flux. In both epochs a nearby,
extended object at a distance of 1.2′′ with respect to the afterglow is clearly detected. Given the
low spatial separation both objects are blended in the first epoch.

Spectroscopy of the host galaxy of GRB 090510 was performed (∼ 2.3 days post burst) using
FORS2 (26) at the 8 m ESO-VLT UT1 telescope (Programme ID: 083.D-0903(A)). The prelimi-
nary analysis and redshiftz= 0.903 was reported by Rau et al. (2009) (31). Additionally, spec-
troscopy of a source located 5′′ south of the GRB host galaxy was performed∼ 1.3 days post burst
using FORS2 (300V grism), which yields a redshift consistent with that of the GRB host.
GRB 090902B
At 11:05:08.31 UT on 2 September 2009Fermi GBM triggered on a long, bright, hard burst GRB
090902B which was also detected by the LAT (17). A candidate X-ray afterglow within the LAT
error circle was reported (27) and subsequently confirmed tobe fading (see McBreen et al. (2010)
and references therein (21)). The redshift ofz= 1.822 was obtained from an afterglow absorption
spectrum by Cucchiara et al. (2009) (28) using the GMOS spectrograph. GROND imaged the
field of GRB 090902B starting∼ 13 h after theFermi trigger when the position of the GRB was
becoming visible satisfying the pointing constraints of the telescope. Observations continued in
the following nights by GROND and an additional VLT/FORS2R band observation was executed
at∼ 23 days post trigger (ESO DDT Proposal number : 283.D-5059).

3. Results

In the standard fireball model, the spectral index,β, of the afterglow is connected to the tem-
poral index,α, via the closure relations (e.g. (32) for a review). These depend on the type of

3



P
o
S
(
I
N
T
E
G
R
A
L
 
2
0
1
0
)
0
4
5

Optical and near-infrared follow-up observations of four Fermi/LAT GRBs Sheila McBreen

 18

 19

 20

 21

 22

 10000

 10

 100
B

ri
gh

tn
es

s 
[m

ag
A

B
]

F
ν 

[µ
Jy

]

Wavelength [Å]
800060004000 20000

GRB 090323

GRB 090328

GRB 090902B

Figure 1: GROND broadband spectral energy distribution of the afterglows of GRB 090323, GRB 090328
and GRB 090902B. Note that theg′ band points for GRB 090323 and GRB 090902B are overlapping.

circumburst medium, location of the characteristic frequencies in the synchrotron spectrum, and
the evolutionary stage of the afterglow (e.g. 33). However,afterglow light curves often display
complex temporal behaviour with shallow decays, plateaus,rebrightenings, flares or smooth breaks
such that limited sampling strongly affects the inferred light-curve slope (e.g. 34). Hence, we de-
rive the spectral index from the optical to NIR SED, and use the temporal index from the light
curve fitting and the closure relations to obtain constraints on the jet properties.

GRB 090323
The GROND and TLS multicolor light curve of the optical/NIR afterglow starting atT0+95 ks is
well described with a single power-law plus a superimposed bump component and a constant host
contribution dominating at later times (χ2 = 161/138 d.o.f). The initial power-law decay slope is
α = 1.90±0.01, with no sign of an additional break at later times. The host galaxy of GRB 090323
was detected in ther′ and i′ bands. The obtained spectral indexβopt = 0.65± 0.13 (Fig. 1) is
compatible with the observational frequencyνopt being between the typical synchrotron frequency
νm and the cooling frequencyνc for an ISM (densityn= constant) or wind (n∝ r−2 ) environment.
The power-law decay index of the light curve,α, is expected to be∼1 in the pre-jet break, ISM case
and is not compatible with the observations. The value ofα indicates that the jet break occurred
before the start of the observations. However, it is not possible to distinguish between the ISM and
wind environments (see, however Cenko et al. 2010 (25)). Thepost-jet evolution implies that the
half opening angle of the jet is smaller thanθISM

jet . 2.1◦ in an ISM-type circumburst environment
(35; 36). The beaming-corrected energy emitted inγ-raysEγ (1 keV to 10 GeV) of GRB 090323
is thusEγ . 3.3× 1051 erg. In a wind environment (37) the opening angle of the jet would be
θwind

jet . 1.1◦ and the beaming corrected energy would beEγ . 1.0×1051 erg (1 keV to 10 GeV).

GRB 090328
The GROND multicolor light curve of the afterglow of GRB 090328 starting at T0+137 ks is
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Table 1: Summary of the burst properties of fiveFermi/LAT bursts.

