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1 INTRODUCTION

ABSTRACT

We present a detailed study of the metal-polluted DB white dwarf SDSS J0845+2257
(Ton 345). Using high-resolution Hubble Space Telescope/Cosmic Origins Spectrograph and
Very Large Telescope spectroscopy, we have detected hydrogen and 11 metals in the atmo-
sphere of the white dwarf. The origin of these metals is almost certainly the circumstellar
disc of dusty and gaseous debris from a tidally disrupted planetesimal, accreting at a rate of
1.6 x 10" gs~!. Studying the chemical abundances of the accreted material demonstrates
that the planetesimal had a composition similar to the Earth, dominated by rocky silicates and
metallic iron, with a low water content. The mass of metals within the convection zone of
the white dwarf corresponds to an asteroid of at least ~130-170 km in diameter, although
the presence of ongoing accretion from the debris disc implies that the planetesimal was
probably larger than this. While a previous abundance study of the accreted material has
shown an anomalously high mass fraction of carbon (15 per cent) compared to the bulk Earth,
our independent analysis results in a carbon abundance of just 2.5 per cent. Enhanced abun-
dances of core material (Fe, Ni) suggest that the accreted object may have lost a portion of
its mantle, possibly due to stellar wind stripping in the asymptotic giant branch. Time series
spectroscopy reveals variable emission from the orbiting gaseous disc, demonstrating that the
evolved planetary system at SDSS J0845+2257 is dynamically active.

Key words: planets and satellites: composition —stars: individual: SDSS J08454-2257 —
planetary systems — white dwarfs.

creting, or have recently accreted, material from an external source
(Koester 2009).

Since the discovery of calcium absorption lines in the atmosphere of
van Maanen 2 (van Maanen 1917; Weidemann 1960), an explana-
tion has been sought for the metal pollution observed in many white
dwarfs. The high surface gravity (log g) of white dwarfs implies that
all metals will sink out of their atmospheres on time-scales that are
short relative to the cooling age, leaving pristine hydrogen or helium
atmospheres. However, metal pollution is now thought to be present
at 25-50 per cent of all white dwarfs (Zuckerman et al. 2003, 2010;
Barstow et al. 2014; Koester, Gansicke & Farihi 2014a). Whilst
radiative levitation can explain the observed metals in some white
dwarfs with effective temperatures (7¢) above 20 000 K (Chayer,
Fontaine & Wesemael 1995; Chayer 2014; Koester et al. 2014a),
metal-polluted white dwarfs cooler than this must be currently ac-
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Historically the source of this accretion was thought to be the
interstellar medium (Aannestad & Sion 1985; Sion, Aannestad &
Kenyon 1988). The explanation that is now generally accepted de-
veloped from the infrared detection of a dusty debris disc, formed
by the tidal disruption of an asteroid, around the white dwarf G29-
38 (Zuckerman & Becklin 1987; Graham et al. 1990; Jura 2003).
Since then more than 30 similar discs have been discovered, and
current estimates suggest that 1-3 per cent of white dwarfs pos-
sess detectable dusty debris discs (Farihi, Jura & Zuckerman 2009;
Girven et al. 2011; Steele et al. 2011; Barber et al. 2014; Rocchetto
et al. 2015). Debris from these disrupted planetesimals accreting
on the white dwarfs is now thought to be the dominant source of
the atmospheric metals. In summary, these discoveries reveal the
presence of evolved planetary systems at white dwarfs, offering
an insight into the end stages of planetary evolution. Zuckerman
(2015) noted that, in hindsight, the discovery of van Maanen 2 was
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Table 1. Log of observations of SDSS J0845+-2257.

Date Telescope/ Wavelength Spectral Total exposure
instrument range A) resolution (A) time (s)
2004 December 19 SDSS 3794-9199 0.9-2.1 3300
2008 January 02 WHT/ISIS 3577-8840 1.0-2.0 2400
2008 April 03-5 VLT/UVES 3280-9460 0.02 17 820
2008 January 08 VLT/UVES 3280-9460 0.02 11 880
2009 April 09-11 VLT/UVES 3280-9460 0.02 17 820
2010 March 31 HSTICOS 2470-3150 0.01 7727
2010 April 01 HST/COS 1600-3150 0.39 14397
2010 April 02 Gemini South/GMOS 7540-9665 2.0 4980
2011 January 29 VLT/X-shooter 2990-24 790 0.2-0.6 6990
2014 October 20 VLT/X-shooter 2990-24 790 0.2-0.6 3731

therefore the first observational evidence of an extrasolar planetary
system.

In most white dwarfs, pollution from only one or two elements,
usually Ca and/or Mg, has been detected. However, high-resolution
spectroscopy of an increasing number of systems has revealed pollu-
tion by large number of metals, with a record of 16 species detected
in the case of GD 362 (Xu et al. 2013). Around a dozen white
dwarfs show photospheric O, Mg, Si and Fe (Klein et al. 2011;
Dufour et al. 2012; Gansicke et al. 2012; Jura et al. 2012; Farihi,
Gansicke & Koester 2013; Xu et al. 2014; Raddi et al. 2015). These
four elements make up >90 percent of the bulk Earth (Allegre,
Manhes & Lewin 2001).

Consequently, these systems provide a unique opportunity to
study the bulk chemical composition of extrasolar planetary sys-
tems. Thus far, two main conclusions have been reached. (1) To
zeroth order the chemical composition of the accreted debris is sim-
ilar to that of the terrestrial planets in the Solar system (Zuckerman
et al. 2007; Jura & Young 2014), with a distinct lack of volatile
elements (Jura 2006; Farihi et al. 2009). (2) Within this overall
similarity, there is a large amount of diversity, with some systems
showing evidence of differentiation (Gansicke et al. 2012), post-
nebula processing (Xu et al. 2013) and water-rich asteroids (Farihi
et al. 2013; Raddi et al. 2015).

