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A B S T R A C T 

WD 0145 + 234 is a white dwarf that is accreting metals from a circumstellar disc of planetary material. It has exhibited a 
substantial and sustained increase in 3–5 μm flux since 2018. Follow-up Spitzer photometry reveals that emission from the 
disc had begun to decrease by late 2019. Stochastic brightening events superimposed on the decline in brightness suggest the 
liberation of dust during collisional evolution of the circumstellar solids. A simple model is used to show that the observations 
are indeed consistent with ongoing collisions. Rare emission lines from circumstellar gas have been detected at this system, 
supporting the emerging picture of white dwarf debris discs as sites of collisional gas and dust production. 

Key words: circumstellar matter – stars: individual: WD 0145 + 234 – planetary systems – white dwarfs. 
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 I N T RO D U C T I O N  

he host stars of virtually all known planetary systems will – or
ave already – become white dwarfs. Giant branch evolution and
tellar mass-loss may dramatically alter system architecture but
lanetary material persists. Up to 50 per cent of white dwarfs are
olluted by metals accreted from orbiting rocky material, often with
ompositions strikingly similar to those of Solar system objects
Zuckerman et al. 2003 , 2010 ; Jura & Young 2014 ; Koester, G ̈ansicke
 Farihi 2014 ). Evidence for closely orbiting planets is emerging

G ̈ansicke et al. 2019 ; Vanderburg et al. 2020 ), and transits by
ust clouds at several stars establish that circumstellar debris is
ommonplace (Vanderburg et al. 2015 ; Vanderbosch et al. 2020 ;
uidry et al. 2021 ). 
Discs of hot dust are known from their excess infrared emission

t around 1.5 per cent of white dwarfs, and are suspected to exist
ndetected at many more (Jura et al. 2007a ; von Hippel et al. 2007 ;
arihi, Zuckerman & Becklin 2008 ; Rocchetto et al. 2015 ; Farihi
016 ; Wilson et al. 2019 ). In rare cases, at just 0.067 per cent
f white dwarfs, emission from gaseous debris accompanies dust
G ̈ansicke et al. 2006 ; Manser et al. 2020 ), and recent evidence
uggests collisions, as opposed to sublimation, are the underlying
as production mechanism (Farihi et al. 2018b ; Swan et al. 2020 ;
alamud, Grishin & Brouwers 2021 ). Gas line profiles exhibit
orphological variation consistent with precession of debris on
 E-mail: a.swan.17@ucl.ac.uk 
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ccentric orbits (Manser et al. 2016 ; Cauley et al. 2018 ; Dennihy
t al. 2018 ; Miranda & Rafikov 2018 ), while short-period equi v alent
idth variations appear to be linked to closely orbiting planetesimals

Manser et al. 2019 ). Ho we ver, neither kind of variability is observed
niversally. 
In 2018, an infrared outburst occurred at WD 0145 + 234, a star

here metals, dust, and gas have been detected (Wang et al. 2019 ;
elis et al. 2020 ). The system brightened by o v er 1 mag in the near-

nfrared within six months, the largest variation yet witnessed at
ny single white dwarf. Ho we ver, infrared v ariability is widespread
t white dwarf planetary systems, with a correlation between high
ariation amplitude and the presence of gaseous debris (Xu & Jura
014 ; Farihi et al. 2018b ; Xu et al. 2018 ; Swan, Farihi & Wilson
019 ; Swan et al. 2020 ). WD 0145 + 234 is thus at the high end of a
pectrum of activity but otherwise representative of its class. 

The popular model for the origin of white dwarf metal pollution
s that asteroids are perturbed on to eccentric orbits, tidally disrupted
hen they pass within the stellar Roche limit, and formed into a disc
f closely orbiting debris that is subsequently accreted (Jura 2003 ).
o we ver, despite dozens of known examples, understanding of these
iscs is still evolving, and fundamental gaps remain. Numerous
echanisms have been proposed to perturb material on to nearly

tar-crossing orbits, of which only wide stellar companions have
een shown to be unimportant (Debes & Sigurdsson 2002 ; Bonsor,
ustill & Wyatt 2011 ; Bonsor & Veras 2015 ; Petrovich & Mu ̃ noz

017 ; Mustill et al. 2018 ; Wilson et al. 2019 ; Small w ood et al. 2021 ).
he details of subsequent disc formation are largely unconstrained,
lthough theoretical efforts have produced plausible models (Veras
t al. 2014 , 2015 ; Malamud & Perets 2020a , b ), where interactions
© 2021 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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eory/newov2/. 
3 www.astr o.umontr eal.ca/∼berger on/CoolingModels/
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etween solids and gas appear to play a key role (Grishin &
eras 2019 ; Malamud et al. 2021 ; Rozner, Veras & Perets 2021 ).
isc lifetimes are uncertain, with model predictions in the range 
0 1 –10 6 yr (Rafikov 2011b ; Wyatt et al. 2014 ), and observational
stimates in the range 10 4 –10 6 yr (Girven et al. 2012 ; Cunningham
t al. 2021 ). Configurations, i.e. geometry and optical depth, are 
lso uncertain. The model most often invoked envisages a compact, 
eometrically thin, optically thick disc (Jura 2003 ), whose inner edge 
eeds accretion via Poynting–Robertson (PR) drag (Rafikov 2011b ). 
t is consistent with infrared fluxes at most systems, albeit with 
trong degeneracies in its parameters, but there are cases where it
ails (Jura, Farihi & Zuckerman 2007b ; F arihi, P arsons & G ̈ansicke
017 ; Gentile Fusillo et al. 2021 ). Moreo v er, it does not predict
nfrared variability, with the possible exception of disc depletion in 
una way accretion ev ents (Rafiko v 2011a ). Optically thin models
ave also been proposed, and they can easily account for variation 
f dust is produced or destroyed (Bonsor et al. 2017 ; Farihi et al.
018b ). Each model on its own has disadvantages, but they are not
utually e xclusiv e. 
Collisions of solid particles within debris discs have been proposed 

