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ABSTRACT

We report the discovery and monitoring of radio emission from the Type Ic supernova SN 2002ap ranging in
frequency from 1.43 to 22.5 GHz and in time from 4 to 50 days after the SN explosion. As in most other radio
SNe, the radio spectrum of SN 2002ap shows evidence for absorption at low frequencies, usually attributed to
synchrotron self-absorption (SSA) or free-free absorption. While it is difficult to discriminate between these two
processes based on a goodness of fituttabsorbed emission in the free-free model requires an unreasonably large
ejecta energy. Therefore, on physical grounds we favor the SSA model. In the SSA framework, at about day 2, the
shock speed is0.3c, the energy in relativistic electrons and magnetic fieldslid x 10*° ergs, and the inferred
progenitor mass-loss rated® x 10’ M yr * (assuming a Ikm s * wind). These properties are consistent with
a model in which the outer, high-velocity SN ejecta interact with the progenitor wind. The amount of relativistic
ejecta in this model is small, so the presence of broad lines in the spectrum of a Type Ib/c SN as observed in SN
2002ap is not a reliable indicator of relativistic ejecta and hencay emission.

Subject headings. gamma rays: bursts — radiation mechanisms: nonthermal — radio continuum: general —
supernovae: individual (SN 2002ap)

1. INTRODUCTION lengths all SNe Ib/c with features similar to SN 1998bw: a hy-
pernova or broad optical lines.

Y. Hirose discovered SN 2002ap in M74 (distadee7.3 Mpc;
martt et al. 2002) on 2002 January 29.40 UT (see Nakano
002). Mazzali et al. (2002) inferred an explosion date of 2002
anuary28 + 0.5 UT. Attracted by the broad spectral features
(e.g., Kinugasa et al. 2002; Meikle et al. 2002), we began ob-
serving the SN at the Very Large Array.

Type Ib/c supernovae (SNe Ib/c) enjoyed a broadening in
interest over the last few years since their compact progenitorsS
(helium or carbon stars) are ideal for detecting the signatures2
of a central engine. Such an engine is expected in the coIIapsa[]
model (Woosley 1993; MacFadyen, Woosley, & Heger 2001),
the currently popular model for long-duratiopray bursts
(GRBs). In this model, the engine (a rotating and accreting
black hole) provides the dominant source of explosive power.
The absence of an extensive hydrogen envelope in the pro-
genitor star may allow the jets from the central engine to prop- We observed SN 2002ap starting on 2002 February 1.03 UT
agate to the surface and subsequently power bursjsrays. and detected a radio source coincident with the optical position

Separately, the Type Ic SN 1998bw (Galama et al. 1998) foundat «(J2000.0 = 01"36"23:92, §(J2000.0 = + 1%45'12:87,
in the localization region of GRB 980425 (Pian et al. 2000) Wwith a 10 uncertainty of 01 in each coordinate (Berger, Kul-
ignited interest in “hypernovaé."SN 1998bw is peculiar for ~ karni, & Frail 2002). A log of the observations and the resulting
three reasons: It has (1) broad photospheric absorption lines (Iwalight curves can be found in Table 1 and Figure 1, respectively.
moto et al. 1998; Woosley, Eastman, & Schmidt 1999); (2) a
large kinetic energy releask, 5, ~ 30 E(= 10°E,s, ergsis 2.1. The Radio Spectrum of SN 2002ap

the SN energy), inferred from the optical data; and (3) bright = e peak radio luminosity of SN 2002ap, (5 GHz)~
radio emission at early time. Robust equipartition arguments led 3 , 125 ergs s* Hz %, is a factor of 20 lower thfsm the typical
to an inferred energy &, = 10*° ergs in ejecta with relativistic SNe Ib/c (Weiler et a,l. 1998) and3 x 10° times lower than

velocities,I' ~a few (Kulkarni et al. 1998, hereafter K98). No g 1998bw (K98). The time at which the radio emission peaks
other SN has shown hints of such an abundance of relativistic; 5 GHz ist ~ 3 days, which may be compared with 10 days
P ’

