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Thomas R. Marsh,7 Ken J. Shen,8 Boris T. Gänsicke,7 J. J. Hermes,9 Odelia Putterman,9 Evan B. Bauer,1

Evan Petrosky,2, 10 Vikram S. Dhillon,11, 12 Stuart P. Littlefair,11 and Richard P. Ashley7, 13

1Center for Astrophysics | Harvard & Smithsonian, 60 Garden St, Cambridge, MA 02138, USA
2Department of Physics & Astronomy, Johns Hopkins University, 3400 N Charles St, Baltimore, MD 21218, USA

3Institute for Advanced Study, Einstein Drive, Princeton, NJ 08540, USA
4Los Alamos National Laboratory, PO Box 1663, Los Alamos, NM 87545, USA

5Department of Physics and Astronomy, University of Victoria, Victoria, BC V8W 2Y2, Canada
6Department of Physics & Astronomy, University College London, Gower Street, London WC1E 6BT, UK

7Department of Physics, University of Warwick, Coventry, CV4 7AL, UK
8Department of Astronomy and Theoretical Astrophysics Center, University of California, Berkeley, CA 94720, USA

9Department of Astronomy & Institute for Astrophysical Research, Boston University, 725 Commonwealth Ave., Boston, MA 02215, USA
10Department of Physics, University of Michigan, 450 Church St, Ann Arbor, MI 48109, USA

11Department of Physics and Astronomy, University of Sheffield, Sheffield S3 7RH, UK
12Instituto de Astrof́ısica de Canarias, E-38205 La Laguna, Tenerife, Spain

13Isaac Newton Group of Telescopes, Apartado de Correos 321, Santa Cruz de La Palma, E-38700, Spain

ABSTRACT

A promising progenitor scenario for Type Ia supernovae (SNeIa) is the thermonuclear detonation of

a white dwarf in a close binary system with another white dwarf. After the primary star explodes,

the surviving donor can be spontaneously released as a hypervelocity runaway. One such runaway

donor candidate is LP 398-9, whose orbital trajectory traces back ≈ 105 years to a known supernova

remnant. Here we report the discovery of carbon-rich circumstellar material around LP398-9, revealed

by a strong infrared excess and analyzed with follow-up spectroscopy. The circumstellar material is
most plausibly composed of inflated layers from the star itself, mechanically and radioactively heated

by the past companion’s supernova. We also detect a 15.4 hr periodic signal in the UV and optical

light curves of LP 398-9, which we interpret as surface rotation. The rotation rate is consistent with

theoretical predictions from this supernova mechanism, and the brightness variations could originate

from surface inhomogeneity deposited by the supernova itself. Our observations strengthen the case

for this double-degenerate SNIa progenitor channel, and motivate the search for more runaway SNIa

donors.

Keywords: White dwarf stars (1799), Type Ia supernovae (1728), Circumstellar dust (236), Stellar

rotation (1629), Runaway stars (1417)

1. INTRODUCTION

Type Ia supernovae (SNe Ia) are luminous transients

that are valuable standard candles to measure cosmolog-

ical parameters (e.g., Riess et al. 1998; Perlmutter et al.

1999; Riess et al. 2019), and play a crucial role in the

chemical evolution of stellar populations (e.g., Tinsley

1979; Matteucci et al. 2009; Kirby et al. 2019). Despite

the importance of SNeIa, their progenitor scenario is

Corresponding author: Vedant Chandra

vedant.chandra@cfa.harvard.edu

uncertain, and is the subject of intense theoretical and

observational efforts (e.g., Hillebrandt & Niemeyer 2000;

Maoz et al. 2014). It is generally accepted that SNe Ia

originate from massive white dwarfs (WDs) that accrete
matter from binary companions, but the nature and fate
of the donor companion is unknown.

For several decades, the leading hypothesis was the

‘single degenerate’ scenario (e.g., Whelan & Iben 1973),

in which a carbon–oxygen core (C/O) WD accretes mat-
ter from a nondegenerate star until it approaches the

Chandrasekhar limit (Chandrasekhar 1931). However,
it is challenging for the accreting WD to gain mass in the
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first place (e.g., Nomoto 1982; Iben & Tutukov 1984),
and there is a growing body of observational evidence

that suggests most SNe Ia cannot originate from single-

degenerate progenitors (e.g., Kerzendorf et al. 2009;

Kasen 2010; Li et al. 2011; Bloom et al. 2012; Margutti
et al. 2012; Woods et al. 2017). An alternative is the

‘double degenerate’ scenario in which two WDs could
either merge and consequently explode (e.g., Iben & Tu-

tukov 1984; Webbink 1984), or have one WD detonate

after mass transfer (e.g., Bildsten et al. 2007). The ex-

plosion mechanism can be a double-detonation, during

which a detonation in the outer helium shell induces

a second detonation in the carbon core that is powerful

enough to unbind the star (Taam 1980; Guillochon et al.

2010; Dan et al. 2011; Raskin et al. 2012; Pakmor et al.

2013; Shen & Bildsten 2014).

In the double-degenerate case, a double-detonation

can occur during the mass transfer phase, well before
the two WDs merge. In this ‘dynamically driven double-

degenerate double-detonation’ (D6) scenario, the pri-
mary WD can explode well below the Chandrasekhar

limit (Pakmor et al. 2013; Shen et al. 2018a,b; Tanikawa

et al. 2018, 2019). Observational studies have indepen-

dently found that a significant fraction of SNeIa could

originate from sub-Chandrasekhar mass WDs (Scalzo
et al. 2014; Dhawan et al. 2017; Kirby et al. 2019; de los

Reyes et al. 2020; Sanders et al. 2021). Recent theoret-
ical work has shown that the D6 mechanism can repro-

duce the observational signatures of most SNIa (Shen

et al. 2021a,b). In this scenario, the donor WD could

survive the explosion of the primary if it occurs in the

early stages of mass transfer (Shen & Schwab 2017). The
binary orbit becomes spontaneously unbound after the

supernova, ejecting the donor WD at the orbital veloc-
ity, & 1000 km s−1.

