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In 1964, Refsdal hypothesized that a supernova whose light traversed multiple
paths around a strong gravitational lens could be used to measure the rate of
cosmic expansion. We report the discovery of such a system. In Hubble Space
Telescope imaging, we have found four images of a single supernova forming an
Einstein cross configuration around a redshift z = 0.54 elliptical galaxy in the MACS
J1149.6+2223 cluster. The cluster’s gravitational potential also creates multiple
images of the z = 1.49 spiral supernova host galaxy, and a future appearance of
the supernova elsewhere in the cluster field is expected. The magnifications and
staggered arrivals of the supernova images probe the cosmic expansion rate, as
well as the distribution of matter in the galaxy and cluster lenses.

he possibility that the light from an exploding
supernova (SN) could follow more than a
single path around an intervening strong gal-
axy lens to the observer was first explored
about 50 years ago (I). Many decades of
searches for SNe, however, have not identified an
explosion visible at multiple positions around a
gravitational lens. Here we report a strongly lensed
supernova found in resolved multiple images,
which we identified in the MACS J1149.6+2223
(2) galaxy cluster field on 11 November 2014 (Uni-
versal Time dates are used throughout this paper).
Although the apparent positions of galaxies
that are multiply imaged by a foreground gal-
axy or cluster are now widely used to map the
matter distribution within the lenses, a strong-
ly lensed background source with a varying light
curve allows distinct and powerful measure-
ments of the lens and cosmology, because the
delay between each pair of images can be mea-
sured. This difference in arrival time, owing to
the difference in geometric and gravitational
time delay (3), is directly proportional to the
so-called time-delay distance and thus inversely
proportional to the Hubble constant and weakly
dependent on other cosmological parameters
(1, 4-6). Conversely, for an assumed cosmolog-
ical model, the time delays are a direct measure-
ment of the difference in gravitational potential
between the multiple images, and hence greatly
improve the reconstruction of the mass distribu-
tion in the deflector (7).
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After the discovery of the SBS 0957+561 A/B
system 26 years ago (8), a handful of quasi-stellar
objects (quasars) multiply imaged by an interven-
ing galaxy lens have been identified (9). Quasars
strongly lensed by clusters are even more rare
events, with only several known (10). The use of
lensed quasars as robust probes of the distribu-
tion of matter in the lenses and of cosmology has
only become possible relatively recently, given
the long time periods of monitoring needed to
match their complex light curves (6, 17-13). In
contrast, all SNe have much simpler light curves
and evolve comparatively rapidly, which makes
the measurement of time delays and magnifica-
tion among the multiple images substantially
more straightforward.

It was recently shown that a different SN,
PS1-10afx (14) at redshift 2 = 1.38, was strongly
magnified (by a factor of ~30) by an intervening
galaxy at g = 1.12 (15, 16). The available imaging,
taken from the ground, had insufficient angular
resolution to separate potential multiple images
of the SN, so time delays and magnifications could
not be measured. In the case presented here, the
four images of the SN are clearly resolved (Fig. 1),
with an image separation of over 2", thereby pres-
enting an ideal opportunity to carry out for the
first time an experiment similar to that suggested
by Refsdal (7), leading us to name the supernova
“Refsdal.”

The Grism Lens-Amplified Survey from Space
(GLASS) program [GO-13459, principal investiga-

tor (PI) T.T.] is a 140-orbit Hubble Space Tele-
scope (HST) project that is acquiring near-infrared
grism spectra of massive galaxy clusters with the
primary goals of studying faint high-redshift (= > 6)
galaxies (17) and spatially resolved intermediate-
redshift galaxies (18), as well as characterizing
the cluster galaxy population. Wide-band near-
infrared F105W and F140W exposures are taken
using the Wide Field Camera 3 (WFC3) to align
and calibrate the grism data, and we have been
searching these images for transient sources.

