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ABSTRACT
We present time-resolved optical and ultraviolet (UV) spectroscopy and photometry of V1460 Her, an eclipsing cataclysmic
variable with a 4.99-h orbital period and an overluminous K5-type donor star. The optical spectra show emission lines from
an accretion disc along with absorption lines from the donor. We use these to measure radial velocities, which, together with
constraints upon the orbital inclination from photometry, imply masses of M1 = 0.869 ± 0.006 M� and M2 = 0.295 ± 0.004 M�
for the white dwarf and the donor. The radius of the donor, R2 = 0.43 ± 0.002 R�, is ≈50 per cent larger than expected given
its mass, while its spectral type is much earlier than the M3.5 type that would be expected from a main-sequence star with a
similar mass. Hubble Space Telescope (HST) spectra show strong N V 1240-Å emission but no C IV 1550-Å emission, evidence
for CNO-processed material. The donor is therefore a bloated, overluminous remnant of a thermal time-scale stage of high
mass transfer and has yet to reestablish thermal equilibrium. Remarkably, the HST UV data also show a strong 30 per cent
peak-to-peak, 38.9 s pulsation that we explain as being due to the spin of the white dwarf, potentially putting V1460 Her in a
similar category to the propeller system AE Aqr in terms of its spin frequency and evolutionary path. AE Aqr also features a
post-thermal time-scale mass donor, and V1460 Her may therefore be its weak magnetic field analogue since the accretion disc
is still present, with the white dwarf spin-up a result of a recent high accretion rate.
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1 IN T RO D U C T I O N

Cataclysmic variable stars (CVs) contain white dwarf primary stars
usually accreting from hydrogen-rich main-sequence like secon-
daries. In most cases, the accretion occurs via a disc and they are
the closest and most easily observed examples of accretion on to
compact objects. As CVs evolve, their secondary stars continually
lose mass and therefore need to adjust their structures to maintain
thermal equilibrium. Whether they manage to do so depends upon
the thermal time-scale of the secondary star compared to the mass-
loss time-scale, M2/ − Ṁ2, where M2 is the mass of the secondary
star. Both time-scales tend to lengthen as orbital periods and
secondary star masses decline, but at very low masses (< 0.1 M�)
and correspondingly short periods (∼ 80 min), the battle to maintain
thermal equilibrium is well and truly lost resulting in a minimum
orbital period for systems with hydrogen-rich donors, (Paczynski &
Sienkiewicz 1981; Gänsicke et al. 2009). Until this point, however,
we expect the secondary stars to be fairly close to thermal equilibrium
(although departure from thermal equilibrium is thought to be partly
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responsible for the paucity of systems between 2 and 3 h known
as the period gap). The maintenance of near thermal equilibrium
while losing mass, and the one-to-one relationship between orbital
period and the mean density of Roche lobe filling stars (Faulkner,
Flannery & Warner 1972) results in a strong correlation between
orbital period, mass and spectral type amongst CV donor stars
(Knigge 2006).

The discovery of K-type donor stars in the short-period CVs EI Psc,
(Thorstensen et al. 2002b) and QZ Ser (Thorstensen et al. 2002a),
with periods of 1.1 and 2.0 h, and K4 and K5 donors, respectively,
forcefully demonstrated that alternative evolution channels also
contribute to the population of CVs. Thorstensen et al. (2002a,
2002b) argued that the overluminous donors in EI PSc and QZ Ser
were the stripped cores of companions that were initially more
massive, � 1 M�, bearing the signatures of CNO burning in the form
of enhanced sodium abundances. Anomalous carbon and nitrogen
abundances were confirmed in EI PSc in the far-UV (Gänsicke et al.
2003) and infrared (Harrison 2016). In the UV, these anomalies are
reflected in an inversion of the flux ratio of the N V and C IV resonance
lines. In CVs with (quasi-) main-sequence donors, N V/C Iv � 0.5,
whereas the C IV line is undetected in the Hubble Space Telescope

C© 2020 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/499/1/149/5902865 by guest on 10 April 2024

http://orcid.org/0000-0001-6180-3438
http://orcid.org/0000-0002-2761-3005
mailto:rashley@gmail.com


150 R. P. Ashley et al.

(HST) UV spectrum of EI Psc, with a lower limit of N V/C Iv � 8
(Gänsicke et al. 2003). Harrison (2016) report that the infrared
spectra of both QZ Ser and EI Psc suggest an H deficiency of about
30 per cent, and a depletion of C based on the weak or absent CO
absorption bands – corroborating the abundance anomalies detected
in the UV spectroscopy of EI Psc. Sufficiently high initial donor star
masses, i.e. M2/M1 � 1, where M1 is the mass of the primary, lead to
thermal time-scale mass transfer, with a mass transfer rate that may
result in stable shell burning on the white dwarf (Fujimoto 1982;
Iben 1982; Wolf et al. 2013). During this shell-burning phase, the
systems will be luminous supersoft X-ray sources (van den Heuvel
et al. 1992) and the white dwarf may grow in mass, making this
evolutionary channel a potential single-degenerate pathway to type Ia
supernovae (SN Ia) (Di Stefano 2010). In many cases, however, the
rapid mass-loss of the donor star results in such a decrease of the mass
ratio that, failing to reach the ignition conditions for a thermonuclear
supernova, the systems will blend into the population of normal CVs
once the mass ratio is M2/M1 � 1.

Whereas the physical properties of both stellar components of
these ‘failed SN Ia’ can be accurately measured, providing a powerful
diagnostic of this evolutionary pathway, only a relatively small
number of such systems have so far been identified (e.g. Rodrı́guez-
Gil et al. 2009; Rebassa-Mansergas et al. 2014; Thorstensen 2015;
Thorstensen et al. 2015; Yu et al. 2019). Here, we report that the
system V1460 Her is the newest member of this exclusive list of
CVs.

On 2016 June 4, Drake (2016) reported that the Catalina Real-
Time Transient Survey (CRTS, Drake et al. 2014) had detected an
outburst of CRTS J162117.3+441254, an object that had previously
been classified as a contact binary in the SuperWASP (Pollacco
et al. 2006) survey with an orbital period of 0.207852 d (Lohr et al.
2013). Thorstensen (2016) obtained a full orbit of time-resolved
optical spectroscopy in quiescence, which showed strong Balmer
emission lines, and measured the radial velocities of absorption
features in antiphase with the emission, confirming the binary nature
of the target and evidence that the donor was a K-type. It was clear
that this was a CV undergoing a dwarf nova outburst. Kjurkchieva
et al. (2017) took photometric data two weeks after the outburst and
supplemented this with AAVSO observations to make a qualitative
model of the system. This model resulted in an orbital inclination of
i = 88◦ ± 3◦, a secondary temperature of T2 = 4400 ± 150 K and
a relative radius with respect to the semimajor axis of r2 = 0.237a.
They also showed that their model, during the outburst, fits a disc of
temperature T1 = 7600 ± 200 K and, during quiescence, a spherical
body of temperature T1 = 4400 ± 150 K. The outburst disc was
modelled to have a radius of r1 = 0.36 ± 0.01a. Kazarovets et al.
(2019) designated this target with the General Catalogue of Variable
Stars name of V1460 Her and classified it as an eclipsing dwarf
nova.

