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The spectral properties of S and Q-type asteroids can change over time due to interaction with the so-
lar wind and micrometeorite impacts in a process known as ‘space weathering.” Space weathering raises
the spectral slope and decreases the 1 pm absorption band depth in the spectra of S and Q-type as-
teroids. Over time, Q-type asteroids, which have very similar spectra to ordinary chondrite meteorites,
will change into S-type asteroids. Because there are a significant number of Q-type asteroids, there must

Keywords: be some process which is resurfacing S-type asteroids into Q-types. In this study, we use asteroid data
Asteroids from the Sloan Digital Sky Survey to show a trend between the slope through the g, r’, and i’ filters,
Asteroids called the gri-slope, and size that holds for all populations of S and Q-type asteroids in the inner solar
Surfaces system, regardless of orbit. We model the evolution of a suite of asteroids in a Monte Carlo YORP rota-
QZE:E?;‘;S tional evolution and space weathering model. We show that spin-up and failure from YORP is one of the

key resurfacing mechanisms that creates the observed weathering trends with size. By varying the non-
dimensional YORP coefficient and running time of the present model over the range 475-1425 Myr, we
find a range of values for the space weathering timescale, Tsw~19-80 Myr at 2.2 AU. We also estimate
the time to weather a newly resurfaced Q-type asteroid into an S-complex asteroid at 1 AU, T_, s1au) ~ 2-

7 Myr.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The most common type of meteorite falls are ordinary chon-
drites (OCs) (e.g. Chapman, 1996). They have very similar spec-
tral signatures to S-type asteroids, which are the most common
type of Near Earth Asteroid (NEA) (Binzel et al., 2004; Carry et al.,
2016). Both the asteroids and the meteorites generally have broad
1 and 2 pm absorption bands, as well as a feature at ~1.3
pm, which suggests that they may have similar composition (e.g.
Gaffey, 2010). However, their spectra are not a perfect match. S-
type asteroid spectra have higher relative reflectance at longer
wavelengths through the visible and near infrared, or have higher
spectral slopes, compared to Q-type asteroid spectra, and have sub-
dued absorption band depths (DeMeo et al., 2009). Note that S-
type asteroids also tend to have lower absolute reflectance com-
pared to Q-types (Binzel et al., 2004). Multiple studies have shown
that S-type asteroids are almost certainly the progenitors of many
OC meteorites, and the differences in spectral characteristics can
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be due to a process known as space weathering (Chapman, 2004;
Nakamura et al., 2011; Brunetto et al., 2015).

Space weathering is a broad term that is used to describe
how ion irradiation from the solar wind and micrometeorite im-
pacts affect the optical properties of material on a surface of an
airless body, such as the Moon and asteroids (Brunetto et al.,
2015). If a surface starts with an OC composition, space weathering
will work to increase the spectral slope and decrease the absorp-
tion band depths until its spectrum resembles an S-type asteroid.
These changes in spectral parameters have been seen in the grains
brought back from asteroid (25143) Itokawa (Noguchi et al., 2011)
and in the old vs. freshly exposed regions in the Galileo images
of asteroid (243) Ida (Chapman, 1996). The presence of asteroids
that are a direct match to some OCs, known as Q-type asteroids,
poses an interesting problem. If space weathering alters the sur-
faces of these asteroids, but there are asteroids present that do not
show any sign of space weathering, there must either be a compo-
sitional or physical reason keeping certain asteroids from weather-
ing or additional processes that are resurfacing these asteroids.

Hapke (2001) argued for a selective space weathering effect,
saying that the solar wind could not weather a surface with an
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OC composition in the absence of fine regolith, potentially giving
smaller asteroids, with less fine regolith, a less weathered spec-
trum. However, observations of S-type asteroid (25143) Itokawa
showed highly weathered regions with very little fine regolith
(Ishiguro et al., 2007).

Resurfacing processes may be the better solution. These pro-
cesses could include the catastrophic breakup of an asteroid cre-
ating smaller asteroids from its unweathered interior or the re-
moval of a surface layer exposing unweathered underlying mate-
rial. If resurfacing processes are the primary reason for the exis-
tence of Q-type asteroids, the high fraction of small Q-type NEAs
(DeMeo et al., 2014) suggests that these processes must, on aver-
age, reset a single NEA in a timescale comparable to that of space
weathering.

The timescale for space weathering of an asteroid with an OC
composition has been estimated from laboratory experiments to
take anywhere from 103 to 108 years. From heavy ion irradiation
experiments, Strazzulla et al. (2005) estimated a timescale for the
solar wind to raise the spectral slope of an OC to something sim-
ilar to an S-type asteroid to be 10% — 106 years in the NEA re-
gion. Loeffler et al. (2009) conducted similar experiments with keV
He ions and found a timescale of less than 10* years at 1 AU.
Sasaki et al. (2001) estimated the timescale for micrometeorite im-
pacts to raise the spectral slope of an asteroid with OC composition
to a fully weathered S-type asteroid to be about 108 years in the
NEA region. Vernazza et al. (2009) matched the ages and spectra
of recently created asteroid clusters to the weathering timescales
in Strazzulla et al. (2005) to claim that the solar wind is rais-
ing the spectral slope of asteroids in the main belt at timescales
<105 years, and that micrometeorite impacts continue to slightly
increase their spectral slopes through 108 years. The rapid weath-
ering timescales of irradiation experiments compared to microme-
teorite experiments have led many to believe that the solar wind
is the primary space weathering mechanism, especially for rela-
tively unweathered asteroids, such as Q-types. These results may
help constrain any mechanism proposed for the resurfacing of as-
teroids.

