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Figure 1. The relation of the final mass Mf (panel (a)) and the CO core mass MCO (panel (b)) to the MS mass MMS of stars with
metallicities Z = 0.02 (red line), 0.01 (purple line), 0.004 (green line), 0.001 (blue line), and 10−4 (cyan line). Open circles, triangles, and
closed circles indicate red supergiants, yellow supergiants or WN stars, and WO stars, respectively. In panel (a), progenitors in the blue
shaded region are WO stars and are expected to explode as SNe Ic. The stars in the region enclosed by the dashed line will experience
PPI (see text in details). The dotted line shows Mf = MMS. In panel (b), green and blue regions indicate the CC SN explosions ejecting
56Ni more than 1 M⊙ and 3 M⊙, respectively. Orange region indicates PISN. Red region is the CO core mass range expected to reproduce
the 56Ni yield in SN 2007bi.

of very massive stars is still uncertain, fates of very massive
stars with current mass loss rate should be investigated.

In this paper, we investigate the dependence of the fi-
nal mass, the CO core mass, and the stellar types on the
MS mass with the metallicity range Z = 10−4 − 0.02. We
discuss progenitors appropriate for CC SLSNe Ic. We also
investigate the explosive nucleosynthesis of CC SNe evolved
from very massive stars. We consider two different features
of explosions: spherically symmetrical explosions with dif-
ferent explosion energies and 2D aspherical explosions with
different opening angles of mass ejected region. We discuss
the dependence of the total ejecta mass and the yields of
56Ni, O, and Si on explosion features.

In Section 2, we show the final mass and the CO core
mass among stars with an MS mass MMS = 13 − 300 M⊙

and a metallicity Z = 10−4 − 0.02. We also show the pro-
genitor models evolved from 110 M⊙ and 250 M⊙ stars with
Z = 0.004 as progenitors of SLSNe Ic. In Section 3, we
show the dependence of the yields of 56Ni, O, and Si on the
explosion energy of spherically symmetrical CC SN explo-
sions. In section 4, we present the dependence on asphericity
of aspherical CC SN explosions. Progenitors of SLSNe Ic, es-
pecially SN 2007bi, and aspherical CC SNe Ic evolved from
very massive stars are discussed in Section 5. Conclusions
are presented in Section 6.

2 VERY MASSIVE PROGENITORS

We calculate the evolution of massive stars until the central
C-depletion with the ranges of an MS mass MMS = 13−300
M⊙ and a metallicity Z = 10−4 − 0.02 using the stellar
evolution code in YU11 and Umeda, Yoshida, & Takahashi
(2012). The species of nuclei adopted in the nuclear reaction
network is listed in Table 1. The mass loss recipe taken in
this study is the same as in Case (A) in YU11.

Figure 1(a) shows the relation between the MS mass
and the final mass of massive stars. In stars with MMS !

Table 1. Nuclear reaction network used for stellar evolution and
explosive nucleosynthesis during SN explosion. Isomer of 26Al is
taken into account.

Element A Element A

n 1 Ar 34− 43
H 1− 3 K 36− 45
He 3− 4 Ca 38− 48
Li 6− 7 Sc 40− 49
Be 7, 9 Ti 42− 51
B 8, 10, 11 V 44− 53
C 11− 13 Cr 46− 55
N 13− 15 Mn 48− 57
O 14− 18 Fe 50− 61
F 17− 19 Co 51− 62
Ne 18− 22 Ni 54− 66
Na 21− 23 Cu 56− 68
Mg 22− 27 Zn 59− 71
Al 25− 29 Ga 61− 73
Si 26− 32 Ge 63− 75
P 27− 34 As 65− 76
S 30− 37 Se 67− 78
Cl 32− 38 Br 69− 79

40 M⊙ and Z ! 0.01, strong mass loss strips the whole
H and/or He layers. These stars become Wolf-Rayet (WR)
stars and their final masses become ∼ 10 − 30 M⊙. Very
massive stars with MMS ! 100 M⊙ and Z = 0.004 become
WO stars. Stars with Z " 0.001 possess the H and/or He
layers until the C-burning. If the whole H and He layers
is not lost by eruptive mass loss induced by luminous blue
variable-like events or PPI, these stars would explode as
SNe II or Ib. We will discuss the effect by eruptive mass loss
during PPI later.

Figure 1(b) shows the relation between the CO core
mass and the MS mass. The maximum mass of the CO
core increases with decreasing the metallicity. Stars with
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Figure 1. The relation of the final mass Mf (panel (a)) and the CO core mass MCO (panel (b)) to the MS mass MMS of stars with
metallicities Z = 0.02 (red line), 0.01 (purple line), 0.004 (green line), 0.001 (blue line), and 10−4 (cyan line). Open circles, triangles, and
closed circles indicate red supergiants, yellow supergiants or WN stars, and WO stars, respectively. In panel (a), progenitors in the blue
shaded region are WO stars and are expected to explode as SNe Ic. The stars in the region enclosed by the dashed line will experience
PPI (see text in details). The dotted line shows Mf = MMS. In panel (b), green and blue regions indicate the CC SN explosions ejecting
56Ni more than 1 M⊙ and 3 M⊙, respectively. Orange region indicates PISN. Red region is the CO core mass range expected to reproduce
the 56Ni yield in SN 2007bi.

of very massive stars is still uncertain, fates of very massive
stars with current mass loss rate should be investigated.

In this paper, we investigate the dependence of the fi-
nal mass, the CO core mass, and the stellar types on the
MS mass with the metallicity range Z = 10−4 − 0.02. We
discuss progenitors appropriate for CC SLSNe Ic. We also
investigate the explosive nucleosynthesis of CC SNe evolved
from very massive stars. We consider two different features
of explosions: spherically symmetrical explosions with dif-
ferent explosion energies and 2D aspherical explosions with
different opening angles of mass ejected region. We discuss
the dependence of the total ejecta mass and the yields of
56Ni, O, and Si on explosion features.

In Section 2, we show the final mass and the CO core
mass among stars with an MS mass MMS = 13 − 300 M⊙

and a metallicity Z = 10−4 − 0.02. We also show the pro-
genitor models evolved from 110 M⊙ and 250 M⊙ stars with
Z = 0.004 as progenitors of SLSNe Ic. In Section 3, we
show the dependence of the yields of 56Ni, O, and Si on the
explosion energy of spherically symmetrical CC SN explo-
sions. In section 4, we present the dependence on asphericity
of aspherical CC SN explosions. Progenitors of SLSNe Ic, es-
pecially SN 2007bi, and aspherical CC SNe Ic evolved from
very massive stars are discussed in Section 5. Conclusions
are presented in Section 6.

2 VERY MASSIVE PROGENITORS

We calculate the evolution of massive stars until the central
C-depletion with the ranges of an MS mass MMS = 13−300
M⊙ and a metallicity Z = 10−4 − 0.02 using the stellar
evolution code in YU11 and Umeda, Yoshida, & Takahashi
(2012). The species of nuclei adopted in the nuclear reaction
network is listed in Table 1. The mass loss recipe taken in
this study is the same as in Case (A) in YU11.

Figure 1(a) shows the relation between the MS mass
and the final mass of massive stars. In stars with MMS !

Table 1. Nuclear reaction network used for stellar evolution and
explosive nucleosynthesis during SN explosion. Isomer of 26Al is
taken into account.

Element A Element A

n 1 Ar 34− 43
H 1− 3 K 36− 45
He 3− 4 Ca 38− 48
Li 6− 7 Sc 40− 49
Be 7, 9 Ti 42− 51
B 8, 10, 11 V 44− 53
C 11− 13 Cr 46− 55
N 13− 15 Mn 48− 57
O 14− 18 Fe 50− 61
F 17− 19 Co 51− 62
Ne 18− 22 Ni 54− 66
Na 21− 23 Cu 56− 68
Mg 22− 27 Zn 59− 71
Al 25− 29 Ga 61− 73
Si 26− 32 Ge 63− 75
P 27− 34 As 65− 76
S 30− 37 Se 67− 78
Cl 32− 38 Br 69− 79

40 M⊙ and Z ! 0.01, strong mass loss strips the whole
H and/or He layers. These stars become Wolf-Rayet (WR)
stars and their final masses become ∼ 10 − 30 M⊙. Very
massive stars with MMS ! 100 M⊙ and Z = 0.004 become
WO stars. Stars with Z " 0.001 possess the H and/or He
layers until the C-burning. If the whole H and He layers
is not lost by eruptive mass loss induced by luminous blue
variable-like events or PPI, these stars would explode as
SNe II or Ib. We will discuss the effect by eruptive mass loss
during PPI later.

Figure 1(b) shows the relation between the CO core
mass and the MS mass. The maximum mass of the CO
core increases with decreasing the metallicity. Stars with
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Fig. 15.— Mass fractions as a function of mass coordinate after mixing ceases. It is clear

that 12C, 16O and 28Si are more heavily mixed in red supergiants than blue supergiants.

Some 56Ni is dredged up in the R200 run but it barely reaches the outer envelope.
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Mass-loss histories of SN IIn progenitors 7

4.1 Overall mass-loss properties

Fig. 8 summarizes the estimated CSM density slope s
(ρcsm ∝ r−s). When we can fit the bolometric LCs by the
L = L1tα law self-consistently, we can estimate s only from
the bolometric LCs by assuming n. In Fig. 8, we plot two s,
one expected from n = 10 (circle) and another from n = 12
(square). When we apply the asymptotic model, we only
plot one s for each SN. There are four cases for which we
apply the diffusion model. This may arise from s > 3 CSM
and we indicate these by arrows.

Looking at Fig. 8, we can find that many s gather
around 2. This means that the mass loss of these SN IIn pro-
genitors within decades before the explosions is constantly
large. In other words, many SN IIn progenitors are likely
to keep their high mass-loss rates within the decades before
their explosion. In addition, there may exist a preference
for s to be larger than 2. Assuming that the CSM velocity
does not change much during the last stage of the stellar
evolution, the preference to s > 2 means that the mass-loss
rates of SN IIn progenitors increase as the progenitors get
closer to the time of the explosion. Note, however, that the
systematic error is uncertain and can be important. For in-
stance, the uncertainty in the estimated explosion dates is
sometimes large. Nonetheless, the deviation from the steady
mass loss in SN IIn CSM has been suggested in previous
studies as well. For example, Dwarkadas & Gruszko (2012)
collected SN X-ray LCs and found that SN IIn X-ray LCs
are mostly not consistent with the s = 2 CSM.

