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Characteristic θ jet and "0 in GRBs 1419

Figure 5. Distribution of θ jet of GRBs. The θ jet distribution of the total
sample of simulated GRBs is shown by the filled circles. The solid grey line
shows the fit with a log-normal function (equation 7). The subsample of
GRBs pointing towards the Earth (PO) is shown by the open (blue) squares
and its fit with a log-normal by the cyan line. The sample of PO GRBs and
peak flux P ≥ 2.6 cm−2 s−1 (i.e. the Swift comparison sample) is shown by
the open (red) circles and its log-normal fit by the orange line. The dashed
(grey) line shows the log-normal fit of the distribution of all the bursts
(solid grey line) multiplied by 1 − cos θ jet. The green triangles show the
distribution of the 27 GRBs with a measured jet opening angle collected in
Ghirlanda et al. (2004, 2007).

by the open (red) circles. All the distributions of θ jet can be modelled
with a log-normal function

N (x) = A

xσ
√

2π
exp

[
− (ln x − µ)2

2σ 2

]
, (7)

where the free parameters are (µ, σ ) and the normalization A. The
best-fitting parameters µ and σ are reported in Table 1. The peak of
the log-normal distribution, i.e. its mode, is exp (µ − σ 2), the mean
is exp(µ + σ 2/2) and the median is exp (µ). Since the asymmetry
of the log-normal distributions can be considerably large, we report
in Table 1 all these moments.

The θ jet of GRBs of the Swift comparison sample (red open circles
in Fig. 5) have a mean of θ jet ∼ 4.◦7. This distribution is consistent
with the θ jet estimated from the break of the optical light curves
(Ghirlanda et al. 2004, 2007), shown by the open (green) triangles
in Fig. 5.

The GRBs that point to the Earth (PO – shown by the open blue
squares in Fig. 5) have a θ jet distribution peaking at considerably
larger values (40◦ – see Table 1) than the entire GRB population.
This can be easily interpreted: consider the distribution of the en-
tire population of GRBs (black dots in Fig. 5) which contains all
bursts pointing in every direction. The probability that a burst with a
certain θ jet is PO is proportional to (1 − cos θ jet). Therefore, the dis-
tribution of θ jet for PO bursts is obtained from the total distribution
by multiplying by (1 − cos θ jet). This reduces the number of bursts
per unit θ jet and also shifts the peak of the PO distribution towards
an average larger value. This is shown in Fig. 5 by the dashed (grey)
line which is obtained by multiplying the fit of the distribution of
θ jet of the entire GRB population (solid grey line in Fig. 5) by (1 −
cos θ jet) and it fits the distribution of the PO bursts (open squares in
Fig. 5).

Among the simulated bursts that are pointing towards the Earth
we considered the bright bursts (i.e. selected with the same peak flux
threshold of the Swift complete sample). These bursts tend to have
small jet opening angles and this accounts for their θ jet distribution
peaking at ∼5◦ in Fig. 5 (open red circles).

Although apparently there is a similarity between the θ jet dis-
tribution of all bursts (i.e. pointing in every direction) and the θ jet

distribution of the PO bright bursts, they differ by a factor of 2
(1.8) in their peak values (and dispersions) which are reported in
Table 1.

The three distributions shown in Fig. 5 allow us to make some
further considerations. If we could measure θ jet for all bursts point-
ing towards the Earth (PO in Table 1), we would obtain the open
(blue) square distribution of Fig. 5 with a mean ∼40◦. However,
the real θ jet distribution of the population of GRBs (i.e. all the
simulated bursts – black filled circles distribution in Fig. 5) has
a mean of ∼8.◦7 and it is more consistent with the distribution of
the simulated PO bursts with large peak fluxes (the Swift compar-
ison sample). This suggests that the bursts distributed in the high
part of the Ep–Eiso correlation, where the bursts of the complete
Swift sample are (filled black dots in Fig. 4 top-left panel), prop-
erly sample the peak of the θ jet distribution of the entire GRB
population.

4.5 GRBs with no jet break

It has been shown in Section 3 that if a burst has a "0 such that
sin θ jet ≤ 1/"0, its Eiso is determined by "0 (equation 5) and not
by θ jet. This value is lower than that computed by θ jet (equation 4).

