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Abstract. Gamma-ray bursts, if they are generated by relativieetween high-energy electrons and low-frequency electromag-
tic strongly magnetized winds, may be accompanied by vemgtic waves that are generated at the wind front because of non-
short pulses of low-frequency radio emission. The bulk of thigationarity of the wind—ambient plasma interaction (see be-
emission is expected to be at the frequencies 6f1 — 1 MHz low). High-energy electrons, accelerated at the wind front and
and cannot be observed. However, the high-frequency tail of thgected into the region ahead of the front, generate synchro-
low-frequency radio emission may reach a few tens of MHz a@bmpton radiation in the fields of the low-frequency waves.
be detected, especially if the strength of the magnetic field Dhis radiation closely resembles synchrotron radiation and can
the wind is extremely high. reproduce the non-thermal radiation of GRBs observed in the
Ginga and BATSE ranges (from a few KeV to a few MeV).

Key words: magnetic fields — radiation mechanisms: non- Ginzburg (1973) and Palmgr (1993) suggested that GRBs
thermal — shock waves —gamma rays: bursts —radio continuumight be sources of radio emission, and that it might be used to
stars determine their distances and, through the dispersion measure,
the density of the intergalactic plasma. Here we consider some
properties of the low-frequency waves generated at the wind
1. Introduction front. We argue that coherent emission by the high-frequency

tail of these waves may be detected, in addition to the high-

The prompt localization of gamma-ray bursts (GRBs) by Begzquency (X-ray and-ray) emission of GRBs, as a short pulse
poSAX led to the discovery of X-ray/optical/radio afterglowsg¢ low-frequency radio emission (K&tz 1994, 1999).
and associated host galaxies. Subsequent detections of absorp-

tion and emission features at high redshiftsig < z < 3.42)

in optical afterglows of GRB and their host galaxies clearly

demonstrate that at least some of the GRB sources lie at cdskow-frequency electromagnetic waves
mological distances (for reviews, see Piran 1999; Vietri 199%enerated at the wind front

A common feature of all acceptable models of cosmologicglur mechanism for production of short pulses of low-frequenc
~-ray bursters is that a relativistic wind is a source of GRB radia- P P q y

tion. The Lorentz factol, of such awind is abou? — 10% or radio emission from_ relativistic, str_ongly magnetized wind-

: ) ; . enerated cosmological GRBs applies very generally. For the
evenmore (e.g., Fenimore etal. 1993; Baring & Harding 199 ake of concreteness, we consider wind parameters that are nat-
A very strong magnetic field may be in the plasma outflowingral ina GRB model trilat involves a fast rc?tatin compact object
from cosmologicah-ray bursters (Usov 1994; Blackman, Yi g P J

& Field 1996 Vietri 1996: Katz 1997: Kszros & Ree§ 1997: like a millisecond pulsar or dense transient accretion disc with

N : ! a surface magnetic fiel, ~ 10 — 10 G (Usov[1992;

. )0). S . ’

Wheeler et.al 2000) A relat|V|§t|c, strongly magnetlzgd win lackman et al. 1996; Kafz 1997; Kiniak & Rudermain 1998;
interacts with an ambient medium (e.g. an ordinary interst

lar gas) and decelerates. It was pointed ougiros & Rees bruit 1999; Wheeler 1999; Woosley 1999; Ruderman, Tao, &
1992) that such an interaction, assumed to be shock-like,

rTﬁlly'zniak 2000).
be responsible for generation of cosmological GRBs.

In this model the rotational energy of compact objects is
The interaction between a relativistic, strongly magnetize%ge energy source of cosmological GRBs. The electromagnetic
wind and an ambient plasma was studied numerically by Smal

rque transfers this energy on a time scale of seconds to the
sky & Usov (1996, 2000) and Usov & Smolsky (1998). These%nergy_ ofaPoyntingfl_ux-dominated Wir;d that;lows away from
studies showed that about 70% of the wind energy is transferF g object at r-elat|V|st|c speeds, = 107 - 1.0 (.e.g., Usov
1992). The wind structure at a time>> 7, is similar to a

