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Abstract Using the generic hydrodynamic model of gamma-ray burst (GRB) after-
glows, we calculate the radio afterglow light curves of low luminosity, high luminosity,
failed and standard GRBs in different observational bands of FAST’s energy window.
The GRBs are assumed to be located at different distances from us. Our results rank
the detectability of GRBs in descending order as high luminosity, standard, failed and
low luminosity GRBs. We predict that almost all types of radio afterglows except those
of low luminosity GRBs could be observed by a large radio telescope as long as the
domains of time and frequency are appropriate. It is important to note that FAST can
detect relatively weak radio afterglows at a higher frequency of 2.5 GHz for very high
redshift up to z = 15 or even more. Radio afterglows of low luminosity GRBs can
only be detected after the completion of the second phase of FAST. FAST is expected
to significantly expand the sample of GRB radio afterglows in the near future.
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1 INTRODUCTION

With rapid developments in space and ground telescopes, studies of gamma-ray bursts (GRBs) have
come into an era where full wavelength observations are possible (e.g., Gehrels & Razzaque 2013).
In particular, with recent space missions such as the Swift satellite, the rapid response together with
accurate localization enables more detailed follow-up observations by ground-based facilities at
longer times and lower frequencies. This has led to a deeper understanding of the physical origins of
GRBs. In addition, statistical analysis becomes possible and it is very helpful to compare the proper-
ties of GRBs with their afterglows (Sakamoto et al. 2011). Prompt ~y-rays and their follow-up X-ray
and optical afterglows are found to be correlated with each other, more or less, for both short and
long-duration bursts (Gehrels et al. 2008; Nysewander et al. 2009; Kann et al. 2011). It is interesting
that Chandra & Frail (2012) found the detectability of radio afterglows to be statistically neither
correlated with their y-ray fluences nor X-ray fluxes, but only with optical brightness. However,
observational constraints of radio afterglows are relatively insufficient, although some authors have
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recently compiled larger datasets (de Ugarte Postigo et al. 2012; Chandra & Frail 2012; Ghirlanda
et al. 2013; Staley et al. 2013) since the first radio afterglow of GRB 970508 was discovered (Frail et
al. 1997). We need to separately synthesize the GRBs and their afterglows at multiple energy bands
and then combine them to explore their comprehensive physics.

In the framework of the fireball internal-external shock model, GRBs are produced when the
kinetic energy of an ultra-relativistic flow is dissipated by internal collisions, while the afterglows
are emitted when the flow is slowed down by external shocks colliding with matter surrounding the
burst. The fireball model has provided numerous successful predictions on GRB afterglows, such
as the afterglow itself, jet break in the light curve of afterglows, the optical flash and the afterglow
shallow-decay phenomenon, etc. (see Lu et al. 2004; Piran 2004; Zhang 2007 and Gao et al. 2013
for a review). Huang et al. (1999, 2000b) proposed a set of simplified dynamical equations that
is consistent with the self-similar solution of Blandford & McKee (1976) in the ultra-relativistic
phase, that also agree with the Sedov solution (Sedov 1959) in the non-relativistic phase. Therefore,
these equations can conveniently describe GRB afterglows at all post-burst times. For instance, the
beaming effects (Rhoads 1997, 1999; Huang et al. 2000c¢), the rebrightening at multiple-wavelengths
(Huang et al. 2004; Xu & Huang 2010; Kong et al. 2010; Yu & Huang 2013) and modeling the multi-
band afterglow (Huang et al. 2000c; Huang et al. 2002; Huang & Cheng 2003; Wang et al. 2009;
Kong et al. 2009) can be easily dealt with by these equations.

