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FIG. 1.ÈHubble diagram for 42 high-redshift type Ia supernovae from the Supernova Cosmology Project and 18 low-redshift type Ia supernovae from the
Supernova Survey after correcting both sets for the SN Ia light-curve width-luminosity relation. The inner error bars show the uncertainty dueCala! n/Tololo

to measurement errors, while the outer error bars show the total uncertainty when the intrinsic luminosity dispersion, 0.17 mag, of light-curveÈwidth-
corrected type Ia supernovae is added in quadrature. The unÐlled circles indicate supernovae not included in Ðt C. The horizontal error bars represent the
assigned peculiar velocity uncertainty of 300 km s~1. The solid curves are the theoretical for a range of cosmological models with zero cosmologicalm

B
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constant : on top, (1, 0) in middle, and (2, 0) on bottom. The dashed curves are for a range of Ñat cosmological models : on()
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applying the width-luminosity correction. For these plots,
the slope of the width-brightness relation was taken to be
a \ 0.6, the best-Ðt value of Ðt C discussed below. (Since
both the low- and high-redshift supernova light-curve
widths are clustered rather closely around s \ 1, as shown
in Fig. 4, the exact choice of a does not change the Hubble
diagram signiÐcantly.) The theoretical curves for a universe
with no cosmological constant are shown as solid lines for a
range of mass density, 1, 2. The dashed lines)

M
\ 0,

represent alternative Ñat cosmologies, for which the total
mass energy density (where)
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] )" \ 1 )" 4 "/3H02).

The range of models shown are for (0.5,()
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0.5), (1, 0), which is covered by the matching solid line, and
(1.5, [0.5).
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apparent magnitudes and redshifts, both without any need
for The cosmological-parameter results are thus alsoH0.
completely independent of The details of the ÐttingH0.)
procedure as presented in P97 were followed, except that
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BAs in P97, the small correlations between the photo-
metric uncertainties of the high-redshift supernovae, due to
shared calibration data, have been accounted for by Ðtting
with a correlation matrix of uncertainties.11 The low-
redshift supernova photometry is more likely to be uncor-
related in its calibration, since these supernovae were not
discovered in batches. However, we take a 0.01 mag system-
atic uncertainty in the comparison of the low-redshift
B-band photometry and the high-redshift R-band photo-
metry. The stretch-factor uncertainty is propagated with a
Ðxed width-luminosity slope (taken from the low-redshift

11 The data are available at http ://www-supernova.lbl.gov.
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Furthermore, we estimate an additional systematic uncertainty
of the whole Supercal process to be 1/3 of the Supercal
correction, as the correction is dominated by discrepancies of
B−V to 3%, and we are confident to roughly 1%.

The calibration uncertainty from the HST Calspec standards
is described in Bohlin et al. (2014). A relative flux uncertainty
as a function of wavelength is determined by a comparison of
pure hydrogen models of different white dwarfs to observed
spectra and is set such that the relative flux uncertainty is 0 at
5556Å. Roughly, the uncertainty is 5 mmag for every 7000Å.
There is an additional absolute uncertainty from Bohlin et al.
(2014) of 5 mmag coherent across all wavelengths; however,
this uncertainty has no impact since all subsamples are tied to
the same system. In follow-up analyses, we will include a new
network of WD standards from Narayan et al. (2016).

5.2. Distance Bias Corrections

Following the method described in Section 3.5, to model the
dependence of distances on assumptions about SN color and
selection effects, the BBC method is applied with two different
intrinsic scatter models to determine distances. The population
parameters for each non-PS1 sample are given in SK16. For
this baseline analysis, we do not allow for any evolution in α,
β, or γ.

The simulations for SDSS and SNLS are described in B14
and S15, and the Low-z simulations and selection effects are
described in Appendix C. The HST simulations are made in the
same way as the PS1 and Low-z simulations, so that they
directly represent the data in the SCP Cluster survey, GOODS,
and CANDELS/CLASH surveys, but the spectroscopic
selection efficiency was set equal to unity for these surveys.
The recovered nuisance parameters α and β from the BBC

method are given in Table 6 for both scatter models. For the
G10 and C11 models, values from each survey of α and β are
within 1σ of the combined Pantheon sample. The recovered β
values are slightly less consistent using the C11 model, with a
range of C � o3.59 0.17 from SNLS and C � o4.04 0.18
from SDSS, but are all still near 1σ of the mean. These higher
values of β, when using the C11 model, are consistent with
recent analyses (Mosher et al. 2014; Scolnic et al. 2014b;
Mandel et al. 2017) that find larger β dependent on various
assumptions about the intrinsic scatter of SNe Ia.
The predicted distance bias for each survey, using simula-

tions of >100,000 SNe for each, is shown in Figure 12. For
display purposes, these biases are shown after simulating both
assumptions about the scatter model but then assuming that the
“G10” scatter model is correct in the analysis and assuming a β
value of 3.1. It is instructive to compare the biases in mB and c
for the different scatter models (the distance bias from x1 is
typically <10% of the total distance bias). A key difference due