In this paper, we present the results of extensive optical and UV
spectroscopic and photometric follow-up of V1460 Her, which we
use to determine system parameters and the nature of its donor star.
Serendipitously, our data also reveal the rapid spin of its white dwarf.
We begin with a description of our observations.

2 O BSERVATIONS

Following the Astronomer’s Telegram 9141 (Thorstensen 2016) on
2016 June 11, we decided to take follow-up observations using the
Warwick 1-metre (W1m) telescope on the island of La Palma. We
maintained observations for several nights as the target evolved from
outburst to quiescence. In addition, we submitted proposals and were

granted time for spectroscopic follow-up with the William Herschel
Telescope (WHT) on La Palma and the HST. The details of these
campaigns are summarized in the following sections. To supplement
our own observations, we made use of various other sources of
photometry, including AAVSO, SuperWASP, ASAS-SN (Shappee
et al. 2014), and CRTS, see Section 2.2.

2.1 W1m photometry

We used the W1m telescope to perform follow-up observations
of the 2016 June outburst. The W1m is a robotic F/7 equatorial
fork-mounted telescope with a dual-beam camera system. It has a
dual-channel red–blue photometer with a dichroic filter to split the
beam into separate detectors and is capable of taking simultaneous
exposures in each band. The blue channel contains a BG40 filter,
which covers wavelengths from 3000 to 6000 Å, and the red channel
a Z-band filter covering 8200–9300 Å. For four nights from the 2016
June 5 to 9, photometry of V1460 Her was taken with the intention
of covering as much of a full orbit as possible. A log of observations
is provided in Table 1. The W1m was undergoing a commissioning
phase at the time and we used V1460 Her as a serendipitous test
target for the development of the observation pipeline.

For all reductions, the same comparison star was used, this was
TYC 3068-831-1, which is a magnitude V = 12 star located about
9 arcmin to the south-west of the target. Data were reduced using
the TSREDUCE software (Chote et al. 2014). For the photometric
extraction, we used synthetic apertures with variable radii adapted to
fit the seeing conditions on each frame. Since our blue filter is non-
standard, we did not calibrate our data to an apparent magnitude scale
and our analysis uses the relative flux of target to the comparison.

2.2 Published survey photometry

V1460 Her appears to have displayed at least two outbursts in
the last 14 yr, the discovery outburst that occurred in 2016 June
(JD 2457538) and one recorded in the SuperWASP data in 2006
August (JD 2453952). These two outbursts are indicated with dotted
lines in Fig. 1 and a closer examination of the outburst and return to
quiescence is shown in Fig. 2. The SuperWASP data are presented in
Lohr et al. (2013) where they quote an orbital period of 0.207852(1) d,
and classify the target as a contact binary of type W UMa.

This is a system where the secondary star dominates the flux
in the visible and near-infrared part of the spectrum. The phase-
folded light curve (Fig. 3) of the SuperWASP data therefore shows
modulation caused by the tidal distortion of the secondary star and
gravity darkening on its near side. This light curve was used as a
modulation to apply to the flux contribution of the secondary star
in the time-resolved spectroscopy study in Section 2.3. The non-
sinusoidal nature of this light curve is likely to be due to starspots
on the surface. The model published by Kjurkchieva et al. (2017)
included a cool spot on the secondary with a temperature factor of
0.9 and an angular size of 20◦.

The American Association of Variable Star Observers (AAVSO)
followed V1460 Her during its 2016 outburst and also contributed to
the HST observations by monitoring the target immediately before
and during the observations to ensure that an outburst did not saturate
and potentially damage the instrument.

2.3 WHT+ISIS spectroscopy

We obtained spectroscopy for a total of six nights with the target
in a quiescent state during all of the observations. A log of these
observations is shown in Table 1. All of the observations were taken
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V1460 Her, CV with a fast spinning accretor 151

Table 1. Log of our observations of V1460 Her taken with the W1m, WHT, and HST. The W1m data were obtained immediately after
the report of the 2016 June outburst of V1460 Her with one additional night later during quiescence, 44 d later. The number N denotes the
approximate number of orbital cycles since the reported outburst.

Date Instrument Filters or JD (start) State N Texp Duration
Grating (central wavelength Å) (orbits) (s) (h)

2016/6/5 W1m BG40+Z 2457545.386138 Outburst 21 30 5.68
2016/6/7 W1m BG40+Z 2457547.385385 Outburst 30 30 4.33
2016/6/8 W1m BG40+Z 2457548.528484 Outburst 36 30 4.63
2016/6/9 W1m BG40+Z 2457549.529722 Outburst 40 30 4.52
2016/07/23 W1m BG40+Z 2457593.373344 Quiescence 251 30 5.39
2016/7/11 WHT ISIS R1200B(4601)+R1200R(6400) 2457581.574537 Quiescence 194 150 2.25
2016/8/16 WHT ISIS R1200B(4601)+R1200R(6400) 2457617.363687 Quiescence 366 150 3.50
2017/6/20 WHT ISIS R1200B(4601)+R1200R(6400) 2457925.372561 Quiescence 1848 150 6.37
2017/6/21 WHT ISIS R1200B(4601)+R1200R(6400) 2457926.374255 Quiescence 1853 150 5.95
2017/7/3 WHT ISIS R1200B(4601)+R1200R(6400) 2457938.414351 Quiescence 1911 150 4.45
2017/7/4 WHT ISIS R1200B(4601)+R1200R(6400) 2457939.407028 Quiescence 1916 150 3.20
2017/3/2 HST COS G140L (1105) 2457815.429107 Quiescence 1319 – 2.30

Figure 1. SuperWASP, CRTS, ASAS-SN, and AAVSO photometry for V1460 Her from 2005 December 5 to 2019 October 2. Evidence for outbursts appears
at JD 2453952 and JD 2457538 (as indicated by the vertical dotted lines). The second outburst was also covered extensively by AAVSO observers and we show
their V-band photometry here. The surveys have different bandpasses and therefore their magnitude zero-points differ. The total time-span is 5250 d. Vertical
marks indicate the dates of the W1m photometry (see Figs 4 and 5), the HST UV spectroscopy (see Figs 14, 15, and 17) and the WHT ISIS spectroscopy (see
Figs 8, 12, and 13).