The Square Kilometer Array (SKA) will be the largest and most sensitive configuration of a
radio telescope in the world. The SKA project is designed to be constructed via two phases and will
receive radio signals at a frequency range from 70 MHz to 10 GHz. In addition, the Five-hundred-
meter Aperture Spherical radio Telescope (FAST, Nan et al. 2011; Li et al. 2013) is a Chinese mega-
science project that is being built in Guizhou province, located in southwestern China. It will be the
largest single-dish radio telescope in the world with an expected first light in September of 2016.
FAST will cover the entire spectrum of radio frequencies between 70 MHz and 3 GHz. A possible
extension to 8 GHz is being considered in the second phase of FAST. FAST will be equipped with
a variety of instruments and has been designed for different scientific purposes including the radio
afterglows of GRBs. According to the current data sets presented by Chandra & Frail (2012), the de-
tection rate of radio afterglows is 30%, in which more than half of the radio flux measurements are
made at 8.5 GHz. However, nearly 10% of the detected radio afterglows are from bright long GRBs
(Ghirlanda et al. 2013; Salvaterra et al. 2012). The reason is that the low-frequency observations
could be more affected by the bias of receivers.

In this work, we apply the fireball model to calculate a variety of numerical afterglow curves
with changing redshifts for different cases representing failed, low luminosity, high luminosity and
standard GRBs. These theoretical light curves based on diverse physical considerations are directly
compared with FAST’s sensitivity in order to diagnose the detectability by FAST. Our radio light
curves within FAST’s window are derived for both low (70 MHz-0.5 GHz) and medium/high fre-
quencies (0.5-3 GHz). The structure of our paper is as follows. First, we provide an overview of the
observations of GRB radio afterglows in Section 2. A theoretical dynamical model of afterglows and
the sensitivity of FAST are introduced in Section 3. Numerical results are shown in Section 4 and
we end with a discussion and brief conclusions in Section 5.

2 OVERVIEW OF RADIO AFTERGLOW OBSERVATIONS

Recently, Chandra & Frail (2012) presented a large sample of GRB radio observations covering a 14-
year period starting in 1997. Despite the 304 radio afterglows consisting of 2995 flux measurements,
only 95 out of 304 were reported to have radio afterglows detected by VLA, corresponding to a
detection rate of ~30%, of which 1539 measurements were made in 8.5 GHz. They pointed out
that the current detection rate of radio afterglows, much lower than in the X-ray (90%) or optical
(75%) bands in the Swift era, may be seriously limited by instrumental sensitivity. Hancock et al.
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Fig.1 Broadband radio afterglows of high-redshift bursts (star: GRB 090429B; filled-squares:
GRB 080913; filled-circles: GRB 090423; filled-triangles: GRB 050904) in panels (a)—(c),
short bursts (filled-triangles: GRB 130603B; filled-diamonds: GRB 050724; empty squares:
GRB 051221A) in panels (d)—(f) and SNe-associated bursts (empty circles: GRB 060218) in pan-
els (g)—(i). The dotted and dashed lines respectively represent the 30 and 1o sensitivity limit
of FAST in an integration time of 10 min. Note that the data of GRB 130603B are taken
from Fong et al. (2014) and all the other radio data are collected from http://heasarc.gsfc.
nasa.gov/W3Browse/all/rssgrbag.html (Chandra & Frail 2012) directly.

(2013) argued that the lower rate would be caused by two intrinsically different types of bursts,
namely radio bright and radio faint sources. However, radio emissions from host galaxies of GRBs
also make the radio afterglows more difficult to detect (e.g., Berger et al. 2001; Berger 2013; Li
et al. 2014, in preparation). The Chandra & Frail sample contains 33 short-hard bursts, 19 X-ray
flashes and 26 GRBs/SNe candidates, including low luminosity bursts and 4 high-redshift bursts,
of which only a few radio afterglows are available owing to their lower detection rate. In general,
short bursts with smaller isotropic energy, similar to low luminosity ones, are thought to occur in the
relatively nearby universe like supernovae. On the other hand, afterglows of short bursts are usually
much dimmer than those of long ones (see e.g., Rowlinson 2013 for a review). This motivates us to
focus on contrasting the radio afterglows in Figure 1 between short GRBs (050724, 051221A and
130603B), low luminosity GRBs (060218) and high-redshift GRBs (050904, 080913, 090423 and
090429B) with successful detections. Note that only GRB 130603B was not included in Chandra &
Frail (2012) and its data are taken from Fong et al. (2014). As the largest next-generation single dish
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radio telescope, FAST is expected to bring us many important findings (Nan et al. 2011; Li et al.
2013). The upper limits on flux for FAST (see below) that can be applied to detecting these kinds of
bursts are also given in Figure 1, showing that radio afterglows of the above-mentioned three kinds
of special bursts would be easily detected by FAST. Interestingly, it is noted that high-redshift bursts,
similar to short bursts except for GRB 050724, have a typical flux density of less than 150 pJy in
the radio band. Considering the above situations, we will simulate theoretical radio afterglows of
different types of bursts and subsequently probe their detectability with FAST.