Figure 11. Hubble diagram for the Pantheon sample. The top panel shows the distance modulus for each SN; the bottom panel shows residuals to the best-fit
cosmology. Distance modulus values are shown using the G10 scatter model.
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Figure 18. Spectrum of SN 2005cf at −11, −6, 0, and +18 days after B maximum, overplotted with the comparable-phase spectra of SNe 1990N (Leibundgut et al.
1991), 2001el (Wang et al. 2003b; Mattila et al. 2005), 2002bo (Benetti et al. 2004), 2003du (Stanishev et al. 2007), 2004S (Krisciunas et al. 2007), and 2005cg
(Quimby et al. 2006). All spectra shown here have been corrected for the reddening and redshift of the host galaxy. For clarity of display, the spectra were arbitrarily
shifted in the vertical direction.
(A color version of this figure is available in the online journal.)

4.2. The Photospheric Expansion Velocity

In this subsection, we examine the blueshift of the absorption
minimum of some spectral features in SN 2005cf. The location
of the blueshifted minima may approximately represent that
of the photosphere at earlier SN phase. In measuring the
absorption minimum, both the Gaussian fit routine within IRAF
as well as the direct measurement (by eye) of the center of the
absorption were applied, and the results were averaged. The
derived velocities23 of SN 2005cf from the Si ii λ6355 and S ii
λ5640 lines as a function of time are shown in Figure 20, together
with those of the comparison SNe Ia. The measurements from
the spectra published by G07 are also overplotted (small filled
circles). All velocities have been corrected for the redshifts of
the host galaxies.

At the earliest phases, the expansion velocity implied from
Si iiλ6355 for SN 2005cf is ∼2000 km s−1 higher than that
for SNe 1990N (Leibundgut et al. 1991), 1998aq (Branch et al.
2003), and 2003du (Stanishev et al. 2007), and comparable to

23 The relativistic effect was always taken into account when calculating the
ejecta velocities of the SN.

that for SNe 1994D (Filippenko 1997; Patat et al. 1996) and
2001el (Wang et al. 2003a, 2003b; Mattila et al. 2005). This
velocity declines very rapidly within the first two weeks before
B maximum and then maintains a plateau phase for about a
month. Such evolution may be related to the fact that the Si ii
absorption region is close to the photosphere at earlier phases
but becomes more detached at later times (Patat et al. 1996). In
contrast, the velocity derived from the S iiλ5640 line is slightly
lower than that of the other SNe Ia and shows a flat evolution
from t ≈ −12 days to −5 days. SN 2001el may show a similar
plateau feature, though the data are sparse.

Following Benetti et al. (2005), we calculate the velocity
gradient v̇ of Si ii λ6355 for SN 2005cf as 38 ± 5 km s−1 day−1

during the period t ≈ 0–30 days, which puts SN 2005cf in the
group of normal SNe Ia having low-velocity gradients (LVGs).

4.3. The High-Velocity Features

In addition to the evolution of the photospheric expansion, the
well sampled spectra of SN 2005cf (especially those at earlier
phases) provide a good opportunity to study the HV features
that were only seen in the earliest spectra. The HV material is

(Wang+ 09)
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gradient v̇ of Si ii λ6355 for SN 2005cf as 38 ± 5 km s−1 day−1

during the period t ≈ 0–30 days, which puts SN 2005cf in the
group of normal SNe Ia having low-velocity gradients (LVGs).

4.3. The High-Velocity Features

In addition to the evolution of the photospheric expansion, the
well sampled spectra of SN 2005cf (especially those at earlier
phases) provide a good opportunity to study the HV features
that were only seen in the earliest spectra. The HV material is
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2500 km/s = 1% the speed of light! 

• Berkeley - NY in < 2 seconds 
• Earth to Moon in 2.5 minutes 
• ejected from the Milky Way in 4 million years 
• could reach Andromeda in 300 million years!



Three Hypervelocity White Dwarfs in Gaia DR2: Evidence for Dynamically Driven
Double-degenerate Double-detonation Type Ia Supernovae

Ken J. Shen1 , Douglas Boubert2, Boris T. Gänsicke3, Saurabh W. Jha4 , Jennifer E. Andrews5, Laura Chomiuk6 ,
Ryan J. Foley7, Morgan Fraser8 , Mariusz Gromadzki9, James Guillochon10 , Marissa M. Kotze11,12, Kate Maguire13,

Matthew R. Siebert7, Nathan Smith5, Jay Strader6 , Carles Badenes14,15 , Wolfgang E. Kerzendorf16 , Detlev Koester17,
Markus Kromer18,19 , Broxton Miles20, Rüdiger Pakmor19, Josiah Schwab7,24 , Odette Toloza3, Silvia Toonen21,

Dean M. Townsley22 , and Brian J. Williams23
1 Department of Astronomy and Theoretical Astrophysics Center, University of California, Berkeley, CA 94720, USA; kenshen@astro.berkeley.edu