Additional constraints on resurfacing mechanisms can be gath-
ered from the distribution of less weathered Q-type asteroids. Q-
type asteroids have been primarily found in the NEA region (Binzel
et al., 2004, 2010; DeMeo et al., 2014; Carry et al., 2016), but
they have also been found in the small members of multiple
asteroid families and clusters (Mothé-Diniz and Nesvorny, 2008;
Rivkin et al., 2011; Thomas et al., 2011, 2012), and in the mem-
bers of recently separated asteroid pairs (Polishook et al.,, 2014a).
Marchi et al. (2006a) showed that the spectral slope decreased
from a higher average S-type slope to a lower average Q-type
slope with decreasing perihelion in the NEA and Mars Crosser
(MC) regions. Additionally, Binzel et al. (2004) noted that the av-
erage spectral slope of NEAs and MCs decreased with decreasing
size, starting at a diameter of ~5 km. Carry et al. (2016) and
Thomas et al. (2012) found a similar size trend using data from
the Sloan Digital Sky Survey (SDSS) in the NEAs and MCs and
the Koronis family, respectively. Lin et al. (2015) conducted a mul-
ticolor survey and found that the ratio of sub-kilometer Q-type
to S-type asteroids in the main belt is <0.05. However, both
Carvano et al. (2010) and DeMeo and Carry (2013) classified the
asteroids in the main belt that were observed by the SDSS, and
Carvano et al. (2010) found about four times more Q-types than
DeMeo and Carry (2013) at sizes <5 km. Surveys like the SDSS
and that of Lin et al. (2015) have only limited spectral resolution,
and, more importantly, limited spectral coverage. As many S and
Q-type asteroids can be degenerate in the visible wavelengths, ob-
servations in both the near infrared and the visible wavelengths
are needed to accurately determine the boundary between the tax-
onomic classes. Due to the limited observations of small main belt

asteroids in both the visible and the near infrared, the ratio of Q
to S-types in the main belt is not fully understood.

To match the observed trends of unweathered asteroids, resur-
facing mechanisms have been proposed. Willman et al. (2008,
2010) and Willman and Jedicke (2011) calculated weathering
timescales by assuming that asteroids were resurfaced only af-
ter their last catastrophic disruption. Using the ages of asteroid
families and the estimated age since last catastrophic disruption
(Bottke et al., 2005), they estimated weathering timescales of 108 —
10° years. These timescales for the destruction of asteroids into
smaller unweathered fragments is 2-5 orders of magnitude longer
than the ion irradiation experiments simulating the solar wind.
Seismic shaking from smaller, more frequent impacts causing over-
turn of the surface has been cited as a possible solution to this
mismatch in timescales (e.g. Rivkin et al., 2011; Shestopalov et al.,
2013).

Studies have used tidal effects from close encounters with the
terrestrial planets to explain the high number of Q-type NEAs and
the trend of decreasing spectral slope with decreasing perihelion
(Nesvorny et al., 2005, 2010; Marchi et al., 2006a; Binzel et al.,
2010; DeMeo et al., 2014; Carry et al., 2016). Additionally, thermal
cracking of rocks on the surface of asteroids due to diurnal cycling
has been recently shown to be a possible mechanism for fresh re-
golith creation (Delbo et al., 2014; Molaro et al., 2015). Rocks that
are broken down could expose unweathered surfaces, and could
also potentially explain the trend of decreasing spectral slope with
decreasing perihelion.

Finally, the Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) ef-
fect can cause asteroids to accelerate their spin rates until they
reach a state of fission or large-scale failure, potentially resurfacing
the asteroid (Rubincam, 2000; Vokrouhlicky et al., 2015). The YORP
effect is the change in rotation rate and obliquity of an asteroid
due to thermally induced torques generated from a non-symmetric
shape (Rubincam, 2000; Vokrouhlicky et al., 2015). The effect of
YORP spin-up and failure on the spectra of S and Q-type asteroids
has not been studied in detail.

To date, the most successful modeling attempts to explain
the presence and distribution of Q-types have been from the
close encounter hypothesis. Binzel et al. (2010) and Nesvorny
et al. (2010) showed that the orbits of Q-type asteroids could
be correlated primarily with encounters from Earth or Venus.
Nesvorny et al. (2010) noted that they were only able to match
the overall number of Q-type asteroids and not their orbital distri-
bution. They found that they could match the fraction of Q-types
with either high (> 1.5 AU) or low ( <1 AU) semi-major axis, but
not both. DeMeo et al. (2014) reported further observations and
found Q-type asteroids that were in orbits that only crossed the
orbit of Mars, and suggested that Mars could also be effective in
resurfacing asteroids. However, using observations from the SDSS,
Carry et al. (2016) showed that both S-type and Q-type asteroids
have similar probabilities of having a close encounter with Mars.
Another resurfacing mechanism may be required to explain un-
weathered asteroids in the MC region. Additionally, the close en-
counter hypothesis does not require that more Q-type asteroids are
found at smaller sizes. An explanation that naturally accounts for
the presence of Q-type asteroids in the MC region and at small
sizes is desirable.

In this study, we model the effect of YORP spin-up and failure
to explain the trend of decreasing spectral slope with decreasing
size. The acceleration rate of the spin of an asteroid by the YORP
effect is (Scheeres, 2007; Rossi et al., 2009):
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where B~2/3 is the Lambertian scattering coefficient,

G;~107kgm/s® is the solar radiation constant, p is the
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density of the asteroid, Cy is a non-dimensional YORP coeffi-
cient, R is the volumetric mean radius of the asteroid, and a
and e are its semi-major axis and eccentricity. The Cy parameter
describes the effectiveness of YORP on a particular asteroid, and
contains information of its shape and moments of inertia. The
asteroid’s spin rate will accelerate toward a maximum allowed
spin rate if Cy > 0 and will decelerate toward a zero spin rate if
Cy < 0. Due to the dependence of the acceleration rate on a and R,
we expect YORP to become more important at small sizes close to
the sun.

Recently, Golubov and Krugly (2012) studied the effects of the
normal and tangential components of the solar radiation pressure
on the YORP torque and found that the magnitude of these com-
ponents are on a similar order. Our model is based on the normal
component only.