o be responsible for infrared variability and evolution of the transit
rofiles of orbiting material (Farihi et al. 2018a , b ; Swan et al. 2020 ),
ut there are other possible causes. If the eccentric debris stream 

roduced by a tidal disruption is long-li ved, K eplerian shear will
edistribute material around the ring, imprinting periodic signals 
n the light curve as clumps are illuminated during perihelion 
assage (Nixon et al. 2020 ). Alternatively, dust liberated by collisions 
etween a circularizing debris stream and an existing disc may form a
alo that evolves under PR drag, potentially leading to flux variation 
n time-scales of years (Malamud et al. 2021 ). At later stages of
volution, a compact, near-circular disc may grind material down into 
ust that sublimates and feeds accretion on to the star. That process
s likely quiescent while in equilibrium, but stochastic delivery of 
resh material can lead to variation in the gas production rate and
nfrared flux (Kenyon & Bromley 2017a , b ). A combination of these
echanisms may generate observed light curves, but it is increasingly 

lear that collisions play an important role. 
This paper reports post-outburst observations of WD 0145 + 234 

rom the Spitzer Space Telescope (Werner et al. 2004 ) and the NASA
nfrared Telescope Facility (IRTF). Light curves, spectra, and derived 
uantities are presented in Section 2, shown to be consistent with a
imple collisional model in Section 3, and discussed in Section 4. A
ummary is given in Section 5. 

 OBSERVATIONS  A N D  DATA  ANALYSIS  

he infrared outburst was announced less than four months before 
pitzer retired, so follow-up observations were urgently scheduled 
uring the final visibility window for the target. Time-series imaging 
as acquired using both the 3.6- and 4.5- μm channels of the Infrared
rray Camera (IRAC; Fazio et al. 2004 ), covering 15 epochs at
 cadence of approximately 2 d. During each visit, 12 frames per
hannel were acquired using 12-s exposures, dithered in the medium 

ycling pattern. The target was also observed once in an unrelated 
rogram, where 11 frames per channel were similarly dithered, with 
n exposure time of 30 s. Observations from both programs span the
eriod 2019 No v ember 8–December 27. 
The Spitzer data were reduced following the procedure detailed 

y Swan et al. ( 2020 ), but a brief summary is given here. All frames
ere inspected for cosmic ray hits on the target star, as the automated
asking in the mission pipeline is not guaranteed to be perfect; 
 out of 382 frames were discarded. Mosaics with 0 . ′′ 6-square pixels
ere assembled from the calibrated images using MOPEX . 1 Aperture 
hotometry was then performed with APEX, 1 using an aperture and 
ky annulus of 3 and 12–20 native pixels, respectively. The rec-
mmended array-location-dependent and aperture corrections were 
pplied. Calibration uncertainties of 2 per cent apply to absolute flux
easurements (Reach et al. 2005 ), but were not added in quadrature

o the photometric errors, as the data form a time series whose relative
alues are analysed. 

While not pivotal to the analysis, photometry is used from WISE ,
 space-based infrared observatory conducting an ongoing all-sky 
urv e y with a six-month cadence (Wright et al. 2010 ). Weighted mean
uxes and uncertainties were derived at each epoch, after discarding 
easurements flagged as problematic. The data used here are the 

ame as relied upon for the initial disco v ery of the outburst (Wang
t al. 2019 ). 

Fig. 1 shows photometry from WISE and Spitzer , and clearly
llustrates the outburst event, the onset of sustained colour changes 
hat followed, and a subsequent decay in flux. In the panel dis-
laying the Spitzer observations, the downtrend is o v erlaid by
tochastic brightening events correlated in both channels (e.g. near 

JD 58 840), which are analysed in Section 3. 
Spectral energy distributions (SEDs) are constructed for each 

hotometric epoch, and are used to model the excess infrared 
mission. A two-stage procedure is used, first inferring the stellar 
arameters ( T eff and log g ) from optical photometry and a parallax
easurement, then performing blackbody fits using the infrared data. 
his approach simplifies computation, and has a negligible impact 
n the blackbody parameter uncertainties. The priors, models, and 
ata for each stage are now described, where uncertainties on all data
re assumed to be Gaussian. 

