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ABSTRACT

We present a radio light curve of supernova (SN) 2014C taken with the Arcminute Microkelvin
Imager (AMI) Large Array at 15.7 GHz. Optical observations presented by Milisavljevic et al.
demonstrated that SN 2014C metamorphosed from a stripped-envelope Type Ib SN into a strongly
interacting Type IIn SN within 1 year. The AMI light curve clearly shows two distinct radio peaks,
the second being a factor of 4 times more luminous than the first peak. This double bump morphology
indicates two distinct phases of mass-loss from the progenitor star with the transition between
density regimes occurring at 100-200 days. This reinforces the interpretation that SN 2014C exploded
in a low density region before encountering a dense Hydrogen-rich shell of circumstellar material
that was likely ejected by the progenitor prior to the explosion. The AMI flux measurements of
the first light curve bump are the only reported observations taken within ~ 50 to ~ 125 days
post-explosion, before the blast-wave encountered the Hydrogen shell. Simplistic synchrotron self-
absorption (SSA) and free-free absorption (FFA) modelling suggest that some physical properties
of SN 2014C are consistent with the properties of other Type Ibc and IIn SNe. However, our single
frequency data does not allow us to distinguish between these two models, which implies they are
likely too simplistic to describe the complex environment surrounding this event. Lastly, we present
the precise radio location of SN 2014C obtained with eMERLIN, which will be useful for future
VLBI observations of the SN.

Key words: supernovae: individual: SN 2014C — radio continuum: stars

1 INTRODUCTION likely the last evolutionary stage of red supergiants (RSG;
Smith 2014). Core-collapse Type Ib and Ic SNe (SN Ibc)
show no H (and in the latter case no Helium [He]) in their
optical spectra, which indicates that the progenitors went
through a phase of extreme mass-loss before their inevitable
demise, which stripped the majority (if not all) of their outer
H (and He) envelopes. As a result, SNe Ibc are often referred
to as “stripped-envelope” SNe.

Mass-loss is an important ingredient in understanding the
evolution of massive stars and has a significant impact on
their final stellar death. The different types of core-collapse
supernovae (SNe) we observe are a direct result of the
amount of mass shed by the progenitor star. The majority of
core-collapse SNe are Type II, which exhibit Hydrogen (H)

emission lines in their optical spectra and in most cases are
The commonly accepted paradigm when modelling stel-

lar evolution is that massive stars evolve in isolation and that
* E-mail: gemma.anderson@curtin.edu.au mass-loss is caused by line-driven winds that are highly de-

1102 ‘2T Afenuer uo Areiqiayl e /Blo'sfeulnolpiojxo-seluw//:dny wodiy papeojumoq


http://mnras.oxfordjournals.org/

2 G. E. Anderson et al.

pendent on metallicity (Conti 1976). However, recent stud-
ies have shown that the influence of line driven-winds is
likely overestimated and that other mechanisms may also
play a substantial role in stellar mass-loss, particularly with
the stripping of a massive star’s H-envelope (for example
see Smith et al. 2011; Langer 2012; Smith 2014, and ref-
erences therein). These mechanisms include binary inter-
actions involving Roche-lobe overflow, which may play a
significant role in creating most SNe Ibc progenitors (e.g.
Iben & Tutukov 1985; Yoon et al. 2010; Smith et al. 2011;
Dessart et al. 2012; Bersten et al. 2012, 2014; Yoon 2015).
During this binary evolution, a Hydrogen-rich (H-rich)
common envelope can also be ejected (Podsiadlowski et al.
1992).

Another form of extreme mass loss can occur when
the progenitor star undergoes a very rapid and mas-
sive ejection of stellar material shortly before its SN.
Such events are known as SN precursors or “impostors”
(Van Dyk et al. 2000; Van Dyk & Matheson 2012) and are
often part of the luminous blue variable (LBV) evolution-
ary phase where the ejected mass of material can be any-
where from 0.1 Mg up to > 10 Mg (Smith & Owocki
2006). LBVs have also been shown to be the progeni-
tors of Type IIn SNe (SN IIn), which have strong narrow
H lines (Gal-Yam et al. 2007; Gal-Yam & Leonard 2009).
The most famous case of a SN precursor is 2009ip, which
finally went SN in 2012 (Smith et al. 2014). Studies by
Ofek et al. (2014) demonstrate that the progenitors of more
than 50% of SNe IIn undergo at least one massive pre-
explosion outburst within a year of their SN explosion.
The narrow H lines seen in the optical spectra of SNe
IIn are therefore caused by the SN shock encountering
a dense Hydrogen shell (H-shell) of circumstellar mate-
rial (CSM) that was lost by the progenitor up to many
years before core collapse (e.g. Chugai & Danziger 1994;
Smith et al. 2011; Chugai & Danziger 2003; Chugai et al.
2004; Chugai & Chevalier 2006; Kiewe et al. 2012).

The interaction between the SN shock wave and the
surrounding CSM gives rise to non-thermal radio and X-
ray radiation. The radio light curve shows a typical turn on
and power-law rise as higher frequencies become less sub-
ject to absorption processes, followed by a power-law de-
cline as the source become optically thin (Chevalier 1998).
The detection of radio emission allows us to probe the cir-
cumstellar environment of the SN and ultimately study the
mass-loss history of the progenitor, particularly in its fi-
nal phases of evolution. However, there are several exam-
ples of stripped-envelope supernova (SNe Ibc) that diverge
from the canonical light curve behaviour (e.g. Wellons et al.
2012) and in some extreme cases show very late-time ra-
dio rebrightening (e.g. SN 200lem, SN 2003bg, SN 2003gk,
SN 2008iz, and PTF 11qcj, Schinzel et al. 2009; Salas et al.
2013; Bietenholz et al. 2014; Corsi et al. 2014; Kimani et al.
2016). Such events indicate a more extreme stellar environ-
ment than could be provided by constant mass loss from the
progenitor’s stellar wind, rather implying previous phases of
more extreme mass loss and/or binary evolution.

Here we present the radio light curve of SN 2014C, an
extremely unusual stripped-envelope supernova located in
the nearby galaxy NGC 7331 (z = 0.0027), that also shows
late-time radio rebrightening. SN 2014C was discovered on
2014 Jan 5.1 UT with the Katzman Automatic Imaging Tele-

scope (KAIT) at Lick Observatory, with the earliest optical
detection in a pre-discovery image obtained on 2014 Jan
2.1 (Zheng et al. 2014; Kim et al. 2014). Early spectroscopic
follow-up identified it as a SN Ib (Tartaglia et al. 2014) and
it was quickly detected at radio wavelengths with the VLA
and CARMA (Kamble et al. 2014; Zauderer et al. 2014).
However, spectroscopic observations obtained between 100
and 500 days post-explosion demonstrated that SN 2014C
underwent a slow metamorphosis into a SN IIn within ~ 1
year as indicated by the strengthening of Ha emission com-
bined with a very strong increase in radio and X-ray emis-
sion (Milisavljevic et al. 2015; Margutti et al. 2016). These
authors interpret this spectral and temporal evolution as
the result of the SN exploding in a low density region. The
SN ejecta then encountered a dense H-rich CSM of ~ 1Mg
that was likely ejected by the progenitor star decades or
centuries before the SN event. It is likely that the ejecta of
the SN first encountered this CSM shell sometime between
Feb and May 2014, around 20 to 130 days after the explo-
sion, when SN 2014C was a daylight object and therefore
unobservable by optical telescopes. Based on these findings
Milisavljevic et al. (2015) and Margutti et al. (2016) sug-
gest that the H-envelope may have been ejected due to bi-
nary interactions that resulted in a common envelope evo-
lution, an eruptive LBV event, or instabilities during the
final stages of nuclear burning. SN 2014C also showed late-
time mid-infrared (IR) rebrightening at ~ 250 days result-
ing from the pre-existing dust in the surrounding environ-
ment (Tinyanont et al. 2016). However, these authors favour
a LBV-like eruption scenario as the derived dust mass and
radius properties are consistent with such an event occurring
~ 100 years before the SN.

