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ABSTRACT
The �rst transiting planetesimal orbiting a white dwarf was recently detected inK2 data of
WD 1145+017 and has been followed up intensively. The multiple, long, and variable transits
suggest the transiting objects are dust clouds, probably produced by a disintegrating asteroid.
In addition, the system contains circumstellar gas, evident by broad absorption lines, mostly
in the u'-band, and a dust disc, indicated by an infrared excess. Here we present the �rst
detection of a change in colour of WD 1145+017 during transits, using simultaneous multi-
band fast-photometry ULTRACAM measurements over theu' g' r ' i'-bands. The observations
reveal what appears to be `bluing' during transits; transits are deeper in the redder bands, with
au0� r0colour di�erence of up to� � 0:05mag. We explore various possible explanations for
the bluing. `Spectral' photometry obtained by integrating over bandpasses in the spectroscopic
data in- and out-of-transit, compared to the photometric data, shows that the observed colour
di�erence is most likely the result of reduced circumstellar absorption in the spectrum during
transits. This indicates that the transiting objects and the gas share the same line-of-sight,
and that the gas covers the white dwarf only partially, as would be expected if the gas, the
transiting debris, and the dust emitting the infrared excess, are part of the same general disc
structure (although possibly at di�erent radii). In addition, we present the results of a week-long
monitoring campaign of the system.

Key words: stars: individual: WD 1145+017 � white dwarfs � minor planets, asteroids: general
� techniques: photometric � eclipses

? E-mail: naama@wise.tau.ac.il

1 INTRODUCTION

Over 95 per cent of all stars will end their lives as white dwarfs
(WDs; Althaus et al. 2010). As the majority of Sun-like stars host

© 2017 The Authors
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2 N. Hallakoun et al.

planets (e.g.Winn & Fabrycky 2015; Shvartzvald et al. 2016), the
fate of planetary systems can be studied by examining the immediate
surroundings of WDs (Veras 2016). Recent studies show that about
25-50 per cent of all WDs exhibit `pollution' � traces of heavy ele-
ments in their atmospheres (Zuckerman et al. 2003, 2010; Koester
et al. 2014). The most heavily polluted WDs also have dust discs
within their tidal radii, indicated by excess infrared (IR) radiation
emitted by the dust, which feed the host WD with heavy elements
(e.g.Kilic et al. 2006). Since the strong surface gravity of a WD
causes all heavy elements to settle quickly below the photosphere,
pollution in WDs cooler than� 20; 000K is a strong indication for
external accretion, likely from planetary debris (Jura 2003; Koester
et al. 2014). However, the object (or objects) supplying the accreting
material, until recently, had not been directly observed.

Recently, the �rst direct evidence of a planetary-mass body or-
biting a WD was found using data from theKeplerextended mission
(K2) (Vanderburg et al. 2015). The light curves of WD 1145+017 ac-
quired fromK2 and from follow-up observations revealed multiple
transit events with varying durations, depths, and shapes, interpreted
to indicate the presence of a disintegrating asteroid orbiting the WD
(Vanderburg et al. 2015; Croll et al. 2017; Gänsicke et al. 2016; Rap-
paport et al. 2016; Alonso et al. 2016; Zhou et al. 2016; Gary et al.
2017). The transits exhibit several features which suggest that they
are caused by dust clouds emitted by the asteroidal fragments, rather
than by the fragments themselves: The transit durations (3� 50min)
are longer than expected for a solid object (� 1min); the shape of
the transits is asymmetric; and the transit depths are variable and
large (� 10 � 60 per cent). Although theK2 light curve has shown
six stable periods, ranging from4:5 to 5:0 hours, the follow-up ob-
servations have detected only the shortest,� 4:5h, period (with the
exception ofGary et al. 2017, see AppendixB). Recent simulations
suggest a di�erentiated parent asteroid orbiting within the tidal dis-
ruption radius for mantle-density material (Veras et al. 2017). The
light curve changes on a daily basis, completely altering its appear-
ance after a few months, indicating the system is rapidly evolving.

High-resolution spectroscopic observations of the system re-
vealed photospheric absorption lines from 11 heavy elements (Xu
et al. 2016), showing that the WD belongs to the `polluted' class that
is actively accreting circumstellar material. The composition of the
accreted material is similar to that of rocky objects within the solar
system. Consistent with its heavily polluted atmosphere, this system
also shows near-IR (NIR) excess from a dust disc (Vanderburg et al.
2015). In addition, WD 1145+017 is surrounded by circumstellar
gas, evident by numerous, unusually broad (� 300km s� 1), absorp-
tion lines in its spectrum (Xu et al. 2016). The overall shape of the
circumstellar lines changes on a monthly timescale and their depths
can also change during transits (Red�eld et al. 2016, Xu et al., in
preparation).

Since the transiting debris1 may consist of particles small
enough to be called `dust', and dust extinction depends on the grain-
size to wavelength ratio and on the grain composition (Bohren &
Hu�man 1983), simultaneous monitoring in di�erent bands might
reveal its properties. Previous studies have not found a signi�cant
dependence of transit depth on wavelength, thus constraining the
grain size to& 0:8 � m (Croll et al. 2017; Alonso et al. 2016; Zhou
et al. 2016). In this paper we present the �rst detection of colour

1 By `debris' we mean the solid material, whether planetesimals or large
dust grains, that produces the transits. The relation is still not clear between
this material and the `dust disc' whose presence has been deduced from the
NIR excess in this object (Vanderburg et al. 2015).

changes during transit in the light curve of WD 1145+017, using
multi-band fast-photometry obtained simultaneously in theu'- g'-
andr'/ i'-bands. Surprisingly, the light curves feature `bluing', rather
than reddening, during transits (i.e. transits are deeper in the redder
bands than in theu'-band). The ULTRACAM observations are pre-
sented in Section2. In Section3 we explore possible explanations
for this phenomenon, and in Section4 we discuss the implications
on the con�guration of the system. AppendixA provides more de-
tails regarding the observing conditions during the ULTRACAM
run. AppendixB presents the light curve evolution, as observed
during our week-long observing campaign by a collection of tele-
scopes around the globe, combined with the months-long light curve
provided byGary et al.(2017).

