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A B S T R A C T 

We present late-time images of the site of the peculiar jet-driven Type IIn supernova (SN) 2010jp, including Hubble Space 
Telescope images taken 2–5 yr post-explosion and deep ground-based images over a similar time. These are used to characterize 
its unusually remote environment and to constrain the progenitor’s initial mass and age. The position of SN 2010jp is found 

to reside along a chain of diffuse starlight that is probably an outer spiral arm or tidal tail of the interacting galaxy pair 
NGC 2207/IC 2163. There is one bright H II region projected within 1 kpc, and there is faint extended H α emission immediately 

surrounding the continuum source at the position of SN 2010jp, which has M F555W 

= −7.7 ± 0.2 mag. In principle, the lingering 

light could arise from late-time circumstellar material (CSM) interaction, an evolved supergiant, a host star cluster, or some 
combination of these. Steady flux o v er 3 yr and a lack of strong, spatially unresolved H α emission make ongoing CSM interaction 

unlikely. If an evolved supergiant dominates, its observed luminosity implies an initial mass � 22 M � and an age � 8 Myr. If the 
source is a star cluster, then its colour and absolute magnitude imply an age of 8–13 Myr and a modest cluster initial mass of 
log( M /M �) = 3.6–3.8. Extended H α emission out to a radius of ∼30 pc reveals a faint evolved H II region, pointing to recent 
star formation with at least one late O-type star. Based on these various clues, we conclude that the progenitor of SN 2010jp had 

a likely initial mass of 18–22 M �. 

Key words: blue stragglers – circumstellar matter – stars: evolution – supernovae: general – supernovae: individual (SN 2010jp). 
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 I N T RO D U C T I O N  

N 2010jp was a peculiar Type II supernova (SN) disco v ered
ndependently in 2010 No v ember by both Maza et al. ( 2010 ) and
s PTF10aaxi by the Palomar Transient Factory (Law et al. 2009 ;
au et al. 2009 ). Challis, Kirshner & Smith ( 2010 ) identified it
s a Type IIn SN, and noted very broad line wings outside the
arrow emission-line core of H α. Smith et al. ( 2012 ) analysed
his event in detail and discussed its extreme peculiarity, owing to 
ts unique triple-peaked H α line profile with a narrow core and 
xtremely broad wings, its relati vely lo w-peak luminosity, and its
ery remote environment. Supernovae (SNe) that arise in remote 
egions in the outer parts of galaxies or between pairs of galaxies
ave been of interest for some time (Rudnicki & Zwicky 1967 ). Such
solation is especially mysterious for core-collapse SN subtypes that 
re thought to arise from unusually massive progenitor stars, whose 
hort li ves gi ve them little time to move far from their birth site.
n principle, core-collapse SNe may appear isolated because their 
odestly massive progenitor formed in relative isolation (Oey et al. 

013 ; Lamb et al. 2016 ), or because the progenitor was a runaway
aused by dynamical ejection from a cluster or arising from the 
 E-mail: nathans@as.arizona.edu 
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ick imparted by a companion star’s SN explosion (Blaauw 1961 ;
ies & Bolton 1986 ; Gies 1987 ; Eldridge, Langer & Tout 2011 ;
enzo et al. 2019 ; Andersson, Renaud & Agertz 2021 ); also, the
rogenitor may appear younger than surrounding stars because it 
as a blue straggler owing to binary evolutionary effects (Braun &
anger 1995 ; Schneider et al. 2015 ). 
SNe IIn are characterized by strong, relati vely narro w H α emis-

ion lines in their spectra. The narrow core of 100–1000 km s −1 is
ypically accompanied by wings out to ±2000 km s −1 , and sometimes
roader wings out to ±5000 km s −1 or more (e.g. Filippenko 1997 ).
hese wings are usually attributed to either electron scattering arising 

n dense circumstellar material (CSM; especially at earlier times up 
o and around peak luminosity), or to emission from the expanding
ost-shock gas or fast SN ejecta at later times (Chugai 2001 ; Smith
t al. 2008 ; Dessart, Audit & Hillier 2015 ; Smith & Andrews 2020 ).
ee Smith ( 2017a ) for a re vie w of SNe with strong CSM interaction.
The spectra of SN 2010jp exhibited the characteristic narrow-line 

ore with a width of 800 km s −1 , but they also showed broad wings
ut to more than ±20 000 km s −1 with broad emission peaks centred
t −13 000 and + 15 000 km s −1 , which is extremely unusual. 1 These
 One might, therefore, refer to SN 2010jp as a ‘broad-lined Type IIn,’ 
ollowing the precedent for broad-lined SNe Ic (some of which are also 
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road components, added to the narrow core, gave the overall
ine profile a distinct and unique triple-peaked shape (Smith et al.
012 ). Such line profiles may indicate the presence of a collimated
et, making SN 2010jp the first SN II to be observed with this
eature. 

Two proposed mechanisms for the observed triple-peaked H α

mission are as follows. (1) 56 Ni is concentrated in collimated polar
egions of the H-rich ejecta, perhaps launched there by a fast bipolar
et, where the high-velocity H α arises because H-rich ejecta at the
oles are heated by the radioactivity of the 56 Ni. (2) Interactions
etween a jet and dense CSM result in a prolate reverse shock in the jet
hich produces red and blue H α emission bumps (Smith et al. 2012 ).

n any case, if a collimated outflow is indeed related to a jet, then the
nitial mass of SN 2010jp is of great interest. Some models (Heger
t al. 2003 ; Woosley & Heger 2012 ) predict that at low metallicity,
 narrow range of initial masses around 25 M � might produce weak
Ne by fallback to a black hole, possibly accompanied by jets if the
tars have sufficient rotation and thin H envelopes. In that context,
he possible combination in SN 2010jp of a collimated outflow, a low
eak luminosity, and a remote location (perhaps suggesting relatively
ow metallicity) are tantalising. Despite its modest peak absolute
isual magnitude of only −15.9, its high outflow speeds imply a
ubstantial kinetic energy of (1–4) × 10 51 ( M ej /M �) erg. 