In the F140W GLASS images acquired on
10 November 2014, we detected the component
images of a quadruple lens system, which we label
sources S1 to S4 (Fig. 1). Table 1 gives the co-
ordinates of the variable sources. In Fig. 2, the
color-composite image shows the red galaxy lens
at £ = 0.54 (19) surrounded by an Einstein ring
formed by light from the distorted spiral host
galaxy with g = 1.49 (20), whose nucleus is off-
set by ~3.3" from the center of the lensing ellip-
tical galaxy. Although sources S1 and S2 do not
exhibit a significant change in their fluxes dur-
ing the imaging taken from 3 to 20 November
2014, the light curve of S3 is consistent with a
rise in brightness during this period, which cor-
responds to approximately a week in the rest
frame (Fig. 3; see also fig. S1). The light curve of
S4is difficult to characterize with the currently
available data, because it is comparatively faint.
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Fig. 1. HST WFC3-IR images showing the simultaneous appearance of
four point sources around a cluster member galaxy. From left to right, the
columns show imaging in the F105W filter (Y band), F125W (J), and F140W
(JH). From top to bottom, the rows show archival imaging from the Cluster
Lensing And Supernova survey with Hubble (CLASH, GO-12068; Pl M.P.)
program, discovery epoch images from GLASS and the Hubble Frontier Fields
programs, and the difference images. The template images in the top row
comprise all available archival WFC3-IR imaging in these filters, collected from

5 December 2010 through 10 March 2011. The images in the middle row are the
composite of all available HST imaging collected between 3 November and
11 November 2014 (for F105W, left), on 20 November 2014 (F125W, middle),
and between 10 November and 20 November 2014 (F140W, right). The sources
S1, S2, S3, and S4, which form an Einstein cross, are absent from all images
obtained at earlier epochs but are clearly detected in the difference images
along the bottom row. The line segments below S4 and in the lower right corner
are diffraction spikes from a nearby bright star in the foreground.

Table 1. Coordinates of the transient point sources
detected around the cluster galaxy lens, in
J2000 right ascension and declination.

Name a (J2000) 3 (J2000)

S1 11"49M35575  +22°23'44.26"
S2 11"49M35.451°  +22°23'44.84"
S3 11"49M35.369°  +22°23'43.95"
sS4 11M49M35 4725 +22°23'42.62"

Based on the available data, we can attempt
a first preliminary classification of the SN. All
known type Ia SNe reach their peak brightness
in fewer than 20 rest-frame days (2I). The light
curve for image S3 of SN Refsdal (fig. S1) through
>30 days in the rest frame shows that its bright-
ness continued to rise for a longer period than
could be expected for a SN Ia, suggesting that it
belongs to a different spectroscopic class.

Archival HST imaging and the configuration
of the multiple images demonstrate that the
source is not an active galactic nucleus (AGN)
behind the galaxy and cluster lenses. A search
of WFC3 F105W, F110W, F140W, and F160W
images of MACS J1149.6+2223, acquired across
10 separate HST visits beginning on 4 December
2010, finds no evidence for previous variability.
Several epochs of registered and coadded F140W
imaging exhibit no significant variation (fig. S4);
seven archival epochs of FIGOW imaging likewise
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show no significant changes. Evidence for pre-
vious variability would have suggested that the
source is a flare from an AGN instead of a SN.
The transients detected in November 2014 are
additionally several magnitudes above the upper
limits of ~28.5 obtained at previous epochs (all
magnitudes are in the AB system). Such a large
increase in brightness would be very unusual for
an AGN, whose light curves typically vary at the
level of a few tenths of a magnitude over several-
month time scales (22-24). Finally, the positions
of the multiple images also constrain the redshift
of the source to 1.1 to 1.7 with 95% confidence,
consistent with the & = 1.49 redshift of the spiral
galaxy lensed into the observed configuration
(fig. S2).