ejeCta. Tan, Manner, & McKee (2001) eXplainEd_ the relativistic for SN 1998bw (K98) and 10-30 dayS for the typlcal SNe Ib/c
ejecta as resulting from an energetic shock as it speeds up th‘?\NeiIer et al. 1998; Chevalier 1998, hereafter C98).
steep density gradient of the progenitor. Theay and radio The spectral index between 1.43 and 4.86 GB{Z® F, o
emission would then_arlse in the forward shoqk. »%), changes from-0.5 before day 6 te-—0.3 att ~ 15 dyays
From the perspective of a GRB-SN connection, what matters,ije g8.4¢ holds steady at a value sf-0.9. This indicates that
most is the presence of relativistic ejecfaray emission traces  he gpectral peaky, , is initially located between 1.43 and
ultrarelativistic ejecta, but as was dramatically demonstrated by 4 g6 GHz and decreases with time. This peak could be due to
SN 1998bw, the radio serves as an equally good proxy, with the gy nchrotron self-absorption (SSA) or (predominantly) free-free
added advantage that the emission is not beamed. Given thisypsarption (FFA) arising in the circumstellar medium (CSM).
we began a systematic program of investigating at radio wave-gegardiess of the dominant source of opacity, the emission for

frequencies >y, is from optically thin synchrotron emission.
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TABLE 1
RADIO OBSERVATIONS OF SN 2002ap

Epoch Fiasom* 0 Figsonz* 0 Fesot 0 Faosen.* 0

(um (rJy) (Jy) (ndy) (rJy)
2002 Feb 1.03................ 374+ 29
2002 Feb 1.93................ 211+ 44 384 + 50 255+ 44 348 + 165
2002 Feb 2.79................ 250+ 72 453 = 50 201 = 47
2002 Feb 3.93................ 410+ 41 365+ 38 282+ 34
2002 Feb 5.96................ 243+ 43 262 + 48 186 = 42 170+ 91
2002 Feb 8.0Q................ 235+ 31 282+ 32 140 = 27
2002 Feb 11.76............... 337+ 68 217+ 45 111+ 27
2002 Feb 13.94............... 292+ 38
2002 Feb 18.95............... 266+ 42
2002 Mar4.85+11.83....... 157+ 34
2002 Mar18.77+ 19.97...... 57+ 33 25+ 25

NotE.—Observations with more than one date have been co-added to increase the signal-
to-noise ratio of the detection.

density,p(r) oc vav’vlrz . Here is the distance from the star, 2.2. Robust Constraints
M is the rate of mass loss, ang s the wind speed, which is

comparable to the escape velocity from the star. The progenitorscoﬁse,:gﬁ tge[rgirr:mnt%: Svitﬁjéz?a%rllies“g::js’gviidearrlt\i/ﬁosnorgf 8&”:;?;
of SNe Il are giant stars that have lay~ 10  km'sCon- g quip g

sequently, the CSM is dense, and this explains why the FFA (Readhead 1994; K98). The energy of a synchrotron source with

: . ; flux densityF,(»,) can be expressed in terms of the equipartition
model has provided good fits to SNe Il (e.g., Weiler et al. energy dens[i)ty,p

1998).

On the other hand, the progenitors of and SNe Ib and SNe U 1
Ic are compact helium and carbon stars that have high escape — = Tt (1 4 & 7,,17) , (1)
velocities and therefore fast winds10® km s™*. Thus, a priori, Ug 2 €