We present ultraviolet and time series optical spectra of the metal-
polluted DB white dwarf SDSS J084539.17+4-225728.0 (henceforth
SDSS J08454-2257). This object was originally classified as a sdO
subdwarf, Ton 345 (Green, Schmidt & Liebert 1986). As part of
a search for Can 8600 A emission lines among white dwarfs with
SDSS spectra, Gansicke et al. (2008) found that SDSS J0845+2257
was in fact a DB (helium atmosphere) white dwarf with a gaseous
disc. Follow-up observations obtained with the William Herschel
Telescope (WHT) revealed a significant change in the shape and
strength of the Ca 11 8600 A emission line profile, along with strong
photospheric absorption lines from Ca, Si and Mg.

Jura et al. (2015) presented a Keck/HIRES study detecting 11
metals in the atmosphere of SDSS J0845+2257. We extend these
observations into the ultraviolet and carry out an independent de-
tailed study of the accreted material. We also present updated time
series observations of variable emission from the gaseous disc
around SDSS J0845-+2257 and an analysis of the Hubble Space
Telescope (HST)/Cosmic Origins Spectrograph (COS) high-speed
ultraviolet photometry.

2 OBSERVATIONS

Since the publication of Gansicke et al. (2008) we have obtained
deep spectroscopic observations of SDSS J0845+2257 in the ultra-
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violet with the HST and in the optical with the European Southern
Observatory (ESO) Very Large Telescope (VLT) and Gemini South.
Table 1 provides a log of our observations.

HST observed SDSS J0845+2257 on 2010 March 31 and 2010
April 01 with the COS (Green et al. 2012). Eight orbits were awarded
under proposal ID 11561 for a total exposure time of 2735, 4994 and
14397 s with the G130M, G160M and G230L gratings, respectively.
The spectra were processed with caLcos 2.12. Both the FUV (1120—
1800 A, Fig. 1) and NUV (1600-2060 A, 2470-3150 A, Fig. 2)
spectra show a host of metal absorption lines, with only small
amounts of continuum remaining.

Optical observations of SDSS J0845+-2257 were obtained at the
VLT on 2008 April 03-05, 2009 January 08 and 2009 April 09—
11 with the Ultraviolet and Visual Echelle Spectrograph (UVES;
Dekker et al. 2000) and again on 2011 January 29 and 2014 October
20 with X-shooter (Vernet et al. 2011). Total exposure times were
47520 s with UVES and 10721 s with X-shooter. These observations
were reduced using the standard procedures within the REFLEX'
reduction tool developed by ESO. A heliocentric correction was
applied to the REFLEX outputs, and multiple exposures from the
same night were combined (Fig. 3). The optical spectra show a large
number of absorption lines, indicative of pollution from a variety of
metals. The 8600 A Cam emission line triplet is also clearly visible
in all of the observations (see Section 5).

On 2010 April 02 we obtained six spectra of SDSS J0845+2257
using the Gemini Multi-object Spectrograph (GMOS) on Gemini
South (Hook et al. 2004). The observations were made in service
mode, using the R831 grating and a 1arcsec slit, which gave a
wavelength range of 7540-9665 A at a resolution of 2.0 A. We re-
quested the acquisition to be done in the i band to ensure that the
target was properly centred on the slit in the region of the Ca 1 lines.
We reduced and extracted the spectra using the STARLINK software
packages kappa and PAMELA, and then applied the wavelength and
flux calibration using MoLLy.? The wavelength calibration was de-
rived from a CuAr arc exposure taken in the morning following the
observations and adjusted according to the known wavelengths of
strong night sky emission lines. The flux calibration was calculated
using an observation of the spectroscopic standard star LTT 3218.
Finally, we combined the six individual exposures to give a single,
high-signal-to-noise spectrum with a combined exposure time of

'The RrerLEX software and documentation can be obtained from
http://www.eso.org/sci/software/reflex/

2moLLy was written by T. R. Marsh and is available from
http://www.warwick.ac.uk/go/trmarsh/software/
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Figure 1. HST/COS FUV spectrum of SDSS J0845+2257 obtained on 2010 April 01 (grey), with the model fit used to determine the abundances of the
accreted metals (blue). Plotted in red is a model spectrum for a white dwarf with the same atmospheric parameters, but no metals. The extremely large number
of metal absorption lines in the spectrum of SDSS J0845+2257 is successfully reproduced by the model fit, with the exception of the two sections shown in

Fig. 4.
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Figure 2. HST/COS NUV spectrum of SDSS J0845+2257 obtained on 2010 March 31 (grey), with the model fit used to determine the abundances of the
accreted metals (blue). The model underpredicts the Mg 2790 A triplet, possibly due to emission from the gaseous debris disc (Section 5).
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Figure 3. Full optical spectrum of SDSS J0845+2257 from the UVB and VIS arms of X-shooter (grey) together with the model fit (blue) used to calculate
the atmospheric parameters and the metal abundances. A telluric correction was applied using the X-shooter spectral library (Chen et al. 2014). The model is
overplotted using just one scaling factor for the entire spectrum, demonstrating the excellent flux calibration of the X-shooter data.

4980 s. The strength of the 8600 A Ca triplet in this spectrum is
comparable to the other optical observations.

3 WHITE DWARF PARAMETERS

The spectroscopic determination of atmospheric parameters for
hot DB white dwarfs is extremely difficult, because the spectra
hardly change between T = 20000 and 30 000 K. Using a fit

to the SDSS photometry with a fixed logg = 8.00, we obtain
Ter = 19850 £ 600 K for a pure He grid, T = 19890 + 620 K
for a grid with log (H/He) = — 5.0 and T,y = 19880 £ 600 K for
a grid with our final metal abundances. The increase of the free
electron density, which is the major effect from the inclusion of
metals in cooler DB models, has no significant effect at these tem-
peratures. There is, however, a noticeable blanketing effect from
the strong metal lines in the ultraviolet. This increases the over-
all flux in the optical range, but with the same factor in all SDSS

MNRAS 451, 3237-3248 (2015)
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band passes. It therefore has no effect on the atmospheric parameter
determination.