Because dense CSM is required, candidates for SN IIn progenitors
nclude massive stars with high mass-loss rates ( � 10 −2 M � yr −1 )
haracteristic of luminous blue variables (LBVs; Kiewe et al. 2012 ;
mith 2014 , 2017a , b ). Though very massive stars have short main-
equence lifetimes and may be expected to reside near young star-
orming regions, SN 2010jp appears to be quite isolated. Some
ther SNe IIn, such as SN 2009ip, have been observed in similarly
emote environments (Smith, Andrews & Mauerhan 2016 ), even
hough SN 2009ip had a very luminous progenitor that seemed
onsistent with a 50–80 M � star (Smith et al. 2010 ). Luminous,
assive stars that are isolated from other massive stars or appear older

han surrounding stars are difficult to reconcile with expectations
f single-star evolution. Anomalously isolated massive stars may
rise, ho we ver, through binary interaction where mass accretion or
ergers produce blue stragglers, or where a star may receive a kick

rom a companion’s SN, as noted abo v e. Like some SNe IIn, LBVs
hemselves are also observed to be unexpectedly isolated compared
o massive stars of comparable luminosity, probably as products
f binary evolution (Smith & Tombleson 2015 ; Aghakhanloo et al.
017 ). Other potential mechanisms for strong pre-SN mass-loss may
ot require the highest initial masses, including wave driving or
ther instabilities associated with very late nuclear burning phases
Quataert & Shiode 2012 ; Smith 2014 ; Smith & Arnett 2014 ; Fuller
017 ; Fuller & Ro 2018 ; Leung & Fuller 2020 ) or violent binary
nteraction shortly before explosion (Smith & Arnett 2014 ). The
rogenitor star’s initial mass may have important implications for
he unusual explosion properties of SN 2010jp, as noted abo v e, and
o here we take a close look at the remote environment of SN 2010jp
ong after the SN explosion has faded. 

We adopt a distance to SN 2010jp of 24.5 Mpc ( m − M =
2.9 mag; Smith et al. 2012 ), where it resides at coordinates αJ2000 =
6 h 16 m 30 . s 63, δJ2000 = −21 ◦24 

′ 
36 . ′′ 2. It is in a remote environment

ore than 30 kpc from the centres of the merging pair of star-forming
alaxies IC 2163 and NGC 2207 (Fig. 1 ). See Smith et al. ( 2012 )
ssociated with jets in gamma-ray bursts). Since the narrow lines and broad 
ines arise in physically distinct emitting regions, a broad-lined narrow-lined 
N is not as much of a contradiction as it may seem. 

O
U
w
3

4
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or observational details of the SN event. In this paper, we further
haracterize SN 2010jp at late times and its remote environment by
onstraining the age and initial mass via analysis of the remaining
ource and its surroundings. In Section 2, we present late-time
round-based and Hubble Space Telescope (HST) images, and in
ection 3, we present our main results, including photometry and
xtended structure analysis of the remaining source at the location
f SN 2010jp. Section 4 discusses candidates for an associated late-
ime source and gives likely mass and age estimates for that source.

e conclude in Section 5. 

 OBSERVATI ONS  

.1 Ground-based images 

e obtained late-time wide-field images of the environment of
N 2010jp in both red continuum and narrow H α filters with
a g ellan / IMACS (Dressler et al. 2011 ) on three separate nights:

013 April 6, 2014 February 6, and 2015 January 20 ( UT dates
re used throughout this paper). The red continuum filter was a
ide bandpass (WBP) filter spanning 6226–7171 Å, and the NB
lter was MMT6600/260 (with central λ = 6600 Å and width �λ =
60 Å). This NB filter included H α at the SN redshift of z = 0.009
Smith et al. 2012 ). At each of the three epochs, we obtained a series
f exposures totalling a minimum of 720 s in the WBP red filter
nd 1800 s in the narrow H α filter. The seeing was subarcsecond
nd conditions were photometric on all of the nights. Standard
eduction procedures in IRAF 2 were used for bias correction and flat-
elding. A faint point source was detected in all images consistent
ith the location of SN 2010jp, and photometry of this source is
iscussed below in Section 3.3. Fig. 1 shows the WBP red continuum
nd continuum-subtracted H α images from 2015. The environment
round SN 2010jp is discussed more below. 

.2 Late-time HST images 

ST observations of SN2010jp were taken with the Wide Field Cam-
ra 3 / Ultraviolet-Visible channel (WFC3/UVIS) on 2012 December
 using the F814W filter as part of SNAP proposal GO-13029 (PI A. V.
ilippenko). The data were obtained from the Mikulski Archive for
pace Telescopes 3 with standard pipeline calibrations applied. We
bserved SN 2010jp again with HST using WFC3/UVIS on 2015
ay 14 with filters F555W , F665N , and F814W (GO-13787, PI N.

mith). The F665N filter was chosen to include H α at the SN redshift
f z = 0.009 (Smith et al. 2012 ). Exposure times and other details
re listed in Table 1 . 