The stellar parameters ( T eff and log g ) are inferred using Gaussian
riors that are weighted averages of their reported values (Gianninas, 
ergeron & Ruiz 2011 ; Limoges, Bergeron & L ́epine 2015 ), and a
niform prior on the distance. Photometry is retrieved from Pan- 
TARRS DR2 (Chambers et al. 2019 ), and assumed to be constant
s the star has not been reported to be variable at optical wavelengths,
espite its proximity to the ZZ Ceti instability strip. The stellar
hotosphere is modelled by interpolating o v er a grid of theoretical
pectra for pure hydrogen atmospheres 2 (Koester 2010 ), extended 
ith blackbody curves at long wavelengths, and the stellar radius 

s determined from the Montreal grids 3 (B ́edard et al. 2020 ). The
istance is inferred from the Gaia EDR3 parallax (Gaia Collaboration 
020 ), and used to calculate the stellar fluxes in each bandpass. 
To model the excess infrared emission, the stellar parameters 

re held constant at their median posterior values. The combined 
ptical and infrared data are then fitted with the fixed stellar model
lus a blackbody, whose parameters are inferred separately at each 
poch. Priors are set on the blackbody temperature and radius using
eans and standard deviations for the dusty white dwarf population 

Rocchetto et al. 2015 ). Values for the aforementioned quantities are
ummarized in Table 1 , but note that the stellar parameters are subject
o additional systematic uncertainties of at least 1.2 per cent in T eff 

nd 0.038 dex in log g (Liebert, Bergeron & Holberg 2005 ). Results
re shown in the lower panels of Fig. 1 . There is considerable scatter
n the median values, but the blackbody parameters at any given
poch are strongly correlated. 
MNRAS 506, 432–440 (2021) 
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Figure 1. Top panels: Infrared light curve, where the right-hand panel shows a zoomed-in view. Vertical dotted lines indicate the acquisition dates of the SpeX 

spectra shown in Fig. 2 , and horizontal lines show the photospheric flux in each bandpass. Middle and bottom panels: Temperature and radius of blackbody fit 
to the infrared excess at each epoch. Filled grey rectangles in the left-hand panels show the extents of the x - and y -axes of the right-hand panels. 

Table 1. Summary of distributions from SED fitting. Posterior medians are 
given with formal uncertainties only. 

Quantity Distribution/value 

Priors 
P ( log g [cm s -2 ] ) ∼N (8 . 12 , 0 . 05) 
P ( T eff [K] ) ∼N (12986 , 154) 
P ( log R IR [m] ) ∼N (8 . 0 , 0 . 3) 
P ( T IR [K] ) ∼N (1130 , 320) 
Posteriors 
T eff (K) 12 935 ± 140 
log g (cm s -2 ) 8.07 ± 0.01 
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Figure 2. Top panel: SpeX spectra taken approximately 1 yr apart, o v erlaid 
on a model of the stellar photosphere interpolated from published grids 
(Koester 2010 ) using parameters found by fitting optical photometry (Table 1 ). 
Grey shading shows the JHK passband profiles. Bottom panel: Ratio between 
2020 and 2019 spectra highlighting the decline in H - and K -band flux. 
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Spectroscop y w as obtained on 2019 October 19 and 2020 No v em-
er 9 using the SpeX instrument (Rayner et al. 2003 ) on the IRTF at
auna Kea, Hawaii. The 2019 spectra were taken in cross-dispersed
ode with a 0 . ′′ 5-slit, co v ering 0.70–2.55 μm at a resolving power

f R � 1200, obtaining 70 exposures of 120 s each. The 2020
pectra were taken using the prism and a 0 . ′′ 8-slit, co v ering a similar
avelength range at R � 200, obtaining 38 exposures of 60 s each.
tandard procedures were followed: the telescope was nodded, arc

amp calibrations were employed, and a nearby A0V telluric standard
tar was observed. The data were reduced using SPEXTOOL , producing
avelength- and flux-calibrated spectra (Vacca, Cushing & Rayner
003 ; Cushing, Vacca & Rayner 2004 ). These are shown in Fig. 2 ,
ogether with a stellar photosphere model for the best-fitting stellar
arameters (Koester 2010 ). SED fitting is attempted, but produces
nreliable results, owing to imperfect flux calibrations and the lack
f longer wavelength data to constrain the blackbody temperature.
o we ver, it is clear from visual inspection that the spectra are

onsistent with a significant reduction in emitting area, in line with
he trend in the photometry. The spectra co v er the Ca II triplet near
600 Å, a signature feature of circumstellar gas at white dwarfs. The
NRAS 506, 432–440 (2021) 
riplet is detected in emission, but no analysis is attempted because of
nsuf ficient resolution, lo w signal-to-noise ratio, and telluric standard
orrection artefacts. Higher quality data that co v er the triplet at a
imilar epoch have been published elsewhere (Melis et al. 2020 ). 

 COLLI SI ONA L  M O D E L L I N G  O F  T H E  L I G H T  

U RV E  

his section details a toy model for collisions within a debris disc,
nd its application to the decaying portion of the light curve observed

art/stab1738_f1.eps
art/stab1738_f2.eps
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y Spitzer . It is emphasized that this is strictly a proof of concept,
hose utility is confined to answering the question of whether the 

ight curve is consistent with collisional evolution of circumstellar 
ebris. It neither attempts a complete description of the system, nor 
ddresses the initial rise in flux during the brightening phase of the
utburst event. 
Models of planetesimal belts undergoing collisional cascades 

redict that their total mass, and their infrared emission, will decrease 
ith time. The form of the decay curve can be derived using simple

rguments (Dominik & Decin 2003 ; Wyatt et al. 2007a , b ). In a disc
ontaining N objects, each with surface area σ , on orbits that fill a
olume V and intersect each other at a characteristic velocity v, the
ime for a single object to sweep out the whole volume is t s = 

V 
vσ

.
t will therefore encounter other objects on a time-scale t coll = t s / N .
ssuming such encounters are completely destructive, the population 
ill diminish as 

d N 

d t 
= −2 

N 

2 

t s 
. (1) 

This has a solution that sets a characteristic time-scale t 0 for
ollisions among the population: 

( t) = 

N 0 

1 + t/t 0 
where t 0 = 

t s 

2 N 0 
. (2) 

For optically thin material, the emitted flux, mass, and surface 
rea of the collisional swarm all follow equivalent relations. The flux 
emains approximately constant at early times ( t < t 0 ), but on long
ime-scales ( t � t 0 ) it follows a 1/ t curve. Another consequence of
quation (2) is that larger swarms process their material faster, i.e. all
warms follow the same curve at late times, so there is a de generac y
etween N 0 and t 0 (Wyatt et al. 2007b ). 

