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ABSTRACT

We present the results of observations of the radio emission from SN 2001gd in NGC5033 from 2002 February 8
through 2006 September 25. The data were obtained using the VLA at wavelengths of 1.3 cm (22.4 GHz), 2 cm
(14.9 GHz), 3.6 cm (8.4 GHz), 6 cm (4.9 GHz), and 20 cm (1.5 GHz), with one upper limit at 90 cm (0.3 GHz). In
addition, one detection has been provided by the GMRTat 21 cm (1.4 GHz). SN 2001gd was discovered in the optical
well past maximum light, so that it was not possible to obtain many of the early radio ‘‘turn-on’’ measurements that
are important for estimating the local CSM properties. Only at 20 cmwere turn-on data available. However, our anal-
ysis and fitting of the radio light curves, along with the assumption that the Type IIb SN 2001gd resembles the much
better studied Type IIb SN 1993J, enables us to describe the radio evolution as being very regular through day�550
and consistent with a nonthermal-emitting model with a thermal absorbing CSM. The presence of SSA at early times
is implied by the data, but determination of the exact relationship between the SSA component from the emitting re-
gion and the free-free absorption component from the CSM is not possible, as there are insufficient early measure-
ments to distinguish between models. After day�550, the radio emission exhibits a dramatically steeper decline rate,
which, assuming similarity to SN1993J, can be described as an exponential decreasewith an e-folding time of 500 days.
We interpret this abrupt change in the radio flux density decline rate as implying a transition of the shock front into a
more tenuous region of circumstellar material. A similar change in radio evolution has been seen earlier in other SNe,
such as SN 1988Z, SN 1980K, and SN 1993J.

Subject headinggs: galaxies: individual (NGC5033) — radio continuum: stars — supernovae: individual (SN 2001gd)

1. INTRODUCTION

Supernova (SN) 2001gd was discovered at magnitude 16.5
on 2001 November 24.820 UT by Nakano et al. (2001) located
�30 north-northwest of the center of NGC 5033. Nakano et al.
(2001) report a position of� ¼ 13h13m23:89s, � ¼ þ36�38017:700

(J2000.0), for the SN and note that nothing was detected at this
position in previous CCD images taken 179 days earlier (2001
May 29) to a limiting magnitude of 19. Ten days later, Matheson
et al. (2001) obtained a spectrum of the SN, identifying it as a
Type IIb SN well past its maximum light, with weak helium
lines and nebular-phase lines of magnesium, oxygen, and calcium

beginning to dominate. They noted that this spectrum was nearly
identical to that of Type IIb SN 1993J on day 93 after its explo-
sion. Using this suggestion to constrain the explosion date for the
SN, we assume that the optical discovery occurred �83 days
after the explosion, and therefore for calculating the age of the
supernova we assume an explosion date of 2001 September 3,
which is the same explosion date assumed by Pérez-Torres et al.
(2005).

Tully (1988) gives the distance to NGC 5033 as 18.7 Mpc
(calculated with H0 ¼ 75 km s�1 Mpc�1). Accepting their dis-
tance calculation and correcting it with an updated value of the
Hubble constantH0 ¼ 65 km s�1 Mpc�1 gives a distance to the
SN of �21.6 Mpc. We note, however, that NGC 5033 is the host
of several historical supernovae, including the radio-emitting
SN 1985L (Van Dyk et al. 1998). If we follow Van Dyk et al.
(1998) and estimate the Tully (1988) distance with Hubble con-
stantH0 ¼ 70 km s�1 Mpc�1, we obtain a distance to NGC 5033
of �20 Mpc. Since a change in the distance estimate of <10%
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will not significantly affect any of our estimates of the SN phys-
ical properties, in this paper, for consistency with the previous
radio work, we use the Van Dyk distance of 20Mpc. However, it
should be noted that Pérez-Torres et al. (2005) assumed a much
shorter distance of 13.1 Mpc.

SN 2001gd was first detected at radio wavelengths on 2002
February 8.54 by Stockdale et al. (2002) using the Very Large
Array (VLA)4 at 1.3 cm (22.4 GHz), 3.6 cm (8.4 GHz), 6 cm
(4.9 GHz), and 20 cm (1.5 GHz). They report a radio position
of � ¼ 13h13m23:889s, � ¼ þ36�38018:1400 (J2000.0) with un-
certainties of �0:200 in each coordinate, which agrees with the
reported optical position of Nakano et al. (2001) to within the
errors.

