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ABSTRACT

A widely-held assumption is that each single white dwarf containing observable rocky
debris requires the presence of at least one terrestrial or giant planet to have gravitationally perturbed the progenitor of the debris into the star. However, these planets
could have been previously been engulfed by the star or escaped the system, leaving
behind asteroids, boulders, cobbles, pebbles, sand and dust. These remaining small
bodies could then persist throughout the host star’s evolution into a white dwarf at
≈ 2 − 100 au scales, and then be radiatively dragged into the white dwarf without the
help of a planet. Here we identify the parameter space and cooling ages for which this
one metal-pollution mechanism is feasible by, for the first time, coupling PoyntingRobertson drag, the Yarkovsky effect and the YORP effect solely from rapidly dimming white dwarf radiation. We find that this no-planet pollution scenario is efficient
for remnant 10−5 − 10−4 m dust up to about 80 au, 10−4 − 10−3 m sand up to about
25 au and 10−3 − 10−2 m small pebbles up to about 8 au, and perhaps 10−1 − 100 m
small boulders up to tens of au. Further, young white dwarf radiation can spin up large
strength-less boulders with radii 102 − 103 m to destruction, breaking them down into
smaller fragments which then can be dragged towards the white dwarf. Our work
hence introduces a planet-less metal-pollution mechanism that may be active in some
fraction of white dwarf planetary systems.
Key words: Kuiper belt: general – minor planets, asteroids: general – planets and
satellites: dynamical evolution and stability – stars: evolution – white dwarfs.

1

INTRODUCTION

White dwarf planetary systems are abundant. Dedicated
surveys of single white dwarfs whose photospheres contain
unambiguous signatures of rocky debris (so-called “pollutants”) suggest that between 25 and 50 per cent of these
degenerate stars host planetary systems (Zuckerman et al.
2003, 2010; Koester et al. 2014). In terms of raw numbers,
the tally is well over 1,000 (Coutu et al. 2019), and is set
to jump by over an order of magnitude with recent Gaia
discoveries (Gentile Fusillo et al. 2019).
However, the number of white dwarf systems for which
actual planets (mostly round objects with radii above 103
km) have been discovered is only a handful (Thorsett et al.
1993; Sigurdsson et al. 2003; Luhman et al. 2011; Gänsicke
et al. 2019; Vanderburg et al. 2020; Blackman et al. 2021).
This small value results from both the frequency of planets
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which do exist around white dwarfs, and the considerable observational challenges of discovering such planets (e.g. Sandhaus et al. 2016; Marsh 2018; van Sluijs & Van Eylen 2018;
Cortés & Kipping 2019). Although discoveries are mounting
and the statistics will improve significantly (Perryman et
al. 2014; Danielski et al. 2019; Tamanini & Danielski 2019;
Kang et al. 2021), there exists a signficiant gap in detection
numbers between planets and pollution detections due to
observational bias.
Consequently, understanding how dependent pollution
is on the presence of planets is important. Before the discovery of any white dwarf planets, Graham et al. (1990)
speculated that dusty signatures around G29-38 could have
arisen from a catastrophic event involving asteroids during
the white dwarf phase, followed by inward radiative drag
due to the Poynting-Robertson effect. Subsequently, the idea
that dusty debris is formed by a tidal destruction event has
become canonical (Jura 2003, 2008), spurred on by evidence
that, in at least some systems, tidal disruption is ongoing
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(Vanderburg et al. 2015; Vanderbosch et al. 2020; Farihi et
al. 2021; Guidry et al. 2021).
The tidal disruption of asteroids requires the presence
of planets because asteroids are too large to be radiatively
dragged via Poynting-Robertson drag from a distance of a
few au to the white dwarf Roche sphere: a few au represents the minimum distance at which a primordial asteroid can avoid engulfment from the progenitor giant branch
star (Mustill & Villaver 2012; Adams & Bloch 2013). Hence,
planets are needed to gravitationally perturb the asteroids
towards the white dwarf. Brouwers et al. (2021) recently set
out a detailed road map for pollution in white dwarf systems
under this assumption.
Challenges to this canonical theory of the dynamical
origin of pollution have arisen from the alternate ideas of
second-generation formation (Perets 2011; Perets & Kenyon
2013; Bear & Soker 2014; Schleicher & Dreizler 2014;
Völschow et al. 2014; Hogg et al. 2018), evaporation of
planetary atmospheres (Schreiber et al. 2019), and impact
ejecta from collisions with planets (Veras & Kurosawa 2020).
However, second-generation formation around single white
dwarfs is feasible only for high disc masses (> 1023 kg) (van
Lieshout et al. 2018), and the other two ideas still require
the presence of planets.
Here, we consider systems where planets have already
been removed through either engulfment into the star or
escape due to gravitational scattering. For example, within
protoplanetary discs, fast migration could drive planets into
the star (e.g. Ogihara et al. 2015; Paardekooper & Johansen
2018; Raymond & Morbidelli 2020). During the main sequence, tidal inspiral of close-in planets will eventually lead
to destruction (e.g. Hamer & Schlaufman 2019; AlvaradoMontes et al. 2021; Ma & Fuller 2021), while exterior planets
could escape through scattering (e.g. Davies et al. 2014; Pu
& Wu 2015; Petit et al. 2020; Wang et al. 2020). During the
giant branch phases, the increasing size of the star engulfs
planets out to au-scale distances (e.g. Mustill & Villaver
2012; Nordhaus & Spiegel 2013; Madappatt et al. 2016;
Ronco et al. 2020). During the white dwarf phase, escape
(e.g. Maldonado et al. 2020a,b, 2021) tidal inspiral (Veras
et al. 2019b; Veras & Fuller 2019) and atmospheric evaporation (Schreiber et al. 2019) could all remove planets.
Left behind could be fully-formed asteroids and smaller
objects. As these objects are exposed to the star’s changing
mass and luminosity, disc or belt structures evolve according
to a variety of collisional and radiative processes (Bonsor &
Wyatt 2010; Dong et al. 2010), whereas individual boulders
or asteroids may be subjected to radiative spin-up and drift
from the Yarkovsky and YORP effects (Veras et al. 2014b,
2015a, 2019a; Veras & Scheeres 2020). The final system configuration at the birth of the white dwarf depends strongly
on the fine details of these processes.
Our study starts at this epoch. For the first time, we
quantify if and how the rapidly weakening radiation from
a white dwarf alone can generate pollutants on arbitrary
au-scale orbits left over from giant branch evolution by coupling Poynting-Robertson drag, the Yarkovsky effect and the
YORP effect. Previous relevant work on au-scale radiative
drag in white dwarf systems (Veras et al. 2015b) assumed
the presence of at least one planet. Consequently, their parameter space exploration was limited to initially highly eccentric debris orbits. Further, they did not incorporate the

