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Abstract

A new class of ultra-long (>10000 s) gamma-ray bursts has recently been suggested
[1, 2, 3]. They may originate in the explosion of stars with much larger radii than the
normal long GRBs [3] or in the tidal disruptions of a star [3]. No clear supernova had
yet been associated with an ultra-long gamma-ray burst. Here we report that a supernova
(2011kl) was associated with the ultra-long duration burst 111209A, at z = 0.677. This
supernova is a factor of >3x more luminous than type Ic supernovae associated with long
gamma-ray bursts, and its spectrum is distinctly different. The continuum slope resembles
those of super-luminous supernovae, but extends farther down into the rest-frame ultra-
violet implying a low metal content. The light curve evolves much more rapidly than super-
luminous supernovae. The combination of high luminosity and low metal-line opacity cannot
be reconciled with typical type Ic supernovae, but can be reproduced by a model where extra
energy is injected by a strongly magnetized neutron star (a magnetar), which has also been
proposed as the explanation for the super-luminous supernovae.



GRB 111209A was detected by the Swift satellite at 07:12 UT on December 9, 2011.
The X-ray and optical counterparts were discovered within minutes of the trigger [12]. The
extraordinarily long duration of GRB 111209A was revealed by the continuous coverage
with the Konus detector on the WIND spacecraft [13], extending from ~5400s before to
~10000s after the Swift trigger. The GRB occurred at a redshift of z = 0.677 [3], as
determined from afterglow spectroscopy. Its integrated equivalent isotropic energy output is
(5.740.7) x 10°3 erg [13], corresponding to the bright end of the distribution of long-duration
GRB:s.

The afterglow of GRB 111209A was observed over a period of about 70 days with the
7-channel optical/near-infrared imager GROND [10]. Starting around day 15, the optical
light curve of the transient deviates from the earlier afterglow power law decay (Figure 1).
The light curve remains essentially flat between day 15 and 30, before it starts to decay
again to the host-galaxy level. After subtracting the afterglow and the well-modelled host
galaxy emission (Appendix, §1), the excess emission is well-constrained between rest-frame
day 6 and 43 after the GRB (Figure 2). It is very similar in shape to other GRB-related
supernovae, but reaches a bolometric peak luminosity of 2.871-2 x 10%3 erg/s (corresponding
to Mpo = —20.0 mag) at 14 rest-frame days, a factor 3 higher than the brightest known
GRB-SN (Figure 2).

A VLT/X-shooter spectrum was taken at 11.8 days (rest-frame) after the GRB (Dec.
29, 2011), near the peak of the excess emission [3]. The afterglow and the (minimal) host
contribution were subtracted (Appendix, §3) and the resulting spectrum is shown in Figure
3 (blue line). The strong similarity of the evolution in time and color to GRB-associated
SNe, together with the spectral shape of the excess emission, leads us to conclude that this
emission is caused by the SN associated with GRB 111209A.

Canonical long-duration GRBs are generally accepted to be linked to the core collapse of
massive stars stripped of their outer H and He envelopes [5, 6, 7], since every spectroscopically
confirmed supernova associated with a GRB has been a broad-lined SN Ic so far. Though
the supernova in the ultra-long GRB 111209A also shows no H or He, it is substantially
different from classical GRB-SNe. Firstly, it is surprisingly featureless redwards of 300 nm,
missing the undulations from spectral line blends typical of broad-lined SNe Ic in association
with GRBs [5, 6, 7]. Secondly, the spectrum does not drop in the 300400 nm (rest-frame)
region (Figure 3), suggesting very low metal abundance. Thirdly, applying the standard
parametrised SN light curve modelling (Appendix, §4), we derive an ejecta mass of 3+1 M,
and a %°Ni mass of 140.1 M which implies a very extreme ratio of nickel to ejecta mass.
In combination with fourthly, the large luminosity, it is impossible to explain the supernova
of GRB 111209A as a canonical stripped-envelope SN (Appendix, §4).