A possible difficulty when using the photometry for faint and
distant objects is the interstellar reddening. The maximum redden-
ing in the direction of SDSS J08454-2257 is E(B — V) = 0.0268
(Schlafly & Finkbeiner 2011). If we apply this value and repeat
the fitting with the dereddened photometry, the result is a much
higher temperature of T = 24 320 £ 920 K. From the solid angle
obtained through this fit, and assuming a radius of the white dwarf
which corresponds to log g = 8.0, we can obtain the distance to the
white dwarf and estimate the true reddening. We find a distance of
117 pc and a vertical distance above the Galactic plane of 67 pc.
Using the algorithm of Tremblay, Bergeron & Gianninas (2011, see
also Genest-Beaulieu & Bergeron 2014), we estimate a negligible
reddening of E(B — V) = 0.001, and thus the lower T, is secure.

The atmospheric parameters from the photometry are confirmed
by a fit to the SDSS spectrum, which results in T = 19 800 &= 70 K,
log g = 8.16 % 0.02 for the pure He grid and 7o = 19780 £ 70 K,
logg = 8.18 £ 0.02 for the grid with log (H/He) = —5.0. A final
test is offered by the absolute calibration of the HST spectra. Using
the solid angle from the photometry, the effective temperature is
confined to T, = 19 750 &= 250 K by the comparison of the predicted
ultraviolet fluxes with the observations. Our final compromise for
the atmospheric parameters is the spectroscopic fit with the log
(H/He) = —5 grid, with enlarged errors:

Ty = 19780 £ 250K  logg = 8.18 £ 0.20.

The hydrogen abundance is consistent with a fit to the Ho line
found in the UVES spectrum (Fig. 5).

Jura et al. (2015) rely entirely on a fit to the SDSS photom-
etry, obtaining T = 19535 £+ 700 K for a pure He grid and
Ter = 18700 £ 700 K for a grid with the observed metal abun-
dances. The surface gravity cannot be obtained from the photometry
so they fixed log g = 8.00. We have computed a model adopting
the parameters of Jura et al. (2015) and multiplied it with the solid
angle obtained from their photometric fit. Their lower T under-
predicts the COS ultraviolet fluxes by 15-23 per cent. Whilst a
temperature difference of 1000 K would not normally have a large
effect on the metal abundances, in this case all elements heav-
ier than oxygen are in a transition from first to second ionization
stage so the predicted lines in our, hotter, model are significantly
weaker. We thus obtain larger abundances for all elements, with the
exception of carbon. Our carbon abundance is based on the COS
ultraviolet spectroscopy, which contains more and stronger carbon
lines than the optical data analysed by Jura et al. (2015). An inde-
pendent model atmosphere analysis of the COS ultraviolet spectra
of SDSS J0845+2257 carried out by P. Dufour (private commu-
nication), adopting our atmospheric parameters, confirms the low
photospheric carbon abundance.

Using our results for T,y and log g, and the helium atmosphere
models of Bergeron and collaborators,’> we find a cooling age
Teool A 100 Myr, white dwarf mass Mg = 0.679 M and radius
Rya = 0.011R(y. Starting from a Rossland optical depth 7, = 100
and integrating the envelope equations downwards using the equa-
tion of state of Saumon, Chabrier & van Horn (1995), we find a
convection zone mass of log(M.,,/Mq) = —8.4. Using the initial-
to-final mass relationships of Gesicki et al. (2014), Casewell et al.

3 http://www.astro.umontreal.ca/~bergeron/CoolingModels, ~ based on
Holberg & Bergeron (2006), Kowalski & Saumon (2006), Tremblay et al.
(2011) and Bergeron et al. (2011).
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Figure 4. The model fit to the FUV spectrum underpredicts the red wing
of the 1206 A Sim resonance line and what appear to be Si lines around
1400 A. The reason for the poor fit in these areas is unknown, but a similar
feature is seen in GALEX 193140117 (see fig. 4 in Gansicke et al. 2012).
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Figure 5. Section of our UVES spectrum showing a weak Ho absorp-
tion line. Fitting an atmospheric model (blue) to the spectrum results in
log (H/He) = —5.10 £ 0.50.

(2009) and Catalan et al. (2008), we find a progenitor mass of
~2.7TM, similar to most metal-polluted white dwarfs (Jura &
Xu 2012; Koester et al. 2014a) and equivalent to an A-type star
progenitor.

4 ACCRETION OF PLANETARY MATERIAL

The ultraviolet and optical spectra (Figs 1, 2 and 3) of
SDSS J0845+42257 show metal absorption lines from a variety
of elements (Figs 6 and 7), from which we can confidently measure
the atmospheric abundances for hydrogen and 10 metals and place
an upper limit on 4 further metals.

The spectra show many dozens to hundreds of lines of Mg, Si, Ca
and Fe, so the measured abundances for those elements are fairly
secure. The Ni abundance is confirmed by the clear and moderately
strong lines at 1317 and 1370 A. Our carbon abundance is based on
more than 15 strong C1and C 11 lines between 1270 and 1470 A and
thus also fairly robust. The O abundance relies on the 7777, 7949
and 8448 A lines shown in Fig. 6. As with Dufour et al. (2012), we
find the abundance obtained using the 7949 A absorption line to be
highly discrepant with the other two lines. As the available atomic
data for this line are limited, we have chosen to neglect this point,
with the final abundance and error calculated from the remaining
two lines. The 1152 and 1302 A lines detected in the ultraviolet

9T0Z ‘82 JoqWBAON UO pRI1aUS Jo ﬂl!S)aA!LIn e /ﬁJO'SEUJnO[pJOJXO'SQ.IUUJ//IdHL{ wioJj papeojumoq


http://www.astro.umontreal.ca/~bergeron/CoolingModels
http://mnras.oxfordjournals.org/

Normalised Flux

o
0
G

UVES o E
0.80F

L L L L L L L L L L L
14 7770 7775 7780 7940 7945 7950 7955 8440 8445 8450 8455
E T T T T T T T

Ca Mg

=) S}
T

Normalised Flux

o
=

UVES
L L L 1 L L 1
3930 3935 3940 4475 4480 4485 4490
T T T T
Ti

Iy
(=3
(=]

0.95

0.90

Normalised Flux

0.80
1.10

1.05

1.00

Normalised Flux

X-shooter
1

1 1 1 1
3410 3420 3430 3440 3450
Wavelength (A)

Figure 6. Normalized sections of X-Shooter and UVES spectra showing
absorption lines from O, Ca, Mg, Ti, Cr and Mn, with the model atmosphere
fit used to calculate the abundances overplotted in blue. The section shown
in the top-middle panel is affected by telluric lines, which are not reproduced
by our model.

spectra allow a less precise measurement which is compatible with
this result.