The dimming in the Spitzer light curve (Fig. 1 ) is consistent
ith such a decay. Overlaid on that trend are brightening events of

mplitude ∼1 per cent correlated in both channels, suggesting dust 
roduction in stochastic collisions. While the 1/ t decay represents 
eha viour a v eraged o v er time-scales δt > t 0 , the stochastic compo-
ent probes time-scales comparable to δt = t 0 . These brightening 
vents are the key feature for which the following analysis seeks to
ccount, where they are modelled as collisions between two objects. 
o attempt is made to model the initial rise in flux and subsequent
ecay that result from the collective behaviour of many solids, as a
ubstantial numerical effort would be required to explore the wide 
arameter space. Instead, the aim of this initial study is to validate
he collisional framework by focusing on this prominent and well- 
ampled aspect of it, and thereby determine whether more complex 
odelling is justified. 
The post-outburst infrared excess may be emission from material 

iberated by a catastrophic collision between planetesimals. A simple 
odel is now used to determine whether ongoing collisions within the 

esulting debris field can be responsible for the observed behaviour. 
y considering objects with a power-law size distribution that reside 

n a low-eccentricity annulus, the frequency of and emitting area 
iberated by collisions can be calculated and compared with observa- 
ions. The frequency will be governed by the orbital parameters, the 
imensions of the annulus, and the size of the objects. The emitting
rea will only depend on the size of the objects. 

For simplicity, the excess infrared emission is assumed to come 
olely from optically thin material. The modest, stable pre-outburst 
nfrared excess could be from debris that had settled into a flat disc
onfiguration (Jura 2003 ), but if it has survived, it would be only a
inor component of the post-outburst flux. 
Follo wing K enyon & Bromley ( 2016 ), the debris is assumed to
ccupy an elliptical annulus of semimajor axis a , radial width δa ,
nd v ertical e xtent H , so that its volume is V = 4 πa δaH . Orbits within
he annulus are characterized by Keplerian velocity v K = 

√ 

GM � /a 

nd period P = 2 π / �K , where G is the gravitational constant, M � is
he stellar mass, and �K is angular frequency. Where particles have 
ypical eccentricity e and inclination i ≈ e /2, they will encounter each
ther with relativ e v elocity v rel ≈ ev K , and have vertical velocity v z ≈
v K . The vertical extent of the annulus can be approximated by H =
 z / �K . Its semimajor axis is estimated from the optical depth τ, taken
o be the co v ering fraction, i.e. the fraction of starlight intercepted
nd reprocessed by dust with total surface area A : 

 = 

√ 

A/ 4 πτ (3) 

Objects are assumed to have a density ρ = 3 g cm 

−3 (representative
f Solar system asteroids; Carry 2012 ), and to form a collisional
warm, with a power-law size distribution n ( r ) ∝ r −q where r is the
bject radius and the exponent q ≈ 3.5 (Dohnanyi 1969 ). Integrating
 v er the size distribution pro vides e xpressions for the total number of
bjects N , their collective surface area A (as defined in the previous
aragraph), and their total mass M between object sizes r 1 and r 2 : 

 = N 0 

∫ r 2 

r 1 

r −q d r, (4) 

 = N 0 

∫ r 2 

r 1 

πr 2 −q d r, (5) 

 = N 0 

∫ r 2 

r 1 

4 
3 πρr 3 −q d r. (6) 

The constant of proportionality N 0 can be determined given one 
f those quantities, e.g.: 

 0 = 

(3 − q) A 

π
(
r 

3 −q 

2 − r 
3 −q 

1 

) = 

(4 − q) M 

4 
3 πρ

(
r 

4 −q 

2 − r 
4 −q 

1 

) . (7) 

F or power-la w slopes in the range of interest (3 < q < 4), one
f the r 1 and r 2 terms in the denominator becomes negligible in
ach form of equation (7) but dominates in the other form. This
pparent contradiction is a reflection of the fact that most of the mass
s contained in large objects, and thus go v erned by r 2 , while the
mallest grains account for most of the emitting area, go v erned by
 1 . The observed infrared emission only constrains A , and thus the
ize of the largest object in the swarm (and total swarm mass) can
e set to an arbitrarily large value without significantly affecting the
esults. 

It is important to appreciate that the collisional cascade continually 
reates and remo v es emitting surface area. Objects of an y giv en size
re destroyed in collisions, but replenished by collisions between 
arger objects, in an equilibrium that maintains the power-law 

istribution. The smallest dust grains are vapourized when they 
ollide (i.e. r 1 remains constant). The long-term decay arises because 
he largest objects cannot be replenished (i.e. r 2 decreases when 
he largest object in the swarm suffers a collision). It is equally
mportant to appreciate that this process is stochastic: large objects 
ollide infrequently, producing a lot of dust, while smaller objects 
ill collide more often but produce less dust. The contributions of

ollisions more frequent than the observation cadence are smoothed 
ut in a light curve, but the larger, less frequent collisions are not,
nd thus leave a detectable signature. 

