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ABSTRACT
We constrain the distance of the gamma-ray burst (GRB) prompt emission site from the
explosion centre R, by determining the location of the electron’s self-absorption frequency
in the GRB prompt optical-to-X/y -ray spectral energy distribution, assuming that the optical
and the y-ray emissions are among the same synchrotron radiation continuum of a group
of hot electrons. All possible spectral regimes are considered in our analysis. The method
has only two assumed parameters, namely the bulk Lorentz factor of the emitting source
and the magnetic field strength B in the emission region (with a weak dependence). We
identify a small sample of four bursts that satisfy the following three criteria: (1) they all
have simultaneous optical and y -ray detections in multiple observational time intervals, (2)
they all show temporal correlations between the optical and y -ray light curves and (3) the
optical emission is consistent with belonging to the same spectral component as the y -ray
emission. For all the time intervals of these four bursts, it is inferred that R > 10%* ( /300)%/4
(B/10° G)~* cm. For a small fraction of the sample, the constraint can be pinned down to R ~
101-10% cm for  ~ 300. For a second sample of bursts with prompt optical non-detections,
only upper limits on R can be obtained. We find no inconsistency between the R-constraints
for this non-detection sample and those for the detection sample.

Key words: radiation mechanisms: non-thermal — radiative transfer — gamma-rays: bursts —
gamma-rays: theory.

1 INTRODUCTION

Although the gamma-ray burst (GRB) was discovered about 50 yr ago first through its prompt y -ray emission, large uncertainties still remain
in understanding the prompt emission site, namely the distance of the emission site from the explosion centre R, with controversial evidence.
There are three possible sites discussed in the literature. One is the standard internal-shock site which depends on the fluctuation time-scale
Ot seen in GRB light curves (e.g. Rees & Mészaros 1994, see Piran 2005; Mészaros 2006 for reviews). It can have a large range of R ~

2¢dt ~ 10%3-10% cm because &t and  vary largely from burst to burst. The second is the photospheric radius at 10*-10'2 cm at which
the prompt emission arises as a combination of the photosphere thermal emission and a Comptonized component above it, the latter being
induced by some energy dissipation process below and above the photosphere (e.g. Rees & Mészaros 2005; Ryde et al. 2006; Thompson,
Mészaros & Rees 2007). The third one is a large radius (=10 cm), as supported by the Swift XRT data (Lazzati & Begelman 2005; Lyutikov
2006; Kumar et al. 2007) and the Fermi data of GRB 080916C (Abdo et al. 2009; Zhang & Pe’er 2009), possibly due to magnetic dissipation
(e.g. Lyutikov & Blandford 2003).

The rapidly responding ability of a few GRB-dedicated ground- or space-based optical telescopes, e.g. ROTSE (Akerlof et al. 2003),
RAPTOR (Vestrand et al. 2002), TORTORA (Racusin et al. 2008) and the UVOT (Roming et al. 2005) on aboard the Swift satellite, has
enabled the time-resolved detection of bright prompt optical emission before the y -rays die off, for about a dozen of GRBs. Five of these
GRBs, i.e. 041219A (Vestrand et al. 2005), 050820A (Vestrand et al. 2006), 051111 (Yost et al. 2007a), 061121 (Page et al. 2007) and
080319B (Racusin et al. 2008), show a temporal correlation between the strongly variable optical flux and the y -ray pulses, which suggests
that the optical emission most likely shares the same dynamical process that is responsible for the highly variable y -ray emission. While
the other four bursts have optical flux densities below or marginally consistent with the extrapolations from the low-energy power law of
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the y -ray spectra, the optical flux density in GRB 080319B exceeds the y -ray extrapolation by 4 orders of magnitude (Kumar & Panaitescu
2008; Racusin et al. 2008), suggesting that for this burst alone the optical emission has a spectral origin different from that of the y -rays.

In this paper, for the four GRBs — 041219A, 050820A, 051111 and 061121 — we assume that the prompt optical and the y -ray emissions
are components belonging to the same synchrotron radiation continuum of a group of hot electrons. Based on this assumption, the self-
absorption frequency of the synchrotron electrons, v,, which causes a break in the long-wavelength part of the continuum, can be determined
or constrained by studying the optical-to-y -ray spectral energy distribution (SED).! Since v, is dependent on the properties of the prompt
emission source, such as the distance of the emission site from the explosion centre R, the bulk Lorentz factor (LF) and the magnetic field
B of the source, from v, we can determine or make constraints on R for these bursts, using information on  and B obtained in other ways.
This is the main goal of this paper. Since the prompt optical and y -ray components in GRB 080319B are most likely of different spectral
origins because of its peculiar SED shape, our approach is not applicable to this burst.

