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Abstract

On December 1980, supernova 1980N was dis-
covered in NGC 1316, a galaxy of the Fornax clus-
ter. Three months later, supernova 1981D was ob-
served in the same galaxy. The light curves of these
two supernovae Ia were found to be virtually iden-
tical, suggesting that they are images of the same
event, the delay between them being due to strong
gravitational lensing. If so, as anticipated by Sjur
Refsdal, the distance to the lens can be determined
accurately, namely, 90 ± 1 kpc, meaning that it
belongs to the outer halo of the Milky Way.
Interestingly, there is another pair of possible im-

ages in the Pantheon+ sample, namely, supernovae
2013aa and 2017cbv, the distance to the lens be-
ing 702 ± 1 kpc, that is, nearly the same as the
distance to the Andromeda galaxy.
In both cases, given the relatively large angle of

deviation of the supernova light by the lens, namely,
271” and 325”, respectively, the lens has to be a
compact object, with a mass to radius ratio over
150 M⊙R

−1
⊙ . It is likely to be an ultra massive

white dwarf.

Keywords: Supernovae; Gravitational lensing;
White dwarf; Local Group.

Introduction

In 1979, a possible pair of images of a quasar
formed by a gravitational lens was described [1].
Comparison of the light curves of these two images
later showed that there is a delay between them, of
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more than 400 days [2, 3]. As previously realized
by Sjur Refsdal, when such a delay is known, the
mass of the lens can be estimated while, when the
mass of the lens is known, the Hubble constant can
be determined [4], as well as other cosmological pa-
rameters [5]. Based on these ideas, the H0LiCOW
project has for instance provided a value of the
Hubble constant at the 2.4% level [6], in agreement
with recent measurements of the SH0ES team [7].

In 2014, four images of a supernova, coined
supernova Refsdal, were observed, the lens be-
ing an early-type galaxy in the cluster MACS
J1149.5+2223 [8]. A fifth image was observed with
a delay of roughly one year, the lens being this
time the whole cluster [9]. Of course, delays can
be longer than that. For instance, in the case of
supernova requiem, a fourth image is expected to
be observed in 2037, that is, twenty years after the
first one [10].

In the later case, the three first images of the su-
pernova were found in archival Hubble Space Tele-
scope imaging. In the present study, taking ad-
vantage of the recent increase in size of the most
complete and best characterized set of supernovae
Ia, namely, the Pantheon+ sample [11], other such
cases were looked for.

Data

Like in a previous study [12], Pantheon+ data
were retrieved from the PantheonPlusSh0es page
of the github webserver1, equatorial coordinates
being taken in the all redshifts PVs.csv file. The
798 supernovae Ia with a rather low redshift ac-

1https://github.com/PantheonPlusSH0ES/DataRelease
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Figure 1: The small-and-spherical lens approxima-
tion. When the lens (L) is spherical, and the light
deviation angle (α) by the lens large enough, the
light coming from a source (S) reaches the observer
following two paths, an approximately straight one
and a delayed one. As a result, two images are
seen by an observer, one (I) after the other (S),
separated by an angle θ.

curacy, namely, with a redshift error of more than
0.0002, were disregarded, redshifts and correspond-
ing errors coming from the Pantheon+SH0ES.dat
file. For pairs of supernovae with same helio-
centric redshifts, the SALT2 light curve stretch
(x1) was also picked in the Pantheon+SH0ES.dat
file. When several stretch values were found
for a given supernova2, their average was con-
sidered. Photometry, maximum light curve time
(SEARCH PEAKMJD) and host mass (HOST-
GAL LOGMASS) of each supernova were taken in
the Pantheon+ Data/1 DATA/photometry direc-
tory.

Distance to the lens

Under the assumption that light arriving first
from the source is not significantly perturbed by
the gravitational field of the lens, with

∆d = dl + dls − ds = c0∆t (1)

∆t being the delay between the observations of the
source and its image, ds, the distance to the source,
dl, the distance to the lens, dls, the distance be-
tween the source and the lens (see Figure 1) and
c0, the speed of light,

d2ls = d2s + d2l − 2dsdl cos θ

2The magnitude of 127 supernovae of the Pantheon+
sample was measured up to four times.

where θ is the angle between the source and its
image, yields:

dl =
ds∆d +

1
2∆

2
d

ds(1− cos θ) + ∆d

and since, in the present study, ∆d ≪ ds, with θ
being small:

dl ≈
2∆d

θ2 + 2∆d

ds

(2)