In this paper we present the extremely high cadence
15.7 GHz radio light curve of SN 2014C taken with the
Arcminute Microkelvin Imager (AMI) Large Array, which
supports the findings of the shock encountering a high den-
sity CSM shell at ~ 100 — 200 days post explosion as sug-
gested by Milisavljevic et al. (2015), Margutti et al. (2016)
and Tinyanont et al. (2016). Not only do we detect a late-
time rise in radio emission as described by Margutti et al.
(2016), but also an early time bump in the radio light curve
that occurs within ~ 100 days of the explosions, demon-
strating that the SN shock wave encountered a lower density
environment at early times before encountering the H-shell
(see Figure 1). The details and results of our AMI Large Ar-
ray observations are presented in Section 2, along with new
high resolution radio observations obtained with eMERLIN
and optical spectra obtained with Keck. We provide a de-
tailed description of the phases of the radio evolution of SN
2014C as seen with AMI Large Array in Section 3. Section
4 describes the standard radio modelling we performed to
obtain the physical properties of the SN shock wave and
CSM. We then discuss these physical properties with re-
spect to SNe Ibc, SNe IIn, and those obtained by other au-
thors for SN 2014C in Section 5. In this analysis we assume
that first light was Dec 30, 2013 £1 day (MJD 56656 +1),
which was derived by Margutti et al. (2016) through mod-
elling the bolometric light curve, and we use the Cepheid
distance of 14.7 £ 0.6 Mpc to the host galaxy NGC 7331
(Freedman et al. 2001) as adopted by Milisavljevic et al.
(2015).
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Figure 1. The AMI 15.7 GHz light curve of SN 2014C. SN data points that make up bump 1 (blue diamonds) and bump 2 (green circles)
were modelled separately. The best fit SSA and FFA model (see Table 3) are shown in the same colours for bumps 1 and 2, respectively.
The vertical dashed lines indicate the start times we defined for bumps 1 and 2 (34.5 and 186.2 days post-burst) for modelling purposes.
Data points not included in the modelling (red stars) are early time AMI detections of SN 2014C. The 1.5 and 5.1 GHz eMERLIN
detections of SN 2014C are also included on the light curve. The observation times of our Keck spectra and the optical spectra described

in (Milisavljevic et al. 2015) are denoted by red and black triangles, respectively.

2 OBSERVATIONS AND RESULTS
2.1 AMI Large Array

High cadence radio observations of SN 2014C were con-
ducted by the AMI Large Array as part of a larger radio
transient follow-up programme (for example see Staley et al.
2013; Anderson et al. 2014; Fender et al. 2015). The AMI
Large Array (which we will now refer to as AMI) is an
eight antenna interferometer with baseline lengths between
18 — 110 m, yielding a primary beam angular resolution of
5.5 arcmin and ~ 40" arcsec, respectively, at 15.7 GHz. It
measures a single polarisation (I + @) and has an effective
bandwidth of 13.9 — 17.5 GHz corresponding to a flux root-
mean square (rms) sensitivity of 3.3 mJy s™*/2 (Zwart et al.
2008).

Observations of SN 2014C with AMI began on 2014
Jan 15, about 13 days after the earliest optical detection
(Zheng et al. 2014). We then continued to observe the source
nearly daily for ~ 1 hour until 2014 Jan 19, and then ev-
ery few days until 2014 Feb 2. The cadence then dropped
to approximately once per week and continued until 2015
July 20, when AMI was shut down for a correlator upgrade.
During this period we accumulated 82 AMI observations of
SN 2014C totalling ~ 4 days of observing time.
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Figure 2. AMI Large Array observation of SN 2014 taken at early times shortly after discovery on 2014 Jan 17 (56675 MJD - first row),
on 2014 Feb 26 (56714 MJD - second row) during bump 1, and on 2015 Jan 24 (57047 MJD - third row) near peak brightness during
bump 2 (see discussion of bumps in Section 3). The grey scale is logarithmic between each image’s RMS and the brightest source flux
of ~ 6, ~ 8 and ~ 30 mJy for each of the three observations, respectively. The position of SN 2014C is indicated by the white circle
(black circle for the third panel on each row) with a radius of 10”. The beam is displayed in the bottom right hand corner of each image.
The first panel for each observation shows the full baseline AMI image of SN 2014C, which is surrounded by resolved radio emission
associated with the host galaxy NGC 7331. The second panel shows these AMI observations where only the uv—wavelengths > 2355\
have been imaged (i.e. long baselines) in order to minimise the resolved emission from the host and therefore contamination to SN 2014C.
The third panel is the same as the second but with a point source model subtracted at the position of the SN to demonstrate that there

is little contribution from the host galaxy when the shortest baselines have been removed from the analysis.
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Table 1: AMI 15.7 GHz flux density measurements for SN 2014C

Obs. Start At Duration Peak flux

date (MJD) ®  (days) © (hrs) density (mJy)
2014-01-15 56672.68 16.68 1.0 2.78 +0.29
2014-01-16  56673.63 17.63 1.0 1.68 +-0.22
2014-01-17  56674.58 18.58 1.0 1.38 £0.25
2014-01-18 56675.58 19.58 1.0 2.23 +0.26
2014-01-19  56676.53 20.53 1.0 1.52 £ 0.33
2014-01-20  56677.50 21.50 1.0 1.87+£0.25
2014-01-24 56681.57 25.57 1.0 2.11 +£0.31
2014-02-01  56689.54 33.54 0.2 1.39 £ 0.68
2014-02-02  56690.50 34.50 1.0 1.86 +0.32
2014-02-07 56695.54 39.54 1.0 2.38 +0.35
2014-02-16  56704.58 48.58 1.0 3.59 +0.28
2014-02-22  56710.61 54.60 1.0 5.20 £0.43
2014-02-26  56714.54 58.54 1.0 5.27 +0.35
2014-03-05 56721.48 65.48 1.0 7.34 + 0.46
2014-03-17  56733.42 77.42 1.0 6.39 + 0.47
2014-03-23  56739.39 83.39 1.0 6.24 +0.43
2014-03-29  56745.39 89.39 1.0 6.66 + 0.46
2014-04-05 56752.41 96.41 1.0 6.45 +0.41
2014-04-15 56762.38 106.37 1.0 5.50 + 0.50
2014-04-27  56774.37 118.37 1.0 4.24 +0.47
2014-05-05 56782.45 126.45 1.0 5.90 £0.41
2014-05-13  56790.31 134.30 1.0 5.30 +0.45
2014-05-19  56796.28 140.28 1.0 5.40 £ 0.40
2014-05-30 56807.22 151.21 1.0 3.28 £0.40
2014-06-18  56826.20 170.20 1.0 5.62 + 0.56
2014-07-04 56842.16 186.16 1.0 3.92 +0.38
2014-07-21  56859.19 203.19 1.0 4.56 £ 0.58
2014-07-27 56865.14  209.14 1.0 5.66 & 0.37
2014-08-02 56871.11 215.11 1.0 6.87 £ 0.45
2014-08-07 56876.07 220.07 1.0 7.86 + 0.57
2014-08-13  56882.03  226.03 1.0 9.78 + 0.59
2014-08-18 56888.00  231.99 1.0 8.65 + 0.62
2014-08-27 56896.01 240.01 1.0 9.88 £ 0.62
2014-09-04 56904.02  248.02 1.0 9.66 + 0.55
2014-09-11  56911.00 255.00 1.0 11.42 +0.70
2014-09-13  56913.98 257.98 1.0 13.50 £0.72
2014-09-17 56917.95  261.95 1.0 12.81 £ 0.81
2014-09-24  56924.94 268.94 1.0 13.86 £ 0.84
2014-10-03  56933.88 277.88 1.0 13.26 = 0.81
2014-10-10 56940.90  284.89 1.0 14.68 + 0.80
2014-10-18 56948.99  292.99 1.0 15.33 +0.82
2014-10-26  56956.88 300.88 1.0 18.60 £ 0.99
2014-10-31 56961.81 305.81 1.0 19.18 + 1.06
2014-11-06  56967.81 311.81 1.0 21.56 = 1.15
2014-11-15 56976.78 320.78 1.0 21.71+1.15
2014-11-25 56986.82 330.82 1.0 22.81 +1.29
2014-12-05 56996.77  340.76 1.0 22.45 +1.21
2014-12-11  57002.77 346.77 1.0 23.94 4+ 1.25
2014-12-17 57008.73  352.73 1.0 22.30 £1.16
2014-12-19 57010.64 354.63 1.0 21.46 £ 1.17
2014-12-25 57016.71 360.71 1.0 25.16 +1.37

5
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Obs. Start At Duration Peak flux

date (MJD) *  (days) ® (hrs) density (mJy)
2015-01-02 57024.64 368.64 1.0 25.00 +1.29
2015-01-06  57028.61 372.61 1.0 24.61 +1.28
2015-01-14  57036.67 380.67 1.0 24.40 +1.29
2015-01-18  57040.65 384.65 1.0 25.60 4+ 1.36
2015-01-24  57046.50 390.50 1.0 25.01 +1.31
2015-02-06  57059.50 403.50 1.0 27.17+ 1.45
2015-02-13  57066.51 410.51 1.0 25.55 +1.35
2015-02-15 57068.52 412.52 1.0 27.73 +1.44
2015-02-21  57074.47 418.47 1.0 26.23 +1.42
2015-03-05 57086.52 430.52 0.6 24.58 + 1.28
2015-03-05 57086.55 430.55 0.2 24.28 +1.31
2015-03-09 57090.34 434.34 1.0 25.124+1.30
2015-03-19  57100.48 444.48 1.0 24.62 +1.31
2015-04-01 57113.45 457.45 1.0 19.89 £+ 1.04
2015-04-11  57123.27 467.27 1.0 22.44 4+ 1.20
2015-04-16  57128.37 472.37 1.0 21.944+1.15
2015-04-23 57135.21 479.21 1.0 21.07 £ 1.17
2015-05-02  57144.30 488.30 1.0 22.124+1.20
2015-05-04 57146.20 490.20 4.0 21.25+1.13
2015-05-05 57147.22 491.22 4.0 21.54+1.24
2015-05-11  57153.27 497.26 1.0 23.16 = 1.19
2015-05-17  57159.28 503.28 1.0 21.59+1.15
2015-05-23  57165.27 509.27 1.0 20.01 +1.10
2015-05-29  57171.27 515.27 1.0 20.14 £ 1.12
2015-06-05 57178.31 522.31 1.0 17.61 £1.18
2015-06-12  57185.18 529.18 1.0 19.66 £1.12
2015-06-25 57198.29 542.29 1.0 21.07+1.19
2015-07-11  57214.25 558.26 1.0 19.64 £ 1.03
2015-07-18  57221.10 565.10 3.0 18.56 £ 0.99
2015-07-20 57223.09 567.09 3.0 18.51 £ 1.02

& Start date of AMI observation in MJD.

