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ABSTRACT

We calculate the time evolution of the flux, apparent size, and image centroid motion of gamma-ray burst
(GRB) radio jets and show that they can be resolved by the Very Long Baseline Array (VLBA) at distances of
hundreds of megaparsecs. We find that GRB 030329, which showed spectroscopic evidence for an associated
Type Ic supernova (SN) at a distance=800 Mpc, might just be resolvable by VLBA after several months.

The prospects are much better for jets that are oriented sideways in similar SNe with no GRB counterpart; in
particular, the motion of the flux centroid in such jets can be detected by the VLBA zip tb , even when the
jet cannot be resolved. If most GRBs are accompanied by a Type Ib/c SN, then there should be a few SN/GRB
jets per year within a distance200 Mpc, and most of them would be oriented sideways with no gamma-ray

or X-ray precursor. Detection of these jets can be used to calibrate the fraction of all core-collapse SNe that
produce relativistic outflows and determine the local GRB rate. Overall, the rate of Type Ib/c SNe that do not
produce a GRB at all, but rather make relativistic radio jets with an initial Lorentz factor of a few, may be larger
by up to 2 orders of magnitude than the rate of those that produce GRBs.

Subject headings: gamma rays: bursts — ISM: jets and outflows — supernovae: general
On-line material: color figures

1. INTRODUCTION tually becomes nearly spherical afteb x 10° yr (Ayal &

Recent evidence indicates that long-duration gamma—rayplran 2001).

bursts (GRBs) are associated with Type |Ic supernovae (SNe),
of particular significance is the 3500-8500spectrum of SN 2. FLUX, SIZE, AND CENTROID SHIFT OF GRB JETS
2003dh associated with GRB 030329 (Stanek et al. 2003),
which was very similar to that of SN 1998bw/GRB 020405 First, we calculate the radio flux from GRB jets observed
(Nakamura et al. 2001). This supports previous more circum- from different viewing angled,,, with respect to the jet axis.
stantial evidence, such as late time bumps in afterglow light We assume a double-sided jet and calculate the emission from
curves (Bloom 2003) and the association of GRBs with central both the forward jet that points toward the observig, (<
star-forming regions of galaxies (Bloom, Kulkarni, & Djor- 7/2) and the opposite counterjef,(, ,= 7 — 04, = 7/2 ).
govski 2002). This evidence raises two basic questions: Off-axis light curves from GRB jets were already calculated
(1) which fraction of all core-collapse SNe produces relativistic using different models with various degrees of complexity
outflows, and (2) what is the probability distribution of the (Granotetal. 2002), varying from simple models (Dalal, Griest,
collimation angle, initial Lorentz factor, and energy output of & Pruet 2002; Rossi, Lazzati, & Rees 2002) to humerical sim-
these outflows? ulations (Granot et al. 2001). Compared to simpler models,
For every nearby<1 Gpc) event like GRB 030329, there Simulations typically show differences of order unity in the flux
should be hundreds of GRB jets that are not pointed at us,around or after the time of the peak in the light curve, a much
based on existing estimates for the jet opening angle (Frail etmore moderate rise in the flux before the peak, and a much
al. 2001). As sufficiently close GRBs can be resolved by radio smoother peak d,,. = 30, , whetg is the initial jet opening
telescopes (Woods & Loeb 1999; Cen 1999; Granot, Piran, & angle. The more moderate rise before the peak is due to rel-
Sari 1999; Ayal & Piran 2001; Paczgki 2001), an effective  atively slow material at the sides of the jet, which emits much
method to address the above two questions is to search fomore isotropically compared to the front of the jét<£ 6, ),
relativistic outflows in nearby core-collapse SNe. In § 2, we Where the emission is strongly beamed away from off-axis
calculate the expected flux, apparent size, and image centroidPbservers at early times. A simple model for the emission from
motion of semirelativistic GRB radio jets viewed sideways. the material behind the bow shock of GRB jets, which essen-
Such jets would have no observable GRB precursor but Cantlally_ addresses the same emission component, was also in-
be identified and timed via their associated SN emission. TheVvestigated by Wang & Loeb (2001). .
early images of relativistic SN/GRB radio jets may resemble For simplicity, we adopt an extended version of model 1
relativistic radio jets in quasars (Begelman, Blandford, & Rees from Granot et al. (2002); where appropriate, we mention the
1984) or microquasars (Mirabel & Réduez 1999). However, ~ qualitative differences that are expected in more realistic jet
while quasars often inject energy continuously into the jet, GRB models. We assume a point source that moves along the jet
sources are impulsive. Although quasar jets remain highly col- axis. Its radial locatiof, the lab frame timé, and the obse_rved
limated throughout their lifetimes, GRB jets decelerate and time t,, are related by,,, = t — Rcosf,, . For an on-axis ob-
expand significantly once they become nonrelativistit, yr server o, = 0), we assume a broken power-law spectrum
after the explosion. The hydrodynamic remnant of a GRB even- (Sari, Piran, & Narayan 1998). The values of the peak flux and
break frequencies before the jet break titné,,;) are taken