2 ULTRACAM OBSERVATIONS AND DATA ANALYSIS

We obtained multi-band fast photometry using ULTRACAM
(Dhillon et al. 2007), a visitor instrument mounted on the Euro-
pean Southern Observatory (ESO) 3.6 m New Technology Tele-
scope (NTT) at the La Silla Observatory, Chile, under Programme
097.C-0829 (PI: Hallakoun). Due to the weather conditions we were
able to observe only on two of our six awarded nights (2016 April
21 and 26), covering almost 1.5 cycles (� 6:7h) each night. Al-
though there were some passing clouds during the observations,
they were mostly out-of-transit and did not have a signi�cant ef-
fect on the shape of the light curve due to the relative nature of
the observations (see AppendixA, which also describes the obser-
vational errors, for details). ULTRACAM is a high-speed camera
capable of obtaining fast photometry of faint objects in three bands
simultaneously with a negligible dead time (� 25ms) between ex-
posures. We used SDSSu', g', and r' �lters on the �rst night, and
u', g', and i' �lters on the second night. The CCD was windowed to
achieve 5 s exposure times in the slow readout mode (except in the
u'-band, where 10 s exposures were obtained). The data were bias
and �at-�eld corrected using the UTLRACAM pipeline (Dhillon
et al. 2007), which was then used to obtain aperture photometry
of the target, using a nearby star as a reference. The light curve in
each band was divided by a parabolic �t to its out-of-transit parts, to
eliminate any systematics due to atmospheric extinction in the pres-
ence of colour di�erences between the WD and the reference star.
Only the most featureless parts of the light curves were chosen as
the out-of-transit intervals (see FigsA1 andA2). The same intervals
were used in all bands. The aperture size was scaled according to
the varying full width at half-maximum of the stellar pro�le. Figs1
and2show the reduced di�erential photometry from the two nights.

Table1 lists the mean transit depths of the main features in
the ULTRACAM light curves. The observed mean transit depth,D,
was measured by integrating over the in-transit light curve:

D = 1 �
1
� t

Õ

i 2 transit

fi dti (1)

where� t is the transit duration,f is the normalised �ux, anddt
is the sample interval. As seen in Figs1 and2, our ULTRACAM
observations reveal a clear colour di�erence between the in- and
out-of-transit photometry (u0 � r0 � � 0:05mag). Although this is
only a 2-3� detection, the fact that it occurred only during transits
reinforces its signi�cance. Surprisingly, the observed colour di�er-
ence indicates `bluing', manifested by deeper transits in the redder
bands, and not the usual reddening observed in dusty environments.

MNRAS 000, 1� 12 (2017)
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Figure 1. Top: ULTRACAM light curve from 2016 April 21, inu'- (blue), g'- (green), andr'-band (red), binned to an e�ective exposure time of 20 s. Bottom:
colour indices, as marked (black solid line). The dashed lines indicate the1� (red) and3� (green) levels. The labels above the dips denote dips which share a
common period. Note the 2-3� detection of bluing during transits only, as evidenced by negative values ofu0 � g0 andu0 � r0.
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Figure 2. Same as Fig.1, for 2016 April 26, withi'-band instead ofr'-band. Note the signi�cant evolution of the light curve in merely �ve nights: the change
in the shape of the À1' and À2' dips, and the appearance of the `B'-dip (see AppendixB).

Table 1.Mean transit depth of the dip-features that appear in the ULTRACAM light curves, in theu' g' r ' i'-bands, calculated using equation1. The transit depth
was averaged over the entire dip-group transit duration,� t .

Dip Transit time (UT) � t [min] D u0 D g0 D r0 D i0

A1
2016-04-22 02:59:44-04:08:55 69.2 12:07%� 0:26% 12:277%� 0:091% 12:95%� 0:11% �

2016-04-26/27 23:49:59-00:50:47 60.8 8:81%� 0:17% 9:724%� 0:057% � 9:79%� 0:11%
2016-04-27 04:21:27-05:19:08 57.7 10:50%� 0:21% 9:936%� 0:069% � 10:38%� 0:12%

A2
2016-04-22 00:28:03-00:55:05 27.0 13:72%� 0:41% 14:77%� 0:14% 15:32%� 0:18% �
2016-04-22 04:58:25-05:20:54 22.5 17:93%� 0:48% 18:62%� 0:17% 18:90%� 0:21% �
2016-04-27 01:49:55-02:28:42 38.8 14:54%� 0:20% 15:221%� 0:069% � 15:90%� 0:12%

B 2016-04-27 03:14:25-03:28:04 13.6 9:14%� 0:38% 9:85%� 0:13% � 10:60%� 0:22%

MNRAS 000, 1� 12 (2017)
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Figure 3.Transit con�gurations, usingR2• R1 = 2. Left: the minimal impact
parameter required for bluing,b = R2• R1; right: the con�guration yielding
the maximal amount of bluing,b = R2• R1 + 0:5. The illustrations use the
u'-band limb-darkening pro�le.

Figure 4. Limb-darkening simulation. From top to bottom:u'-band transit
depth,i'-band transit depth,i'-band tou'-band transit depth ratio, andu'- i'-
band colour index, as a function of the projected distance of the WD centre
from the edge of the occulting disc at the time of mid-transit. The solid
lines corresponds to di�erentR2• R1 values (see legend). The blue-shaded
areas in the top two plots mark the approximate observed transit depth range
(20-50 per cent), while in the bottom plot it marks the 1 to 3� range of the
colour detection (� 0:06 � u0� i0 � � 0:02mag). The dashed red lines mark
the bluing threshold (D i0• Du0 > 1, u0 � i0 < 0). The maximal amount of
bluing produced by limb darkening is much smaller than observed, and its
required transit con�guration cannot explain the observed transit depths.