Shen et al. (2018b) discovered three candidates that

appear to be ‘runaway’ WD donors ejected from SNe Ia

that exploded via the D6 mechanism. These stars are

among the fastest unbound stars in the Galaxy, with

estimated space velocities & 1000 km s−1. Their radii

are inflated by an order of magnitude compared to typ-

ical WDs, likely due to deposited energy from the SN Ia

ejecta. All three candidates in Shen et al. (2018b) have

similar low-resolution optical spectra, with absorption

signatures of carbon, oxygen, magnesium, and calcium.

One of these candidates is LP 398-9, referred to as ‘D6-

2’ in Shen et al. (2018b). Remarkably, LP 398-9’s in-
ferred orbital trajectory extrapolated back 9×104 years

matches the on-sky position and distance of a known

supernova remnant G70.0-21.5, strongly supporting its

D6 origin (Fesen et al. 2015; Raymond et al. 2020).

LP 398-9 (D6-2)
D6-1
D6-3

Figure 1. Top: Location of LP 398-9 on the Gaia EDR3
color-magnitude diagram. The background sample consists
of stars within 100pc of the Sun (Smart et al. 2021). Bot-
tom: The Gaia-WISE color-color space, with the same back-
ground sample of nearby stars. LP 398-9 has a significant
excess in the W1 -W2 color compared to other stars of a
similar optical color. For comparison, we show the other
two D6 candidates from Shen et al. (2018b). ‘D6-3’ does not
have secure WISE photometry due to a crowded field, and
is consequently absent from the bottom panel.

Here we present follow-up observations of LP 398-9

that reveal the presence of significant quantities of cir-

cumstellar material, as well as a 15.4 hr photometric pe-

riod. We argue that both of these observables can be

linked to the D6 origin of the system, strengthening the
case for this SNIa progenitor channel. After summa-

rizing our data and observations in §2, we present our

analysis in §3. We present our results in §4, and discuss

our findings in §5.

2. DATA

In this section we describe the archival data we col-
lected for LP 398-9, as well as our own follow-up obser-

vations. In §2.1 we assemble the spectral energy distri-

bution (SED) from archival data. In §2.2 we describe

our light curves and follow-up photometry, and in §2.3

we describe our follow-up spectroscopy.

2.1. Spectral Energy Distribution

LP398-9 has reliable archival photometry in the
GALEX NUV (Martin et al. 2005; Million et al. 2016),

Sloan ugriz (Fukugita et al. 1996; Gunn et al. 1998; Doi

et al. 2010; Blanton et al. 2017; Ahumada et al. 2020),

2MASS JH (Skrutskie et al. 2006), and WISE W1,W2
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(Wright et al. 2010; Mainzer et al. 2011; Mainzer et al.
2014) bands. The detections in GALEX FUV, 2MASS

Ks, andWISE W3,W4 are unreliable or absent. LP 398-

9 also has secure astrometry from the Gaia space obser-

vatory Early Data Release 3 (EDR3; Prusti et al. 2016;

Mignard et al. 2018; Brown et al. 2021; Lindegren et al.

2021), with ̟/σ̟ ∼ 18. We correct the observed pho-
tometry for interstellar extinction along the line of sight

using 3D dust maps (Green 2018; Green et al. 2015,

2018a,b) queried at the Gaia inverse-parallax distance

of 840 pc. We adopt the extinction law of Fitzpatrick

& Massa (2007) with RV = 3.1. The Gaia color–
magnitude diagram and Gaia–WISE color–color dia-

gram of LP 398-9 are shown in Figure 1. The lower panel

shows LP398-9’s infrared excess compared to other stars

at a similar optical color. We confirmed that the other

two D6 candidates from Shen et al. (2018b) do not have

a measurable IR excess: D6-1 has no W1 − W2 color
excess, and D6-3 is in a crowded field and consequently

does not have secure WISE photometry.
One potential contaminant of WISE imaging is source

confusion due to the relatively coarse angular resolu-

tion of WISE (see e.g., Dennihy et al. 2020). In Figure

2 we compare the J -band image from 2MASS to the

AllWISE image in channel W1. In the 2MASS image,
there is no discernible background source within 6 arc-

seconds of LP 398-9. Furthermore, because the WISE

data of LP 398-9 appears time-variable (§3.3), we ex-

clude the possibility of a background blazar by finding

no radio counterpart in the NRAO VLA Sky Survey

(NVSS; Condon et al. 1998). Another method to verify

the association between the WISE data and LP398-9
is by comparing optical astrometry to the source posi-

tion measured by WISE. In Figure 2 we display time-
averaged measurements of the position of LP 398-9 on

the sky as measured over 5 years of the NEOWISE mis-

sion (2014-2019), along with the reference position from

AllWISE (2011). For additional details about the WISE

astrometric solution, we defer to Cutri et al. (2012).
We perform a trimmed least-squares linear regression

(Rousseeuw & Van Driessen 2006; Cappellari et al. 2013)
on the RA and Dec as a function of time to estimate

the WISE proper motion. The parallax motion of ∼ 1

mas (known from Gaia) is negligible here. We obtain

∆RAWISE = 80± 30 mas/yr and ∆DecWISE = 250± 30

mas/yr. This is consistent within 1-σ with the Gaia

EDR3 proper motion of LP 398-9 (Table 1). To ensure
our method is robust, we compute theWISE proper mo-

tions of some nearby objects in the field and verify that

they too match their Gaia data within uncertainties.

This astrometric test confirms that the WISE photo-

metric source is securely associated with LP398-9.
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Figure 2. Top left: 2MASS J band image from ≈ 2001.
Top right: AllWISE channel W1 image ten years later, from
≈ 2011. The centroid has clearly shifted by several arcsec-
onds towards the NE direction. Bottom: Position of LP 398-
9 on the sky during the course of 5 years of the NEOWISE
mission. Each datapoint is the average of 20 individual mea-
surements. The arrow indicates 1 year of the Gaia EDR3
proper motion, centred on the AllWISE coordinate. There
is no bright contaminant within 6 arcseconds and the WISE

proper motion is consistent with the optical proper motion
from Gaia, supporting the fact that the IR excess and vari-
ability comes from LP398-9 itself.