3 DYNAMICAL MODEL AND FAST SENSITIVITY

In terms of the generic dynamical model (Huang et al. 1999, 2000a,c), the overall evolution of the
ejected outflows in both the ultra-relativistic and non-relativistic (Newtonian) phases can generally
be described as

dR

o = Pty v =1), (1
dm

TR 21(1 — cos 0) R?nm,, , )
do ¢

- _ == 2 _1 3
7 = gtV -1), 3)
Do r @)
dm Mg +em+2(1—¢e)ym’

where R is the radial distance measured in the source frame from the initiation point; m is the rest
mass of the swept-up circumburst medium; 6 is the half-opening angle of the ejecta; -y is the bulk
Lorentz factor of the moving material; ¢ is the arrival time of photons measured in the observer frame;
8 = /1 —~~2 and ¢ is the speed of light. n is the number density of the interstellar medium; ¢ is
the general radiative efficiency and would evolve from 1 (high radiative case) to O (adiabatic case)
within several hours after a burst; Mo; is the initial rest mass of the ejecta. ¢ is the comoving sound
speed determined by ¢ = 4(§ —1)(y —1)c?/[1 +4(y — 1)] with the adiabatic index 4 = 4/3 in the
ultra-relativistic limit and 4 = 1 in the Newtonian limit (Huang et al. 2000b). We further define &,
and £% as factors coming from the equipartition of energy for electrons and the comoving magnetic
field, respectively.

Denoting © as the viewing angle between the velocity of ejecta and the line of sight and y =
cos 0O, in the burst comoving frame, we can obtain the synchrotron radiation power of electrons at
frequency v/ as (Rybicki & Lightman 1979)

Py = VB[ (N (e )

2 . !
meC min(Ye,min,Ye) d’ye Ve

in which dN.'/dvy. « (7. — 1)7P, with the typical value of the electron distribution index p being
between 2 and 3 (Huang & Cheng 2003); v,/ = 3v2eB’(4mm.c)~! is the characteristic frequency
of electrons with charge e; 7. = 6mm.c/(oryB'?t) is the typical Lorentz factor of electrons that
cool rapidly due to synchrotron radiation, with o7 being the Thompson cross-section; e, min =
E(y—1)my(p—2)/[me(p—1)]+ 1 and Ye, max =~ 108(B’/1G)~*/? are respectively the minimum
and maximum Lorentz factors of electrons, and F'(z) = x f;oo Ks/3(x")dx" of which Kj5,3(z") is
the Bessel function. Owing to cosmological expansion, the observed frequency v should be (Wang
et al. 2009)

v=[1-pw W/ +2)=8//(1+2), (6)
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Fig.2 Plots of afterglow light curves for the standard (thick solid line), high luminosity (dashed
line), low luminosity (dash-dot-dotted line) and failed (thin solid line) GRBs at the X-ray band (0.3—
10 keV) in the upper panel and the optical R band in the lower panel for a typical redshift z = 0.5
and density n = 1 cm™>. See the text for more details.

where § = [y(1—/u)] ! is the Doppler factor. For low-frequency radiation, the effect of synchrotron
self-absorption on observation should be considered and hence the observed flux density radiated
from a cosmological point source would be (Huang et al. 2000b; Wang et al. 2009)

(1+2)8°

Bt = 47 D?

FEP [+ 2o )

where Dy, is the luminosity distance and f(7) = (1 —e~"")/7,/ is a reduction factor of synchrotron
self-absorption with an optical depth 7,. In order to calculate the total observed flux densities, we
should integrate Equation (7) over the equal arrival time surface determined by

t:(l—l—z)/l_ﬂfu = const, 8)

within the jet boundaries.