(5
to the ambient plasma protons that are reflected from the er?ell With radius- ~ ¢t and thickness ot - wherer. is the
- Q7 Q

front. The other 30% of the wind energy | is distri - o ) .
ont. The other- 30% of the wind energy losses is dist buteoiharacterlstlcdecelera‘uontlmeofthe compact object’s rotation,

Send offprint requests 1.V. Usov or the dissipation time of a transient accretion disc.
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The strength of the magnetic field at the front of the wintlble 1. Derived parameters of simulations for both high-energy elec-
may be as high as tron Lorentz factol’"* and low-frequency electromagnetic wave am-
plitudes B,, and their power rati@ in the region ahead of the wind

R3 R/ B Q 2 front
B~ B,—— ~10"%= = G 1
rir r (1016G) (10481) ’ (1)

where R ~ 10% cm is the radius of the compact objeft,~ ¢ To Bj

10* s~! is the angular velocity at the moment of its formatio.2 9.5 107° 0.017
andri. = ¢/Q = 3 x 105(Q2/10*s1) cm is the radius of the 0.3 37 1.4 x 107" 0.048
light cylinder. Eq. (1) gives the real value Bfat the wind front 0-4 396~ 0.021 ~ 0.49
if both the magnetic field of the compact objectis strictly dipold}?> 339 0.02 0.42
and the thickness of the wind shell does not increase essenti%@é ;22 8'8(1); 8'?‘61
in the process of the shell outflow. ' ' )

) : . ) 1 214 0.005 0.084
The distance at which deceleration of the wind due to S33 137 1.6x10~% 0.032

interaction with an ambient gas becomes important isg@ros 75 44x10~* 001
& Reeq 199P; Piran 1999) 4 47 1.2 x107* 0.0024
1/3
- 1017 [ Qxin . .
Tdec =~ 10 1053 ergs The accuracy of the derived parametersi80% at0.4 < o < 2 and

decreases out of this rangeef

—1/3 —2/3
() (FOZ> em, (2)

lem 10 ratio of the energy densities of the ambient gas and the magnetic
wheren is the density of the ambient gas ag;,, is the initial field, By, of the wind
kinetic energy of the outflowing wind. Eq. (2) assumes spherical
symmetry; f%): beamed flom@k?n is 47 ti?nés)the wind enF:ergy o= 8mnomyc* (o —1)/Bg “)
per steradian. At ~ r4.., the main part of)y, is lost by the wheren, = nly is the density of the ambient gas in the wind
wind in the process of its inelastic interaction with the ambieftame andn,, is the proton mass.

medium, and the GRB radiation is generated. At the initial stage of the wind outflow; < 7gec, IS
Substitutingrqe. for r into Eq. (1), we have the following < 1, butitincreases in the process of the wind expansidias
estimate for the magnetic field at the wind front-at rqe.: decreases. At ~ r4ec, Whena is more thanv., ~ 0.4, the in-
2 teraction between the wind and the ambient gas is strongly non-
11)2 B, 9 ; ; ; X
Baee =~ 10%¢j = —— stationary, and effective acceleration of electrons and generation
101G 10%s of low-frequency waves at the wind front both begin (Smolsky

Qun \ 7P/ n W8 [TeV? & Usov[1996[ 2000; Usov & Smolsky 1998). Fer, < a < 1,
(1053 ergs) ( ) <102) G, () the mean Lorentz factor of outflowing high-energy electrons
revt accelerated at the wind front and the mean field of low-

where we have introduced a parametgr< 1 which gives the frequency wave<B,,) weakly depend on (see Table 1) and
fraction of the wind power remaining in the magnetic field at the,o approximately given by

deceleration radius. For plausible parameters of cosmological
~-ray burstersB, ~ 106 G, Q ~ 10* 571, Qg ~ 10°3 ergs, (Te"") =~ 0.2(m,,/me)To, (5)
Iy ~ 102 —10% andn ~ 1 cm~3, from Eq. (3) we havéB . ~ ) 21/2
(1-5) x 10*}* G. (Buw) = ((B2)” + (E,)")"" =~ 0.1By (6)