Table 1. Parameter values (µ and σ ) obtained by fitting a log–normal function (equa-
tion 7) to the distributions of θ jet (Figs 5 and 6) and "0 (Fig. 7) for all the simulated bursts
(ALL), for those PO, and for those PO and with a peak flux larger than Plim, i.e. the Swift
comparison sample (PO Swift). (*) fit of the distributions of GRBs pointing towards the
Earth that should not have a jet break (see Section 5.2). For each distribution the three
moments are reported: the mode, the mean and the median.

Distrib. Sample σ µ Mode Mean Median

θ jet ALL 0.916 ± 0.001 1.742 ± 0.002 2.◦47 8.◦68 5.◦71
PO 0.874 ± 0.010 3.308 ± 0.013 12.◦73 40.◦04 27.◦33
PO* 0.610 ± 0.020 2.83 ± 0.029 11.◦68 20.◦41 16.◦95
PO Swift 0.527 ± 0.032 1.410 ± 0.043 3.◦10 4.◦71 4.◦10
PO* Swift 0.544 ± 0.298 1.043 ± 0.434 2.◦11 3.◦29 2.◦83

"0 ALL 1.475 ± 0.002 4.525 ± 0.002 11 274 92
PO 1.452 ± 0.020 2.837 ± 0.025 2 49 17
PO Swift 0.975 ± 0.060 5.398 ± 0.083 85 355 221
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Fig. 4. Spectral energy distribution of the OA that can be detected by the LSST (pink filled region). The SED of the low power blazar BLLac (open
circles), of the FSRQ 3C454.3 (asterisks) and of two supernovae SN1978K (open squares) and the GRB–SN associated GRB980425/SN1998bw
(open stars) are shown by different symbols. The solid lines provide an interpolation of the data points and do not represent any physical model.
For the two blazars we also show (dashed grey line for 3C454.3 and dashed orange line for BLLac) how their spectra would appear if they
were at z = 2 (typical of GRBs). The (5σ) limits for a 12 h continuum observation with the SKA is shown by the yellow shaded region.
The green shaded region marks the limiting flux of an ALMA observation (32 antennas of 12 m for 3 h of observation in dual mode - from
https://almascience.eso.org/proposing/sensitivity-calculator). The LSST liming flux (see Tab.2) is shown by the red square symbol.

Since the most promising detections will be with the forth-
coming LSST (Ivezic et al. 2008 - see Tab. 2), we have consid-
ered only the OA that will be detected by this survey. We predict
a rate ∼ 50 OA per year. The overall SED (i.e. the convolution
of the SEDs of all OA detectable by the LSST survey) is shown
by the hatched pink region in Fig. 4. The typical SED of OA de-
tectable by LSST peaks in the 1011−13 Hz range. The spectrum
below the peak, in the GHz down to the MHz range scales ∝ ν2.

Possible extragalactic variable sources that could compete
with GRB orphan afterglows in brightness, frequency of discov-
ery and timescales are supernovae and blazars. Fig. 4 shows the
SED of two blazars: the Flat Spectrum Radio Quasar (FSRQ)
3C454.3 and BLLac itself as representative of the respective
classes (see Ghisellini et al. 2010). Two supernovae are also
shown: SN 1978K as a possible representative of highly lumi-
nous supernovae and the GRB980425/SN1998bw (Galama et al.
1998) for the class of GRB–SNe associated. For all these
sources, we report their SED as obtained by multifrequency ob-
servational campaigns and retrieved from Italian Space Agency
(ASI) Science Data Center Sed Builder tool5. The solid curves in
Fig. 4 are not physical models but only illustrative of the overall
broad band spectral energy distribution of these classes of ob-
jects. For the blazars we also show how their SED would be like
if they were shifted at z = 2, i.e. at the typical distance of long
GRBs.

5 http://tools.asdc.asi.it

For comparison in Fig. 4 we show the LSST flux limit (red
square symbol). The OA that can be detected by LSST when
their jet emission is fully visible by the off–axis observer will
have their peak frequency already below the optical band, in
the mm region. This is because the peak of the OA emission
is reached several months after the burst (§3 - see also G14).
Furthermore, Fig. 4 shows that their emission in the MHz/GHz
region is still in the self absorbed regime. Differently, BLLacs
and SN emission like 1998bw or 1978K are characterised by a
softer spectrum in the radio band than the typical OA detected
in an optical survey like the LSST. Therefore, the follow up of
these transients in the mm and GHz bands will characterise their
different SED.