Basically, the above model can give a good description for the external shocks and GRB af-
terglows. For example, the dynamical model has been applied to many GRBs and can explain the
observations well (Huang et al. 2006; Kong et al. 2009; Xu et al. 2009; Kong et al. 2010; Xu et al.
2011; Yu & Huang 2013; Geng et al. 2013). Here in Figure 2, we display some examples of af-
terglow light curves at the X-ray band (0.3—10 keV) and the optical R-band calculated using this
model. It can be seen that this model basically matches the general behaviors of multi-band after-
glows (e.g., Zhang et al. 2006; Nousek et al. 2006; Zhang et al. 2007a; Liang et al. 2008; Troja et al.
2007). Moreover, afterglows from extreme GRBs, such as high luminosity, low luminosity and failed
bursts, are also predicted to provide new opportunities with observations that will be made by FAST.
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Table 1 Parameters describing the Nine Sets of Receivers that are Part of FAST

No. BandT Vl AVT TsTyS Flim,l Flim‘Z Eim,S Ts/ys F]’jm11 F]’jm12 F1/1m13
(GHz) (GHz) MHz) (K) (uly) Wy Wy &) @y dy) (dy)
1 0.07-0.14 0.1 70 1000 293.6 168.7 1194 140 41.0 23.5 16.9
2 0.14-0.28 0.2 140 400 82.5 47.6 33.8 140 28.8 16.6 11.9
3 0.28-0.56 0.4 280 150 21.9 12.7 8.9 130 19.1 11.1 7.8
4 0.56-1.02 0.8 560 60 6.1 3.6 2.5 97 9.9 5.8 42
5 0.32-0.334  0.328 14 200  130.7 75.3 53.5 125 81.7 47.1 33.2
6 0.55-0.64 0.6 90 60 15.5 8.9 6.4 112 28.9 16.6 11.9
7 1.15-1.72 1.45 550 25 2.5 1.4 1.1 61 6.3 3.6 2.5
8 1.23-1.53 1.38 300 25 3.6 1.9 1.4 60 8.6 5.0 3.6
9 2.00-3.00 2.5 1000 25 1.9 1.1 0.8 30 22 1.4 0.8

T These data are taken from Nan et al. (2011). Fiim s (i = 1,2, 3) denotes the limiting flux densities for
different integration times A7 of 10, 30 and 60 min. The limited flux densities Fl’ (i = 1,2, 3) are esti-

im,?
mated in terms of the system temperatures given by VLA’s template (https://science.nrao.edu/facilities/via)
within the above corresponding time levels.

In order to explore the detectability of FAST, here we adopt the following sensitivity to estimate
the RMS noise in a position-switching observing mode as

(S/N)2KpTyys
ANATAY

0.77 x 10°m2/K\ (S/NY /1h\"? /100 MHz\"/?
aman (SR () (&) () - @

where A is the effective area defined by A. = 14 A, with an aperture efficiency of n4 = 0.65 (Yue
et al. 2014, in preparation), A7 and Av are respectively the bandwidth and the integration time, the
illuminated geometric area is Az = 7 x (300/2)% m? and the system temperature of FAST is Tyys.

Table 1 displays parameters describing the predicted performance of FAST at different frequen-
cies. S/N stands for the signal-to-noise ratio and is generally taken as being no less than 3. More
detailed properties of FAST can be found in Nan et al. (2011). Note that we have calculated param-
eters describing FAST by assuming that its behavior in terms of temperature is similar to receivers
that are part of VLA. We acknowledge the difficulty in performing a bandpass calibration for a sin-
gle dish, which is more difficult than that for interferometers. The detection of a faint, broadband
continuum signal, however, has been achieved by single dishes before. The FAST project is also
looking into new calibration technologies, such as injecting an artificial flat spectrum signal into its
optical path.

Hi[ll =

1

4 RESULTS

To determine the sensitivity of FAST to GRB radio afterglows, we have chosen the cases of standard,
high-luminosity, low-luminosity and failed GRBs for a comparative study. For convenience, let us
define the initial values or parameters of these bursts as follows. (1) Standard GRBs: initial isotropic
energy By = 10°2 erg and 7o = 300. (2) High luminosity GRBs: E, = 10°* erg and 7 = 300.
(3) Low luminosity GRBs: E; = 10%° erg and 7y = 300. (4) Failed GRBs: E, = 10°2 erg and
Yo = 30. Apart from these differences, we assume all the bursts have the same values for the other
parameters, namely n = 1 cm™3, p = 2.5, £, = 0.1, £% = 0.001, = 0.1 and © = 0 throughout
this paper. Also, an assumption about the radiative efficiency ¢ = 0 has been made because the
relativistic fireball becomes fully adiabatic within several hours after a burst. Light curves of radio
afterglows at different redshifts, i.e. z = 0.5, 1, 5, 10 and 15, have been derived in order to study
FAST’s capability of probing bursts in the early universe.
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4.1 Light Curves of Radio Afterglows in the FAST Window