* Guggenheim Fellow; on sabbatical leave from the Department of Astron- from Granot & Sari (2002). o -
omy, 60 Garden Street, Harvard University, Cambridge, MA 02138. At t; <t <tyg Wherety, (t,, nd IS the nonrelativistic transition

L81



L82 GRANOT & LOEB Vol. 593

10* :
(\l'_| Vobs = 43 GHZ
'S 10°
Q .8
= 10 Oops=0,1 SONON Sy
g  |----- Bps=0.2,1-0.2 N nz: .......
AT A Bops=0.4,1-0.4/ >
Q -mmm Bopg=T/4 34 | >
X ©
N o
!
I
.E. 90 = 01 I’ 10‘2,
S IRT !
- 1
L ' .
' L2 .
10_1 L L l’ § 10_3_1 —t ‘0 ‘ : ‘1 ‘2 ‘3 4
10~ 10° 10" 10? 10° 10 10 10 10 10 10

tops in days Lops in days
P _ . - Fic. 2.—Angular extent of the jetd,.., in units of 6, (e.g., eq. [4]), for
FIG. _l.—Riadlo “gh_t Curv‘f’(’“__ 43 GTZ) for diferent "'e""'”E angles the same viewing angles and jet parameters as in Figseg.the electronic
andE =10" ergsn=1cm?® f, =01 ¢ =0.1 ¢ =0.01 ,and =25 . editi  the J al § | °  this f
The jet that points toward ug . ,< «/2 ) and the counterjet that points away ition of the Journal for a color version of this figure]
from us @, .= ™ — 0 s, = ©/2) are shown using the same line style (the
emission from the counterjet peaks at a later time). The SN radio emission is

expected to be much weaker in the plotted range of observed tiGeesthe _ _(y2_ 2
electronic edition of the Journal for a color version of this figure] % =f= 1-Inx—(x 1/2)/8 ~1—Inx— ,

R 1- 06216 2a
. , , (3)
time, the temporal scaling of the peak flux and break frequencies L ) .
is modified according to Rhoads (1999) and Sari, Piran, & Halpern Wheren = n, cm ° is the external density afid= 10°Es, ~ ergs

1999). Att > t,,5 , the scall hanged to those for the Sedov-IS (€ energy in the two jets.
( )- Alt > 1, the scalings are changed to those for the ov Figure 1 shows the radio light curves at differégt for both

Taylor regime (e.g., Frail, Waxman, & Kulkarni 2000). The light the forward jets and the counterjets. While the optical is typically
fri%vsi;cr)r;c;lftfi:: |s(§>fbs$]rg/ errsalgig:%?wca:‘lizlj(lj?:te[g ”smtg t?; ag IOiolon"’ueabove the peak frequenay fatthe radio is typically below,, ,

s vLZobst "oba” obal and therefore the temporal decay slepe —dInF/dInt, ,  for
aF,a[0, toni(0)], Wherea = (1 — )/ (1~ fc0S0,,) - INGranot g g changesfrom-1 td a,,. Aftert,,  wheny, sweeps
etal. (2002), it was also assumed tha(0)A.,{0 ..) = a ,which past the observed frequengy, o,= p , whiletatt,, a =
is an approximation, since actuatly,,(0)/dt {0 ,.,) = a andis (15p — 21)/1Q wherep ~ 2—2.5 is the power-law index of the
not very accurate faf <t <t,, Whepdrops exponentially with  electron energy distribution. Fd,.>0, , the flux still rises at
radius. In this case, we must use the more accurate relationf,,; < tops < topsmm fOr O, = 7/4, the flux peaks att,,, =
tys = t — RCOS,,, Where R = [oA(M)dt. The Lorentz fac-  tos, While forf,, = /4,1, = ty. If tobs‘g = typs.m the spectral
tor is approximately given byy = 6,'(t/t)*? at<t y= slope should change froRy oc »**  #§~”"*  taf, ,, which should
(961 exp (1_ t/t]) at tj <t<tw: and’y ~ [1 — BﬁR(UtNR)76/5]71/2 be zeasy to observe. I‘fp :_ tNR ) the‘%bs,p ~ _tobs.j (ewbsloo)2 ~
at t > t,z, Where we usg,, = B(tys) = 0.5 le = 23~ turfod 4 for.00< 0 b 1, while f_or the_\ counterjet ,, ~ tyz , SO

that the ratio of the two peak times+s4/03 and may be used

.15 for the transition to the nonrelativistic regime. We find . obs
119 9 to estimatef,,; For 0, = 7/4,1t,,, for the two jets is less than
a factor of~10 apart. The light curves for the counterjets with