Now that the model has been defined, the question is whether it
an account for the observed light curve. The median time between
pochs is 2.0 d, during which time flux increases of ∼1 per cent
ometimes occur. If these events represent stochastic, destructive 
MNRAS 506, 432–440 (2021) 



436 A. Swan et al. 

e  

c  

a  

i  

t  

t
 

o  

w  

l  

i  

a  

t  

I  

i  

o
 

a  

N  

a  

b  

r  

w

R

 

b  

w  

N  

d  

f  

a

d

 

t  

t  

a  

w  

i  

r  

t
 

t  

l  

c
 

d  

T  

g  

a  

a  

o  

w  

0  

t  

G  

0  

o  

Figure 3. Top panel: Fractional emitting area of debris that is liberated by a 
single collision between objects of size r shown for three different slopes ( q ) 
of the size distribution power law (there is no dependence on δa / a ). Bottom 

panel: Number of such collisions ( N coll ) per time d t = 2 d shown for three 
dif ferent po wer-law slopes and two different fractional annulus widths (thick 
lines for δa / a = 0.01, thin lines for δa / a = 0.001). In each panel, the dot–
dashed grey lines represent the brightening events seen in the light curve. 
F or e xample, if q = 3.5 and δa / a = 0.01, one collision every 2 d can be 
expected between objects with radii of around 4 km (lower panel), increasing 
the emitting area by 0.01 per cent (upper panel). 
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ncounters between objects in the swarm, then there should be a
haracteristic object size that has an expected rate of collisions of
round 0.5 d −1 , where each collision liberates sufficient material to
ncrease the (instantaneous) total surface area by ∼1 per cent . If so,
hat will permit an order-of-magnitude estimate of the parameters of
he observed collisions. 

Dust production is most efficient in destructive encounters between
bjects of similar sizes. The steep power law means that a given object
ill encounter objects of a similar size to itself much more often than

arger objects, while it is unlikely to be destroyed by more frequent
mpacts from particles much smaller than itself. To simplify the
nalysis, therefore, all collisions are treated as fully destructive, but
hose involving size ratios significantly different to unity are ignored.
n practical terms this is achieved by dividing the size distribution
nto bins, and considering only those collisions that occur between
bjects in the same bin. 
The population of a given size bin will be depleted by collisions,

nd replenished by fragments produced in larger bins, so that Ṅ =
˙
 repl + Ṅ coll within that bin. In the largest bin, Ṅ repl = 0, but for

ll others, Ṅ repl ∼ −Ṅ coll . The rate of collisions can be calculated
y considering the density of objects, their cross-sections, and their
elativ e v elocities. A single object of size r will e xperience collisions
ith the N objects of size R within its bin at a rate: 

 coll = 

N 

V 

π ( r 2 + R 

2 ) v rel . (8) 

This is similar to calculating the sweep time t s mentioned at the
eginning of this section. Ho we ver, equation (1) assumes N is large,
hich is not valid for the larger size bins considered here. Naively,

˙
 coll = −R N ∝ N 

2 , but objects cannot collide with themselves, and
ouble counting collisions between each pair must be a v oided, so a
actor N ( N − 1)/2 replaces N 

2 . The number of collisions in time d t
mongst all N objects within a single bin where r ≈ R is thus: 

 N coll = 

N ( N − 1) 

2 V 

πR 

2 v rel d t . (9) 

Note that the collision rate is independent of eccentricity: from
he model specification abo v e, V ∝ H ∝ v z ∝ i ∝ e and v rel ∝ e , so
he terms in equation (8) cancel. In reality, the radial extent of the
nnulus δa (on which V depends) is determined by eccentricity as
ell as the spread in semimajor axes. Ho we ver, this is not a concern

n this toy model, as even small eccentricities of e ∼ 0.01 lead to
elativ e v elocities of sev eral km s −1 so that collisions can be assumed
o be completely destructive. 

Each collision is assumed to produce fragments that are no larger
han f times the mass of the parent objects, and that respect the power
aw. Taking f = 0.01, the additional emitting area liberated by the
ollision can then be determined from equations (5) and (7). 

To apply the model to WD 0145 + 234, the results of the SED fitting
escribed in Section 2 are used to set values for system parameters.
he stellar mass M � = 0.65 M 	 is interpolated from the Montreal
rids (Tremblay, Bergeron & Gianninas 2011 ). The blackbody area
nd ef fecti ve temperature from the first epoch of Spitzer photometry
re used to e v aluate equations (4) and (9) o v er a suitable range
f object sizes. Because small dust grains radiate inefficiently at
avelengths longer than their size, a lower bound is set at r min =
.3 μm. An arbitrary upper bound is set at r max = 100 km, chosen
o be significantly larger than the total quantity of emitting material.
iven the optical depth (covering fraction) from SED fitting of τ =
.016, equation (3) yields an estimate for the orbital semimajor axis
f a = 9 × 10 8 m. A small eccentricity e = 0.01 is adopted, yielding
NRAS 506, 432–440 (2021) 
 vertical extent H = 4 × 10 6 m for the debris annulus, but it is
eiterated that the model is largely independent of eccentricity. 