On the other hand, for some other long GRBs, the rapid response of the dedicated ROTSE telescope has returned only upper limits of
the optical flux density during the prompt phase (Yost et al. 2007b). Another goal of this paper is to get constraints on R for these optically
‘dark’ bursts and to study whether the prompt optical non-detection is caused by a heavier self-absorption due to a closer emission site to the
explosion centre.

In this paper, we first derive analytically v, in terms of R, ,B and the emission properties in Section 2. The arguments that support
our assumption of one synchrotron continuum component for both optical and y/X-ray are given in Section 3. We derive in Section 4 the
constraints on R through v, explicitly, by determining the location of v, in the optical-to-y -ray SED and considering all possible spectral
regimes. We apply this method to a prompt optical detection GRB sample and a prompt optical non-detection sample, which are described
in Section 5. The results are presented in Section 6. Finally, the conclusion and discussions are given in Section 7.

2 DETERMINING THE SELF-ABSORPTION FREQUENCY

The GRB high-energy emission spectrum is characterized by a smoothly joint broken power-law form (Band et al. 1993). Thus, the relativistic
electrons responsible for the GRB prompt emission due to either synchrotron or synchrotron self-inverse Compton (SSC) radiation are in a
piece-wise two-power-law energy distribution:
—P1 i
N(v)fx{y A &)
y Pz, If y = yp ’

where N(y) is defined such that N (y)dy is the number density of electrons with energy in the interval of y and (y + dy), and y, is the
minimum energy of these relativistic electrons (for convenience, we omit the factor m.c? in the electron energy y mec? throughout the text
when electron energy is mentioned).

Note that although this distribution set-up is phenomenologically based on the two-power-law shape of the high-energy radiation
spectrum observed in GRBs, it has specific physical meanings. Within the shock acceleration scenario, newly accelerated electrons with a
minimum energy y; and a power-law energy distribution are continuously injected. These electrons lose energy through radiative cooling,
and the instantaneous electron spectrum steepens above a critical energy y .. All the electrons with energy larger than y . radiate away their
energy within a time shorter than the dynamical time. When y; <y, our notation correspondstoy n, =y;jandy, =y.. Wheny. <y;, the
cooling causes a flatter power law between y. and y;, even though the newly accelerated electrons are injected in the energy range above
yi. For this case, one has yn, =y and y, = y;. In summary, within the shock acceleration scenario, one has y m» = min(y;, y¢) andy, =
max(yi, Y.)- More generally, one can also have a scenario that invokes continuous heating and cooling of electrons (e.g. that envisaged in
the reconnection models), and y, then reflects the intrinsic break in the steady-state electron spectrum. In any case, our treatment is generic,
which does not depend on the concrete particle acceleration mechanism and the origin of y .

The broken power-law electron energy spectrum naturally gives rise to a piece-wise power-law photon spectrum as commonly observed:

{vBl, if yp <V <v,
f, x

O]

vB ifv >y,
where T, is the observed flux density (in units of mJy), vy, and v, are the observed characteristic emission frequencies of the electrons with
energy ym and y p, respectively, and v,, is usually the peak frequency of the vF, spectrum. The low-energy power law vP: does not extend
to low frequency indefinitely. Without synchrotron self-absorption, the spectral index below vy, changes to 1/3, regardless of whether y; <
Yc Or Yc <Yi. Below a certain frequency v, < v, the synchrotron self-absorption starts to play a significant role — at frequencies lower
than v,, the emitted photons are thermalized with the electrons. The self-absorption frequency v, is defined such that at this frequency the
self-absorption optical depth T, (va) = 1.
Let us determine v, for an emitting GRB ejecta moving with an LF  at a distance R from the centre of the explosion. In the ejecta
comoving frame (hereafter the quantities measured in this frame are marked with the prime sign), v; can be determined by equating the
un-absorbed source surface flux density Fv’é at v; to a blackbody surface flux density with temperature T’ in the Rayleigh-Jeans regime (see

1 The significance of self-absorption frequency was highlighted by Doi, Takami & Yamazaki (2007) who used the varying location of v, to interpret the
diversity in the prompt optically -ray temporal correspondence.
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Appendix A for the derivation; also see Sari & Piran 1999; Li & Song 2004; McMahon, Kumar & Piran 2006):

2T’ AZ—C(B) F, = c@or, ()" ()7 for v <y, ®)

caBF;, (4", for vi, <v; <},
where T’ = max(y a, Y m)MeC2/K, Y 5 is the energy of electron whose characteristic emission frequency is v; and k is the Boltzmann constant
[correction made here after initial online publication]. The numerical factors C; and C, are functions of 3; only whose values range from
1.2to 4.5 and from 1.2 to 7.0, respectively, for the range of observed [3; values; they have been neglected in previous works, but we include
them here.