Fig. 9 presents the history of the mass-loss rates of SN
IIn progenitors estimated in the previous section. We need
to assume the SN ejecta properties in some cases and the un-
certainty of the history is expected to be large. The longest
time we can trace depends on the time we used to fit the
bolometric LCs. For SNe IIn for which we apply the diffusion
model, we indicate the rough mass-loss rates estimated from
the diffusion timescale (Equation (13)). The longest time
traced in these cases is set by assuming that the entire dense
CSM is swept up at the LC peak. The mass-loss rates we ob-
tain are consistent with those obtained from other methods
like Hα luminosities which also indicate that the mass-loss
rates are typically higher than ∼ 10−3 M⊙ yr−1 (e.g., T13;
Kiewe et al. 2012).

4.2 Mass-loss mechanisms of SN IIn progenitors

We have shown that the density slopes of dense CSM mak-
ing SNe IIn are often close to s = 2. This indicates that the
mass-loss rates of SN IIn progenitors are constantly high
within decades before their explosion. In some SNe IIn, sud-
den luminosity increases of their progenitors a few years
to ∼ 10 days before their explosions have been observed
and are related to the formation of the dense CSM (e.g.,
Pastorello et al. 2007; Prieto et al. 2013; Fraser et al. 2013b;
Ofek et al. 2013b). SNe IIn for which we apply the diffusion
model are mostly consistent with this timescale (Fig. 9) and
these SN IIn progenitors may make the dense CSM by the
eruptive mass loss. However, the progenitors of most SNe
IIn we have modeled are found to have high mass-loss rates
for decades. Thus, our results indicate that there exists some
mechanism for the progenitors to sustain their high mass-
loss rates at least for decades before their explosions. The

Figure 8. Estimated CSM density slopes s of the SN IIn pro-
genitors. When we need to assume n to estimate s, we show the
results of the cases of n = 10 (blue circle) and n = 12 (red square).

Figure 9. Estimated mass-loss histories of the SN IIn progeni-
tors. The results of the n = 10 models are shown when we need
to assume n. The shaded SNe (SNe 2005kj, 2006aa, 1998S, and
2009ip) are those for which we roughly estimate the mass-loss
rates based on the diffusion model. vcsm = 100 km s−1 is as-
sumed in this figure.

observed eruptive events on shorter timescales do not ex-
plain all the dense CSM of SNe IIn. Those eruptive events
may make the dense CSM which are not smooth. The ex-
istence of non-smooth dense CSM is indicated in some SN
IIn LCs which show short-time variability (e.g., SN 2009ip,
Margutti et al. 2014).

We have also found that the mass-loss rates of SN IIn
progenitors may preferentially get higher as they get closer
to the time of the explosion. However, mass loss which occurs
at the surface of a star and the core collapse which occurs at
the center of the star are usually not physically connected
to each other. If the mass-loss rates of SN IIn progenitors
truly tend to increase towards their time of the core collapse,
this may indicate that the high mass-loss rates of SN IIn
progenitors are somehow related to the core evolution of the

c⃝ 2014 RAS, MNRAS 000, 1–11

Moriya+14

dense CSM

SN

High mass loss rate
 (> 10-3 Msun/yr)

~100 yr before the explosion



1010 Lsun

109 Lsun IIn=CSM
0.1

-22

-20

-18

-16

-14

-12
 0  50  100  150  200  250  300  350

Ab
so

lu
te

 R
-b

an
d 

m
ag

ni
tu

de

Days after the explosion

II=RSG
0.65

Ibc=WR
0.25

108 Lsun

107 Lsun

1011 Lsun
(2) 

internal 
energy

(3) 
kinetic 
energy

(1) 
radioactive

energy (56Ni)



First supernovae...

Mesinger+06

panel, the top set of curves assumes a flux threshold of 3 nJy (or
an exposure time of texp ¼ 105 s in the 4.5 !m band), and the
bottom set assumes 9.5 nJy (texp ¼ 104 s in the 4.5 !m band,
background dominated). The top panel further assumes no dust
extinction, while in the bottom panel we adopt the same dust ex-
tinction as in the low-redshift sample (Richardson et al. 2002).
Understandably, the distributions get wider as redshift increases
(due to time dilation), but the total visible fraction, fSN(>0),
gets smaller (due to the increase in luminosity distance). The
double bump feature in some of the curves corresponds to the
plateau of Type II-P SNe light curves discussed above.

As seen in Figure 3, most of the supernovae that are bright
enough to be visible at all will remain visible for up to"1–2 yr.
Hence, in order to catch the most SNe, it will be necessary to
have repeat observations of the SN survey fields a few years
apart, to ensure that most of the observed SNe will be identified
as new sources or sources that have disappeared. A time be-
tween observations that is comparable to or larger than the SN
duration will be the optimal strategy for detecting the most SNe
(Nemiroff 2003). Note that we ignore the time required to col-
lect reference images, since observations conducted for other
programs will likely provide a sufficient set of such reference
images. However, as shown in equation (5), we allow time for
the field to be imaged in four different bands, to aid in photo-
metric redshift determination.

To be more explicit, we find that in order to obtain the largest
number of high-redshift SNe, in general it is a more efficient use
of JWST ’s time to ‘‘tile’’ multiple fields rather than ‘‘stare’’ for
extended periods of time (k104 s) at the same field (Nemiroff
2003). This is because of strong time dilation at these redshifts.
As can be seen from Figure 3, most detectable SNe will remain

above the detection threshold for several months, even assum-
ing 104 s integration times. Also evident from Figure 3 is that
the increase in the total visible fraction of SNe going from
texp ¼ 104 to 105 s is less than the factor of 10 increase in ex-
posure time. As a result, a fiducial 1 yr JWST survey would there-
fore detect more SNe using texp ¼ 104 s than using texp ¼ 105 s
(see Figs. 4a and 5a). Understandably, this conclusion does not
hold for very high redshifts, z k 14, where SNe are extremely
faint and require very long exposure times to be detectable.
However, even with such long exposure times, very few SNe
will be detectable at these large redshifts, rendering the use of
longer exposure times unnecessary.

3. RESULTS AND DISCUSSION

3.1. SNe Detection Rates

The number of SNe that could be detectable in putative future
surveys is shown in Figures 4a and 5a. The curves correspond
to the same virial temperature cutoffs for star-forming halos as
in Figure 1. Solid lines assume no dust obscuration; dashed
lines include a correction for dust obscuration as discussed
above. Figure 4a shows results assuming flux density thresh-
olds of 9.5 nJy (or texp ¼ 104 s with the 4.5 !m JWST filter; top
panel ) and 3 nJy (texp ¼ 105 s; bottom panel ). Figure 5a shows
results with the 3.5 !m filter, assuming equivalent exposure
times: flux density thresholds of 3.2 nJy (texp ¼ 104 s with the
3.5 !m JWST filter; top panel ) and 1 nJy (texp ¼ 105 s; bottom
panel ). The right vertical axis displays the number of SNe per
unit redshift per FOV (2A3 ; 4A6); the left vertical axis shows
the number of SNe per unit redshift in a fiducial 1 yr survey.
As mentioned above, reionization should be marked by a

Fig. 4.—(a) Number of high-redshift SNe detectable with the 4.5 !m JWST filter. The curves correspond to the same virial temperature cutoffs as in Fig. 1. Solid
curves assume no dust obscuration; dashed curves adopt dust obscuration in the same amount as observed in the low-redshift SNe sample. The figure shows results
assuming flux density thresholds of 9.5 nJy (or texp ¼ 104 s with JWST; top panel ) and 3 nJy (or texp ¼ 105 s with JWST ; bottom panel ). The right vertical axis displays
the number of SNe per unit redshift per field; the left vertical axis shows the number of SNe per unit redshift found in tsurv/(2texp) such fields (i.e., the differential version
of eq. [5] with tsurv ¼ 1 yr). Reionization should be marked by a transition from the region bounded by the top two solid curves to the region enclosed by the bottom three
solid curves (or the analog with the dashed curves if dust is present at the time of reionization). (b) Number of 2A3 ; 4A6 JWST fields required to detect reionization
occurring at zre, with a S/N k 3. Solid curves correspond to no dust obscuration; dashed curves include dust. The top panels assume texp ¼ 104 s; bottom panels assume
texp ¼ 105 s. Left panels: Reionization drops in the SN rate analogous to Tvir k 300 K ! 104 K, Tvir k 300 K ! 4:5 ; 104 K, and Tvir k 300 K ! 1:1 ; 105 K (top to
bottom). Right panels: Reionization drops in the SN rate analogous to Tvir k 104 K ! 4:5 ; 104 K and Tvir k 104 K ! 1:1 ; 105 K (top to bottom).

REDSHIFT DISTRIBUTION OF DISTANT SNe 85No. 1, 2006

29 mag
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Kinetic-energy powered

similar blueshifted absorption profiles. We corrected for telluric
absorption (Matheson et al. 2000) by comparison with the stan-
dard star BD +28 4211.

Figure 5 shows the H! profile of SN 2006gy near maximum
light from a portion of the same Keck spectrum in Figure 4, with
the flux normalized to the underlying continuum level, and the
velocity scale chosen with the narrow H! emission feature at
v ¼ 0 km s"1. TheH! profile in Figure 5 reveals several different
characteristic velocities relevant to interpretations of SN 2006gy.
First, the very narrowemission component (FWHM # 100 kms"1)
has an associated P Cygni absorption feature that indicates out-
flow speeds of 130 km s"1 (the trough) to 260 km s"1 (the blue
edge) in the unshocked circumstellar gas. In addition to H!, sev-
eral lines identified in Figures 4 and 5 also have narrow absorption
features.

A broad H! emission component has an apparent FWHM #
2400 km s"1 that is similar to H" at early times (Harutyunyan
et al. 2006). The true unabsorbed FWHM of this broad H! com-
ponent is larger because of the broad blueshifted absorption. Ex-
tended faint wings out to$6000 km s"1 may be caused either by
electron scattering or by the fastest SN ejecta.