Collision rates are calculated, as are emitting areas liberated per
ollision, setting d t = 2 d, for 100 logarithmically spaced size bins
etween r min and r max . Results for different fractional annulus widths
 δa / a ) and power-law slopes ( q ) are shown in Fig. 3 . The horizontal
ot–dashed lines indicate values that relate to the observations, i.e.
ne collision per 2 d, generating sufficient additional surface area to
ncrease the infrared flux by about 1 per cent. As the width of the
nnulus decreases, collisions between large objects become more
requent. A steeper power law has the opposite effect, as more
ass is concentrated into smaller particles. While the value of the

ragmentation parameter f is chosen arbitrarily, it has minimal impact
n the results: f must be decreased by six orders of magnitude to cause
he same change in dust area liberated as an increase in q of 0.1. 

It is clear that reasonable choices for the model parameters can be
ade that produce collisions at the expected rate and scale. Ho we ver,

o be consistent with the observations, the lines in both panels of
ig. 3 should cross the dot–dashed lines at the same r . In other
ords, there should be a characteristic size where objects experience

ollisions that liberate the observed quantity of dust on time-scales
pproximately equal to the observ ed cadence. P arameter values that
chieve this are now calculated. Equation (7) can be rearranged to
nd the largest fragment in the debris from a collision, for a given
alue of q , and thus the size of the parent body. That identifies the
ize bin for which collisions of interest occur, and equation (9) can
hen be used to find the value of δa that yields d N coll = 1. Fig. 4
hows the parameter combinations that produce collisions consistent
ith the observations. 
The parameters of the collisional swarm can be compatible with the

ata across a wide range of values, but some choices are physically
nlikely. Lo wer v alues of q require higher v alues of r max in order
o provide sufficiently large colliding objects, although the value of
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Figure 4. Combinations of size distrib ution power -law slope ( q ) and frac- 
tional annulus width ( δa / a ) that result in destructive encounters once every 
2 d, and liberate sufficient material to increase the observed flux by 1 per cent. 
The line is not smooth because of the size bins used in the calculations. 
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Figure 5. Light curve for GD 56, which resembles the Spitzer data presented 
in Fig. 1 , but on a time-scale two orders of magnitude longer. The stellar 
photosphere contributes 120 and 65 μJy in the WISE W1 (3.4 μm) and 
W2 (4.6 μm) bands, respectively. 
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hat parameter does not otherwise impact the results significantly. For 
xample, setting r max = 10 4 m requires that q � 3.60, while r max =
0 5 m allows q � 3.35. Higher values of q lead to unrealistically
arrow annuli of debris: Fig. 4 shows that for q = 3.7, objects have
rbits that differ by only δa ≈ 10 2 m (recalling that a ≈ 10 9 m).
o we ver, a v alue near the canonical q = 3.5 yields a more reasonable

a ≈ 10 4 m. In that case, collisions between objects of r ≈ 25 km
an liberate material with 1 per cent of the total emitting area every
 d, and it therefore appears that the model can account for the
bservations. 
Stepping away from the model, a crude estimate can be made 

f the scale of the event that triggered the outburst. Equation (5),
ith q = 3.5 and fragmentation parameter f = 0.01, suggests that
 collision between two objects of r ≈ 200 km would generate an
mitting area sufficient to produce the peak observed flux. Such 
bjects would have a combined mass of M ≈ 2 × 10 20 g. This is
arger than previous estimates of the minimum dust mass (Wang 
t al. 2019 ) because, as al w ays, the size distribution concentrates
ass in the largest objects, which contribute little emitting area. It is

lso undoubtedly an o v erestimate, as the peak flux occurred at least
 yr after the initial outburst, during which time continuing collisions
ithin the debris would have generated more dust. Consideration of 

he duty cycle and rates of white dwarf metal accretion, minimum 

hotospheric metal masses, and estimated disc lifetimes implies that 
bjects large enough to cause the outburst event are likely to be
eadily available to white dwarf debris discs (e.g. Koester et al. 2014 ;
ollands, G ̈ansicke & Koester 2018 ). Therefore, given the success
f the simple analysis described here, a more detailed exploration 
f the outburst event may be worthwhile, extending the model to 
ccount for the initial rise in infrared emission. 

 DISCUSSION  A N D  O U T L O O K  

he analysis in Section 3 establishes that the Spitzer data presented 
n Fig. 1 are consistent with ongoing collisions within the circum- 
tellar material at WD 0145 + 234. The long-term light curve is now
nterpreted in that context, and compared to that at another system.
he nature of the infrared outburst is then examined, and the link
ith gas emission lines is discussed. Finally, the limitations of the
odel and some directions for future work are set out. 
A modest, stable infrared excess apparently existed when obser- 

ations began in 2010, persisting until the outburst event in 2018.
hat emission may have come from a compact, optically thick disc.
he subsequent increase in both temperature and emitting area is 
onsistent with the production of optically thin dust in a destructive
ollision, as previously noted (Wang et al. 2019 ). Unshielded dust
as a higher temperature at a given distance from the star than it
ould in an optically thick configuration, so a change in radial

ocation is not necessarily implied; in other words, the collision 
ould have happened within an existing debris disc, as envisaged 
n some models (Kenyon & Bromley 2017a ). The emitting area
ncreased towards a peak in 2019, while the temperature returned 
o pre-outburst values. If the colliding material is radially distinct 
rom the original disc, the light curve could show it settling into
n optically thick configuration, accompanied by radial spreading. 
hat would account for the temperature decrease as dust becomes 
hielded from starlight, while angular momentum exchange during 
ollisions increases the disc surface area, and thus the emitted flux.
lternatively, if the colliding material resides on orbits that intersect 