Transforming the frequency to that measured in the observer’s frame gives v, = V', /(1 + z), where z is the redshift of the
GRB host galaxy. Measuring in the host comoving frame, the source has an isotropic luminosity of 4 R? ZFv’p,v;. This luminosity is
also given by 4 Dﬁf\,pvp, where Dy is the luminosity distance of the GRB and T, is the observed peak flux density. Thus, we have
Fv/p, = fvp(DL/R)Z/ [ (1 + 2)]. After applying these relations, equation (3) becomes

B 173
%f\)p (Vm> <vi) = meymv2 (DL> a+2? , for Vo < Vpm,

Vp Vm

B1 (4)
%f\)p (%) = meVaV (DL) Co , for v < v,.

After substituting the electron’s energy y using the following relation between y and the photon frequency v,

(Zamec) 2 (H2) Va2 ofor synchrotron, )

(szgec ) 174 (l+z ) /4 v4 for SSC,

the self-absorption frequency is calculated as

3
Ci1\5 14.6— & i 3p-
(71) > x 10 sPL, 5Vp %o Vni 17 : ( ﬂzza)
3 86 .
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for synchrotron, and
3 6
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(9)% = 108y Bl (%)
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X (%) BZXR,,* Hz, if Va <Vnm,
= ! BIBy sl 2 ;Bl D 225{3 @)
()7 a0 R (52) 7
x(l?fg)z 1Bg “Blszs & Hz, if vy <V, <V,
for SSC. In the above results, the flux density, e.g. fy,, is in units of mJy, =300 x 340 and the convention Q = Q, x 10", €.9. v = V39 X

10'° Hz and B = Bs x 10°G, is used for other quantities; the same notations will be used in the rest of the paper. In the following, our
discussion will be based on the synchrotron radiation only. But for the use of reference, the expression of v, for SSC is also given here.

3 THE ONE-SPECTRAL-COMPONENT ASSUMPTION

In this paper, we make an assumption that for the two samples (see Section 5 for a description of the sample selection criteria) studied, the
optical and y /X-ray photons belong to a same synchrotron continuum spectrum generated by a same group of hot electrons. This assumption
is based on the following three considerations. First, GRB prompt y /X-ray emission is often interpreted as synchrotron radiation of a group
of non-thermal electrons. If that is the case, the synchrotron spectrum must have a continuum extending to the low-frequency regime up
to the optical band, presumably with a gentle slope of F, oc v/3 unless it has a self-absorption break. Secondly, the optical flux density is
expected to always lie below or near the extrapolation from the y -ray spectrum. This is generally consistent with observations in our sample
(see Section 5 and Fig. 2). Finally, a temporal correlation between the optical flux variation and the y -ray light curve (LC) is observed for the
four GRBs in the our sample, suggesting the two components likely have the same dynamical origin. This is the major supporting evidence
for our assumption.

We note that there are other scenarios on prompt y/optical emission that have been discussed in the literature. These include the
synchrotron + SSC model (Kumar & Panaitescu 2008; Racusin et al. 2008), the models that invoke different emission radii for optical and
y -ray emissions (Li & Waxman 2008; Fan, Zhang & Wei 2009) and the model that invokes two shock regions at a same emission radius (Yu,
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Figure 2. Observed optical to y/X-ray broad-band spectra for the four GRBs in our prompt optical detection sample. The dotted line is a line connecting the
optical and the lowest energy y /X-ray data points. For GRB 051111, only one y -ray data point is shown, superposed with the single-power-law fitted spectral
index and its confidence range. Adapted from Vestrand et al. (2005), Vestrand et al. (2006), Yost et al. (2007a) and Page et al. (2007), respectively.

the instantaneous y -ray spectral indices 3; are available for all three intervals. The motivation of selecting this sample is the following: even
if there is no direct detection of prompt optical emission, one can speculate the existence of a prompt optical emission component that tracks
the y -ray LCs, which is the spectral extension of the prompt y -ray spectrum into the optical band. The flux level of this component must be
fainter than the upper limit set by the ROTSE observations. We want to check whether inferred R-constraints of this sample are consistent
with the sample with optical detection, and whether the non-detection of optical emission of this sample is due to the stronger synchrotron
self-absorption associated with a smaller R.