 Days since predicted first light of SN 2014C;
2013 Dec 30 (56656 MJD; Margutti et al. 2016).
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The reduction of the AMI observations was conducted
using the fully-automated calibration and imaging pipeline
AMIsurvey (Staley & Anderson 2015c). For the initial reduc-
tion and calibration steps, AMIsurvey makes use of AMI
dedicated software called AMI-REDUCE (Staley & Anderson
2015a; Davies et al. 2009). Phase calibration was conducted
using short interleaved observations of J2248+-3718 (for fur-
ther details on the absolute flux calibration of AMI Large Ar-
ray see Franzen et al. 2011). For the imaging step, AMIsur-
vey then calls out to the automated algorithm chime-
nea, built upon the Common Astronomy Software Applica-
tions package (CASA; Jaeger 2008), which is specifically de-
signed for imaging multi-epoch radio transient observations
(Staley & Anderson 2015¢,b). During this step the short-
est uv—distances < 45m, corresponding to < 2355\ at 15.7
GHz, were not imaged in order to minimise any resolved ra-
dio emission from the host galaxy NGC 7331 (largest AMI
angular size of & 3 arcmin) contributing to the flux at the
position of SN 2014C. This made us sensitive to only those
angular scales between ~ 40 arcsec and ~ 1.5 arcmin at
15.7 GHz. Example images of three AMI observations of
SN 2014C, taken at various levels of radio brightness, both
before and after the shortest uv—distances had been sub-
tracted can be found in Figure 2. Figure 2 also includes
a panel where a point source model at the position of SN
2014C has been subtracted to illustrate that there is little
evidence of diffuse contamination. Therefore the removal of
uv—wavelengths < 2355\ allows us to obtain a reasonable
estimate of the flux from SN 2014C.

The radio flux densities of SN 2014C were measured
from the short base-line subtracted images using the CASA
task imfit and are reported in Table 1. The flux errors cor-
respond to the flux density error output by CASA (based
on Gaussian statistics as calculated by Condon et al. 1998)
added in quadrature to the 5 per cent systematic flux cali-
bration error of AMI (Franzen et al. 2011). The SN 2014C
AMI 15.7 GHz radio light curve is shown in Figure 1 with
detections spanning ~ 17 to ~ 567 days after the predicted
first light. We were unable to measure the in-band radio
spectral index with useful accuracy due to large, correlated
uncertainties in the channel flux densities.

2.2 eMERLIN

High-resolution radio observations of SN 2014C were made
using the electronic Multi-Element Remotely Linked Inter-
ferometer Network (eMERLIN). eMERLIN remotely con-
nects to 5 telescopes that are operated in conjunction with
telescopes at Jodrell Bank Observatory located in Cheshire,
UK, with maximum baseline lengths of up to 217 km.! For
these observations the array was comprised of the Jodrell
Bank Mark II, Knockin, Defford, Pickmere, and Darnhall
25 metre antennas and a 32-metre antenna at Cambridge
(Jodrell Bank Mark IT was not available for the eMERLIN
observation in 2014).

The first eMERLIN observation of SN 2014C was con-
ducted very early after discovery on 2014 January 19, 20
days following the predicted first light, using the C-band

! http://www.e-merlin.ac.uk/

The mass-loss history of SN 2014C 7

Table 2. eMERLIN observations of SN 2014C

Obs. Start At Duration v Flux
Date (MJD) (days) (hrs) (GHz) (mJy)
2014-01-19 56676 20 4.0 5.5 < 0.243
2015-04-17 57129 473 18.0 5.1 16.03 £+ 0.05
2015-05-03 57145 489 15.75 1.5 3.21 + 0.06
2015-05-05 57147 491 18.0 5.1 19.40 £+ 0.07

The errors are 1o and the observation on 2014-01-19 gives a 30 upper-limit.

receiver tuned to a central frequency of 5.5 GHz. A fur-
ther three observation during April and May 2015 were
also obtained as part of director’s discretionary time us-
ing L-band and C-band receivers. For these observation
the instrument was tuned to central frequencies of 1.5 and
5.1 GHz respectively. All observations used a total band-
width of 512 MHz. Data were processed and calibrated
using the e-MERLIN pipeline (Argo 2015), Parseltongue
(Kettenis et al. 2006), and the Astronomical Image Process-
ing System (AIPS) package produced by the National Ra-
dio Astronomy Observatory (NRAO). Data were initially
edited with SPFLG and IBLED and averaged to 128 chan-
nels per intermediate frequency before further editing. FRING
was initially used to derive the delay and rates of a bright
calibrator and CALIB was used to solve for time-dependent
phase and then amplitude variations. Flux calibration was
performed using a short observation of 3C 286 and the
flux density scale was set using SETJY (Perley & Butler
2013). Bandpass calibration was then performed using the
bright source 14074284, and the phase calibration was con-
ducted using J22484-3718 (a(J2000.0) = 22"48™3759110 and
§(J2000.0) = +37°18'12"468), which has an integrated flux
density of 498 mJy at 5.5 GHz.

The initial eMERLIN observation in January 2014 did
not detect SN 2014 with a 3o upper-limit of 243uJy but was
detected in the 2015 observations. The fluxes measured by
eMERLIN in 2015 (averaged across each band in Table 2)
were divided into two epochs, April and May 2015 (as the
1.5 and 5.1 GHz observations in May were taken within 2
days of each other), and compared to the closest AMI ob-
servations taken in time (within ~ 1 day of the eMERLIN
observations). The resulting spectra for these two epochs can
be found in Figure 3. The spectral index between each ad-
jacent observing bands are also indicated in Figure 3 (note
that these lines just connect the points and may not be rep-
resentative of the true spectral indices). The 5.1 and 15.7
GHz fluxes are similar, with both being comparable in the
second epoch indicating that the spectrum transitioned from
optically thick to optically thin for the second time between
these two frequencies at ~ 490 days post-explosion.

The 2015 observations showed SN 2014C to be unre-
solved at the eMERLIN resolution of 40 mas. The posi-
tion errors, which are due to the phase transfer from the
reference source, are about 4 mas at 5.1 GHz. Relative
to the phase calibrator position we found SN 2014C to
be located at «(J2000.0) = 22"37™05%6042 (£0.27s) and
5(J2000.0) = +34°24'317424 (+4mas).
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eMERLIN/AMI epochs of SN 2014C
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Figure 3. The radio spectrum of SN 2014C during the two 2015
eMERLIN epochs. The eMERLIN 1o error bars are encompassed
within the plotted data points. Note that the AMI 15.7 GHz
flux for both epochs are very similar resulting in the data points
overlapping. The lines connecting the adjacent spectral bands are
to aid the eye and are not necessarily representative of the true
spectral indices.

2.3 Keck Optical Spectra

In order to investigate the shock velocities and properties
of the ambient medium, we carried out optical follow up
observations of SN 2014C. We observed with the DEIMOS
spectrograph (Faber et al. 2003) on the Keck II telescope
on 2015 June 19 (57192 MJD; 536 days post-explosion), af-
ter SN 2014C was visible again in the night sky. Another
spectrum was obtained on 2015 Oct 13 (57308 MJD; 652
days post-explosion) with the LRIS spectrograph (Oke et al.
1995; Rockosi et al. 2010) on the Keck I telescope. Both
spectra are shown in Figure 4. These spectral epochs closely
follow the time of the peak of the second bump seen in our
radio light curve as indicated in Figure 1 and the emission
line profiles match Milisavljevic et al. (2015)’s late-time (373
days post-explosion) spectral classification of SN 2014C as
a Type IIn (see their Figure 3).