Stockdale et al. (2003) presented the results of initial radio
monitoring of SN 2001gd between 2002 February 8 andOctober
28. Their results showed that the radio emission evolves very
smoothly, consistent with the nonthermal-emitting, thermal-
absorbing model described by Weiler et al. (2002). Their results
also indicate a circumstellar medium (CSM) with significant struc-
ture embedded in a uniformmedium, similar to that proposed for
Type IIb SN 1993J (Van Dyk et al. 1994;Weiler et al. 2007). The
similar optical spectra and early radio evolution of both SN 1993J
and SN 2001gd indicate that the two Type IIb SNe may have a
number of similarities.

Pérez-Torres et al. (2005) conducted VLBI observations of
SN 2001gd at 3.6 cm (8.4 GHz) on 2002 June 26 and 2003
April 8. Although they were unable to resolve any structure in
the SN, they were able to estimate the SN angular size through
interferometer visibility fitting and found that their data suggested
a possible deceleration in the expansion (although their data were
not conclusive). Using our assumed distance of 20 Mpc to the
host galaxy and the angular size limits estimated by Pérez-Torres

et al. (2005), we calculate the upper limit to the expansion veloc-
ity of the blast wave to beP22,000 km s�1 for the 2002 June 26
VLBI observation (day 296). Depending on the exact nature of the
emitting region, the upper limit may be as low asP19,000 km s�1.
Thus, for the purposes of this paper, and for comparison with
SN 1993J, we assume an expansion velocity of 15,000 km s�1.
Pérez-Torres et al. (2005) conducted multifrequency radio ob-

servations with the VLA on 2003 April 8 to complement their
VLBI data, obtaining a spectrum consistent with synchrotron
emission partially suppressed by free-free absorption. They also
obtained X-ray data on SN 2001gd from XMM-Newton observa-
tions of NGC5033 on 2001 July 2 and 2002 December 18 and
report the detection of X-ray emission on the latter date con-
sistent with the expected reverse shock emission from typical
Type II SNe.
Recent VLA observations indicate a dramatic change in the

evolution of the radio emission from SN 2001gd. These new ob-
servations and their implications are presented in this paper.

2. RADIO OBSERVATIONS

New radio observations of SN 2001gd have been made with
theVLAat 1.3 cm (22.4GHz), 2 cm (14.9GHz), 3.6 cm (8.4GHz),
6 cm (4.9 GHz), and 20 cm (1.5 GHz), with one upper limit at
90 cm (0.3GHz) from2002November 8 through 2006September
25 and are presented in Table 1 and Figure 1. For completeness
and ease of reference, we include the previously published results
from Stockdale et al. (2003) and Pérez-Torres et al. (2005) as well
as one measurement from the Giant Metrewave Radio Telescope
(GMRT; Chandra et al. 2002) in both Table 1 and Figure 1.
The techniques of observation, editing, calibration, and error

estimation are described in previous publications on the radio
emission from SNe (see, e.g.,Weiler et al. 1986, 2002; Sramek&
Weiler 2003). We used 3C 286 as the primary calibrator for flux
density bootstrapping, while J1310+323, with a defined position
of � ¼ 13h10m28:66s, � ¼ þ32�20043:800 served as the phase
calibrator and secondary flux density calibrator. The flux densities

4 The VLA is operated by the National Radio AstronomyObservatory, which
is a facility of the National Science Foundation, operated under cooperative agree-
ment by Associated Universities, Inc.

TABLE 1

Flux Density Measurements for SN 2001gda

Obs. Date

(UT)

Age

(days) Telescope

S (90 cm)

(mJy)

S (20 cm)

(mJy)

S (6 cm)

(mJy)

S (3.6 cm)

(mJy)

S (2 cm)

(mJy)

S (1.3 cm)

(mJy)