Figure 1. Size definitions of objects used throughout this paper,
along with the size ranges of applicability of different radiative
forces. Translucent arrows indicate feasible but unlikely applicability.

Yarkovsky and YORP effects in their calculations, and they
explored only a four-order-of-magnitude size range of objects
affected by Poynting-Robertson drag alone.
In this paper, we first present definitions and equations
in Section 2 before describing our simulations and results
in Section 3. Sections 4 and 5 then represent discussion sections. In Section 4, we discuss the potential size distributions
and distance ranges of leftover planetary debris from the giant branch phases, and in Section 5 we discuss potentially
observable features which may be used to distinguish noplanet pollution from planet-rich pollution. We conclude in
Section 6.

2

DEFINITIONS AND EQUATIONS

In this work, we investigate the evolution of objects which
are smaller than planets. The term planet is defined as a
mostly round object of radius greater than 103 km. We further define seven types of smaller objects (dwarf planets, asteroids, boulders, cobbles, pebbles, sand, dust) and shoehorn
their size ranges into the convenient order-of-magnitude
scaling of Fig. 1. These objects are also considered to be
primarily but not entirely round so that (i) a mean radius
R can be defined, (ii) the mass, mean radius and density ρ
(assumed constant) are simply related through a spherical
© 2021 RAS, MNRAS 000, 1–12
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approximation, (iii) and the YORP effect can be applied,
which requires at least slight asymmetries.
The physical processes that we consider encompass almost the entire range on the scale in Fig. 1. We will now go
through each of these processes in turn.
2.1

Poynting-Robertson drag

The first is Poynting-Robertson (PR) drag. In white dwarf
planetary science, PR drag is usually invoked only within the
immediate vicinity (a couple Solar radii) of the white dwarf
(Rafikov 2011a,b) or for highly eccentric orbits produced due
to tidal disruption (Veras et al. 2015b; Nixon et al. 2020;
Brouwers et al. 2021; Li et al. 2021; Malamud et al. 2021).
Here, however, we apply PR drag on 10−3 − 102 au-scale
distances of unperturbed objects of nearly any eccentricity.
PR drag creates an inward drift, and changes the semimajor axis a and eccentricity e of an object secularly (i.e.
averaged over anomalies or longitudes) according to (Wyatt
& Whipple 1950)

 
 
2
da
1 3 (QABS + QREF ) 2 + 3e L?
=−
,
(1)
dt PR
c2
16πRρa (1 − e2 )3/2
 
 
de
1 15 (QABS + QREF ) eL?
√
=−
.
(2)
dt PR
c2
32πRρa2 1 − e2
In Eqs. (1-2), c is the speed of light, L? is the time-dependent
luminosity of the star, QABS is a constant that describes the
object’s reflection efficiency, and QREF is a constant that
describes the object’s absorption efficiency. Hence, the drift
is always inward, but is modulated by the sum of QABS +
QREF .
In this study, our goal is to place limits on the motion by establishing bounds. Hence, subsequently we assume
QABS + QREF = 1 and consider PR drag only in the object
size regime of R = 10−5 − 100 m. Smaller objects, such as
micron-sized dust, are subject to complex scattering properties from the Mie scattering regime, and may not be adequately modelled with the above equations. For boulders
larger than R = 100 m, the effect is applicable but negligible, and need not be considered (indicated by a translucent
arrow on Fig. 1).
2.2