For consideration of the interaction between a relativigs within a factor of 2, wherd3, and E, are the magnetic and
tic magnetized wind and an ambient gas, it is convenient &gsctric field components of the waves. The mechanism of gen-
switch to the co-moving frame of the outflowing plasma (thgration of these waves is coherent and consists of the following:
wind frame). While changing the frame, the magnetic and elegt the wind front there is a surface current that separates the
tric fields in the wind are reduced frotf and £ = B[l — \yind matter with a very strong magnetic field and the ambient
(1/T5))H? =~ Binthe frame of the/-ray burstertd, ~ B/To  gas where the magnetic field strength is negligible. This current
andEp = 0inthe wind frame. This is analogous to the the wellzyjies in time because of nonstationarity of the wind-ambient
known transformation of the Coulomb field of a point charg%'as interaction and generates low-frequency waves.
purely electrostatic in the frame of the charge, but vfiths B Fig. 1 shows atypical spectrum of low-frequency waves gen-
in a frame in which the charge moves relativistically. Usingrated at the wind front in the wind frame. This spectrum has
this and Eq. (3), for typical parameters of cosmologiga8y 5 maximum at the frequeney,,.. which is about three times

max

bursters we havéy = (0.5 — 1) x 10%¢/” G atr = rqec. higher than the proton gyrofrequeney, in the wind fieldBy:
In the wind frame, the ambient gas moves to the wind front B
eBy

withthe Lorentz factol’ and interacts withit. The main param-,/ =~ 3, Bp = 3————.
eter which describes the wind—ambient gas interaction is the mpclo

lem—3

(7)



V.V. Usov & J.I. Katz: Low frequency radio pulses from gamma-ray bursts? 657

10

wherez is the cosmological redshift. For typical parameters of

cosmological GRBsB, ~ (0.5 — 1) x 10%¢/* G andz ~ 1,

We havevy. ~ (0.2 — 0.5)e}/> MHz. Unfortunately, the bulk

of the low-frequency waves is at low frequencies, and cannot be
observed. However, their high-frequency tail may be detected.

At high frequenciesy > vyax, the spectrum of low-

10 E

Elo ] | frequency waves may be fitted by a power law (Smolsky &
= UsoviZ00D):
S0l . 1 BW)PP xv?, (10)

where ~ 1.6 (see Fig. 1). In the simulations of the wind—
ambient gas interaction (Smolsky & Usov 1996, 2000; Usov &
Smolsky 199B) both the total numbers of particles of the ambient
gas and the sizes of spatial grid cells are restricted by compu-
o ‘ tational reasons, so that the spectrum (10) is measured reliably
10° mﬁg;] 10 only atv < 10vy,,. The amplitudes of the computed oscilla-
¥ tions withy > 10,5 are so small{ (0.2 — 0.3)(B,,)) that
Fig. 1. Power spectrum of low-frequency electromagnetic waves gelitey cannot be distinguished from computational noise (Smol-
erated at the front of the wind in the wind frame in a simulation witBky & Usov[1996). Future calculations with greater computa-
By = 300 G,T's = 300, andax = 2/3. The spectrum is fitted by a tional resources may alleviate this problem.
power law (dashed line). The value of/,,,,, depends on many parameters of both the
GRB bursters and the ambient gas around them, and its estimate,
_ _ Vimax =~ (0.2 — 0.5)e/? MHz, is uncertain within a factor of
3. Possible detection 2-3 or so. In the most extreme case in whigh. is as high

At a ~ 1, for the bulk of high-energy electrons in the regio®S @ few MHz, the high-frequency tail of low-frequency waves
ahead of the wind front the characteristic time of their syfl@y be continued up te' 30 MHz where ground-based radio
chrotron energy losses is much less than the GRB duratigRServations may be performed. In this case, the energy fluence
In this case, the luminosity per unit area of the wind front i & Pulse of radio emission at~ 30 MHz may be as high as
~-rays isl, ~ m.c3n(I'°t) while the same luminosity in low- & few percent of the GRB energy fluenceyimays.

frequency waves i, ~ c(B,,)?/4r. Using these, the ratio of A pulse of low-frequency radio emission is strongly affected

the luminosity in low-frequency waves and theay luminosity by intergalactic plasma dispersion in the process of its propaga-
is tion. At the frequency, the radio pulse retardation time with

respect to a GRB is
D D e [n.dl

vz ~ s [ nedt
T(v) ” P —— 1.3 x 10 2 S (12)