2.2. Light Curves

In addition to the time-averaged catalog measure-
ments from AllWISE, we utilize individual exposures

taken over the past nine years. We assemble the
WISE light curve of LP 398-9 by querying the All-

WISE (Wright et al. 2010) and NEOWISE (Mainzer

et al. 2011; Mainzer et al. 2014) databases for single-

exposure photometric measurements. There are 27 All-

WISE datapoints from 2010 May 27 to 2010 Novem-

ber 10, and 178 NEOWISE datapoints from 2014 May 31

to 2019 November 10. We perform quality cuts to re-

move spurious detections with outlying RA/Dec offsets

and undefined magnitude uncertainties. The resulting

light curve has 168 datapoints over a 9 year baseline.

The cadence of the observations is irregular and follows

the WISE position-dependent scanning strategy, with a

≃ 180 day gap between successive observing runs. Each
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run is ≈ 1.5 days long and consists of exposures taken
≈ 1.5 hours apart.

We queried archival photometry for LP 398-9 from the

Zwicky Transient Facility (ZTF; Bellm et al. 2019; Masci

et al. 2019). We assembled a light curve consisting
of datapoints collected between 2020 January 13 and

2021 April 27 in the g and r photometric bands. We
only used the most recent year of ZTF data to mini-

mize the effect of long term brightness variations (dis-

cussed further in §3.3). To maximize our time cover-

age, we combined the g and r data after subtracting

their respective median magnitudes (e.g., Burdge et al.
2020). We removed bad datapoints with ZTF quality

flag catflags > 0 and sharpness sharp > 0.5 (e.g.,

Guidry et al. 2021). Our final ZTF gr lightcurve has

205 datapoints.

We observed LP398-9 with HiPERCAM (Dhillon

et al. 2016, 2018, 2021) on the 10.4-m Gran Telesco-
pio Canarias (GTC) at the Observatorio del Roque de

los Muchachos on the island of La Palma, Spain, on
2018 June 11 from 03:38 to 05:15 UTC. We utilized a
customised high-throughput approximation of the Sloan
ugriz filter set to obtain simultaneous 5-band photom-

etry. A cadence of 1.222 sec was used for the g, r and

i arms, while every other readout was skipped on the
u and z arms giving a 2.444 sec cadence. The weather

was clear with seeing ∼ 0.8′′–1.5′′. The Moon was 80%
illuminated. We debiased and flat-fielded the data using
twilight sky flats. We performed comparative aperture

photometry using apertures that tracked the target po-

sitions with radii set to 1.8 times the mean full width

at half-maximum of the stellar profiles. We defer to

Dhillon et al. (2021) for further details of the reduction

procedures. We used Gaia EDR3 1798008691771518464
(G = 15.1) as the main comparison star, and Gaia

EDR3 1798020408442309248 (G = 16.5) to confirm that

the main comparison star was not itself variable. We

also observed LP398-9 with the Wide Field Camera on

the 2.5-m Isaac Newton Telescope (INT), on 2018 Au-

gust 2 from 00:17 to 04:44 UTC. We utilized a Sloan

g filter with exposure times of 100 sec. We performed
aperture photometry relative to a comparison star, and

defer to Dhillon et al. (2021) for further details on the

reduction procedures.

We observed LP398-9 with the IO:O imager on the 2-

m Liverpool Telescope (LT; Steele et al. 2004) at the Ob-

servatorio del Roque de los Muchachos, over the course
of a month from 2021 July 8 to 2021 August 8. We
obtained a total of 154 images in the Bessel B band

(effective wavelength ≃ 4450 Å) with an exposure time

of 60 s, averaging approximately five images per night.

We performed comparative aperture photometry against

the nearby star Gaia EDR3 1798008721834715648 (G =
13.8).

We also analyzed observations of LP 398-9 obtained

with the Space Telescope Imaging Spectrograph (STIS;

Woodgate et al. 1998) of the Hubble Space Telescope

(HST ) over six consecutive orbits on 2020 October 3
(PI: Shen). The spectra are flux-calibrated and cover a

wavelength range of 1600–3600 Å with the G230L grat-

ing. We use these spectra to derive an ultraviolet light

curve that is analyzed in this paper. A full analysis of

the STIS spectrum will be presented in a forthcoming

publication. We took advantage of the photon-counting

TIME-TAG mode to re-bin the spectra into 9-minute ex-

posure times, and computed the average flux in the

1700–3100 Å range (e.g., Hermes et al. 2021). The re-

sulting light curve has an effective central wavelength of

2520 Å, and contains 28 datapoints over ≈ 8 hours.

2.3. Spectroscopy

Shen et al. (2018b) obtained a low-resolution spec-

trum (R ≈ 300) of LP 398-9 from 3400 − 9000 Å with

the Nordic Optical Telescope (NOT). They noted ab-

sorption lines indicating the presence of carbon, oxygen,

magnesium, and calcium in the stellar photosphere, and

measured a radial velocity 20± 60 km s−1.

We obtained a mid-resolution spectrum of LP 398-9 on
2020 November 14 using the Dual-Imaging Spectrograph

(DIS) on the 3.5-m telescope at the Apache Point Obser-
vatory (PI: Chandra). We employed the B1200/R1200
gratings and a 1.5 arcsec slit width, providing a spec-
tral resolution (Gaussian σ) of 2 Å on the blue end and

0.5 Å on the red end, as estimated with sky emission

lines. We obtained four 10-minute exposures bracketed
by arc lamp exposures to ensure a reliable wavelength

calibration. Our data covered a wavelength range of
4000–7000 Å, with a dichroic gap between 5200–6000 Å.

We performed a standard data reduction—bias correc-

tion, flat-fielding, aperture extraction, and wavelength

calibration—using the pipeline tools in IRAF (Tody

1986).
We compared the O I absorption line at λ7002.23 Å

with its theoretical rest wavelength to derive a radial
velocity 80 ± 10 km s−1, which is consistent with the

earlier measurement made by Shen et al. (2018b). We

also used the λ6300 Å O I sky emission line to verify

that our absolute wavelength calibration is accurate to

within 5 km s−1. We therefore do not detect radial veloc-
ity variations that would indicate the presence of a close

binary companion. As noted by Shen et al. (2018b), the

low radial velocity is somewhat unexpected considering

LP 398-9’s hypervelocity space motion, but could be a
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statistical fluctuation due to small numbers and selec-
tion effects.