If space weathering is dominated by the solar wind, the rate
of exposure will also increase closer to the sun (Marchi et al.,
2006b):

exposure rate o

a2«/11 —e? (2
Increasing the amount of exposure to the solar wind will continue
to change the spectral properties of S and Q-type asteroids until
they saturate as a fully weathered S-type. If asteroids are resur-
faced by YORP and weathered by the solar wind, we expect to find
lower spectral slopes and more Q-type asteroids at smaller sizes,
regardless of orbital location, addressing shortcomings of the close
encounter models.

We organize this paper as follows. In Section 2, we show that
the weathering states of S and Q-type asteroids are qualitatively
consistent with YORP spin-up and failure. We show that their
weathering states have a similar dependence on the size of the as-
teroid, regardless of its orbital location. In Section 3, we develop a
YORP spin-up, resurfacing, and space weathering model and match
the slope of the linear regression through the g’, 1/, and i’ filters of
the SDSS data, called the gri-slope, for a range of asteroid sizes
of Flora family asteroids. In Section 4, investigate the effects of
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assumptions made in the nominal model. We discuss these results
in Section 5.

2. Orbitally independent gri-slope vs. size trend

Multiple mechanisms - including YORP spin up and failure and
collisions followed by seismic shaking - would cause a size de-
pendence in the weathering state of S and Q-type asteroids. Un-
weathered asteroids are more common at small sizes in the NEAs,
MCs, and in members of particular asteroid families (Binzel et al.,
2004; Thomas et al., 2012; Carry et al., 2016). Using data generated
from the SDSS, we show that the correlation between low spectral
slopes and size is pervasive throughout the inner solar system.

The Sloan Digital Sky Survey is a large photometric and spectro-
scopic survey that was primarily designed to observe extragalactic
objects (York et al., 2000). The SDSS also detects moving objects,
such as asteroids in the main belt, NEA and MC regions (Ivezic
et al.,, 2001; Carry et al., 2016). The SDSS takes observations in
five photometric bands in the visible wavelengths. These five bands
have been used to sort asteroids into broad taxonomic classes
(Carvano et al., 2010; DeMeo and Carry, 2013; Carry et al., 2016).
In this study, we use the set of SDSS data that was processed and
classified by DeMeo and Carry (2013) and Carry et al. (2016).

Classifying asteroids as either Q-types or S-types is difficult
without both visible and near-infrared spectral data. Additionally,
the majority of Sk and Sq-type asteroids in the main belt are good
matches to some OC meteorites (Mothé-Diniz et al., 2010). A resur-
faced asteroid with this composition need not be classified as a
Q-type. To avoid these difficulties, we only use the gri-slope as a
parameter to describe the amount of weathering that has accu-
mulated on the surface (DeMeo and Carry, 2013). The gri-slope is
qualitatively the same as the spectral slope. In most cases, a higher
gri-slope will correspond to a higher spectral slope and a more
weathered surface.

In Fig. 1, we plot the distribution of the gri-slopes of all ob-
served main belt S and Q-type asteroids as a function of their
size. We show the linear regression through all asteroids with

1.0
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Fig. 1. The distribution of gri-slope vs. absolute magnitude of S and Q-type asteroids in the main belt from the SDSS. The solid line is the linear regression through the main
belt asteroids with absolute magnitudes H > 13, and the dashed line is the linear regression through the NEA and MC data from Carry et al. (2016) (data not shown). The
slopes of the linear regressions are —0.42 + 0.04%/100 nm/mag and —0.36 + 0.17%/100 nm/mag for the main belt asteroids and NEA and MC asteroids, respectively, showing
a statistically significant decrease in the average gri-slope of asteroids smaller than H=13 for both populations.
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an absolute magnitude H > 13 (approximately diameters D <
5 km). Choosing the cutoff of D < 5 km is consistent with the
change in the trend of gri-slopes vs. size seen in the Koronis fam-
ily (Thomas et al., 2012), as well as the maximum size of detected
Q-type asteroids (Binzel et al., 2004). Also, the slope of the linear
regression of only the asteroids with a magnitude of H <13 is sta-
tistically insignificant. This suggests that a resurfacing mechanism
is only present at sizes H 2 13. We also include the linear regres-
sion of the NEA and MC S and Q-type asteroids generated from the
data shown in Fig. 7 of Carry et al. (2016).

Both the main belt and the NEA and MC asteroids have nearly
the same trend of decreasing average gri-slopes with decreasing
size. The slopes of the linear fits are —0.42 4+ 0.04%/100 nm/mag
and —0.364+0.17%/100 nm/mag for the main belt asteroids and
NEA and MC asteroids, respectively. There is a vertical offset be-
tween the linear regression of the main belt and NEA and MC data
of 0.6 +£0.3%/100 nm/mag. At all sizes, NEAs and MCs have, on av-
erage, slightly lower gri-slopes than their main belt counterparts,
but there is a similar trend in both populations.

Composition can also affect the observed gri-slope of individ-
ual asteroids (Sasaki et al., 2002; Marchi et al., 2005). The frac-
tion of olivine to pyroxene can cause different maximum (mini-
mum) gri-slopes for fully weathered (unweathered) objects as well
as different weathering rates. By considering the entire main belt,
we effectively ignore compositional effects. To remove any effect of
composition, we can restrict ourselves to a single asteroid family.

The Flora family is a good test population to investigate the
resurfacing of asteroids. It is an old family (Dykhuis et al., 2014), so
the weathering states of all family members should not be greatly
affected by the initial family-forming collision. Its location in the
inner belt allows smaller asteroids to be detected by the SDSS.
The composition of the Flora family is expected to be dominated
more by olivine than pyroxene, potentially allowing for a greater
range in gri-slopes between weathered and unweathered surfaces
(Vernazza et al., 2009). Finally, asteroids in the Flora family do not
cross the orbits of the terrestrial planets, avoiding any need to dis-
entangle the effects of resurfacing due to planetary encounters.