Various models have been suggested to explain the ultra-long duration of GRB 111209A
(and a few others), but the otherwise inconspicuous spectral and timing properties of both
the prompt and afterglow emission as well as the host properties provided no obvious clues
(1,2, 3,4, 8,9, 14]. With the detection of a supernova associated with the ultra-long GRB
111209A, we can immediately discard a tidal disruption event as the origin of GRB 111209A
[3].  Also, known supernovae from blue supergiants show hydrogen in their spectra and
substantially different light curve properties [15], inconsistent with our observations, and
thus ruling out blue supergiants as progenitors [4]. Finally, additional emission from the
interaction of the SN ejecta with circum-stellar material is unlikely as well (Appendix, §5).

Our data suggest that in terms of observational properties the supernova of GRB 111209A
is intermediate between canonical overluminous GRB-related SNe Ic and the class of super-



luminous supernovae (SLSNe; Figure 3). SLSNe are a sub-class of SNe which are a factor
~100 brighter than normal core-collapse SNe reaching My $—21 mag [16, 17]. They show
slow rise and late peak times (= 15-50 days as compared to typically 9-15 days). Their spec-
tra are characterized by a blue continuum, with a distinctive “W”-shaped spectral feature
often interpreted as O1I lines [16]. A spinning-down magnetic neutron star is the favoured
explanation for the energy input to power the luminous and long-lasting light curves [11].
The comparison of the SN accompanying GRB 111209A with SLSNe is motivated by two
observational facts: (1) the spectrum is a blue continuum, extending far into the rest-frame
UV, and (2) the peak luminosity is intermediate between GRB-SNe and SLSNe.

We have been able to reproduce the spectrum of the SN using a radiation transport
code [18, 19] and a density profile where p oc r~7, which is typical of the outer layers of
SN explosions. The spectra appear rather featureless but this does not mean that there
is no absorption: the UV is significantly depressed relative to a black body. However, it
is much less depressed than the spectra of GRB/SNe, indicating a lower metal content.
Many metal lines are active in the UV (Fe, Co, Ti, Cr). The smooth appearance of the
UV spectrum is the result of the blending of hundreds of lines caused by the large range of
wavelengths over which lines are active (line blanketing). Indeed, the photospheric velocity
(and density) determines the degree of line blending. We used here photospheric velocities
of v, ~ 20,000km/s, and can see increasingly featureless spectra as vy, increases and lines
are active at higher velocities (larger blueshift) (Fig. 3). In contrast, SLSNe, which show
more line features, have vy, ~ 10,000km/s. In the optical, on the other hand, only few
very weak absorptions are visible in our SN spectrum. These are due to Ca Il and C II
lines. O II lines require large departures from thermal equilibrium because of the very high
ionization/excitation potential of their lower levels (20-30 eV). This suggests the presence of
X-rays in SLSNe, probably produced by shocks. Our model only has ~ 0.4 My, of material
above the photosphere. The metal content is quite low. It is consistent with 1/4 of the
solar metallicity, which could be the metallicity of the star whose explosion caused the GRB
and the SN, and there is no evidence of freshly synthesised material mixed-in, unlike in
GRB/SNe. This supports the notion that the SN light curve was not powered by *°Ni
decay but rather by a magnetar. Fig. 3 shows this model with three different photospheric
velocities overplotted on the X-shooter spectrum.

The spectrum can be reproduced without invoking interaction, but the metal abundance
is so low that it is unlikely that much %°Ni has been produced. We therefore consider
magneto-rotational energy input as the source of luminosity. Depending on the relative
strength of magnetar and radioactive decay energy deposition, different peak luminosities as
well as rise and decay times can be obtained [20]. One particularly pleasant feature of the
magnetar mechanism is that it does not necessarily suffer from strong line blanketing, thus
providing a more natural explanation for the observed spectrum.

Using a simple formalism describing rotational energy loss via magnetic dipole radiation
and relating the spin-down rate to the effective radiative diffusion time, one can infer the
magnetar’s initial spin period P; and magnetic dipole field strength B from the observed
luminosity and time to light curve peak t,eq.,. The observed short tpeq (~ 14 rest-frame
days) and the moderate peak luminosity require a magnetar with an initial spin period
P, ~ 12ms. Good matches to the light curve can be obtained for a magnetic field strength
of (6 —9) x 10 G. Depending on the magnetic field, ejecta mass and kinetic energy have
values ranging between 2 and 3 My and (2 — 9) x 10%! erg, respectively. Determining the
energy and mass is highly uncertain because we do not know how mass is distributed in



velocity space below the photosphere. Still, the ejected mass should be small in order to
ensure that the diffusion time is short and the narrow light curve can be matched. The
values we find are indeed more typical of normal SNeIb/c than of GRB/SNe. The values for
SN 2006aj, the first SN identified as magnetar-powered [21], are actually not very different.
The GRB energy can be reconciled with the maximum energy that can be extracted from a
magnetar if the correction for collimation of the GRB jet is a factor of 1/50 or less, which is
well within typical values for GRBs [22].