with the ISIS spectrograph mounted on the WHT in La Palma, Spain.
The gratings we used were the R1200B (centred on 4600 Å) with a
spectral resolution of 0.85 Å and the R1200R (centred on 6400 Å)
with a spectral resolution of 0.75 Å. The slit width of ISIS was set
to 1 arcsec for all observations. In total, 618 science spectra were
obtained, of which three were discarded due to poor signal-to-noise
ratio, which was probably caused by variability in the transparency of
the sky. On most nights, flux standards and radial velocity standards
were taken at the start and end of the observations and, on the last
night, we also took spectra of three K-type (K0V, K5V, and K7V)
stars to help to characterize the secondary. For the observations on
the last two nights, the nearby star 2MASS J16211745+4413386
(40 arcsec north of V1460 Her; Gaia G = 16.39) was placed further
along the slit. Although we used the extracted spectra of this star
as a reference to monitor for changes in the transparency of the
atmosphere during these two nights, since we did not have this
coverage throughout the whole data set, it was not used systematically
as a flux correction aid for our analysis.

All of the spectra were optimally extracted and reduced using
the PAMELA and MOLLY reduction software, (Marsh 1989). In order
to perform flux calibration, we fitted a spline to the continua of
spectrophotometric standard stars taken on the same night as the
observations and used their published flux as a reference, see e.g.
Marsh (1990). For wavelength calibration, Cu+Ne and Cu+Ar arcs
were observed several times over the course of the observations. For
the red arm, we were then able to further improve the wavelength
calibration by computing the shifts of sky emission features and
applying them to the science spectra. As a final step in wavelength
calibration, we observed at least one radial velocity standard each
night and used this observation as a calibration for converting
wavelengths to radial velocities.

2.4 HST+COS spectroscopy

On 2017 March 2 (JD 2457815) we obtained HST far-UV spec-
troscopy using the Cosmic Origins Spectrograph (COS, Green et al.
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Figure 2. SuperWASP, AAVSO, and ASAS-SN photometry showing the
outbursts of V1460 Her. We plot all survey data from 3 d prior to the first
detection of the outburst and continue for 20-d post-detection. The AAVSO
data cover eclipses during the orbit, showing how the eclipse depth progresses
after the outburst.

Figure 3. Phase-folded SuperWASP photometry for V1460 Her. To create
this figure, all of the SuperWASP data shown in Fig. 1 have been phase folded
and then binned (with weighted average) into 500 phase bins. The ephemeris
used to phase fold the data is given in equation (1).

2012). The data were collected over three consecutive primary
spacecraft orbits (programme ID 14893), for a total of 8306 s of
on-source exposure. We observed the target using the Primary
Science Aperture, the TIME-TAG mode and the far-UV grating
G140L, centred at 1105Å. The observations were dithered along
the spectral direction on the detector using all four FP-POS settings,
mitigating fixed pattern noise, and detector artefacts. This delivered a
spectrum covering the wavelength range of 1026–2278 Å at a spectral
resolution of R � 3000.

The HST spectra were also used to derive UV photometry. The
TIME-TAG observing mode of COS allows the recording of the time
of arrival, the position on the detector, and the pulse height of each
detected event every 32 ms. It is therefore possible to reconstruct a 2D
time-resolved image of the detector, where the dispersion direction
runs along one axis and the spatial direction along the other, from
which a light curve of the system can be extracted. Following the
method described in Pala et al. (2019), we identified three rectangular
regions on this image: a central one enclosing the object spectrum
and two regions to measure the background, one above and one
below the spectrum. To extract a light curve of the white dwarf,
we used the wavelength range 1175 < λ < 1880 Å and masked
the geocoronal emission lines from Lyα (1200 < λ < 1224 Å) and
O I (1290 < λ < 1311 Å), as well as the most prominent emis-
sion features from the accretion disc: N V (1231 < λ < 1250 Å),
Si IV (1380 < λ < 1415 Å), N I (1481 < λ < 14943 Å), and He II

(1635 < λ < 1646 Å). We binned the data into five-second bins and
counted the number of events in each of those corresponding to the
stellar spectrum. Once corrected for the number of counts from the
background, these data provide the light curve of the target in counts
per second. We discuss the spectrum and the derived photometry in
Sections 3.7 and 3.8.

3 R ESULTS

3.1 Photometric behaviour in outburst

The W1m photometry in Figs 4 and 5 shows the gradual progression
of the target from outburst to quiescence. For all of the observations,
the same comparison was used for calibration. This means that the
relative flux is calibrated against the same baseline. Since no offset
has been applied to any of the light curves shown, the evolution
of overall brightness of the system from outburst to quiescence
is directly represented in the figures. The time-scale of outburst
to quiescence is demonstrated in Fig. 2 at around 15 d. Our final
night’s data were taken some 52 d after the recorded outburst
so we can be sure that the system had fully resumed quiescent
behaviour. In order to better represent the contribution of the disc
in our figures, the quiescent light curve was fitted with a sinusoid
(and some harmonics) and this was subtracted from each night’s
data.

Our outburst data confirm the behaviour reported by Zola et al.
(2017) and show dominance by an accretion disc during outburst,
transitioning to the quiescent light curve, which is dominated by
the tidally distorted secondary star. We have one observation of the
primary eclipse taken during quiescence, Fig. 6, which shows a U-
shaped profile and a fairly long transition during ingress and egress.
Based on this evidence and the supporting data from spectroscopy,
we propose that the disc, although dimmed during quiescence, is still
present and we cannot discern the white dwarf.
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Figure 4. The W1m photometry for V1460 Her, phase folded according to equation (1). The upper panels show the data for the BG40 (blue) filter (offset by
0.3) and the lower plots show the Z-band (red) filter. The relative flux is computed from the same comparison star each night. No offset has been introduced
to data on subsequent nights, so the decrease in relative flux is due to the target fading from outburst to quiescence. The value N in the plot legend refers to
the approximate number of orbits since the start of the outburst [as calculated from the information given in Maehara (2016), JD 2457541.113]. The right-hand
panel shows the relative flux after subtracting the quiescent light curve (N = 251) from the originals.

Figure 5. Similar to Fig. 4, but in this figure, we limit the phase to show
primary eclipse in more detail. The blue data have been offset by 0.2.