A single-point source was clearly detected in all images consistent
ith the position of SN 2010jp. Photometry was performed on

he FLC frames ( ∗.flc files are UVIS-calibrated and CTE-corrected
rames) using DOLPHOT 4 (Dolphin 2000 , 2016 ), from which the
bject type was indicated to be stellar. For the DOLPHOT parameter
le, we have used the recommended values, including FitSky = 2,
Aper = 3, and RPSF = 13. The resulting HST photometry is listed

n Table 1 . 
IRAF , the image reduction and analysis facility is distributed by the National 
ptical Astronomy Observatory, which is operated by the Association of 
niversities for Research in Astronomy, Inc., under cooperative agreement 
ith the U.S. National Science Foundation. 
 ht tps://archive.st sci.edu/
 ht tp://americano.dolphinsim.com/dolphot /

https://archive.stsci.edu/
http://americano.dolphinsim.com/dolphot/
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IC 2163

NGC 2207

SN 2010jp
location

10 kpc at 
d=37.7 Mpc

Magellan/IMACSMagellan/IMACS

SN 2010jp
location

red continuum H� - continuum

red continuum H� - continuum

HST/WFC3
F555W
F814W
F665N

2 kpc at 
d=37.7 Mpc

1 kpc 

SN 2010jp
location

H II region

(a) (b)

(c) (d)

(e)

Figure 1. Panels (a) and (b) show relatively wide-field images of the environment of SN 2010jp taken with IMACS on Ma g ellan in 2015, centred south of the 
merging pair of galaxies IC 2163 (at top) and NGC 2207 (nucleus out of this field to the upper right). Panel a is a wide-band (WB) red continuum image with 
bright features in a positive orange intensity scale, and with the faintest features in a ne gativ e gre y-scale to emphasize outer tidal debris of the merging galaxies. 
Panel b shows the same field but with continuum-subtracted H α emission in ne gativ e gre y-scale, made by subtracting the image in panel a from a narrow-band 
(NB) 6600 Å image that includes H α at the redshift of SN 2010jp (see te xt). P anels (c) and (d) are similar to (a) and (b), but zoomed-in on a smaller field of the 
same Ma g ellan / IMACS images in the vicinity of SN 2010jp, marked by the dashed rectangle in panel a, and with a simple positive orange-tinted intensity scale 
in panel c. Panel e shows a three-colour image made from HST /WFC3 images obtained in 2015, with F555W in blue, F814W in green, and H α ( F665N ) in red. 
An H II region located about 1 kpc north-west of the location of SN 2010jp is seen as a red feature in panel e and as a subtraction residual in panel d. In each 
panel, crosshairs mark the location of SN 2010jp and/or its associated late-time source. 

Table 1. Photometry parameters and results for late-time HST images of SN 2010jp. 

F555W F665N F814W F814W (2012) 

Date (MJD) 57156.26 57156.13 57156.34 56265.52 
Exposure time (s) 4219 5892 1528 680 
λeff ( Å) 5234.6 6656.4 7977.1 7977.1 

f λ

(
10 −19 erg 

cm 

2 s Å

)
5.93 (0.08) 6.1 (0.2) 3.8 (0.1) 4.0 (0.1) 

Vega magnitude 24.56 (0.01) 23.77 (0.04) 23.70 (0.03) 23.64 (0.04) 

Note. Images were taken in 2015 with the exception of the right column (taken in 2012). Photometry 
was performed with DOLPHOT using recommended values (FitSky = 2, RAper = 3, and RPSF = 13; 
as a check, we also measured photometry using RAper = 8 and FitSky values of 1 and 3, which gave 
fluxes 1 σ and 2 σ larger, respectively). The f λ and Vega magnitude values as reported in this table 
are prior to any reddening corrections. Of particular interest is that there is no significant change in 
the flux measured in the F814W filter from 2012 to 2015, indicating that the observed source is not 
likely dominated by ongoing late-time CSM interaction from the SN event. 
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Figure 2. Radial profiles of the late-time source at the location of SN 2010jp 
(orange) along with PSFs of three reference stars in the field of view (blue) 
for the F555W , F665N , and F814W filters obtained from 2015 HST images. 
PSFs are scaled such that the enclosed flux out to ∼10 pc is the same for all 
PSFs in a given filter. In the continuum filters ( F555W and F814W ), PSFs for 
the source are consistent with those of reference stars, but show significant 
signal abo v e that of reference stars in the H α filter F665N . This is indicative 
of an extended H II region around the SN’s location out to ∼30 pc. 
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 RESULTS  

.1 Envir onment ar ound SN 2010jp 

he images of SN 2010jp provide some basic qualitative information
bout its local environment. The ground-based continuum image
Figs 1 a and c) shows low surface brightness emission from outer
piral arms of NGC 2207 or tidal tails from the interacting pair
f galaxies. SN 2010jp appears to reside close to (within 1 kpc) of
ne such faint string of continuum emission running north to south.
he HST images in F555W and F814W indicate that the stars seen

n this tidal tail have a relatively blue colour, perhaps indicating a
oderately young population. This suggests that SN 2010jp belongs

o one of these outer tails of the merging spirals, rather than to a very
aint satellite dwarf galaxy. 