3 POSSIBLE BLUING MECHANISMS

The cause of the blue �ux excess during transit could be some prop-
erty of the surface of the WD itself, some property of the obscuring
material, or some other component or con�guration of the circum-
stellar environment. We investigate below several possibilities.

3.1 Bluing: limb darkening?

Since the limb of a WD is cooler and redder than its centre, a tran-
siting object that obscures mainly the limb might explain the deeper
transits observed in the redder bands. To test this assumption, we
calculated the expected transit depths in theu'- and i'-band, over a
grid of R2• R1 andb values, whereR2• R1 is the ratio of the radius

of the occulting object (assumed, for simplicity, to be of circular
cross section) to the radius of the WD, andb = ¹a• R1º cosi is the
impact parameter, wherei is the orbital plane's inclination to the
line of sight, anda is the orbital separation between the centres of
the WD and the transiting object. We estimated the limb-darkening
pro�les for WD 1145+017's e�ective temperature and surface grav-
ity (Te� = 15900K, logg = 8, seeVanderburg et al. 2015) using
Claret's limb-darkening coe�cients for hydrogen-dominated DA-
type WDs, as calculated byGianninas et al.(2013). The coe�cients
used were0:73, � 0:53, 0:67, and� 0:27 for theu'-band, and0:61,
� 0:40, 0:34, and� 0:12 for thei'-band. Fig.3 illustrates two simu-
lated con�gurations. Fig.4shows the calculatedi'- to u'-band transit
depth ratio,Di0• Du0, and theu'- i'-band colour index during transit,
all as a function of the projected distance of the WD centre from
the edge of the occulting disc,b� R2• R1, at the time of mid-transit.
The WD was modelled as a disc divided into1000concentric an-
nuli, while the occulting object was modelled as a uniformly opaque
disc. The results indicate a small amount of bluing forb & R2• R1,
with a maximum atb = R2• R1 + 0:5. The expectedu'- i'-band
colour index for the system con�guration with the maximal amount
of bluing (� � 0:006mag), misses the observed amount of bluing
(� � 0:05mag) by an order of magnitude. Thus, while some bluing
can be achieved with a grazing transit, covering only the limb of the
WD, it is not su�cient. In addition, the� 0:4 transit depth requires
the occulting object to cover a signi�cant portion of the more central
parts of the WD disc, in contrast to the grazing scenario. Replacing
the opaque disc used to model the occulting object by a disc with
varying opacity will further reduce the amount of bluing, aggravat-
ing the problem. We should note that the limb-darkening pro�les
used here are for DA-type WDs, while WD 1145+017 is a metal-
polluted helium-dominated DBAZ-type WD. Although the e�ect
this di�erence might have on the limb-darkening pro�les requires
further investigation, it seems unlikely to provide a limb-darkening
solution to the problem.

3.2 Bluing: peculiar dust properties?

Although bluing by dust is rare, it is possible. After the 1883 eruption
of the Krakatoa volcano there were reports of a blue moon and a
violet sun (Bohren & Hu�man 1983). Bluing by dust is common on
Mars, where blue sunsets have been captured by NASA's Curiosity
rover camera2. Bluing by dust is possible only for speci�c and
narrow distributions of grain sizes, such as the one observed on
Mars (Fedorova et al. 2014).

Following Hansen(1971) and Hansen & Travis(1974), we
de�ne the e�ective radius of a distribution of dust grains,re� , which
is the mean grain radius weighted by its geometrical cross section,

re� =

¯ 1
0 r � r 2n¹r º dr
¯ 1
0 � r 2n¹r º dr

; (2)

and the dimensionless e�ective variance,ve� ,

ve� =

¯ 1
0 ¹r � re� º2 � r 2n¹r º dr

r 2
e�

¯ 1
0 � r 2n¹r º dr

; (3)

wheren¹r º is the grain-size distribution. Grain-size distributions
sharing the same e�ective radius and variance display the same scat-
tering characteristics (Hansen 1971). We use the `standard' grain

2 http://www.jpl.nasa.gov/spaceimages/details.php?id=
pia19400

MNRAS 000, 1� 12 (2017)
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size distribution ofHansen(1971),

n¹r º / r
¹1� 3ve� º

ve� e
� r

r e� ve� ; (4)

which is characterised by the e�ective radius and variance. The
mean extinction cross-section of the grain-size distribution is then
(Croll et al. 2014, eq. 3):

� ext ¹rmin; rmax; � º =

¯ rmax
rmin

n¹r 0º � ext ¹r 0; � º dr0

¯ rmax
rmin

n¹r 0º dr0
; (5)

where� ext ¹r 0; � º is the extinction cross-section as a function of the
grain size and the wavelength.

We calculated the mean extinction cross-section as a function
of wavelength for grain-size distributions of e�ective radii ranging
between 0.5 and 10� m, with e�ective variance of 0.1. The extinc-
tion cross-sections were calculated using aMatlab implementation
of the Mie scattering code ofBohren & Hu�man (1983, appendix
A). We used the `astronomical silicate' refractive index ofDraine
(2003)3. In the wavelength range� = 3000� 9000, n, the real
component of this refractive index, varies between 1.69 and 1.73,
while the imaginary part,k, varies between 0.029 and 0.031. The
e�ective radius serves as a good characterising parameter for the
grain-size distribution, as long as� re� ¹n � 1º & � (Hansen 1971),
i.e. for re� & 0:4 � m. Figs5 and6 compare the mean transit depth
as measured in the various bandpasses for the two À2' transits on
two nights (see Figs1 and2, and Table1), with extinction cross-
section curves for various e�ective radii. The extinction curves were
scaled to match theg'-band measurement. Di�erent appearances of
di�erent dip-groups have di�erent mean transit depth slopes. The
two À2' dips chosen here both have a signi�cant transit depth
(hence a good signal-to-noise ratio) and were measured at relatively
low airmasses (minimizing possible systematics due to atmospheric
extinction; see FigsA1 andA2).