The Keck spectra reveal narrow emission lines superim-
posed with broad components, especially [O111] A\4959, 5007
and Ha. These broad components were then fit with Gaus-
sian components using Python/Scipy least-square fitting al-
gorithms. This resulted in (FWHM) velocities of 940 km s+
and 840 km s™! (£100 km s™!) for Ho, and 4020 km s™*
and 4580 km s~ (£500 km s™*) for [Or11] for the 2015 June
19 and 2015 Oct 13 spectra, respectively (see line fitting in
Figure 5). Our Gaussian fit to the [O111] line agrees with the
Milisavljevic et al. (2015) lower-limit of > 3500 km s~ ' at
481 days post-explosion (467 days post-maximum light).

SN [Om1] and Ha broad emission lines are the opti-
cal signatures originating from the stellar ejecta becom-
ing heated and ionised as the reverse shock (RS) prop-
agates upstream (Chevalier & Fransson 1994). As men-
tioned by Milisavljevic et al. (2015), broad [O111] usually
only begins to appear many years following the explosion
(Milisavljevic et al. 2012), when the RS interacts with the
oxygen-rich stellar ejecta. Our early detections of [O11] in-
dicates that this strong interaction between the SN and the
CSM has occurred much earlier for SN 2014C as the ejecta

reaches the proposed H-rich shell (Milisavljevic et al. 2015;
Margutti et al. 2016). The broad Ha emission component is
typical of SN IIn as it originates from shocked or photoion-
ized SN material resulting from the ejecta colliding with the
dense H-rich material (Chugai & Danziger 1994). Our late-
time spectra demonstrate the continued broadening in He
emission up to > 4000 km s™!, from 1200 km s~! obtained
113 days post-maximum light (Milisavljevic et al. 2015), in-
dicating the continued interaction of the SN with the H-rich
shell.

3 THE RADIO LIGHT CURVE EVOLUTION
OF SN 2014C

The AMI light curve for SN 2014C shows unusual morpho-
logical behaviour in the form of two distinct peaks (see Fig-
ure 1). Late-time radio rebrightening and deviations from a
typical light curve evolution have been seen in several SNe
but the distinct double peaked nature is quite unusual. The
most direct analogues of the radio behaviour we observe in
the AMI light curve of SN 2014C are the Type Ic SN 2007bg
(Salas et al. 2013) and the Type Ic broad-line SN PTF11qcj
(Corsi et al. 2014). We adopt the same analysis strategy as
Salas et al. (2013) where we divide the light curve into dis-
tinct stages. We first discuss the early time emission and
then divide the light curve into SN bump 1 and SN bump 2
to explore the unusual double peaked behaviour.

3.1 Early time emission

This stage encompasses the initial early time (within ~ 34
days following first light) radio detections of SN 2014C.
These first eight detections, represented by red stars in Fig-
ure 1, precede the power-law rise that we call bump 1 (de-
picted in blue). While these first 8 detections appear to vary,
a weighted mean fit to the data shows it to be insignificant,
with a probability of 92% that any deviation is due to ran-
dom chance. However, the 7.1 GHz light curve of SN 2014C
presented by Margutti et al. (2016) in their Figure 9 also
shows the flux to vary at early times (< 20 days) so the
contemporary behaviour AMI observes at 15.7 GHz may
have some real element. SN 2007bg shows variability at early
times and Salas et al. (2013) suggests this could be due to
interstellar scintillation or a real deviation from pure syn-
chrotron self-absorption (SSA) due to clumpy CSM.

In order to investigate whether interstellar scintilla-
tion is a factor at these early times we used the NE2001
model of the distribution of free electrons in our Galaxy
(Cordes & Lazio 2002) to determine the transitional fre-
quency at which the scattering strength is unity (ro=10
GHz) and the corresponding angular size limit (fro =
2.1 x 10*SM%y5 22 ~ 1uas, where SM is the scattering
measure; Granot & van der Horst 2014) for an extragalac-
tic source at the position of SN 2014C. Our observations
at 15.7 GHz are therefore in the weak scattering regime.
If we assume a uniform minimum shock expansion veloc-
ity of 13000 km s™!' (the bulk ejecta velocity measured
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Figure 5. Gaussian emission line fitting to the complexes surrounding [O111] AX4959, 5007 (left) and He (right) in the 2015 June 19 and

2015 Oct 13 epoch Keck spectra.

by Milisavljevic et al. 2015),2 and that the source expands
isotropically, then by the time of our first observation at
17 days post-explosion we estimate that the source size is
0s ~ 1T7uas. Following Walker (1998) formalism and Table
1 of Granot & van der Horst (2014), the modulation index
is myw = 0.01, with scintillation acting on a time scale of 34

2 Note that the leading ejecta that are responsible for the radio
emission are likely to be 2 or 3 times faster than the bulk flow.

hrs. Given the small modulation index it is highly unlikely
that scintillation is causing any flux variability at the AMI
observing frequency after 17 days. The deviation of the SN
2014C light curve from typical radio SN turn-on behaviour
is therefore likely due to a clumpy CSM or contaminated
by resolved emission from the host that may not have been
properly removed during the reduction step.

We also obtained a 30 upper-limit of 0.243 mJy at 5.5
GHz with eMERLIN just 20 days after the predicted first
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light. A 5 GHz detection was reported by Kamble et al.
(2014) at 12 days post-explosion, but no flux measure-
ment was given. Reprocessing the data from this observa-
tion (project code: 13A-370) we find a weak compact com-
ponent with a peak of 0.18 mJy/beam, putting it below the
detection threshold in the e-MERLIN data at the time of
observation.

3.2 SN Bump 1

At ~ 34 days, when SN 2014C is classified as a SN Ib
(Milisavljevic et al. 2015), the radio light curve begins to
follow a typical SN radio turn-on. The brightest flux mea-
sured at 15.7 GHz for bump 1 occurred at 65.5 days (56721.5
MJD) resulting in a peak spectral luminosity of 1.9 x 10%7 erg
s 'Hz~!.® This peak, while consistent in luminosity, occurs
at a much later time than most SNe Ibc when compared to
Figure 2 of Chevalier et al. (2006, plot of the peak radio lu-
minosity vs the time of peak normalised to 5 GHz). It is more
consistent with the peak time and generally fainter fluxes
of SNe IIb and IIL and indicates shock velocities between
1000 — 10000 km s~ ! if we assume that SSA is the dominant
absorption mechanism. This implied velocity is smaller than
the bulk velocity reported by (Milisavljevic et al. 2015) but
the radio emitting region must be going at least as fast as
the expanding photosphere. This means that SSA may not
be the only, or even dominant, absorption mechanism and
that there must be a denser or clumpier surrounding CSM
than what is usually seen for SNe Ibc.

An optical spectrum of SN 2014C was obtained 127
days after the predicted first light, towards the end of
bump 1, when SN 2014C became observable at night again
(Milisavljevic et al. 2015). This spectrum showed that SN
2014C had metamorphosed into a SN IIn as it showed
a bright Ha line that was likely dominated by emission
from the SN-CSM interaction. Milisavljevic et al. (2015)
concluded that “an extraordinary event must have occurred
while SN 2014C was hidden behind the Sun”, between Febru-
ary and May 2014 (days ~ 35 — 145 post-first light), which
covers the entire evolution of bump 1 seen in the AMI light
curve. The AMI observations therefore confirm this conclu-
sion as around day ~ 100 the flux becomes unsteady, devi-
ating from the expected decline usually seen in the optically
thin regime (see Section 4.1) and varying by a factor of up
to ~ 2 as it approaches day 186. Such variations are likely
due to density enhancements in the CSM as the shock ap-
proaches the higher density medium (see Section 3.3), which
was a feature also seen in the 15 and 22 GHz light curves of
SN 2007bg (Salas et al. 2013). However, at day 186 the over-
all flux decline stopped, stabilised and began to rebrighten
(the start of bump 2 - see Section 3.3).

3.3 SN bump 2

Following this period of discontinuity the flux begins to
steadily increase again for a late-time rebrightening, once
again following the typical power-law rise associated with

3 All spectral luminosities are bandpass corrected given the SN
redshift but are not k—corrected.

optically thick emission (see Section 4.1). The radio rebright-
ening is also temporary coincident with the observed IR
brightening reported by (Tinyanont et al. 2016). The bright-
est measured flux of bump 2 at ~ 412.5 days (57068.5 MJD)
was a factor of ~ 4 times more luminous than the brightest
flux measurement near the peak of bump 1, which is a much
larger difference than was observed for both SN 2007bg and
SN PTF11qcj (Salas et al. 2013; Corsi et al. 2014). This cor-
responds to a peak spectral luminosity of 7.2 x 10?7 erg s+
Hz™!, which is consistent with the peak luminosities seen
from most known SNe (see Figure 2 of Perez-Torres et al.
2015). However, the late time of this peak is particularly con-
sistent with other known SNe IIn, and therefore reflects the
optical spectral classifications obtained by the Keck spectra
and Milisavljevic et al. (2015) several hundreds of days post-
explosion. While SN 2014C is in the intermediate luminosity
range when compared to other SNe IIn, it is one of the lat-
est peaking radio SNe of any type, including SN 2007bg (see
Figure 2 of Perez-Torres et al. 2015), particularly when con-
sidering the high frequency observing band of 15.7 GHz. It
is also brighter than all of the radio SNe Ibc with the excep-
tion of SN 2007bg and the relativistic SNe (some of which
are associated with GRBs, see Soderberg et al. 2010a).