The blue edge of the broad, blueshifted H! absorption in Fig-
ure 5 indicates an outflow speed of 4000 km s"1, where the emis-
sion jumps back up just to the level that would be expected for a
symmetric profile. This jump is readily apparent whenwe take the
redshifted side of the broad emission profile and reflect it to the
blue side, to simulate what a symmetric profile would look like
(Fig. 5). Because this absorption traces the speed of the dominant
absorbing material along the line of sight at this epoch, we take
this speed of 4000 km s"1 to represent dense material swept up
by the SN blast wave in the circumstellar material (CSM) inter-
action hypothesis, which should closely trace the speed of the blast
wave itself.

The broad-line profile differs from the smooth broad parts ofH!
profiles normally seen in SNe IIn (e.g., Chugai et al. 2004). The
blueshifted absorption trough flattens out and does not descend
below the underlying continuum level. This may hint that the
continuum luminosity andH! emission/absorption have different

Fig. 4.—Dereddened visual-wavelength spectra of SN 2006gy at t ¼ 36 and 96 days after explosion, obtained at Lick Observatory and with the Keck II tele-
scope, respectively. Several narrow absorption lines in our high-resolution Keck spectrum have been marked, but there are some remaining unidentified lines. Also plotted
is a spectrumof the Type Ia SN1991Tat t ¼ 35 days (Filippenko et al.1992) for comparisonwith our day 36 spectrumof SN2006gy; there is essentially no similarity between
the two spectra.

Fig. 5.—KeckDEIMOS spectrum of the H! line seen in SN 2006gy, with the
flux normalized to the underlying continuum. The upper right inset shows a closer
view of the narrowPCygni line profile that we believe to be associatedwith dense
unshockedCSM. The blueshifted narrow absorption trough has aminimum at about
"130 km s"1, reaching"260 km s"1 at its blue edge. The other narrow absorption
lines labeled as ‘‘Fe ii’’ are Fe ii kk6418, 6433, 6456, and 6517. The dashed line
labeled ‘‘symmetric’’ is the red side of the broad H! line reflected to blueshifted ve-
locities, showing what the line shape would be if it were symmetric. Comparing
this to the observedH! profile, we see significant blueshiftedH! absorption from
0 km s"1 out to a sharp blue edge at about"4000 km s"1, which we take to be the
dominant speed of the SN blast wave. At that point, the blueshifted emission re-
covers to the level expected for a symmetric profile, and then gradually declines
to the continuum level at about "6000 km s"1, just as on the red side of the line
(which overlaps with He i k6680).
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Possibly PISN??

But see Moriya+10, Yoshida+11 for core-collapse interpretationconsistent with the decay rate of radioactive 56Co. These properties
suggest that the very massive ejecta were energized by a large amount
of radioactive nickel (.3M[; Figs 2 and 3; Supplementary
Information, section 3), as expected from models of pair-instability
supernovae4,5,10 (PISNs). Our spectra, lacking any signs of hydrogen
or helium, indicate that this mass is dominated by carbon, oxygen
and heavier elements. The large amount of kinetic energy released,
Ek < 1053 erg (Fig. 2; Supplementary Information, section 3), is com-
parable to those derived for the most energetic c-ray bursts16, placing
this event among the most extreme explosions known. In Fig. 2b, we
show theoretical light curves calculated from PISN models5,9 before
our discovery. The data fit the models very well, suggesting that we
observed the explosion of a star with a helium core mass of around
100M[.

PISN models imply that such an explosion would synthesize
3M[–10M[ of radioactive 56Ni (Table 1). Such a large amount of
newly synthesized radioactive material would energize the supernova
debris for an extended period of time, ionizing the expanding gas
cloud. Collisional excitation would lead to strong nebular emission
lines, whose strength should be roughly proportional to the amount
of radioactive source material, providing another testable prediction.
Figure 3a shows a comparison of the nebular spectrum of SN 2007bi
with that of the well-studied, 56Ni-rich SN 1998bw, which produced
,0.5M[ of radioactive nickel17, suggesting that SN 2007bi produced
>7M[ of nickel (Supplementary Information, section 3), again sup-
porting its interpretation as a PISN.

By modelling the nebular spectrum, we are able to resolve the
elemental composition of the fraction of the ejected mass that is

illuminated by radioactive nickel. We can directly measure the abun-
dances of carbon, oxygen, sodium, magnesium, calcium and iron,
and derive the mass of radioactive 56Ni. Our elemental abundance
ratios are in good agreement with model predictions5 for heavier
elements, but lighter elements (carbon, oxygen and magnesium)
seem to be under-observed. By adopting the calculated model out-
put5 for elements that do not have strong nebular emission in the
optical (mostly silicon and sulphur, and some neon and argon), we
arrive at a total illuminated mass of .50M[, with a composition as
described in Table 1. We note that this falls well below the total mass
derived from photometry, indicating that even the unprecedented
amount of radioactive nickel produced by SN 2007bi was not suf-
ficient to energize the entire mass ejected by this extreme explosion
(Supplementary Information, section 6). The unilluminated mass
probably contains more light elements that originated in the outer
envelopes of the exploding star, and in which our nebular observa-
tions are deficient (see Supplementary Information, sections 3 and 6,
for additional details).

Our data thus provide strong evidence that we have observed the
explosion of a helium core with M < 100M[, which, according to
theory, can only result in a PISN3–6,10,18. The measured light curve,
yield of radioactive nickel and elemental composition of the ejecta are
consistent with models of PISNs that were calculated before our
discovery. On the basis of fewer observations of SN 2007bi, combined
with their analysis of the host-galaxy properties, the authors of ref. 19
consider both a PISN model and an interpretation in terms of a
massive iron-core-collapse supernova20, slightly favouring the latter.
However, our quantitative estimate of the helium core mass from our
peak light-curve shape and analysis of the nebular spectra is incon-
sistent with iron-core-collapse models20 and theoretically requires a
PISN5,10. We thus conclude that we have most likely discovered the
first clear example of a PISN.

There are several implications of this discovery. Theory allows stars
as massive as 1,000M[ to have formed in the very early Universe21.
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Figure 2 | Radioactive 56Ni and total ejected mass from the light-curve
evolution of SN 2007bi are well fitted using PISN models. a, The R-band
light curve of SN 2007bi. We have compiled observations obtained using the
48-inch (1.2-m) Samuel Oschin Telescope (P48), the 60-inch (1.5-m) robotic
telescope (P60) and the 200-inch (5-m) Hale Telescope (P200) at Palomar
Observatory, California, as well as photometry from the Catalina Sky
Survey15 (CSS) and synthetic photometry integrated from our late-time Keck
spectrum (Fig. 3; see Supplementary Information, sections 1 and 2, for
additional details). We find a peak magnitude of MR 5 221.3 6 0.1 mag on
2007 February 21 (Supplementary Information, section 2). The error is
dominated by the absolute zero-point calibration uncertainty. The
outstanding peak luminosity of this event, if radioactively driven, suggests
that a remarkable amount of 56Ni was produced (.3M[; ref. 28;
Supplementary Information, section 3). The slow rise time derived from our
fit (77 d; Supplementary Information, section 2), combined with the
measured photospheric velocity (12,000 km s21; Fig. 1), requires very
massive ejecta (Mej < 100M[) and a huge release of kinetic energy
(Ek < 1053 erg; Supplementary Information, section 3), where we apply the
commonly used scaling relations28,29. An independent direct estimate for the
56Ni yield is obtained from the luminosity during the late-time radioactive-
decay phase, compared with the observed decay of SN 1987A30

(Supplementary Information, section 3). Given the uncertainty in the
explosion date of SN 2007bi and a range of bolometric correction values
(Supplementary Information, section 2), the 56Ni mass produced by
SN 2007bi satisfied 4M[ , M56Ni , 7M[. The total radiated energy we
measure by direct integration of the light curve is Erad < (1–2) 3 1051 erg
(Supplementary Information, section 3), which is comparable to that of the
most luminous supernovae known7. Errors, 1s. b, Comparison of the
observations of SN 2007bi with models calculated before the supernova’s
discovery5,9. The curves presented are for various helium cores (masses as
indicated) exploding as PISNs, and cover the photospheric phase. The data
are well fitted by 100M[–110M[ models. At later times, the emission is
nebular and bolometric corrections used to calculate the model R-band light
curve cease to apply (Supplementary Information, section 4). In comparing
with these rest-frame models, cosmological time dilation for z 5 0.1279 has
been taken into account.
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PISN models

consistent with the decay rate of radioactive 56Co. These properties
suggest that the very massive ejecta were energized by a large amount
of radioactive nickel (.3M[; Figs 2 and 3; Supplementary
Information, section 3), as expected from models of pair-instability
supernovae4,5,10 (PISNs). Our spectra, lacking any signs of hydrogen
or helium, indicate that this mass is dominated by carbon, oxygen
and heavier elements. The large amount of kinetic energy released,
Ek < 1053 erg (Fig. 2; Supplementary Information, section 3), is com-
parable to those derived for the most energetic c-ray bursts16, placing
this event among the most extreme explosions known. In Fig. 2b, we
show theoretical light curves calculated from PISN models5,9 before
our discovery. The data fit the models very well, suggesting that we
observed the explosion of a star with a helium core mass of around
100M[.

PISN models imply that such an explosion would synthesize
3M[–10M[ of radioactive 56Ni (Table 1). Such a large amount of
newly synthesized radioactive material would energize the supernova
debris for an extended period of time, ionizing the expanding gas
cloud. Collisional excitation would lead to strong nebular emission
lines, whose strength should be roughly proportional to the amount
of radioactive source material, providing another testable prediction.
Figure 3a shows a comparison of the nebular spectrum of SN 2007bi
with that of the well-studied, 56Ni-rich SN 1998bw, which produced
,0.5M[ of radioactive nickel17, suggesting that SN 2007bi produced
>7M[ of nickel (Supplementary Information, section 3), again sup-
porting its interpretation as a PISN.