We see that the observed level of inter-band bluing can, in
principle, be achieved by invoking particular narrow grain-size dis-
tributions, such as the calculated� 0:8� 2 � m-grain-size extinction
curves. These curves can simultaneously match the mean transit
depth measured in all bands, but with a rather poor �t that deviates
at the1 � 2� level. Other possible compositions have refractive
indices similar to that of the silicate, except iron (Croll et al. 2014).
Replacing the `astronomical silicate' dust with a pure iron compo-
sition (1:67 � n � 2:96, 1:99 � k � 3:58, seeJohnson & Christy
1974)4 results in an even worse match. Thus, although they cannot
be completely ruled out, peculiar dust properties appear unlikely
to be the explanation for the observed bluing during transits in
WD 1145+017, especially considering that at least some of the blu-
ing must be the result of circumstellar absorption lines, as detailed
below. A wider wavelength coverage, that includes the IR, might
better constrain the particle size.

3.3 Bluing: circumstellar lines?

WD 1145+017 displays unique broad absorption lines induced by
circumstellar gas (Xu et al. 2016). When observed spectroscopically
during transits, these lines occasionally appear shallower (Red�eld

3 See https://www.astro.princeton.edu/~draine/dust/dust.
diel.html and ftp://ftp.astro.princeton.edu/draine/dust/
diel/callindex.out_silD03 .
4 M. N. Polyanskiy, �Refractive index database�, http:
//refractiveindex.info
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Figure 6. Same as Fig5, for the À2' dip in the ULTRACAM night from
2016 April 26, and withi'-band instead ofr'-band.

et al. 2016, Xu et al., in preparation). Interestingly, most of these
lines populate theu'-band range (� 3257� 3857, see Fig.7). Hence,
theu'-band excess during transits might be explained by the reduced
circumstellar absorption along the line-of-sight.

To test this assumption, we have used in- and out-of-transit
spectra, integrated over the various photometric bandpasses, to cal-
culate `spectral' photometry measurements in theu'-, g'-, r '-, and
i'-bands. The spectra were obtained using X-SHOOTER on the
ESO Very Large Telescope (VLT) on 2016 March 29, under Di-
rector's Discretionary Time Programmes 296.C-5024 (PI: Xu) and
296.C-5014 (PI: Farihi; seeRed�eld et al. 2016for details). The
wide wavelength range of X-SHOOTER (3000 to 10,000 ) provides
simultaneous coverage of theu'- i'-bands in a single exposure. The
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Figure 7. Top: Normalised averaged Keck/HIRES spectrum from 2015 April 11 over theu'-band range (Xu et al. 2016). Note the increasing density of
circumstellar absorption lines toward the UV side of the spectrum. Bottom: Normalised averaged VLT/X-SHOOTER spectrum from 2016 March 29, over the
r'-band range. The blue ticks mark the photospheric absorption lines (other features are telluric).

out-of-transit spectrum used here was taken at 03:37 (UT), while the
in-transit spectrum is from 04:37 (UT), both with 280 s and 314 s
exposures in the UVB and VIS arms, respectively. The spectra were
smoothed using 5-point span robust local regression (RLOWESS)
to get rid of spurious outlier points resulting from imperfect sky
subtraction. Since we are interested in the spectral changes result-
ing solely from the circumstellar lines, the in-transit spectrum was
scaled to �t the out-of-transit spectrum's continuum level. Finally,
both spectra were integrated over the various ULTRACAM band-
passes and the colours were calculated (indicated by the star-shape
symbols in Fig.8).

For a comparison, we integrated the various colour measure-
ments of the ULTRACAM light curves over 314 s intervals centred
around the main transit features. From the light curves published
by Gary et al.(2017, see AppendixB below), we can associate the
transit detected in the X-SHOOTER data with the À1' dips seen
in the ULTRACAM light curves (see AppendixB). However, as is
evident from the signi�cant changes that this group of dips under-
goes within a few hours, we do not expect that the transit detected
by X-SHOOTER about a month earlier will match exactly our April
observations. A deeper transit implies a larger obscured area, which
is likely to induce a more signi�cant colour change. This is hinted
at in Fig. 8, where there appears to be a correlation between the
mean transit depth (indicated by the colour-code) and the observed
colour di�erence.

Taking all of these considerations into account, there seems
to be a relatively good agreement between the photometric and
`spectral' colour di�erences. Moreover, repeating the spectral pho-
tometry calculation for two out-of-transit epochs (as well as two
in-transit epochs) revealed no signi�cant colour di�erence between
the epochs, as expected.

To investigate more directly whether the change in absorption
depth is responsible for the bluing seen in the spectral photometry,
we have estimated whether the total absorption equivalent width
(EW) over theu'-band range is indeed signi�cant. Fig.7 (top) shows
theu'-band range of the WD 1145+017 spectrum taken byXu et al.
(2016) using the HIgh-Resolution Echelle Spectrometer (HIRES)
on the Keck 10 m telescope (Vogt et al. 1994). This spectrum is
the average of three 2400 s exposures taken on 2015 April 11 (see
Xu et al. 2016for further details). The spectrum has been divided
by a parabolic �t to line-free regions in the redder parts of theu'-

band in the spectrum. The totalu'-bandpass-weighted absorption
equivalent width (EW) is& 34, with a relative absorption of& 8per
cent over theu'-bandpass. This is a lower limit on the EW, as it is
clear that, as one approaches the ultraviolet, line blanketing sets
in, the absorptions overlap, and the true continuum level could
be signi�cantly above the observed �ux levels. The true total EW
could easily be a factor 2 higher. However, this possibility cannot
be tested directly using the HIRES spectra because the wavelength
response calibration of the spectra is not accurate to the few-percent
levels required for such a comparison. Furthermore, the activity
level of the system has increased signi�cantly during the year that
has passed between the HIRES observations ofXu et al. (2016)
and our ULTRACAM run, both in terms of transit depth (see �g.
10 of Gary et al. 2017) and circumstellar line strength (Red�eld
et al. 2016, Xu et al., in preparation). Indeed, a similar Keck/HIRES
spectrum from April 2016 (Xu et al., in preparation) shows that the
total u'-bandpass-weighted EW has grown to at least 50 , with a
relative absorption of& 11per cent.