he original disc, debris liberated in ongoing collisions is likely to be
bsorbed into the disc on orbital time-scales (Farihi et al. 2018b ). In
hat scenario, the ef fecti ve temperature traces the ratio of optically
hin to optically thick emission, and therefore the net rate of dust
roduction and destruction. Ho we ver, at least some of the debris is
ikely to be scattered on to orbits beyond the disc, complicating this
icture (Malamud et al. 2021 ). 
The downtrend in the Spitzer light curve could result from a change

n surface area or temperature of the emitting material. Linear fits to
he blackbody parameters inferred in Section 2 are consistent with 
 decrease in emitting area (2 . 8 σ significance), but no change in
emperature. Interestingly, the flux decay at WD 0145 + 234 bears a
triking resemblance to that identified at GD 56 (Farihi et al. 2018b ),
here the latest WISE data for that star show the trend continuing

Fig. 5 ). Despite time-scales that differ by two orders of magnitude,
oth light curves are consistent with 1/ t decay. Moreo v er, the y are
oth o v erlaid with brightening ev ents (e.g. near MJD 58 000 for
D 56). As argued abo v e, all of these features are consistent with
ust production and destruction in a collisional cascade, lending 
trong support to the idea that collisions are a primary cause of white
warf debris disc evolution. 
The infrared outburst has been interpreted as the tidal disruption 

f an asteroid (Wang et al. 2019 ). Ho we ver, such e vents occur at
MNRAS 506, 432–440 (2021) 

art/stab1738_f4.eps
art/stab1738_f5.eps


438 A. Swan et al. 

m  

s  

t  

f  

v  

i  

c  

i  

s  

m
 

i  

c  

c  

o  

2  

w  

o  

&  

s  

t  

s  

a  

m  

F  

m  

b  

l  

a  

f  

l  

c  

b  

e  

s  

o
 

p  

S  

e  

t  

c  

p  

a
d  

i  

n  

a  

t  

t  

t  

s
 

f  

u  

b  

t  

i  

t  

f  

e  

h  

d  

e  

(  

i  

a  

w  

o  

i  

w  

w  

o  

a  

e  

l  

w  

w  

t  

b
 

T  

o  

K  

a  

v  

e  

b  

e  

d
 

r  

i  

d  

e  

o  

t  

s  

o  

m  

c
 

W  

i  

c  

o  

c  

o  

h  

S  

o  

H  

n  

a  

a

5

T  

a  

d  

i  

t  

i  

M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/506/1/432/6307028 by U
C

L, London user on 26 M
ay 2022
ost once in the history of an object, requiring observation at a
pecial time, whereas collisions within debris already orbiting close
o the star are an ongoing process. WD 0145 + 234 thus stands apart
rom other dusty white dwarfs only in the amplitude of its infrared
ariation, suggesting that it is merely the most active member of
ts class at present. While the infrared outburst moti v ated the high-
adence Spitzer observations that enable this study, such an event
s not a condition of the collisional model, which deals only with
tochastic collisions within a population of planetesimals. Such a
odel is thus universally applicable to white dwarf debris discs. 
Gaseous debris is observed at a subset of dusty white dwarfs,

ncluding WD 0145 + 234. The results presented here reinforce the
orrelation between infrared variation and emission from gas, where
ollisions are proposed both as the cause of variation and as a source
f gas (Kenyon & Bromley 2017b ; Swan et al. 2020 ; Malamud et al.
021 ). Recondensation of gas on to dust grains provides a sink, and
hile there is not yet a theoretical consensus, that process potentially
perates on orbital time-scales (Johnson et al. 2012 ; Metzger, Rafikov
 Bochkare v 2012 ). Equi v alent widths of emission lines in observed

ystems have typically remained stable over time-scales longer than
his, suggesting a steady state between gas production and reconden-
ation. There are exceptions, ho we ver, where significant increases
nd decreases in emission-line equi v alent widths have been seen o v er
onths or more (Wilson et al. 2014 ; Dennihy et al. 2020 ; Gentile
usillo et al. 2021 ). Under the model considered here, equilibrium
ay be maintained by constant gas production in frequent collisions

etween small objects, and disturbed by stochastic collisions between
arge objects. Should the rate of collisional gas production increase on
 time-scale shorter than that of recondensation, there is the potential
or gas to accumulate temporarily. That may lead to an increase in
ine equi v alent widths, unless the gas is optically thick, in which
ase the process will be hidden from view, and recondensation may
e enhanced in the lower temperature environment. Monitoring gas
mission systems for equi v alent width v ariation, or otherwise, with
imultaneous infrared co v erage, will be useful to inform modelling
f gas production and recondensation. 
In addition to long-term morphological variations consistent with

recession, emission lines in the prototype gas emission system
DSS J122859.93 + 104032.9 also exhibit sinusoidal variations in
qui v alent width on a time-scale of hours. These are proposed to
race the orbital period of a planetesimal embedded in a disc, where
ollisions generate the observed gas (Manser et al. 2019 , 2020 ). The
lanetesimal size is not tightly constrained, but could be as small
s 4 km. That model is conceptually similar to that presented here –
ebris discs are by definition planetesimals embedded in a disc – but
t focuses on ongoing interactions with a single object, rather than
umerous destructive collisions between similar-sized planetesimals
mong a population, as considered here. Ho we ver, it is not suggested
hat there is any tension, as the model here is generic, and subsumes
he special case where a single object becomes dominant owing
o, say, possessing significantly higher internal strength than the
urrounding debris. 