Yarkovsky effect

The Yarkovsky effect can overwhelm PR drag – by a factor of
(c/v) – where v is velocity. However, the Yarkovsky effect is a
more complex function of the shape of the object, as well as
its spin angular momentum and orbital angular momentum
(Brož 2006). Veras et al. (2015a) attempted to combine these
last two components in a self-consistent analytical way in
terms of orbital elements by assuming a spherical object.
They derived secular expressions for those elements.
By considering only the maximum possible Yarkovsky
drift, we can apply these secular expressions here. 1 The
maximum semimajor axis change due to the Yarkovsky effect equals
1

The way to achieve these limiting values is to adopt, in the
notation of Veras et al. (2015a), constant values of Q11 = Q22 =
Q33 = 1, Q12 = 1/4, i = 0◦ , Ω = 0◦ , and ω = 0◦ .
© 2021 RAS, MNRAS 000, 1–12
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where M? is the mass of the star and the O term represents
a single term rather than a longer series. Computing the
maximum eccentricity change due to the Yarkovsky effect
is slightly more involved but equals the following compact
expression:
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1
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e3
 
1
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Note that the term in square brackets is always positive or
zero, and as e → 0, de/dt → 0.
Unlike PR drag, the Yarkovsky effect can shift objects
inwards or outwards, repeatedly changing direction throughout the evolution. In order to roughly quantify this variability, we introduce a constant efficiency factor ξ ∈ [−1, 1] such
that
 
 
da
da
=ξ
,
(5)
dt Yar
dt Yar,Max
 
 
de
de
=ξ
.
(6)
dt Yar
dt Yar,Max
We are uninterested in the case of net outward migration
(ξ < 0), and in most instances adopt the maximum inward
drift scenario (ξ = 1).
Comparing Eqs. (1-4) with one another illustrates that
when both the Yarkovsky effect and PR drag operate simultaneously, then the Yarkovsky effect takes over. Hence,
understanding when the Yarkovsky effect is “activated” is
important. This activation could occur only if the object
is large enough to internally redistribute heat and emit it
anisotropically, a capability which is also dependent on the
object’s spin, thermal conductivity and thermal capacity.
We adopt the activation size range of R = 10−1 − 106 m
that is given in Fig. 1 based on the findings of Veras et al.
(2015a). The lower end of this range is uncertain, but, as
we will show, does affect our results. Hence, Fig. 1 indicates
that each of PR drag and the Yarkovsky effect may dominate
in the size range R = 10−1 − 100 m.
2.3

YORP effect

Unlike PR drag and the Yarkovsky effect, the YORP effect
does not alter orbital parameters. Instead, the YORP effect
spins up and/or down the objects (Vokrouhlický et al. 2015).
The consequences are important for our study because if
the object is spun up to break-up speed, then the resulting
fragments could be small enough to be efficiently radiatively
dragged into the white dwarf.
Like the Yarkovsky effect, the YORP effect is a nontrivial function of shape and internal structure, and can change
spin direction throughout the evolution. A rough but useful
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Figure 2. Determining whether an object first sublimates or
disrupts upon drifting close to the white dwarf, as a function of
the star’s cooling age. The red dashed lines indicate sublimation
distances for three different materials, and the three blue horizontal lines indicate different Roche radii. The plot suggests that
all destruction activity occurs within a distance of about 10R .
After about 100 Myr, this value is decreased to about 1R . For
cooling ages of several Gyr, strong objects can easily reach within
0.2R before being destroyed.

maximum estimate for how quickly the object’s spin rate,
ω, can change on secular timescales is (Scheeres 2007, 2018)
 



dω
L?
3Φ
χ
1
√
=
.
(7)
dt YORP,max
4π ρR2
a2 1 − e2 L
This estimate represents a maximum estimate because
Eq. (7) assumes monotonic spin-up. In the equation, the
un-delimited coefficients represent constants which are fixed
across all simulations, with Φ = 1 × 1017 kg m s−2 being the
Solar radiation constant. The terms in parenthesis are constants throughout an individual simulation, but may be altered across different simulations. In this sense, these three
parameters (χ,ρ,R) together represent a scaling factor for
the results. Within this scaling factor, the term χ is a catchall parameter which characterizes the asymmetry and obliquity of the object. A typical value which we will adopt is
χ = 10−3 . For spherical objects (χ = 0), the YORP effect
turns off. In this sense, we are deliberately being slightly
inconsistent in our spherical definition of R when χ = 10−3 .
Finally, the term in square brackets is time-variable
throughout each simulation. Because Eqs. (1-7) all depend
on a and e, all those equations must be solved simultaneously. However, none of them can be solved without first detailing the time dependence of the stellar luminosity (L? ),
which we do in the next subsection.
First, we discuss the size range of applicability of the
YORP effect. Key observational evidence in the form of the
spin and size characteristics of solar system boulders and asteroids guides our choices. Figure 2 of Hu et al. (2021) reveals
a sharp natural line in this parameter space for R = 102 −106
m. In this size regime, almost no boulders or asteroids harbour a spin period shorter than about 2.3 hours. The likely
reason is that 2.3 hours represents the “spin barrier” for
rubble pile asteroids with no material strength, such that
any spin period shorter than 2.3 hours would break apart
the asteroid.
In contrast, boulders with R = 100 − 102 m appear
to easily bypass this spin barrier, with spin periods much