10k

ol 2my(Bu)? Ty
Ly ame Bg (Tout) -

(8)

From Table 1, we can see thatthe GRB lightcurvesinhethwhere [n.d¢ is the intergalactic dispersion measure in
rays and low-frequency waves have maximum whesabout electrons/crh, v = cn is the group velocity of radio emission,
0.4, and the maximum flux in low-frequency waves is abouttwp = 1 — (e?n./27m.1?) is the refractive index and in Hz.
times smaller than the maximum flux iprays ¢ ~ 0.5). At From Eq. (11), for the plausible parameterspf~ 10-¢ cm=3
a > 0.4 the value ob decreases with increasiiag Therefore, and a distance af0o?® cm, atv = 30 MHz we haver(v) ~ 10%
we expect that the undispersed duratipof the low-frequency s. This is time enough to steer a radio telescope for the radio
pulse to be somewhat smaller than the GRB duration, and fhéise detection. In Eq. (11), we neglected the radio pulse retar-
energy fluence in low-frequency waves to be roughly an ordgstion time in our Galaxy, which is typically one or two orders
of magnitude smaller than the energy fluence-rays. The rise of magnitude less than that in the intergalactic gas.

time of the radio pulse is very short because that the value of The observed duration of the low-frequency pulse at the
(B,,)? increases very fast whenchanges from 0.3 to 0.4 (seefrequencyr in the bandwidthAv is

Table 1).
From Eq.(7), taking into account the Doppler effect, ificbs(¥» Av) = max [, 2(Av/v)T (V)] (12)

the observer’s frame the spectral maximum for low-frequené&pr plausible parameterg,~ 30 MHz, Av ~ 1 MHz, 7(v) ~

waves is expected to be at the frequency 10* sandr, ~ 1—102s, we haver,,s(v, Av) ~ 7 x 10% s; the
, observed duration of low-frequency radio pulses is determined
Vs =~ 2L0 Winax ~ eBo by intergalactic plasma dispersion, except for extremely long
1+2z 27 (14 2)mpc GRBs.

1 By It is now possible to estimate, given assumed values for
= 1+2\102G MHz, ©) the magnetic field, the amplitude of the signal produced. We
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also assume that the plasma field couples efficiently to the fiaeghe GRB model of Smolsky & Usov (1996, 2000) is that a
space radiation field. For a radio fluende = (6)®, and a collisionless shock does not form ahead of the wind front, and

radio fluence spectral density the wind front interacts with the ambient gas during all time
0 for v < vy, of GRB generation. In this case, the undispersed duration of a

d, = { B-1 (L) P otor s ( (13) low-frequency radio pulse is of t_h_e qrder of the _G_RB duration
Vmax 7\ Vmax = 7max (see above). The second possibility is that a collisionless shock
the radio spectral flux density is forms ahead of the wind front as it is assumed in the standard ex-
-3 ternal shock model of GRBs (for areview, see Piran1999). If the

% (i) o, for 2?”7(1/) < Tr, last is true, simulations of Smolsky & Usov (1996, 1998, 2000)

= @By [ v \1P AL (14) relate only to the first stage of the wind-ambient gas interaction
2ALT (V) <me) ¢, for =er(v) =70, when the shock is only forming. In this case, the undispersed

duration of a low-frequency radio pulse is about the character-
mean value ob. For the latter (dispersion-limited) case WitH-StiC time of the_ shock formation and m{:\y be much shorter than
the parameter®. = 10~* erg cn 2, # = 1.6, vmas = 0.3 the GRB duratlon._Therefpre, o.bservat.lons of such radio pu.IS(_as
MHz, v = 30 MHz, Av = 1 MHz, 7(v) = 10* s we find Ma&Y be used for@agnqshcs oflnteract!on between a relativistic
a9 x 106B+D/2 Jy strongly magnetized wind and an ambient gas.

v~ B .