By modelling the nebular spectrum, we are able to resolve the
elemental composition of the fraction of the ejected mass that is

illuminated by radioactive nickel. We can directly measure the abun-
dances of carbon, oxygen, sodium, magnesium, calcium and iron,
and derive the mass of radioactive 56Ni. Our elemental abundance
ratios are in good agreement with model predictions5 for heavier
elements, but lighter elements (carbon, oxygen and magnesium)
seem to be under-observed. By adopting the calculated model out-
put5 for elements that do not have strong nebular emission in the
optical (mostly silicon and sulphur, and some neon and argon), we
arrive at a total illuminated mass of .50M[, with a composition as
described in Table 1. We note that this falls well below the total mass
derived from photometry, indicating that even the unprecedented
amount of radioactive nickel produced by SN 2007bi was not suf-
ficient to energize the entire mass ejected by this extreme explosion
(Supplementary Information, section 6). The unilluminated mass
probably contains more light elements that originated in the outer
envelopes of the exploding star, and in which our nebular observa-
tions are deficient (see Supplementary Information, sections 3 and 6,
for additional details).

Our data thus provide strong evidence that we have observed the
explosion of a helium core with M < 100M[, which, according to
theory, can only result in a PISN3–6,10,18. The measured light curve,
yield of radioactive nickel and elemental composition of the ejecta are
consistent with models of PISNs that were calculated before our
discovery. On the basis of fewer observations of SN 2007bi, combined
with their analysis of the host-galaxy properties, the authors of ref. 19
consider both a PISN model and an interpretation in terms of a
massive iron-core-collapse supernova20, slightly favouring the latter.
However, our quantitative estimate of the helium core mass from our
peak light-curve shape and analysis of the nebular spectra is incon-
sistent with iron-core-collapse models20 and theoretically requires a
PISN5,10. We thus conclude that we have most likely discovered the
first clear example of a PISN.

There are several implications of this discovery. Theory allows stars
as massive as 1,000M[ to have formed in the very early Universe21.
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Figure 2 | Radioactive 56Ni and total ejected mass from the light-curve
evolution of SN 2007bi are well fitted using PISN models. a, The R-band
light curve of SN 2007bi. We have compiled observations obtained using the
48-inch (1.2-m) Samuel Oschin Telescope (P48), the 60-inch (1.5-m) robotic
telescope (P60) and the 200-inch (5-m) Hale Telescope (P200) at Palomar
Observatory, California, as well as photometry from the Catalina Sky
Survey15 (CSS) and synthetic photometry integrated from our late-time Keck
spectrum (Fig. 3; see Supplementary Information, sections 1 and 2, for
additional details). We find a peak magnitude of MR 5 221.3 6 0.1 mag on
2007 February 21 (Supplementary Information, section 2). The error is
dominated by the absolute zero-point calibration uncertainty. The
outstanding peak luminosity of this event, if radioactively driven, suggests
that a remarkable amount of 56Ni was produced (.3M[; ref. 28;
Supplementary Information, section 3). The slow rise time derived from our
fit (77 d; Supplementary Information, section 2), combined with the
measured photospheric velocity (12,000 km s21; Fig. 1), requires very
massive ejecta (Mej < 100M[) and a huge release of kinetic energy
(Ek < 1053 erg; Supplementary Information, section 3), where we apply the
commonly used scaling relations28,29. An independent direct estimate for the
56Ni yield is obtained from the luminosity during the late-time radioactive-
decay phase, compared with the observed decay of SN 1987A30

(Supplementary Information, section 3). Given the uncertainty in the
explosion date of SN 2007bi and a range of bolometric correction values
(Supplementary Information, section 2), the 56Ni mass produced by
SN 2007bi satisfied 4M[ , M56Ni , 7M[. The total radiated energy we
measure by direct integration of the light curve is Erad < (1–2) 3 1051 erg
(Supplementary Information, section 3), which is comparable to that of the
most luminous supernovae known7. Errors, 1s. b, Comparison of the
observations of SN 2007bi with models calculated before the supernova’s
discovery5,9. The curves presented are for various helium cores (masses as
indicated) exploding as PISNs, and cover the photospheric phase. The data
are well fitted by 100M[–110M[ models. At later times, the emission is
nebular and bolometric corrections used to calculate the model R-band light
curve cease to apply (Supplementary Information, section 4). In comparing
with these rest-frame models, cosmological time dilation for z 5 0.1279 has
been taken into account.
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Figure 10. The left-hand panel shows a comparison between the RSG PISN model R190 and the equivalent explosion from a lighter massive star at Z⊙
(15 M⊙ s15e12 SN II-P model), while the right-hand panel shows a comparison between the model B190 and the 18 M⊙ ‘lm18a7Ad’ SN II-pec model at the
LMC metallicity. The spectral morphology is similar, except that the PISN explosions at 10−4 Z⊙ show no metals lines (not even Na I D or the Ca II triplet
generally seen in all Type II SNe) at times when their equivalent solar/LMC explosions show strong line blanketing throughout the UV and optical ranges.

(right-hand panel) the synthetic spectra computed by omitting a
given species.6

As the ejecta expands helium quickly becomes neutral – the
inefficient mixing of 56Ni from greater depths prevents any non-
thermal effects at the photosphere (Dessart et al. 2012a) at these
times in these PISN models. The adopted metallicity of 10−4 Z⊙
impacts all species other than hydrogen and helium so that CNO,
IMEs and IGEs have little (direct) influence on the spectrum – up to
200 d after the explosion, we can only see (identify) H I Balmer lines.
As the ejecta evolves, we do not see the appearance of Fe II lines,
the Ca II H&K or Ca II triplet at 8500 Å that are usually associated
with Type II-P spectra.

The lack of metals in the H-rich envelope completely quenches
the effect of line blanketing. As can be seen in Fig. 9, the continuum
(red curve) follows closely the total synthetic flux, except over
spectral regions where the H I Balmer lines reside. However, by
200 d, a pseudo-continuum is visible in the full spectrum – a large
number of lines, with no noticeable signature in the full spectrum,
are contributing to the total flux, even in regions apparently devoid
of lines. At this time, the spectral formation region is receding into
layers containing IMEs. However, the photosphere is so cold that
the emergence of line blanketing on the very weak flux shortwards
of 4000 Å is difficult to see. By 300 d after the explosion, the
spectrum has retained a similar colour to that at 200 d. However,
the pseudo-continuum is no longer produced by genuine continuum
processes (the red curve is down at zero flux) but instead by line
opacity from Fe II. By 400 d, the main ion contributing to this
background line opacity switches from Fe II to Fe I and produces
an even redder pseudo-continuum (red and green curves in Fig. 9,
right-hand panel). By 600 d after the explosion, the spectrum has
visibly turned nebular.

6 The other option is to include only the selected species. However, this pro-
cedure becomes dicey when continuum processes weaken and/or when line
opacity dominates – both effects occur at nebular times in PISN explosions.
In this case, taking out a dominant species completely alters the spectrum
and the result is unusable. So, for consistency, we adopt the same procedure
at all epochs and show these illustrations with the selected species omitted.
This manipulation is done only for post-processing and analysis – all CMFGEN

simulations are obviously performed with all species included.

In Fig. 10 (left-hand panel), we illustrate the contrast between
the spectrum from the explosion of a 15 M⊙ RSG progenitor at
solar metallicity (model s15e12; Dessart & Hillier 2011) and that
from the R190 model at 10−4 Z⊙. The line profiles are broader
in the PISN model, but the contrast with the low-mass SN II-P
model is small due to the modest increase in E/M. Although the
colours and H I Balmer lines appear similar, metals visibly affect
the low-mass SN II-P spectrum in the UV (strong line blanketing)
and optical (weaker blanketing, primarily due to Fe II, Ti II, and Sc II)
but have little effect on the PISN spectrum. This makes Hβ easily
recognized as a P Cygni profile in the PISN spectrum while in the
solar-metallicity spectrum, Hβ overlaps with numerous metal lines
(e.g. Fe II), and appears only as an absorption feature. A similar
effect was discussed by Kasen et al. (2011). Such RSG explosions
in the early Universe could be used to constrain the environmental
metallicity (or set an upper limit on the metallicity in the case no
metal lines are seen), either by means of the reduced blanketing in
the UV or the weakness of metal lines (e.g. Fe, Ca) in the optical
(see also fig. 9 of Dessart & Hillier 2005b). The absence of Ca II

lines at the recombination epoch is a unique feature of model R190,
never seen in SNe II-P models, and never yet observed in SNe II-P.

The Doppler velocity at maximum absorption in the broad H I

Balmer lines tracks closely the decreasing photospheric velocity,
although weaker Balmer lines from higher up in the series may
underestimate it (Fig. 11; left-hand column). This apparently pecu-
liar finding is well explained by the line formation process in the
homologously expanding ejecta of SNe (Dessart & Hillier 2005a).
Non-LTE and time-dependent effects also contribute to maintain
a significant line optical depth at large velocities, producing per-
sistent, strong and broad lines for Hα and Hβ (Utrobin & Chugai
2005; Dessart & Hillier 2008).

5.2 Spectral evolution during the photospheric phase
of PISN models B190 and B210

The spectral evolution of models B190 and B210 reflects the typical
explosions from BSG stars, objects characterized here by a surface
radius of 186 and 146 R⊙ (Figs 12 and 13). As for model R190, the
large explosion energies of 34.5 and 65.9 B, respectively, produce
high representative ejecta velocities of ∼5100 and 6800 km s−1,
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Supernova 2007bi as a pair-instability explosion
A. Gal-Yam1, P. Mazzali2,3, E. O. Ofek4, P. E. Nugent5, S. R. Kulkarni4, M. M. Kasliwal4, R. M. Quimby4,
A. V. Filippenko6, S. B. Cenko6, R. Chornock6, R. Waldman7, D. Kasen8, M. Sullivan9, E. C. Beshore10, A. J. Drake4,
R. C. Thomas5, J. S. Bloom6, D. Poznanski6, A. A. Miller6, R. J. Foley11, J. M. Silverman6, I. Arcavi1, R. S. Ellis4 & J. Deng12

Stars with initial masses such that 10M[ # Minitial # 100M[, where
M[ is the solar mass, fuse progressively heavier elements in their
centres, until the core is inert iron. The core then gravitationally
collapses to a neutron star or a black hole, leading to an explosion—
an iron-core-collapse supernova1,2. By contrast, extremely massive
stars with Minitial $ 140M[ (if such exist) develop oxygen cores with
masses, Mcore, that exceed 50M[, where high temperatures are
reached at relatively low densities. Conversion of energetic,
pressure-supporting photons into electron–positron pairs occurs
before oxygen ignition and leads to a violent contraction which trig-
gers a nuclear explosion3–5 that unbinds the star in a pair-instability
supernova. Transitional objects with 100M[, Minitial , 140M[
may end up as iron-core-collapse supernovae following violent mass
ejections, perhaps as a result of brief episodes of pair instability, and
may already have been identified6–8. Here we report observations of
supernova SN 2007bi, a luminous, slowly evolving object located
within a dwarf galaxy. We estimate the exploding core mass to be
Mcore < 100M[, in which case theory unambiguously predicts a
pair-instability supernova. We show that .3M[ of radioactive
56Ni was synthesized during the explosion and that our observations
are well fitted by models of pair-instability supernovae9,10. This
indicates that nearby dwarf galaxies probably host extremely
massive stars, above the apparent Galactic stellar mass limit11, which
perhaps result from processes similar to those that created the first
stars in the Universe.