shorter than 2.3 hours. These boulders probably then have
material cohesive strength, and are more likely to represent
“monoliths” rather than rubble piles. The arrows on Fig. 1
reflect this division in size. The translucent arrow indicates
that monoliths larger than 102 m do exist, but are rare.
Monoliths as large as R = 104 m are physically feasible
(Zhang et al. 2021).
The rotational break-up speed of an approximately
spherical asteroid can be approximated as (Sánchez &
Scheeres 2014; Scheeres 2018)
r
4πGρ
4S
ωbreakup =
+
,
(8)
3
3ρR2
where S represents the object’s material cohesive strength.
The 2.3 hour spin barrier is approximately obtained in the
rubble pile limit, by setting S = 0 Pa. Finally, note that
upon reaching the white dwarf phase, an object’s initial spin
may be any value from −ωbreakup to 0 to ωbreakup .
2.4

Luminosity

A key parameter underpinning the manner of the object’s
evolution is the stellar luminosity, L? . A useful approximate
analytical expression for a white dwarf’s luminosity variation as a function of time is (Mestel 1952)

−1.18

t
M?
0.1 +
.
(9)
L? = 3.26L
0.6M
Myr
This equation illustrates that the moment a white dwarf
is born, its luminosity is ∼ 10L . After just 1 Myr, its luminosity decreases to ∼ 1L , whereas after 10 Myr, its luminosity decreases to ∼ 0.1L . Hence, for the vast majority of
a white dwarf’s existence, L? < L , meaning that PR drag,
the Yarkovsky effect and the YORP effect are generally less
effectual than along the main sequence and especially along
the giant branches.
2.5

Sublimation and tidal destruction

This time-varying luminosity can be used to determine the
distance at which objects would sublimate (e.g. Steckloff et
al. 2021). Objects that are dragged towards the white dwarf
will eventually be destroyed, either through sublimation, or
by entering the disruption, or Roche sphere. Which of these
two possible fates will occur is determined by the age of the
white dwarf and the material properties of the object.
An approximate expression for the distance from the
white dwarf at which a particular material will sublimate,
rsub , is (Rafikov 2011b)

2
R?
T?
rsub =
,
(10)
2
Tsub
where R? is the radius of the white dwarf, T? is the effective
temperature of the white dwarf, and Tsub is the sublimation
temperature of the object. We can combine Eq. (10) with
Eq. (9) and with the equation for a blackbody
L? = 4πR?2 σT?4 ,

(11)

where σ is the Stefan-Boltzmann constant, to obtain
s


−1.18
1 3.26L
M?
t
rsub =
0.1
+
.
4
4 πσTsub
0.6M
Myr

(12)
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Figure 3. The time evolution of four types of objects (dust, sand, pebbles, small boulders) due to PR drag or the Yarkovsky effect.
Within each pair of curves, the dashed one represents the semimajor axis, and the solid one represents the orbital pericentre. By tweaking
the object radius, initial semimajor axis, initial eccentricity and Yarkovsky efficiency, one can generate accretion onto the white dwarf
for any of these objects at any cooling age. Isolated cobbles (R = 10−2 − 10−1 m), large boulders (R = 101 − 103 m) and asteroids and
dwarf planets (R = 103 − 106 m) fail to accrete and will remain exterior to the star throughout its cooling.

In Fig. 2, we plot Eq. (12) as a function of the cooling
age of the white dwarf, which is defined as the time since
the star became a white dwarf. We consider three materials
(Rafikov & Garmilla 2012): iron (Tsub ≈ 1600 K), olivine
(Tsub ≈ 2100 K) and graphite (Tsub ≈ 2600 K). The plot
illustrates that for all cooling ages up to 10 Gyr, the sublimation distance ranges from about 0.02R to 10R .
Now we compare these values to those of the white
dwarf Roche sphere. The size of the Roche sphere depends
on the spin, shape and internal strength of the object. We
can roughly approximate the Roche sphere radius, rRoche ,
by a single formula that includes material cohesive strength
as (Holsapple & Michel 2008; Zhang et al. 2021)
√