One of the four metals for which we only present upper limits,
Ti, is actually detected in our spectra. However, there is disagree-
ment between the abundance measurements from lines at 3686 and
3762 A, which fit the quoted abundance value, and the 3760 A line,
which is weaker than predicted by the model. Another line pre-
dicted by the model atmosphere, 3901 A, is not observed. For these
reasons, we only feel confident to present an upper limit for the
abundance of Ti.
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Figure 7. Sections of the COS FUV spectrum showing absorption lines
from Si, C, Ni, Fe and Al, with the model atmosphere fit used to calculate
the abundances overplotted in blue.

To study the composition of the progenitor object, we must com-
pute the relative abundance ratios of the elements being accreted
into the white dwarf atmosphere. These are not identical to the
ratios of the photospheric metal abundances derived above, as in-
dividual metals sink out of the He envelope on different diffusion
time-scales. The diffusion time-scales are a function of the depth
of the convection zone and the diffusion velocity of each element,
both of which vary with T (Koester 2009).

SDSS J0845+4-2257 has a shallow (log (M., /Myq) = —8.4) con-
vection zone and we assume that the accreted metals are homoge-
neously mixed, such that the relative ratios of elements near the
bottom of the convection zone are the same in the photosphere.

MNRAS 451, 3237-3248 (2015)
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Table 2. Measured atmospheric abundances, computed
diffusion time-scales and inferred metal accretion rates in
the atmosphere of SDSS J08454-2257.

Element log n(Z)/n(He)  tair(10% yr) M (gs™h)
1H —5.10 £ 0.50 n/a n/a
6C —4.90 £+ 0.20 1.5 4.1 x 108
7N <—6.30 1.5 <1.9 x 107
80 —4.2540.20 0.97 3.8 x 10°
12 Mg —4.7040.15 12 1.6 x 10°
13 Al —5.7040.15 1.2 1.9 x 108
14 Si —4.80 +0.30 12 1.5 x 10°
16 S <—5.40 1.2 <43 x 108
20 Ca —5.9540.10 0.97 1.9 x 108
21 Sc <—17.70 0.65 <5.7 x 10°
22 Ti <—17.15 0.59 <2.4 x 107
24 Cr —6.40 £ 0.30 0.53 1.6 x 108
25 Mn —7.00 + 0.40 0.49 4.6 x 107
26 Fe —4.60 £ 0.20 0.87 6.6 x 10°
28 Ni —5.65+0.30 0.44 1.2 x 10°
Total 1.6 x 10'0

We calculate individual diffusion time-scales for each element
(column 3 of Table 2) using the techniques described in Koester
(2009),* taking the total mass of helium in the convection zone to
be M(He).,, = 2.605 x 10~° Mg . The accretion rates of each ele-
ment on to the white dwarf are then proportional to the ratio of the
photospheric metal abundance to the diffusion time-scale, leading
to the results in column 4 of Table 2.

The accretion/diffusion computations of Koester (2009) assume
that accretion has been ongoing for 5 diffusion time-scales, reach-
ing a steady state between material diffusing out of the convection
zone and accreting on to the white dwarf. This assumption is likely
valid as a dusty debris disc is detected (Brinkworth et al. 2012),
which is almost certainly the source of the metals. Girven et al.
(2012) showed that such discs have an estimated lifetime of several
10° yr. As the diffusion time-scales are only of the order of 10* yr,
it is reasonable to assume that a steady state has been reached.

However, we cannot exclude the possibilities that the debris disc
formed recently and that accretion and diffusion have not reached
a steady state (the early phase), or that the accretion rate may not
be constant over sufficiently long time-scales. The presence of a
gaseous component to the debris disc (Section 5) has been sug-
gested to be the result of dynamical activity in the disc (Veras et al.
2014a), which may affect the accretion rate. As the lifetime of the
gaseous component is likely to be short relative to the diffusion
time-scale (Wilson et al. 2014), its presence may be a sign of recent
changes in the accretion rate. In this case, known as the instanta-
neous assumption, the relative chemical abundances in the accreted
material will match the photospheric abundances. Jura et al. (2015)
based their analysis of the debris composition on the instantaneous
assumption, as at the T = 18700 K used in their analysis the
diffusion time-scales are much longer, making it much less likely
for the accretion to have reached a steady state.

Table 3 shows the relative mass fractions of the elements under
both the steady-state and early-phase/instantaneous scenarios. We
find that the choice of accretion scenario has only a small effect on
the elemental mass fractions, with the possible exceptions of C and
Ni. Our discussion below of the debris composition is based on the

4See updated values at http://www1.astrophysik.uni-kiel.de/~koester/
astrophysics/astrophysics.html
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Table 3. Mass fractions of the accreted debris in
the convection zone of SDSS J0845+42257 and in
the bulk Earth (Allegre et al. 2001). In the early-
phase/instantaneous approximation, the mass fractions
are calculated using the atmospheric abundances, whilst
in steady state the inferred accretion rates are used. The
differences between the two approximations are small
for most elements.