The idea of a magnetar as the inner engine powering GRB-SNe [23, 24], SLSNe [11] or
even events like Swift 1644457 [25], before the general consensus for the latter turned to
a relativistic tidal disruption event, is not new. However, in all these cases the magnetar
interpretation was one option among several providing a good fit to the data, but never
cogent. Also the suggestion that all GRB-SNe are magnetars [24] rather than collapsars,
based on the clustering of the kinetic energy of the GRB-SNe at 10°? erg, the rotational
power of a millisecond neutron star, was only circumstantial evidence.

In contrast, both GRB 111209A and its associated SN are clearly different from GRB/SNe,
and at least the SN requires a new explanation. The coincidence suggests that the ultra-long
duration of the prompt emission of GRB 111209A and the unusual SN properties are proba-
bly related. In the standard fall-back accretion scenario the engine quickly runs out of mass
for any reasonable accretion rate and mass reservoir, and is unlikely to be able to power
an ultra-long GRB. The collapsar scenario is also excluded on similar grounds. We suggest
that both the ultra-long duration of the GRB and the characteristics of the SN are related
to the birth and subsequent action of a magnetar, which re-energizes the expanding ejecta
and powers an over-luminous supernova. The low metal content seen in the SN spectrum is
in accord with the very low host galaxy metallicity (10%-40% solar; Appendix, §4), which
is somewhat unusual for such a low-redshift object but commonly seen in SLSN hosts. This
particular SN was not quite as luminous as typical SLSNe, and it may represent a population
of events that is not easily discovered by SN searches but may have a relatively high rate.
This scenario offers a link between GRB/SNe on the one hand, and ultra-long GRBs and
SLSNe on the other.
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Figure 1: The light curve (GROND data: filled symbols; other data: open symbol) is the sum of
the afterglow of GRB 111209A modelled by a broken power law (dashed line), the accompanying
supernova 2011kl (thin red line) and the constant GRB/SN host galaxy emission (horizontal dotted
line). All measurements (given with 1 uncertainty) are relative to the Swift trigger time and as
observed, apart from the Vega-to-AB transformation for the J-band. The solid violet line is the
sum of afterglow and host in the u-band, with no sign of the supernova. The solid red line is the
sum of afterglow, host and supernova for the 7’-band. The vertical dotted line marks the time of
the VLT /X-shooter spectrum.
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Figure 2: Bolometric light curve of SN 2011kl, corresponding to 230800 nm rest frame (Appendix,
1), compared with those of GRB 980425 / SN 1998bw 5, XRF 060218 / SN 2006aj, the standard
type Ic SN 19941, and the SLSNe PTF11rks and PS1-10bzj (among the fastest-declining SLSNe
known so far), all integrated over the same wavelength band with 1 error bars. Solid lines show the
best-fitting synthetic light curves computed with a magnetar injection model (dark blue; Appendix,
6) and 56Ni powering (light blue; Appendix, 4), respectively.
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Figure 3: The X-shooter spectrum of SN 2011kl, taken on Dec. 29, 2011 after GRB afterglow
and host subtraction and moderate rebinning (Appendix, 1; ED Fig. 2), with its flat shape and
high UV flux is distinctly different from the hitherto brightest known GRB-SN 1998bw (red), but
reminiscent of some SLSNe (top three curves). The three grey/black lines show synthetic spectra
with different photospheric velocities (as labelled), demonstrating the minimum velocity required
to broaden unseen absorption around 400 nm rest-frame (Call, CII), but at the same time explain
the sharp cut-off below 280 nm rest-frame. The y-scale is correct for SNe 2011kl and 1998bw; all
other spectra are shifted for display purposes.
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Figure 4: Observed spectral energy distribution of the host galaxy of GRB 111209A. Plotted in
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is shown which is very typical for a GRB host.
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Table 1:

AB Magnitudes of the SN associated with GRB 111209A. The data

are corrected for the afterglow and host-galaxy contributions, as well as galactic
foreground and rest-frame extinction. The times are in the observer frame. The
magnitudes without contemporaneous ¢'r’i’z’-magnitudes are based on data from

[3].