the CSM density is not expected to be high. C98 reviews the
modeling of radio emission from SNe Ib/c and concludes that where n = 60./0.,, Geq?z 120d RS w882 as, U, =
there is little need to invoke free-free absorption. However, 1.1 x 10%d3 .F.' 70 cubee,as €70S, and, and, are the frac-
synchrotron self-absorption is an inescapable source of opacitytions of energy in the electrons and magnetic fields, respectively.
and must be included in the modeling of SNe Ib/c (C98; K98). In equipartition,e, = ¢z = 1, and it is clear that a deviation
Low-frequency observations provide the simplest way to dis- from equipartition would increase the energy significantly.
criminate between the two models. In the SSA model, the peak At about day 7,F,(», = 1.4 GHz)~ 0.3 mJy (see Fig. 1).
frequency is identified with the synchrotron self-absorption Thus,f,.(t = 7 days)~ 40 pas, orr =~ 4.5 x 10" cm. The re-
frequency,», , andF,(» < ») oc »*2 . In the FFA model, the sulting equipartition energy i&,,~ 10* ergs, the magnetic
free-free optical depth is unity at the peak frequemgy , and field is B,,~ 0.2 G, and the average velocity of the ejecta is
F (v < v;) decreases exponentially. Lacking the requisite dis- v.,~ 0.3c. We note that any other source of opacity (e.g., FFA)
criminatory low-frequency data, we consider both models. would serve to increase, E., , amgd,

3. A SYNCHROTRON SELF-ABSORPTION MODEL

- 143GHz The synchrotron spectrum from a source with a power-law
2 electron distributiortN(y) o< v ° fory > v,,., IS
. 512
~ 7 F v Pms F y Pmo
3 F=F 0(1 1—em) 57, Y P) Fo(vo, p), @)
- Vo Fs(vo, s P) Fo(v, 4, D)

it 645 GHZ oot GHZ where the optical depth at frequeneys given by
_EL —(2+p/2) E ( )
B v v, Vs P
2 7, = O(—) 2 m s (3)
310 Vg Fo(vor ¥ins P)

L L L LY Xm
" 1 1 Time Since g)N (days) F|(V’ Vs p) = fo F(X)X(pil)/z dX; (4)

Fic. 1.—Radio light curves of SN 2002ap. Thick solid lines are our three
SSA models described in § 3, withoc t ** t ', and  inorder of decreasing see Li & Chevalier (1999; hereafter LC99). Hexe = v/u,
thickness. Dashed line is the model fit based on FFA (8§ 4). At 4.86, 8.46, and (see Rybicki & Lightman 1979)’ and, is the characteristic

22.5 GHz, the SSA and FFA models provide the same fit, since the opacity s _
processes do not influence the optically thin flux. The models diverge in the synchrotron frequency of electrons with= v, . The sub

optically thick regime, which underlines the importance of rapid, multifre- SCIipt zero indic_ates quantities_ at a reference fre_quency that we
quency observations. set to 1 GHz. Finallyp, is defined by the equatign= 1
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The evolution of the synchrotron emission depends on a
number of parameters. Following C98, we assume phat,
ande; in the postshock region remain constant with time; here
€. = ¢ = 0.1 The evolution of the synchrotron spectrum is
sensitive to the expansion radius of the forward shock front,
r, oc t™, which is related to the density structure of the shocked
ejecta and that of the CSM. We allow for these hydrodynamic
uncertainties by lettingr, , o< ts* and, oc ty- , whetg is the

time in days since the SN explosion. In the model adopted here,

both these indices depend onandp. It can be shown that the
temporal index of the optically thin flux = o« + «, . The syn-
chrotron characteristic frequency, , is particularly useful for
inferring the CSM density, and we parametrize it gs=

¥ oli GHz, wherey,, . = 1, GHz. For typical values nfand
o(r)ocr2 o, ~—0.9,

iz

With these mscalings and equations (2)—(4), we carry out a least-

squares fit to the data. Given the lack of early optically thick
data (i.e., 1.43 GHz), it is not surprising that our least-squares
analysis allows a broad range of valuesdgr . In Figure 1 we
plot fits spanning the minimuny? «, = —1.3, — 2.1, — 3
(corresponding ta> = 40, 43, 46 , respectively and 21 degrees
of freedom [dof]). We note that for other SNe Ibte, ranges
from —2 to —3 (C98; LC99).

The fits, in conjunction with equations (13)—(15) of LC99,
allow us to trace the evolution af , the total (magnetiectron)
energy E), and the electron density( ) in the shock (Fig. 2).
We find that fora, = —1.3,r,0c t°?%; i.e., the blast wave de-
celerates. However, = —3  provides the expectgdt t°°
Adopting this physically reasonable model, we obtajft) =
1.2 x 10°t% F, o(t) = 2.%5? wJy, andp = 2 . From Figure 2
we note that the early shock velocity is high3c ) regardless
of the choice ofx, and is close to that derived from the simple
equipartition arguments (8 2.2).