In addition, a preliminary analysis of line strength variations
in- and out-of-transit of a single, strong, visual-band circumstellar
absorption line, Feii 5169 , shows that during the deepest transits,
the line depth can decrease by up to� 30 per cent (Xu et al., in
preparation). If the relative absorption by circumstellar lines in the
u'-band is, say, 12 per cent, then a 30 per cent reduction in EW
during transit could yield the observed 0.04 mag change in colour
between theu'-band and some other band (e.g. ther'-band, see
Fig. 7, bottom) that has relatively few absorptions.

The above tests argue that reduced circumstellar absorption
during transits is the most plausible explanation for the observed
bluing. The fact that previous studies (Croll et al. 2017; Alonso
et al. 2016; Zhou et al. 2016) did not observe wavelengths shorter
than4800, could explain why they did not detect bluing. However,
this conclusion is not de�nitive because of the various compli-
cations: the di�culty in establishing the continuum level in the
u'-band and hence the total absorption EW, and the variance of the
line strength change during transits. Future colour measurements in
bands having a high density of circumstellar absorption lines should
take this into account. Simultaneous photometric and spectroscopic
measurements would provide a clearer understanding of the bluing
mechanism.
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Figure 8. Demonstration of the circumstellar gas-induced bluing us-
ing VLT/X-SHOOTER spectra: Photometric (error bars) and `spectral'
(star-shape symbols) colour di�erences in- and out-of-transit, for various
colour indices. The `spectral' colour measurements were performed on X-
SHOOTER spectra obtained on 2016 March 29 (see Section3.3for details).
The error bars are colour-coded by the corresponding mean transit depth (the
bluer the deeper). The lower panels show theg'-band ULTRACAM light
curves from 2016 April 21 (middle) and 2016 April 26 (bottom), binned
to an e�ective exposure time of 20 s. The highlighted areas correspond to
the integrated time intervals, with colours matching those of the top panel
error bars. The photometry derived from the spectra broadly reproduces the
bluing and the trends seen in the photometric transit data.

4 DISCUSSION

Assuming that the bluing that we have observed during transits
in WD 1145+017 is the result of a reduced absorption by the cir-
cumstellar gas during transit, we can constrain the possible con�g-
urations of the components of the system. First, the fact that the
circumstellar absorption is a�ected by the transits implies that at
least part of the absorbing gas shares the same plane as the transiting
objects. Second, we can constrain the location of the gas relative to
the WD and the transiting objects. Based on the observed bluing
alone, without taking into account further constraints (see below),
the circumstellar absorbing gas could be between the WD and the
transiting objects, in front of both the WD and the debris, or a com-
bination of the two (e.g. if the WD and the debris are embedded in
the gas).

In the case that the gas is between the transiting objects and
the WD, the gas cannot cover the WD uniformly; the reduction in
the relative absorption depth during transit means that the debris

is occulting more of the WD's line-absorbed light than the unab-
sorbed WD continuum emission (e.g. as in the geometry of a �at
disc around the WD). Alternatively, the gas could be outside the
debris' orbit, i.e. in front of both the debris and the WD. If the
absorption lines are in the linear regime of their curve of growth,
then no change in relative absorption depth would be expected un-
less, again, the gas does not cover the WD uniformly. In the third,
`embedded', possibility, at least some of the gas, whether in front
or between the WD and the debris, must again cover the WD non-
uniformly. One con�guration satisfying all of these constraints is a
circumstellar gas disc, coplanar with the debris orbit. The transits,
the circumstellar lines, and the NIR excess, could be manifesta-
tions of the same general disc structure consisting of gas, dust, and
planetesimal debris, although not necessarily all at the same radii.

If we take into account the spectroscopic and NIR observations
as well, we can further constrain the possible con�gurations of the
system. The out-of-transit depth of the circumstellar absorption
lines is consistent with the non-uniform coverage constraint. The
signi�cant broadening of the circumstellar lines (Xu et al. 2016;
Red�eld et al. 2016, Xu et al., in preparation) could be the result
of the line-of-sight velocities of gas in a mildly-eccentric edge-on
disc, in a close-in orbit between the WD and the transiting objects
(Red�eld et al. 2016). Rappaport et al.(2016) have suggested that
the fragments causing the transits come from an asteroid that is
�lling its critical potential surface at a relatively stable orbit around
the À'-period. When the asteroid passes near its L1 point, fragments
occasionally break o� and drift into a slightly inner orbit. The dust
disc is not well-constrained by the observations so far.Vanderburg
et al.(2015) argued that the detected amount of NIR excess indicates
that an optically-thick dust disc could not be observed edge-on (i.e.
it is misaligned with the transiting objects). However,Gary et al.
(2017) counter that an edge-on optically-thick dust disc could yield
the observed amount of NIR excess if it extends from the transiting
objects' À'-period orbit (� 94RWD) to about140RWD. Zhou et al.
(2016) argue for an edge-on optically-thin dust ring, located within
the transiting objects' orbital range (� 90� 100RWD), based on the
lack of optical reddening in the WD's spectral energy distribution
(SED). Our proposed con�guration is consistent with such an edge-
on dust ring scenario.