While the continuum-subtracted H α image (Figs 1 b and d) shows
opious star formation via chains of H II regions along spiral arms in
C 2163 and NGC 2207, there is little evidence of bright H α emission
n the far outer spiral arms more than 10 kpc from the galaxy centres.
here is, ho we ver, one moderately bright H α source located about
 kpc to the north-west of SN 2010jp (Fig. 1 d), which is also seen as
 red source in the HST colour images (Fig. 1 e) where F665N (H α)
s coloured red. While we do not see obvious H α emission at the
osition of SN 2010jp in the continuum-subtracted or colour images
n Fig. 1 , photometry does reveal a slight excess of emission in the
665N filter (see below, Section 3.3), and an analysis of the point-
pread function (PSF) indicates that the F665N emission is extended
see below, Section 3.2). It is, therefore, likely that SN 2010jp itself
esides in a faint H II region. This, in turn, means that the relative
solation of SN 2010jp most likely does not arise because it has
ravelled far from its birth site. 

Given the general lack of evidence for widespread ongoing star
ormation, one might naturally e xpect relativ ely low local extinction
n these remote outer parts of the host galaxies. Background spiral
alaxies are seen near SN 2010jp in the ground-based continuum
mage and in HST images, also suggesting rather low local extinction
n these outer parts of IC 2163 and NGC 2207. 

.2 Extended structure 

e w ould lik e to know whether the point-lik e source at the position
f SN 2010jp is consistent with a true unresolved point source or if
here is some extended structure. A width larger than a PSF in broad-
and continuum filters might indicate a dispersing cluster or loose
ssociation, whereas extended emission in the F665N filter might
orrespond to extended H α emission from an H II region. Radial
rofiles of the intensity of the late-time source at the SN’s location
re shown in Fig. 2 for each filter of the 2015 images, compared with
SFs derived from three reference stars in the nearby field of view

ncluded in the same images. The PSFs are normalized such that the
rea under the curve out to ∼10 pc is the same for each PSF in a
iven filter. The uncertainty is calculated as σ/ 

√ 

n , where σ is the
tandard deviation in counts given by the IRAF phot command and n
s the number of pixels in the radial annulus. 

Radial profiles of the remaining source at the position of SN 2010jp
s seen in the F555W and F814W filters are consistent with reference-
tar PSFs, indicating that the continuum luminosity arises from a
ource that is unresolved and less than ∼10 pc across. Ho we ver,
here is clear evidence of extended H α emission out to a radius of

30 pc in the F665N filter. This indicates that the SN’s location is
mbedded within extended H α emission, probably coming from a
elatively small and faint H II region. This H II region’s emission is
NRAS 510, 1–10 (2022) 
vidently too faint to be detected in our ground-based images (Fig. 1 ),
erhaps because this ground-based MMT6600/260 filter is rather
ide and includes about twice as much continuum as the F665N filter.
his extended H α emission implies that the position of SN 2010jp

s coincident with recent star formation, and again signifies that a
ignificant kick is therefore not the reason that SN 2010jp appears
solated. This is discussed further below. 

art/stab2892_f2.eps
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Table 2. Vega mags of the source detected at the location 
of SN 2010jp. 

Date NB mag WB mag 

2013 Apr 6 23.10 (0.13) 23.37 (0.18) 
2014 Feb 6 23.16 (0.15) 23.01 (0.14) 
2015 Jan 20 23.09 (0.14) 23.60 (0.16) 

Note. Uncertainties are 1 σ . Data obtained with Ma g el- 
lan / IMACS between 2013 and 2015, measured with PSF- 
fitting photometry. The filters are the NB MMT6600/260 
(central λ= 6600 Å, width �λ= 260 Å) and a red continuum 

WB filter (6626–7171 Å). The lack of substantial fading is 
consistent with the HST images (Table 1 ), again indicating 
that the source is likely dominated by something other than 
late-time CSM interaction from the SN event. 

Figure 3. SED of the late-time source at the location of SN 2010jp obtained 
using 2015 HST images. Data points have been corrected for Milky Way 
reddening. Horizontal error bars indicate ef fecti ve filter widths. Scaled 
blackbody distributions for three temperatures are included, and 4860 + 710 

−540 K 

is taken as the characteristic temperature of the source for analysis. 
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.3 Photometry 

 faint point source consistent with the position of SN 2010jp was
etected in all HST and ground-based IMACS images (see Fig. 1 ).
n Table 1 , we pro vide f λ and Ve ga magnitude v alues deri ved from
SF-fitting photometry for the late-time source in all HST images. 
t should be noted that f λ did not vary significantly in the F814W
lter from 2012 to 2015, although we would expect some significant 
ading if a late-time SN source dominates the luminosity 2–5 yr
fter explosion. Similarly, in Table 2 , we provide Vega magnitudes 
or the point source as seen in ground-based IMACS images, also 
easured with PSF-fitting photometry. As in the HST photometry, 

he magnitude of the observed source did not vary significantly 
etween 2013 and 2015 in the ground-based Ma g ellan / IMACS images
Table 2 ). 

Values of λf λ from the HST images, corrected for the adopted 
alue of Milky Way reddening, are shown in a spectral energy 
istribution (SED) in Fig. 3 . The flux in the H α filter can be seen to be
20 per cent abo v e the approximate continuum level as established

y representative blackbody curves passing through the broad filter 
easurements. Milky Way reddening correction was accomplished 

y adopting A V = 0.27 mag and E ( B − V ) = 0.087 mag from
chlegel, Finkbeiner & Davis ( 1998 ) 5 and using the algorithm by
ardelli, Clayton & Mathis ( 1989 ) 6 to compute reddening factors at

he λ associated with each filter. 
eff 

 ht tps://irsa.ipac.calt ech.edu/applicat ions/DUST/
 http:// www.dougwelch.org/ Acurve.html 

p  

l  

o  

c

.4 Implied luminosity and temperature 

sing E ( B − V ) = 0.087 mag to correct for Milky Way reddening, we
nd the absolute F555W magnitude to be M F555W 