Closely following the peak time of bump 2 we obtained
two epochs of eMERLIN observations at 1.5 and 5.1 GHz
(see Table 2). As mentioned in Section 2.2, the second
eMERLIN epoch around 490 days post-explosion showed
that SN 2014C was almost about to turn optically thin
around 5.1 GHz (the eMERLIN flux measurements have also
been included in the AMI light curve in Figure 1). The spec-
tral index between the eMERLIN 1.5 and 5.1 GHz bands
during this epoch is not as steep as is usually expected from
SSA or FFA but this could be due to lower frequency con-
tributions to the flux from bump 1. The broad spectral lines
in our Keck spectra also indicate that at late times (> 500
days post-explosion) the SN is strongly interacting with a
dense CSM.

Using the AMI light curve morphology we suggest
the following structure of the environment surrounding SN
2014C, which is illustrated in the schematic shown in Fig-
ure 6 where darker regions indicate areas of higher CSM
density. At very early times the SN shock wave is possi-
bly interacting with a clumpy CSM. After ~ 34 days post-
explosion the light curve begins to increase steadily as is
expected from a shock wave interacting with a low density
and possibly steadily decreasing CSM (with a density falling
off as 1/R?), peaking around ~ 80 days post-explosion. How-
ever, around ~ 100 days post-burst the light curve begins
to vary and deviate from the power-law decline as the shock
wave likely encounters a more inhomogeneous CSM near the
edges of the H-shell proposed by Milisavljevic et al. (2015)
and Margutti et al. (2016). By ~ 200 days the SN shock
wave has hit the H-shell as the radio emission begins to
steadily rise for the second time as the electrons are accel-
erated again due to the sudden density increase.

4 LIGHT CURVE ANALYSIS OF SN 2014C
4.1 AMI light curve modelling

In this section we model the AMI 15.7 GHz light curve of
SN 2014C. The radio emission from SNe arises from nonther-
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Figure 6. Schematic of the CSM density we prepose is surround-
ing SN 2014C (inner filled back circle) based on the AMI light
curve morphology. The darker regions indicate areas of higher
CSM density. The white arrow represents the isotropically ex-
panding SN shock wave as it first propagates through the low
density (p) medium producing bump 1, and then impacts the
denser H-shell at ~ 200 days post-explosion, the start of bump
2. This schematic is not to scale and is provided purely to aid
discussion in the text.

mal synchrotron emission generated by a population of rel-
ativistic particles such that the energy spectrum is N(E) =
NoE™?, where N is the density of the relativistic parti-
cles and p is the electron spectral index (Chevalier 1998).
These particles are accelerated in the shock region between
the SN blast wave and the dense CSM that was ionised by
the initial SN optical/UV /X-ray flash (van Dyk et al. 1994).
This CSM was ejected by the progenitor star via its stellar
wind or through more extreme mass-loss episodes during its
lifetime. The particles then gyrate in the post-shock mag-
netic field producing synchrotron emission that is detectable
at radio wavelengths(Chevalier 1982; van Dyk et al. 1994;
Chevalier 1998; Weiler et al. 2002, 2007). The radio emission
is initially absorbed, usually due to either synchrotron self-
absorption (SSA) from an internal medium or by free-free
absorption (FFA) from the external CSM, and then rapidly
rises in flux due to a decrease in the absorption processes
as the radio-emitting region expands leaving less absorb-
ing material that is either internal or along the line-of-sight
(van Dyk et al. 1994; Weiler et al. 2002, 2007). While the
flux increases the emission is considered optically thick. It
then peaks as it transitions from optically thick to optically
thin and slowly declines in flux as the blast wave from the
initial SN explosion decelerates as it interacts with the CSM
(Chevalier 1998).

A large amount of radio SN light curve modelling
over the last 20 years has demonstrated that the early
time radio emission from most SNe, particularly SNe
Ibe, is primarily subject to internal SSA (Chevalier 1998;
Chevalier & Fransson 2006). However, the radio emission
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from SNe with extensive CSM (such as SNe IIn) can be
well described by external FFA models, particularly at
late times when the ejecta shock front has slowed and the
ionised medium completely encompasses the emitting source
(Weiler et al. 1986, 1990, 2002). (Note that there could be
other sources of absorbing media that could result in internal
and other forms of external FFA absorption as described by
Weiler et al. 2002, but given our limited dataset we will not
explore these scenarios.) We will therefore model the AMI
radio light curve of SN 2014C with a simple SSA and FFA
model. In these models it is assumed that the CSM was cre-
ated by a constant mass-loss rate (M ) due to a steady wind
velocity (vw) of the progenitor with the density dropping off
smoothly as the inverse square of the radius R such that
pesm o M /(v R?) (Weiler et al. 2007). This is clearly not
the case for SN 2014C, with its early time deviation from
typical SN radio turn-on and the double bump morphology
of its light curve. As the two bumps in the light curve are
likely due to two different density regimes (and therefore
mass-loss episodes) we will assume that the above condition
holds for each bump and therefore model them separately.

The flux density evolution of radio SNe that are sub-
ject to SSA can be described by the parameterised model
proposed by Chevalier (1998) and adapted by Weiler et al.
(2002, 2007):

v “(t—to B /1 e Tssa
= ].
§= K (5 GHZ) ( 1d > ( TSSA >’ )

with the absorption expression being dominated by internal
SSA where the optical depth (7ss4) is given by:

v a—2.5 t—to &
_ 2
Tssa = Ks (5 GHZ) ( 1d ) : @

In these equations top is the explosion date, K; is the flux
density normalisation, K5 is the internal, non-thermal, SSA
normalisation and 4" determines the time dependence of the
optical depth for the SSA internal absorption. When mod-
elling we solved for the latter three parameters.

In order to minimise the number of free parameters dur-
ing the fitting process we made several assumptions about
the spectral and temporal shape of the radio emission. The
spectral index of a radio SN (a where F), o« v%) relates to
the spectral index of the injected electron energy spectrum
such that p = —2a + 1 (Weiler et al. 2002). Given that we
are limited to a single frequency, we have fitted both bump
1 and bump 2 with the SSA model adopting the spectral in-
dex a = —1, which is appropriate for SN Ibc (Weiler et al.
2002; Chevalier & Fransson 2006). This spectral index as-
sumes an injected electron energy spectrum with p = 3,
which has been shown to be a reasonable assumption for
SN Ibc (Chevalier & Fransson 2006). However, it should be
noted that p has also been shown to slowly vary over time
(e.g. SN 2011dh; Horesh et al. 2013) and in the case of SN
2002ap have an initial electron energy injection as low as
p ~ 2 (Bjornsson & Fransson 2004; Chevalier & Fransson
2006).

According to the Chevalier (1982) model the blast wave
radius increases as a power of time (R o< t™), where m <1
is the deceleration parameter. The deceleration parameter is
related to the density distribution index n of the SN ejecta
(pej o< r~™), such that m = (n — 3)/(n — 2). By chang-
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Figure 7. Best fit SSA models to bump 1 (left panel) and bump 2 (right panel) for different deceleration parameters (m). The Xfed is
provided for each of the three fits. The shaded grey area represents the 1o error on the model fit corresponding to the best (lowest) X% ed?

which is m = 1 and m = 0.8 for bumps 1 and 2, respectively.
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Figure 8. Best fit FFA models to bump 1 (left panel) and bump 2 (right panel) assuming a spectral index of & = —0.7. The fitted
deceleration parameter m and the resulting X72”e 4 is provided for each fit. The shaded grey area represents the 1o error on the model fit.

ing the value of the temporal index 8, where F, o ¢,
we can probe for different deceleration parameters since
m = —(a — B — 3)/3 (for cases where the external CSM
absorption is unimportant, Weiler et al. 2002). We there-
fore performed the SSA modelling of bump 1 and bump 2
using the three different values of 8 = —1.6, —1.3 and —1.0,
which correspond to ejecta density indices and deceleration
parameters of n = 7 and m = 0.8 for radiative stars (like
Wolf-Rayet [WR]), n = 12 and m = 0.9 for convective stars
(like red supergiants), and an undecelerated blastwave ex-
pansion of m = 1, respectively (Horesh et al. 2013). This
range of [ is consistent with values measured from other
SNe Ibc and SNe IIn (see Table 1 of Chevalier & Fransson
2006).