−1/3
2 3S
ρ
8π
+
rRoche =
,
(13)
15
GR2 ρ2
M?
where we have assumed a friction angle of 30◦ . Although
Eq. (13) could underestimate rRoche in the rubble pile limit
(S = 0 Pa), this underestimation may be compensated for
by a change in the assumed spin of the object.
We plot Eq. (13) together with Eq. (12) in Fig. 2, assum© 2021 RAS, MNRAS 000, 1–12

ing ρ = 2 g/cm3 . Unlike the sublimation distance, the Roche
radius is not time-dependent. The rubble pile Roche radius
for this density is approximately 1R , which is a commonlyused approximation in white dwarf planetary science. However, note the dependencies on physical parameters: decreasing the density by half would increase rRoche by about 26
per cent. Further, as the material cohesive strength is increased, rRoche decreases, potentially to within 0.05R . Particularly notable is that strong objects, such as the theorized
monolithic asteroid orbiting white dwarf SDSS J1288+1040
(Manser et al. 2019), can drift within 0.5R and survive.

3

SIMULATIONS

Having defined our terms and presented our equations of motion, we now proceed to describe our simulations. Throughout all simulations, we define the initial values of a and e
as ai and ei (where “initial” refers to the start of the white
dwarf phase), and impose the condition ai (1 − ei ) > 2 au.
This minimum initial separation roughly corresponds to
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Planet-less system pollutants: close to white dwarf
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Figure 4. Behaviour of dust within 10R of the white dwarf. The particles are started on circular orbits; the solid lines represent the
ρ = 1 g/cm3 cases, and the dashed lines represent the ρ = 5 g/cm3 cases. Time is measured from cooling ages of 10 Myr (left panel) and
1 Gyr (right panel).

the maximum giant branch engulfment distance of a typical white dwarf planetary system host. We hence also set
M? = 0.6M , which represents a fiducial white dwarf mass
value (Tremblay et al. 2016; Cummings et al. 2018; El-Badry
et al. 2018; McCleery et al. 2020; Barrientos & Chanamé
2021). All of our simulations are run for 10 Gyr of white
dwarf cooling, or until the object reaches a distance of
0.05R .

3.1

these objects are so large compared to dust or sand, their
drift into the white dwarf is relatively slow. Cobbles (not
shown) are too large to be dragged into the white dwarf
through PR drag.
However, when the Yarkovsky effect is activated, small
boulders become susceptible to destructive drag. On the
small boulder plot, we considered three different Yarkovsky
efficiencies (ξ). The smallest boulders (R ≈ 0.1 m) could easily be accreted for ξ . 30%, whereas medium-sized boulders
(R ≈ 10 m) will not accrete, even for ξ = 100%.

Overall time evolution

We start by displaying representative time evolutions of objects in Fig. 3. These plots alone demonstrate that planets are not required for white dwarf pollution; smaller objects can achieve the feat by themselves. We chose only
dust, sand, pebbles and small boulders because the condition ai (1 − ei ) > 2 au allows neither cobbles to be dragged
close to the white dwarf through PR drag, nor asteroids to
be sufficiently dragged there through the Yarkosvky effect.
Hence, if one assumes no collisional evolution amongst the
objects, then PR drag and the Yarkovsky effect may create
a break in the size distribution of objects that could reach
the white dwarf without the help of a planet.
The parameter choices for the example evolutions in
the figure were chosen to showcase a variety of behaviours
and the interplay between the dependencies on R, ai and
ei . Some evolutions do not end with the object reaching
the immediate vicinity of the white dwarf, and others show
accretions at a wide range of cooling ages. The figure also illustrates that the time evolution can be strongly dependent
on the object’s initial eccentricity, and even for high eccentricities (upper curves for sand), there is no guarantee that
accretion will occur with 10 Gyr. The variety of evolutions
in the figure is greater than what is computed due to PR
drag in the high-eccentricity tidal disruption scenario with
ei > 0.99 (Veras et al. 2015b).
The pebble plot illustrates that pebbles can persist at
au-distances for several Gyr before being accreted. Because