Burst Redshift Eγ,iso
a α βopt θISM

jet Eγ b

erg ◦ (erg)

GRB 090323 3.568± 0.0041 5.1×1054 1.90±0.01 0.65±0.13 . 2.1◦ . 3.3×1051

GRB 090328 0.7354±0.00034 1.0×1053 2.27±0.04 1.19+0.24
−0.21 . 5.5◦ . 4.6×1050

GRB 090902B 1.8229±0.00042 3.5×1054 0.94±0.02 0.79+0.05
−0.19 & 6.4◦ & 2.2×1052

GRB 080916C3 4.353 8.8×1054 1.40±0.05 0.38+0.20
−0.19 & 6◦ & 4.8×1052

GRB 090510 0.903±0.0014 1.1×1053 · · · · · · · · · · · ·

References: (1) Chornock et al. (2009), (2) Cucchiara et al. (2009), (3) Greiner et al. (2009), (4)
McBreen et al. (2010).
Notes: (a) Eγ,iso values are quoted in the energy range 1 keV – 10 GeV, with the exception of
GRB 080916C (10 keV–10 GeV: Abdo et al. 2009a) and GRB 090510 (10 keV –30 GeV : Abdo
et al. 2009c). (b) The opening angle andEγ are lower in a wind medium for GRB 090323 and
080916C.

remarkably similar to that of GRB 090323. It is well described with a single power-law of index
α = 2.27± 0.04, which is typical of a post-jet break slope plus a superimposed bump component
and a constant host contribution dominating at later times (χ2=35/39 degrees of freedom). The
afterglow SED was fitted using a power-law modified by dust reddening as shown in Fig. 1. A
pure power-law provides a reasonably good fit to the data witha χ2 of 4.5/5 d.o.f. The resulting
power-law index ofβopt = 1.46+0.07

−0.08, however, would be surprisingly red if it was intrinsic to the
afterglow. In fact, a small amount of extinction ofAhost

V = 0.22+0.06
−0.18 mag with a SMC type dust

attenuation law provides a better fit (χ2 = 2.6/4 d.o.f) and a more typical spectral power-law index
of βSMC

opt = 1.19+0.21
−0.19. Though statistically not necessarily required, it seems thus very likely that

there is mild reddening by dust in the circumburst environment. The LMC and MW dust models
cannot be distinguished and return comparable results, with spectral indices ofβLMC

opt = 1.07+0.29
−0.12,

βMW
opt = 1.16+0.24

−0.21 andAhost
V between 0 and 0.4 mag.

A spectral index ofβopt ∼ 1.2 is only consistent with temporal indexα = 2.27± 0.04 in a
post jet break evolution and the ISM or wind, slow cooling case in the spectral regime above the
cooling frequencyνopt > νc (37; 38; 39). In this case, the electron energy indexp is p = 2β =
2.4+0.4
−0.4 as obtained from the spectral index. Hence, the observations indicate that the jet break must

have occurred before the first GROND observations. This yields an upper limit ofθISM
jet . 5.5◦ or

θwind
jet . 4.2◦ (35; 36), which constrainsEγ (1 keV to 10 GeV) toEγ . 4.6×1050 erg for an ISM or

Eγ . 2.7×1050 erg for a wind-type environment.

The spectral and temporal decays of all bursts are presentedin Figs 1 and 2, respectively. The
indices and energetics were determined for the long GRBs andare presented in Table 1.

5



P
o
S
(
I
N
T
E
G
R
A
L
 
2
0
1
0
)
0
4
5

Optical and near-infrared follow-up observations of four Fermi/LAT GRBs Sheila McBreen

10-4 10-3 10-2 10-1 100 101 102

32

30

28

26

24

22

20

18

16

14

12

10

8

6

GRB 090902B

GRB 090510

GRB 080916C

GRB 090328

C
or

re
ct

ed
 R

c m
ag

ni
tu

de
 a

ss
um

in
g 
z 

= 
1

t (days after burst in the observer frame assuming z = 1)

GRB 090323

Figure 2: The afterglows of theFermi/LAT-detected GRBs in comparison with a sample of over 120 well
observed afterglows detected until May 2009 (42; 43; 44). All afterglows have been corrected for Galactic
extinction and for host-galaxy contribution, where applicable. All afterglows have been additionally cor-
rected for host-galaxy extinction, and have been shifted toa redshift ofz= 1. Long GRBs are shown as light
grey lines, whereas short GRBs are thicker grey lines with symbols. Squares are detections, and downward
pointing triangles are 3σ upper limits.

4. Summary

We have presented the optical and NIR follow-up observations of four bursts with high energy
emission detected byFermi/LAT and spectroscopic investigations of two of those events. Since the
end of the commissioning phaseFermi/GBM has detected several hundred GRBs, many of which
were in the field of view of the LAT instrument. Follow-up of these bursts is of special interest
due to the broadband coverage of the prompt emission (keV to GeV) which allows the spectral
properties and energetics of these events to be constrained. It is noteworthy that the redshifts of
bursts detected in the GeV regime by the LAT range from the relatively low-redshift GRB 090328
to the high-redshift of GRB 080916C and that the long bursts have high fluences and very high
isotropic gamma-ray energies (although GRB 090328 has a smaller isotropic energy release due to
its lower redshift). The properties of these events presented in this paper and anotherFermi/LAT
event, GRB 080916C, including their afterglows and energetics are summarized in Table 1.
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