= −7.7 ± 0.2 mag,
ith the error bar obtained by assuming a 10 per cent distance
ncertainty. Taking this as the absolute bolometric magnitude (i.e. 
aking no additional bolometric correction) yields log ( L /L �) =

.96 ± 0.09 for the late-time source associated with SN 2010jp. 
f course, there could be additional reddening and extinction from 

ocal dust within the host galaxy or circumstellar dust, which would
aise the luminosity. The colour of the SN (Smith et al. 2012 ) and
he remote environment suggest that any local extinction is modest. 
dopting an additional hypothetical reddening correction of E ( B −
 ) = 0.1 mag ( A V = 0.31 mag) to account for some possible local

eddening at the location of SN 2010jp would yield a luminosity as
igh as log ( L /L �) = 5.08 ± 0.09. 
Scaled blackbody distributions are plotted along with the SED 

n Fig. 3 . We adopt 4860 + 710 
−540 K as the approximate continuum

emperature of the source. If we assume the hypothetical additional 
ocal reddening correction of E ( B − V ) = 0.1 mag mentioned
bo v e, a similar analysis would yield a slightly higher temperature
f 5220 + 720 

−550 K. 

 DI SCUSSI ON  

hree possibilities for the nature of the lingering late-time source 
t the location of SN 2010jp are plausible: (1) ongoing late-time
SM interaction from the SN event, (2) an individual evolved 

upergiant star that dominates the visual-wavelength flux, or (3) 
 host cluster or association. Although late-time CSM interaction 
ay contribute to the observed source to some extent, we discount

ption (1) as the dominant source of luminosity for two reasons.
irst, if CSM interaction dominated the observed flux, the source 
ould be expected to fade significantly between the observations 
ade in 2012 and 2015, and this is not the case (Table 1 ). Second,

uch late-time CSM interaction is unlikely to produce a significant 
ontinuum luminosity and would instead produce strong, broad H α

mission. While we do detect some H α emission in excess of the
ontinuum, this emission is resolved and extends out to ∼30 pc from
he source (Fig. 2 ) and likely arises from a surrounding H II region.
 α emission from late interaction of SN 2010jp would be unresolved

t an age of only a few years after explosion. The more likely options
2) and (3) are considered in greater detail below. 

.1 An individual evolved star 

ssuming that SN 2010jp’s associated late-time source is a single 
volved star allows its placement on a Hertzsprung–Russell (HR) 
iagram. Fig. 4 plots the luminosities and temperatures determined in 
ection 3.4 along with stellar -ev olution tracks for 15 and 20 M � stars
Brott et al. 2011 ). In the case that the late-time source is dominated
y a single evolved star, we estimate that this star would be of mass
5–20 M � by inspection of Fig. 4 . The luminosity corresponds to the
ndpoint of evolution for a 15 M � star (or slightly higher for some
dditional local extinction), or to a range of late evolutionary times
or a star up to 20 M �. This mass estimate will be used to restrict the
ge of the source in Section 4.4. In particular, the assumption that
ll the light comes from one supergiant that evolved as a single star
rovides an upper limit to the initial mass of that star, and hence a
ower limit to the age. If that star evolved through binary interaction
r if the light is a combination of stars, then the true age could of
ourse be older. 
MNRAS 510, 1–10 (2022) 
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6 A. Corgan et al. 

Figure 4. Placement of the late-time source at the location of SN 2010jp 
on an HR diagram with stellar -ev olution tracks for 15 and 20 M � stars. One 
data point is corrected only for Milky Way reddening, and a more luminous 
point is shown for which an additional E ( B − V ) = 0.1 mag is assumed 
to account for local reddening. Error bars are the result of assuming a 10 
per cent distance uncertainty. Comparison with the stellar -ev olution tracks 
indicates that the temperature and luminosity of the late-time source at the 
SN’s location are consistent with a single evolved star of mass 15–20 M �. 
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.2 Extended emission 

n continuum filters ( F555W and F814W ), the radial profiles of
he source at the position of SN 2010jp are consistent with PSFs
etermined from reference stars, while in the H α filter ( F665N )
he source is significantly extended, with clear excess flux abo v e
eference-star PSFs at projected radii out to ∼0.25 arcsec or ∼30 pc
Fig. 2 ). This is consistent with the fact that H α emission is observed
o be abo v e the continuum level (Fig. 3 ), and is most likely indicative
f a surrounding H II region. The presence of an extended H II region
trengthens the hypothesis that a host star cluster dominates the light
rom the late-time source at the SN’s location. It also rules out the
ypothesis that SN 2010jp appears isolated because it has mo v ed far
rom its birthplace, as noted earlier. 

An H II region radius of only ∼30 pc is quite modest compared
o the ∼100 pc giant H II regions and superbubbles that surround
 ery massiv e stars and young massive clusters. This may point to a
elatively modest initial mass for the progenitor of SN 2010jp, also
uggesting that it was not a lower-mass sibling of much more massive
tars that had already exploded. The observed radius of ∼30 pc can
e compared to the expected Str ̈omgren sphere radius for an O-type
tar. The size of a Str ̈omgren sphere can be expressed as 

 pc ≈ 31 
( Q 

10 48 

) 1 
3 
n 

− 2 
3 

e , 

here Q is the ionizing photon rate in photons s −1 produced by an
-type star and n e is the ambient electron density (cm 

−3 ) (Str ̈omgren
939 ). The ambient density is not expected to be unusually high in
uch a remote outer region of a galaxy, so taking a representative
ensity of ∼1 cm 