3.2

Time evolution close to white dwarf

The timescales plotted on Fig. 3 are too long to appreciate
the behaviour of objects close to the white dwarf. Consequently, we have provided a few zoomed-in examples for
dust at two different cooling ages in Fig. 4. Here, t = 0 corresponds to cooling ages of 10 Myr (left panel) and 1 Gyr
(right panel). Both objects in each panel are on initially
circular orbits at 10R , and the solid and dashed lines indicated different densities.
At such a close initial distance, the timescale to reach
a typical Roche radius or sublimation distance (Fig. 2) is
about 102 − 103 yr for a cooling age of 10 Myr, and is about
104 − 105 yr for a cooling age of about 1 Gyr. Hence, even
for a relatively young white dwarf planetary system such as
WD J0914+1914 (Gänsicke et al. 2019), with a cooling age
of about 13 Myr and an extended disc (Zotos et al. 2020), the
timescale for PR drag to move an object from 10R to 1R
is, at least, one human lifetime. Perhaps more promising
near-term observational opportunities would arise from the
movement of material from a smaller initial separation of
1R to 0.5R , although cooler (and dimmer) white dwarfs
would then be required for the sublimation distance to be
sufficiently small.
© 2021 RAS, MNRAS 000, 1–12
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Planet-less system pollutants: maximum reach
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Figure 5. The maximum ai (y-axis) values for which objects of a given radius R reach a distance of 0.05R over 10 Gyr of cooling.
The five green solid curves correspond to, in visually descending order, ei = 0.8, 0.6, 0.4, 0.2, 0.0, for ρ = 2 g/cm3 . The five grey dashed
curves are similar, except for ρ = 5 g/cm3 . These plots quantify the parameter space in which dust, sand, pebbles and small boulders
can pollute the white dwarf without the help from a planet. The plots also suggest that objects with radii in between that of pebbles
and small boulders (cobbles), as well as objects larger than small boulders (asteroids), cannot pollute the white dwarf without help from
a planet.

3.3

Maximum reach of pollutants

The time evolutions in Fig. 3 suggest that there exist maximum values of ai and ei for which a given type of object
could reach the close vicinity of the white dwarf within 10
Gyr of cooling. Identifying these values for given R and ρ required performing an ensemble of simulations and then picking out, post-simulation, the corresponding values of ai and
ei . The outcome of this exercise is only marginally dependent on the separation at which a simulation was stopped,
whether that be 1.0R or a smaller value, as shown in Fig. 4.
We chose 0.05R , which corresponds to the smallest Roche
radius shown in Fig. 2.
We plot these maximum values of ai and ei in Fig. 5.
Comparing the extent of the y-axes for the dust, sand and
pebble plots illustrates how rapidly max(ai ) decreases with
R, and why cobbles cannot pollute the white dwarf without help from a planet. Also notable is how high max(ai )
can reach for dust: in the most extreme case, dust which
would initially reside beyond the orbit of Neptune could
© 2021 RAS, MNRAS 000, 1–12

eventually pollute the white dwarf without any planetary
perturbations.
For small boulders, the situation is highly dependent
on the minimum R for which the Yarkovsky effect activates.
Further, the small boulder plot in Fig. 5 assumes 100% efficiency (ξ = 100%) for each curve. Hence, this plot should
be considered with these aspects in mind. Although theoretically boulders which initially reside at tens of au could be
dragged close to the white dwarf, a more realistic maximum
value of ai perhaps is on the order of au.

3.4

Spinning asteroids to destruction

Although white dwarfs cannot drag asteroids to destruction
without the help of planets, white dwarf luminosity does spin
the asteroids up through the YORP effect. If the asteroid
(or dwarf planet) is already spinning quickly, then this extra
nudge could be sufficient to break it apart. The resulting
fragments may then be small enough for PR drag and/or
the Yarkovsky effect to take over.
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Figure 6. Maximum fraction of break up speed achieved due to the YORP effect. When this value is less than unity, then the YORP
effect cannot spin up an initially stationary object to destruction. Further, a value greater than unity does not guarantee break-up,
because the YORP effect can both speed up and slow down objects. The solid lines correspond to ρ = 2 g/cm3 , and the dashed lines
correspond to ρ = 5 g/cm3 . The plots demonstrate that weak boulders are highly susceptible to breakup, despite the rapidly dimming
white dwarf luminosity.

Given this possibility, here we quantify the maximum
possible additional spin that could be imparted onto an object. The objects upon which the YORP effect acts are boulders and asteroids (Fig. 1), most of which cannot be dragged
to the close vicinity of the white dwarf. Only medium-sized
boulders (R = 100 − 101 ) can both be affected by the YORP
effect and can be dragged into the white dwarf through the
Yarkovsky effect.
We can compute the maximum additional spin generated while being agnostic about the initial spin of the object because of the form of Eq. (7). Further, this added spin
is scalable with the factor χ/ρR2 ; in our simulations, we
fix χ = 10−3 and consider two values of ρ (2, 5 g/cm3 ). If
the maximum additional spin generated is less than ωbreakup
(Eq. 8), then an object with ωi = 0 rad/s remains intact.
Further, if the maximum additional spin is greater than
ωbreakup , then the object is not guaranteed to break up because it might spin down at points during its evolution.
We display the results in Fig. 6. The small region where
the curves cut off in the upper panels indicates radii where
the Yarkovsky effect drags the object to the close vicinity
of the white dwarf. Hence, destruction from the Yarkovsky

and YORP effects is naturally separated across almost the
entire parameter space.
The figure also illustrates that for both monolithic boulders with a high internal strength of S = 1 MPa, and for
rubble pile asteroids (S = 0 Pa), white dwarf luminosity is
usually too weak to generate enough spin from a stationary
start to achieve breakup. However, for weaker boulders, the
total added spin which is generated could easily break up the
objects. Then, depending on the size of the fragments and
the cooling age at which breakup occurs, the boulder fragments may end up reaching the close vicinity of the white
dwarf.