5. Discussion
Among previous works in the literature which estimated the de-
tection rate of OA, Totani & Panaitescu (2002) considered 10
GRB of the pre–Swift era with well monitored afterglow light
curves as templates. By assuming different off–axis viewing an-
gles they estimated the rate of OA in the X–ray, optical and radio
band. Their predictions were based on a very small number of af-
terglowsmostly representative of the bright afterglow population
of GRBs. Similarly Zou et al. (2007) adopted a set of fixed phys-
ical parameters (kinetic energy and micro–physical parameters)
and allowed only for a possible distribution of þ. They predict a
rate of 1.3×10−2 deg−2 yr−1 for OA brighter than R = 20 which
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Table 2. Transient surveys in the optical and X–ray bands. On–going and future surveys are marked in boldface. Parameters of the optical surveys,
field of view (FOV), cadence, limiting flux Flim, coverage and lifetime are from the compilation of Rau et al. (2009). The rate of orphan afterglow
ROA above the survey limiting flux is obtained through the flux density distribution reported in Fig. 2. The average OA duration above this flux
limit ⟨T ⟩ is derived from Fig. 3 and from the parameters of the linear fits reported in Tab. 1 (the minimum and maximum durations are shown
in square parentheses). The last column shows the number of OA per year detectable by the reported surveys. For the X-ray the sky coverage is
intended for 24 h. ∗ see http://www.ptf.caltech.edu/ztf and Bellm (2014).

Survey FOV Cadence Flim Coverage Lifetime ROA ⟨T ⟩ # OA
(deg2) (mJy) (deg2 night−1) days (deg−2 yr−1) days yr−1

PTF 7.8 1m–5d 1.17×10−2 1000 1.5×10−3 1[0.2-3.8] 1.5
ROTSE–II 3.4 1d 1.17×10−1 450 5.2×10−4 0.4[0.1-1.7] 0.1
CIDA–QUEST 5.4 2d–1yr 4.60×10−2 276 8.0×10−4 0.5[0.1-2.3] 0.1
Palomar–Quest 9.4 0.5h–1d 1.17×10−2 500 2003–2008 1.5×10−3 1[0.2-3.8] 0.8
SDSS–II SS 1.5 2d 2.68×10−3 150 2005–2008 3.2×10−3 1.6[0.4-6.3] 0.8
Catilina 2.5 10m–1yr 4.60×10−2 1200 8.0×10−4 0.6[0.1-2.4] 0.6
SLS 1.0 3d–5yr 5.60×10−4 2 2003–2008 5.2×10−3 2.8[0.8-11] 0.03
SkyMapper 5.7 0.2d–1yr 7.39×10−2 1000 2009–... 6.4×10−4 0.5[0.2-2.0] 0.3
Pan–STARRS1 7.0 3d 7.39×10−3 6000 2009–... 2.0×10−3 1[0.3-4.4] 12
LSST 9.6 3d 4.66×10−4 3300 2022–... 5.1×10−3 3[0.8-11] 50
Gaia 0.5x2 20d 3.00×10−2 2000 2014–2019 10−3 1[0.5-5] 2
ZTF ∗ 42.0 1d 2.00×10−2 22500 2017–... 1.1×10−3 0.8[0.4-4.8] 20
RASS 3.1 ... 4.00×10−5 12000 6 months 8.0×10−4 1[0.3-4.4] 10
eROSITA 0.8 6 months 2.00×10−6 4320∗ 4 years 3.0×10−3 2[0.5-6.5] 26