The four images of SN Refsdal form an Einstein
cross configuration around the massive elliptical
galaxy at ¢ = 0.54, which adds onto and locally
perturbs the cluster potential. Because the ellip-
tical galaxy is located close to the critical lines
of the cluster lens (25), the contribution of the
galaxy cluster to the gravitational potential needs
to be taken into account. As a first, simple ap-
proximation of the lensing system, we construct
a single isothermal ellipsoid embedded in a strong
external shear (26). This yields time delays on
the order of several to tens of days. S1is general-
ly the leading image, typically followed by S2,
S3, and then S4. Magnifications are ~2 for the
least magnified image S4 and ~10 for the other

images. These magnifications, however, do not
include the additional contribution from the
cluster, which is expected to be very substan-
tial, especially because earlier modeling has found
a relatively flat, nearly convergent central mass
distribution, which is evident from the rela-
tively undistorted shape of the magnified spiral
images (25).

To account more completely for the effects of
the cluster potential, we have constructed a de-
tailed set of lens models of the entire cluster po-
tential, including the elliptical galaxy, for several
different prior probability distributions and sets
of constraints. These models, which are also con-
strained by the positions of the SN images, gen-
erally yield magnifications of ~10 to 30 at the
positions of the four images, and time delays on
the order of days to months, in agreement with
independent models (27, 28). The typical arrival
sequence is consistent with the predictions of the
simpler galaxy-lens model (S1, S2, and then ei-
ther S3 or S4), although some models also pre-
dict different arrival orders. These time delays are
also in accord with our identification of the four
newly detected sources as a multiply imaged SN,
because the luminosity of a SN is not expected
to vary dramatically over the time scale of less
than a week in the rest frame. The spiral host
galaxy itself is multiply imaged by the galaxy
cluster (20, 25). Consequently, our models predict
both that the SN could be detected at future
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Fig. 2. Color-composite
image of the galaxy cluster
MACSJ1149.6+2223, with
critical curves for sources
at the z = 1.49 redshift of
the host galaxy overlaid.
Three images of the host
galaxy formed by the cluster
are marked with white labels
(1.1, 1.2, and 1.3) in the left
panel, and each is enlarged at
right. The four current images
of SN Refsdal that we
detected (labeled S1to S4 in
red) appear as red point
sources in image 1.1. Our
model indicates that an
image of the SN appeared in
the past in image 1.3 and that
one will appear in the near
future in image 1.2. The
extreme red hue of the SN
may be somewhat exagger-
ated, because the blue and
green channels include only
data taken before the SN
erupted. Inimage 1.1, both a
single bright blue knot (cyan
circles) and SN Refsdal are
multiply imaged into four dis-
tinct locations. The image combines infrared and optical HST imaging data from the Frontier Fields and GLASS programs, along with images from the
CLASH and the FrontierSN programs (GO-13790, PI S.A.R.).

Fig. 3. Light curve of the images Rest-frame days
S1 to S4 of the strongly lensed 0 3 6 0 3 6 0 3 6 0 3 6
SN taken from 3 November LI N B N NN B B LU LI N N B B NN LU LI B N N B N LU L B N N B N

03 |- -+ - -+ F140W 4 0.3
2014 through 20 November S1 S2 S3 { S4 % Fl25W
2014. Rest-frame days assume r } g" { ﬁ—— § + P i
that the SN is at the redshift of the & 02 | & - - ¢ - - 02
multiply imaged spiral galaxy 5 - =+ o =+ Lo + -
(z =149). We plotted the fluxes = 01 L ' & 4 o o . A 4 o1
measured in the WFC3 F105W, 2 | 1 1 < 1 °? ]
F125W, and F140W images of the

0.0 | -+ -+ -+ 2o 400
MACS J1149.6+2223 galaxy
cluster field. The expected time r T T T+ ¢ b
delays between images of days to TN N [N T T T T T T N TN T T T N T TN T T T T T I M AT I ST T M T T T Y