3.2 Ephemeris

Since there is a long baseline of over 14 yr of published survey
photometry for V1460 Her, all of these data were combined and
used to find its orbital period. We used the SuperWASP, CRTS, and
ASAS-SN observations and computed a Lomb–Scargle periodogram
(Scargle 1982) to determine an initial estimate for the period as is
shown in Fig. 7. This was then further refined by fitting a sinusoid

Figure 6. A closer view of the primary eclipse taken on the last night of our
W1m observations, occurring approximately 251 orbits since the 2016 June
outburst with V1460 Her back in a quiescent state. The profile of the eclipse
and the rate of transition (�7.5 min) during ingress and egress indicate that
we are seeing the eclipse of a disc rather than the white dwarf itself.

plus four harmonics to all of the data. Once we had the period, the
WHT spectroscopy was folded on this period and as zero-point, we
adopted the time of blue-to-red crossing of the radial velocity of the
secondary (3.4). Our ephemeris for V1460 Her is

BJD(TDB) = 2457760.469657(6) + E × 0.20785223(3), (1)

and gives the times of primary eclipse, when the donor star is closest
to Earth. Times are referenced to the Barycentric Julian Date (BJD)
in Barycentric Dynamical Time (TDB).
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Figure 7. Lomb–Scargle analysis of the survey photometry contained in
the ASAS-SN, SuperWASP, and CRTS archives. The peak of the power lies
at 9.622 231 d−1, but, since the light curve is dominated by the ellipsoidal
variation of the secondary, we halved that frequency to give the orbital period
of the system. This was then used as a starting point to calculate the ephemeris
shown in equation (1).

Figure 8. The overall average spectrum of the ISIS red and blue arms. The
average was computed with respect to a heliocentric rest frame.

3.3 Spectral type of the secondary

Fig. 8 shows an average spectrum across all phases of the orbit. This
shows a combination of absorption lines from the secondary and
double-peaked Balmer emission from the disc. Although we detect
weak He I emission at 6678 Å, there is no detection of He II emission.

The individual target spectra show many absorption features from
the secondary star, which move in approximate antiphase to the
emission lines. Starting with a hand-picked spectrum as a reference,
we masked out a region of the continuum that was free of emission
features (6095–6426 Å) and performed a cross-correlation of each
target spectrum with this reference. Before cross-correlation, all of
the spectra were binned into the same wavelength scale and a spline
fit to the continuum was subtracted. The cross-correlation produced
radial velocities that we fit with a sinusoid in order to derive an
initial estimate for the secondary’s semi-amplitude, K2, which we
subsequently refined once we had a good template match of the
secondary, see Section 3.4. The ephemeris and this K2 estimate was

Table 2. K-type templates matched to the spectrum of the
secondary to determine a value of vsin i. The α value is the
fractional contribution of the template applied to best match our
target spectrum. Asterisks mark the templates that were taken
during our observations at the WHT. The other templates were
collected from archived data. All computations of χ2 had 1500
degrees of freedom.

Name and spectral type v sin i (km s−1) α χ2

HD124752 (K0V) 110.4 ± 0.5 1.26 7628
HR8857 (K0V) 109.8 ± 0.6 1.23 9282
HD184467 (K2V) 110.6 ± 0.6 1.39 6536
HD154712 A (K4V) 110.2 ± 0.6 1.05 4529
HD29697 (K4V) 108.8 ± 0.7 1.01 4171
61Cyg A (K5V) 109.8 ± 0.6 0.99 4491
HD122120 (K5V) 109.8 ± 0.6 0.85 2997
HD234078 (K7V) 109.4 ± 0.6 0.81 5439
61Cyg B (K7V) 108.7 ± 0.7 0.95 7555
HD154712 B (K8V) 111.0 ± 0.7 0.89 9256

Figure 9. The best-matching K-type templates as a function of varying
values chosen for vsin i. χ2 values were computed after performing an optimal
subtraction of an artificially broadened version of the template spectrum from
the target spectrum. Some templates with poorer matches have been omitted
from this figure, but are included in Table 2.

then used to generate an average spectrum as computed in the rest
frame of the secondary.

Since we had anecdotal evidence that the secondary had a K-
type spectral classification, as noted by Thorstensen (2016), we took
three additional spectra of known K-type stars on our last night of
WHT observations, namely HD 124752 (K0V), HD 122120 (K5V),
and HD 234078 (K7V). For our analysis, we supplemented these
by adding eight more K-type spectra taken at the neighbouring
Isaac Newton Telescope as templates for a similar study of AE Aqr
(Casares et al. 1996) and sent to us in a private communication by
Jorge Casares. The complete list of the templates we used is shown
in Table 2.

By artificially introducing rotational broadening to these spectra
and then comparing them to our target spectra, we were able to find
the value of vsin i that gave us the best match to the donor. This was
done by stepping through values of vsin i from 80 to 140 km s−1 in
increments on 1 km s−1 and computing an optimal subtraction with
a variable scaling constant α (or fractional contribution) applied to
each template. These results are summarized in Table 2 and the
χ2 versus vsin i relationship is shown in Fig. 9. The spectrum of
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Figure 10. The lower spectrum is the average of the target once shifted
into the rest frame of the secondary. The middle spectrum is that of HD
122120 (K5V) after application of rotational broadening with the value vsin i
= 109.8 km s−1. The upper spectrum is the result of subtracting the two.

HD 122120 (K5V) with a rotational broadening value of v sin i =
109.8 ± 0.6 km s−1 gave us our best subtraction. The minimum value
was computed by fitting a simple quadratic polynomial to the three
values closest to the minimum in χ2 and the error was estimated by
computing the range around this minimum that increased the value of
χ2 by one. In Fig. 10, we show the averaged target spectrum (in the
rest frame of the secondary), the best fitting rotationally broadened
spectrum of HD 122120 and the result of the subtraction of the two.

3.4 Orbital radial velocities

We next measured the radial velocity amplitude, K2, and systemic
velocity, γ 2, of the donor star by cross-correlating the target spectra
with the rotationally broadened K5 template (HD 122120). This tem-
plate star has a well-defined radial velocity of −57.3 ± 0.03 km s−1

(Soubiran et al. 2013). The rotationally broadened version of its
spectrum was cross-correlated with the science spectra for our target.
Once again, we limited the analysis to a region of the spectrum that
is dominated by flux from the secondary and contains no emission
lines, 6095–6426 Å. The cross-correlation process resulted in 615
radial velocities. These were fitted with a sinusoid of the form v(t) =
γ 2 + K2sin (2π(t − T0)/P), see Fig. 11. Here, the value of the orbital
period, P, was fixed to the value given in equation (1), derived from
the long-baseline photometry. T0 is derived from the zero-crossing
point of the radial velocities going from the negative to the positive
regime, representing the phase of the orbit when the secondary is
closest to the Earth. The derived parameters are listed in Table 3.