4

CONSTRAINING INITIAL CONDITIONS

The formulation presented here deliberately allows one to
adopt a wide range of initial conditions for planetary debris
on the white dwarf phase. In this section, we discuss why
the range of realistic initial conditions is so broad.
Although imaged protoplanetary discs range in size, a
typical outer boundary is about 100 au (Andrews 2020). The
remnant debris disc which survives until the end of the main
© 2021 RAS, MNRAS 000, 1–12
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sequence then expands by a factor of 2-3 due to stellar mass
loss, even amidst a variety of radiative and gravitational
forces which reshape the contents. These other forces include
mutual collisions, stellar wind pressure, stellar wind drag,
PR drag, the Yarkovsky effect and the YORP effect.
Bonsor & Wyatt (2010) modelled the evolution of different combinations of the first four of these forces in debris discs with no planets across the giant branch phases
of evolution. They hence obtained a range of values for the
maximum diameters at which objects can be removed from
the system during this evolution: 10−1 –103 m depending on
distance, from 6 to about 300 au. However, they did not
consider the Yarkovsky and YORP effects.
Building on the work of Veras et al. (2014b), Veras
& Scheeres (2020) modelled (with no planets) a type of
YORP cascade, where increasing stellar luminosity can produce successive break-ups for boulders and asteroids larger
than about 100 m. This type of cascade is most effectual
near the tip of the asymptotic giant branch (right before
the star becomes a white dwarf), and allows objects ranging
in size from dust to boulders to be freshly generated immediately before the white dwarf phase. They demonstrated
that breakup could occur out to distances of hundreds of au
when R . 102 m.
Further, boulders which survive all these processes are
subject to either inward or outward migration from the
Yarkovsky effect. In our computations here, we used only
a limiting value of the Yarkovsky effect in order to place
bounds on boulder motion around white dwarfs. However, as
evidenced by V-shaped asteroid family signatures in the solar system, both inward and outward drift are about equally
as common, at least for a static 1L luminosity star (e.g.
Bolin et al. 2017). Along the giant branches, these drifts are
“supercharged” due to the higher and time-variable stellar
luminosity, and can be on the scale of tens or hundreds of
au (Veras et al. 2015a, 2019a). Such fast drifts can then lead
to collisional evolution outside of the standard framework as
modelled by, e.g. Bonsor & Wyatt (2010), particularly when
at least one planet remains (Zotos & Veras 2020).

5

POTENTIALLY TESTABLE PREDICTIONS

Ideally, a pollution scenario without planets can be observationally distinguished from one where at least one planet
is present. The reality, however, is that achieving such a
distinction is not yet possible because of degeneracies and
physical unknowns. In this section, we quantitatively address these issues.
There are at least two potential relevant observables:
(1) the total mass of dust which may be detectable beyond
the Roche sphere, and (2) the accretion rate onto the white
dwarf photosphere. The first observable would likely represent the better distinguisher of the pollution scenarios because fewer assumptions about that matter’s dynamical and
physical history would be required.
Quantitatively, for warm white dwarfs, solid masses as
low as 1015 kg may be detectable at distances of several
solar radii (Bonsor et al. 2017). Accretion rates onto the
photosphere typically lie in the range 105 − 1011 g/s (102 −
108 kg/s) (Girven et al. 2012; Bergfors et al. 2014) and could
© 2021 RAS, MNRAS 000, 1–12
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show a pronounced decrease with cooling age (Hollands et al.
2018) or remain relatively flat as a function of time (Blouin
& Xu 2021). These values represent tangible numbers on
which a comparison with theories may be achieved.
Whether the matter is delivered quickly or slowly to the
white dwarf depends on the presence or lack of planets in
the system. Quick delivery is due to gravitational perturbations from a planet, such that an asteroid breaks up at or
inside of the Roche sphere (Debes et al. 2012; Veras et al.
2014a; Malamud & Perets 2020b; Brouwers et al. 2021; Li et
al. 2021), or outside of the Roche sphere but within about
3rRoche (Veras et al. 2020). Alternatively, one method of
slow delivery is quantified here, where the polluting matter
is dragged to the white dwarf without the aid of a planet.
Hence, the distribution of matter at the end of giant
branch phases is key. Let us first consider a single asteroid
of mass Mast that breaks up due to the YORP effect. Assume
that the asteroid is composed of constituent particles that
follow a smooth power law with exponent p such that the
asteroid’s size distribution can be described as
dN
= uM −p ,
(14)
dM
where N represents the number of constituent bodies. It
follows that
(p − 2) Mast
u=
(15)
2−p
2−p ,
Mmin
− Mmax
where Mmin and Mmax represent the least massive and most
massive constituents.
We must discretise Eq. (14) in order to apply it to Eqs.
(1)-(4) because the differential equations do not admit, to
our knowledge, an analytical solution. In this respect, we
note that the number of constituent particles with masses
in-between M and M + ∆M equals uM −p ∆M .
We then assume that all constituent particles are
strengthless (S = 0) spheres and have a common density
ρ, which we will further assume equals 2 g/cm3 . Doing so
allows us to convert uM −p ∆M into expressions involving
constituent radii R for application into our differential equations. Assuming Rmin = 10−5 m and Rmax = 101 m allows
us to sample the evolution of dust, sand, pebbles, cobbles
and small boulders.
The resolution at which different R values are sampled
are limited by computational power. We sample 20 different
R values per decade in logarithmic space assuming M? =
0.6M , ξ = 1 and an initially ai = 10 au orbit with a nonzero but also non-negligible initial orbital eccentricity of ei =
0.1. We choose p = 3.0 simply because that value mirrors
the distribution on the surface of Itokawa, without having
access to its interior (Michikami et al. 2008).
The results of this computation confirm that cobbles
and the larger boulders never reach the white dwarf, the
smallest dust accretes onto the white dwarf almost immediately, and the remainder of asteroid constituents reach the
white dwarf at different cooling times. When applicable, we
track the times at which a constituent reaches the following
thresholds in distance: 10R , 5R , 2R , and 1R .
Because of our limited resolution in initial conditions,
and the inability for us to analytically invert the equations
of motion as a function of cooling age, let us consider a
specific instance. We find that sand which was sampled with