3. ANALYSIS

In this section we analyze our spectro-photometric
observations of LP 398-9. We confirm the hyperveloc-
ity nature of LP 398-9 with the latest data from Gaia
(§3.1). We model the spectral energy distribution of

LP 398-9 and its excess infrared emission to derive the

system’s parameters (§3.2). We present multi-band light
curves that exhibit a 15.4 hr period, which we interpret

as surface rotation (§3.3). Finally, we present follow-up

spectroscopy that reveals the presence of circumstellar

carbon (§3.4).

3.1. Hypervelocity

We confirm the hypervelocity status of LP 398-9 us-

ing newly released astrometric data from Gaia EDR3

(Brown et al. 2021; Lindegren et al. 2021). Previ-
ously, Shen et al. (2018b) used data from Gaia DR2 to

find a 99% credible interval of vT = [700, 1500] km s−1

for the tangential proper motion velocity of LP 398-9.

We use the affine-invariant Markov Chain Monte Carlo

(MCMC) sampler emcee (Foreman-Mackey et al. 2013;
Foreman-Mackey et al. 2019) to sample the new astro-

metric data from Gaia EDR3 and consequently derive an
updated posterior distribution for vT . For the parallax,

we employ the exponentially decreasing space density
prior described in Bailer-Jones (2015), although its ef-

fect is likely minimal since the EDR3 parallax is quite

precise (̟/σ̟ ∼ 18). We find a median tangential ve-

locity vT = 1030±60 km s−1, with a 99% credible inter-

val of vT = [900, 1160] km s−1. This secures LP 398-9’s

status as a hypervelocity star, despite its low apparent

radial velocity.

3.2. SED Model and IR Excess

To investigate the infrared excess of LP 398-9, we first

fit a stellar model to the observed photometry at opti-

cal wavelengths, and then compare the predicted stellar

flux in the infrared to the observed IR photometry. We

fit the SED of LP 398-9 in the SDSS ugriz passbands us-

ing a bespoke grid of model spectra computed with the

atmosphere code described in Blouin et al. (2018a,b).
Since the non-detection of hydrogen lines in the spec-

trum of LP 398-9 rules out the presence of atmospheric

hydrogen, we assume a helium-dominated atmosphere.

The SED can also be significantly altered by the pres-

ence of metals due to line blanketing and changes in the

atmospheric opacity. We therefore use the NOT spec-
trum of LP 398-9 observed by Shen et al. (2018b) to

approximately constrain the metallicity during the fit-

ting process. We adopt a surface gravity log g = 5.5

when computing the model spectra, and verify that nei-

ther the photometric nor spectroscopic fits are sensitive

to this assumption.

We assume flat priors on the stellar parameters:

2500 ≤ Teff/K ≤ 10000 and 0.05 ≤ R/R⊙ ≤ 1. We

adopt a Gaussian prior on the parallax ̟/mas with a

mean and standard deviation defined by the Gaia EDR3

astrometric measurement π = 1.19± 0.06 mas. To pre-
vent any single band with underestimated uncertainties

from dominating the fit, we implement a floor uncer-

tainty of 0.03 magnitudes in all bands (e.g., Bergeron

et al. 2019). We define a χ2 log-likelihood (the χ2 statis-

tic multiplied by −0.5) to compare the model fluxes to

the observed fluxes and perform a preliminary fitting
step to estimate the atmospheric metallicity of LP 398-
9. First, we maximize the photometric χ2 likelihood over

the stellar parameters (Teff and R) assuming a negligi-

ble metallicity. Next, we vary the metallicity to match
the Ca II H and K absorption lines on the archival NOT
spectrum from Shen et al. (2018b), with other elements

scaled accordingly to solar proportions. We repeat these
steps until the stellar parameters and metallicity con-
verge.

For the main fitting step, we fix the models to the best-

fitting metallicity from the preliminary fitting step, and
use the preliminary stellar parameters as initial values.
We sample the posterior distributions of Teff, R, and ̟

using emcee. The stellar parameters are summarized in
Table 1, along with uncertainties computed by taking

the standard deviation of the respective MCMC sam-

ples. We adopt the posterior sample with the highest

log-likelihood as our best-fitting stellar parameters for

LP 398-9: Teff = 7500± 100 K, R = 0.20± 0.01 R⊙.
We additionally repeated our entire analysis assuming

oxygen-dominated and carbon-dominated atmospheres.

The inferred Teff and R are similar for the helium and

oxygen atmospheres. A carbon-dominated atmosphere

is ruled out, since it would require the presence of strong

molecular C2 absorption lines that are absent in our

spectroscopic observations (discussed further in §3.4).

The mass of LP 398-9 is quite uncertain, since the stel-

lar structure is unknown and the star is in a temporary

inflated state. However, given the D6 origin of the sys-

tem, the mass could plausibly lie in the 0.2–0.8M⊙ range

(Shen 2015; Shen et al. 2018b). Assuming a uniform

mass prior in this range, our fitted photometric radius

implies log g ≈ 5.5±0.2. This is consistent with the Ca II

H and K absorption lines on the archival NOT spectrum.

We emphasize that the purpose of fitting the metal-

licity is to produce a self-consistent stellar model, not

to precisely determine the metallicity of LP 398-9’s at-

mosphere. For example, the assumption of solar-scaled
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Table 1. Parameters of LP 398-9

Parameter Value

Gaia EDR3

Source ID 1798008584396457088

RA (degrees) 324.61250

Dec. (degrees) 25.37374

G (mag) 16.97

BP−RP (mag) 0.41

̟ (mas) 1.19 ± 0.06

Distance (pc) 840 ± 40

µRA (mas/yr) 98.28 ± 0.07

µDEC (mas/yr) 240.18 ± 0.06

vT (km s−1) 1030 ± 60

Stellar Model

Teff (K) 7500 ± 100

Radius (R⊙) 0.20 ± 0.01

Mass (M⊙) U [0.2, 0.8] (assumed)

log
[

g, cm s−2
]

5.5 ± 0.2

vR (km s−1) 80 ± 10

Blackbody Infrared Model

Tbb (K) 670 ± 50

Rbb (R⊙) 5.4 ± 0.9

Mdust (g) ∼ 1020

Flat Disk Infrared Model (i = 0◦)

Tin (K) 1300 ± 200

Tout (K) ≈ 300

abundances is likely inappropriate in detail, but is suf-
ficient for our purposes of solving the temperature and
radius of LP 398-9.