We identified a new optical transient (SNF20070406-008) on 2007
April 6.5 UT (universal time is used for all dates in this paper) at right
ascension 13 h 19 min 20.2 s and declination 08u 559 44.099 (J2000).
Follow-up spectroscopic observations showed that this is a supernova
(SN 2007bi), with no trace of either hydrogen or helium, leading to its
classification as a type Ic supernova12, albeit of a peculiar nature and
with only one previously known counterpart (SN 1999as13; Fig. 1). No
signs of interaction with circumstellar material (a major source of
uncertainty in the analysis of previous luminous supernovae7,14) are
observed throughout the evolution of this event (Fig. 1). A search for
pre-discovery data recovered observations by the University of
Arizona’s Catalina Sky Survey15 that allowed an accurate determina-
tion of the date and magnitude of the supernova brightness peak.
Photometric observations continued for 555 days during our inten-
sive follow-up campaign. A red (R-band) light curve is plotted in
Fig. 2a.

The measured light curve is unique, showing a very long rise time
to peak (,70 d; Fig. 2; Supplementary Information, section 2), an
extreme luminosity reaching a peak R-band absolute magnitude of
MR 5 221.3 mag and a slow decline (0.01 mag d21 over .500 d),

1Benoziyo Center for Astrophysics, Faculty of Physics, The Weizmann Institute of Science, Rehovot 76100, Israel. 2Max-Planck-Institut für Astrophysik, Karl-Schwarzschild-Strasse 1,
85748 Garching, Germany. 3Scuola Normale Superiore, Piazza Cavalieri 7, 56127 Pisa, Italy. 4Department of Astronomy, 105-24, California Institute of Technology, Pasadena,
California 91125, USA. 5Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720-3411, USA. 6Department of Astronomy, University of California, Berkeley,
California 94720-3411, USA. 7The Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel. 8Department of Astronomy and Astrophysics, University of California,
Santa Cruz, California 95064, USA. 9Department of Astrophysics, University of Oxford, Keble Road, Oxford OX1 3RH, UK. 10Department of Planetary Sciences, Lunar and Planetary
Laboratory, 1629 East University Boulevard, Tucson, Arizona 85721, USA. 11Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA.
12National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China.
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Figure 1 | Spectra of the unusual type Ic supernova SN 2007bi. We
observed SN 2007bi on 2007 April 15.6 and 16.4, using the Low Resolution
Imaging Spectrometer26 (LRIS) mounted on the Keck I 10-m telescope
(W. M. Keck Observatory, Hawaii). Here we plot the specific flux, Fl, with
arbitrary scaling. Narrow emission lines (see Fig. 3 for details) indicate a
redshift of z 5 0.1279. A survey of our databases of supernova spectra shows
that this event is similar to only a single previous example, SN 1999as13,
which until now was the most luminous known type Ic supernova by a wide
margin. SN 2007bi has a comparable luminosity (Fig. 2). We identify the
most prominent features (marked) as arising from calcium, magnesium and
iron, and derive a photospheric velocity of 12,000 km s21. A model fit
(Supplementary Information, section 5) confirms these line identifications
and shows that the absorption in the blue–ultraviolet part of the spectrum is
dominated by blends of iron, cobalt and nickel lines. The shallow, poorly
defined trough seen around 5,500–6,000 Å could arise from blends of silicon
and sulphur lines, and the lines of neutral oxygen and sodium that are
usually prominent in type Ic spectra are remarkably weak. No hydrogen or
helium lines are seen, confirming the type Ic classification and strongly
disfavouring the possibility that interaction with circumstellar material
contributes significantly to the luminosity7,14,27. No narrow sodium
absorption is seen, indicating little absorption by dust in the host galaxy19.
The strong emission line around 7,300 Å seems to arise from [Ca II] emission
at zero expansion velocity, and is usually observed in supernova only in late-
time nebular spectra. A complete analysis of our full set of photospheric
spectra will be presented in a forthcoming publication; see also additional
details in ref. 19.
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Stars with initial masses such that 10M[ # Minitial # 100M[, where
M[ is the solar mass, fuse progressively heavier elements in their
centres, until the core is inert iron. The core then gravitationally
collapses to a neutron star or a black hole, leading to an explosion—
an iron-core-collapse supernova1,2. By contrast, extremely massive
stars with Minitial $ 140M[ (if such exist) develop oxygen cores with
masses, Mcore, that exceed 50M[, where high temperatures are
reached at relatively low densities. Conversion of energetic,
pressure-supporting photons into electron–positron pairs occurs
before oxygen ignition and leads to a violent contraction which trig-
gers a nuclear explosion3–5 that unbinds the star in a pair-instability
supernova. Transitional objects with 100M[, Minitial , 140M[
may end up as iron-core-collapse supernovae following violent mass
ejections, perhaps as a result of brief episodes of pair instability, and
may already have been identified6–8. Here we report observations of
supernova SN 2007bi, a luminous, slowly evolving object located
within a dwarf galaxy. We estimate the exploding core mass to be
Mcore < 100M[, in which case theory unambiguously predicts a
pair-instability supernova. We show that .3M[ of radioactive
56Ni was synthesized during the explosion and that our observations
are well fitted by models of pair-instability supernovae9,10. This
indicates that nearby dwarf galaxies probably host extremely
massive stars, above the apparent Galactic stellar mass limit11, which
perhaps result from processes similar to those that created the first
stars in the Universe.

We identified a new optical transient (SNF20070406-008) on 2007
April 6.5 UT (universal time is used for all dates in this paper) at right
ascension 13 h 19 min 20.2 s and declination 08u 559 44.099 (J2000).
Follow-up spectroscopic observations showed that this is a supernova
(SN 2007bi), with no trace of either hydrogen or helium, leading to its
classification as a type Ic supernova12, albeit of a peculiar nature and
with only one previously known counterpart (SN 1999as13; Fig. 1). No
signs of interaction with circumstellar material (a major source of
uncertainty in the analysis of previous luminous supernovae7,14) are
observed throughout the evolution of this event (Fig. 1). A search for
pre-discovery data recovered observations by the University of
Arizona’s Catalina Sky Survey15 that allowed an accurate determina-
tion of the date and magnitude of the supernova brightness peak.
Photometric observations continued for 555 days during our inten-
sive follow-up campaign. A red (R-band) light curve is plotted in
Fig. 2a.

The measured light curve is unique, showing a very long rise time
to peak (,70 d; Fig. 2; Supplementary Information, section 2), an
extreme luminosity reaching a peak R-band absolute magnitude of
MR 5 221.3 mag and a slow decline (0.01 mag d21 over .500 d),

1Benoziyo Center for Astrophysics, Faculty of Physics, The Weizmann Institute of Science, Rehovot 76100, Israel. 2Max-Planck-Institut für Astrophysik, Karl-Schwarzschild-Strasse 1,
85748 Garching, Germany. 3Scuola Normale Superiore, Piazza Cavalieri 7, 56127 Pisa, Italy. 4Department of Astronomy, 105-24, California Institute of Technology, Pasadena,
California 91125, USA. 5Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720-3411, USA. 6Department of Astronomy, University of California, Berkeley,
California 94720-3411, USA. 7The Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel. 8Department of Astronomy and Astrophysics, University of California,
Santa Cruz, California 95064, USA. 9Department of Astrophysics, University of Oxford, Keble Road, Oxford OX1 3RH, UK. 10Department of Planetary Sciences, Lunar and Planetary
Laboratory, 1629 East University Boulevard, Tucson, Arizona 85721, USA. 11Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA.
12National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China.
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Figure 1 | Spectra of the unusual type Ic supernova SN 2007bi. We
observed SN 2007bi on 2007 April 15.6 and 16.4, using the Low Resolution
Imaging Spectrometer26 (LRIS) mounted on the Keck I 10-m telescope
(W. M. Keck Observatory, Hawaii). Here we plot the specific flux, Fl, with
arbitrary scaling. Narrow emission lines (see Fig. 3 for details) indicate a
redshift of z 5 0.1279. A survey of our databases of supernova spectra shows
that this event is similar to only a single previous example, SN 1999as13,
which until now was the most luminous known type Ic supernova by a wide
margin. SN 2007bi has a comparable luminosity (Fig. 2). We identify the
most prominent features (marked) as arising from calcium, magnesium and
iron, and derive a photospheric velocity of 12,000 km s21. A model fit
(Supplementary Information, section 5) confirms these line identifications
and shows that the absorption in the blue–ultraviolet part of the spectrum is
dominated by blends of iron, cobalt and nickel lines. The shallow, poorly
defined trough seen around 5,500–6,000 Å could arise from blends of silicon
and sulphur lines, and the lines of neutral oxygen and sodium that are
usually prominent in type Ic spectra are remarkably weak. No hydrogen or
helium lines are seen, confirming the type Ic classification and strongly
disfavouring the possibility that interaction with circumstellar material
contributes significantly to the luminosity7,14,27. No narrow sodium
absorption is seen, indicating little absorption by dust in the host galaxy19.
The strong emission line around 7,300 Å seems to arise from [Ca II] emission
at zero expansion velocity, and is usually observed in supernova only in late-
time nebular spectra. A complete analysis of our full set of photospheric
spectra will be presented in a forthcoming publication; see also additional
details in ref. 19.
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Figure 11. Day 100 spectrum of model R150 shown for different values of metal-
licity in the hydrogen envelope, from top to bottom Z = 10−6, 10−4, 10−2, and
1 times solar. The metallicity can be probed observationally by examining metal
line absorption features or the flux in the ultraviolet.
(A color version of this figure is available in the online journal.)