5 CONCLUSIONS

Using simultaneous multi-band fast photometry of the debris tran-
sits around WD 1145+017, we have detected `bluing' � deeper tran-
sits in the redder bands � and not reddening, as commonly detected
in dusty environments. This bluing cannot be the result of limb dark-
ening, since there seems to be no con�guration that simultaneously
yields the observed transit depth and the required amount of bluing.
Bluing as a result of peculiar dust properties is a possible expla-
nation, but marginally so, as it seems hard to �nd the �ne-tuned
grain-size distribution that will simultaneously and precisely repro-
duce the bluing observed between the various bands. The fact that
most of the circumstellar absorption lines, which can be shallower
during transits, are in theu'-band, appears to provide a plausible
explanation for the excess blue �ux. The bluing by the circumstellar
lines, which can explain most or all of the observed photometric
e�ect, furthermore means that little or none of the e�ect remains
to be explained by peculiar dust or, in other words, peculiar dust
would predict bluing even larger than observed. In the circumstel-
lar gas explanation, the requirements that the gas shares the debris
orbit's inclination and that the gas only partly covers the lines of
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sight to the WD surface, both suggest that the circumstellar gas is
in a disc. This could be, in principle, the same disc in which resides
the debris (which produces the transits) or the dust (which produces
a NIR excess). However, it is more likely to be a distinct disc, at a
smaller orbital radius, based on the broadening of the circumstellar
lines.

Our results indicate that the circumstellar gas a�ects the pho-
tometric light curve, at least to some degree. Future simultaneous
photometric and spectroscopic observations of the system would
clear up much of the uncertainty regarding the interpretation of the
bluing.

The combined light curve of WD 1145+017, using our week-
long monitoring campaign and the months-long light curve ofGary
et al. (2017), reveals several intriguing features (most of them al-
ready mentioned byGary et al. 2017), described in AppendixB.
These include the breaking up of the À2' group, the �rst detection
of the `B'-period, and the detection of smaller transits in the high
signal-to-noise ULTRACAM light curve. Our light curves are avail-
able for further study upon request, in the hope that they will help
to constrain future dynamical models of the system.
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APPENDIX A: OBSERVING CONDITIONS DURING THE
ULTRACAM RUN AND THE REDUCTION PROCESS

Figs A1 and A2 show the observing conditions during the UL-
TRACAM run, on 2016 April 21 and 26, as well as the reduction
process described in Section2. The sky transmission, re�ected in
the light curve of the reference star, SDSS J114825.30+013342.2,
shows some variable transmission (presumably passing clouds) on
the second night, although mostly not during transits. We estimate
the �ux error as 1.48 times the median absolute deviation around
the median, using points outside of both the transits and the pass-
ing clouds. On 2016 April 21 the errors were� 4:2, � 1:9, and
� 2:5 per cent in theu'-, g'-, and r'-bands, respectively, while on
2016 April 26 the errors were� 2:5 per cent (u'-band), � 1:5 per
cent (g'-band), and� 2:3 per cent (i'-band). The target was� 33�

from the full Moon on the �rst night, and� 93� on the second,
contributing to the better signal-to-noise ratio on the second night.
The improved signal-to-noise, which reveals �ner details, explains
the `wiggles' seen in the out-of-transit parts of the 2016 April 26
light curve. In addition, the passing clouds contributed to the scatter
in some parts of the light curve, mostly out-of-transit.

APPENDIX B: LIGHT CURVE EVOLUTION

In parallel to our ULTRACAM observations we organised a mon-
itoring campaign using various telescopes around the globe, in an
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Figure A1. Reduction process and observing conditions during the
2016 April 21 ULTRACAM g'-band observations. From top to bot-
tom: airmass; the point-source full width at half maximum; raw uncal-
ibrated light curve of WD 1145+017; raw light curve of the reference
star, SDSS J114825.30+013342.2, showing the atmospheric transmission;
WD 1145+017 light curve calibrated using the reference star (black),
and the out-of-transit intervals (yellow) used for the parabolic �t (red);
WD 1145+017 normalised light curve.

attempt to obtain the longest continuous time coverage possible in
order to follow the evolution of the light curve. A full list of the
acquired light curves appears in TableB1. We used the observing
facilities listed below. Unless otherwise mentioned, the image re-
duction and aperture photometry were done using the ULTRACAM
pipeline (Dhillon et al. 2007), as described in Section2.

Mauna Kea Observatory NIR J- and K-band fast photometry
was obtained using the WFCAM on the 3.8 m United Kingdom
Infra-Red Telescope (UKIRT) at the Mauna Kea Observatory,
Hawai'i. The data were processed with pipelines from Cambridge
Astronomical Survey Unit (CASU).
ARIES Devasthal Observatory r'-band photometry was ob-

tained using the ANDOR 512 EMCCD on the 1.3 m Devasthal
Fast Optical telescope (DFOT) at the Aryabhatta Research Insti-
tute of Observational Sciences (ARIES) Devasthal Observatory in
Nainital, India.
Vainu Bappu Observatory R-band photometry was obtained us-

ing the Princeton Pro EM CCD on the 1.3 m J. C. Bhattacharyya
Telescope (JCBT) at the Vainu Bappu Observatory (VBO) in
Kavalur, India.
Wise Observatory We used the FLI camera on the 0.71 m C28

Jay Baum Rich telescope of the Wise Observatory in Israel. The
photometry was obtained using theExoP �lter, a high-pass �lter
with a cuto� around 5000 Å. The images were bias, dark and �at
corrected usingiraf .

Figure A2. Same as Fig.A1, for 2016 April 26. Note the sharply falling
atmospheric transmission at several times (generally outside of transits, e.g.
at MJDs� 57505.05, 57505.11, and 57505.19), indicating passing clouds.