6 RESULTS

We apply the constraints on R derived in Section 4 to the first sample with prompt optical detections. The results for all the four broad-band
spectral cases are listed in Table 1. For most bursts in the sample, Case Il can be immediately ruled out because usually Bos—x > B1. Case IV
is also ruled out for some bursts because the calculated v, is 3>0.3 keV. For GRB 041219A, Case | can be ruled out for its first time interval
because the case definition is not satisfied by the calculated v,. Actually this interval is consistent with Case Il, i.e. the optical intensity is
consistent with the simple power-law extrapolation from the y -ray spectrum.

We plot the permitted R-ranges for each observation time interval in the sample for all possible spectral cases as floating bars in Fig. 3.
The observed optical to y-ray SED restricts v, from being much larger than v. Accordingly, the results in Fig. 3 give a constraint on the
emission site for most time intervals of this sample: R > a few x10% 3% BY* cm. For two time intervals (041219A Int. 3 and 050820A
Int. 3) in the sample, some spectral cases can be ruled out, thus the R-constraint can be pinned down to R ~ (104 — 10%5) 333 Bé’ “em.

Similar results for the sample with only prompt optical upper limits are plotted in Fig. 4. In about half (6/13) of the sample a heavy
self-absorption, i.e. large v,, is needed to account for the optical deficit, corresponding to the spectral Cases | and IIl, which implies a
constraint of R < 10 ¥4 BY* cm. For the remaining half (7/13) of the sample, a spectral break at vy, which is below vy but is much larger
than vy, can alone give rise to the required deficit in optical, while v, can keep being smaller than v, corresponding to Case IV. Thus, for
this half of the sample, we can provide no constraint on v, and hence on R.

Comparing Figs 4 with 3, we find that there are always overlapping regions between the permitted R-ranges for the two samples.
Therefore, we cannot draw any statistically significant distinction between these two samples as regards the constraints on their emission

sites.

6.1 The dependence of results on I and B

Strictly speaking, the constraint on R is dependent on the source LF  and the magnetic field strength B. Independent determinations of
and B for each GRB in our sample are not easy. So, in this work, we adopt the theoretically anticipated values in the standard internal-shock
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Figure 3. The constraints on the emission radii for four GRBs with prompt optical detections. For three bursts of the sample, more than one time intervals per
burst are used. Based on the emission spectral information of individual bursts or time intervals, spectral Cases Il and IV, respectively, are already ruled out for
miner parts of the sample. See details in Table 1.
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Figure 4. The constraints on the emission radii for GRBs without prompt optical detection. GRB 061222A has three time intervals that have information
available for our calculation. Based on the emission spectral information, spectral Case Il is already ruled out for the whole sample, and spectral Case 1V is
ruled out for about half of the sample. For eight bursts without known redshift, z = 2 is assumed.

model: = 300, B &~ 10° G. In the following, we will justify these adopted values based on the available information of the GRBs in our
sample.

6.1.1 Constraints on

Recently Molinari et al. (2007) inferred ~ 400 for two GRBs by directly observing the deceleration time of the GRB outflow. This value
is in agreement with what we adopt. In addition, here we present some attempts to estimate  for each GRB in our first sample (with optical
detections) using three independent arguments, which suggests that the choice of =~ 300 is reasonable.
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Table 3. The -constraints derived from the deceleration time tgec constraints for ISM and wind medium, respectively. A Hy =
71, = 0.73, M= 0.27 universe is assumed. For the GRB without a known redshift, z = 2 is assumed. For GRB 041219A the
inferred tqec-constraint is very loose, partly because of a lack of X-ray afterglow observation, and also because the early infrared light
curve (t <6 x 103 s) is highly variable, possibly of internal-shock origin, which makes it difficult to infer tge. to be these earlier times.
In the cited reference for GRB 061121, only Ey iso is given, without giving the y -ray fluence.