In Fig. 2, we plot the gri-slope vs. size for the members of
the Flora family using the asteroid family catalog of Nesvorny
et al. (2015). We again plot the linear regression through all aster-
oids with a magnitude H > 13. We also include the running mean
of the gri-slopes, with a box size of 15 and the uncertainty of the
mean values at a 95% confidence level. There is a steeper gri-slope
vs. size trend in the Flora family when compared to the entire
main belt. The slope of the linear regression of the gri-slopes vs.
size for the Flora family is —0.73 4+ 0.15%/100 nm/mag. The steeper
trend may be due to the large olivine content of the Flora family
asteroids (Vernazza et al., 2009). We only use the data from the
Flora family to compare to our modeling results later in this paper.

We claim that any results from the restricted analysis of the
Flora family are generally applicable to the entire inner solar sys-
tem due to the similarity of the NEA and MC, and main belt trends
shown in Fig. 1. The MCs, which are the majority of asteroids ob-
served in Carry et al. (2016), are sourced from weak resonances all
throughout the main belt (Morbidelli and Nesvorny, 1999). Thus,
we can expect the MCs to have the same compositional trends as
the main belt. We also find qualitatively similar gri-slope vs. size
trends if we consider the NEAs or the inner, middle, or outer main
belt asteroids alone.

YORP spin-up and failure coupled with space weathering from
the solar wind qualitatively fits the data in Figs. 1 and 2. The
YORP effect and exposure from the solar wind scale identically
with orbit, but only YORP will work increasingly effectively to
resurface asteroids at smaller sizes. Additionally, the large sensi-
tivity of the YORP effect from the exact placement of boulders and
craters on the surface can cause a large range of possible rotational

acceleration rates (Statler, 2009), giving a spread in the timescales
needed for an asteroid of a particular size to spin up to the point
of failure. A spread in timescales for an asteroid to fail and resur-
face would also generate a spread in the gri-slopes as seen in
Figs. 1 and 2. In the next section we develop a model to test the
parameters needed for YORP to create the gri-slope vs. size trend
seen in Fig. 2.

3. Nominal YORP spin-up and failure model

To understand the process of resetting a surface from YORP
spin-up and failure, we develop a Monte Carlo code to compute
the evolution of the spin rate and the weathering rate for a pop-
ulation of asteroids. Our YORP evolution model is similar to pub-
lished models that reproduced the rotation rate of NEAs and main
belt asteroids and the size distribution of main belt asteroids (Rossi
et al., 2009; Marzari et al., 2011; Jacobson et al., 2014).

In our model, we simulate 10* asteroids for 950 Myr, corre-
sponding to the age of the Flora family (Dykhuis et al., 2014). For
each asteroid, we select an absolute magnitude from a uniform dis-
tribution of 12 < H < 18. We only consider the trends based
on size, so we do not replicate the size frequency distribution of
the asteroid population. We select the initial rotation rate from a
Maxwellian distribution with o ~ 2 rev/day. The spin rates of small
asteroids deviate from a Maxwellian distribution for sizes less than
D~ 5 km (Polishook and Brosch, 2009); however, due to the strong
effect of YORP on the evolution of small asteroids, the initial ro-
tation rate distribution has no effect on the end state in a YORP
evolution model (Rossi et al., 2009).

We assume that all asteroids begin with unweathered surfaces.
The initial weathering state of their surfaces is also a transient ef-
fect that does not affect the end state of these simulations. We
assume that the asteroids in our model can be represented by
prolate ellipsoids. We draw an aspect ratio b/a of the smaller to
largest axis for each asteroid from a Gaussian distribution with a
mean of u =0.6 and a standard deviation of o =0.18 following
Jacobson et al. (2014), which matches the aspect ratio of small,
fast-rotating asteroids (Michikami et al., 2010). We calculate the
maximum allowed spin rate before failure from a simplified model
using the aspect ratio (Pravec and Harris, 2000):

4w pGb
34 3)

where p is the density of the asteroid and G is the gravitational
constant. We set the density of all asteroids to p = 2500 1<g/m3.

We do not consider the effect of cohesive forces on asteroid
failure in our model. Asteroids larger than approximately 200 m
almost never rotate faster than 2.2 h, the critical spin rate for a
spherical asteroid held together only by gravity (Pravec and Har-
ris, 2000). Because our model only considers asteroids down to a
size of H=18 (D~ 700 m), cohesion should have little effect on
the failure rate of these bodies.

At each timestep, every asteroid is spun up by YORP and is
weathered by a simplified space weathering model. We evolve the
asteroid spin rate by Eq. (1). Following Jacobson et al. (2014), we
draw the YORP coefficient Cy from a Gaussian distribution centered
at zero with a standard deviation of o = 0.0125. The standard de-
viation is approximated from calculated values of Cy from observed
asteroids (Scheeres, 2007).

We do not consider YORP obliquity evolution in our model.
The combined obliquity and spin evolution of an asteroid is com-
plex. YORP will cause an asteroid to asymptotically evolve toward
a single obliquity value while increasing or decreasing its spin
rate (Vokrouhlicky and Capek, 2002; Bottke et al., 2006). Our val-
ues of the YORP parameter Cy are derived from observations with
a large range of obliquities and are normalized to an obliquity

Wmax ~
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Fig. 2. Same as Fig. 1, except only considering asteroids in the Flora family. The solid line is the linear regression through the Flora family asteroids with absolute magnitudes
H > 13. The points and error bars are the running mean of the gri-slope with a box size of 15 and the uncertainty of the mean values at a 95% confidence level. The slope of
the linear regression is —0.73 £ 0.15%/100 nm/mag, showing a significant decrease in the average gri-slope of asteroids smaller than H = 13 that is steeper than the trends

in Fig. 1.

of 90° (Scheeres, 2007). Since an obliquity of 90° often gener-
ates the largest absolute value of rotation rate acceleration (e.g.
Bottke et al., 2006), we can expect our range of Cy values for the
population will incorporate the appropriate range of possible val-
ues. Without obliquity dynamics, the evolution of individual aster-
oids will not be valid, but we can estimate that, for a population
of asteroids, the average timescale between resurfacing events will
be accurate.