2 Institute of Astronomy, University of Cambridge, Madingley Rise, Cambridge, CB3 0HA, UK
3 Department of Physics, University of Warwick, Coventry CV4 7AL, UK

4 Department of Physics and Astronomy, Rutgers, the State University of New Jersey, 136 Frelinghuysen Road, Piscataway, NJ 08854, USA
5 Steward Observatory, University of Arizona, 933 N. Cherry Avenue, Tucson, AZ 85721, USA

6 Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA
7 Department of Astronomy and Astrophysics, University of California, Santa Cruz, CA 95064, USA

8 School of Physics, O’Brien Centre for Science North, University College Dublin, Belfield, Dublin 4, Ireland
9 Warsaw University Astronomical Observatory, Al. Ujazdowskie 4, PL-00-478 Warszawa, Poland
10 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA

11 South African Astronomical Observatory, P.O. Box 9, Observatory, 7935, South Africa
12 Southern African Large Telescope, P.O. Box 9, Observatory, 7935, South Africa

13 Astrophysics Research Centre, School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 1NN, UK
14 Department of Physics and Astronomy and Pittsburgh Particle Physics, Astrophysics and Cosmology Center (PITT PACC),

University of Pittsburgh, 3941 O’Hara Street, Pittsburgh, PA 15260, USA
15 Institut de Ciències del Cosmos (ICCUB), Universitat de Barcelona (IEEC-UB), Martí Franqués 1, E-08028 Barcelona, Spain

16 European Southern Observatory, Karl-Schwarzschild-Strasse 2, D-85748 Garching bei München, Germany
17 Institut für Theoretische Physik und Astrophysik, Universität Kiel, D-24098 Kiel, Germany

18 Zentrum für Astronomie der Universität Heidelberg, Institut für Theoretische Astrophysik, Philosophenweg 12, D-69120 Heidelberg, Germany
19 Heidelberger Institut für Theoretische Studien, Schloss-Wolfsbrunnenweg 35, D-69118 Heidelberg, Germany

20 Department of Physics, North Carolina State University, Raleigh, NC 27695, USA
21 Anton Pannekoek Institute for Astronomy, University of Amsterdam, 1090 GE Amsterdam, The Netherlands

22 Department of Physics and Astronomy, University of Alabama, Tuscaloosa, AL, USA
23 Space Telescope Science Institute, Baltimore, MD 21218, USA

Received 2018 May 3; revised 2018 July 18; accepted 2018 July 18; published 2018 September 17

Abstract

Double detonations in double white dwarf (WD) binaries undergoing unstable mass transfer have emerged
in recent years as one of the most promising Type Ia supernova (SN Ia) progenitor scenarios. One potential
outcome of this “dynamically driven double-degenerate double-detonation” (D6) scenario is that the companion
WD survives the explosion and is flung away with a velocity equal to its >1000 km s−1 pre-SN orbital velocity.
We perform a search for these hypervelocity runaway WDs using Gaiaʼs second data release. In this paper,
we discuss seven candidates followed up with ground-based instruments. Three sources are likely to be some of the
fastest known stars in the Milky Way, with total Galactocentric velocities between 1000 and 3000 km s−1, and are
consistent with having previously been companion WDs in pre-SNIa systems. However, although the radial
velocity of one of the stars is >1000 km s−1, the radial velocities of the other two stars are puzzlingly consistent
with 0. The combined five-parameter astrometric solutions from Gaia and radial velocities from follow-up spectra
yield tentative 6D confirmation of the D6 scenario. The past position of one of these stars places it within a faint,
old SN remnant, further strengthening the interpretation of these candidates as hypervelocity runaways from binary
systems that underwent SNeIa.

Key words: binaries: close – nuclear reactions, nucleosynthesis, abundances – supernovae: general – white dwarfs

Supporting material: data behind figure

1. Introduction

Type Ia supernovae (SNe Ia) are one of the most common
types of SNe in the local universe. They are best known for their
utility as cosmological standardizable candles (Riess et al. 1998;
Perlmutter et al. 1999) and also play a crucial role in galactic
chemical evolution (Timmes et al. 1995). There is general
agreement that the exploding star is a carbon/oxygen white
dwarf (C/O WD) and that a companion star triggers runaway

nuclear fusion in the WD, leading to a Type Ia supernova
powered by the decay of radioactive 56Ni (Pankey 1962; Colgate
& McKee 1969; Maoz et al. 2014). However, despite decades of
focused effort, there is no consensus regarding the nature of the
companion or the mechanism by which the WD explodes, or
even more fundamentally, whether one or multiple progenitor
scenarios are responsible.
In “single-degenerate” scenarios, the companion is a non-

degenerate hydrogen- or helium-burning star, while in “double-
degenerate” scenarios, the companion is another WD. These
companions may trigger an explosion in the primary WD in a
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• We found 3 stars with the right speeds (>1000 km/s) 
and compositions (covered in thermonuclear ash) 

• And one points back to the remnant of a supernova! 

• But do all Type Ia supernovae happen this way? 

• And are there subtle effects that might change 
cosmology results?