2001 Sep 3...................... �0

2002 Feb 8...................... 159 VLA-A . . . 0.85 � 0.15 5.05 � 0.26 4.09 � 0.21 . . . 1.37 � 0.18

2002 Mar 2 ..................... 180 VLA-A . . . 1.41 � 0.20 5.41 � 0.28 3.73 � 0.20 2.18 � 0.24 1.34 � 0.18

2002 Mar 14 ................... 192 VLA-A . . . 1.84 � 0.37 4.46 � 0.24 . . . . . . . . .

2002 Mar 23 ................... 201 VLA-A . . . 1.83 � 0.36 . . . 3.66 � 0.21 2.33 � 0.32 1.00 � 0.19

2002 Apr 6...................... 215 VLA-A . . . 1.99 � 0.37 5.33 � 0.28 3.78 � 0.21 2.66 � 0.30 . . .
2002 Jun 12 .................... 282 VLA-B . . . 3.23 � 0.37 4.84 � 0.25 3.10 � 0.17 . . . . . .

2002 Jun 26b................... 296 VLBA . . . . . . . . . 3.83 � 0.19 . . . . . .

2002 Jul 16 ..................... 317 VLA-B . . . 2.73 � 0.31 4.26 � 0.23 2.39 � 0.14 . . . . . .

2002 Sep 22c................... 384 GMRT . . . 3.55 � 0.22 . . . . . . . . . . . .
2002 Oct 28 .................... 421 VLA-C . . . . . . . . . 2.07 � 0.14 0.89 � 0.18 0.81 � 0.16

2002 Nov 8..................... 432 VLA-C . . . 4.22 � 0.48 3.26 � 0.20 . . . . . . . . .

2003 Apr 8b .................... 582 VLA-D . . . 3.89 � 0.40 1.85 � 0.24 1.02 � 0.05 0.63 � 0.13 0.39 � 0.12

2003 May 23................... 627 VLA-A <3.09 . . . . . . 0.96 � 0.10 . . . <0.39

2003 May 26................... 630 VLA-A . . . 3.47 � 0.45 1.67 � 0.10 . . . . . . . . .

2004 Sep 10.................... 1104 VLA-A . . . 1.04 � 0.14 . . . <0.18 <0.79 <0.79

2005 Jun 14 .................... 1380 VLA-C . . . <1.12 <0.21 <0.14 <0.48 <0.42

2006 Jan 24..................... 1605 VLA-D . . . . . . <0.39 <0.6 . . . . . .
2006 May 29................... 1729 VLA-BnA . . . <0.32 . . . . . . . . . . . .

2006 Sep 25.................... 1849 VLA-B . . . . . . <0.29 . . . . . . . . .

a All upper limits are 3 �.
b From Pérez-Torres et al. (2005); Pérez-Torres et al. (2005) also measured a 3 � upper limit of <0.3 mJy for SN 2001gd on 2003 April 8 at 0.7 cm (43.3 GHz).
c Chandra et al. (2002).
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of J1310+323 are shown in Table 2 and plotted in Figure 2. Like
most phase calibrators, J1310+323 shows some variation in its
flux density because phase calibrators are selected for their prox-
imity to the SN and unresolvable angular size rather than their
flux stability. The primary calibrator is therefore used to deter-
mine the absolute flux density of the secondary calibrator at
each epoch of the observations.

The listed flux density measurement errors are determined based
on both the intrinsic rms background noise level of the particular
radio map and a fractional error, �, proportional to the SN flux.
The rms map noise results from both small unresolved fluctua-
tions in the background emission and random map fluctuations
due to receiver noise, while the fractional error, �, accounts for
the inaccuracy of VLA flux density calibration (see, e.g., Weiler
et al. 1986) and possible deviations of the primary calibrator
from an absolute flux density scale. The final errors (�f ) given
for the measurements of SN 2001gd are taken as the addition in
quadrature of these components:

�2
f ¼ (�S0)

2 þ �2
0 ; ð1Þ

where S0 is the measured flux density, �0 is the map rms back-
ground noise for each observation, and � ¼ 0:15 for 90 cm,
� ¼ 0:1 for 20 cm, � ¼ 0:05 for 6 cm and 3.6 cm, � ¼ 0:075 for
2 cm, and � ¼ 0:1 for 1.3 cm.