We incrementally weather the asteroids with a simplified space
weathering model. We track the time, t, since the last resurfacing
event for each asteroid, and calculate a corresponding gri-slope for
the asteroid:

S = (Smax — So) (1 — exp(—t/Tsw)) + Sq (4)

where Spax is the maximum gri-slope an S-type asteroid attains,
Sq is the gri-slope of a freshly exposed Q-type asteroid, and Tgy
is the timescale of the weathering. Eq. (4) is a saturation curve
and has been used to fit optical properties of an asteroid’s surface
from the accumulation of space weathering (Brunetto et al., 2006;
Willman et al., 2010).

When the spin rate of an asteroid reaches the maximum spin
rate, defined by Eq. (3), the asteroid experiences a resurfacing
event. The resurfacing event could be due to fission, or a large
scale surface disruption from global landslides. Regardless of the
exact process, we consider the asteroid to be resurfaced. We set
the time since last resurfacing event t =0, and reselect a new
YORP coefficient with the condition that Cy < 0. We keep the size
and aspect ratio of the asteroid the same. We also make the rea-
sonable assumption that an event that completely resurfaces an as-
teroid would also change the overall shape of the asteroid, so we
also select a new random value of Cy. It is important to note that,
depending on how an asteroid’s surface fails at high spin rates, it
may be possible for the overall shape of the asteroid to change
without a total resurfacing event. We discuss the possibility and
effects of an incomplete resurfacing event in Section 4.

As an asteroid evolves to a low rotation rate, the aster-
oid can enter into a tumbling state. The evolution in a tum-
bling state cannot be represented by our simple model. Following
Jacobson et al. (2014), we apply a minimum spin rate of 10° hours,
at which we reverse the sign of Cy and allow the asteroid’s spin
rate to accelerate again.

We do not consider collisions in our model. Previous models
have used collisions as an additional mechanism to evolve the spin
rate of asteroids and have been necessary to describe the rota-
tion rate distribution of the main belt (Marzari et al., 2011). In
our model we are primarily concerned with relative timescales
of weathering and resurfacing of asteroids. Collisions cause infre-
quent stochastic evolution in the spin rates of the asteroids, but
the spin rates of small asteroids are primarily dominated by YORP
(Marzari et al., 2011). The stochastic evolution generated from col-
lisions can cause some interesting second order effects which we
will discuss in the next section, but they do not substantially
change the results of our modeling.

Using the Flora family SDSS data (Fig. 2), we set the values of
some of the parameters in Eqs. 1 and 4. From the location of the
Flora family in the inner main belt, we set a =2.2 AU and e =0 in
Eq. (1). We also make the assumption that the space weathering
timescale, described in Eq. (4), is dominated by the solar wind. The
solar wind has an dependence on the orbit shown in Eq. (2), so the
timescale of space weathering tgy is dependent on our choice of a
and e. We can use Eq. (2), to scale the space weathering timescale
to other values of a and e.

We derive the maximum gri-slope, Smax, from a normal dis-
tribution based on the distribution of Flora family asteroids with
magnitudes of H < 13. For the Flora family members, we find an
average value of 15.9%/100 nm and a standard deviation of 1%/100
nm. We selected Sq from a normal distribution with an average of
6%/100 nm and a deviation of 0.5%/100 nm, which corresponds
to the lower end of the range of gri-slopes for Q-types in the
DeMeo and Carry (2013) classification scheme.
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Fig. 3. The modeled asteroids’ gri-slope vs. absolute magnitude distribution for the best fit solution with an e-folding space weathering timescale of sy = 45 Myr at 2.2 AU.
The points and error bars are the running mean of the gri-slope with a box size of 15 and the uncertainty at a 95% confidence level of the Flora family asteroids (from
Fig. 2). The solid line is the running mean of the gri-slope of the modeled data with a box size of 330. The uncertainty of the mean for the model data is smaller than the

thickness of the line.

With the assumptions made above, the space weathering
timescale 7y is the only free parameter in our model. Due to
the form of our space weathering model, space weathering will
asymptotically approach Spax with an e-folding time 7. We vary
Tgw in our model to find the best fit. Fig. 3 shows a good fit for
Tsw = 45 Myr. We show the gri-slope vs. absolute magnitude dis-
tribution of the model results, along with the running mean of
both the model results (box size of 330) and the data from the
Flora family from Fig. 2.

We also find a range of space weathering timescales that ac-
ceptably fit the distribution. In Fig. 4, we show the Root Mean
Square Error (RMSE) between the running mean of the observed
and modeled asteroids. The box sizes of the running means were
chosen to approximately select from the same range of H val-
ues, but the RMSEs are insensitive to small variations in the box
size. We used the average uncertainty of the mean values of the
Flora family asteroids of +0.58%/100 nm as a cutoff to define the
best fit RMSEs. We found a range of space weathering timescales,
Tsw = 32 — 70 Myr, where the RMSE < 0.58%/100 nm.

To make these results more comparable to previous studies, we
can estimate the time it takes for a newly resurfaced Q-type aster-
oid to weather such that it would become an S-complex asteroid,
Tg_s. From DeMeo and Carry (2013), the maximum slope a Q-
type asteroid can have is 9.5%/100 nm. We find the average time
that it takes to weather an asteroid from a newly resurfaced state,
with a gri-slope of ~ 6%/100 nm, to a state where the gri-slope
is 9.5%/100 nm. From our range of estimates for the space weath-
ering timescale, we estimate 7y_,s ~ 14 — 31 Myr. These timescales
should only be taken as an approximate maximum, as S-type as-
teroids can have gri-slopes as low as 6%/100 nm in the classifi-
cation of DeMeo and Carry (2013). It is the combination of a low
gri-slope and a low z’-i’ color (corresponding to a deep 1 um ab-
sorption band) that defines the unweathered Q-types. Additionally,
we can scale these timescales to any orbit using Eq. (2):

2
Toos=To- (%) (1-e2) (5)

Root Mean Square Error (%/100nm)

0.2 L L L L L L L L
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Fig. 4. The Root Mean Square Error (RMSE) of the gri-slope vs. size running mean
of the Flora family and the modeled asteroids. The box sizes of the running mean of
the observed and modeled asteroids are selected to sample the approximately the
same range of absolute magnitudes. We use the average uncertainty of the mean
values of the Flora family asteroids of +0.58%/100 nm as a cutoff to define the best
fit RMSEs. The range of acceptable space weathering timescales from the nominal
model is Tgy = 32 — 70 Myr, where the RMSE < 0.58%/100 nm.

where 79 ~ 3 — 6 Myr. In the next section, we address the effects
of the assumptions that we use in our nominal YORP spin-up and
failure model.