The mass-loss rate of the progenitor star is estimated from
r.andn,,M,, = 8x{n.m,r?y, ~9 x 107°4,%°* M, yr, where
the compression factor ig = 1 the nucleon-to-electron
ratio is taken to be 2, ang, = 10° kn’s Knowing B,, and
our assumed, , we find,~ 10" Hz, and thdd,~5 x
107" My, yr—*—similar to the value inferred for SN 1998bw
(LC99). ,

There are two consistency checks. First, with His , FFA
is negligible. Second, the kinetic energy of the swept-up ma-
terial is 2 x 10*® ergs—consistent with our estimate of the
equipartition energy ane,

3.1. The Synchrotron Self-Absorption Model in the Context
of a Hydrodynamic Model

The results of § 3 can be tied into a fairly simple hydrodynamic
model. Matzner & McKee (1999) show that for the progenitors
of SNe Ib/c (compact stars with radiative envelopes), the ejecta,
postexplosion density profile can be described by power laws at
low and high velocities, separated by a break veloeity, =
5150€, s./M)"*~ 2 x 10*km s™*; here the mass of the ejecta
is M; = 10M; M. We useE, 5, = 4-10 andV,~ 0.25-0.5
for SN 2002ap (Mazzali et al. 2002). At~ 0.3c , the density
profile is given byp,~ 3 x 10%EZSM;>%%t %' g cm’.

This profile extends until radiative losses become importantwhen
the shock front breaks out of the star. Using equation (32) of
Matzner & McKee (1999), this happens far= 1.5c  (assuming
a typical 1R, radius for the progenitor star). Thus, the outflow
can become relativistic.

Using the self-similar solution of Chevalier (1982), the veloc-
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Fic. 2.—Inferred physical parameters based on the SSA models described
in 8 3. (@ Time evolution of the total energyb) radius of the radio photo-
sphere, €) electron density in the shock as a function of radius, aheélocity
of the shock front as a function of time. Models withoc t™** t°2* | and
t~% are shown in order of decreasing thickness. The most likely fit is the one
following r oc t°° (i.e., the model withr, oc t2 ).

ity of the outer shock radiuR (assumingp = Ar~2 CSM) is

R
Y — 52,30(E;8'ngIOBZA;O'lzt;O'lZ km S—l, (5)

where A, = M,/ (10° Mg yr*) v,/ (10® km s*)I*. The
shock velocityR is insensitive to the circumstellar wind density.
Thus, we find that the velocities inferred from the radio obser-
vations of SN 2002ap can be naturally accounted for by the outer
SN ejecta.

The energy above some velockyis

0

1
E(v>V)= f > o0 4mo’t® do
A\

= 7.2 x 10"E25M >V >*® ergs, (6)
wherev, is the velocity in units of 2&m s*. For the preferred
SN 2002ap parameterg (v >V) =~ 3.8 x 10, 5%  ergs.
There is therefore plenty of energy in the high-velocity ejecta
to account for the observed radio emission, and in fact a kinetic
energyE, s, = 0.5 would be sufficient.

Given the overabundance Bfv > V;)  relative to the energy
inferred from the radio emission, we wonder how secure are
the estimates of, 5, anMl, of Mazzali et al. (2002). In par-
ticular, these parameters are derived from early optical obser-
vations and are subject to asymmetries in the explosion. For
SN 1998bw, the asymmetric model of fich, Wheeler, &
Wang (1999) yieldedE, s, ~ 2 , an order of magnitude smaller
than that obtained from symmetrical models (e.g., Iwamoto et
al. 1998).