3000 4000 5000 6000 7000 8000 9000
wavelength (angstroms)

0.5

1.0

1.5

2.0
re

la
tiv

e 
flu

x

mgI

mgII
mgI

siII

[caII]

OI OI

Figure 12. Spectrum, observed near peak, of SN 2007bi (red line; Gal-Yam
et al. 2009) compared to the synthetic spectrum of our model He100 at 100 days
after explosion (black line). Line identifications for the model are marked. Most
of the major observed line features are reproduced by the model, except for the
forbidden Ca ii line emission at 7300 Å which is the result of non-equilibrium
effects not included in the calculations.

powered optical emission, which lasts for hundreds of days,
emits very little flux at rest wavelengths λ < 2000 Å. Thus,
to follow objects at z ! 5 it is best to observe at infrared
wavelengths. Alternatively, one could search for the brief and
very blue emission from shock breakout.

In Figures 15 and 16 we plot the observer frame R- and
K-band peak magnitudes of several PI SN light curves (starting
t > 10 days after explosion in the rest fame) as a function
of redshift. Future R-band surveys, such as with the Large
Synoptic Survey Telescope (LSST), will routinely reach limiting
magnitudes of MR ∼ 24.5, which would detect or place
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Figure 13. Observer frame K-band light curve of model R250 as a function of
redshift. The effects of cosmological redshift, dimming, and time-dilation have
all been included. For z > 7, one observes in the rest-frame UV, and the initial
thermal component of the light curve is brighter than the later radioactively
powered peak.
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Figure 14. Observer frame R-band light curve of model R250 as a function of
redshift. The effects of cosmological redshift, dimming, and time-dilation have
all been included.
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of redshift.
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What powers this type...??

Quimby+11

- Not 56Ni
- Not internal energy (no H)
- Not (clearly) interaction
- magnetar...???
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Figure 10. The left-hand panel shows a comparison between the RSG PISN model R190 and the equivalent explosion from a lighter massive star at Z⊙
(15 M⊙ s15e12 SN II-P model), while the right-hand panel shows a comparison between the model B190 and the 18 M⊙ ‘lm18a7Ad’ SN II-pec model at the
LMC metallicity. The spectral morphology is similar, except that the PISN explosions at 10−4 Z⊙ show no metals lines (not even Na I D or the Ca II triplet
generally seen in all Type II SNe) at times when their equivalent solar/LMC explosions show strong line blanketing throughout the UV and optical ranges.

(right-hand panel) the synthetic spectra computed by omitting a
given species.6

As the ejecta expands helium quickly becomes neutral – the
inefficient mixing of 56Ni from greater depths prevents any non-
thermal effects at the photosphere (Dessart et al. 2012a) at these
times in these PISN models. The adopted metallicity of 10−4 Z⊙
impacts all species other than hydrogen and helium so that CNO,
IMEs and IGEs have little (direct) influence on the spectrum – up to
200 d after the explosion, we can only see (identify) H I Balmer lines.
As the ejecta evolves, we do not see the appearance of Fe II lines,
the Ca II H&K or Ca II triplet at 8500 Å that are usually associated
with Type II-P spectra.

The lack of metals in the H-rich envelope completely quenches
the effect of line blanketing. As can be seen in Fig. 9, the continuum
(red curve) follows closely the total synthetic flux, except over
spectral regions where the H I Balmer lines reside. However, by
200 d, a pseudo-continuum is visible in the full spectrum – a large
number of lines, with no noticeable signature in the full spectrum,
are contributing to the total flux, even in regions apparently devoid
of lines. At this time, the spectral formation region is receding into
layers containing IMEs. However, the photosphere is so cold that
the emergence of line blanketing on the very weak flux shortwards
of 4000 Å is difficult to see. By 300 d after the explosion, the
spectrum has retained a similar colour to that at 200 d. However,
the pseudo-continuum is no longer produced by genuine continuum
processes (the red curve is down at zero flux) but instead by line
opacity from Fe II. By 400 d, the main ion contributing to this
background line opacity switches from Fe II to Fe I and produces
an even redder pseudo-continuum (red and green curves in Fig. 9,
right-hand panel). By 600 d after the explosion, the spectrum has
visibly turned nebular.

6 The other option is to include only the selected species. However, this pro-
cedure becomes dicey when continuum processes weaken and/or when line
opacity dominates – both effects occur at nebular times in PISN explosions.
In this case, taking out a dominant species completely alters the spectrum
and the result is unusable. So, for consistency, we adopt the same procedure
at all epochs and show these illustrations with the selected species omitted.
This manipulation is done only for post-processing and analysis – all CMFGEN

simulations are obviously performed with all species included.

In Fig. 10 (left-hand panel), we illustrate the contrast between
the spectrum from the explosion of a 15 M⊙ RSG progenitor at
solar metallicity (model s15e12; Dessart & Hillier 2011) and that
from the R190 model at 10−4 Z⊙. The line profiles are broader
in the PISN model, but the contrast with the low-mass SN II-P
model is small due to the modest increase in E/M. Although the
colours and H I Balmer lines appear similar, metals visibly affect
the low-mass SN II-P spectrum in the UV (strong line blanketing)
and optical (weaker blanketing, primarily due to Fe II, Ti II, and Sc II)
but have little effect on the PISN spectrum. This makes Hβ easily
recognized as a P Cygni profile in the PISN spectrum while in the
solar-metallicity spectrum, Hβ overlaps with numerous metal lines
(e.g. Fe II), and appears only as an absorption feature. A similar
effect was discussed by Kasen et al. (2011). Such RSG explosions
in the early Universe could be used to constrain the environmental
metallicity (or set an upper limit on the metallicity in the case no
metal lines are seen), either by means of the reduced blanketing in
the UV or the weakness of metal lines (e.g. Fe, Ca) in the optical
(see also fig. 9 of Dessart & Hillier 2005b). The absence of Ca II

lines at the recombination epoch is a unique feature of model R190,
never seen in SNe II-P models, and never yet observed in SNe II-P.

The Doppler velocity at maximum absorption in the broad H I

Balmer lines tracks closely the decreasing photospheric velocity,
although weaker Balmer lines from higher up in the series may
underestimate it (Fig. 11; left-hand column). This apparently pecu-
liar finding is well explained by the line formation process in the
homologously expanding ejecta of SNe (Dessart & Hillier 2005a).
Non-LTE and time-dependent effects also contribute to maintain
a significant line optical depth at large velocities, producing per-
sistent, strong and broad lines for Hα and Hβ (Utrobin & Chugai
2005; Dessart & Hillier 2008).

5.2 Spectral evolution during the photospheric phase
of PISN models B190 and B210

The spectral evolution of models B190 and B210 reflects the typical
explosions from BSG stars, objects characterized here by a surface
radius of 186 and 146 R⊙ (Figs 12 and 13). As for model R190, the
large explosion energies of 34.5 and 65.9 B, respectively, produce
high representative ejecta velocities of ∼5100 and 6800 km s−1,
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Figure 11. Day 100 spectrum of model R150 shown for different values of metal-
licity in the hydrogen envelope, from top to bottom Z = 10−6, 10−4, 10−2, and
1 times solar. The metallicity can be probed observationally by examining metal
line absorption features or the flux in the ultraviolet.
(A color version of this figure is available in the online journal.)
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Figure 12. Spectrum, observed near peak, of SN 2007bi (red line; Gal-Yam
et al. 2009) compared to the synthetic spectrum of our model He100 at 100 days
after explosion (black line). Line identifications for the model are marked. Most
of the major observed line features are reproduced by the model, except for the
forbidden Ca ii line emission at 7300 Å which is the result of non-equilibrium
effects not included in the calculations.

powered optical emission, which lasts for hundreds of days,
emits very little flux at rest wavelengths λ < 2000 Å. Thus,
to follow objects at z ! 5 it is best to observe at infrared
wavelengths. Alternatively, one could search for the brief and
very blue emission from shock breakout.

In Figures 15 and 16 we plot the observer frame R- and
K-band peak magnitudes of several PI SN light curves (starting
t > 10 days after explosion in the rest fame) as a function
of redshift. Future R-band surveys, such as with the Large
Synoptic Survey Telescope (LSST), will routinely reach limiting
magnitudes of MR ∼ 24.5, which would detect or place
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Figure 13. Observer frame K-band light curve of model R250 as a function of
redshift. The effects of cosmological redshift, dimming, and time-dilation have
all been included. For z > 7, one observes in the rest-frame UV, and the initial
thermal component of the light curve is brighter than the later radioactively
powered peak.
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Figure 14. Observer frame R-band light curve of model R250 as a function of
redshift. The effects of cosmological redshift, dimming, and time-dilation have
all been included.
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Figure 15. Detectability of pair instability supernovae light curves. The figure
plots the observer-frame peak K-band magnitude of several models as a function
of redshift.
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Figure 2. Observed peak magnitude of Model F1 (left) and SN 2008es (right) as a function of redshift. To detect SNe at z > 10, the observations at >3 µm
are crucial. A typical limiting magnitude per visit with the planned wide-field NIR satellites is 24–26 mag (see Section 7). The faintest limit of each panel
(32 mag) corresponds to ∼106 s integration with JWST.

Figure 3. The SFR density estimated by galaxies (Bouwens et al. 2011a,b,
2012; Zheng et al. 2012; Coe et al. 2013; Ellis et al. 2013) and GRBs
(Robertson & Ellis 2012). We test two cases of the SFR density (solid
and dashed lines for Cases A and B, respectively). Case A is the SFR
density model by Robertson & Ellis (2012), which is the lower bound of the
SFR density derived from GRBs. Case B is a simple extrapolation of the
formula by Hopkins & Beacom (2006), which is consistent with the galaxy
measurements.