4. Testing assumptions of nominal model

In the construction of our nominal model we made necessary
assumptions and selected parameters that have been previously
used in the literature. In this section, we discuss and vary the pa-
rameters and assumptions made in the nominal model.
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Fig. 5. Similar to Fig. 4, except that we show results from the altering the max-
imum time, tmax, of the model. A larger tmax will allow the population to further
evolve toward smaller values of Cy; and allow for more rapid YORP evolution, and
vice versa for lower values of tpy.x. The change to the tgy is relatively minor for
reasonable values of tpax, especially for the minimum bound of tgy.

An important effect in the model is that the distribution of the
YORP coefficients is not in steady state throughout the simulation.
As asteroids evolve to the maximum spin rate, and a resurfacing
event occurs, their YORP coefficients are randomly redrawn. How-
ever, for a given asteroid size, those with a larger absolute Cy val-
ues will evolve more quickly and change their Cy values more of-
ten. Over time, more asteroids will get “stuck” with low Cy val-
ues. Additionally, this trend toward lower values of Cy is more
pronounced for smaller asteroids due to their more rapid YORP
evolutions. Asteroids that are stuck in these low Cy states will
evolve more slowly and lengthen the timescale between resurfac-
ing events, slightly raising the average gri-slopes for smaller as-
teroids. These low Cy states for small asteroids are important to
match the Flora family distribution of gri-slopes at all sizes. With-
out the slight raising of the average gri-slopes for smaller asteroids,
there would be an overabundance of asteroids with very low gri-
slopes at small sizes (H = 16).

The effect of the trend toward lower values of Cy on the derived
necessary space weathering timescale is minor. We test the effect
of this trend by altering the length of our simulations, tmax. In
Fig. 5, we show the distribution of the RMSE between the running
mean of the model and observations for a range of space weath-
ering timescales and for different values of tmax. For lower values
of tmax, the trend toward lower values of Cy, is muted and re-
stricted to only the smallest asteroids, resulting in shorter resurfac-
ing timescales and requiring a shorter space weathering timescale.
By increasing tmax, asteroids will have more resurfacing events and
causes slightly more asteroids in the simulation to be “stuck” with
low Cy values, resulting in longer resurfacing and space weath-
ering timescales. If tmax becomes too small (~100 Myr), the ini-
tial weathering state of the asteroids begins to become important.
Varying the nominal value of tmax by +50% only slightly changes
the minimum bound of tgy. The maximum bound of tgy does
change more significantly. Raising tmax by 50% raises the maximum
bound of 75y to ~80 Myr, and lowering tmax by 50% lowers the
maximum bound of 7y to ~54 Myr.

For asteroids to get stuck with low Cy values, the population
must be left undisturbed for a period of time equal to tmax. Colli-
sions can create large craters and move boulders on the surface
of asteroids, which can cause a significant change in the YORP
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Fig. 6. Similar to Fig. 4, except that we also show results from doubling the stan-
dard deviation of the distribution of Cy. A wider distribution of Cy, allows asteroids
to evolve more quickly and resurface more often, lowering the acceptable values of
Tsw.

coefficient (Statler, 2009). This high sensitivity of YORP to the ex-
act shape of the asteroid, called Stochastic YORP (Bottke et al.,
2015), could cause small collisions to disturb the asteroids with
low values of Cy, thereby increasing Cy, and allowing those aster-
oids to resurface more often. Marzari et al. (2011) first used col-
lisions alongside YORP evolution. They considered that collisions
could effectively induce stochastic evolution by randomly selecting
a new Cy after any collision changed the obliquity of the aster-
oid by > 0.2 radians. They found that collisions could trap large
(~5 km) asteroids in a low spin state, which could lengthen the
time between resurfacing events. This effect quickly becomes less
important at sizes less than 5 km, as YORP begins to more strongly
dominate the spin evolution of the asteroid. Since ~5 km is where
the trend in decreasing gri-slope with decreasing size begins, we
assume that this effect will only cause a minor change in the aver-
age gri-slopes of asteroids in our model.

Collisions could potentially decrease the average gri-slope of the
smaller asteroids in our model, where the trend toward lower val-
ues of Cy is the strongest. Collisions could change Cy often enough
to quickly remove any asteroid stuck in a low Cy state, which
would keep the time between resurfacing events relatively short.
However, the effect of collisions on the evolution of asteroids in
our model could be highly dependent on the number of small
impactors in the main belt. The exact impactor Size Frequency
Distribution (SFD) at sizes <1 km in the main belt is not well
understood. Collisional evolution models predict a steep power
law slope (N(> D) ~ D=3) and many small impactors (Dohnanyi,
1969; Bottke et al., 2005). The SDSS and the Sub-Kilometer Aster-
oid Diameter Survey (SKADS), suggest a shallow power law slope
(N(> D) ~ D~25) continuing down to sizes D~ 200 m (Ivezic et al.,
2001; Gladman et al., 2009). The rotational disruption model of
Jacobson et al. (2014) creates an SFD that also matches well with
the shallower power law slope of these observations. A shallower
power law could mean less impactors at small sizes, and a slower
removal of asteroids stuck with low values of Cy. Regardless of the
impact rate, collisions should only affect the resurfacing rate of the
smaller (D <2 km) asteroids. Larger asteroids would still resurface
at a similar rate and require a similar space weathering timescale
to match observations. The complex interaction between collisions
and the resurfacing rate of asteroids from failure at high spin rates
are left for a future study.
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Table 1

Space weathering timescales for different populations of S and
Q-type asteroids. Values are calculated with 7o ~ 4 — 17 Myr for
the e-folding timescale (tsw) and tp &~ 2 — 7 Myr for the Q-type
removal timescale (7o ). All timescales are calculated with
zero eccentricity.