To quantify and model the infrared excess around

LP398-9 we use the AllWISE catalog magnitudes in the
W1 and W2 channels. We convert them to fluxes, and

subtract the expected flux of LP 398-9 at these wave-
lengths using the stellar model described above. To this
excess, we fit two models: a blackbody, and a flat disk
model. The blackbody is parameterized by the temper-

ature Tbb and a normalization factor that depends on

the solid angle subtended on the sky. We use the Gaia

EDR3 parallax of LP 398-9 to fix its distance, fitting for

the remaining normalization parameter of Rbb in addi-

tion to Tbb.
For the disk model, we use the geometrically thin, op-

tically thick debris disk model of Jura (2003). With a

known distance, this model is further constrained by the

104 105

Wavelength (Å)

100

1000

Fl
ux

 (
Jy

)

Ca II H,K

Photometric Data
NOT Spectrum
WD Model
WD + Flat Disk
WD + BB

NUV u g r i z J H Ks W1W2 W3 W4

Figure 3. Spectral energy distribution of LP 398-9 with our
best-fitting model for the WD and IR excess. The observed
photometric bands are indicated on the top axis. The in-
set shows the 3890–4000 Å region of the archival NOT spec-
trum, with the best-fitting stellar model spectrum overlaid.
Downward arrows indicate upper limits. Uncertainties are
1-sigma after applying our 0.03 mag floor, and in some cases
are smaller than the marker size.

stellar temperature Teff and radius R, with the free pa-

rameters being the two temperatures corresponding to

the inner edge (Tin) and outer edge (Tout) of the disk.

The inclination of the disk is difficult to constrain with

the available observations, although it is probably low

(more face-on) given the brightness of the IR excess com-

pared to the star. Additionally, the temperature of the

outer edge of the disk Tout is poorly constrained because

observations at longer wavelengths are not available.
We fit the respective models using the nonlinear mini-

mization algorithms in scipy.optimize (Virtanen et al.

2020). We repeat the fit on 104 Monte Carlo replicates

of the data (adding the relevant Gaussian errors to the

observed fluxes) to estimate the uncertainties on the pa-

rameters. The pure stellar, stellar + blackbody, and

stellar + flat disk models are illustrated with the ob-
served SED in Figure 3, and the best-fit IR model pa-

rameters are summarized in Table 1.

The blackbody temperature can be interpreted as the

average temperature of an inflated, optically thin dust
shell (Xu et al. 2018). Given the low temperature Tbb ≈

670K and large normalization radius Rbb ≈ 5.4R⊙, we

can rule out stellar or sub-stellar companions. A brown

dwarf with Teff ∼ 700K would have a radius ∼ 0.1R⊙

(e.g., Sorahana et al. 2013), almost fifty times smaller
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than the radius we derive from the normalization of the
IR excess. Depending on the typical grain sizes, Tbb ≈

670K corresponds to dust located at orbital radii ≈ 10–

30R⊙, or around 50–150 times the present radius of the

star (Xu et al. 2018).
The flat disk model does not match the observed

fluxes well, indicating that a geometrically thin, opti-
cally thick disk is insufficient to describe the material
around LP398-9. A low inclination (≈ 0◦ − 30◦) pro-

vides the best match to the W1 and W2 data. The

inclination and inner disk temperature are degenerate
– assumed inclinations of [0◦, 30◦, 60◦] result in best-
fit Tin ≈ [1300, 1600, 2000]K. Depending on the size

and composition of the grains, circumstellar dust subli-
mates at temperatures between 1200– 2000K, and con-
sequently any material inwards of the radius correspond-

ing to Tin rapidly sublimates away, leaving a gap be-

tween the star and the debris disk (von Hippel et al.
2007; Rafikov & Garmilla 2012; Xu et al. 2018). There-

fore, the inferred inner temperature Tin ≈ 1300K is
broadly consistent with dust sublimation temperatures,

although the flat disk geometry seems unlikely. Our fa-

vored interpretation is a circumstellar dust shell model

with a characteristic temperature of Tbb ≈ 670K.

3.3. Periodic Photometric Variability

We searched the LT photometry of LP 398-9 for pe-

riodic variations using a Lomb-Scargle periodogram

(Lomb 1976; Scargle 1982). We find a dominant peak at
f = 1.55 day−1, corresponding to a period of ≈ 15.4

hours. We repeat our periodogram analysis on the

ZTF photometry. Fitting the entire ZTF baseline from

2018 April 20 to 2021 April 27 yields a period 1% smaller

than the LT period. However, this ZTF light curve has

significant long-term brightness variations that contam-

inate the periodogram, requiring pre-whitening to re-

move trends. If we instead fit only the most recent ZTF

campaign from 2020 January 6 to 2021 April 27 without

pre-whitening, we derive a period within 0.03% of the

LT period. We therefore use only the ZTF data from
2020 January 6 onwards in our subsequent analysis.

We adopt the peak of the LT periodogram as our as-
sumed period. To estimate the uncertainty of this mea-
surement, we computed 2500 Monte Carlo replicates of

the LT light curve by adding Gaussian uncertainties, and

computed half the difference between the 84th and 16th

quantiles of the resulting period distribution. We derive

a best-fit period P = 15.441 ± 0.016 hr. We phase-fold

the STIS, LT, and ZTF light curves and display them in

Figure 4. We fit a sinusoidal model to each phase-folded

(un-binned) light curve to estimate the variability am-

plitudes. We find amplitudes of 4.4 ± 0.6% for STIS,
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Figure 4. Lomb-Scargle periodogram of the LT light curve
of LP 398-9, along with the phase-folded HST-STIS, LT-B,
and ZTF-gr light curves. The STIS datapoints are unbinned
and consecutive from a single epoch, while the LT and ZTF
datapoints are binned in phase. We overlay the sinusoidal
models used to estimate the variability amplitude of each
light curve.

2.8± 0.2% for LT-B, and 1.3± 0.3% for ZTF-gr. Fig-

ure 4 shows a slight color-dependent phase difference be-

tween the three datasets. However, simply changing the

assumed period by as little as 0.3% (to P = 15.40317,
for example) can erase this apparent phase difference.