3. PARAMETERIZED RADIO LIGHT CURVES

From the most recent RSN modeling discussion of Weiler
et al. (2002) and Sramek&Weiler (2003) we use a parameterized
model:

S(mJy) ¼ K1

�

5 GHz

� ��
t � t0

1 day

� ��

e��external

;
1� e

��CSMclumps

�CSMclumps

� �
1� e�� internal

� internal

� �
; ð2Þ

with

�external ¼ �CSMhomogeneous
þ �distant; ð3Þ

Fig. 1.—Radio light curves for SN 2001gd in NGC 5033. The five wavelengths, 1.3 cm (22.4 GHz; top left), 2 cm (14.9 GHz;middle left), 3.6 cm (8.4 GHz;middle
right), 6 cm (4.9 GHz; bottom left), and 20 cm (1.5 GHz; bottom right), are shown together with their best-fit model light curves. The SN age is in days since the adopted
explosion date of 2001 September 3. Because the decline index � of the radio emission steepened after day �550, following the example of SN 1993J (Weiler et al.
2007), we have fitted the late data after day 550 with an exponential decline with an e-folding time of 500 days. The inverted open triangles represent 3 � upper limits
and the dotted lines show the extrapolation of the fit to the early data before day �550 given in Table 3.
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where

�CSMhomogeneous
¼ K2

�

5 GHz

� ��2:1
t � t0

1 day

� ��

; ð4Þ

�distant ¼ K4

�

5 GHz

� ��2:1

; ð5Þ

and

�CSMclumps
¼ K3

�

5 GHz

� ��2:1
t � t0

1 day

� �� 0

; ð6Þ

with K1, K2, K3, and K4 determined from fits to the data and cor-
responding to the flux density (K1), homogeneous (K2, K4), and
clumpy or filamentary (K3) free-free absorption (FFA) at 5 GHz,
formally but not necessarily physically, one day after the explo-
sion date t0. For amore detailed explanation of the physical mean-
ing of the parameters, the reader should consult the references
cited above.
Since it is physically realistic and may be needed in some

RSNe fromwhich radio observations have been obtained at early
times and high frequencies, equation (2) also includes the pos-
sibility of an internal absorption term (�internal ), which may con-
sist of two parts: synchrotron self-absorption (SSA; � internalSSA )
and mixed, thermal FFA/nonthermal emission (� internalFFA ):

�internal ¼ �internalSSA þ �internalFFA ; ð7Þ

�internalSSA ¼ K5

�

5 GHz

� ���2:5
t � t0

1 day

� �� 0 0

; ð8Þ

�internalFFA ¼ K6

�

5 GHz

� ��2:1
t � t0

1 day

� �� 0 0 0
; ð9Þ

with K5 corresponding to the internal, nonthermal (� ��2:5) SSA
andK6 corresponding to the internal thermal (��2:1) free-free ab-
sorption mixed with nonthermal emission, at 5 GHz, formally
but not necessarily physically, one day after the explosion date t0.
The parameters � 00 and � 000 describe the time dependence of the
optical depths for the SSA and FFA internal absorption compo-
nents, respectively.
Application of this basic parameterization has been shown to

be effective in describing the physical characteristics of the pre-
supernova system, its CSM, and its final stages of evolution before
explosion for objects ranging from the two decades of monitoring
the complex radio emission from SN 1979C (Montes et al. 2000)
through the unusual SN 1998bw (GRB 980425; Weiler et al.
2001) to the very well studied SN 1993J (Weiler et al. 2007).

4. RADIO LIGHT-CURVE DESCRIPTION

The multifrequency radio data for SN 2001gd are listed in
Table 1 and displayed in Figure 1. Examination of the data indicates

TABLE 2

Flux Density Measurements for Secondary Calibrator J1310+323

Obs. Date

(UT)

Age

(days)

Telescope

(Jy)

S (90 cm)

(Jy)

S (20 cm)

(Jy)

S (6 cm)

(Jy)

S (3.6 cm)

(Jy)

S (2 cm)

(Jy)

S (1.3 cm)

(Jy)

2002 Feb 8.......................... 159 VLA-A . . . 1.70 1.66 1.77 . . . 2.15

2002 Mar 2 ......................... 180 VLA-A . . . 1.70a 1.69 1.75 2.03 2.16

2002 Mar 14 ....................... 192 VLA-A . . . 1.70a 1.70a . . . . . . . . .
2002 Mar 23 ....................... 201 VLA-A . . . 1.68 . . . 1.80a 2.08 2.32

2002 Apr 6.......................... 215 VLA-A . . . 1.69 1.70a 1.83a 2.07 . . .

2002 Jun 12 ........................ 282 VLA-B . . . 1.67 1.73 2.01 . . . . . .
2002 Jul 16 ......................... 296 VLA-B . . . 1.72 1.77 2.05 . . . . . .