Figures 3—7 show that almost all radio afterglow light curves, except failed GRB afterglows, have
the same general characteristics of slow rise and fast decay although they may have distinct physical
origins. We also find a common and interesting phenomenon that with the increase of observing
frequency, the light curve peaks earlier, and the peak flux is also higher. At the same time, radio
afterglows of the standard and failed GRBs have almost the same peak time and the same peak flux
density due to their similar kinetic energies. The two kinds of bursts decay congruously after their
peak times. At higher frequencies and larger redshifts, the peak flux densities of failed GRBs are
slightly weaker than those of the standard ones. Both the peak flux density and the peak time of
radio afterglows sensitively depend on the initial energy injection. For failed GRBs, the rising part is
largely affected by the small initial Lorentz factors of the ejecta from the central engine. In any case,
we notice that the radio afterglows of the low luminosity GRBs have the lowest brightness except
that they are stronger than those of the failed GRBs at an early stage of less than 1 h. The intersection
point would be postponed when the observing frequency is relatively lower for a farther burst. Note
that it seems unlikely that FAST can detect any kind of radio afterglow emission at the extremely low
frequency of < 0.1 GHz. The radio flux density at higher frequency but the same distance or redshift
is usually stronger than that at lower frequency when they are observed at the same time and can
be detected at a very early stage. Furthermore, it is found that the radio flux densities are relatively
insensitive to redshift as seen in Figures 5-7, which is consistent with previous investigations (e.g.,
Ciardi & Loeb 2000; Gou et al. 2004; Frail et al. 2006; Chandra & Frail 2012).

4.1.1 Standard GRBs

The thick solid lines in Figures 3—7 denote the case of a standard fireball in different energy bands
and redshifts. For the redshift z = 0.5, the radio emissions that peak at v > 0.4 GHz can be easily
detected by FAST. With the increase of observing frequency, the bursts gradually brighten. FAST can
even detect very early radio afterglows in the prompt phase for a time of less than 10 s at 2.5 GHz. It is
interesting that in high frequency bands, the radio afterglow can typically be observable for ~ 115 d.
The peak flux densities at 1.4 GHz and 2.5 GHz can reach 70 pwJy and 200 wly, respectively. For
the redshift z = 1, FAST can detect the radio emission in the frequency band of v > 0.6 GHz,
especially v = 2.5 GHz from 20 s to 62 d after a burst with an integration time of 1 h. The earliest
detection time may start as early as 10s. For the redshift z = 5, radio afterglows under 0.8 GHz are
undetectable by FAST. The peak flux densities at 0.8 GHz and 2.5 GHz can respectively reach 3 pJy
and 6 ply, which will be observed up to 52 d from the earliest starting time of 30 min. For much
higher redshifts of z = 10 and 15, the radio flux densities have a peak value of ~ 2 pJy and only
radio afterglows above 1.4 GHz can be marginally detected. Note that the GRB radio afterglows in
the standard case usually peak at 10-100 d, which is consistent with the observations described in
Chandra & Frail (2012).