The strongest emission feature in the optical spectra is the Balmer
Hα line. We measured the radial velocity in the line wings using a
technique described in Schneider & Young (1980), involving cross-
correlation of emission-line profiles with two Gaussian profiles
separated by a fixed value. In order to determine the optimal
separation of the Gaussian profiles, we performed an exhaustive
search by stepping through values of this constant, starting at 800
and going up to 2400 km s−1 in increments of 10 km s−1. For each of
these chosen separations, we examined the quality of the correlation
by measuring the mean error in the derived radial velocity values
following a technique described by Shafter 1983. Our chosen value
for the optimal separation of the Guassian profiles was 1800 km s−1.
These radial velocities were fitted with a sine function that had the
period fixed to the one given in equation (1). The systematic radial

Figure 11. Sine fits to the radial velocities of the absorption and emission
features in the spectra of V1460 Her. The absorption velocities were computed
by cross-correlation with HD 122120. Those for the emission were computed
with a Young and Schneider analysis of the Hα feature. The emission radial
velocity profile exhibits a rotational disturbance near the primary eclipse as
first blue-shifted and then red-shifted gas is eclipsed, in turn, described in
Section 3.6. For the calculation of the orbital parameters listed in Table 3, the
points between phases 0.90 and 1.10 were excluded.

Table 3. Orbital and stellar parameters measured in this
paper.

M1 0.869 ± 0.006 M�
M2 0.295 ± 0.004 M�
K1 (vsin i) 95.2 ± 1.7 km s−1

K1 (Hα) 84.2 ± 1.5 km s−1

K2 282.4 ± 0.4 km s−1

γ 1 − 15.0 ± 1.2 km s−1

γ 2 (Hα) − 18.1 ± 1.1 km s−1

q 0.337 ± 0.006
a 1.478 ± 0.002 R�
R2 0.430 ± 0.002 R�
T0 2457760.46887(6) d
Period 0.20785223(3) d
White dwarf spin period 38.875 ± 0.005 s
Secondary spectral type K5

velocity, K1 semi-amplitude and phase offset were derived from the
fit and are listed in Table 3.

The zero-crossing points in the radial velocity measurements differ
by 0.059 in phase, which corresponds to 21◦. Stover (1981) noticed
this effect in several systems, and explained it by an area of enhanced
emission associated with region, where the accretion stream impacts
the disc. Marsh, Horne & Shipman (1987) suggested that for Z Cha
this could be explained by a combination of the distortion of the
velocity field in the inner disc and variations in the strength of the
emission over the disc. We are interpreting this phase shift similarly
and proposing that the emission radial velocities are affected by the
asymmetry of the bright-spot region.

For each of the 615 science spectra, the rotationally broadened
spectrum of HD 122120 was shifted to match the correct radial
velocity for the phase in the orbit and then subtracted. Since the
secondary’s contribution to the overall flux is highly dependent on
the phase of the orbit (see Fig. 3), each shifted template spectrum was
multiplied by a phase-dependant constant to reflect its proportional
contribution. The resulting trailed spectra diagrams are shown in
Fig. 12.
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Figure 12. Trails of the spectra taken in the red arm of ISIS. The upper
trail shows the original data in the heliocentric rest frame. The lower trail
shows the result after subtracting a rotationally broadened K5 star template
to remove the contribution from the secondary. The emission lines on the
right are Hα and HeI 6678.

3.5 Masses of the components

Assuming co-rotation, the equatorial speed of a Roche lobe filling
star is related to the orbital speed of its centre of mass by a function
of the mass ratio q alone. Using Paczyński’s (1971) equation for the
radius of the secondary star’s Roche lobe leads to

v sin i

K2
= 0.46[(1 + q)2q]1/3, (2)

for 0 < q < 0.8 (Wade & Horne 1988).
Using our values for K2 and assuming the value of vsin i derived

in the previous section, we calculate q = 0.337 ± 0.006. For this
mass ratio, the corresponding projected velocity semi-amplitude of
the primary, K1 (vsin i) , would be 95.2 ±1.7 km s−1, which is higher
than the 84.2 ±1.5 km s−1 value measured from the Hα emission.
While these two figures are not in agreement, it should be noted that
they are measured from different physical objects within the system,
the inner disc, and the rotational broadening of the secondary.

Examining both the W1m and HST photometry of the primary
eclipse, it is possible to estimate the duration of the white dwarf’s
eclipse, �φ, the mean phase full-width of eclipse at half the out-
of-eclipse intensity. Using the geometry of the Roche lobe and an
estimate of the mass ratio, the inclination of the orbit can be deduced,
as described by Dhillon et al. (1992). We derived �φ by measuring
the FWHM of the eclipse profile for each of the four nights of
photometry taken during outburst on the W1m in both the red and
blue filters and also from the UV photometry taken from the HST.
For the HST data, we had to assume the ingress was a symmetrical
analogue of the egress. These measurements gave a value of �φ =
0.094 ± 0.009, which leads to an inclination between 84◦ and 90◦,
or sin i ∼ 0.997.

The mass function for a compact binary system is given by

(M1 sin i)3

(M1 + M2)2
= PorbK

3
2

2πG
, (3)

and assuming that sin i ∼ 0.997, we can derive a mass for each
component of

M1 = 0.869 ± 0.006 M�, (4)

M2 = 0.295 ± 0.004 M�. (5)

Using equation (2) in Eggleton (1983) for a Roche lobe filling
secondary, we can derive a radius of R = 0.430 ± 0.002 R� and a
binary separation of a = 1.478 ± 0.003 R�.

We can estimate the radius of the donor independently from Gaia
data since the donor dominates the total light. The Gaia DR2 data for
V1460 Her gives a parallax of 3.764 ± 0.026 mas, corresponding to a
distance of 265.7 ± 1.8 pc. Using our estimate for the spectral type of
the donor as a K5 star, we chose a temperature of 4410 K, as would be
expected from a main-sequence star of this type (Pecaut & Mamajek
2013). We did not use the Gaia published estimate of 4861 K for
V1460 Her as this combines flux from all components of the binary
and is subject to the variability of the target. We assumed a reddening
of E(B − V) = 0.02 ± 0.02 and calculated a line-of-sight extinction
in the Gaia G band of AG = 0.04 ± 0.04. Our reddening estimate was
taken from Capitanio et al. (2017). Since our best template match
(see Table 2) had a secondary star fractional contribution of 0.85,
we increased the value of the Gaia magnitude by −2.5log (0.85),
taking the value from G = 15.03–15.21 and therefore more closely
representing the flux from the secondary star only. Using equations
(8.1), (8.2), and (8.6) of the Gaia Data Release 2 documentation1,
we calculate an absolute magnitude MG = 8.05 ± 0.18 and R2 =
0.43 ± 0.04 R�. The potential uncertainty in the determination of the
donor’s spectral type and hence its temperature is also a contributor
to the uncertainty in this calculation. If we choose a K4 and a K6 type
for comparison, our calculations of the radius become R2 = 0.39 R�
for a K4 donor and R2 = 0.46 R� for a K6 donor. The Gaia-based
estimate of the donor’s radius is in agreement with the estimate
of 0.43 R� based on the measurement of vsin i as described in the
previous paragraphs.