−3 , the observed H II region radius would require
n ionizing source with Q ≈ 10 48 photons s −1 for most of its main-
equence life. This corresponds to a late O-type star (roughly O8 to
9 V; Vacca, Garmany & Shull 1996 ; Martins, Schaerer & Hillier
002 ), which corresponds to an initial mass of roughly 18–20 M �.
e note that a handful of late O-type stars in the Small Magellanic
loud (SMC) that appear isolated are observed to have circular H II

egions with similar physical radii (Oey et al. 2013 ). Although this
s admittedly a quite imprecise constraint on the initial mass of the
N’s progenitor because we have simply adopted a representative
mbient density, it is nevertheless consistent with the initial mass
ange inferred from other diagnostics in this work. 
NRAS 510, 1–10 (2022) 
The presence of a surrounding H II region, therefore, points to a
oderately high mass of at least 18-20 M �, even though the H α flux

s quite faint compared to H α emission from the inner parts of the
ost galaxies. The H α emission from this H II region is only detected
n deep images with HST , but is not detected in deep continuum-
ubtraction images obtained with a ground-based 6.5 m telescope.
his suggests that the faintness of the H α from this environment is
 consequence of the low interstellar medium densities and o v erall
ow star-formation rates found in the remote outer parts of the host
alaxies, not because of a relati vely lo w initial mass around 8 M �.
his, in turn, suggests that metrics which equate the brightness of

ocal H α emission with youth or use ordered flux ranking of H α

ixels to infer relative ages (Anderson & James 2008 ) may not be
ood indicators of the SN progenitor star’s initial mass, and may
nstead be influenced by location in a galaxy as well as metallicity. 

.3 Host cluster age 

aking the F555W and F814W magnitudes from 2015 (Table 1 ) as
 - and I -band magnitudes (respectively) and adjusting for Milky
ay reddening as in Section 3.4, we find a V − I colour of

.75 ± 0.03 mag; this colour is indicated by the horizontal green bar
n Fig. 5 . Also included are the colours given by cluster -ev olution
odels from Starburst99 7 (Leitherer et al. 1999 ; Leitherer & V ́azquez

005 ; Leitherer et al. 2010 , 2014 ) and BPASS 

8 (Eldridge et al.
017 ; Stanway & Eldridge 2018 ). Both Starburst99 and BPASS
imulate single-aged stellar populations of total mass 10 6 M � with
alpeter initial mass functions (IMFs; Salpeter 1955 ) for individual
tellar masses 0.1–100 M �. The Starburst99 models use zero-rotation
ene v a (2012/2013) stellar -ev olution tracks; BPASS uses its own

ustom tracks. Colours are shown for various metallicities: Z = 0.014,
.006, and 0.004 for BPASS, and Z = 0.014 and 0.002 for Starburst99
these are the only two metallicities available with the Gene v a tracks
sed). Also shown are initial stellar masses (right axis) as a function
f main-sequence lifetime for Z = 0.014 Gene v a (i.e. Starburst99)
odels, as well as for Z = 0.014 and 0.006 BPASS models. These

imes are estimated for the Gene v a models as suggested by Ekstr ̈om
t al. ( 2012 ), and taken directly from the BPASS website 9 for those
odels. All estimates of main-sequence lifetimes in this section and

he next are obtained similarly, referencing the appropriate lifetimes
or the model under consideration. We now compare the observed
olour with these models in order to estimate the age and mass of a
ost cluster consistent with our observations, as described below. 
It can be seen in Figs 5 and 6 that Starburst99 ( Z = 0.014) is

onsistent with the observed colour from 8.4 to 12.7 Myr. BPASS
 Z = 0.014) is consistent from 9.0 to 10.4 Myr, and BPASS ( Z =
.006) from 9.7 to 11.5 Myr. The next time any model is consistent
ith the observed colour is Starburst99 ( Z = 0.014) at ∼19 Myr,
ut this corresponds to the main-sequence lifetime of a ∼11 M �
tar according to both Gene v a and BPASS models. All O-type stars
ould be long gone by this point. Ho we ver, late O-type stars are

equired to ionize the extended H II region that is, indeed, observed
Fig. 2 ). Overall, we take 8–13 Myr as our estimate for the age of a
ost cluster. We note that the BPASS ( Z = 0.004) and Starburst99
 Z = 0.002) models do not become consistent with observations
ntil times far too late to be reasonable estimates for the cluster age
 > 300 Myr). This indicates that, while the cluster metallicity may

art/stab2892_f4.eps
https://www.stsci.edu/science/starburst99/docs/default.htm
https://bpass.auckland.ac.nz/
https://bpass.auckland.ac.nz/7.html
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Figure 5. The observed V −I colour (corrected for Milky Way reddening) at SN 2010jp’s location is shown as the shaded green horizontal bar. Also shown are 
simulated V − I colours as a function of time from Starburst99 and BPASS cluster evolution models (single age; 10 6 M � total mass; Salpeter IMF 0.1–100 M �) 
with the indicated metallicities. We also show curves based on Gene v a and BPASS stellar -ev olution models that indicate stellar masses (right axis) leaving the 
main sequence as a function of time. We estimate the likely age of a cluster consistent with the observed late-time source at SN 2010jp’s location based on where 
the observed colour is consistent with the models. A single star more massive than 20 M � would give luminosity higher than that observed, and would leave 
the main sequence at ∼8 Myr. Thus, this is assumed to be a lower limit on the age; the excluded region is shaded blue on the left side of the figure. Starburst99 
( Z = 0.014) becomes consistent with the observed colour at ∼8.4 Myr, making this the youngest likely age for a cluster consistent with the observed late-time 
source associated with SN 2010jp. 