(RSLSN) can be written using ρ∗ as

RSLSN(z) = fSLSN ρ∗(z)

∫ Mmax,SLSN
Mmin,SLSN

ψ(M) dM
∫ Mmax

Mmin
Mψ(M) dM

, (1)

where ψ(M) is the stellar initial mass function [IMF;
ψ(M) ∝ M−(# + 1)]. We adopt a modified Salpeter A IMF of Baldry
& Glazebrook (2003) with the slope # = 0.5 for 0.1 M⊙ (=Mmin) <

M < 0.5 M⊙ and # = 1.35 for 0.5 < M < 100 M⊙ (=Mmax).
As in Paper I, we assume that (1) from the wide mass range of

stars, only massive stars in the mass range between Mmin,SLSN = 50
and Mmax,SLSN = 100 M⊙ can be a potential progenitor of SLSNe,
and (2) a fraction fSLSN of such massive stars actually explode as
SLSNe.2 The fraction fSLSN can be calibrated by the observational
constraints of the SLSN rate. Quimby et al. (2013) estimated the

2 Since at least one progenitor of Type IIn SN is known to be as massive as
MZAMS > 50–80 M⊙ (Gal-Yam et al. 2007; Gal-Yam & Leonard 2009), we
set the minimum mass of SLSNe to be Mmin,SLSN = 50 M⊙.

rate of SLSNe to be 2 × 10−7 Mpc−3 yr−1 at z ∼ 0.2.3 Adopting the
SFR density from Hopkins & Beacom (2006), this rate is obtained
if fSLSN is set to be 2 × 10−2 for Mmax, SLSN = 50 M⊙. This fraction
corresponds to 10−3 of total core-collapse SNe (with the progenitor
mass range of M = 8−100 M⊙). Hereafter, we use this value of
fSLSN for both Cases A and B SFR density. Since redshift evolution
of this fraction is poorly understood both observationally and the-
oretically, fSLSN is assumed to be constant over redshifts. Possible
impact of different IMFs is briefly discussed in Section 7 (see also
Paper I). Note that Paper I adopted fSLSN = 2 × 10−3−2 × 10−2,
which gave conservative estimates.

The left-hand panel of Fig. 4 shows the SN rate per unit comoving
volume as a function of redshift. The solid and dashed lines represent
the SN rate with Cases A and B SFR density, respectively. The SN
rate with Case B SFR density is consistent with the observed rate
of SLSNe (blue point; Quimby et al. 2013). The adopted SN rates
are also roughly consistent with the rate ∼4 × 10−7 Mpc−3 yr−1

derived using a single detection at z ∼ 2 and 4 by Cooke et al.
(2012) although this rate may not represent the total SLSN rate.
The right-hand panel of Fig. 4 shows the SN rate per unit area of
the sky per redshift and per unit time in the observer’s frame. The
expected number of SNe is an order of 0.01 deg−2 yr−1 redshift−1

at z > 10.

4 R ESULTS

We first show the results of our fiducial survey: observations with
the survey area of 100 deg2 and the limiting magnitude of 26 mag.
The survey duration and cadence are set to be 3 yr and 3 months,
respectively. Fig. 5 shows the expected number of SNe per dz = 0.5
bin as a function of redshift. The expected number of SNe at z > 10
is an order of 1–10 with Model 08es (pink lines in Fig. 5).

The solid and dashed lines show the dependence on the adopted
SFR density (Cases A and B, respectively). The expected number
with Case A SFR density is higher than that with Case B by a factor
of about 3 at z > 6, as expected from Figs 3 and 4.

3 Although Quimby et al. (2013) derived the rates of SLSN-I (SLSN with-
out hydrogen, 3 × 10−8 Mpc−3 yr−1) and SLSN-II (SLSN with hydrogen,
1.5 × 10−7 Mpc−3 yr−1) separately, we simply use the total rate.
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Figure 2. Observed peak magnitude of Model F1 (left) and SN 2008es (right) as a function of redshift. To detect SNe at z > 10, the observations at >3 µm
are crucial. A typical limiting magnitude per visit with the planned wide-field NIR satellites is 24–26 mag (see Section 7). The faintest limit of each panel
(32 mag) corresponds to ∼106 s integration with JWST.

Figure 3. The SFR density estimated by galaxies (Bouwens et al. 2011a,b,
2012; Zheng et al. 2012; Coe et al. 2013; Ellis et al. 2013) and GRBs
(Robertson & Ellis 2012). We test two cases of the SFR density (solid
and dashed lines for Cases A and B, respectively). Case A is the SFR
density model by Robertson & Ellis (2012), which is the lower bound of the
SFR density derived from GRBs. Case B is a simple extrapolation of the
formula by Hopkins & Beacom (2006), which is consistent with the galaxy
measurements.

(RSLSN) can be written using ρ∗ as

RSLSN(z) = fSLSN ρ∗(z)

∫ Mmax,SLSN
Mmin,SLSN

ψ(M) dM
∫ Mmax

Mmin
Mψ(M) dM

, (1)

where ψ(M) is the stellar initial mass function [IMF;
ψ(M) ∝ M−(# + 1)]. We adopt a modified Salpeter A IMF of Baldry
& Glazebrook (2003) with the slope # = 0.5 for 0.1 M⊙ (=Mmin) <

M < 0.5 M⊙ and # = 1.35 for 0.5 < M < 100 M⊙ (=Mmax).
As in Paper I, we assume that (1) from the wide mass range of

stars, only massive stars in the mass range between Mmin,SLSN = 50
and Mmax,SLSN = 100 M⊙ can be a potential progenitor of SLSNe,
and (2) a fraction fSLSN of such massive stars actually explode as
SLSNe.2 The fraction fSLSN can be calibrated by the observational
constraints of the SLSN rate. Quimby et al. (2013) estimated the

2 Since at least one progenitor of Type IIn SN is known to be as massive as
MZAMS > 50–80 M⊙ (Gal-Yam et al. 2007; Gal-Yam & Leonard 2009), we
set the minimum mass of SLSNe to be Mmin,SLSN = 50 M⊙.

rate of SLSNe to be 2 × 10−7 Mpc−3 yr−1 at z ∼ 0.2.3 Adopting the
SFR density from Hopkins & Beacom (2006), this rate is obtained
if fSLSN is set to be 2 × 10−2 for Mmax, SLSN = 50 M⊙. This fraction
corresponds to 10−3 of total core-collapse SNe (with the progenitor
mass range of M = 8−100 M⊙). Hereafter, we use this value of
fSLSN for both Cases A and B SFR density. Since redshift evolution
of this fraction is poorly understood both observationally and the-
oretically, fSLSN is assumed to be constant over redshifts. Possible
impact of different IMFs is briefly discussed in Section 7 (see also
Paper I). Note that Paper I adopted fSLSN = 2 × 10−3−2 × 10−2,
which gave conservative estimates.

The left-hand panel of Fig. 4 shows the SN rate per unit comoving
volume as a function of redshift. The solid and dashed lines represent
the SN rate with Cases A and B SFR density, respectively. The SN
rate with Case B SFR density is consistent with the observed rate
of SLSNe (blue point; Quimby et al. 2013). The adopted SN rates
are also roughly consistent with the rate ∼4 × 10−7 Mpc−3 yr−1

derived using a single detection at z ∼ 2 and 4 by Cooke et al.
(2012) although this rate may not represent the total SLSN rate.
The right-hand panel of Fig. 4 shows the SN rate per unit area of
the sky per redshift and per unit time in the observer’s frame. The
expected number of SNe is an order of 0.01 deg−2 yr−1 redshift−1

at z > 10.

4 R ESULTS

We first show the results of our fiducial survey: observations with
the survey area of 100 deg2 and the limiting magnitude of 26 mag.
The survey duration and cadence are set to be 3 yr and 3 months,
respectively. Fig. 5 shows the expected number of SNe per dz = 0.5
bin as a function of redshift. The expected number of SNe at z > 10
is an order of 1–10 with Model 08es (pink lines in Fig. 5).

The solid and dashed lines show the dependence on the adopted
SFR density (Cases A and B, respectively). The expected number
with Case A SFR density is higher than that with Case B by a factor
of about 3 at z > 6, as expected from Figs 3 and 4.

3 Although Quimby et al. (2013) derived the rates of SLSN-I (SLSN with-
out hydrogen, 3 × 10−8 Mpc−3 yr−1) and SLSN-II (SLSN with hydrogen,
1.5 × 10−7 Mpc−3 yr−1) separately, we simply use the total rate.
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Table 1. Parameters for upcoming NIR surveys

Survey Area Depth Wavelength range Cadence Duration
(deg2) (mag)

Optimal (z > 10) 100 26.0 3-5µm 3 months 3 years
Optimal (z > 15) 200 26.0 3-5µm 3 months 3 years

Euclid 40 24.5 (visual), 24.0(Y, J, K) 0.55 - 2 µm (visual - H) 10 days 3 years
WFIRST 6.5 26.0 0.73 - 2.4 µm (Z - K) 5 days 1.8 years

WFIRST-extended 100 26.0 0.73 - 2.4 µm (Z - K) 5 days 1.8 years
WFIRST-extended +3µm 100 26.0 0.73 - 3.0 µm 5 days 1.8 years

WISH 100 26.0 1.0 - 4.5 µm 10 days 1 year

∗ Limiting magnitude per visit, but it can also be the limiting magnitude in the stacked image for a given period within the cadence.
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Figure 11. Expected number of SN detection per dz = 0.5 bin
as a function of redshift with upcoming NIR surveys. For the
adopted survey parameters, see Table 1. WFIRST (black and
blue lines) covers the wavelength range up to K-band (2.4 µm).
If a 3 µm-band is hypothetically added, the highest redshift will
exceed z = 10 (pink line). Since WISH plans to cover up to 4µm,
SNe at higher redshifts can be detected. All the simulations have
been performed for Case A SFR density and Model 08es.

mag in the visual band and 24.0 mag in the NIR bands. We
hypothetically assume 10-day cadence and 3-year survey pe-
riod. We perform mock observations with these parameters.
Throughout this section, we adopt Case A SFR density and
Model 08es. The result is shown in the gray line in Figure
11. Euclid will be able to discover ∼ 1000 SLSNe at z < 5.
The maximum reachable redshift is about z = 5, which is
limited by the 24.0 mag depth at 2 µm (see Figure 2).

Euclid will provide an unprecedented sample of SLSNe.
Since about half of SLSNe detected by Euclid are located at
z < 2, they can also be observed with optical spectroscopy
(Cooke et al. 2009, 2012). With this sample, we can study
statistical properties of each class of SLSNe (SLSN-I and
SLSN-II, see Quimby et al. 2011; Gal-Yam 2012), such as the
luminosity function and statistics of the light curve duration,
which can be used to unveil the nature and progenitors of
SLSNe.