4.1.2 High luminosity GRBs

The high luminosity GRBs marked with thick dashed lines in Figures 3—7 are driven by the largest
energy ejection and their radio afterglows naturally radiate the strongest brightness when they are
located at a given distance. For nearby bursts with a redshift of z = 0.5, FAST has the capability of
detecting all radio afterglows at a frequency of no less than 100 MHz. The typical peak flux densities
are 100 wJy at 0.2 GHz and 7 x 10% uly at 2.5 GHz. The former can be detected from 3d to 3.5 yr
and the latter can be observed from several seconds to 9 yr after the burst. For a redshift of z = 1,
FAST could detect the weak peak flux in a post-burst time of 2 h to 1200 d in channel 3 at 0.4 GHz
and 30 s to 6 yr at a frequency of v = 1.4 GHz. The radio afterglow flux densities for redshifts higher
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Fig.3 Radio flux density of GRBs at a redshift z = 0.5 versus observation time ¢ in the ob-
server frame at various frequencies within FAST’s window. The radio light curves of standard, high-
luminosity, low-luminosity and failed GRBs are marked with thick solid, dashed, dash-dot-dotted
and thin solid lines, respectively, and are displayed in the top-left panel. Three horizontal dotted
lines from top to bottom represent 1o (S/N=1) limiting flux density of FAST for 10, 30 and 60 min
integration times respectively. See the text for details.
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Fig.4 Radio flux density of GRBs at a redshift z = 1 versus observation time ¢ in the observer
frame at various frequencies within FAST’s window. The line styles are the same as in Fig. 3.
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Fig.5 Radio flux density of GRBs at a redshift z = 5 versus observation time ¢ in the observer
frame at various frequencies within FAST’s window. The line styles are the same as in Fig. 3.
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Fig.6 Radio flux density of GRBs at a redshift z = 10 versus observation time ¢ in the observer
frame at various frequencies within FAST’s window. The line styles are the same as in Fig. 3.
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Fig.7 Radio flux density of GRBs at a redshift z = 15 versus observation time ¢ in the observer
frame at various frequencies within FAST’s window. The line styles are the same as in Fig. 3.

than 5 are undetectable under v ~ 300 MHz but can be safely detected from 1 d to 2.5 yr at 0.4 GHz
and from several tens of seconds to 4 yr in high frequency bands. The peak radio flux densities at
0.4-2.5 GHz for z = 15 can reach 50-200 wJy, which is much higher than the threshold of FAST.

4.1.3 Low luminosity GRBs

In contrast, low luminosity GRBs, denoted by dash-dot-dotted lines in Figures 3—7, consist of some
special bursts with lower energy input. This leads to a smaller kinetic energy of outflows and then
much weaker radio afterglows peaking at an earlier time, around 1 d after the GRB trigger. The
weakest radio brightness is only ~ 10~* uJy at 100 MHz for a redshift z = 15. The strongest flux
density can approach 0.3 wJy at 2.5 GHz for z = 0.5 and is just close to the detection limit of FAST
for an integration time of 1 h. It is obvious that FAST can hardly detect radio afterglows from these
low luminosity GRBs. In the future, if FAST’s passband can be expanded to 8 GHz, low luminosity
GRBs could also be detected. We can also consider increasing the integration time to distinguish the
radio afterglow from a low level background.

4.1.4 Failed GRBs

Such kinds of bursts are thought to be produced by an isotropic fireball with kinetic energy like
that of standard bursts but with much lower Lorentz factors with values of several tens. As shown
in Figures 3-7, radio afterglows of failed GRBs and the standard ones peak nearly simultaneously
and they decay with time in the same way after the peak time. Compared with standard bursts, radio
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Fig.8 Peak radio flux density versus peak frequency for the failed, low luminosity, high luminosity
and standard GRBs at five representative redshifts. The two horizontal lines on top and bottom
respectively stand for the 30 and 1o limiting flux density of FAST in a 10 min integration time. The
different symbols for various redshifts are given in panel a. Note that a systematic temperature of
T4ys=20K and a bandwidth of Av = 100 MHz, which are typical parameters for FAST, have been
used for our estimation here. See the text for details.

afterglows of failed bursts can be detected mainly at later times. For z = 0.5, FAST can hardly detect
them at a frequency lower than 0.6 GHz at a level of 30 with a 1 h integration time. However, we
can detect the radio afterglows up to 85 d at higher frequencies above 0.8 GHz. The afterglow is
observable from a time of 1000, 70, 20, 15 and 8 min for 0.6, 0.8, 1.38, 1.45 and 2.5 GHz after the
burst, respectively. For the redshift z = 1, only radio emissions at a frequency larger than 0.6 GHz
are detectable from 1 d to 60 d. Radio afterglows at a redshift of z = 5 for a frequency larger than
1.4 GHz can be observed. The radio flux densities at 0.8, 1.38, 1.45 and 2.5 GHz are at a lower level
of 1-2 wly. For z > 10, radio afterglows of the failed GRBs become very difficult to detect by FAST
with its current sensitivity using a 1 h integration time.