Figure 6. Expansion of the crucial region of Fig. 5 with a linear time-scale. The simulated V − I colour from Starburst99 ( Z = 0.014) is consistent with 
observations from 8.4 to 12.7 Myr, BPASS ( Z = 0.014) is consistent from 9.0 to 10.4 Myr, and BPASS ( Z = 0.006) is consistent from 9.7 to 11.5 Myr. 
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ndeed be mildly subsolar as expected, it is likely not at or below
MC-like metallicity ( � 0.004). We will primarily focus on the Z =
.014 Starburst99 and Z = 0.014 and 0.006 BPASS models in our
iscussion. 
Following Werk et al. ( 2008 ), we can obtain an estimate for the

nitial mass of the cluster by comparing the observed V -band mag-
itude M V with the V magnitudes predicted by the Starburst99 and 
PASS models M V , model at the estimated age, and then determining 

he factor by which the mass would need to be scaled to obtain
ur observed M V . Noting that both models assume an initial cluster
ass of 10 6 M �, we can obtain an estimate for the cluster mass from

0 6 + 0 . 4( M V , model −M V ) . After correcting for Milky Way reddening, we 
btain an observed M V ≈ −7.7 mag. Throughout the time interval 
n which Starburst99 ( Z = 0.014) is consistent with observations, its
 V , model varies from about −13.2 to −13.4. Likewise, M V , model is 

pproximately −13.4 for BPASS ( Z = 0.014) and −13.5 for BPASS
 Z = 0.006) when they are consistent with observations. Using the
aximum and minimum values for M V , model from all models ( −13.2
MNRAS 510, 1–10 (2022) 
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nd −13.5, respectively), we obtain an estimate of 4790–6310 M �
or the initial mass of a cluster consistent with the observed late-time
ource associated with SN 2010jp. An important caveat, of course,
s that at lower cluster masses, stochastic sampling of rare high-mass
tars that have brief post-main-sequence phases may alter the colour
or a given age. Since the age and initial mass from this cluster
olour analysis agree with the age/mass estimate from assuming that
he light of the remaining source is a single evolved star (Section 4.1),
t seems plausible that the observed cluster colour for this range of
luster mass could be dominated by just one red supergiant (RSG). 

We can compare the age inferred from the cluster colour to the
ower limit for the age that comes from the assumption that all the
ight is provided by an individual supergiant star, as in Section 4.1.
ince a star of mass 15–20 M � would give a luminosity consistent
ith the observed source at the location of SN 2010jp, a host cluster at

his location could not contain any stars significantly more massive
han this, or else the observed luminosity would be higher. A star
f mass 20 M � leaves the main sequence at 8.0 Myr according to
ene v a ( Z = 0.014) models, at 8.6 Myr according to BPASS ( Z =
.014) models, and at 8.8 Myr according to BPASS ( Z = 0.006)
odels. We, therefore, place a lower bound of 8 Myr on the age

f the remaining late-time source at the location of SN 2010jp; the
xcluded range of ages is indicated by the blue-shaded area at left
n Fig. 5 . This age is consistent with the range of ages derived by
omparing the cluster colour to population-synthesis models, and the
pproximate age estimated from the H II region radius. 

.4 Likely age and initial mass of SN 2010jp 

n the case that the observed late-time source is an individual star
orn alongside the progenitor of SN 2010jp, the SN itself would
ave initially been only slightly more massive than the remaining
upergiant star. Our estimate for the mass of an individual star
onsistent with the observed source was 15–20 M � (Section 4.1).
ccording to Gene v a ( Z = 0.014) models, a single star of initial
ass 20 M � leaves the main sequence at 8.0 Myr, whereas a 15 M �

tar does so between 10.1 and 10.7 Myr (Ekstr ̈om et al. 2012 ; the
iecewise function used to estimate Geneva main-sequence lifetimes
s discontinuous at 15 M �, so this number varies slightly depending
n which formula is used). Assuming that ∼10 per cent of the total
tellar lifetime is spent post-main-sequence, these ages correspond
o core-collapse times of 22.8 and 15.9–17.1 M � stars, respectively.
imilarly, BPASS ( Z = 0.014) predicts main-sequence lifetimes of
.6 Myr for 20 M � stars and 12.2 Myr for 15 M � stars, corresponding
o core-collapse times of 22.1 and 16.3 M � stars, respectively.
inally, BPASS ( Z = 0.006) predicts main-sequence lifetimes of
.8 Myr for 20 M � stars and 12.3 Myr for 15 M � stars, corresponding
o times till core collapse appropriate for stars of 22.0 and 16.4 M �,
espectively. Hence, we take 8 Myr as a lower bound on the age
f SN 2010jp’s progenitor and 22 M � as an upper bound on its
ass in this case. We note that while the age range of 10–12 Myr

s appropriate for a single ∼15 M � star, the age could be older than
his if the source has evolved through binary evolution or if the light
rises from multiple stars. 