Oops, 2= 374 (0 4ps, .= w/4) are all very similar and peak at

[1 — (t/)°62/16]c, t<t, B om ot
R~ {{1 — [exp (2/t, — 2) — 1/2]@5t, /8 ct, <t <tyg, For 6,,.> 0, the peak flux is a factor of a few larger than
Rur + [(Utye)*® — 11(5/2)8 neCtre t>tye the flux for 6,,, = O at the samé,,. For more realistic jet

models, we expect a much smoother peak and a somewhat
@) smaller peak flux. We note th&j(t,z) < E  (Frail et al. 2000),
so that a larger energy implies a larger flux,at For example,
) . keeping the same energy per solid angle and incre@sfingm
where Rz = R(t\g) . Following Sari tzat al. (1999), we use (1 to 0.3 (0.5) would increasé and thereforeF (t,;) by a
tons(fops = 0) = Ri4y“cinstead oR/16y°c and adopttheirex-  factor of 9 (25) and would modify the afterglow light curves
pression fort,,;(0) and the relation = 4t,,.;/0; . Using a (Granot et al. 2002).

! ! 3
simple energy equationE,, = 2E/65 = (4n/3)nm,c°R%° Figure 2 shows the maximal angular Size_ of the jets
andtye/ti = 1 — Inx, wherex = 76, , we obtain and counterjets from Figure 1 in units of

Rur f (E51)1’3( D ()l
=M _q4- (=2 [—— 4
bve = s\n,) \loompg ™M @

_ 3E 1/3 . (E51) 1/3
R =R({) = (27rnmpc2) = 6.8 x 10 n, cm, (2)

% 1If both the forward jets and the counterjets are visible, the total angular
2 Heref =~ 3 forf, = 0.1 and has only a weak logarithmic dependencé,on size would be the sum of their twi, .
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measured from the center. The Very Long Baseline Array
(VLBA) has an angular resolution 5170 pas at 43 GHz and
may resolve the jet arourg (typically a few months to years
after the SN), up to distancesbf~ 1  Gpc. The expected peak
flux at 43 GHz for a jet wittf,,,~ /4 aD ~1 Gpcisl mJy.

The apparent velocity of the source on the skyyjs=
(d0pa/dt 0,9 D = RSING pl(t — RCOSO ). For t<t, v,,~
const(see inset of Fig. 3) and isc for 6,,, = /2, subluminal
for 6,,.> /2, and superluminal fof, < n/2 . Fob <1 ,
we obtainuv,, ~ 2¢6,,J/(0%,s+ 1/8y?) , which for ,,> 1/y is
~ 2clf,,s For,.< 1/, we do not obtain the familiar result
v,,~ vC for the afterglow image, since we consider a point
source at a fixed anglefrom our line of sight, while the edge —04f —mmmms Bops=/4
of an afterglow image viewed on-axis is at- 1/y , where 06k Bops=T/2,0 !
changes with time (substitutingy,.~ 1/y  in our formula re- v 160 10" 1(‘)2 16 10
produces this result). However, we are interested mainly in t . in days
B,ps> 0, for which our simple estimate of the source size is obs
reasonable. Whef becomes< 1/, v,, begins to decrease. g, 3.—Angle of the FC relative to the center of the SN explosin,

At this stage, if the jet expands sideways significantly (i.e., along the projection of the forward jet (with,.< «/2 ) on the sky, in units
0. ~ 1/y) and if the emission from the whole jet is taken into  f fne (€.9., €. [4]). The inset showd.,/dl,,, f@F = 100  MpcSep the
account, themap~ vC anf,.(ty) ~ One  for abl,,. and not electronic edition of the Journal for a color version of this figure.]

just forf,,, = «/4. Justhow [t 9 changes witt) depends L :
on how close to spherical the jet istat. Numerical simulations ~ €quipartition parameters for the electrogs () and the magnetic
show that the jet does not expand laterally very much before fi€ld (es). in a similar way as was done for GRB 970508 by
t. and may approach spherical symmetry only long after Frail et al. (2000). This can help constrain the structure of GRB
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(Granot et al. 2001; Ayal & Piran 2001). jets and test if they are uniform or vary smoothly.
Figure 3 shows the angular location of the flux centroid (FC)
...« Our results are consistent with those of Sari (1999) for 3. APPLICATION FOR GRB 030329

Oops< 0o andt <tye. The inset showsd .. fdt o= v,,/D  for GRB 030329 was detected at a very low redshiftzok

D = 100 Mpc. Because of symmetrfl, = 0  fofq,= 0.1685(Greiner et al. 2003) or an angular distafice: 590  Mpc.