Optical spectral observations demonstrated that SN
2014C metamorphosed into a SN IIn by the time of the
second bump in the AMI light curve, which suggests that
a =~ —0.7 may be a more appropriate spectral index for the
modelling of bump 2 (for example see Weiler et al. 2002;
Chandra et al. 2009; Dwarkadas et al. 2016). We therefore
conducted the SSA modelling of both bumps again assum-
ing & = —0.7 (which implies p = 2.4) and varying 8 accord-
ingly for m = 0.8, 0.9 and 1. This resulted in comparable
x2.q to those fits performed assuming a = —1 with the best

fit parameters K1 and K5 agreeing within an order of mag-
nitude, but with nearly identical values of §”, for a given
value of . Since the resulting fits for both values of a are
indistinguishable and the physical parameters derived from
SSA modelling assume p = 3 (see Section 4.2) we report the
modelling results that assume oo = —1.

The radio flux density evolution subject to external FFA
can be described by the parameterised model proposed by
Chevalier (1982) and adapeted by Weiler et al. (1986, 2002)
and van Dyk et al. (1994). By altering Equation 1 to include
external FFA as the main absorption mechanism the model
becomes:

a 2
_ v t—to —TFFA 3
S_K1(5GHZ)(1d) ¢ ’ ®)

where the optical depth (Trra) is given by:

v —2.1 t_to )
_ 4
Trra = Ko (5 GHZ) < 1d ) : “)

In these equations K3 is the external FFA normalisation and
0 determines the time dependence of the optical depth for
the FFA external absorption.

We performed the above FFA modelling of both bump
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1 and bump 2 once again assuming o = —1 and a = —0.7.
Both temporal indices can be expressed in terms of the
deceleration parameter m such that 6 = —3 m and 8 =

—(p+ 5 — 6m)/2, which becomes 8 = 3m — 3.7 (Chevalier
1982). When conducting the FFA modelling we solved for
K, K2, and m. While the resulting x2.; were similar for
all the FFA fits, the best values for K; and K2 varied up
to two orders of magnitude for each bump when assuming
the two different spectral indices. However, the deceleration
parameter m agreed within the 1o errors. As the models are
indistinguishable for the two different spectral indices we as-
sumed a = —1 for bump 1 (while SN 2014C was classified
as a SN Ib) and o = —0.7 for bump 2 (when SN 2014C had
morphed into SN IIn) when conducting the FFA modelling,.

Using the above SSA and FFA equations we modelled
the AMI flux measurements of bump 1 and bump 2 sep-
arately. As we only have one contiguous light curve made
up of the AMI observations we set the peak frequency
to v, = 15.7 GHz. The modelling was conducted using
the Python non-linear least-square minimization and curve-
fitting package 1mfit. The best SSA fit to each bump re-
sulting from the three different deceleration parameters, and
the corresponding reduced chi-square (x2.4), can be found
in Figure 7. We provide the best fit parameters from the
SSA modelling that results in the smallest x2., for bump 1
and bump 2 in Table 3, which is m = 1 (with x2.; = 2.9)
and m = 0.8 (with x2.; = 1.6), respectively. While we have
adopted this convention it is important to note that the x2.4
values are so similar that it is not possible to distinguish be-
tween the best value of m for each bump. This is because all
parameters in this model, particularly K5 and §”, are heav-
ily degenerate. However, the combination of the parameters
result in a well constrained peak flux for both bumps (see
discussion below).

The results from the FFA modelling of the AMI light
curve are also included in Table 3. For both bump 1 and
bump 2 the x2.,, 4.1 and 3.0, respectively, are slightly higher
than those derived from SSA. However, there is still not
enough of a difference in the x2.; to distinguish between
the SSA and FFA models for each bump. We obtained a
deceleration parameter of m = 1.11 £ 0.11 (the errors bars
make this value of m consistent with the requirement that
m < 1 Chevalier 1982) resulting in a temporal index of
B8 = —0.68 £ 0.33 for bump 1. For bump 2 the decelera-
tion parameter is m = 0.63 £ 0.07 (n ~ 4.7) resulting in
B = —1.80%0.21 for bump 2. The best FFA fits for bump 1
and bump 2 can be found in Figure 8.

For both the SSA and FFA modelling we present re-
sults with m =~ 1.0 for bump 1 and m < 1.0 for bump 2.
We may expect that the deceleration index was close to one
for bump 1 as the shock wave is young and interacting with
a low density medium, and that it would reduce quite sig-
nificantly when it impacts the H-shell. The values of 3, ¢
and §” resulting from this SSA and FFA modelling (see Ta-
ble 3) are consistent with those derived for other SNe Ibc
and SNe IIn (e.g. Weiler et al. 2002; Chandra et al. 2009;
Weiler et al. 2011; Chandra et al. 2012; Horesh et al. 2013;
Dwarkadas et al. 2016).

Using the best fit parameters we optimised the mod-
els to obtain the peak flux F,, and corresponding time ¢,
of peak at 15.7 GHz for each bump, which are included in
Table 3. These results show that the peak flux from the
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modelling of bump 2 was 3.7 times brighter than the peak
of bump 1. We created a confidence contour map using the
Imfit errors on each parameter to generate the lo error
on the fit (see the shaded regions in Figure 7 and 8) by
constraining the Ax? < 3.5, which is appropriate for a fit
involving three free parameters. This same process allowed
us to obtain lo errors for the peak flux and corresponding
time.

The full AMI light curve and the final SSA and FFA
model fits are shown in Figure 1 for bump 1 and bump
2, respectively. The choice of illustrating the SSA model of
bump 1 in Figure 1 is because of the early time classifica-
tion of SN 2014C as a SN Ib and SSA has been shown to be
significant at early times for SNe Ibc (Chevalier & Fransson
2006). The FFA was chosen to be depicted for bump 2 as this
is likely to be the more dominant absorption mechanism at
later times, particularly for SNe with extensive CSMs (e.g.
Chandra et al. 2009, 2012). It should be noted that it is not
possible to distinguish between the SSA and FFA for the two
bumps based on the goodness of fit and it is likely that more
than one absorption mechanism is contributing to each den-
sity regime (for example see Weiler et al. 2002). However,
our predominantly single frequency data lacks the informa-
tion we need to further constrain these effects. The corre-
sponding measured fluxes used to model bump 1 and bump
2 are represented in Figure 1 with different colours/symbols,
blue diamonds and green circles, respectively. The first flux
measurement included in the fitting of each bump was cho-
sen based on when the light curve appeared to begin a steady
temporal power-law brightening like a typical radio SN. This
means that the early time flux measurements of SN 2014C
were not used in the modelling of bump 1 and are repre-
sented by red stars in Figure 1. The observation times of
each of the Keck and Milisavljevic et al. (2015) optical spec-
tra are indicated by red and black triangles, respectively.

4.2 Radio derived physical constraints

The time of the peak flux F,, derived from the SSA mod-
elling of the measured light curve fluxes using Equations 1
and 2, represents the time at which the intersection be-
tween optically thick and optically thin behaviour occurred
at vp = 15.7 GHz (Chevalier 1998). We can therefore use
this value to estimate the blastwave radius R and the mag-
netic field strength B at the time of the intersection using
Equations 13 and 14 of Chevalier (1998), which are repeated
below for completeness. Once again assuming p = 3, the
blastwave radius is calculated with the following:

—1/19 9/19 18/19
R=88x10% f51/ (L (B (D)
’ B 0.5 Jy Mpc

X Up 7lcm
5 GHz ’

(®)
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with a post-shock magnetic field strength of:

B =0.58 f74/19 i I Fo, R D NTYE
’ eB 0.5 Jy Mpc

. (5 ész) G,
(6)

assuming equipartition fep = 1 (the energy density of the
relativistic electrons is equal to the energy density of the
magnetic fields) and that the fraction of spherical volume
occupied by the emitting region (filling factor) f = 0.5
(Chevalier 1998). The resulting radius can be used to es-
timate the mean velocity of the shock at the time the source
becomes optically thin at v, (vs = R/tp). Both the radius
and the magnetic fields resulting from this equipartition
analysis then allows the derivation of the minimum internal
energy of the SN radio-emitting material (Soderberg et al.
2010Db):

B’R’
76
As the radio emission detected from a SN explosion is
directly probing the surrounding environment we can inves-
tigate the mass-loss history of the progenitor star. Using the
assumption that posm o< M /(v R?) (Weiler et al. 2007) and
the analysis from Horesh et al. (2013) we can calculate the
electron number density of the CSM:

Fmin 1+ feB)f (7)

(P-2) By s ®)

Ne = feB (p— 1) Brymmec? ,

assuming a minimum Lorentz factor of v, = 1.