2002 Oct 28 ........................ 421 VLA-C . . . . . . . . . 2.13 2.55 2.73

2002 Nov 8......................... 432 VLA-C . . . 1.70 1.83 . . . . . . . . .

2003 Apr 8b ........................ 582 VLA-D . . . 1.54 1.66 . . . 2.40 2.91

2003 May 23....................... 627 VLA-A 2.74 . . . . . . 2.37 . . . 2.93

2003 May 26....................... 630 VLA-A . . . 1.42 1.65 . . . . . . . . .

2004 Sep 10........................ 1104 VLA-A . . . 1.14 . . . 2.47 2.35 2.24

2005 Jun 14 ........................ 1380 VLA-C . . . 1.45 1.81 1.89 1.76 1.71

2006 Jan 24......................... 1605 VLA-D . . . . . . 1.44 1.35 . . . . . .

2006 May 29....................... 1729 VLA-BnA . . . 1.58 . . . . . . . . . . . .

2006 Sep 25........................ 1849 VLA-B . . . . . . 2.42 . . . . . . . . .

a Value was not measured but was interpolated from the closest calibration at that frequency.
b From Pérez-Torres et al. (2005); Pérez-Torres et al. (2005) also measured a value of 2.58 Jy for J1310+323 on 2003 Apr 08 at 0.7 cm (43.3 GHz).

Fig. 2.—Flux density measurements of the secondary calibrator J1310+323
at the five wavelengths of 1.3 cm (22.4 GHz; top panel ), 2 cm (14.9 GHz; one
below top), 3.6 cm (8.4 GHz; middle), 6 cm (4.9 GHz; one above bottom), and
20 cm (1.5 GHz; bottom).
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that radio evolution of the SN is best described by two distinct
time intervals: an ‘‘early’’ interval before day�550 and a ‘‘late’’
interval thereafter. Although the precise date of the observed
‘‘break’’ is not well defined, it appears that around the time of
the observations of Pérez-Torres et al. (2005) on 2003 April 8
(day 582) the rate of flux decline markedly steepened, such that
the data can no longer be adequately described by the model
appropriate for earlier times. Similar ‘‘breaks’’ have been observed
in the radio light curves of other RSNe, including SN 1988Z
(Williams et al. 2002), SN 1980K (Montes et al. 1998), and
SN 1993J (Weiler et al. 2007).

An extensive search for the best parameter fits to equa-
tions (2)Y(9) was carried out on the early interval (day <550)
by minimizing the reduced �2 (�2

red ). Since there are only four
radio detections after the measurements on day 582, the ‘‘late’’
radio light-curve behavior is very poorly defined, although it can
be noted that the few detections and the several upper limits in-
dicate that the decline rate has significantly steepened and, follow-
ing the example of SN 1993J (Weiler et al. 2007), are consistent
with an exponential decline with an e-folding time of 500 days.

The early-epoch fitting parameters are consistent with a homo-
geneous (K2) CSM, although more complex structures, such as a
CSMcontaining filamentary (K3) components, cannot be ruled out.
No evidence is seen for any distant, homogeneous thermal absorp-
tion (K4 ¼ 0), and the very early data (<100 days) are too sparse
to determine from the fitting if SSA (K5), or mixed, internal, free-
free absorption/nonthermal emission (K6) may have been present.