At s

g’ mag

r’ mag

i’ mag

Z mag

843664
1101930
1358649
1360463
1361742
1705078
1706253
1880549
2049952
2401323
2664187
3037306
3085966
3090966
3518554
3692304
3693574
3694905
3696071
3950847
4258444
4732196
6241880

2436103

24177529

23.59 £0.04
23.47+£0.15

23.5370:3%
23.88701%
24.36 & 0.07

24.41795

24.6910 %2

23.9270%%
23.661015

22.99 £0.04
22.90 £0.07

23.25£0.15

23.21 £0.11

23.60 £ 0.05

23.80 % 0.20
24.28+0:27

25.2670:54

24037532
23.807043

23.287542

22.74£0.13

2290 £0.17

23.05101%

23.35£0.12

23.631042
23.8070:32

24.2010°78

23.9770 33
23.831973

23.167928

22.78101%

22.6775:23
22.70 & 0.19

23.2110-2

23.44702
23.671048
24.27+127

J mag

22.38 £0.09

22187032
22.30 & 0.06
22547032
2262708
22587032
22.41 £ 0.07

22.81 £0.09

22.81 £0.09
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Table 2: GROND observations of the afterglow, supernova and host of GRB 111209A. The At
time gives the mid-time of the observation relative to the Swift trigger time, and all magnitudes
are in the AB system and not corrected for Galactic foreground extinction. Conversion to Vega
magnitudes: ¢p — girey, = —0.062 mag, 75 — 1y, = 0.178 mag, ilyp — iy, = 0.410 mag,
Z;‘B —Z(/ega = 0.543 mag, Jap — Jvega = 0.929 mag, Hyp— Hyegqo = 1.394 mag, Kg A — Ks vega =
1.859 mag. Corrections for Galactic extinction are Ay = 0.066 mag, A, = 0.046 mag, Ay = 0.034

mag, A, = 0.025 mag, Ay = 0.015 mag, Ay = 0.010 mag, Ax, = 0.006 mag.

At [ks] exp[s] ¢ (mag) r’ (mag) i’ (mag) z' (mag)
151.49 460 20.06£0.05 19.66 +£0.02 19.36 £0.03 19.13 £ 0.02
155.91 460 20.07£0.06 19.62+0.02 19.39+0.03 19.13+£0.02
160.33 460 20.05£0.04 19.65£0.02 19.36 £0.02 19.15+0.02
164.70 460 20.14£0.05 19.75+0.04 19.43£0.03 19.19+£0.04
239.81 919 20.81£0.04 20.35+0.03 20.114+0.02 19.8940.05
250.95 919 20.85+£0.06 20.494+0.02 20.20£0.03 19.95+0.07
329.17 1133 21.16 £0.06 20.74 +0.03 20.43+0.03 20.2240.05
415.47 1838 21.49+0.05 21.084+0.03 20.81 +0.02 20.60 £ 0.04
501.08 1838 21.59+£0.03 21.19+0.02 20.90+0.02 20.71 £ 0.04
588.10 1838 21.85+£0.05 21.46+0.03 21.18+0.04 20.9440.05
669.18 919 22.03+£0.05 21.67+0.08 21.40+£0.09 21.1740.08
843.66 1379 22.39+0.03 22.01+0.03 21.75+£0.04 21.57+0.06
1101.93 2420 2286 +0.06 22.42+0.04 22.20+£0.07 22.03 £0.09
1880.55 2952 23.26+£0.09 22.68£0.05 22.40=£0.07 22.30+£0.09
2401.32 4502 23.45+£0.19 23.00£0.09 22.63+0.11 22.36=£0.14
3090.97 3630 23.80+£0.12 23.11£0.08 22.81£0.10 22.46+£0.12
4258.44 0384 24.274+0.24 23.60£0.13 23.26 £0.23 23.00 £ 0.32
4732.20 0422 24474+0.35 23.92+0.15 23.38+£0.16 23.15+0.21
6241.88 2758 > 24.57 2445+ 0.28 23.68£0.32 23.47+0.44
24277.46 3752 25.66 £0.31 25.04 +£0.18 24.36 £0.22 24.02 £ 0.28
At [ks] exp [s] J (mag) H (mag) K (mag)
151.52 480 18.72+£0.12 18.31+£0.12 17.84+£0.15
155.94 480 18.79+£0.08 18.31+£0.11 17.87+0.15
160.36 480 18.75£0.10 18.35£0.10 18.01 £0.16
164.73 480 18.75£0.11 18.40+£0.12 18.09 £0.18
239.84 960 19.66 £0.13 19.01 £0.14 18.71+0.17
250.97 960 19.65£0.11 19.11£0.12 1898 +£0.21
329.20 1920 19.87+£0.08 19.39+£0.12 19.10+0.18
415.49 1920 20.17£0.11 19884+ 0.16 19.65+0.26
501.11 1920 20.25£0.11 19.99£0.15 19.94 £ 0.32
588.13 1920 20.62+0.16 20.25£0.19 19.67+£0.27
669.20 960 20.70£0.23 20.36 £0.29 19.86 £ 0.35
843.69 1440 21.23£0.21 20.71+£0.40 20.49 + 0.46
1101.95 2160 21.834+0.24 20.8240.25 20.57 £0.52
1880.58 2400 21.794+0.24 21.76 £0.27 20.70 £0.75
2401.32 3600 22.15£0.32 21.86+£0.36 > 20.32
3090.99 3240 > 22.25 > 21.85 > 20.22
4258.47 4560 > 21.54 > 21.05 > 19.19
4732.22 4560 > 22.06 > 21.62 > 20.33
6241.91 2880 > 21.52 > 20.9114 > 20.06
24277.49 3600 > 22.39 > 21.84 > 20.56