Therefore, the most plausible explanation is that this

phase difference is non-physical, and is simply an arti-

fact of systematic uncertainties in our photometry and

period measurement.

Our 100-minute HiPERCAM ugriz observations are
illustrated in Figure 5. The time baseline of this obser-

vation covers a fraction of our derived rotational pe-

riod, and therefore represents a quasi-linear segment

of the rotationally modulated flux variation. Both our

HiPERCAM-ugriz and subsequent INT-g observations
(not shown here) caught LP398-9 in the dimming phase.

We quantify the color dependence of the flux decline
by fitting a simple linear regression to the light curves
in each band using the trimmed least squares approach

described in Cappellari et al. (2013). The rate of de-

cline (slope) is strongly wavelength-dependent, with the
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Figure 5. 100-minute HiPERCAM light curve of LP 398-
9. The ugriz bands are arranged from top to bottom. We
overlay a linear fit to each dataset with a black dashed line.
The color-dependent trend is visually discernible, with the
bluest u band declining twice as fast as the reddest z band.
For each band we show the fitted slope of the flux decline in
magnitudes per day.

bluest photometry declining twice as quickly as the red-
dest. The g-band slope is identical within uncertainties

between the HiPERCAM and INT data. The trend of

the HiPERCAM color-dependence (blue declining faster

than red) is consistent with the trend in the variability

amplitudes of the STIS, LT-B, and ZTF-gr light curves.

The color-dependence of the photometric variability

could have several plausible explanations. A convective

star spot with a temperature lower than the surrounding

photosphere could produce such a signal, although it

is challenging to constrain the temperature and size of

the spot (e.g., Pelisoli et al. 2021). Alternatively, if a

portion of the stellar surface is polluted with metals,

there could be an opacity or line blanketing contrast as

the star rotates. Additionally, light filtering through the

circumstellar dust will be reddened by extinction.

As described in §2.1, we compiled a WISE light curve

of LP 398-9 spanning 9 years, grouped into 14 approxi-

mately day-long observing runs spaced 180 days apart.

Phase-folding the WISE light curve to the inferred stel-

lar rotation period of 15.4 hr does not produce any co-

herent signal. This is expected, since the IR flux is

dominated by emission from the surrounding circum-

stellar dust, which would greatly dilute any photomet-
ric variability from the star itself. However, the WISE

data of LP 398-9 is overall more variable than the pho-
tometric uncertainties would indicate. We average the

measurements in each observing run and illustrate the

long-term W1 and W2 fluxes along with the W1−W2

color in Figure 6. There is significant variation in both

the W1 and W2 fluxes. The W1−W2 color marginally
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Figure 6. Long-term light curves from the duration of the
WISE mission in the W1 and W2 bands, along with their
difference. We average the individual measurements from
each observing run to produce these datapoints. The insets
show individual measurements from a singleWISE observing
run. The insets vertically span 1 magnitude, and horizontally
span 2 days.

varies as well, potentially indicating a varying surface

area or temperature of the circumstellar material. Re-
cent evidence has shown that many WDs with debris
disks are IR-variable (Swan et al. 2019, 2020). Those

systems are thought to exhibit stochastic variation over

long timescales due to collisional dust production and

depletion (e.g., Kenyon & Bromley 2017a,b; Swan et al.
2021).

3.4. Spectroscopic Evidence of Circumstellar Carbon

In Figure 7 we illustrate the APO spectrum of LP 398-

9, with several identified absorption lines of carbon, oxy-

gen, magnesium, and calcium highlighted. We charac-

terize the spectrum using theoretical models described

in Blouin et al. (2018a,b). We fix the stellar parame-

ters to the values computed from the SED fit in §3.2

and compute single-abundance spectra over a range of

C and O to investigate the atmospheric abundances. We

overlay in red a model spectrum with [C/He] = −5.0,

and in blue a model with [O/He] = −1.0. The short-

wavelength end of the spectrum demonstrates that this
carbon abundance is already pushing the higher plau-

sible limit, due to the development of strong C2 bands
that are absent from our observed spectrum (Swan 1857;

Johnson 1927). Yet, several narrow carbon lines remain

unexplained by the stellar models (red arrows in Fig-
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Figure 7. Mid-resolution spectrum of LP 398-9 from the
3.5-m telescope at the Apache Point Observatory, split into
two wavelength regions. We indicate identified absorption
lines of carbon, oxygen, magnesium, and calcium. We over-
lay in red a theoretical spectrum with the same stellar pa-
rameters as LP 398-9 and an atmospheric carbon abundance
of [C/He] = -5.0, and independently in blue an oxygen abun-
dance of [O/He] = -1.0. Red arrows indicate carbon ab-
sorption lines that cannot be explained by the stellar model,
suggesting that they are formed in circumstellar material in-
stead.

ure 7). The most plausible explanation for this non-

photospheric absorption is the presence of circumstel-

lar carbon around LP398-9. Compared to the stellar

photosphere, the circumstellar region has much lower

pressures, and consequently contains less molecular C2.

This leaves more atomic C available to produce narrow

absorption lines without creating large molecular bands

on the spectrum.

4. RESULTS

4.1. Photometric Period

LP398-9 exhibits sinusoidal photometric variation
with a period P ≈ 15.4 hr. A stellar companion is quite

unlikely, given the non-detection of radial velocity vari-

ations & 10 km s−1. The most natural explanation is

that this photometric period corresponds to the rota-

tional period of the star (e.g., Brinkworth et al. 2005;

Hermes et al. 2021). There are several possible mech-

anisms that can produce rotationally modulated vari-

ability. WDs with exceptionally strong magnetic fields

can have continuum opacity variations on their surfaces,

producing photometric variations at the rotational pe-

riod (e.g., Ferrario et al. 1997; Tremblay et al. 2015).
However, the optical spectrum of LP 398-9 does not in-

dicate a strong magnetic field, given the absence of vis-

ible Zeeman splitting. An alternative possibility is the

formation of weakly magnetized starspots in the convec-

tive envelope of the star (e.g., Brinkworth et al. 2004;

Gänsicke et al. 2020). These spots would be cooler than
the surrounding regions, producing chromatic variations

in the observed flux as they rotated in and out of view

(e.g., Kilic et al. 2015; Reding et al. 2020).