However, we have estimated the brightness temperatures for
the early (before day �550) 20 cm emission based on a pure
FFAmodel and found that they exceed the limiting temperature
for synchrotron emission of �1011:5 K calculated by Readhead
(1994), which was also the case for SN 1993J (Weiler et al. 2007).
Given our inability to model this early absorption based purely
on our sparse early data, we have chosen to assume that SN 2001gd
has a similar brightness temperature evolution (�1011 K at peak)
for the 20 cm emission as it becomes optically thin. Given that
SN 2001gd and SN 1993J have similar characteristics at early
times, we estimate, as was the case for SN 1993J, that a signifi-
cant SSA component is required for SN 2001gd along with the
FFA component determined from fitting that describes the rapid
rise of the 20 cm data well. The best parameters that we can es-
timate for the early epoch of SN 2001gd with these assumptions
are given in Table 3. We note an apparent similarity between the
� and � 00 terms from our modeling of the SN 2001gd radio emis-
sion. This is similar to the case of SN 1993J for which the two
values were � ¼ �1:88 and � 00 ¼ �2:05. However, it must be
stated that, from pure modeling, our sparse early data only con-
strain the values of � and � 00 for SN 2001gd to lie between �1
and�2. To narrow the range of these values, we have therefore
assumed a value of � ¼ �1:88 to match the value for � deter-
mined for SN 1993J (Weiler et al. 2007).

The late period appears to be optically thin at all observed fre-
quencies, with a much steeper decline rate than is possible with
the early data determined � ¼ �0:92 (Fig. 1, dotted line). Again,
if we assume a similarity to the exponential decline seen for
SN 1993J (Weiler et al. 2007), the late epoch of SN 2001gd is
consistent with an exponential decline after day 550, with an
e-folding time of 500 days. This observed break in the radio
light curves of SN 2001gd is interpreted as indicative of a rapid
transition of the blast wave into a much more tenuous medium.
This occurs much earlier for SN 2001gd (day �550) than that
seen for SN 1993J (day �3100) by Weiler et al. (2007).

Before the break, SN 2001gd is still somewhat optically thick
at 20 cm, but after the break it appears to be optically thin. This

discounts the possibility of the break being the result of a sud-
den change in the shock velocity or magnetic field properties at
the shock front since such changes would not yield an opti-
cal depth reduction. Given the similar expansion velocities of
P19,000 km s�1 for SN 2001gd (derived from Pérez-Torres et al.
2005; see x 1) and 11,000Y15,000 km s�1 for SN 1993J (Marcaide
et al. 1997; J. M. Marcaide et al. 2008, in preparation), it is clear
that both supernovae had a period of enhanced mass-loss rate
preceding their explosions. Thus, assuming a blast wave velocity
for SN 2001gd of 15,000 km s�1 and a ‘‘standard’’ preexplosion
wind velocity of 10 km s�1, this enhanced mass loss persisted
for the�1800 yr prior to the explosion. However, in the case of
SN 1993J, this phase began�8800 yr earlier than the explosion
of its progenitor star. The shorter duration of the high presuper-
nova mass-loss rate for SN 2001gd is also borne out in its faster
rise and higher luminosity, indicating that there was less inter-
vening CSM established prior to the SN explosion to contribute
to the FFA at early epochs.

4.1. The Mass-Loss Rate for the SN Progenitor

Through use of this modeling, a number of physical properties
of SNe can be determined from the radio observations. One of
these is the mass-loss rate from the SN progenitor prior to explo-
sion. From the Chevalier (1982a, 1982b) model, the turn-on of
the radio emission for RSNe provides a measure of the ratio of
presupernova mass-loss rate to wind velocity (Ṁ /wwind) and
Weiler et al. (1986) derived this ratio for the case of pure, ther-
mal, external absorption by a homogeneous medium.

Given the limited amount of early radio data available for
SN 2001gd, there is no need to invoke more complex models
than the simple, uniform, external thermal absorption model, so
that �(t ¼ 1 day) ¼ K2 and equation (16) of Weiler et al. (1986)
can be written:

Ṁ (M� yr�1)

(wwind=10 km s�1)
¼ 3:0 ; 10�6	� 0:5

CSMhomogeneous
m�1:5

;
vi

104 km s�1

� �1:5
ti

45 days

� �1:5

;
t

ti

� �1:5m
T

104 K

� �0:68
: ð10Þ

TABLE 3

Fitting Parameters for SN 2001gd

Parameter Early (day <550)

K1 .............................................................. 7.5 ; 102

� ................................................................ �0.94

� ................................................................ �0.92

K2 .............................................................. 1.5 ; 103

�................................................................. �1.88

K5 .............................................................. 1.7 ; 102

� 00 .............................................................. �1.5

t0
a............................................................... 2001 Sep 3

S6cm peak (mJy)........................................... 7.96

L6cm peak (ergs s
�1 Hz�1) .......................... 3.8 ; 1027

t = (t6 cm peak � t0) (days) ......................... 80

Ṁ (M� yr�1)b............................................ (0.7Y5.6) ; 10�5

Assumed distance (Mpc).......................... 20

a Defined in x 1.
b Assuming wwind ¼ 10 km s�1, vi ¼ vblastwave ¼ 15;000 km s�1,

T ¼ 20;000 K, and ti ¼ 45 days.