Table 3: UVOT observations of the afterglow of GRB 111209A. The At time gives the mid-time of
the observation relative to the Swift trigger time, and all magnitudes are in the AB system and not
corrected for Galactic foreground extinction. Conversion to Vega magnitudes: uap — uyegq = 1.02
mag (as given at http://swift.gsfc.nasa.gov/analysis/uvot_digest /zeropts.html). The correction for
Galactic extinction, using E(p_yy = 0.017 mag [35] and the Galactic extinction curve of [44] is
A, = 0.085 mag.

At [ks] exp [s] u (mag)

139.3566 546 20.231011
187.4401 157 21141077
199.3795 157 21.2470:38
211.8172 157 21.724077
223.9091  235.5 21.257042
233.6637  235.5 21.75+00
245.1895  156.9 20.8213%
256.7393 157 21.74721
286.4793  84.7 > 20.66
315.6230  314.1 21.84%979
332.6649 3824 21.98%0-32
357.8214 844 21.78+0%1
428.4023  578.3 22.0594
465.3887 342 21.451042
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Appendix

1. Observations and Data Analysis

Simultaneous imaging in ¢'r'i'z'JH K,
with the 7-channel imager GROND [10] was
done on 16 epochs with logarithmic temporal
spacing until 72 days after the GRB, when
the nearby Sun prevented further observa-
tions. A last epoch for host photometry was
obtained 280 days after the GRB. GROND
data have been reduced in the standard man-
ner using pyraf/IRAF [31, 32, 33]. The opti-
cal imaging was calibrated against compar-
ison stars obtained by observing a nearby
SDSS field (immediately before the afterglow
observation in the third night under photo-
metric conditions) and calibrated against the
primary SDSS! standard star network. The
NIR data were calibrated against the 2MASS
catalog. This results in typical absolute accu-
racies of £0.03 mag in ¢'r’i’z" and £0.05 mag
in JHK,.

We have made use of two other sources
of measurements: First, we add u-band ob-
servations obtained with Swift/UVOT (Ta-
bles 3). UVOT photometry was carried
out on pipeline-processed sky images down-
loaded from the Swift data centre? follow-
ing the standard UVOT procedure [34], and
is fully compatible with earlier, independent
publications of the UVOT data [2, 3]. Sec-
ond, we add selected complementary data,
all taken from [3], in particular (i) HST
F336W/F125W data from 11.1 and 35.1 days
after the GRB, respectively; (ii) two epochs
of VLT/FORS2 ¢'R¢i'2" data during the SN
phase, which agree excellently with our data
due to [3] using our GROND calibration
stars; (iii) a late-time Gemini-S u’' observa-
tion (198 days after the GRB).