Ond°ejov Observatory R-band photometry was obtained using
the 0.65 m D65 telescope at the Ond°ejov Observatory in the Czech
Republic. The image reduction (dark subtraction and sky �at cor-
rection) and aperture photometry were done using the Ond°ejov
custom-made softwareAphot . A �xed aperture-size of 7 pixels
(7.3 arcsec) was used. The light curves were calibrated using the
three brightest non-variable stars in the �eld.
LCO global network We used the 1 m and 0.4 m Las Cumbres

Observatory (LCO) global telescope network to obtain un�ltered
photometry. The 1 m observations were performed using the kb70
and kb78 SBIG CCDs on the cpt1m010 and lsc1m005 telescopes
in Sutherland (CPT), South Africa, and in Cerro Tololo (LSC),
Chile. The images were reduced by the BANZAI pipeline. The 0.4 m
observations were performed using the kb27 and kb84 SBIG CCDs
on the ogg0m406 and coj0m405 telescopes in Haleakala (OGG),
Hawai'i, and in Siding Spring (COJ), Australia. The images were
reduced by the ORAC-DR pipeline.
UC Observatory We obtainedi'-band photometry using the

SBIG STL-1001 3 CCD Camera on the 0.4 m Tololo 40 telescope
at the Ponti�cia Universidad Católica de Chile Observatory (UCO)
in Lo Barnechea, Chile.

Combining all our light curves with those kindly provided by
Gary et al.(2017) results in a long-baseline light curve of about half
a year, with denser temporal coverage during our week-long moni-
toring campaign. We converted the UT timestamps to Barycentric
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Table B1.List of observations

Observatory Telescope size [m] Date [UT] Time [UT] Filter Exposure time [s] Cadence [s]

UKIRT 3.80 2016-04-16 06:14-08:36, 08:46-10:47, 11:00-11:12J 10 12
ARIES 1.30 2016-04-21 14:04-14:37, 15:38-18:32, 18:55-20:04r' 180 180
Ond°ejov 0.65 2016-04-21/22 19:07-00:16 R 180 186
La Silla 3.58 2016-04-21/22 23:39-06:10 u', g', r' 10, 5, 5 10, 5, 5
UKIRT 3.80 2016-04-22 06:19-10:47 J 10 12
UKIRT 3.80 2016-04-23 06:11-07:59, 08:06-09:54 J 10 12
ARIES 1.30 2016-04-23 13:56-14:00, 14:59-20:04 r' 180 180
ARIES 1.30 2016-04-23 14:08-14:10, 14:34-14:54 r' 120 120
ARIES 1.30 2016-04-23 14:16-14:32 r' 90 90
LCO CPT 1.00 2016-04-23 17:31-23:43 clear 60 80
Wise 0.71 2016-04-23 19:39-22:47 ExoP 60 83
ARIES 1.30 2016-04-24 13:51-18:41 r' 90 90
Wise 0.71 2016-04-24 17:23-21:50 ExoP 60 83
ARIES 1.30 2016-04-24 18:44-20:12 r' 180 180
LCO OGG 0.40 2016-04-25 06:02-08:53 clear 270 280
UKIRT 3.80 2016-04-25 06:04-08:17, 08:27-10:41 J 10 12
LCO COJ 0.40 2016-04-25 09:02-09:35 clear 270 279
ARIES 1.30 2016-04-25 13:52-18:23 r' 60 60
VBO 1.30 2016-04-25 15:18-17:50 R 600 600
Wise 0.71 2016-04-25 17:30-21:40, 21:55-23:35 ExoP 60 83
ARIES 1.30 2016-04-25 18:26-20:00 r' 120 120
Ond°ejov 0.65 2016-04-25 19:18-23:19 R 180 186
VBO 1.30 2016-04-26 14:01-19:37 R 900 900
ARIES 1.30 2016-04-26 14:05-19:27, 19:33-20:17 r' 60 60
Ond°ejov 0.65 2016-04-26 19:37-23:11 R 180 186
La Silla 3.58 2016-04-26/27 23:15-05:55 u', g', i' 10, 5, 5 10, 5, 5
LCO LSC 1.00 2016-04-26/27 23:45-23:59, 00:08-00:38, 00:54-00:56,

01:12-01:22, 01:33-01:53, 02:13-03:26,
03:35-04:44, 04:56-05:16

clear 60 84

UCO 0.40 2016-04-27 00:22-01:16 i' 180 196
UCO 0.40 2016-04-27 01:18-02:57 i' 120 134
LCO OGG 0.40 2016-04-27 06:02-08:53 clear 270 280
LCO COJ 0.40 2016-04-27 09:02-10:53, 12:07-12:53 clear 270 279
VBO 1.30 2016-04-27 14:23-16:56, 19:13-19:43 R 900 900
Ond°ejov 0.65 2016-04-27 19:46-20:54, 21:20-23:11, 23:45-23:55R 180 186
VBO 1.30 2016-04-28 13:54-19:17 R 600 600
LCO OGG 0.40 2016-04-29 07:02-07:54, 10:02-10:54 clear 270 281
UKIRT 3.80 2016-05-02 05:42-08:10, 08:18-10:45 K 10 34

Julian Dates (BJD) in Barycentric Dynamical Time (TDB) using
the tool provided byEastman et al.(2010)5.

Although the originalK2 observations showed six stable peri-
ods between� 4:5 � 5h, denoted À'-`F' (Vanderburg et al. 2015),
only the shortest, À'-period (� 4:5h), was detected in ground-based
follow-up observations.Gary et al.(2017) reported the �rst ground-
based detection of a longer-period dip feature, corresponding to the
`B'-period (� 4:6h) of Vanderburg et al.(2015), starting on 2016
April 26. During our own monitoring campaign, three distinctive
dip groups were identi�ed, each sharing a common period and a
close location in phase. Two of these groups, denoted À1' and À2'
in Figs1 and2, share a period close to the originalK2 À'-period:
269:470� 0:005min and269:9 � 0:3min, respectively. These are
the groups denoted as `G6121' and `G6420' inGary et al.(2017),
indicating their �rst detection date (2016 January 21 and 2016 April
20, respectively). The third group, denoted as `B' in Fig.2, corre-
sponds to the `B-dip' group ofGary et al.(2017), with a period

5 http://astroutils.astronomy.ohio-state.edu/time/
utc2bjd.html

of 276:40 � 0:03min, close to the originalK2 `B'-period. Com-
bining the light curves from our monitoring campaign with those
provided byGary et al.(2017), we were able to further constrain
the appearance of the `B' dip to 2016 April 24 (see Fig.B1). Since
the light curve coverage was not complete on this date, we cannot
identify the exact appearance time of the `B' dip. It was �rst de-
tected around 2016 April 24 15:36 (BJD TDB), and might have
been present already on 2016 April 24 06:22 (BJD TDB).