Location Tsw (Myr) Tg-s (Myr)
NEA Region (a~1 AU) 4-17 2-7

Inner Main Belt (a~2.2 AU) 19-80 8-35
Middle Main Belt (a~2.7 AU)  29-120 12-53
Outer Main Belt (a~3.1 AU) 38-159 16-69

The only reasonable change to a parameter that could allow for
a shorter space weathering timescale in our model would be in-
creasing the value of Cy. Our nominal distribution of Cy matches
well with the measured values of 0.022 and 0.005 for asteroids
(1862) Apollo (Kaasalainen et al., 2007) and (54509) YORP (Taylor
et al,, 2007; Lowry et al., 2007), respectively, under the assump-
tion that these asteroids were affected by YORP. As small aster-
oids settle into low values of Cy in our model, the standard de-
viation of Cy decreases to ~ 0.006%/100 nm after 950 Myr, about
half of the initial value. Any measurements of Cy of asteroids to-
day could be skewed toward these lower values. To test the ef-
fect of changing Cy, we run the model where we select Cy from
a Gaussian distribution centered at zero with a standard devi-
ation of o =0.025, twice the nominal value. The RMSE values
with the new distribution of Cy for a range of space weathering
timescales is shown in Fig. 6. Using these larger values of Cy, we
estimate that the needed space weathering timescale can be as
short as 19 Myr in the main belt, resulting in space weathering

timescales of T = 15 - (%)2 /(1 —e?), where 7y ~ 4 — 17 Myr for

the e-folding timescale (tgy) and 79 ~ 2 — 7 Myr for the Q-type
removal timescale (7q_,s). Both of these values of 7, are gener-
ated from the range of possible solutions discussed in this section.
Table 1 provides a list of the approximate e-folding and Q-type re-
moval space weathering timescales for the NEA region, and the in-
ner, middle, and outer main belt.

After reaching the maximum spin rate, an asteroid could expe-
rience a number of different effects. Some models have shown that
asteroids could fission to form a binary or pair at high spin rates
(Walsh and Jacobson, 2015). After a fissioning event, the evolution
of a binary asteroid can take different pathways, some of which
can slow down the spin rate evolution of the asteroid from YORP
(Jacobson and Scheeres, 2011), implying that this mechanism could
lengthen the timescale between resurfacing events. We expect bi-
nary formation to have a higher order effect on the resurfacing rate
of asteroids, and we leave its investigation for a future study. Other
modeling efforts such as Hirabayashi (2015), have shown that, de-
pending on the internal structure, spherical asteroids could expe-
rience large scale failure at high spin rates, which would not nec-
essarily result in a fission. Any large scale failure could alter the
shape of the asteroid and change the sign and magnitude of Cy
causing the asteroid to decrease its rotation rate.

Regardless of the outcome of the asteroid’s surface at its maxi-
mum spin rate, we have considered the asteroid to be fully resur-
faced in our model. There is a possibility in both the fissioning
and non-fissioning cases that the asteroid would not completely
resurface. Movement of a fraction of the surface could change the
YORP parameter enough to cause the asteroid’s rotation rate to de-
crease, but it would not completely resurface the asteroid and re-
set its spectral slope. For instance, repeated landslides and internal
deformation, such as those hypothesized to create the equatorial
ridge on fast rotating “top-shaped” asteroids, such as (66391) 1999
KW4 and (29075) 1950 DA (Walsh et al., 2008; Hirabayashi and
Scheeres, 2015), could refresh the material on only a limited part

of the asteroid’s surface. Also, Polishook et al. (2014b) suggested
that a fission event could be followed by the spreading of dust,
which coats the primary and secondary in weathered material and
covers any exposed unweathered material.

Unfortunately, there is no clear understanding of the surface
evolution of asteroids at high rotation rates. For a partial resur-
facing due to landslides or internal deformation, it is unclear what
fraction of surface material is displaced when an asteroid reaches
its maximum spin rate. Additionally, the probability that an aster-
oid will experience a certain type of evolution - fission, surface
shedding, or large-scale deformation - is unknown. Due to the lack
of clear understanding of the surface evolution at high spin rates
and to keep unconstrained parameters to a minimum, we only
consider the case where an asteroid is fully resurfaced every time
it reaches its maximum spin rate.

Previous studies, such as Capek and Vokrouhlicky (2004),
Golubov and Krugly (2012), and Bottke et al. (2015), have inves-
tigated a bias of YORP torques toward either prograde or retro-
grade. Unfortunately, these investigations have not converged to a
single conclusive answer. We do not account for any YORP direc-
tional bias in our model.

5. Discussion

Modeling studies of resurfacing mechanisms are very impor-
tant because they can allow us to find a range of space weath-
ering timescales at which certain mechanisms are important. By
varying parameters in the last section, we find the full range of
the space weathering timescale needed for YORP spin-up and fail-
ure, Tgy ~ 19 — 80 Myr. Our estimated Q-type removal timescale,
Tg-saau) 2 —7 Myr, is shorter than those calculated assum-
ing that disruptive collisions are the primary resurfacing mecha-
nism, but is still longer than laboratory estimates (Willman and
Jedicke, 2011; Strazzulla et al., 2005). If the space weathering rate
is Tgw~1 Gyr in the main belt as calculated in Willman and
Jedicke (2011), from only destructive collisional resurfacing, we
would expect YORP spin-up and failure to keep asteroids smaller
than a few kilometers uniformly unweathered. This prediction is
not consistent with observations, and it suggests that YORP spin-up
and failure is a more effective resurfacing mechanism that catas-
trophic collisions and that the space weathering timescale must be
shorter than 1 Gyr.