RADIO EVOLUTION OF SN 2001gd 693No. 1, 2007



Here, the extra factor 	 is a small correction that takes into ac-
count the fact that, for SN 2001gd, the CSM density behaves like

 / r�1:61 (see below) instead of r�2 as it would under the usual
constant mass-loss rate assumption. The factor 	 is given by the
square root of the ratio of the integration constant for � in the case
of 
 / r�1:61 to the one appropriate for 
 / r�2, i.e.,

	 ¼ 2 ; 1:61� 1

2 ; 2� 1

� �0:5

¼ 0:86: ð11Þ

Since SN 2001gd is a Type IIb supernova, as was SN 1993J,
and appears to be quite similar to it, we adopt for SN 2001gd some
of the same parameters as those measured for SN 1993J. Thus, for
SN 2001gd we assume vi ¼ 15;000 km s�1 at t ¼ 45 days, which
is a value consistent with the results of Pérez-Torres et al. (2005),
as discussed earlier.

We also adopt values of T ¼ 20;000 K, wwind ¼ 10 km s�1

(which is appropriate for a RSG wind), t ¼ (t6cm peak � t0) days
from our best fits to the radio data, and m ¼ 0:845, as measured
for SN 1993J by J.M.Marcaide et al. (2008, in preparation).With
the assumptions for the blast wave and CSM properties dis-
cussed above and the results for the best-fit parameters listed in
Table 3, our estimated presupernova mass-loss rate is Ṁ ¼ 7:1 ;
10�6 M� yr�1 at 1 day before explosion.

The fitting parameter value of � ¼ �1:88 indicates that the
CSM density behaves like 
 / r�1:61, so that the mass-loss rate
for SN 2001gd was not constant but was decreasing in the years
leading up to the explosion, i.e., Ṁ / r 2
wwind / r 0:39 for a con-
stant wwind.

Since the shock speed for SN 2001gd is assumed to be
�15,000 km s�1 at t ¼ 45 days, but is variable with time (v /
t�0:155 form ¼ 0:845 from J.M.Marcaide et al. 2008, in prepara-
tion) and the presupernova wind velocity for an RSG is typically
�10 km s�1, we calculate that the abrupt decline in the radio light
curves starting around day �550 implies that this change took
place in the presupernova stellar wind �1800 yr before explo-
sion, when the mass-loss rate was as high as 5:6 ; 10�5 M� yr�1.

Integrating the mass-loss rate over the last �1800 yr before ex-
plosion, we find that during that time, the progenitor star shed
�0.07M� in a massive stellar wind. At earlier epochs of the pro-
genitor’s evolution the mass-loss rate was considerably lower, as
indicated by the radio light-curve break discussed above and the
transition of the shock wave to a lower density CSM at that time.

5. CONCLUSIONS

Figure 1 and Table 3 show that the radio light curves for
SN 2001gd can be described by standardRSNmodels (Weiler et al.
1986, 1990, 2002; Montes et al. 1997) during its ‘‘early’’ evolu-
tion up to day�550. After day�550 the flux density decline rate
clearly steepened, in comparison with SN 1993J (Weiler et al.
2007), to a form consistent with an exponential decay with
e-folding time of 500 days. The ‘‘break’’ in the radio light curves
for SN 2001gd is interpreted as being due to a change in the av-
erage CSM density. Similar breaks have been identified earlier
in SN 1980K (Montes et al. 1998), SN 1988Z (Williams et al.
2002), and SN 1993J (Weiler et al. 2007).
Normal assumptions for presupernova stellar wind properties

imply a dense wind with the mass-loss rate decreasing for the last
�1800 yr before explosion, from Ṁ � 5:6 ; 10�5 to Ṁ � 7:1 ;
10�6 M� yr�1 around the time of explosion. The mass-loss rate
was sharply lower for times earlier than�1800 yr before explosion.
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