0, @/2. At t<tyg the forward jet is much brighter than the  pagpite jts jow energy output in gamma rays, bumps in its optical
counterjet forby,, = /4, and the FC Igrgely foIIows_the for- afterglow light curve provide evidence for later energy injection

ward jet. However, when the counterjet peaks-gf, it be- by refreshed shocks that bring the energy of the afterglow shock
comes somewhat brighter than the forward jet, so that the FCjoqe 14 its average value for all GRBs (Granot, Nakar, & Piran

gets closer to the location of the counterjet (as may be seer12003) Thus, we exped,,~1 . Since the prompt GRB was
. 3 51~ .

from the negative values 6., in Fig. 3). Afterty,, the forward —  ohserveds <g. and the emission from the counterjet should
jets and counterjets have almost the same brightness and thﬁeak a2t ~ 2R\ o/C ~ 5(E,/n )3 yr, at a flux of~20 ply
NR ™~ NR 51 ’ ’

FC moves very close to the location of the SN, which is midway which would be difficult to detect. Howevey,, \for the forward

f(’)‘f;‘;ﬁ;né??htg’?:gse' T?(i)sr i(;np[efr /2 r?]taerrtlarglfo?h;r;ggrien thejg::t could be somewhat earlier, around a few months, because of
listic iet model tﬁ'R lzbs f th ' tNF%' t liaht . light-travel effects and since the jet is still mildly relativistic at
realistic jet model, the peak of the counteret ignt curve 1S tye- If the jet spreads sideways significantly during the relativistic
expected to be flatter and at a somewhat lower flux level, so phase , ~ 1/y ), then its angular size after a few months should
that it is less clear if it will peak above the emission from the o _, * 270E, }n ) uas, which just might be resolved by the
forw_ard Jet. Therefore itis not obvious Whettﬁ@gm.vwll actually VLBAT.R Howeverl, h? the Ia’EeraI spreading of the jet during the
;)hbtfunlnegau;]/e values nfmz' Hfoweever, tr}i main CO?C(LUS'C’”' relativistic stage is modest, the jet might be resolvable only after
atalarge change ., Of ~fy fOr 6, ~ /4 IS expected near o oy vears when it becomes more spherical but rather dim (a

s OVer a timescalé\ty,s = tops , @S well as the conclusio_n that few tens of microjanskys). The expected shift in the FC from
0. approaches zero -t , is robust (unless the two jets areearly times to several months may be up to an angle of

not identical or encounter a different external density). ; 13 ; g
o ~Sin0,,dvr= 0P = 19 s{n J*° nas, which might just be de-
The best rms error on the localization of the FC was reported o apie with the VLBA if6,, ~0,.

as 10pas (Fomalont & Kopeikin 2003). Such an accurate lo-
calization requires a nearby bright radio quasar on the sky.

Compared to the best available angular resolutign,can be 4. COMPARING THE RATE OF SUPERNOVAE Ib/c AND GRBs
determined with an accuracy better by a factor~df0-20. The rate of Type Ib/c SNe (SNe Ib/c) in spiral galaxies is
Therefore, the movement of the FC on the sky may be detectedestimated to be-0.2 per century per 0L, - (Prantzos &
even when the jet is not resolved (i.e., at early tines; tq Boissier 2003). The luminosity density of the local universe
for relatively nearby sources, or nef, for more distant  (Glazebrook et al. 2002; Blanton et al. 2003)0° L, ., Mpc~,
sources potentially up to cosmological distances,1 , al- implies a rate density of SN Ib/c &f2 x 10* Gpc ®yr ™. The
though such sources would be dim at that agé,1 mJy). collimation-corrected rate of GRBs is estimated to be (Frail et

At sufficiently late times=tyz ~ 1 yr, when the jets become  a|. 2001)~250 Gpc~2 yr ~*. Hence, only~1% of all SNe
nonrelativistic and begin to approach a spherical configuration, |b/c may be associated with GRBs.
one may estimate their physical parameters, Een, and the

° Norris 2002 has a more optimistic prediction tta25% of all SNe Ib/c
4 See http://www.aoc.nrao.edu/viba/obstatus/obssum/node30.html. produce a subclass of low-luminosity GRBs similar to GRB 980425/SN 1998bw.