GRB z tdec y -ray fluence Ey,iso Reference?®
_ _ —1/8 __ —1/4 5 —1/4
(s) (1075 erg cm=2) (103 erg) (0208 Ny 02A )
041219A %) <3 x 104 15.5 15.2 1 >73 >33
050820A 2.6 <500 5.3 8.3 2,3 >337 >81
051111 1.55 <100 0.39 0.24 4 >349 >46
061121 1.3 <200 - 2.8 5 >352 >70

a1: Vestrand et al. (2005); 2: Vestrand et al. (2006); 3: Cenko et al. (2006); 4: Yost et al. (2007a); 5: Page et al. (2007).

where n is the proton number density of the ISM medium, and A =5 x 10" A, g cm~ is the wind medium density normalization parameter.
The isotropic equivalent kinetic energy Ej s, can be related to the isotropic energy release in y -ray radiation E, s, by an energy conversion
efficiency factor ny = Ey iso/Ex;iso-

The afterglow observations (X-rays and optical) for our sample show either a power-law decay starting from the earliest observation

interval or a long-lasting shallow decay followed by a normal power-law decay. It suggests that the afterglow onsets should be earlier than the
start of the single power-law decay or the start of the shallow decay. One can use the first observation data in the decaying afterglow phase
to constraint the deceleration time to be earlier than the observational epoch (e.g. Zhang et al. 2006). From the data, we find the deceleration
time tge. < 3 x 10* s for GRB 041219a, and tg. < 100-500 s for the other three GRBs (050820a, 051111, 061121). Assuming ny = 0.2,
n=1cm=2and A, = 1, we find, for ISM, > 73 for 0412193, 350 for the other three GRBs, for wind, > 33 for 0412193,
50 for the other three. The results are summarized in Table 3. We have checked the compliance with closure relationships predicted by the
external shock models for these bursts during the afterglow phase. It turns out that two (GRB 050820A and 061121) out of the four GRBs are
consistent with and in favour of the ISM environment scenario, while the other two are consistent with both scenarios and cannot discriminate
between them.

In summary, with the available data, one can only constrain but cannot determine  of the GRBs in our sample. On the other hand, all
the three constraints derived from the data are consistent with = 300 adopted in our calculations. In particular, the -constraint derived
from argument (3), which is the most stringent one among the three arguments, indicates that the assumed value of = 300 is reasonable.

6.1.2 Constraints on B

The B value in the emission region is a function of R. There are two possible origins of the magnetic field in the emission region. The first
component is the global magnetic field entrained by the ejecta from the central engine. Let us assume B ~ 10%** G at the central engine, a
typical value for a fast-rotating magnetar or a fast-rotating black hole accretion disc system — the two most plausible GRB central engine
candidates. The B value drops as R~2 with R up to the light cylinder, and then drops as R~ thereafter (Goldreich & Julian 1969). Given that
the central rotating source has a radius of R, ~ 10% cm and a rotation period of P ~ 1 ms, at a radius R ~ 10% cm, the field that is carried
within the outflow has a strength of B ~ 2 x 10°B, 14R? ;P IR}/ G.

The second B component is a random field generated in situ in the emission region, likely in a relativistic shock via the Weibel instability
(Medvedev & Loeb 1999). This random field also follows the same R-dependence and is of the same order as the engine-related B component
if g — the ratio of the post-shock magnetic energy density to the total energy density — is not too small (Zhang & Mészaros 2002).

One can also briefly estimate the local field strength by relating the GRB y-ray peak photon energy, typically ~0.1 MeV, with
the synchrotron characteristic frequency, v, = ;fn‘::c T where y is the typical energy of electrons. In the internal-shock model, y =

<F(p)(mp/me)B,, where . is the ratio of the electron energy density over the total thermal energy density in the post-shock fluid, F(p) =
(p — 2)/(p — 1) and p is the electron energy spectral index. The parameter 8, is the fractional energy gain of a proton passing the shock
which depends only on the relative LF between the fluids downstream and upstream. For internal shocks, 8, is not dependent on the shell
bulk LF  and is of the order of unity. For = 0.3 and p = 3, we have y ~ 300. Thus, the required B value can be estimated as B ~ 5 x
10° 356Y300(*5?) G-

The three crude estimates are marginally consistent with each other. We have taken B = 10°Bs G as the typical value throughout the text.
Of course, a large uncertainty exists due to our lack of understanding on the field properties, but it is reconciled by the very weak dependence
of R on B (1/4 power).

6.2 Comparison with results from an alternative modelling approach

Kumar & McMahon (2008) developed a general method of modelling GRB’s y-ray emission properties. Their method considers the
synchrotron and the SSC emission, respectively, as the radiation mechanism, takes into account the radiative cooling of electrons and uses
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