3.6 Spectral features

Our spectra, which were taken during quiescence, strongly support
the presence of a disc, which is not clearly evident from photometry,
except in outburst. The broad, double-peaked emission features
are an important indication, and there is, in addition, evidence
of a ‘rotational disturbance’ (similar in nature to the Rossiter–
McLaughlin effect) first seen in CVs by Greenstein & Kraft (1959).
The rotational disturbance is seen when the emission lines from a
disc are eclipsed. If the disc orbits in a prograde direction within the
binary, the approaching, blue-shifted side of the disc is first eclipsed,
followed by the red shifted , receding side. This can be clearly seen
in the phases near to the eclipse in the trail of Fig. 13 and also in the
emission line radial velocities of Fig. 11.

V1460 Her shows an additional behaviour of particular interest. At
around phase 0.5 there is an absorption feature in its trailed spectra
diagram that is akin to an inverted rotational disturbance. We identify
this with the ‘mirror eclipse’ feature first found by Littlefair et al.
(2001). They show that this feature results from the passage of the
disc in front of a bright secondary star as light from the secondary
star passes through the disc, and is partially absorbed by it. Littlefair
et al. (2001) discovered this phenomenon in K-band spectra of the
dwarf nova IP Peg, which has a secondary star that dominates in the
near-infrared. V1460 Her’s bright donor makes this the first system
where the mirror eclipse has been recognized at Hα. The key property
needed to see a mirror eclipse is that there are lines of sight to the
secondary that pass through parts of the disc which are optically
thin in the continuum. Interestingly, the mirror eclipse in V1460 Her
does not seem to extend into the line wings and has no obvious

1https://gea.esac.esa.int/archive/documentation/GDR2/
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Figure 13. The trailed spectra at Hα for V1460 Her.

Figure 14. The HST/COS far-UV spectrum of V1460 Her. Most notable is
the strong N V and the complete lack of C IV. The geocoronal features of
Lyα and O I are marked by grey rectangles. The grey spectrum most notable
near the O I feature at 1295–1314 Å is the average spectrum derived from the
exposures taken while HST was nightside of the Earth demonstrating that the
O I emission in the main spectrum is largely due to terrestrial airglow.

influence upon the emission-line velocities around orbital phase 0.5.
This suggests that the inner disc is optically thick in the continuum,
as is expected for accretion discs in CVs.

3.7 HST spectrum

The HST+COS spectrum of V1460 Her is shown in Fig. 14. No
clear features from the white dwarf are visible, but the shape of
the continuum suggests that it may result from viewing the white
dwarf through significant absorption similar to the ‘iron curtain’
seen in the dwarf nova OY Car (Horne et al. 1994). Most accreting
sources display strong C IV 1550 emission, which is not detected in
the spectrum of V1460 Her. In addition, there is a strong emission

Table 4. Known CVs with anomalous N V to C IV emission line ratios and
donors that are thought to have experienced some amount of CNO burning.

AE Aqr Jameson, King & Sherrington (1980)
BY Cam Bonnet-Bidaud & Mouchet (1987)
TX Col Mouchet et al. (1991)
V1309 Ori Szkody & Silber (1996)
MN Hya Schmidt & Stockman (2001)
EY Cyg, BZ UMa Winter & Sion (2001), Sion (2002)
GP Com Lambert & Slovak (1981)

Marsh et al. (1995)
EI Psc, CE315 Gänsicke et al. (2003)
U Sco, V1974 Cyg Sanad (2011)
CSS 120422:J111127+571239 Kennedy et al. (2015)
V1460 Her This paper

Figure 15. Photometry derived from the HST spectroscopy as described in
the text. The large scatter in the data is partially due to a true variability in
the UV flux over a 38.9 s period.

from N V at 1240 Å. This suggests an anomalous nitrogen-to-carbon
ratio, which was used by Schenker et al. (2002) in the case of AE Aqr
as an indication that significant CNO processing has taken place in
the donor. Therefore the donor star in V1460 Her is the descendant
of an evolved star, and the white dwarf is accreting material enriched
in nitrogen and depleted in carbon due to the CNO cycle. Similar
anomalous N/C ratios have been identified in several other CVs, as
shown in Table 4. We computed an upper limit on the emission-line
flux ratio N V/C Iv � 25, which is even more extreme than those
reported for BZ UMa, EI Psc, and EY Cyg by Gänsicke et al.
(2003) – a consequence of the high signal-to-nose ratio of our COS
spectroscopy.

3.8 Spin of the white dwarf

As discussed in Section 2.4, the HST UV spectroscopy was also
used to derive time-resolved UV photometry. Our data covered
approximately 75 per cent of an orbit and included a small section
and the egress of a primary eclipse. The photometry is shown in
Fig. 15. The amount of scatter seen in the data in phases away from
eclipse is significantly larger than expected given the uncertainties
from photon statistics.

In order to look for pulsations from the white dwarf, we computed
a periodogram of the HST data. The fractional amplitude spectrum
is shown in Fig. 16. There is a strong peak at around 2222 cycles d−1

caused by a periodic modulation with a semi-amplitude of 15 per cent
and a period of 38.875 ± 0.005 s. This period was derived by fitting
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Figure 16. The fractional amplitude spectrum up to the Nyquist frequency
for our adopted 5-s sampling rate. Data taken during the eclipse do not show
the 38.9-s modulation and have been excluded from this analysis.