In the more likely case that the late-time source at the location
f SN 2010jp is indeed a star cluster (as argued in Section 4.2),
e assume that the progenitor of SN 2010jp was coe v al with the

luster, and so our estimate of the age of SN 2010jp from the
luster’s colour is 8–13 Myr. As noted previously, the Starburst99 ( Z
 0.014) colour is consistent with observations from 8.4 to 12.7 Myr.
gain assuming 10 per cent of total stellar lifetime is spent post-
ain-sequence, this range corresponds to times till core collapse for
NRAS 510, 1–10 (2022) 
tars of 14.4–21.4 M �. Similarly, the BPASS ( Z = 0.014) colour is
onsistent with observations from 9.0 to 10.4 Myr, corresponding to
imes till core collapse for 18.6–21.1 M � stars. Finally, the BPASS ( Z
 0.006) colour is consistent with observations from 9.7 to 11.5 Myr,

orresponding to times till core collapse for 17.4–20.1 M � stars.
hese results are in excellent agreement with the mass and age range

nferred by assuming that the light is dominated by an individual
volved star. Thus, 14–22 M � is the most probable range of initial
asses indicated by the source’s colour and luminosity. 
As noted earlier, the presence of an extended H II region around

he position of SN 2010jp may fa v our younger ages within this range.
onsidering also the need for a late O-type star (at least ∼18 M �)

o produce the extended H II region, we adopt 18–22 M � as the most
robable range of initial masses of the SN progenitor. These quoted
nitial masses apply for single stars; if SN 2010jp evolved through
inary evolution as a mass gainer or post-merger object, then it
ay have been more massive than 22 M � at the time of explosion
hile still having the age of a single 22 M � main-sequence star.
elati vely lo w-luminosity LBVs that are thought to be potential
N IIn progenitors do reside in this mass range (Smith, Vink & de
oter 2004 ; Smith 2007 ; Groh, Meynet & Ekstr ̈om 2013 ; Smith et al.
019 ). 
This initial mass range around 20 M � is interesting in the context

f SN 2010jp’s very unusual explosion properties. As noted by Smith
t al. ( 2012 ), the evidence for a jet-driven explosion, the relatively
ow-peak luminosity (suggesting a low 

56 Ni production), and the
emote location of SN 2010jp all seem reminiscent of expectations
or some rare cases of weak SNe with fallback at low metallicity. Note
hat Smith et al. ( 2012 ) estimated an upper limit to the SN’s 56 Ni mass
f 0.003 M �. Heger et al. ( 2003 ) expect such explosions over a wide
ange of subsolar metallicity for initial masses around 25 M �, while
ore recent studies find such events to be even more rare and pushed

o somewhat higher masses ( � 27 M �) in only a subset of models
Sukhbold, Woosle y & He ger 2018 ). While the initial mass we infer
or SN 2010jp is lower than this, that inferred initial mass is based on
he age of a single star; the mass at the time of explosion may have
ehaved as a higher mass star if the SN 2010jp progenitor had gained
ass through binary evolution. An initial mass of � 20 M � may also

e interesting because, as noted previously (Timmes, Woosley &
eaver 1996 ; Sukhbold et al. 2018 ; Sukhbold & Adams 2020 ), this
ass marks a transition from conv ectiv e to radiative carbon burning

hat may produce divergent results in later burning phases and may
trongly influence the fate of the star. 

Finally, an initial mass of ∼20 M � may have implications for the
o-called RSG problem, if SN 2010jp was indeed the result of a
eculiar faint explosion related to fallback with a jet (which might
ccur at the transition from neutron star to black hole remnants).
amely, the inferred initial masses for detected RSG progenitors
f nearby SNe II-P (and several upper limits) have prompted
uggestions that the most massive RSGs may be missing from the
opulation of detected SNe because they collapse to a black hole
ithout making a bright explosion. The transition mass, if it exists,

s still a matter of ongoing debate. Smartt et al. ( 2009 ) estimate
hat RSGs with initial masses abo v e 16.5 M � collapse to a black
ole without a bright SN explosion. When circumstellar extinction
r proper bolometric corrections are included, this number may shift
p to around 19–21 M � (Walmswell & Eldridge 2012 ; Davies &
easor 2018 ). Moreo v er, when one compares RSG luminosities to
N II-P progenitor luminosities (rather than initial masses inferred

hrough single-star model tracks), the steep luminosity function of
SGs indicates that the upper cutoff of RSG progenitors is not

tatistically significant (Davies & Beasor 2020 ), so the question of
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uch a transition mass remains open. In any case, the initial mass for
 very peculiar SN like SN 2010jp, if it arises from fallback or some
ther peculiar explosion, may directly impact this problem. 

 C O N C L U S I O N S  

ate-time HST images at the location of the peculiar jet-driven 
N 2010jp were analysed via photometry and PSF fitting to char- 
cterize the late-time source and constrain the mass and age of
N 2010jp itself. The possibility that the late-time source is due 

argely to ongoing CSM interaction from the SN event is dismissed
wing to a lack of an observed decrease in continuum flux from 2012
o 2015, and because the H α emission appears to be extended. The
ossibility that the late-time source is an individual evolved star is
onsidered, in which case this star would have had an initial mass
f 15–20 M �. SN 2010jp can then be constrained to have an initial
ass less than 22 M � and an age of at least 8 Myr in this case. 
We suggest, ho we ver, that the late-time source is more likely the

ombined light from a star cluster given that H α emission is observed
o be abo v e the continuum, as well as evidence for an extended H II

egion. In this case, comparing the observed V − I colour with cluster- 
 volution models allo ws us to estimate an age of 8–13 Myr and a
otal mass of 4790–6310 M � for the cluster. Lastly, the detection of
n extended H II region suggests the presence of late O-type stars.
ltogether, we then estimate the progenitor of SN 2010jp to have 
ad an initial mass 18–22 M �. As SN 2010jp is the first observed
et-driven SN IIn, there is considerable interest in observing more 
Ne like it. If this species of SNe is characteristic of a particular

ype of environment and mass range, these results suggest that they 
ay prefer relatively isolated, low mass, and moderately young star 

lusters. 
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