With the constant host galaxy contribu-
tion accurately determined at late times in
u'g'r'i’Z' J (see §3), the afterglow light curve
shows clear evidence for a steeper afterglow
decay at >10 days post-burst, particularly in

Thttp://www.sdss.org
Zwww.swift.ac.uk /swift_portal

the v/ band where there is essentially no con-
tribution from the supernova (as evidenced
by the spectrum) and which therefore can
be used as a template for the pure after-
glow contribution. We link the decay slopes
for all filters to be the same. This pro-
vides the two decay slopes oy = 1.55 4+ 0.01
and ap = 2.33 £ 0.16, with a break time of
t, = 9.21 +0.47 days. The u'-band fit is also
shown in Fig. 1 to visualize the decomposi-
tion. Apart from our much larger data set as
provided by the GROND observations, the
difference to the decomposition of [3] is the
fact that they ignored the host contribution
in the redder bands at ~ 30—50 days (though
they actually note this in their work).

In order to create the SN light curve for
each photometric band, we then subtracted
both, the afterglow contribution in that band
based on the extrapolation of the afterglow
light curve, and the host galaxy contribution
based on its spectral energy distribution; see
§3. The error in the host galaxy subtraction is
negligible as the host photometry is accurate
to better than 10%, and the host contributes
only between 5-15% to the total light dur-
ing the SN bump. The error on the afterglow
subtraction depends on whether or not the
decay slope ay remained constant after the
last secure measurement right before the on-
set of the SN. The intrinsic GRB afterglow
light curves at this late time are observed to
only steepen, never flatten. Thus, our after-
glow subtraction is conservative, and results
in a lower limit for the SN luminosity.

The quasi-bolometric light curve was con-
structed from GROND g¢'r'i’z'J photometry
and the data from [3] in the following way.
First, the individual filter bands have been
extinction-corrected with A§" = 0.06 mag
Galactic foreground [35], and rest-frame A%2s!
= 0.12 mag as derived from the GRB af-
terglow spectral energy distribution fitting.
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By deriving quadratic polynomials for sets
of three consecutive filters (Simpson’s rule)
they were then combined to create a quasi-
bolometric light curve.

The quadratic polynomials are then in-
tegrated over rest-frame wavelength from
3860/(1 + z) A (blue edge of the ¢ filter) to
13560/(14 2) A (red edge of the J filter). To
transform the integrated flux into luminosity,
we employed a distance of d = 4080 Mpc,
using a concordance cosmology (24 = 0.73,
QO = 0.27, and Hy = 71 km s~! Mpc™).

The X-shooter [36] spectrum has been
reduced with the ESO X-shooter pipeline
v2.2.0, in particular for flat-fielding, order
tracing, rectification and initial wavelength
calibration with an arc lamp. During recti-
fication, a dispersion of 0.4A /pixel has been
used in the UVB/VIS arm, minimizing cor-
related noise but maintaining sufficient spec-
tral resolution for resolving lines down to
~50 km/s, i.e. a velocity dispersion of 20
km/s. Our own software is used for bad-
pixel and cosmic-ray rejection, as well as sky-
subtraction and frame shifting and adding
[37]. Optimal extraction is applied to the re-
sulting 2D frames, and the one-dimensional
spectrum is finally flux calibrated separately
for each arm against the GROND photome-
try. The NIR arm does not contain any useful
signal, and thus is not shown in Fig. 3.

The observed spectrum is the sum of
light from the GRB afterglow, the GRB host
galaxy, and the supernova. After correct-
ing for A% = 0.06 mag [35] Galactic fore-
ground reddening, we corrected for the con-
tribution of the host galaxy using a template
fit (§3) on the host photometry (including the
J-band measurement of [3]), and subtracted
the afterglow based on the extrapolation of
the ¢',r".7',2” GROND light curves to the time
of the X-shooter observation. After reducing
to the rest-frame, we finally corrected for in-
trinsic reddening of E(B — V) = 0.04 £ 0.01
mag derived from the GROND afterglow SED

3http://www.ctht.hawaii.edu/ arnouts/LEPHARE

fitting.