This electron number density can then be used to esti-
mate the progenitor’s mass-loss rate prior to the explosion
where:

M= 47TR2nempvw . 9)

Given the initial classification of SN 2014C as a
stripped-envelope SN Ib, it is possible that the progenitor
was a WR type star, which typically have wind speeds on the
order of 1000 km s~'. However, an optical spectrum taken by
Milisavljevic et al. (2015), which took place ~ 84 days fol-
lowing the peak time of bump 2, predicts an unshocked wind
velocity of < 100 km s™*. Given that the late-time optical
spectra show the event has morphed into a SN IIn, this lower
wind speed may be more consistent with an earlier evolution
of the progenitor. We therefore calculate the mass-loss rate
assuming a wind speed of 1000 km s~* for bump 1 and 100
km s™! for bump 2. The resulting radius, magnetic field,
shock expansion velocity, minimum energy, electron number
density and the approximate mass-loss rates of the progen-
itor derived from the SSA modelling of bumps 1 and 2 are
presented in Table 3. The 1o errors on these parameters are
propagated through from the peak flux and time 1o errors.

In the case that FFA is the dominant absorption mech-
anism we can use the deceleration parameter m and the
optical depth 7pra to estimate the mass loss rate of the
progenitor using Equation 11 of Weiler et al. (2002) (based
on Equation 16 of Weiler et al. 1986):

M=30x10"° (%) m~"°

1.5
Vw Vi
10 km s~ ! (104 km sfl)

1.5 1.5m
ti t T —1
by (L )M
% (45 days) <t) (104 K) A

where v; (km s™!) is the optical expansion velocity measured
at time t; (days), (1%°) = 7894 for a uniform external ab-
sorbing medium and 7T is the electron temperature in the
wind (usually taken to be 20,000K; Weiler et al. 2002). The
error on the mass-loss rate is propagated through from the
best fit errors on the parameter K3. The mass loss rates
derived from the FFA modelling of bump 1 and bump 2,
which use the optical expansion velocity of v; = 13000 km
s~! taken from the optical spectral observation obtained by
Milisavljevic et al. (2015) on 2014 Jan 09 (¢; = 10 days), can
be found in Table 3.

(10)
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Table 3. SSA and FFA model fitting and resulting parameters for bump 1 and bump 2 of the AMI light curve of SN 2014C

SSA fit FFA fit
Parameter Bump 1 Bump 2 Bump 1 Bump 2
a —1.0f —1.0f —1.0f 0.7t
Jé] —1.0t —1.6t —0.68 +0.332 —1.80+0.212
K1 2.20 £0.16 x 103 1.57 £ 0.34 x 10° 4.547239% x 102 7.0872%57 x 106
K> 3.917520 x 106 1.017 182 x 106
Ks 2.7613%33 x 108 1.397. 27 x 10
) —3.3240.332 —1.90 4+ 0.212
8" —3.65 £ 0.53 —4.83+0.12
m 1.0t 0.8t 1.11 4+ 0.11 0.63 £ 0.07
dof® 14 53 14 53
XZed 2.9 1.6 4.1 3.0
tp (days) 78.95 + 3.72 393.38 & 6.79 75.50 + 2.98 421.21 4 4.97
F,, (mJy) 6.63 £ 0.30 24.72 £ 0.53 6.30 4 0.37 23.09 4+ 0.34
R (10 cm) 3.3240.07 6.20 + 0.06
B (@) 1.754 + 0.008 1.527 4 0.003
vs (103 km s~1) 4.87+0.34 1.82 4 0.05
Erin (1046 erg) 1.884+0.10 9.25 +0.24
ne (10* cm™3) 7.46 £0.07 5.66 £ 0.03
M(10~* Mgyr—1)© 2.75 % 0.09 0.72 +0.01 8.37 + 3.62 5.0713-44

All errors are 1 sigma.

The peak flux (F,,) at 15.7 GHz and the corresponding peak time (t;) are derived from the model fit.

T Parameter was fixed during the fit.
2 Derived from best fit value of m. See text in Section 4.1.

b degrees-of-freedom (dof = n — p) where n = number of data-points for the given bump and p = number of fitted parameters.
¢ Mass-loss rates calculated assuming two different progenitor wind speeds of vy, = 1000 km s~ for bump 1 and 100 km s~ for bump

2.
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5 DISCUSSION

The SSA and FFA modelling described in Section 4 has been
applied to the two AMI light curve bumps of SN 2014C in-
dividually. In each case the x2.; are similar and make it
difficult to distinguish between models, although the SSA
modelling may indicate a slightly better fit to both density
regimes. However, these same 2., are actually too high for
both fits to each bump due to the low number of degrees-of-
freedom. This indicates that neither of these simple models
adequately describe the light curve. It is likely the light curve
would be better described by models that include multiple
terms for internal and external absorption (see Weiler et al.
2002) but our single frequency data prevents the fitting of
these more complex models. We will therefore discuss the
results and physical properties derived from the simple mod-
elling we performed and compare them to the properties of
other SNe Ibc and SNe IIn.

For the case of similar SNe Ibc, which have radio light
curves that deviate from the typical power-law decline at late
times (i.e. Wellons et al. 2012; Corsi et al. 2014), modelling
has only been applied to the earliest part of the light curve
that is typical of the canonical radio temporal behaviour.
Only in the case of SN 2007bg do the authors individually
model the second bump of radio rebrightening (Salas et al.
2013). It is therefore important to note that the Chevalier
(1998) and Weiler et al. (1986, 2002) formalism assumes a
CSM density profile that drops off as R~ (see Section 4.2)
and does not take into account an earlier epoch of radio
brightening. Therefore any physical parameters derived for
bump 2 using this modelling may not be truly representa-
tive of this second density regime. The main emphasis of the
modelling of bump 2 is to investigate how well these models
describe the light curve. It is also worth noting that exten-
sive multi-frequency radio modelling of SNe IIn (the spec-
tral classification of SN 2014C during bump 2) has demon-
strated that the density profile can be much flatter with
posm < M /(v RY4718) (van Dyk et al. 1994; Weiler et al.
2002; Chandra et al. 2012). The modelling of bump 1 is also
likely to be overly simplistic as the radio flux density mea-
surements preceding this bump show a deviation from the
expected power-law behaviour, so there is likely to by other
complex CSM structures in play.

Contrary to results presented by Wellons et al. (2012)
and Corsi et al. (2014), which demonstrates that SSA mod-
elling of early time radio emission of unusual radio SNe Ibc
can produce sensible shock velocity and blast wave radius es-
timates, this same model appears to be deficient for describ-
ing the physical properties of bump 1 of SN 2014C. Bump 1
of SN 2014C peaks and becomes optically thin at 15.7 GHz
around ~ 80 days post-explosion, which is much later than
most other SNe Ibc that tend to peak around 10 days near
this same frequency (for example see SN 19941, SN 2004cc,
SN 2004dk, SN 2004gq, and SN 2011dh, Alexander et al.
2015; Wellons et al. 2012; Horesh et al. 2013). However, re-
gardless of the time of this peak, the resulting parameters
such as the radius, magnetic field strength, minimum inter-
nal energy, and mass-loss rate derived from SSA modelling
are consistent for both the above listed SNe Ibc and SN
2014C at the time when the radio emission becomes optically
thin around 15.7 GHz. Of course the shock wave expansion
velocities calculated for the same SNe Ibc are usually > 0.1c,

which is much faster than our derived expansion speed of
4870 km s~ * from bump 1 of SN 2014C. This is a strong indi-
cation that either SSA is not the dominant absorption mech-
anism or there are other sources of absorption due to a com-
plex CSM structure during bump 1 (Chevalier & Fransson
2003). As a result, comparing those same physical param-
eters at ~ 80 days post-explosion for the above SNe Ibc
show that their shock waves have expanded to R > 10*® cm,
which is well beyond our model derived radius for SN 2014C
of R = 3.3 x 10'® cm at this time post-explosion. However,
it is important to note that most SNe Ibc (such as those
listed above) experience a power-law brightening as soon as
they become detectable at radio wavelengths. This was not
the case for SN 2014C, which showed early time flat or pos-
sibly erratic behaviour, similar to that seen in SN 2007bg
(Salas et al. 2013). There are also discrepancies between the
physical properties derived from our AMI radio light curve
modelling results and those obtained for SN 2014C at other
wavelengths as discussed below.