Another interesting possibility is that the surface in-

homogeneity of LP 398-9 is related to its origin as a D6

SN Ia donor. When its companion exploded ∼ 105 years

ago, LP 398-9 would have been blasted by a wave of
ejecta. These radioactive ejecta would have been asym-
metrically deposited on the surface of LP 398-9 (e.g.,

Bauer et al. 2019). In regular WDs, horizontal mixing

can homogenize the surface distribution of pollutants on

timescales of 101 − 106 years depending on the temper-

ature and atmospheric composition (Cunningham et al.
2021). Since the stellar structure of LP 398-9 is quite

uncertain, it is difficult to estimate the timescale with

which diffusion is expected to homogenize the stellar sur-

face. The vertical diffusion timescale is certainly long

compared to regular WDs, since LP 398-9 is inflated to

≈ 10 times the typical WD radius. If the deposited sur-

face asymmetry does survive to the present day, then it

could produce variable line blanketing and continuum

opacity, possibly producing the observed photometric

signal (e.g., Brinkworth et al. 2004; Kilic et al. 2015;
Maoz et al. 2015). If the surface abundances vary along

the line of sight, this may be detectable with future time-
resolved optical spectra.

Apart from the origin of the surface inhomogeneity,
the rotational period of LP 398-9 can also be linked to
the D6 mechanism. Immediately prior to the SN explo-

sion of the massive companion, the binary system would
have been in an extremely compact, mass-transferring
stage. The orbital velocity vorb of the donor (mass M2)

around the accreting primary (mass M1) is given by

v2orb =
GM1

a(1 +M2/M1)
, (1)

where a is the orbital separation. LP 398-9 would have

been ejected from the binary at vorb when its companion

exploded. The amount of low-velocity material left be-
hind by the exploded companion is negligible, so LP 398-
9 has probably not slowed down much since the super-

nova. This allows us to express the orbital period in
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terms of the measured space velocity as

Porb =
2πa

(1 +M2/M1) vorb
=

2πGM1

(1 +M2/M1)2v3orb
. (2)

Assuming that the primary star that exploded as an SN
is ≈ 1.0M⊙, and that the donor mass is somewhere in

the range M2 = 0.2–0.8M⊙, this gives orbital periods

at the time of SN detonation around Porb = 3–7min,

based on the ≈ 1100 km s−1 space velocity of LP 398-9.

Although the tidal quality factor of WDs is uncer-

tain, it is reasonable to expect a degree of tidal syn-
chronization between the spin and orbit of the WDs
(e.g., Iben et al. 1998; Fuller & Lai 2011, 2012a,b, 2014;

Yu et al. 2020, 2021). There are a handful of known

tidally-distorted WDs in compact binaries, and the non-

detection of significant tidal heating could imply that

synchronization is near-perfect (Piro 2011; Benacquista

2011). Under the assumption that tidal locking keeps
Prot ≈ Porb, our reasoning implies a rotation period

≈ 3–7minutes when the companion exploded. If LP 398-

9 subsequently conserved its angular momentum, then

the initial post-SN rotational period Pi and radius Ri

and present-day Pf , Rf can be related with

Pf

Pi

=

(

Rf

Ri

)2

(3)

We can set Ri ≈ 0.01–0.02R⊙ using the mass-radius re-

lation for 0.2–0.8M⊙ WDs, and set Rf = 0.20M⊙ from

our SED fit in §3.2. Applying Equation 3, post-SN rota-
tional periods Pi ≈ 3–7minutes correspond to present-

day rotational periods Pf ≈ 5–50 hours, which brackets

our observed photometric period of 15.4 hr for LP 398-9

(§2.2). A larger initial donor radius (e.g., due to heating

during mass transfer) corresponds to a shorter present-

day rotational period. Conversely, angular momentum

was probably not entirely conserved. Additional effects

like magnetic braking and mass loss could have fur-

ther slowed the rotational rate of the system over time.

These rough estimates demonstrate that the observed

rotational period can be plausibly linked to the D6 sce-
nario, assuming LP398-9 mostly conserved its angular

momentum after the SNIa explosion.
We emphasize here the differences and similarities be-

tween LP398-9 and GD492, another runaway star that

was recently found to rotate with an 8.9 hr period (Her-

mes et al. 2021). GD492 has a peculiar composition

that suggests it is the partially burnt accretor left over

from a Type Iax supernova (Raddi et al. 2018b,a, 2019).

GD492 also has a lower space velocity ≃ 850 km s−1,
implying that its donor companion was an He-burning

subwarf rather than another white dwarf (Bauer et al.

2019). In this scenario, GD492 is rotating too slowly

to be the runaway subdwarf donor, and is most likely
the burnt remnant of the accreting primary that under-
went a failed supernova. Conversely, the higher space

velocity of LP 398-9 — and its remarkable spectroscopic

similarity to two other D6 systems with space velocties

& 1500 km s−1 — strongly supports a D6 origin for this

system. In this context, as detailed above, our detected

rotation period points to LP 398-9 being a D6 donor.

4.2. Circumstellar Material

LP398-9 has a strong IR excess that indicates the

presence of significant quantities of circumstellar dust.

Our optical spectrum shows narrow atomic carbon lines

unexplained by the photospheric model, pointing to a

circumstellar source of carbon. Our observations sug-

gest a carbon-rich shell of circumstellar material inflated

to more than an order of magnitude larger than present-

day radius of the star.

The presence of carbon-rich circumstellar material can

be plausibly explained by the D6 origin of LP 398-9. The
SN Ia explosion of its stellar companion would have sig-

nificantly polluted the atmosphere of LP 398-9, deposit-

ing thermal and radioactive energy and causing the at-

mosphere (dominated by carbon and oxygen) to puff up.

The radius of LP 398-9 inferred from its luminosity and

parallax is an order of magnitude larger than that of a

typical WD, suggesting that it remains in a somewhat

puffed phase like the other two runaways found in Shen

et al. (2018b). Mechanical energy from the companion’s
SN Ia explosion could also have pushed the circumstellar

material outwards to larger orbital radii. If some frac-

tion of the inflated layers had detached from the star, it

would appear today as an extended carbon-rich circum-

stellar shell. A low-velocity tail of the SNIa ejecta could

also have been retained by LP398-9 after the explosion.