4.2 Peak Spectra of Radio Afterglows in FAST’s Window

To investigate the sensitivity of FAST’s receiver at different frequencies, we plot the peak frequency
against the peak flux density for the above-mentioned four types of bursts at different redshifts in
Figure 8.

The data utilized here are extracted from the above calculations. Radio emission would be
steeply cut off by the self-absorption effect at lower frequencies below several GHz. This frequency
range covers FAST’s frequency bands of 70 MHz-3 GHz, which causes the radio flux density F' to
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be a power-law function of F' V2 (e.g., Sari et al. 1998; Wu et al. 2005) if the observation fre-
quency v is less than the synchrotron self-absorption frequency v,. With a systematic temperature of
Tsys = 20 K, the bandwidth of Av = 100 MHz and the aperture efficiency of n4 = 0.65 for FAST,
we have plotted the 1o and 30 limiting flux density for a 10 min integration time for comparison
(see Fig. 8).

We can see from Panel (a) in Figure 8 that radio afterglows of failed bursts are only detectable
for nearby sources with redshifts less than 5 and at relatively high frequencies. Panel (b) shows
that the radio peaks of low luminosity bursts are far below the detection limits in all our cases
and thus are difficult to detect with FAST. By contrast, we see from Panel (c) that the peak flux
densities of high luminosity GRBs are always above the detection limits, making them the best
candidates for monitoring at almost any redshifts and frequencies except very high redshift at a
lower frequency of v < 200 MHz. Panel (d) displays the radio peaks of the standard GRBs. They
can be observed by FAST up to a very high redshift of z =10 at higher frequency, very different
from the failed bursts with the relatively lower flux density at the higher frequency, although they
exhibit similar observational properties at lower redshifts in all frequency bands of FAST. Another
interesting phenomenon is that the radio spectrum evolves with cosmological redshift in the observer
frame. In addition, the spectral shape of low luminosity bursts clearly differs from that of other
classes of GRBs, which hints that they could have a distinct physical origin.

Recent numerical simulations by a few other authors have shown that sideways expansion, edge
effect, even the effect of viewing jets off axis (Zhang et al. 2014a), together with their microphysical
process transitioning from an ultra-relativistic to non-relativistic phase could play a significant role in
the expected light curves and spectra of afterglows (van Eerten et al. 2010; van Eerten & MacFadyen
2012). However, the results given by the above updated blastwave models do not significantly differ
from those predicted by the generic afterglow model utilized in this paper, especially for late-time
radio afterglows, of which the peak flux density, the peak time and the post-peak decay are very
comparable as a whole. Furthermore, it is worth pointing out that our numerical radio afterglows
at 1.43 GHz are fairly consistent with those calculated with the external shock model proposed by
Chandra & Frail (2012).

5 DISCUSSION AND CONCLUSIONS

It is interesting to notice that the fractions of high, low and medium isotropic energy GRBs in the
pre-Swift era are 4%, 16% and 80% respectively (Friedman & Bloom 2005). As Swift/BAT is more
sensitive to long-soft bursts than pre-Swift missions, the percentages are 32%, 3% and 65% respec-
tively for the high, low and medium isotropic energy GRBs in the Swift era. Obviously, the fraction
of high luminosity GRBs detected by Swift/BAT is much larger than that of pre-Swift detectors, but
the fraction of low luminosity GRBs is just the opposite. Detections by the ongoing Swift satellite fa-
vors long bursts with higher redshifts on average. This naturally yields progressively more ultra-long
bursts observed with duration up to 10* — 10° s (Zhang et al. 2014b). How the radio afterglows of
these GRBs will behave is a very important problem. We believe that their radio afterglows should
be detectable by FAST. It will promote the study of early cosmology especially with the help of
future FAST observations. This advantage is mainly attributed to the fact that long GRBs with high-
redshifts are generally thought to be produced by higher luminosity sources, e.g. the collapse of very
massive stars.