The early optical spectrum of SN 2014C obtained by
Milisavljevic et al. (2015) on 2014 January 9 was reported to
exhibit emission lines with velocities indicative of a 13000 km
s~ ! bulk flow. This velocity is 2.7 times faster than the shock
wave velocity we estimate from the SSA modelling of bump
1. However, if we assume a spherically symmetric explosion
then the radio emission is expected to trace the fastest mov-
ing part of the ejecta, in this case the SN shock wave, and
should be a factor of a few times faster than the bulk ejecta
flow measured from optical observations. In fact, using X-
ray observations Margutti et al. (2016) estimated that the
low density region, which extends out to the dense H-rich
shell, has a radius of R = 5.5 x 10'® ¢cm. The shock wave
velocity of 4870 km s~! predicted by our SSA modelling
of bump 1 implies that this radius would not be reached
for over 1000 days following the initial explosion, rather
than the ~ 200 days we know it to be from the discontinu-
ity in the AMI radio light curve and infrared/optical/X-ray
monitoring (Tinyanont et al. 2016; Milisavljevic et al. 2015;
Margutti et al. 2016). The Margutti et al. (2016) radius is
also much larger than the radius obtained from SSA mod-
elling of bump 2 (bear in mind the caveat mentioned above),
which estimates the radius at which the second radio peak
becomes optically thin at 15.7 GHz (after encountering the
H-shell) is a factor of 9 times smaller at R = 6.2 x 10*® cm.

Conversely the velocity derived from the SSA mod-
elling of bump 1 and bump 2 are consistent with
the velocities resulting from SSA modelling of SNe IIn
(Chevalier & Fransson 2003). As mentioned before, the fact
that the SSA velocities derived for SN 2014C are much less
than the known bulk velocity suggests that SSA is unlikely
to be the only or most significant absorption mechanism. In
fact, extensive studies of other SNe IIn have demonstrated
that the absorption is more likely to be dominated by FFA
(Chandra et al. 2009, 2012; Dwarkadas et al. 2016).

We further speculate on other possibilities for the dis-
crepancy between the shock velocities derived from SSA ra-
dio modelling and optical spectroscopy. One possibility could
involve an asymmetric shock wave impacting a CSM shell,
which would result in multiple expansion velocities. Such a
scenario could involve a bipolar jet ejected along with a more
slowly expanding normal SN explosion (like that proposed
for the unusual Type IIn SN 2010jp by Smith et al. 2012, see
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their Figure 9). Evidence for ejecta asymmetry also comes
from optical polarisation measurements (e.g. Leonard et al.
2006). In the case of SN 2014C we suggest that the faster
moving ejecta impacting the surrounding H-shell could be
responsible for the optical emission, while a slower compo-
nent could be responsible for the radio emission. Line-of-
sight effects where the shock is interacting with individual
dense clumps of wind material rather than a CSM shell (see
Figure la of Chugai & Danziger 1994) may be another ex-
planation for the different observed expansion velocities. In
this case it is possible that the radio emission could be gen-
erated through interaction with a different and denser clump
of CSM than that generating the optical emission, resulting
in two different observed velocities. This scenario could also
be another explanation for the double bump morphology
seen in the AMI light curve where the shock wave is inter-
acting with two CSM clumps that are at completely different
locations, and therefore lines-of-sight, from the progenitor.

The SSA modelling of bump 1 estimates a mass-loss
rate of M ~ 2.75 x 10~* Mg yr~! during this period, which
is consistent with the range of mass-loss rates seen from
SNe Ibc (Wellons et al. 2012) when assuming a wind speed
of 1000 km s™! typical of WR stars (the main candidate
for SN Ibc progenitors). This rate is at least two orders
of magnitude higher than the rate estimated from the X-
ray observations of SN 2014C during the low density regime
(Margutti et al. 2016). It is important to note that the X-
ray observations and majority of optical observations used
by Margutti et al. (2016) to estimate the pre-explosion and
shock wave properties of the SN were not obtained during
the period that AMI observed bump 1 when SN 2014C was
a daytime object. The AMI flux measurements are currently
the only reported observations to follow the SN shock wave
during the period when it propagates through the low den-
sity region before impacting the dense H-shell, between ~ 50
to ~ 125 days post-explosion.

The mass-loss rates derived from the FFA modelling
are higher than those derived from SSA, particularly for
bump 2. The modelling of bump 1 has a mass-loss rate
of ~ 8x107% — 8 x 107* Mg yr~', assuming a wind ve-
locity of 100 — 1000 km s~!, which is at least an order
of magnitude higher when compared to FFA modelling of
some SN IIn (for example see SN 1995N and SN 2005kd,
Chandra et al. 2009; Dwarkadas et al. 2016). However, op-
tical observations of SNe IIn show higher mass-loss rates
(for example see Table 9 of Kiewe et al. 2012, and references
therein) and can be of the order of ~ 0.1 Mg yr™!, produc-
ing surrounding CSM shells with masses of ~ 1 Mg within
a few years pre-explosion. Such CSMs were likely caused
by extreme eruptive events like those seen from LBVs (for
example see Chugai & Danziger 2003; Chugai et al. 2004).
This makes the mass-loss rate of ~ 5 x 107% Mg yr—* (as-
suming a wind speed of 100 km sfl) for bump 2 quite tame
in comparison and is more comparable to a LBV wind rather
than an actual LBV eruption (Smith & Owocki 2006). Our
FFA modelling mass-loss rates are therefore not unreason-
able for SNe IIn, and confirms that there were at least two
distinct mass-loss episodes shortly before the SN explosion.
Assuming a wind speed of 1000 km s~! and 100 km s~! for
bump 1 and bump 2, respectively, then the FFA and SSA
modelling show a modest reduction in the mass-loss rate by
a factor of 1.7 — 3.8 for these two density regimes. These
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results also demonstrate that our observation do not require
a common envelope ejection scenario, which have mass-loss
rate > 1072 Mg yr~ !, to explain the mass-loss history of SN
2014C (as suggested by Margutti et al. 2016). However, it is
important to emphasise that the modelling of the AMI SN
2014C light curve presented in this paper is very simplistic
given the complex environment surrounding SN 2014C but
it is a good starting point for future modelling endeavours.
The AMI light curve shows a clear transition between
density regimes at ~ 200 days post-explosion indicating the
time at which the SN shock began to interact with the
H-shell. If we assume that the velocity of the shock was
vs = 13000 km s~ ! then it began to interact with the H-shell
at a radius of R &~ 2 x 10'% cm. Assuming wind velocities of
vw = 1000 and v, = 100 km s™*, the ejection responsible
for the putative H-shell, and therefore bump 2, may have
occurred ~ 7 or ~ 70 years prior to the explosion. Both
eruption dates are in good agreement with LBV stars, with
the latter agreeing with the ~ 100 year eruption date es-
timated by Tinyanont et al. (2016). However, the mass-loss
rates derived from the AMI light curve are much lower than
other observed LBV eruptions (Smith & Owocki 2006).

6 CONCLUSIONS

AMI obtained 15.7 GHz radio observations of the first 567
days of the unusual stripped-envelope SN 2014C over which
time it evolved from a SN Ib into a SN IIn. The resulting
light curve reveals a double bump morphology that clearly
indicates at least two different CSM regimes due to two dis-
tinct progenitor mass loss episodes. This behaviour has only
been observed from a handful of SNe. AMI was the only re-
ported telescope to track SN 2014C while it was a daylight
object, between ~ 50 to ~ 125 days post-explosion. During
this time we were able to observe the evolution of bump 1,
which peaked at ~ 80 days post-explosion. Variations in the
light curve confirms that at an age between ~ 100 —200 days
the SN shock wave began to interact with the dense H-shell
proposed by Milisavljevic et al. (2015) and Margutti et al.
(2016), allowing us to further refine the time that SN 2014C
began to metamorphous into a SN IIn. Due to this inter-
action the radio emission rebrightened and peaked again at
~ 400 days, ~ 4 times brighter than the first episode of
brightening.

Further monitoring of SN 2014C with AMI following its
correlator upgrade may reveal further structure in its com-
plex CSM as the shock wave encounters earlier episodes of
mass-loss. If periodic modulations in the radio light curve
like those seen in SN 2001ig and SN 2003bg (Ryder et al.
2004; Soderberg et al. 2006) are observed, then this may give
additional evidence of a binary interaction with SN 2014C’s
progenitor. Ryder et al. (2004) argued that the ~ 150 days
modulations seen in the radio light curve of SN 2001ig is
likely due to the stellar winds from the WR progenitor col-
liding with the winds from a massive hot companion, result-
ing in the build-up of CSM on the required temporal and
spatial scales. The detection of ‘dusty pinwheels’ surround-
ing WR stars (Tuthill et al. 1999), along with the detection
of the likely binary companion to SN 2001ig’s progenitor
(Ryder et al. 2006), makes such a scenario a strong possi-
bility. Regardless, SN 2014C is not consistent with stan-
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dard single massive star evolution theories that requires
metallicity-dependent line-driven winds as the main mass-
loss mechanism. It is highly likely that the dense shell of
material impacted by SN 2014C resulted from a period of
evolution involving a LBV eruption or a binary interaction
as proposed by Milisavljevic et al. (2015), Margutti et al.
(2016), and Tinyanont et al. (2016).
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