Figs B2, B3, and B4 present a `raw waterfall' plot of the
combined light curve, for the À1', À2', and `B' period, respectively.
In a `raw waterfall' the light curve is folded over the period, plotted
against the actual timing of its sample points, and coloured by the
normalised �ux (the bluer the lower). Thus, a raw waterfall plot
of a dip feature with a constant period would appear as a straight
vertical blue line. A non-vertical straight line pointing to the right
(left) would imply that the plot is folded over a period shorter
(longer) than the actual period of the dip. A curved line pointing
to the right (left) would imply a gradually increasing (decreasing)
period. The periods mentioned above were measured manually `by
eye' using the raw waterfall plots. The period uncertainty represents
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Figure B1. Part of the combined light curve, folded over the `B'-period
(276.40 min). Each cycle is vertically shifted by 0.6 for clarity. The high-
lighted region marks the `B'-dip appearance, around 2016 April 24 15:36
(BJD TDB).

the range of periods either yielding a relatively straight vertical line,
or corresponding to di�erent parts of the slope in case of a curved
line.

Fig. B2, which features the dip group of period À1', shows
a stable period over about half a year. Fig.B3 demonstrates what
appears to be the À2' cloud breaking up, as it gets shallower and
wider in time. This time we see a decrease in the group elements'
period over a few days, as it deviates from the reference vertical
straight arrow in the plot, indicating a decreasing orbital separation.
The À2' group seems to vanish after a couple of weeks. Finally,
Fig.B4shows the appearance (and apparently disappearance) of the
`B'-dip. The `B'-period does not seem to deviate much. All these
�gures (B2-B4) share the same colour scale (from blue to yellow,
with normalised �ux ranging from 0.6 to 1.1). FollowingGary et al.
(2017), we have calculated the `transit EW' for the À2'- and `B'-
dips, de�ned as the area between the out-of-transit unity-normalised
level and the light curve, integrated over a speci�c time interval.6

This quantity re�ects the total obscured area. The transit EW appears
along the raw waterfall plot in FigsB2-B4. While for the À1'-dip,
which has a lifetime of more than half a year, and is consisted of a
few dip-features, it was harder to de�ne the integration limits, for
the shorter-lived À2'- and `B'-dips it was more straight-forward.
The transit EW seems to be relatively constant during the lifetimes
of both the À2'- and `B'-dips, independent of the dip's shape, with
outliers resulting from temporal overlap with other dips, or due to
an insu�cient number of samples within the relevant time interval.
The total À2'-dip EW appears to maintain a� 5min value for a
couple of weeks, while its cloud breaks-up and spreads. The `B'-dip
also maintains a relatively constant EW of� 2min for a little more
than two weeks. In this case, the spread is less evident.

The high signal-to-noise ratio ULTRACAM light curve from
2016 April 26 (when the object was far enough from the moon),

6 This de�nition di�ers from the one used byGary et al.(2017), who used
a dimensionless EW calculated using �tted parameters.
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Figure B2. Left: `Raw waterfall' plot of the combined light curve, folded
over the À1' period (269.470 min) and coloured by amplitude (from blue
to yellow, with normalised �ux ranging from 0.6 to 1.1). There are several
dips sharing roughly the same period, and lasting a few months. The black
vertical arrow represents a constant period. Transits with di�erent orbital
periods ( À2' and `B') appear as diagonal patterns. Right: transit `EW'. The
dashed red lines on the left panel mark the EW integration limits.
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Figure B3. Same as Fig.B2, folded over the À2' period (270.15 min). This
group of dips was �rst detected byGary et al.(2017) on 2016 April 21.
Compared to the black vertical arrow representing a constant period, the
data indicate a decrease in the dip group's period.

shows some �ner details, undetectable by smaller telescopes. Fig.B5
shows an example of such a transit, shorter (� 1:5min) and shal-
lower (� 5 per cent) than usually detected. Unfortunately, we were
not able to observe the target for more than one cycle under these
conditions, which prevents us from estimating the exact period of
this feature. In addition, there is some suggestion of an increase of
�ux preceding the two À1' transits on 2016 April 26 (see Fig.2),
possibly the result of scattering of the WD �ux from the dust cloud
prior to the transit. However, there is a good chance that these are

MNRAS 000, 1� 12 (2017)



12 N. Hallakoun et al.

50 100 150 200 250
Time (mod 276.400) [min]

2

4

6

8

10

12

14

16

18

20

22

B
JD

T
D

B
 -

 2
45

74
99

 [d
]

2016-04-21

2016-04-22

2016-04-23

2016-04-24

2016-04-25

2016-04-26

2016-04-27

2016-04-28

2016-04-29

2016-04-30

2016-05-01

2016-05-02

2016-05-03

2016-05-04

2016-05-05

2016-05-06

2016-05-07

2016-05-08

2016-05-09

2016-05-10

2016-05-11

2016-05-12

A1 A2

B

0.6 0.7 0.8 0.9 1 1.1

0 2 4 6
Transit "EW" [min]

Figure B4. Same as Fig.B2, folded over the `B' period (276.40 min).
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Figure B5. Part of our 2016 April 26 unbinnedg'-band ULTRACAM light
curve, showing an example of a smaller dip feature.

calibration artefacts resulting from the di�culty in de�ning the
out-of-transit parts of the light curve, and they require further in-
vestigation. If this �ux excess is real, it might help to constrain
the dust grain-size distribution (e.gBrogi et al. 2012). As can be
seen in Fig.2, the out-of-transit area around the À1' group is quite
ambiguous, indicating the presence of obscuring material, probably
originating from the same group. This is also evident in Fig.B2 by
the light blue regions surrounding the darker, deeper, transits of the
À1' group.

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