Rhoads (1997) pointed out that v-ray radiation from some GRBs with jets cannot be observed
due to relativistic beaming effects, but the corresponding late time afterglow emission is less beamed
and can safely reach us. These lower frequency radiations are called orphan afterglows, since they
are not associated with any detectable GRBs. However, Huang et al. (2002) pointed out another pos-
sibility that orphan afterglows can also be produced by failed GRBs (or a dirty fireball). They argued
that the number of failed GRBs may be much larger than that of normal bursts. It is very difficult
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to distinguish the two different origins of orphan afterglows. The initial Lorentz factor of ejecta is
a key parameter that, in principle, makes the failed GRBs different from other kinds of bursts. The
compactness limit was thought to be a robust method for estimating the initial Lorentz factor (Zou
et al. 2011). Unfortunately, current Lorentz factor estimates are still controversial although extensive
attempts had been made both theoretically and observationally (e.g., Zhang et al. 2007b, 2011; Li
2010; Liang et al. 2010, 2011; Zou & Piran 2010; Zou et al. 2011; Zhao et al. 2011; Chang et al.
2012; Hascoét et al. 2014). These measured properties are useful for discriminating between failed
and standard GRBs from their radio afterglows because such low frequency emission can be ob-
served for quite a long time (Huang et al. 2002). FAST may make an important contribution in this
aspect.

Note that the contributions of host galaxies to radio fluxes has been neglected in our numerical
calculations for simplification. This effect will add difficulties for afterglow observations with FAST
and the detection rate of radio afterglows may be less optimistic than our current study (Li et al.
2014, in preparation). On the other hand, the system temperature 7%y is sensitively dependent on a
variety of realistic factors and will be measured only after the radio telescope is built. As a single dish
antenna, FAST will operate in a lower frequency range, i.e. from 70 MHz to 3 GHz in its first phase,
and may be extended to 8 GHz in its second phase. The Low Frequency Array (LOFAR) covers
relatively lower observation frequencies of 10-240 MHz (van Haarlem et al. 2013), partly overlapped
with that of FAST. Thomson et al. (2007) gave the theoretical equation, Ty, = 60A?-5° K, as the
estimation of Tg. It has been shown that LOFAR will be dominated by sky noise under 65 MHz,
close to FAST’s lower frequency limit of 70 MHz. By contrast, at a frequency of 200 MHz, FAST’s
detection sensitivity is about one order of magnitude higher than LOFAR.

In addition, we stress that the limiting sensitivity of FAST at v > 0.4 GHz for a 1 h integration
time is under 10 Wy, which is much better than EVLA if FAST’s instrumental noise is ideally con-
trolled to be below the values adopted in this work. In this case, we predict that FAST will be the
most powerful new-generation radio telescope for studying radio afterglows. If FAST is incorporated
into an international Very-Long-Baseline Interferometry project, it would have an even more power-
ful capability at detecting radio emission from low luminosity GRBs or very distant (Chandra et al.
2010) GRBs, which should largely increase the detection rate of radio afterglows in the near future.
Considering that GRBs with Ejs, = 10°! — 1053 erg at z > 20 will be observed by the next gen-
eration of instruments in near infrared and radio bands (Mesler et al. 2014), our results will be very
valuable for making further survey plans of GRB radio afterglows with upcoming radio telescopes
such as FAST, SKA and so on.

We summarize our major conclusions in the following:

(1) We present a quantitative prediction for the detectability of GRB radio afterglows with FAST,
based on the generic dynamical afterglow model. Our calculations are carried out for four kinds
of bursts, i.e. failed GRBs, low luminosity GRBs, high luminosity GRBs and standard GRBs.
We found that the radio afterglow detection rate sensitively depends on the model parameters of
the Lorentz factor and isotropic energy.

(2) We predict that radio afterglows of all the above types of bursts except the low luminosity ones
should be detected by FAST in wide ranges of time, frequency and redshift. The detectabilities
decrease in the order defined by high luminosity, standard, failed and low luminosity GRBs.

(3) FAST is able to detect radio afterglows of GRBs at a redshift up to z ~10 or even more, which
will be very helpful for studies of GRB event rate and GRB cosmology.

(4) Radio afterglows of low luminosity GRBs will be detectable in the second phase of FAST or if
the integration time is extended enough.
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