Element Percentage by mass
SDSS J0845+2257 Bulk Earth
Early phase  Steady state

6C 40 £ 1.8 25+1.2 0.17
80 23.8 £ 11.0 23.44+10.8 324
12 Mg 12.7 £ 44 99+34 15.8
13 Al 1.4 £ 05 12+04 1.5
14 Si 11.8 + 8.1 93+64 17.1
20 Ca 12 £03 1.2+0.3 1.62
24 Cr 0.55 + 0.38  0.99 +0.68 0.42
25 Mn 0.15 £ 0.13  0.284+0.26 0.14
26 Fe 373 £ 17.1  40.8 = 18.8 28.8
28 Ni 34 £ 24 75+£52 1.69
Other 3.7 29 1.08

steady-state assumption, but we note where the differences between
steady-state and early-phase accretion are significant.

4.1 Total accretion rate and mass of the parent body

At 1.6 x 10°gs™!, SDSS J0845+42257 has one of the highest
inferred accretion rates detected at a metal-polluted white dwarf,
with the observed elements representing the bulk of those making
up the Earth (Table 3). Any additional undetected elements make up
only trace amounts, so we can therefore draw reliable conclusions
about the bulk abundances of the accreted material.

The total mass of metals calculated to be in the convection zone
is 4.9 x 10*! g, setting a lower limit on the mass of the accreted
object (or objects). Assuming a rock-like density of p ~2-4 gcm ™3,
the mass is equivalent to a spherical object with an ~130-170 km
diameter. However, detection of circumstellar gas (Gansicke et al.
2008) and dust (Brinkworth et al. 2012) implies that accretion is still
ongoing. If a large proportion of the debris is still in the disc, and/or
has already sunk out of the convection zone of the white dwarf, then
the total mass of the progenitor object may have been significantly
higher than that currently present in the convection zone.

4.2 Carbon

Fig. 8 shows that the mass fraction of carbon in the accreted ma-
terial for nearly all of the most heavily polluted white dwarfs is
<0.5 per cent, regardless of temperature, for both hydrogen (DA)
and helium (DB) atmospheres. However, two DB white dwarfs,
PG 1225—079 (Xu et al. 2013) and SDSS J0845-+2257, have much
higher carbon abundances. In PG 1225—079, which has a carbon
mass fraction of 1.9 per cent, Xu et al. (2013) found no exact match
of any Solar system object and suggested that the accretion may
have been caused by two or more objects with different compo-
sitions. Jura et al. (2015) found a carbon mass fraction of 15 per
cent in SDSS J0845+4-2257, which, assuming that all of the carbon
was accreted, is consistent with that of interplanetary dust particles
(IDPs). As IDPs are too small to make up the high inferred accre-
tion rate, Jura et al. (2015) suggested that the disrupted rocky body
was a Kuiper-belt analogue which lost its water content during the
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Figure 8. Mass fraction of carbon in the accreted material analysed in the
most heavily polluted white dwarfs (Klein et al. 2011; Zuckerman et al.
2011; Dufour et al. 2012; Géansicke et al. 2012; Farihi et al. 2013; Xu et al.
2013, 2014). Both the early-phase (black) and steady-state (blue) results for
SDSS J0845+4-2257 are shown, with the marker for the early-phase offset by
4200 K for clarity. Whilst the carbon fraction is low and roughly constant
for both DA (green star symbols) and DB (red star symbols) white dwarfs
regardless of Tefr, there are two clear outliers: PG 1225—079 (Xu et al. 2013)
and SDSS J0845+2257.

post-main-sequence evolution of the system. Although our diffu-
sion calculations still return an unusually high carbon abundance
(2.5 per cent in steady state, 4.0 per cent in early phase), it is sig-
nificantly lower than that found by Jura et al. (2015) and thus does
not match the abundances found in IDPs. The large discrepancy
between the carbon mass fractions derived from the two studies
arises from the combination of a lower photospheric abundance of
carbon determined from our COS ultraviolet spectroscopy (Sec-
tion 3) and a systematically higher abundance of heavier elements.
However, although the detailed results of the two studies differ, the
fundamental conclusion of an unusually large abundance of car-
bon in the photosphere of SDSS J0845+4-2257, when compared to
other debris-polluted white dwarfs, remains. We consider several
alternative possible explanations for the excess carbon.

First, Veras, Shannon & Gansicke (2014b) speculated that a small
fraction of the debris at white dwarfs could be made up of exo-
Oort cloud comets, which do have a substantial carbon fraction
(Jessberger, Christoforidis & Kissel 1988). However, comets have
a much higher water content than that observed here (Section 4.3)
and cannot supply enough mass to explain the high rate and total
amount of accreted metals.

Another scenario that could explain the high carbon abundance
in SDSS J08454-2257 is based on results from terrestrial seismol-
ogy, which have shown that a portion of the Earth’s core must
be made up of less dense material than the majority Fe and Ni
(Allegre et al. 1995). Carbon has been suggested as a possible can-
didate for this material (Poirier 1994; Zhang & Yin 2012). The
enhanced levels of known core elements (Table 3, Section 4.5) at
SDSS J0845+2257 could therefore explain the increased carbon
abundance. However, the similarly enhanced level of core material
detected in PG 08434516 (Gansicke et al. 2012) was not accompa-
nied by an increase in the carbon mass fraction.

An alternative explanation is that the carbon present in the atmo-
sphere of SDSS J0845+4-2257 has not been accreted from planetary
debris, but is instead primordial to the white dwarf. A number of
DB white dwarfs have been observed with atmospheric pollution
from carbon, but no other metals (Provencal et al. 2000; Koester,
Provencal & Ginsicke 2014b). These white dwarfs span a range
of T and no single explanation (in the absence of accretion)

Composition of an extrasolar planetesimal 3243

can currently explain the high carbon abundances. At temperatures
<16 000 K, convection can dredge up carbon from the core into
the helium layer (Koester, Weidemann & Zeidler 1982), although
some DBs have been observed with carbon abundances much lower
than that predicted by this model (Desharnais et al. 2008). We note
that the maximum contamination by dredge-up is thought to occur
near 12 000 K (Pelletier et al. 1986), providing an entirely plausible
source for the carbon detected in PG 1225—079 (T = 10800 K;
Xu et al. 2013). The carbon in hotter (>20 000 K) white dwarfs,
which cannot be explained by the classical dredge-up model, has
been postulated to be raised by a weak stellar wind (Fontaine &
Brassard 2005), but there is currently no working model for the
necessary wind acceleration. Both the dredge-up and stellar wind
models predict a very low carbon abundance in the temperature
range ~17 000-20 000 K.