The appropriate value ef; is very uncertain. In some mod- Itis noted above that our mechanism for production of short
els it may beO(1), but in internal shock modeI;s for GRB withpUIseS of low-frequency radio emission applies very generally.

sharp subpulses its value is limited by the requirement that égGRBS generated by relativistic, strongly magnetized winds

magnetic stresses not disrupt the thinness of the colliding shgﬂ%y be accompanied by short pulses of low-frequency radio

(KatZ1997). For subpulses of wid{fof the GRB widith this sug- emission irrespective of the mechanism of GRB generation. In
gestsep < C'Q_ typical estimates aré ~ 0.03 andey < 10~ the case, for example, if the GRB radiation (or its main part)
B ’ ~ U. B ’

leading toF, < 102 Jy. is produced by internal shocks (e.g., Piran 1999 and references

These large values éf, may be readily detectable, althougﬁherem)’ not aII_ energy of the outflowing qu IS converteq to
: . -rays. At the distance.. the process of the wind deceleration
the assumed values@f are very uncertain. There are addition . .
- . ecomes essential, and a short low-frequency radio pulse may
uncertainties. We have assumed that the radio pulse spect[)uem enerated as we discuss
(13)isvalid up to afrequenay ~ 30 MHz that may be hundreds 9 i

of times higher tham,,.,.. As discussed above, the spectrum qf For detection of short low frequency radio pulses 'F may
: : e necessary to perform observations at lower frequencies than
low-frequency waves is calculated directly onlyat 10v,,. . . . o
¢ are generally used in radio astronomy, which are limited by the
At v > 10vmax, the spectrum must be extrapolated, with un- oo : .
roblem of transmission through and refraction by the iono-

known confidence, from the calculations. The radio spectral fIBx . . X
ghere. In particular, observations from space are free of iono-
]

where?®., is the GRB fluence in-rays andd) ~ 0.1¢p is the

density ab ~ 30 MHz may therefore be less than the precedin heric refraction and are shielded by the ionosphere from ter-

estimates. However, even in this case the very h.|gh senSItIVreystrial interference. Although even harder to predict, detection
of measurements at radio frequencies may permit the detec?on

of coherent low-frequency radio emission from GRBs. rom the grOl.m.d. at higher fr.equenmes may alsol be possible.
The possibility of detecting of a coherent radio pulse gener-

. . ated in the initial explosion of a supernova has been discussed in
4. Discussion (Colgate 1975; Meikle & Colgaie 19778 and references therein).

In this paper, we have shown that GRBs may be accompaniedwvever, the mechanism for the production of such a pUlSG is

very powerful short pulses of low-frequency radio emission. gntirely different from that of our paper.

our consideration we based on recent simulations of interaction Space observations are possible at frequencies down to that

between a relativistic, strong|y magnetized wind and an am@f_Wthh the interstellar medium becomes optically thick to free-

ent gas (Smolsky & Usov 1996, 2000; Usov & Smolsky 1998jee absorption. This frequency is

In these simulations it was shown that particles of the ambient , 1/2

gas are reflected from the wind front, and outflowing electrons L= 1.0 x 10° nq,@g | csc b”|1/2 Hz,

may be accelerated up to the energy of protons. These elét: T3/2

trons may be responsible for the non-thermal emission of GRBs. s

The current that separates the strongly magnetized matter ofithereng o3 = n./(0.03 cm=3) and73 = T/10%°K (Spitzer

outflowing wind and the ambient gas where the magnetic fi¢l®62),n. andT are the interstellar electron density and tem-

strength is negligible varies in time because of nonstationarityérature, respectively, and’ is the Galactic latitude. The ex-

the wind-ambient gas interaction and generates low-frequemression)) may beO(1), but could be substantially larger if the

waves. The high-frequency tail of these waves may reach a felectrons are strongly clumped or cold. In fact, determination of

tens of MHz and be detected. vabs DY Space measurements of interstellar absorption of bright
High-energy particles reflected from the wind front intera@xtragalactic radio sources is a useful probe of the spatial and

with the ambient gas. This interaction is a very poor studied prilrermal structure of the interstellar electron gas, giving infor-

cess. There are two possibilities. The first possibility assumextion which cannot be obtained from dispersion measure and

(15)
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