0 8 16 0 8 16 0 8 16 0 8 16

weeks suggest that the transient
must evolve over a time scale Observer-frame days from MJD=56964

similar to that of a SN. Our lens models generally predict that image S3 is delayed relative to S1 and S2, which is consistent with the early photometry. Flux
uncertainties are calculated by injecting a thousand point sources into the difference images and comparing the fluxes recovered using point-spread-function
fitting with the input fluxes. Error bars throughout correspond to the standard deviation of a normal distribution fitted to the histogram of the difference in flux.
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The fastest unbound star in
our Galaxy ejected by a
thermonuclear supernova
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Hypervelocity stars (HVSs) travel with velocities so high that they exceed the escape
velocity of the Galaxy. Several acceleration mechanisms have been discussed. Only

one HVS (US 708, HVS 2) is a compact helium star. Here we present a spectroscopic
and kinematic analysis of US 708. Traveling with a velocity of ~1200 kilometers per
second, it is the fastest unbound star in our Galaxy. In reconstructing its trajectory, the
Galactic center becomes very unlikely as an origin, which is hardly consistent with the
most favored ejection mechanism for the other HVSs. Furthermore, we detected that US
708 is a fast rotator. According to our binary evolution model, it was spun-up by

tidal interaction in a close binary and is likely to be the ejected donor remnant of a

thermonuclear supernova.

ccording to the widely accepted theory

for the acceleration of hypervelocity stars

(HVSs) (I-3), a close binary is disrupted

by the supermassive black hole (SMBH)

in the center of our Galaxy, and one com-
ponent is ejected as a HVS (4). In an alternative
scenario, US 708 was proposed to be ejected from
an ultracompact binary star by a thermonuclear
supernova type Ia (SN Ia) (5). However, previous
observational evidence was insufficient to put
firm constraints on its past evolution. Here we
show that US 708 is the fastest unbound star in
our Galaxy, provide evidence for the SN ejection
scenario, and identify a progenitor population
of SN Ia.

In contrast to all other known HVSs, US 708
has been classified as a hot subdwarf star [sub-
dwarf O- or B-type (sdO/B) star]. Those stars are
evolved, core helium-burning objects with low
masses around 0.5 times the mass of the Sun
(M). About half of the sdB stars reside in close
binaries with periods ranging from ~0.1 to
~30 days (6, 7). The hot subdwarf is regarded as
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the core of a former red giant star that has been
stripped of almost all of its hydrogen envelope
through interaction with a close companion star
(8, 9). However, single hot subdwarf stars like US
708 are known as well. Even in this case, binary
evolution has been proposed, as the merger of
two helium white dwarfs (He-WDs) is a possible
formation channel for those objects (10).

The hot subdwarf nature of US708 poses a
particular challenge for theories that aim to ex-
plain the acceleration of HVSs. Within the sling-
shot scenario proposed by Hills, a binary consisting
of two main-sequence stars is disrupted by the
close encounter with the SMBH in the center of
our Galaxy. While one of the components re-
mains in a bound orbit around the black hole,
the other one is ejected with high velocity (4).
This scenario explains the existence of the so-
called S-stars orbiting the SMBH in the Galactic
center and provides the most convincing evidence
for the existence of this black hole (77). It is also
consistent with the main properties of the known
HVS population consisting of young main-sequence

stars (12, 13). However, more detailed analyses of
some young HVSs challenge the Galactic center
origin (14), and most recently, a new population
of old main-sequence stars likely to be HVSs has
been discovered. Most of those objects are also
unlikely to originate from the Galactic center, but
the acceleration mechanism remains unclear (15).

In the case of the helium-rich sdO (He-sdO)
US 708, the situation is even more complicated.
In contrast to all other known HVSs, which are
normal main-sequence stars of different ages,
this star is in the phase of shell helium burning,
which lasts for only a few tens of millions of
years. More importantly, it has been formed by
close binary interaction. To accelerate a close
binary star to such high velocity, the slingshot
mechanism requires either a binary black hole
(16) or the close encounter of a hierarchical triple
system, where the distant component becomes
bound to the black hole and the two close com-
ponents are ejected (7). Similar constraints apply
to the dynamical ejection out of a dense cluster,
which is the second main scenario discussed to
explain the HVSs.

Close binarity requires specific modifications
of the canonical HVS scenarios. However, it is a
necessary ingredient for an alternative scenario,
in which US 708 is explained as the ejected donor
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