The collisional model adequately accounts for the observed in-
rared variability, but some aspects of white dwarf debris discs remain
nexplained. While the strongest infrared variation is accompanied
y gas emission lines, as e x emplified by WD 0145 + 234, the correla-
ion is not perfect (Swan et al. 2020 ). GD 56 has a strikingly similar
nfrared light curve to WD 0145 + 234, as discussed above, yet despite
hat strong variation it has never been reported to show emission
rom gas, including during the ongoing infrared dimming (Farihi
t al. 2018b ). Conversely, some systems with emission features
ave not displayed strong infrared variation, with the caveat that
NRAS 506, 432–440 (2021) 
ata are sparse. Intriguingly, post-outburst observations of the gas
mission at WD 0145 + 234 reveal no equivalent width variations
Melis et al. 2020 ), and a similar lack of variation accompanied the
nfrared dimming event at WD J0959 −0200 (Xu & Jura 2014 ). The
pparent absence of a correlation between infrared and equi v alent
idth variation may be an optical depth effect: if the emitting gas is
ptically thick, its production or destruction will cause no variation
n equi v alent width. Yet other systems display significant equi v alent
idth variability, most strikingly at SDSS J161717.04 + 162022.4,
here the emission features first strengthened, then faded completely
 v er sev eral years (Wilson et al. 2014 ). That event was interpreted
s an impact on to an existing disc, an idea that had previously been
xplored theoretically (Jura 2008 ). The persistence of gas beyond the
ikely short time-scale for recondensation suggests a stream of debris
ould be responsible, rather than a single object, in line with recent
ork (Malamud et al. 2021 ). Such a configuration is distinct from

he single annulus considered here, but the collisional model could
e extended to explore that scenario, as the same principles apply. 
The data and analysis presented here each have some limitations.

he toy model assumes that all dust produced by collisions is
ptically thin, which may not be true initially, though spreading and
eplerian shear will quickly disperse it. Destructive collisions are

ssumed, but the model is independent of eccentricity, so collision
elocities are unconstrained. Ho we ver, that is not a concern: an
ccentricity of e � 0.002 is sufficient for the model to work, found
y equating the specific centre-of-mass collision energy of two
qual-mass objects with the specific energy required for catastrophic
estruction (Kenyon & Bromley 2017a , section 3.2). 
The data co v er only a small part of the rele v ant wavelength

ange, hence the choice of a single-temperature blackbody model
n SED fitting. Wider spectral co v erage would allow more detailed
isc models to be tested, where longer wavelengths constrain the
ccentricity of orbiting debris, and higher resolution allows an
paque disc to be distinguished from optically thin dust. Increased
ime resolution, as well as longer baselines, would reveal whether the
tochastic brightening events seen here on a 2-d cadence also occur
n other time-scales, allowing a more stringent test of the collisional
odel. The data are at present insufficient to search for periodic

hanges that could be linked to orbital time-scales. 
The clear change between the two SpeX spectra makes
D 0145 + 234 the third non-pulsating white dwarf known to vary

n the K band (Xu & Jura 2014 ; Xu et al. 2018 ). A 3-yr monitoring
ampaign found no significant K -band variations among a sample
f 34 stars, but would undoubtedly have been sensitive to the flux
hange reported here (Rogers et al. 2020 ). Ground-based monitoring
f the dusty population will therefore continue to be valuable, as it
as the potential to detect major collisional events at dusty stars. With
pitzer no longer operational, the ongoing NEOWISE surv e y is the
nly space-based facility that will monitor this star in the infrared.
o we ver, JWST and SPHEREx should become operational in the
ext few years, promising enhancements in wavelength coverage
nd spectral resolution that will enable the investigations outlined
bo v e. 

 SUMMARY  

his paper presents Spitzer observations of WD 0145 + 234 in the
ftermath of its infrared outburst event. The light curve shows a
ecay trend suggestive of collisional evolution, and a toy model
s employed to test whether the Spitzer data are consistent with
hat scenario. An annulus of debris undergoing a collisional cascade
s considered, whose constituent planetesimals follow a power-law
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ize distribution. Encounters between similar-sized objects produce 
resh debris, where a given object size results in collisions with a
haracteristic frequency and dust quantity. The model parameters 
re tuned to generate events that are consistent with the short-
erm variability in the infrared light curve, i.e. the small bumps 
uperimposed on the decay trend. Reasonable choices of parameters 
an be made that fit the data, so the model is successful. 

This analysis shows that the post-outburst light curve is consistent 
ith collisions between planetesimals in a debris disc. Furthermore, 

he stable pre-outburst infrared excess suggests that a debris disc 
as already in place, whose mass of emitting dust grains increased 
uring the event. Though neither the brightening phase of the outburst 
or the origins of the proposed annulus of debris are modelled, it
ppears that interactions within circumstellar debris can account for 
he observations, without the need to invoke a tidal disruption. That 
onclusion is underlined by the similarity between the light curves at 
D 0145 + 234 and GD 56, showing that such behaviour is not rare. 
Emission from circumstellar gas has been detected at 
D 0145 + 234, consistent with the idea that planetesimal collisions

rive both dust and gas production. However, it is not yet clear how
he variation observed in infrared flux and in equi v alent widths of
mission lines are linked. While the source of gas appears to be
ollisions, sinks such as recondensation are less well understood, 
uggesting a direction for future work. 
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