Next, we consider surveys with WFIRST. WFIRST
plans to perform dedicated SN survey in a part of the ob-
servational time (Green et al. 2012). The planned survey

area is 6.5 deg2 (wide) and 1.8 deg2 (deep). Since a large
survey area is critical for the detection of SLSNe (Figure
8), we adopt 6.5 deg2. The wavelength coverage is up to 2.4
µm (K-band) and the survey depth per visit is 26.0 mag.
Cadence and survey period are 5 days and 1.8 years, respec-
tively, which are optimized for Type Ia SNe. The result of
mock observation with these parameters (WFIRST, Table
1) is shown in black line in Figure 11. Thanks to the deep
observations at 2.4 µm, WFIRST will be able to discover
∼ 400 SLSNe up to z ∼ 7.

It is also shown, however, that the survey area of 6.5
deg2 is not enough to fully utilize its observational depth.
To see this effect, we hypothetically perform the simulations
with the survey area of 100 deg2 with all the other param-
eters kept the same (WFIRST-extended, Table 1). Such a
survey dramatically increases the number of SLSNe (see Fig-
ure 8): ∼ 6000 SLSNe up to z ∼ 9 will be detected (blue
line in Figure 11).

Even with the extended survey area, there is a clear
cutoff in the expected number of SLSNe below z ∼ 10.
This is because the expected brightness of SLSNe in the
K-band (1.8-2.4 µm) becomes dramatically fainter at the
redshifts higher than z ∼ 5 (Figure 2). To see the advantage
to have 3µm band, we perform a simulation by hypothet-
ically adding 3µm band to the WFIRST-extended survey
(pink line in Figure 11). If WFIRST possibly covers 3µm, it
will be able to carry out the nearly ideal survey, detecting
SLSNe at z > 10. We emphasize the importance of observa-
tions at ≥ 3 µm.

WISH plans to focus on the deep survey with ∼ 100
deg2 (Yamada et al. 2012). The wavelength range is 1.0-4.5
µm and the survey depth per visit is about 26.0 mag. Ca-
dence and survey period are not yet fixed, and thus, we hypo-
thetically assume 10-day cadence and 1-year survey period
(see WISH in Table 1). The brown line in Figure 11 shows
the expected number of SLSNe with WISH survey. WISH
will be able to detect about 3000 SLSNe in total. Thanks to
the wavelength coverage up to 4.5 µm, the maximum red-
shift is higher than those of Euclid and WFIRST. It may be
able to discover SLSNe up to z ∼ 12. This is, in fact, quite
similar to the optimized survey strategy to detect SLSNe at
z > 10 suggested in Section 5.

WISH and extended WFIRST surveys will be able to
detect more than 100 SLSNe at z > 6 (see also Figure 8).
Such high-redshift SLSNe can be spectroscopically observed
with JWST and also ground-based 30m-class telescopes,
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Figure 9. Expected cumulative number of superluminous SNe at z > 3 as
a function of the slope index ! of the IMF at M > 50 M⊙. For this plot, our
‘conservative’ SN rate (f SLSN = 2 × 10−3) is assumed.

possibly be discovered. The total number of SNe is 120 and 1200
for the cases of f SLSN = 2 × 10−3 and 2 × 10−2, respectively. We
discuss the usefulness of such a large sample at high redshifts in the
next subsection.

4.2 Sensitivity to the IMF

As we mentioned earlier, the superluminous SNe of our target are
thought to be triggered by very massive stars. The occurrence rate is
very sensitive to the number fraction of such massive stars. This in
turn can be used, if the occurrence rate is accurately determined, to
probe the slope of the IMF at the massive end (Cooke et al. 2009).
We calculate the sensitivity of the expected number of detections
to the slope of the stellar IMF. For simplicity, we fix the minimum
mass of superluminous SNe (Mmin,SLSN) and the fraction of superlu-
minous SNe (f SLSN) for the following comparison. Note that these
parameters can be observationally constrained by the optical sur-
vey, as discussed in Section 3. To study the influence of the relative
fraction of massive stars, we change the slope of the IMF at large
mass >50 M⊙, while keeping the slope at <50 M⊙ at 1.35. It is
important to note that changing the IMF at the high-mass end has
little impact on calibration of the star-formation rate, since most
UV continuum emission comes from massive stars with <50 M⊙.
Thus the occurrence rate of superluminous SNe is a robust probe of
the stellar IMF.

Fig. 9 shows the cumulative number of detections at z = 3–
6 as a function of !, the slope of the IMF. Here the fraction of
superluminous SNe is conservatively assumed to be f SLSN = 2 ×
10−3. Even in this case, with ! < 1.1, the expected number can
be about three times as much as that with ! = 1.35. Thus, if the
star-formation rate is independently measured and if the SN rate can
be determined with an accuracy within a factor of 3, the very flat
slope of the massive end of the IMF can be inferred or rejected.

5 N OT E S O N T H E SA M P L E SE L E C T I O N

So far we have discussed the number of detectable SNe of a particu-
lar type, but have not fully evaluated the efficiency of target selection
for actual surveys. Because superluminous SNe are intrinsically rare
events, upcoming optical surveys using 8-m class telescopes such as
Subaru and LSST and NIR surveys with Euclid, WFIRST and WISH
will discover more Type Ia and ordinary core-collapse SNe. These

normal SNe will be more abundant than superluminous SNe by a
factor of about 100. Thus, to identify superluminous SNe at high
redshifts, we must select the candidates properly and efficiently.

Cooke (2008) propose a method to select Type IIn SNe from
colour-selected Lyman-break galaxies. The advantage of the method
is that the photometric redshift of the host galaxy is already known.
When Lyman-break galaxies at z > 2 are selected, most SN candi-
dates found in this sample are likely to be Type IIn SNe or superlu-
minous SNe.

Here we consider the characteristics of superluminous SNe in a
more general case. An important issue would be that the host galaxy
of a distant SN is likely to be too faint to be detected. We summarize
the properties of (1) light curves and their time-scales, (2) colours
and (3) host galaxies of superluminous SNe at high redshifts.

The observed time-scale is determined by the intrinsic time-scale
and the time dilation due to cosmological redshift. Superluminous
SNe observed so far indeed tend to show an intrinsically long time-
scale. As an extreme case, the brightness of SN 2006gy stayed
within 1 mag below the maximum for about 100 d. Other objects
such as 2008es (Gezari et al. 2009; Miller et al. 2009), SCP 06F6
(Barbary et al. 2009), PTF09atu, PTF09cnd and PTF09cwl (Quimby
et al. 2011) also have long time-scales. Their decline tends to be
faster in bluer bands (Fig. 1).

In optical surveys, we observe high-redshift superluminous SNe
at rest-UV wavelengths. The observed time-scale of superluminous
SNe is slightly longer than that of Type Ia and Ibc SNe and shorter
than that of Type IIP SNe (Fig. 5) when we use SN 2008es as a
template. When we use PTF09cnd as a template instead, the light
curve is as slow as that of Type IIP SNe. With such a slowly evolving
light curve, it may be difficult to distinguish superluminous SNe
from Type IIP SNe.

In NIR surveys, the long time-scale of superluminous SNe is
pronounced (Fig. 7). Since NIR wavelengths trace the rest-frame
optical wavelengths at z ! 2, superluminous SNe at z ! 2 can stay
detectable for more than 100 d thanks to both the intrinsic brightness
and the dilation effect (Fig. 7). As a result, the time-scale is longer
than that of any other type of SNe.

The second diagnostic is the observed colour. Fig. 10 shows op-
tical r − i versus i − z (left) and NIR F115W–F200W ([1.2]–[2.0])
versus F200W–F277W ([2.0]–[2.8], right) colour–colour diagrams.
Colours of our template superluminous SN 2008es at high redshifts
are shown in red in the online article. For comparison, we also show
the expected colours of Type Ia SNe at z = 1.0 and 1.5 (black in
the online article), Type IIP SNe at (blue in the online article) and
Type Ibc SNe (green in the online article) at z = 0.3 and 0.5. These
SNe are expected to have similar observed magnitudes to those of
superluminous SNe at z > 3. The colours of these types of SNe are
calculated using the spectral templates of Nugent et al. (2002). See
Appendix A for the SEDs. The reddening in the host galaxy is not
taken into account here. It is worth mentioning that there is a scatter
in the optical colour of observed SNe at low redshifts. Including
the contribution from the host galaxy, the scatter is typically about
1.0 mag for Type IIP and 0.5 mag for Type Ibc SNe (e.g. Olivares
et al. 2010; Drout et al. 2011). For Type Ia SNe, a wide colour spread
is known, but most objects have similar colours within 0.2–0.4 mag
(e.g. Wang et al. 2009).

Superluminous SNe at high redshifts tend to have redder colours
than Type IIP and Ibc SNe, both in r − i and i − z. For superluminous
SNe at high redshifts, the observed r, i, z wavelengths correspond to
the near-UV wavelengths in the rest frame, which are at the blue side
of the spectral peak. On the other hand, most Type IIP and Ibc SNe
with optical surveys will be discovered at z " 1. Their observed
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!! Caveats !!

• Star formation rate 
=> Needs galaxy survey (z >~ 10)

• “Mysterious” objects

• Progenitor (minimum mass?)

• Metallicity dependence
=> # of SN/SFR as a function of redshift

• Completeness 
=> Needs well-controlled “missed” fraction
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APPENDIX A: APPLICATION TO UPCOMING

OPTICAL SURVEYS

We also apply our simulations to upcoming optical sur-
veys. Paper I performed detailed simulations with realistic,
planned observational strategy for Subaru Hyper Suprime-
Cam (HSC, Miyazaki et al. 2006) survey. On the other hand,
as shown in Section 5, it is useful to study a wide range of
parameters to find the optimized survey strategy. In this
section, we present simpler simulations for optical surveys,
but with a wider parameter space.

With optical surveys, detection of SLSNe up to z ∼ 5 is
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Summary

• “Normal” supernovae: difficult to detect @ z > 6

• “Superluminous” supernovae

• kinetic powered, radioactively powered, and...

• Detail  of the progenitor is still mystery

• Planned NIR survey can detect SLSNe up to z ~ 10

• Late 2010 and 2020-

• z ~ 15 with dedicated NIR survey (2000 deg2)

• Lower-redshift survey is critical

• progenitor, metallicity dependence, 
and completeness

• Survey with Subaru is ongoing