Figure 17. Closer view of some of the HST-derived UV photometry. This
shows the eclipse egress and the 38.9-s modulation, which turns on during
the egress.

a sinusoid to the modulation with the peak of the periodogram
as a starting point. The uncertainty in the period is derived from
the covariance matrix of the least-squares fit. A closer inspection
(Fig. 17) of the light curve shows that the modulation is directly
visible, and that it disappears during the eclipse. The source of this
modulation, which was observed during quiescence, can only be due
to the spin of the underlying white dwarf, or possibly its orbital
sideband. The spin period of the white dwarf is then either equal to
the observed 38.875 s period, or it is very close to it. It is possible that
we are seeing an identical pattern generated by each pole in which
case the true spin period is in fact twice 38.875 s. There are no other
significant periodic signals, but note that the HST data cover less than
an orbit of V1460 Her and therefore cannot resolve signals spaced
by the orbital frequency or less from each other. The ephemeris of
this modulation is

BJD(TDB) = 2457815.43095(8) + E × 4.4994(4) × 10−4, (6)

where the constant term marks the time of maximum flux.
By time-binning individual data from the CORRTAG files written

by the COS instrument, we were able to generate time-resolved
spectra to sample the pulse signal of this 38.9-s modulation. We
generated 2132 spectra with 3.9-s time-resolution and then averaged
them into 10 phase bins. Then, after rebinning the wavelength axis
into 100 wavelength bins, we computed the amplitude of the pulsation

Figure 18. The pulsation spectrum (shown in black) along with the overall
average flux (larger values in red). The pulsation amplitude comes from the
continuum region of the spectrum and not from the emission features, as can
be observed near the Si IV feature at 1400 Å.

as a function of wavelength. The pulsation spectrum is shown in
Fig. 18. It is clear that the pulsations emanate from the flux in the
continuum rather than from the emission lines, and the pulsation
spectrum appears to be somewhat bluer (hotter) than the mean
spectrum. In the study of the rapidly rotating white dwarf primary in
AE Aqr, Eracleous et al. (1994) showed that their pulsation spectrum
was matched by a model of a solar abundance white dwarf with
log g = 8 and conclude that the pulsations are the consequence of the
heated pole caps on the surface of the white dwarf. We do not have
sufficient data to perform a similar analysis, but we assume that the
modulation in V1460 Her is due to a similar process.

4 D ISCUSSION

The white dwarf mass, M1 = 0.87 M�, is consistent with the average
mass of CV white dwarfs (Zorotovic, Schreiber & Gänsicke 2011). In
contrast, the donor star’s mass of 0.29 M� (Table 3) is far less than the
expected mass of a K5 star on the main sequence, 0.68 M� (Pecaut &
Mamajek 2013) and is closer instead to the typical mass of an
M3.5 donor star, (Knigge 2006). Moreover, the radius of a 0.29-M�
main-sequence star is expected to be around 0.30 R� (Pecaut &
Mamajek 2013), so the donor here is ≈50 per cent larger than
expected. It is clear that the donor is overly large and hot compared
to main-sequence stars of similar mass, a consequence presumably
of past mass-loss that has happened on a time-scale shorter than
its Kelvin–Helmholtz (thermal) time-scale of τKH ∼ 7 × 107 yr. The
HST spectra reveal anomalous abundance ratios between N v, Si IV,
and C IV ; in fact, we find no evidence for C in our spectra. This leads
us to conclude that V1460 Her is accreting from an evolved donor
that has undergone CNO processing. One possible explanation for
the short time-scale of mass transfer and also the evidence for CNO
burning is that V1460 Her may have started accretion from a donor
that was more massive than the white dwarf leading to a high rate of
mass transfer and significant stellar evolution (Schenker et al. 2002;
Sanad 2011). Parsons et al. (2015) identified TYC 6760-497-1 as the
first potential progenitor of a system that will undergo thermal time-
scale transfer during its evolution, and will end up with an inverted
N V/C IV emission line flux ratio. Podsiadlowski, Han & Rappaport
(2003) use binary population synthesis (BPS) techniques to show
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that, according to their models, CVs with periods >5 h are likely to
be dominated by such evolved donors.

Many dwarf novae with periods similar to V1460 Her, undergo
outbursts several times per year, e.g. RX And ∼ 15 d, EX Dra ∼ 25 d
CZ Ori ∼40 d, and AT Cnc ∼30 d. It is thought that this outburst
frequency is driven by the donor stars experiencing strong magnetic
stellar wind braking driving the evolution towards shorter orbital
periods, resulting in moderately high-mass flow rates through the
discs in these systems. Looking at the archival photometric data
(Section 2.2), however, V1460 Her only seems to outburst about
once every 10 yr, assuming that we have not missed any outbursts
when the target was seasonally inaccessible. This suggests that the
mass transfer rate is lower than predicted by standard CV evolution
models. This may be a consequence of the unusual state of the
donor star which should be shrinking towards a more main-sequence-
like structure, driving it towards detachment from its Roche lobe.
Alternatively, or perhaps additionally, the low outburst frequency
may be the result of disruption of the inner disc by the magnetic
white dwarf, as suggested by Angelini & Verbunt (1989). Hameury &
Lasota (2017) show that dwarf nova outbursts from IPs are expected
to be less frequent and of shorter duration than those from non-
magnetic CVs. It appears then that V1460 Her could be a marginal
candidate for this group, with outbursts every 10 yr, lasting about
15 d. However, two other CVs with evolved donors, HS0218+3229
(Porb = 7 h Rodrı́guez-Gil et al. 2009) and KIC5608384 (Porb =
9 h Yu et al. 2019) also outburst infrequently and are not obviously
magnetic, perhaps suggesting that it is the state of the donor star that
is of most importance.

The unusual state of the donor star points to relatively recent
emergence from a high rate of mass transfer. Schenker et al. (2002)
developed a model in which AE Aqr emerged from a supersoft
X-ray phase during which the accretion rate was high enough
(∼ 10−7 M� yr−1) to drive steady fusion on the surface of the white
dwarf. One would also expect the white dwarf to spin-up during
this phase. Once the high rate of mass transfer ceases, there would
be a tendency for the white dwarf to spin-down, and Schenker et al.
(2002) suggest that this explains why we now see AE Aqr in a state of
rapid spin-down of the white dwarf, which is losing more rotational
energy than seen from the system as a whole. V1460 Her seems in
every way to be a second example of this process. Not only does it
have a clearly evolved donor star, but it contains a rapidly spinning
white dwarf, which is only a little slower than the white dwarf in
AE Aqr itself. It will be fascinating to see whether, like AE Aqr and
the possibly related system AR Sco (Marsh et al. 2016; Stiller et al.
2018), the white dwarf in V1460 Her is in a state of rapid spin-down.
This will require alias-free measurement of the pulsation phase over
a number of years, not possible from the data we have in hand at
present. V1460 Her differs from AE Aqr in having a normal-looking
accretion disc, which is visible in quiescence through line emission,
and capable of driving outbursts, albeit rarely. AE Aqr, on the other
hand, is known as the only propeller-type system amongst accreting
white dwarfs, flinging matter transferred from the donor out of the
system altogether as proposed by Wynn, King & Horne (1997).
AR Sco is more extreme still and seems to have entirely ceased to
accrete (Marsh et al. 2016), possibly as a result of the injection of spin
angular momentum into the orbit. In this picture, V1460 Her is a good
candidate for the less extreme end, with a magnetic field too weak to
disrupt its accretion disc let alone lead to propeller ejection and the
complete cessation of accretion. The recently reported CTCV J2056-
3014 (Lopes de Oliveira et al. 2020) is an IP with a white dwarf spin
period of 29.6 s and this system looks to be currently the fastest
confirmed spin in a CV. CTCV J2056-3014 is thought to have a

lower magnetic field strength than is typical for IPs and a much
shorter period (1.76 h) than usual. A study of this system’s donor
would be particularly interesting as it could form part of this new
family of CVs with evolved donors and rapid spin of the white dwarf.