3.2. Interstellar Scattering and Scintillation

Interstellar scattering and scintillation (ISS) is expected for
radio SNe (see K98). Indeed, the perceptible random deviations
from the model curves (see Fig. 1), which account for the high
X2, could arise from ISS. Using the ISS model of Goodman
(1997) and the Galactic free-electron model of Taylor & Cordes
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(1993), we estimatang ,s=5% m,q~ 10% , anth,,~ Thus, even if, = »; (in which case free-free opacity would
40%; m, is the modulation index (the ratio of the rms to the not be necessary in the first place), the FFA model requires
mean) for each frequency. truly relativistic ejecta or alternatively a large departure from
We estimate the actual modulation index empirically by add- equipatrtition, resulting ifE~ 7 x 10°° [/ (3.2 GHz)[° ergs
ing m,F, in quadrature to each measurement error so that the(for v, = 0.5c instead of3c ). Clearly, the energy requirement
reducedy?;, is unity. Her& is the model flux described in would increase by many orders of magnitude, i v,
§ 3. We findmg 6= 10%,m, g~ 20%, andm, =~ 30% , in
good agreement with the theoretical estimates. This provides
an independent confirmation of the size, and hence expansion
velocity, of the ejecta. We note that since the modulation is

5. DISCUSSION AND CONCLUSIONS

not severe in any of the bands, the results8a3 are quite
robust.

4. A FREE-FREE ABSORPTION MODEL

In this model the spectrum is parametrized as follows (Che-

valier 1984; Weiler et al. 1986):

F = Kpbtie ™,

2'1t§,

(7)

T, = KZV;

wherey, = 5» GHz. We find an acceptable fitf?(= 40  for
21 dof) yieldingK, =2 mJyK,~04 a~—-0.9 §=-0.9,

and 6 = —0.8. With these parameters and equation (16) of

Weiler et al. (1986), we findM,, =5 x 10° M, yt for
v, = 10® km s* and an optical photospheric velocity of
2 x 10° km s* att = 3.5 days after the SN (Mazzali et al.
2002).

Using our derived parameters, one day after the explosion

v = 3.2 GHz, andF,(») = 1.1 mJy (Fig. 1). The unabsorbed
flux at the peak of the synchrotron spectrumFj¢y,) = 3 x

[w/ (3.2 GHZ)[*° mJy (notew, <, in the FFA model), for
which r,= 7.5 x 10"72/(3.2 GHz)]® ? cm. Thus,v,,~ 3¢ x

[/ (3.2 GH2z)I* which corresponds tb = 2[1/(3.2 GHz)]*

if relativistic effects are taken into account (R. Sari 2002, private

communication). Alternatively, if we fix the expansion velocity
to the optical valuey,~ 3 x 10* km$ (Mazzali et al. 2002),
we find a brightness temperatuig,~ 4 x 10  K—<clearly in

SN 1998bw exhibited broad photospheric absorption lines
and bright radio emission. These two peculiarities made sense
in that the simple theory suggested that broad photospheric
features are a reliable indicator of relativistic ejecta, a necessary
condition fory-ray emission.

The Type Ic SN 2002ap elicited much interest because it
too displayed similar broad lines. However, from our radio
observations we estimate the energy in relativistic electrons
and magnetic fields to be quite modeSt 2 x 10*°*  ergs in
ejecta with a velocity=0.3c. Both the energy and speed of the
ejecta can be accounted for in the standard hydrodynamical
model. Thus, our principal conclusion is that broad photo-
spheric lines are not good predictors of relativistic ejecta.

Moreover, the broad photospheric features led modelers to
conclude that SN 2002ap was a hypernova with an explosion
energy ofE., ~ 4 —10 ergs (Mazzali et al. 2002). However, the
radio observations suggest that SN 2002ap is not an energetic
event. In the same vein, we note that Kawabata et al. (2002)
suggest, based on spectropolarimetric observations, a jet with
a speed of0.2 and carrying x 10* ergs. Such a jet, re-
gardless of geometry, would have produced copious radio
emission.

We end with two conclusions. First, at least from the per-
spective of relativistic ejecta, SN 2002ap was an ordinary SN
Ib/c. Second, broad photospheric lines appear not to be a good
proxy for either a hypernova origin of-ray emission.
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and we are grateful for his help and encouragement. We also
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