Mass of the lens

The angle of deviation of light by the lens, α, is
so that (Fig. 1):

α ≈ θ

(
1 +

dl
dls

)
that is, with eqn 1, and since ∆d ≪ dl:

α ≈ θ
ds

ds − dl
(3)

On the other hand:

α =
4GMl

c20b

where b is the distance of closest approach of the
light to the lens, Ml being the mass of the lens and
G, the gravitation constant. Thus, with eqn 3:

Ml

b
=

c20
4G

ds
ds − dl

θ

Though b is not expected to be known, it is larger
than Rl, the radius of the lens. So:

Ml

Rl
>

c20
4G

ds
ds − dl

θ (4)

Results

Selection of candidates

644 pairs of supernovae with same heliocentric
redshift were found in the Pantheon+ sample, that
is, pairs of supernovae with redshifts differing by
no more than the sum of their respective errors.

Among these 644 pairs, only 12 have SALT2
stretches (x1) differing by less than 0.02. For seven
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Table 1: Supernovae Refsdal of the Pantheon+ sample.
Supernova Lens

Host z first image second one θ
delaya distance Ml

Rl

b

(days) (kpc)
NGC 1316 0.005871 1980N 1981D 271” 96 90 ± 1 154
NGC 5643 0.004113 2013aa 2017cbv 325” 1490 702 ± 1 193

a ± 1 day. bLower bound (solar units).

pairs, host masses are known for both of them.
However, for five of them, their host masses dif-
fer by more than the sum of their respective er-
rors, host masses being compared on the logarith-
mic scale.

Thus, only two pairs of supernovae from the Pan-
theon+ sample have obviously same redshift, same
SALT2 stretch and same host mass, namely, 1980N
and 1981D, 2013aa and 2017cbv. Actually, both
pairs are siblings [13], that is, they were observed
in the same galaxy, namely, NGC 1316 and NGC
5643, respectively.

The 1980N–1981D pair

Supernovae Ia 1980N and 1981D were both ob-
served in NGC 1316 [14], a member of the Fornax
cluster. As illustrated in Figure 2, their light curves
are remarkably similar [14, 15]. Noteworthy, in the
B band (Fig. 2, top), their SALT2 stretches are al-
most identical, namely, x1 = −1.14±0.12 and x1 =
−1.15±0.36, respectively, while the maximum-light
magnitudes of both supernovae are the same within
± 0.1 mag, in the B and V bands [15] as well as
in the J, H, and K ones [14]. Interestingly, even
though the light curve of 1981D was followed dur-
ing only 22 days, the color stretches [16] of both
supernovae look also similar (Fig. 2, bottom).

If 1980N and 1981D are two images of the same
supernova, according to eqn 2, given the delay be-
tween the two images, the angle between them (see
Table 1) and the distance to NGC 1316, namely,
12.5 Mpc [17], the gravitational lens is at a dis-
tance of 90 ± 1 kpc, that is, at the same distance
as the outer halo globular cluster Eridanus, namely,
90.1 kpc [18].

Moreover, according to eqn 4, with a mass to
radius ratio over 154 M⊙R

−1
⊙ , the lens has to be a

compact object, like a white dwarf, a neutron star
or a black hole.

Typical white dwarfs have mass to radius ratios
of ≈ 50 M⊙R

−1
⊙ [19]. However, white dwarfs with

mass to radius ratios over 300 M⊙R
−1
⊙ have been

observed [19, 20]. So, the 1980N–1981D gravita-
tional lens is likely to be an ultra massive white
dwarf. If so, it is expected to be located almost ex-
actly in the direction where supernova 1981D was
observed (α = 50.659920◦, δ = −37.232720◦).

The 2013aa–2017cbv pair

Supernovae Ia 2013aa and 2017cbv were both ob-
served in NGC 5643 [21]. As illustrated in Fig-
ure 3, their light curves are nearly identical [21].
Noteworthy, in the B band (Fig. 3, top), their
SALT2 stretches are nearly the same, namely, x1 =
0.63 ± 0.14 and x1 = 0.62 ± 0.05, respectively3.
Interestingly, their color stretches seem also close
(Fig. 3, bottom). Moreover, their spectra are re-
markably similar [21].

If 2013aa and 2017cbv are two images of the same
supernova, according to eqn 2, given the delay be-
tween the two images, the angle between them (Ta-
ble 1) and the distance to NGC 5643, namely, 18.8
Mpc [17], the gravitational lens is at a distance of
702 ± 1 kpc, that is, nearly at the same distance
as the Andromeda galaxy [22].