However, the efficiency of photospheric carbon pollution by
dredge-up depends not only on the depth of the convection zone, but
also on the total mass of the helium layer (Weidemann & Koester
1995). The bulk of the DQ white dwarfs can be modelled with
helium envelopes of ~1073-10~2 Mg (e.g. Fontaine & Brassard
2005), which is in agreement with the helium masses predicted by
stellar evolution models (e.g. Lawlor & MacDonald 2006). How-
ever, anumber of DB white dwarfs (Koester et al. 2014b), cooler DQ
(Dufour, Bergeron & Fontaine 2005; Koester & Knist 2006), as well
as the recently discovered hot DQ white dwarfs (Dufour et al. 2007,
2008) have higher carbon abundances than predicted by the canoni-
cal dredge-up scenario, which can be explained with thinner helium
layers (Althaus et al. 2009; Koester et al. 2014b). Assuming that
the unusually high carbon abundances in SDSS J0845-+2257 are a
result of dredge-up would require a thin (log (Mpe/Myqg) ~ —4.6)
helium layer. In the light of the ongoing discussion of carbon abun-
dances in helium atmosphere white dwarfs, and in the absence of a
robust sample of helium layer measurements for white dwarfs, we
conclude that dredge-up is a plausible origin of the photospheric
carbon in SDSS J0845+2257.

An independent evaluation of the origin of the atmospheric car-
bon may be provided by the models of Hartmann et al. (2014),
which predict that even a relativity small mass fraction of carbon
(>107%) in the circumstellar debris should lead to emission from
gaseous C 11 at 8683 and 8697 A. Given that we do detect emission
from gaseous Can (Section 5), the non-detection of C1 could be
further evidence that the carbon is primordial to the white dwarf.
Hartmann et al. (2011) applied the same model to the gaseous disc
around SDSS J12284-1040, again finding that the absence of Cu
8683 and 8697 A emission features in spectra obtained by Génsicke
et al. (2006) requires a low (<0.5 per cent) carbon mass fraction in
the gas. Gansicke et al. (2012) showed that SDSS J1228+1040 has
an extremely low photospheric carbon abundance, unambiguously
demonstrating that the debris disc in this system is indeed strongly
carbon depleted.

4.3 Oxygen

Measurements of the oxygen abundance in the accreting white dwarf
GD 61 by Farihi et al. (2013) suggested that a large fraction of the
debris was made of water. To estimate the water content in the debris
around SDSS J0845+2257, we follow the procedure of Farihi et al.
(2013), assessing first oxygen carriers other than water. We assume
that all of the accreting Mg, Al, Si and Ca is bound into MgO,
Al,03, SiO, and CaO. If the debris is a fragment of a differentiated
object, then the Fe and Ni content may be split into oxides from the
mantle and metallic Fe and Ni from the core, so we present three
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Figure 9. Oxygen budgets of the debris at SDSS J0845-+2257, with three
scenarios for different contributions of oxygen carriers: (1) all Fe as Fe,03,
CO, and NiO present; (2) 50 per cent of Fe as FeO; (3) all Fe is metallic,
making no contribution to the O budget. The third model is the only one
to produce a marginal oxygen excess, suggesting that very little water was
present in the parent body.

scenarios for the remaining elements (Fig. 9): (1) a conservative
scenario where all of the Fe is bound into Fe, O3, Ni into NiO and
C into COy; (2) an intermediate scenario where C is primordial
(see Section 4.2), the contribution from Ni is negligible and half
the Fe is present as FeO; (3) a mantle-depleted scenario, discussed
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further in Section 4.5, where there is no contribution from Fe, Ni
or C. Only the third of these scenarios produces an oxygen excess,
indicating that the accreted material was likely very dry regardless
of the relative contributions from mantle and core material, as well
as from carbon. This result is consistent with the low H abundance
detected in the atmosphere (Table 2), and is not significantly altered
under the assumption of early-phase or instantaneous accretion.
Scenario 1 shows that there is insufficient oxygen to account for all
of the potential carriers, an indicator that a large fraction of the Fe
in the progenitor object was indeed metallic.

4.4 Refractory lithophiles

Fig. 10 compares the abundance of Ca and Al with respect to Si.
These elements are two of the main refractory lithophiles: ele-
ments which sublimate only at very high temperatures and are
therefore found mainly in the mantle and crust of differentiated
objects (Grossman 1972). The ratio of these two elements is nearly
constant in most Solar system bodies, such that there is a linear
correlation between Ca/Si and Al/Si. The Ca and Al accreting on
to SDSS J0845+2257, as well as on to the other heavily polluted
white dwarfs, also falls on to or near this line. This indicates that
similar geochemical processes are taking place in these systems,
and strengthens the case that analysing the accreted debris in the
white dwarf photosphere provides a reliable representation of the
chemical composition of a terrestrial object at SDSS J0845+4-2257.