L84 GRANOT & LOEB Vol. 593

However, more SNe may have relativistic outflows with low from the ionization cones preceding the jet in the surrounding
Lorentz factors that would not result in GRBs (which require gas (Perna & Loeb 1998). Since the recombination time of the
an initial Lorentz factol, = 100 ) but rather in UV (fdr, ~ gas is~10°n,* yr, these cones should exist for long times after
10) or radio (forI, < 3) transients only. The observational the SN explosion. However, the separation between the ioni-
constraints on the rates of such transients are weak. Calibratioreation fronts and the edges of the jet grows large only after
of the statistics of relativistic radio jets in core-collapse SNe the jet becomes nonrelativistic. At these late times, one may
can be used to infer the rate of such transients (which shoulddetect emission lines from highly ionized metal-rich gas (Perna,
occur on the rare occasions when the same jets are viewed onRaymond, & Loeb 2000) that reflect the hardness of the emis-
axis). It can also provide new and more reliable evidence for sion spectrum of the jet at earlier times, when it was highly
the collimation of GRB jets and an independent estimate for relativistic. Detection of ionization cones can be used to infer
the distribution of the collimation angles. the early opening angle and spectral flux of the jet at different
frequencies (corresponding to the the ionization state of dif-
ferentions). The latter can be used to estimate the initial Lorentz
factor of the jet,I',, in the range~5-20, or determine if

We have calculated the radio light curves and the evolution T, < 5 (no ionization cones) df, = 20 (ionizing extending up
of the apparent size and FC of GRB jets viewed sideways. Asto soft X-rays).
the jets do not point at us, they will have no gamma-ray pre- There is strong evidence connecting GRBs with Type Ic SNe

5. CONCLUSIONS

cursor but will instead be preceded by an SN Ib/c. Ahyr that have a large kinetic energy,107 ergs (termed “hyperno-
old GRB remnant ab ~ 100 Mpc is predicted to have a char- vae” by Paczyski 1998), and have a distinct spectral signature,
acteristic radio flux of~100 mJy, an image size efl mas, as was observed for SN 1998bw and SN 2003dh. The search

and FC motion of~20 pas week™. Such a source can be for GRB radio jets in SNe with such a spectrum is particularly
resolved by the VLBA aD <1 Gpc, while the motion of its  interesting, as it could show whether all such SNe produce GRBs.
FC might be monitored up to~1 (althoughza+ 1  itwould Foré,. < 6, the existence of relativistic jets can be revealed by
be very dim,~0.1 mJy). The apparent size of the jet or su- their high brightness temperatures10™ K, e.g., Kulkarni et
perluminal motion of its FC within the first few months after al. 1998; Li & Chevalier 1999). The fraction of SNe Ib/c that
the SN may provide evidence for relativistic motion. produce GRB jets can help determine the local GRB rate and
A relativistic jet of lengthct may also serve as a yardstick the distribution off,.
for constraining cosmological parameters. However, the re- It may prove interesting to search for a correlation between
quired precision for this purpose may not be attainable if the the value ofl', as estimated from the ionization cones and the
jet orientation is not well known or the surrounding medium spectrum of the SN. A correlation with ejecta energy and abun-
is inhomogeneous. dance patterns (Maeda & Nomota 2003) may show a contin-
For an off-axis jet, there should be a time-dependent linear uous change in the SN spectrum as a functiod'pbf the
polarization, which peaks near the time of the peak in the light bipolar jets, which might indicate that these jets are intimately
curve and slowly decreases with time as the jet becomes moreelated to, or perhaps are, the main cause of the SN explosion.
spherical and symmetric around the line of sight (Granot et al.
2002). If the jet is resolved, then polarization maps could be  We thank Josh Winn, Mark Reid, and Re’em Sari for useful
generated, as is commonly done for extragalactic radio jets.discussions. This work was supported in part by the Institute
This could reveal the magnetic field geometry and orientation for Advanced Study (IAS), funds for natural sciences (J. G.),
in the jet and whether it has a large-scale ordered componeniand NSF grants AST 00-71019 and AST 02-04514 and NASA
(Granot & Kinigl 2003). grant NAG5-13292 (A. L.). A. L. acknowledges support from
The existence of an early phase during which the emissionthe IAS at Princeton and the J. S. Guggenheim Memorial
of the jet peaked in the UM(= 10 ) canin principle be inferred Fellowship.
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