3.2. Orphan afterglows timescales

Surveys can detect orphan afterglows as transient events when
the OA flux is above the survey limiting flux. The latter, there-
fore, determines the rate of detectable OA. However, the sur-
vey limiting flux will also determine the OA characteristic du-
ration ⟨T ⟩. At a fixed frequency, the duration of OA above the
survey limiting flux is longer the deeper is the survey. We de-
fine ⟨T ⟩ as the time interval during which the OA flux is larger
than the survey flux limit Flim. Fig. 3 shows the average dura-
tion of OA above Flim for the three frequencies considered as
reference in this work. In general, given the typical flux limits
of optical and X–ray surveys (see also §4), OA will appear as
daily transients. At GHz frequencies, instead they will be much
slower transients with duration of even tens–hundreds of days
(see also Ghirlanda et al. 2014). Note that this timescale repre-
sents the duration of the OA above a given survey limit and it is
only due to the instrumental limit. This should not be confused
with the timescale of the peak of the OAwith respect to the GRB
which is due to the combination of the burst geometry (opening
angle and viewing angle) and the hydrodynamics (i. e. the decel-
eration of the fireball, i.e. mainly set by its kinetic energy, initial
bulk Lorentz factor and circumburst density). In general, the dis-
tribution of the time of the peak of the OA is centred around a
few hundreds days. However, at these times the optical emission
of OA is extremely faint, so that any conceivable optical survey
(also the deepest which will be performed in the future) will de-
tect those OA which peak at relatively early times, i.e. between
1 and 10 days after the trigger, which are the brightest within the
population.

Fig. 3 shows that, at any frequency, the OA duration ⟨T ⟩ in-
creases as the survey limit deepens (i.e. with decreasing survey
limiting flux Flim). Tab. 1 shows the parameters (slope m and
normalization q) of the linear fit (dotted lines in Fig. 3) to the
data shown in Fig. 3 for the three characteristic frequencies.

4. Orphan afterglows detection rate

In this section we compare our results with past searches for
OA in the optical and X–ray band and show specific predic-
tions for on–going or planned surveys in these bands. We also
consider forthcoming large projects like the Large Synoptic Sky
Telescope (LSST) and the extended ROentgen Survey with the
Imaging Telescope Array (eROSITA) which will conduct almost
all sky surveys in the optical and X–ray bands, respectively. For
the radio band, Ghirlanda et al. (2014) showed that the OA rates
are consistent with the (upper) limits of past radio surveys which
did not detect any credible orphan afterglow. Forthcoming radio
surveys like the VAST/ASKAP at 1.4 GHz or the MeerKAT or
EVLA at 8.4 GHz could detect 3×10−3 and 3×10−1 OA deg−2
yr−1, respectively. The deeper SKA survey, reaching the µJy flux
limit, could detect up to 0.2–1.5 OA deg−2 yr−1 (Ghirlanda et al.
2014). Here we report the predictions for the optical and X–ray
surveys.

4.1. Optical surveys

Among past searches for orphan afterglows in the optical,
Rykoff et al. (2005) used the Robotic Optical Transients Search
Experiment III (ROTSE–III). Over a period of 1.5 year, they
identified no credible GRB afterglow. They place a 95% upper
limit on the OA rate of 1.9 deg−2 yr−1 at R = 20. The Deep Lens-
ing Survey (DLS - Becker et al. 2004) provides a (less constrain-
ing) limit of 5.2 deg−2 day−1 for transients with typical duration
of a few ksec and 19.5< R <23.4. Malacrino et al. (2007) ob-
tained a more stringent upper limit from the CFHTLS VeryWide
survey: excluding that the three transient they find are GRBs
(Malacrino et al. 2007), an upper limit of 0.24 deg−2 yr−1 down
to R = 23 can be placed. The ROTSE–III and CFHTLS limits
are shown in Fig. 2 (filled red symbols) and they are consistent
with the rate for the optical band predicted by our model (solid
red line in Fig. 2). Also, no credible OA was found in the Faint
Sky Variability Survey project (vreeswijk 2002).
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W H Y ?    ( L O N G  G R B S )

• study of the collimation of GRBs: the number of 
orphan vs. on-axis GRBs is a unique tool to assess the 
energy distribution along the jet 

• true rate of GRBs and connections with SN Ic (and 
magnetars, and  superluminous-SN, etc.) 

• spectroscopic studies of pristine ISM (even at high 
redshift) with no photoionisation effects 



W H Y ?    ( S H O RT  G R B S )

• collimation angle NS-NS merger events (do all 
mergers give rise to an afterglow?) 

• true rate and predictions for GW events 

• relations with kilonovae 

• GW searches



C O N C L U S I O N S  ( A N D  P O I N T S  F O R  T H E  
D I S C U S S I O N )

• Large SYNOPTIC Survey Telescope is a TRANSIENT 
searching machine (time-domain) 

• need for a SPECTROSCOPIC follow-up  (SOXS)