10
R = 1.679 × 10−3 m reaches 10R , 5R , 2R , and 1R at
cooling ages of 2.92053, 2.92196, 2.92236, and 2.92242 Gyr,
respectively. The number of particles of this sand is about
3.11 × 1022 , amounting to a total mass of 1.2 × 10−4 Mast .
Hence, from this one asteroid of mass Mast , about
10−4 Mast of it would reach a distance of 10R almost 3 Gyr
into white dwarf cooling. This mass then takes another 1.43
Myr to reach 5R , and then another 0.4 Myr to reach 2R ,
and finally another 0.06 Myr to reach 1R . This drift rate
would be quicker for hotter and younger white dwarfs, and
slower for older and cooler white dwarfs.
Additionally, regarding the mass budget, if one assumes
that this asteroid had 104 physically identical companions
all on the same orbits which broke up in exactly the same
way, and assumes no other extant particles in the system,
then a total mass of Mast would arrive in the vicinity of the
white dwarf at this cooling age. More realistically, at this
cooling age there would be contributions from differentlysized constituent particles originating from different asteroids with different physical properties and initial orbits. In
this respect, the level of degeneracy is very high.
Adding to the degeneracies are two potentially important extra considerations. The first is that gravitational,
erosional, collisional and viscous evolution amongst constituents can occur even while en route to the white dwarf,
producing a change in disc structure as well as the number of disc constituents. Veras & Heng (2020) computed the
lifetimes of these particulate debris discs on different spatial
scales around white dwarfs by incorporating these physical
effects together. They found that, depending on the structure and physical properties of the disc, on scales of au these
disc lifetimes range widely from 100 − 1010 yr, and on scales
of tens of au, the bounds on this rough interval increase by
several orders of magnitude.
The second extra source of degeneracy is that at around
1rRoche , gas is produced as some particles sublimate (see
Fig. 2) and the gas-dust mixture generates additional physical processes. The lifetimes of the discs in this close vicinity
to the white dwarf have been observationally empirically
estimated to be on the order of 104 − 106 yr (Girven et
al. 2012), but the uncertainty in these estimates is significant because these estimates were generated by combining
constraints from two different classes of white dwarfs. Subsequent accretion onto the white dwarf photosphere could
then be in a leading, steady-state or trailing phase (Koester
2009), not even accounting for external replenishment.
Overall, we believe that the best way to distinguish pollution scenarios is to observe dust beyond about 3rRoche ,
beyond which tidal or chaotic rotational disruption has not
been shown to be possible (whereas YORP break-up is; Fig.
6). Being able to place constraints on the total dust mass
in distance intervals on the order of rRoche would further
help break the degeneracy in the parameter space (e.g. the
distributions of Mast , Mmin , Mmax , p, ai , ei , S, ρ, ξ, and
the evolution properties of the au-scale discs) of the origin
scenarios.

6

SUMMARY

We have shown that white dwarf radiation is capable of dragging dust, sand, pebbles and small boulders from au-scale

distances into the star’s immediate vicinity without the help
of a planet. In these systems the planets were already lost
before our simulations began. The maximum separations for
which this inward drag is possible (Fig. 5) can be on the scale
of au or tens of au depending primarily on object radius, density, and initial eccentricity. Further, white dwarf radiation is
strong enough to spin up large boulders to destruction (Fig.
6), allowing the smaller fragments to be dragged towards
the star. Overall, although white dwarfs are now known to
host planets, such planets are not a required component of
every polluted system.
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