Moreover, according to eqn 4, with a mass to ra-
dius ratio over 193 M⊙R

−1
⊙ , the 2013aa–2017cbv

gravitational lens is also likely to be an ultra mas-
sive white dwarf. If so, it is expected to be lo-
cated almost exactly in the direction where su-
pernova 2017cbv was observed (α = 218.143420◦,
δ = −44.134090◦).

3Data coming from the Carnegie Supernova Project, dur-
ing which both supernovae were studied.

3



Figure 2: Light curves of supernovae Ia 1980N and
1981D, as a function of time since their respective
maximum in the B band. Stars: supernova 1980N.
Open symbols: supernova 1981D. Top: B magni-
tudes. Bottom: Difference between magnitudes in
the B and V bands.

Discussion

Where are both lenses ?

Lens 1980N–1981D is roughly in the same di-
rection as the Fornax dwarf spheroidal galaxy
(α = 39.997200◦, δ = −34.449187◦). However the
later is significantly farer, namely, at a distance
of 143 ± 3 kpc [23]. On the other hand, it is at
the same distance as the outer halo globular clus-
ter Eridanus (α = 66.185417◦, δ = −21.186943◦)
[18]. However, it is more than 30 kpc away, far
from and not in line with its tidal tails [24].

Lens 2013aa–2017cbv seems even farer from any
known galaxy of the Local Group but, given its
large distance, it could for instance belong to some
yet unknown cluster or stream of stars.

Figure 3: Light curves of supernovae Ia 2013aa and
2017cbv, as a function of time since their respective
maximum in the B band. Open symbols: super-
nova 2017cbv. For supernova 2013aa, data come
from SWIFT (crosses) or from the Carnegie Super-
nova Project (stars). Top: B magnitudes (for the
sake of clarity, error bars have been omitted). Bot-
tom: Difference between magnitudes in the B and
V bands.

Are both lenses observable ?

Both lenses are quite far, namely, at a distance
of ≈ 90 and 700 kpc, respectively (Table 1), while
most studies of remote white dwarfs have focused
on cases located in rather close globular or open
star clusters [25, 26, 27]. However, an accreting
white dwarf has already been detected in the An-
dromeda galaxy, thanks to its recurrent X-ray emis-
sion [28]. Note also that LISA has the potential
to detect detached double white dwarf binaries in
neighboring galaxies, up to the border of the Local
Group [29].
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How many of them ?

In the present study, pairs of images of the
same supernova have been looked for using rather
strict criteria, meaning that some pairs may have
been overlooked. For instance, comparison of host
masses was considered as a selection criterion, but
host masses have not been recorded for all super-
novae of the Pantheon+ sample. Moreover, it has
been assumed that errors on host mass estimates
can be safely trusted. In this respect, note that it
would be more rigorous to compare the total sur-
face brightnesses of both hosts, since this is the
quantity that is expected to be conserved upon light
deflection [30].

Conclusion

Two likely pairs of images have been found in
the Pantheon+ sample of supernovae Ia, that is,
two pairs of supernovae with strikingly similar light
curves [15, 21] (Fig. 2 and 3). In both cases, the
gravitational lens has to be a compact object with
a mass to radius ratio over 150 M⊙R

−1
⊙ (Table 1),

being likely an ultra massive white dwarf. While
lens 1980N–1981D is located in the outer halo of
the Milky Way, lens 2013aa–2017cbv is at the same
distance as the Andromeda galaxy.

Masses of nearby white dwarfs were previously
measured using related effects, like astrometric mi-
crolensing [31] or self-lensing [32]. However, to my
knowledge, this is the first time strong gravitational
lensing is used for measuring the distance and esti-
mating the mass to radius ratio of a star.

Using this approach, ongoing surveys of super-
novae Ia, like the Zwicky Transient Facility [33] or
the Dark Energy Survey [34], are expected to pro-
vide more cases. Of course, compact lenses in the
Local Group could also be found by studying other
kinds of well-characterized transients.

With more statistics, the study of the population
of compact objects in the halo of the Milky Way
or within the Local Group may prove interesting,
for instance for gaining better insights about the
substructures of the former or the history of the
later. Understanding the origin of apparently iso-
lated objects like those discovered in the course of
the present study could also reveal key features of
the dynamics of the Local Group.
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