It is interesting that with V1460 Her, another system in addition
to AE Aqr has been found with a rapidly spinning white dwarf that
seems to have resulted from a recent phase of high accretion. If
there is a puzzle associated with white dwarf spin evolution under
accretion, it is perhaps why more of them are not found to be
rapidly spinning, because only a little mass needs to be accreted
to bring a white dwarf close to its break-up spin, much faster than
many accreting white dwarfs are found to rotate. Livio & Pringle
(1998) suggested that angular momentum loss during classical nova
eruptions might be the reason for slow spin rates. This fits remarkably
well with the recent supersoft phase idea, because a key feature of
the supersoft phase is that the accreted hydrogen steadily fuses on the
white dwarf surface so that there are no classical nova eruptions in
these systems. This might suggest that rapidly spinning white dwarfs
are more likely to be located in systems with evolved donor stars, a
testable hypothesis.

5 C O N C L U S I O N S

We find that V1460 Her belongs to a select group of CVs in
which the donor star is significantly overluminous and oversized
(by 50 per cent) for its mass. This indicates that it is probably the
remnant of a phase of high-rate mass transfer. It is moreover eclipsing
and shows phenomena in its spectra associated with both the eclipse
of its disc by the donor star and the eclipse of the donor star by the
disc. Most remarkably of all, V1460 Her shows strong pulsations on
a period of 39 s in HST UV data. This is a clear sign of a rapidly
spinning white dwarf, and amongst the fastest known amongst CVs
such as AE Aqr and the recently reported CTCV J2056-3014. AE Aqr
also hosts an evolved donor star, and these two systems may share
a history of white dwarf spin-up through high rate accretion. We
speculate that this may only occur if accretion at a rate high enough
to suppress classical nova eruptions has taken place.
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Zorotovic M., Schreiber M. R., Gänsicke B. T., 2011, A&A, 536, A42

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 499, 149–160 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/499/1/149/5902865 by guest on 10 April 2024

http://dx.doi.org/10.1093/mnras/238.3.697
http://dx.doi.org/10.1051/0004-6361/201015655
http://dx.doi.org/10.1051/0004-6361/201730831
http://dx.doi.org/10.1093/mnras/282.1.182
http://dx.doi.org/10.1093/mnras/stu348
http://dx.doi.org/10.1093/mnras/258.1.225
http://dx.doi.org/10.1088/0004-637X/712/1/728
http://dx.doi.org/10.1088/0067-0049/213/1/9
http://dx.doi.org/10.1086/160960
http://dx.doi.org/10.1086/174647
http://dx.doi.org/10.1086/180989
http://dx.doi.org/10.1086/160030
http://dx.doi.org/10.1086/376902
http://dx.doi.org/10.1111/j.1365-2966.2009.15126.x
http://dx.doi.org/10.1088/0004-637X/744/1/60
http://dx.doi.org/10.1086/146700
http://dx.doi.org/10.1051/0004-6361/201730760
http://dx.doi.org/10.3847/0004-637X/833/1/14
http://dx.doi.org/10.1086/174064
http://dx.doi.org/10.1086/160164
http://dx.doi.org/10.1093/mnras/191.3.559
http://dx.doi.org/10.22444/IBVS.6261
http://dx.doi.org/10.1088/0004-637X/815/2/131
http://dx.doi.org/10.1016/j.newast.2016.10.001
http://dx.doi.org/10.1111/j.1365-2966.2006.11096.x
http://dx.doi.org/10.1086/130861
http://dx.doi.org/10.1046/j.1365-8711.2001.04744.x
http://dx.doi.org/10.1086/306153
http://dx.doi.org/10.1051/0004-6361/201220562
http://dx.doi.org/10.3847/2041-8213/aba618
http://dx.doi.org/10.1038/nature18620
http://dx.doi.org/10.1086/132570
http://dx.doi.org/10.1086/168950
http://dx.doi.org/10.1093/mnras/225.3.551
http://dx.doi.org/10.1093/mnras/274.2.452
http://dx.doi.org/10.1146/annurev.aa.09.090171.001151
http://dx.doi.org/10.1086/183616
http://dx.doi.org/10.1093/mnras/sty3174
http://dx.doi.org/10.1093/mnras/stv1395
http://dx.doi.org/10.1088/0067-0049/208/1/9
http://dx.doi.org/10.1046/j.1365-8711.2003.06380.x
http://dx.doi.org/10.1086/508556
http://dx.doi.org/10.1088/0004-637X/790/1/28
http://dx.doi.org/10.1051/0004-6361/200811312
http://dx.doi.org/10.1016/j.newast.2010.06.007
http://dx.doi.org/10.1086/160554
http://dx.doi.org/10.1046/j.1365-8711.2002.05999.x
http://dx.doi.org/10.1086/318691
http://dx.doi.org/10.1086/158059
http://dx.doi.org/10.1088/0004-637X/788/1/48
http://dx.doi.org/10.1051/0004-6361/201220927
http://dx.doi.org/10.3847/1538-3881/aad5dd
http://dx.doi.org/10.1086/159328
http://dx.doi.org/10.1086/118013
http://dx.doi.org/10.1086/681014
http://dx.doi.org/10.1086/342513
http://dx.doi.org/10.1086/339905
http://dx.doi.org/10.1088/0004-6256/149/4/128
http://dx.doi.org/10.1086/165905
http://dx.doi.org/10.1088/0004-637X/777/2/136
http://dx.doi.org/10.1093/mnras/286.2.436
http://dx.doi.org/10.1093/mnras/stz2094
http://dx.doi.org/10.3847/1538-3881/aa9565
http://dx.doi.org/10.1051/0004-6361/201116626