4.5 Iron and nickel

Table 3 shows that the dominant element in the debris at
SDSS J0845+2257 is Fe, with a mass fraction of 40.8 per cent,
substantially higher than that in the Earth. Ni, which is the other
major component in the Earth’s core (McDonough 2000), is also
enhanced relative to the Earth. Fig. 10 shows the linear relationship
between Fe/Si and Ni/Si found in the Solar system bodies. Whilst
the heavily polluted DB white dwarfs also fall on this line, the DA
white dwarfs are less confined. SDSS J0845+4-2257 is close to the
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Figure 10. Comparison of the abundance of Al and Ca (left) and Fe and Ni (right) in SDSS J0845+2257 (red marker) with the bulk Earth () (McDonough
2000) and the allasite (blue), mesosiderite (dark green), IAB (cyan), urelite (light green), ordinary chondrite and carbonaceous chondrite (yellow), enstatite
chondrite (green-brown), howardite (orange), eucrite (magenta) and diogenite (purple) meteorites (Nittler et al. 2004). The most heavily metal-polluted white
dwarfs are plotted as green (DAZ) and red (DBZ) stars (Klein et al. 2011; Zuckerman et al. 2011; Dufour et al. 2012; Gansicke et al. 2012; Farihi et al. 2013;

Xu et al. 2013, 2014). All abundances are normalized to Si.
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Figure 11. Elemental abundances of the accretion on to SDSS J0845+2257
relative to the abundance in CI chondrites, both normalized to Fe (black
dots). The condensation temperature of the elements increases to the right.
The solid line shows the abundances of the bulk Earth, whilst the dotted line
shows a ‘wind-stripped’ model (Melis et al. 2011) in which approximately
15 per cent of the silicate Earth has been removed.

trend but has a higher Ni/Fe ratio (*0.2) than the Earth (0.06). In
the early-phase model, the Ni/Fe ratio drops to ~0.09.

The high Fe and Ni abundances suggest that the progenitor of the
debris at SDSS J08454-2257 may have been a fragment of a larger,
differentiated planetesimal with a relatively large core. This could
be evidence that some of the processes thought to be responsible
for Mercury’s large core, such as partial volatilization (Cameron
1985) or iron/silicate fractionation (Weidenschilling 1978), also
occur in extrasolar planetary systems. However, it is likely that any
planet close enough to its star for these processes to occur would
have been engulfed during the red giant phase, unless it migrated
outwards after formation.

Melis et al. (2011) proposed an alternative model in which a
planetesimal is eroded by the intense stellar wind during the asymp-
totic giant branch (AGB). Fig. 11 shows this model applied to
SDSS J0845+-2257. Following the technique detailed in Melis et al.
(2011), we show the abundances of the material accreted on to the
white dwarf (Table 2) relative to the abundances in the CI chondrites
(Lodders 2003), both of which are normalized to Fe. Combining
the abundances for the core and silicate Earth from McDonough
(2000), we normalize the abundances in the bulk Earth in the same
way (solid black line). We then remove ~15 per cent of the silicate
material (dotted line in Fig. 11), simulating the erosion of the mantle
of a terrestrial object by stellar wind. We neglect any contribution
from the crust, as it makes up only ~0.5 per cent of the silicate
Earth (Allegre et al. 1995). As can be seen in Fig. 11, the dominant
elements of both Earth and SDSS J0845+4-2257 (e.g. Si, O, Mg, Ca,
Al) appear to support this model, whilst the trace elements (Mn,
Cr) are consistent with both scenarios. The high abundances of C
(if accreted, see Section 4.2) and Ni remain unexplained, although
Ni does become consistent with the model under the early-phase
assumption. We note that, whilst Jura (2008) explored the effects
of stellar winds on small asteroids, no detailed modelling has been
done for the stripping of larger objects and it is unclear if the stellar
wind during the AGB can provide the level of erosion suggested
here and in Melis et al. (2011).

5 VARIABILITY OF THE CA 11 TRIPLET

SDSS J08454-2257 is part of a rare subset of metal-polluted white
dwarfs that show double-peaked emission in the 8600 A Ca triplet,
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Figure 12. Time series spectra of the Can 8600 A emission line triplet,
plotted on the same scale with each successive spectrum offset by —0.5.
The SDSS data from 2004 show a pronounced asymmetry between the two
peaks, with the red peak significantly greater in strength. This difference
has since vanished, although in the most recent two spectra the blue peak
appears marginally stronger.

indicative of a gaseous component to the debris disc (Gansicke
et al. 2006, 2008; Gansicke, Marsh & Southworth 2007; Gansicke
2011; Farihi et al. 2012; Melis et al. 2012; Wilson et al. 2014).
The formation and evolution of these gaseous discs is still poorly
understood, as the gas resides outside of the sublimation radius,
within which gas is naturally expected to be present, and they are
found at only a small fraction of the white dwarfs with dusty discs.
There is no known case of a purely gaseous disc.

Time series observations of the 8600 A Ca triplet are shown in
Fig. 12. The double-peaked morphology arises from the Doppler
shifts induced by the Keplerian velocity of the material in the disc
(Horne & Marsh 1986), a consequence of which is that the in-
ner and outer radii of the disc can be estimated from the total
width and peak separation of the Cau lines, respectively. We find
Rinsin?i ~ 0.3R¢ and Ry sin?i ~ 0.8R¢) (where i is the un-
known inclination of the disc), consistent with the measurements
of Gansicke et al. (2008). Modelling the observed infrared excess,
Brinkworth et al. (2012) estimated the extent of the dusty disc to
extend from R;, ~ 0.17 R to Ry & 99.7 R, although the outer
radius of the disc is unconstrained due to the lack of observa-
tions at longer wavelengths. The overlap of these values strongly
suggests that the gaseous and dusty components are co-orbital.
Hartmann et al. (2014) attempted to better constrain the parameters
of the gaseous disc component using a non-local thermodynamic
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Table 4. Change in the equivalent width of the Can
8600 A emission line triplet. The strength of the triplet
dropped in the period 20042008, but has remained stable
to within 1o since.

Date Can 8600 A equivalent width (A)
2004 December 19 —169 £ 22
2008 January 02 —-103 £ 1.3
2008 April 03 —10.8 £ 14
2009 April 10 —114 £ 14
2010 April 02 —105 £ 13
2011 January 29 —128 £ 15
2014 October 20 —-86 £ 1.1

equilibrium spectral model, but were unable to obtain a satisfactory
fit to the emission lines.