Laboratory estimates using solar wind as a source find a faster
space weathering rate by an order of magnitude or more than
what is required for YORP to be the primary resurfacing mecha-
nism for small asteroids. These faster laboratory measurements re-
quire one of two things: (1) another mechanism is resurfacing as-
teroids at a faster rate than YORP spin-up and failure, or (2) the
observed space weathering rate is longer than the experimentally
derived space weathering rate. A longer observed space weathering
rate could be generated from gardening of the surface from small
impacts or small landslides as the spin rate and the local slopes
on the asteroid change. These local resurfacings would expose un-
weathered material, giving the asteroid a less weathered overall
spectrum, and increasing the time for an asteroid to become satu-
rated (Shestopalov et al., 2013). We also find our estimated space
weathering timescale to be comparable (~ 2 — 7 times longer) than
the timescale needed for planetary encounters to create the 20% of
Q-types seen in the NEA population from the model of Nesvorny
et al. (2010). It is possible that both could be effective resurfacing
mechanisms in the NEA region.

There are also other effects apart from YORP spin-up and fail-
ure that could cause the spectral slope vs. size trend seen in
the data. Collisions and subsequent seismic shaking have been
cited as a possible explanation for the similar trend seen in the
Koronis Family (Rivkin et al., 2011; Thomas et al., 2011, 2012).
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Rivkin et al. (2011) used an order of magnitude argument to sug-
gest that the timescales for collisions and seismic shaking, and
space weathering are comparable. It is unclear whether seismic
shaking could match the slope and shape of gri-slope vs. size trend
or whether that resurfacing rate would be faster or slower than
YORP. Its investigation is left for future work.

We discussed in the last section that we do not include binary
formation in our model; however, since YORP can create both bi-
nary and Q-type asteroids, the number of Q-type vs. S-type bi-
naries can hint at the relative lifetimes of Q-type and binary as-
teroids. A full statistical analysis is left for future work, but even
finding binary Q-type asteroids, such as (1862) Apollo (Pravec and
Harris, 2007; DeMeo et al., 2014), suggests that a YORP induced
fission (and not a close encounter with Earth or Venus) may have
been the last event to resurface that asteroid. This prediction is
reasonable because a close encounter with a planet would much
more readily disrupt the binary before it would disturb the surface
of either member. Walsh and Richardson (2008) showed that close
encounters can only be expected to create a small fraction of the
binaries in the NEA region, making it unlikely that (1862) Apollo
formed by tidal effects. The destruction of binary asteroids is most
often due to the Binary YORP effect (Cuk and Burns, 2005; Ja-
cobson and Scheeres, 2011; Walsh and Jacobson, 2015), which will
scale in orbit together with YORP and space weathering. However,
we only expect YORP and Binary YORP, and not the space weath-
ering rate to scale with size. A strong prediction of this study is
that we should observe more Q-types among small binary aster-
oids compared to larger binaries.

The spectral slope vs. size trend in this study is not the only
trend in spectral slopes that is seen for the S and Q-type aster-
oids. Marchi et al. (2006a) first noted that there is a spectral slope
vs. perihelion trend in the NEAs and MCs. It was these observa-
tions that led to further investigations of creating Q-type aster-
oids from close encounters with the terrestrial planets (e.g. Binzel
et al., 2010; Nesvorny et al., 2010; DeMeo et al., 2014; Carry et al.,
2016). Boulder breakdown from thermal cycling could also work
to resurface asteroids in the NEA region and could naturally cre-
ate the slope vs. perihelion trend (Delbo et al., 2014; Molaro et al.,
2015), although further investigations are necessary. Our study has
not considered the perihelion trend, and YORP coupled with space
weathering originating from the solar wind will not reproduce it. It
seems that there must be at least two primary mechanisms resur-
facing asteroids: one effect (such as YORP spin-up and failure) cre-
ating the spectral slope vs. size trend and another effect creating
the slope vs. perihelion trend. Additionally, if the mechanism cre-
ating the perihelion trend is independent of size, which would be
reasonable for resurfacing from close encounters with the terres-
trial planets or from thermal cycling, it could also explain the size-
independent lower gri-slopes in the NEAs and MCs compared to
the main belt that is seen in Fig. 1.

6. Conclusion

From gri-slopes of main belt asteroids, MCs, and NEAs gath-
ered from the Sloan Digital Sky Survey, we showed that S-type
and Q-type asteroids are, on average, less weathered at smaller
sizes, regardless of orbital location. We found the slope of the lin-
ear trends of the gri-slope vs. absolute magnitude distributions
to be —0.42 £0.04%/100 nm/mag and —0.36 & 0.17%/100 nm/mag
for the main belt asteroids, and the NEAs and MCs, respectively.
The similarity between the trends suggested a common resurfac-
ing mechanism that preferentially reduces the average gri-slopes of
S and Q-type asteroids at smaller sizes. Additionally, we presented
the gri-slope vs. size distribution of the Flora family asteroids to re-
move any compositional trends in gri-slope and any observational

biases. We found a steeper slope of the linear trend through the
Flora family asteroids of —0.73 4 0.15%/100 nm/mag.

We presented the first resurfacing model from YORP spin-up
and failure to explain the weathering trends with size. With a
simple YORP evolution and space weathering model, we can fit
the observed gri-slope vs. size trend in the Flora family aster-
oids. By varying the non-dimensional YORP coefficient distribution
and the run time of the model, we find a range of values for

_ 2
the space weathering timescale 7 = 7o - (19g) /(1 —€?). where

To ~ 4 — 17 Myr for the e-folding timescale and tg ~ 2 — 7 Myr for
the Q-type removal timescale.

Given the assumptions in our model, we conclude that YORP
spin-up and failure is an effective mechanism for resurfacing small
asteroids. The relative effectiveness between YORP and other resur-
facing mechanisms affecting only small asteroids, such as impacts
and subsequent seismic shaking, is left for future work.
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