2. Association of GRB afterglow,
supernova, and host galaxy

We detect narrow absorption lines of
MgII(A2796, A2803), MgI(A2852) and
Fell(A\2344, 22374, 22382, A2586, A2600) in
the SN spectrum. No change in equivalent
widths and redshift is apparent when com-
pared to the afterglow spectrum taken 0.75
days after the GRB [3, 37]. Moreover, these
equivalent widths are typical of those seen
from host galaxies of bright long-duration
GRBs. This relates the SN to the same host
galaxy as GRB 111209A.

No offset is measurable in GROND im-
ages between GRB afterglow and supernova
(0RA <07032, dDecl <07019), which im-
plies that the two events are co-spatial within
<200 pec.

3. The host galaxy

During the late-epoch GROND observa-
tion the host galaxy is clearly detected in
g'r"i’z" in the 3 — 50 range (last entry in Ta-
ble 2). We add HST F336W and Gemini
u'J from [3]. Noting that the supernova does
not contribute significantly any more during
these late epochs (with expected AB magni-
tudes ¢’ ~ 28.5, 1’ ~ 28.0, 7' ~ 27.5, 2/ =~ 27.2
mag), we employ LePHARE? and use the best-
fit model (a low-mass, star-forming galaxy) as
a template for the host subtraction (see Fig-
ure 4). Inferences on the physical properties
of the host from this fitting and the absorp-
tion/emission line information from the opti-
cal /NIR spectra will be published elsewhere
(37, 38].

4. Radioactivity cannot power the
supernova peak

Modelling the bolometric light curve ac-
cording to the standard scheme of *Ni pow-
ering [39] and augmented by Co decay [40], an
ejecta mass of 3.240.5 My and a °°Ni mass
of 1.0£0.1 Mg is derived (we used vppor =
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20.000 km/s, and a grey opacity of 0.07£0.01
cm? g7!, constant in time). The derived *°Ni
mass is anomalously large for SNelb/c, in-
cluding GRB/SNe [41]. Such a large °Ni
mass is difficult to reconcile with the very low
opacity in the blue part of the spectrum. The
continuum flux keeps rising down to 3000 A
without any sign of suppression in the rest-
frame UV, implying very low metal line opac-
ity. Also, the ejected mass of ~3 My as de-
duced from the light curve width does not
resonate with the large **Ni mass.

While it has been suggested that part of
the ®°Ni could be synthesised in the accre-
tion disk [42], this is unlikely to proceed at
a rate needed in our case. Recent numeri-
cal simulations show that for a wide range of
progenitor masses (13-40 M), initial surface
rotational velocities, metallicities and explo-
sion energies, a disk mass of more than 1 Mg
(corresponding to ~0.2 M, *Ni) is difficult
to achieve [43], for both cases of compact ob-
jects: (i) in the case of heavy fallback, lead-
ing to the collapse of the central object into
a black hole, the explosion energy is required
to be small (< few x 10% erg), and more
importantly, the disk forms only after a few
months due to the large fallback time (2 10°
s). (ii) in the case of little fallback, leaving
a neutron star behind, only fine-tuned condi-

tions produce fallback disks at all, and these
then have lifetimes of at most several hundred
seconds.

Thus, a different mechanism must power
the SN light curve during the first ~ 40 days
(rest frame).

5. Enhanced emission due to inter-
action with the circumburst medium?

Given the large luminosity, we considered
additional emission from the interaction of
the supernova ejecta with the circumstellar
medium as an alternative possibility. In that
case, one may expect narrow Balmer emission
lines. While we detect very narrow (o = 35
km/s) Ha, HB and [OIlI] lines in emission,
the Balmer fluxes are compatible with the
forbidden line flux and with an origin from
the global low (0.02 Mg /yr) star formation
rate in this low-metallicity (10%-40% solar)
host galaxy [37]. On the other hand, if the
progenitor star was heavily stripped, no cir-
cumstellar H may be present. Another, more
serious constraint is the very blue SN spec-
trum, which would require a very low density
to minimize extinction (though dust may be
destroyed by the initial GRB and SN light).
This may be at odds with the requirement
that the density is high enough to generate
the few 10%®ergs™! of radiative luminosity
observed around the peak.
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