The debris discs have provided some of the clearest evidence
for variability in evolved planetary systems, in particular the rapid
appearance and loss of the gaseous disc around SDSS J16174-1620
(Wilson et al. 2014) and the drop in infrared luminosity from the
dust at WD J0959—0200 (Xu & Jura 2014). Similar, although less
pronounced, changes are observed in the 8600 A Cau emission line
triplet of SDSS J0845+2257. Table 4 lists the change in equivalent
widths of the Can emission lines over time. The equivalent width
was calculated over all three double-peaked lines to avoid systematic
uncertainties caused by the overlap between the 8495 and 8542 A
components. The main source of uncertainty in the measurement is
the polynomial fit used to normalize the spectrum. To account for
this, the fit was varied slightly and the resulting scatter in the equiva-
lent width measurements was incorporated into the stated error. The
data demonstrate a ~1/3 drop in the equivalent width of the emis-
sion lines between 2004 and 2008, but the strength of the lines has
remained constant to within 1o since then. In addition, the time se-
ries spectra (Fig. 12) show pronounced changes in the morphology
of the lines. In 2004 SDSS observations in the redshifted peaks were
substantially stronger, but in more recent observations they have de-
creased in strength. Conversely, the blueshifted peaks have grown,
to the extent that they have become slightly stronger than the red
peaks in the latest observations. Due to the relatively low cadence
of the time series observations compared with SDSS J1617+1620
(Wilson et al. 2014), we can only speculate about the cause of this
variability, e.g. the interaction with a debris stream formed by a
tidally disrupted planetesimal (see for example Debes, Walsh &
Stark 2012; Veras et al. 2014a).

In addition to the Ca1u emission line triplet, some of our spectra
show double-peaked emission around the Fent 5170 A line (Fig. 13,
left-hand panel). The Fen emission is weaker and less variable
than the emission from Ca1, with an average equivalent width of
—0.8 + 0.5A. Hartmann et al. (2011) predicted emission from
the gaseous disc from 2797 A Mgu, and detected it in the HST
spectrum of SDSS J1228+41040. We do not detect emission from
Mg in SDSS J0845+-2257 (Fig. 13), although the observed Mgt
absorption line triplet is weaker than that predicted by the model
atmosphere fit, possibly due to a small flux contribution from a disc
emission line.

Itis intriguing that the two white dwarfs with the highest and third
highest inferred accretion rates, SDSS J0738+1835 (Dufour et al.
2012) and SDSS J0845+2257, respectively, both host debris discs
with gaseous components. Unfortunately, measurements of the total
metal accretion rate have only been made for five gas-hosting white
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Figure 13. Left: example of weak double-peaked emission from Fe.
Right: the emission from Mg 11 predicted by Hartmann et al. (2014) is not
detected, but could be masked by the photospheric absorption lines. The
model atmosphere fit (blue) overpredicts the strength of the Mg absorp-
tion, which could be due to some flux contribution by emission from the
gaseous disc.

dwarfs to date,’ so the sample size is too small to reliably test any
correlation between the presence of gas and the accretion rate.

6 SHORT-TERM VARIABILITY

We used the time-tag HST/COS photon event files to construct a
light curve. To perform the background subtraction for each of the
six individual G130M/G160M observations, we defined two regions
on the COS detector, one below and one above the spectrum. The
1200 A Ni1, 1216 A Lyman & and 1302 A O1 airglow emission lines
were masked and the edges of the detector segments excluded to re-
duce the instrumental noise. Fig. 14 shows a background-subtracted,
normalized light curve binned to 5 s.

To probe for any variability in the flux from SDSS J0845+2257
caused by ongoing metal accretion, we used a x 2 test, constructing a
light curve using a bin size of 32 ms, i.e. the intrinsic time resolution
of COS in time-tag mode. The box for the extraction of the spectrum
was defined so that all counts of the target were included, while
minimizing the amount of background contribution. We set our null
hypothesis that each light-curve chunk is constant at the mean value.
We find that a constant light curve has an 8-90 per cent probability
of having the observed distribution, meaning that we cannot reject
the hypothesis that the light curve is constant. The large range in
probability is caused by the different total exposure times of the
individual light-curve chunks.

To confirm this result and investigate any contribution to the vari-
ability from the background we repeated the process, this time with
a wider box for extracting the spectrum to incorporate more back-
ground counts, as well as an identical test across the whole light
curve. The difference in the results is not significant, so we con-
clude that the HST/COS data do not show significant variability on
time-scales of 32 ms to ~30 min.

As is obvious from Fig. 14, no transits by planets or planetesimals
are detected. This non-detection is unsurprising, due to both the
short duration of the observations and the fact that close-in planets
around white dwarfs are probably rare (Veras & Gansicke 2015).

3 SDSS J0738+1835 (Dufour et al. 2012), SDSS J12284-1040 (Ginsicke
et al. 2012), He 1349-2305 (Melis et al. 2012), SDSS J1617+1620 (Wilson
et al. 2014) and SDSS J0845+-2257 (this work).
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Figure 14. Background-subtracted, normalized light curves of SDSS J0845+-2257, extracted from the HST/COS time-tag data. Dark grey, grey and light grey
areas represent 1o, 20 and 3o standard deviations from the mean, respectively, assuming a normal distribution for the count rate in each observation. The
vertical and horizontal numbers above each spectrum are the central wavelength and mean count rate, respectively. An error bar showing the typical photon

noise is shown beneath each spectrum.

7 CONCLUSION

We have carried out a detailed spectroscopic study, over a
wide wavelength range, of the metal-polluted white dwarf
SDSS J0845+2257. The star is accreting debris at a rate of
1.6 x 10" gs™! and the mass of metals in the convection zone
implies a parent body 2100 km in diameter. Measurements of 10
metals have shown that the disrupted planetesimal was similar to
the Earth in composition, with a differentiated chemistry dominated
by O, Mg, Si and Fe. The relativity high levels of Fe and Ni suggest
that the planetesimal may have had a portion of its mantle stripped
during the AGB phase, leaving a composition dominated by core
material. An unusually large amount of carbon is present, although
this could be primordial to the white dwarf. The white dwarf is also
orbited by a debris disc with a mildly variable gaseous component.
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