Under the assumption of an optically thin dust shell
surrounding LP398-9, we can use our observations to

approximate the total dust mass. We adopt the fitted

black-body dust temperature and Gaia-inferred distance

from Table 1. We assume a dust opacity κ(3.4µm) =

500 cm2 g−1 (Draine & Lee 1984; Draine 2003; Woitke
et al. 2016), consistent with amorphous carbon grains.

We estimate the dust mass using the relation from Hilde-

brand (1983):

Mdust =
F (λ)D2

κ(λ)B(λ, Td)
(4)

Substituting the WISE W1 flux as F (λ) provides an

order-of-magnitude total dust mass Mdust ≈ 1020 g =
10−13 M⊙. This dust mass is comparable to that of

known dust disks around WDs (Jura 2003; Reach et al.

2005), although we stress that LP 398-9’s origin and
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composition is quite different from those systems. For
comparison, the rings of Saturn have a mass ≈ 1022 g

(Esposito 1993; Iess et al. 2019).

5. DISCUSSION

We have presented two lines of evidence tying LP398-9

to the D6 SNIa progenitor scenario: circumstellar ma-

terial and surface rotation. We interpret the 15.4 hr
photometric signal as a signature of rotationally mod-
ulated brightness variations, potentially stemming from

surface inhomogeneities left over from the SN explosion

∼ 105 years ago. The rotational period itself can be ex-
plained by angular momentum conservation of LP 398-

9 after its companion exploded, assuming the binary
was tidally locked at the point of detonation. Several
other effects could have also altered the rotational rate.

Since tidal dissipation primarily occurs near the surface

of the WD, the surface layers could preferentially syn-

chronize without fully spinning up the core, invalidating

our assumption of a rigid-body rotation (e.g., Goldreich

& Nicholson 1989; Fuller & Lai 2012a,b, 2014). Addi-
tionally, LP 398-9 could have lost angular momentum

in the time since the SN explosion. An obvious culprit

could be the inflated stellar layers that today present

as circumstellar dust tens of stellar radii away. The

present-day total dust mass is a minuscule fraction of

the stellar mass, making it an unlikely route for angular

momentum to leave the system. However, there could
have been episodes of further mass loss in the time since
the supernova.

Although it is uncertain precisely what processes

cause the D6 donor WDs to inflate to their presently

observed radii, this inflated phase is probably only tem-

porary (Shen et al. 2018b; Bauer et al. 2019). Due to

selection effects, we are most likely to find D6 donors
in their inflated state, since these are detectable out to

a larger search volume. Our fitted stellar parameters

imply a Kelvin-Helmholtz timescale τKH & 20Myr for

LP 398-9, much longer than the flight time ≈ 0.1Myr

from the SN remnant G70.0-21.5. As LP398-9 radiates

away energy deposited by tidal heating and the SN it-
self, it will contract in size and gradually return to the
WD cooling track. In the absence of any mechanism to

remove angular momentum from the system, its rotation

will speed up as it shrinks. Therefore, a plausible long-

term outcome of the D6 scenario is a class of rapidly
rotating hypervelocity white dwarfs. These might have

helium-dominated or carbon-dominated spectral types.
However, such hypervelocity systems leave the Galaxy
on short timescale . 10 Myr, making it quite unlikely

that we could detect them. Due to this selection effect,

we are overwhelmingly likely to find D6 donors in their
inflated state.

When an isolated WD has an observed IR excess, the

usual explanation is circumstellar dust from a disrupted
planetesimal (e.g., Debes & Sigurdsson 2002; Jura 2003;

Farihi 2016; Veras 2021). While the existence of dis-

rupted planetesimals around LP398-9 is tantalizing, it
is quite unlikely. The D6 origin of LP 398-9 implies that

it was until recently (∼ 105 years ago) in a close bi-

nary system with another WD. During the final stages

of binary evolution, the two WDs in the theorized D6

scenario would be orbiting too close for a planet to main-
tain a stable orbit around LP398-9. While it is plausible

that the stars possessed a circumbinary planetary sys-
tem, any surviving planetesimals must have occupied
orbits wide enough to avoid engulfment during giant
branch evolution, yet close enough to remain bound to

LP 398-9 after the SN Ia of its companion. This scenario

can be tested with future infrared spectroscopy — for

example with the James Webb Space Telescope (Gard-

ner et al. 2006) — that would reveal the temperature
profile, composition, and geometry of the circumstellar

material.

One question that remains is why LP398-9 (‘D6-2’) is

the only D6 candidate with an infrared excess, out of the

three candidates found by Shen et al. (2018b). ‘D6-1’
has secureWISE data with no detectable IR excess (Fig-

ure 1), while ‘D6-3’ does not have secure data in WISE.
One possible explanation is that the other candidates are

the products of older supernovae, and could have conse-

quently lost their circumstellar shell over time. LP 398-

9 is the only D6 star with an associated SN remnant,

suggesting that it was ejected recently enough that the

remnant did not dissipate into the interstellar medium.

Conversely, all three D6 stars are clustered closely to-
gether on the color-magnitude diagram and have simi-

lar low-resolution spectra, perhaps indicating that they

are in similar stages of their evolution. D6-1 and D6-3

should be monitored to search for rotationally modu-

lated variations. If they are indeed the product of older

supernovae that LP 398-9, then their surface composi-
tion may have homogenized enough to make their rota-
tional signal undetectable.

Future observations of both LP398-9 and the other

D6 candidates could aid in resolving these questions by

placing firmer constraints on the time elapsed since the
respective SNe Ia. Further spectroscopic observations of

other D6 candidates could search for carbon absorption
indicative of circumstellar dust that is too cool to pro-

duce an IR excess in WISE. Additionally, more theoret-

ical modelling could estimate the timescales over which

ejected runaways cool and return to the WD cooling
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track. Understanding these unique systems will shed
light on the mechanism and after-effects of the double-

degenerate channel for SNe Ia.

Data Availability—The corresponding author will gladly

share any code and intermediate data products upon

reasonable request.
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