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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
(11,1.2, 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
S1 to S4 of the strongly lensed
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2014. Rest-frame days assume
that the SN is at the redshift of the
multiply imaged spiral galaxy

(z =1.49). We plotted the fluxes
measured in the WFC3 F105W,
F125W, and F140W images of the
MACS J1149.6+2223 galaxy
cluster field. The expected time r
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delays between images of days to
weeks suggest that the transient
must evolve over a time scale
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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.

epochs in a different image of the spiral host
galaxy and that it has already appeared else-
where in yet another image of the spiral. A
search of archival HST imaging in both the op-
tical (F606W, F814W, and F850LP) and infrared
(F105W, F125W, F140W, and F160W) at the loca-
tions of the multiple images of the presumed host
galaxy has revealed no evidence for SN Refsdal
when these data were taken. Our set of cluster
lens models predicts that the SN will appear in
the central image of the spiral host galaxy, at
an approximate position of a = 11"49™36.01°%, d =
+22°23'48.13" (J2000.0) at a future time, within
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ayear to a decade from now (2015 to 2025). This
is in broad agreement with independent model
predictions (27, 28). The uncertainties highlight the
power of a time-delay measurement to constrain
lens models.

The archival HST imaging and the configura-
tion show that this is a multiply imaged SN. This
discovery demonstrates in principle the feasibility
of the experiment suggested five decades ago by
Refsdal (7), consisting of using the time delays
between the multiple images of the SN to con-
strain the foreground mass distribution and even-
tually the geometry and content of the universe.
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STELLAR DYNAMICS

The fastest unbound star in
our Galaxy ejected by a
thermonuclear supernova

S. Geier,>* F. Fiirst,? E. Ziegerer,? T. Kupfer,* U. Heber,> A. Irrgang,> B. Wang,” Z. Liu,>¢
Z. Han,” B. Sesar,”® D. Levitan,” R. Kotak,® E. Magnier,'® K. Smith,® W. S. Burgett,'®
K. Chambers,® H. Flewelling,® N. Kaiser,® R. Wainscoat,® C. Waters™®

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
(Mg ). 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 (11). 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 (I5).

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 (17). 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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Multiple images of a highly magnified supernova formed by an early-type cluster galaxy lens
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Finding four for the light of one

Seeing double may cause concern for some, but seeing quadruple? It's just what astronomers have been hoping
for. Kelly et al. have now detected four images of the same distant supernova with the sharp eye of a space telescope.
The supernova shines brightly from the arm of a spiral galaxy that lies far beyond another galaxy between it and us. This
intervening galaxy is massive enough to bend the light from the supernova and its host galaxy into multiple images. This
behavior relies on the curvature of spacetime and will provide insight into the luminous and dark matter in the lensing
galaxy.

Science, this issue p. 1123

ARTICLETOOLS http://science.sciencemag.org/content/347/6226/1123

I\S/ILA};ELRIIEAALESNTARY http://science.sciencemag.org/content/suppl/2015/03/04/347.6226.1123.DC1
RELATED JIsci i i

SONTENT http://science.sciencemag.org/content/sci/347/6226/1082.full

file:/content

REFERENCES This article cites 28 articles, 1 of which you can access for free
http://science.sciencemag.org/content/347/6226/1123#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. No claim to original U.S. Government Works. The title
Science is a registered trademark of AAAS.

6T0Z ‘€z Arenigad uo /610 Bewaouslds aouaIds//:dny wol) papeojumod


http://science.sciencemag.org/content/347/6226/1123
http://science.sciencemag.org/content/suppl/2015/03/04/347.6226.1123.DC1
http://science.sciencemag.org/content/sci/347/6226/1082.full
http://science.sciencemag.org/content/347/6226/1123#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/

