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ABSTRACT

Context. The rotation state of small asteroids is affected by the Yarkovsky—O’Keefe—Radzievskii—Paddack (YORP) effect, which is a
net torque caused by solar radiation directly reflected and thermally reemitted from the surface. Due to this effect, the rotation period
slowly changes, which can be most easily measured in light curves because the shift in the rotation phase accumulates over time
quadratically.

Aims. By new photometric observations of selected near-Earth asteroids, we want to enlarge the sample of asteroids with a detected
YORP effect.

Methods. We collected archived light curves and carried out new photometric observations for asteroids (10115) 1992 SK,
(1620) Geographos, and (1685) Toro. We applied the method of light curve inversion to fit observations with a convex shape model.
The YORP effect was modeled as a linear change of the rotation frequency v = dw/df and optimized together with other spin and

shape parameters.
Results. We detected the acceleration v = (8.3 +0.6) x 1078 rad d~2 of the rotation for asteroid (10115) 1992 SK. This observed value

agrees well with the theoretical value of YORP-induced spin-up computed for our shape and spin model. For (1685) Toro, we obtained
v = (33+0.3)x 10" radd~2, which confirms an earlier tentative YORP detection. For (1620) Geographos, we confirmed the previ-
ously detected YORP acceleration and derived an updated value of v with a smaller uncertainty. We also included the effect of solar
precession into our inversion algorithm, and we show that there are hints of this effect in Geographos’ data.

Conclusions. The detected change of the spin rate of (10115) 1992 SK has increased the total number of asteroids with YORP detection
to ten. In all ten cases, the dw/dt value is positive, so the rotation of these asteroids is accelerated. It is unlikely to be just a statistical
fluke, but it is probably a real feature that needs to be explained.

Key words. minor planets, asteroids: general — methods: data analysis — techniques: photometric

1. Introduction who coined the term Yarkovsky—O’Keefe—Radzievskii—Paddack

(YORP) effect for solar radiation-induced torque that affects the
The importance of nongravitational radiation forces for spin evo-  rotation state of asteroids. The YORP effect is important for
lution of asteroids was fully recognized by Rubincam (2000), the evolution of the asteroid population, as asteroids can be
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Table 1. Parameters derived from photometric data.

Asteroid Ap By P IDy v D H V-R
[deg] [deg] [h] [x10®¥radd?]  [km] [mag] [mag]
(1620) Geographos 56.7+0.7 -51.2+1.1 5.2233360 2440229.0 1.14+0.03 2.56+0.15
+0.0000006
(1685) Toro 75+3 -69+1 10.197826 2441507.0 0.33+0.03 3.5f831 14.48 £0.13 0.462 +0.010
+0.000002
(10115) 1992 SK 94+ 10 -56+5 7.320232 2451192.0 8.3+0.6 1.0+£0.2 17.31+0.18 0.458 +0.013

+0.000010

Notes. The table lists: Spin axis direction in ecliptic longitude A, and latitude B, the sidereal rotation period P at epoch JDy, the YORP parameter v,
the absolute magnitude H, and the color index V — R. The volume-equivalent diameters D were taken from Hudson & Ostro (1999) for Geographos,
from Durech et al. (2018b) for Toro, and from Busch et al. (2006) for 1992 SK.

accelerated to the rotation break limit, they can shed mass and
create asteroid pairs or binaries. It also affects the distribution of
rotation rates and obliquities in general. For details and further
references, see the review of Vokrouhlicky et al. (2015).

Research on theoretical aspects of YORP (Breiter et al. 2007;
Nesvorny & Vokrouhlicky 2007; Breiter & Vokrouhlicky 2011;
Rozitis & Green 2012, for example) went hand in hand with
efforts to detect this effect directly as a change in the rota-
tion period (Kaasalainen et al. 2007; Lowry et al. 2007; Taylor
et al. 2007). With the new YORP detections presented in this
paper, the number of asteroids known to change their rotation
period due to YORP has grown to ten, all of them being small
near-Earth asteroids because the magnitude of the YORP effect
is inversely proportional to the squared heliocentric distance
and squared size. After five asteroids listed in the review of
Vokrouhlicky et al. (2015), there were four more: (161989) Cacus
and (1865) Toro (only tentative detection, now confirmed in
our paper) in Durech et al. (2018b), (101955) Bennu (Nolan
et al. 2019; Hergenrother et al. 2019), and (68346) 2001 KZ66
(Zegmott et al. 2021). To these nine, we added the tenth detec-
tion of the rotation period change for asteroid (10115) 1992 SK.
This, as all previous detections, also has a positive sign of dw/dt,
so its rotation is accelerated.

2. Reconstructing the spin state and shape from
light curves

To detect changes in the rotation periods that are too small to be
found directly (as in the case of the asteroid YORP, Lowry et al.
2007), it is necessary to look for shifts in the rotation phase. Con-
trary to the rotation period, which evolves linearly when affected
by YORP, the rotation phase drift accumulates over time and
increases quadratically with time. We used the same approach as
in Kaasalainen et al. (2007) or Durech et al. (2018a) — the change
in the rotation rate w is described by a free parameter v = dw/dt
that is optimized during the light curve inversion together with
the shape and spin parameters. If a nonzero v provides a signif-
icantly better fit than v = 0, we interpret it as detecting rotation
acceleration or deceleration. The next step is to show that this
observed value of v is consistent with the YORP value predicted
theoretically from the known shape, size, and spin of the aster-
oid (see Sect. 4). The light curve inversion method iteratively
converges to best-fit parameters that minimize the difference
between the observed and modeled light curves; this difference
is measured by the standard y?. To realistically estimate uncer-
tainties of photometric data, we fit each light curve by a Fourier
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series of maximum order determined by an F-test (Magnusson
et al. 1996). The root-mean-square residual was used as the
uncertainty of individual light curve points. In other words, light
curves were weighted according to their precision.

In the following subsections, we present spin parameters
(listed also in Table 1) obtained as best-fit parameters by light
curve inversion (Kaasalainen et al. 2001). Their uncertainties
were estimated by a bootstrap method. For each asteroid we
analyzed, we created 10000 bootstrapped light curve data sets
by randomly selecting a new set of light curves with a ran-
dom resampling of light curve points. For each new data set,
we repeated the inversion and obtained spin parameters. From
the distribution of these parameters, we estimated their uncer-
tainties. We also estimated the uncertainty of the v parameter by
varying it around its best value and looking at the increase in y?.
Error intervals provided by this approach are slightly larger than
those determined by bootstrap for (10115) and Geographos and
twice as large for Toro (see the Appendix for details).

2.1. (10115) 1992 SK

The first light curves of this asteroid were observed in 1999, and
they were used together with radar delay-Doppler observations
for the shape reconstruction by Busch et al. (2006). Other pho-
tometry comes from 2006 (Polishook 2012) and 2013 (Warner
2014). We observed this object during two apparitions in 2017
and 2020. Using these calibrated observations and also those
from February to March 1999, we determined its mean absolute
magnitude H = 17.31 +£0.18 mag, assuming the slope parame-
ter G = 0.24 +£0.11 (which is the 1o range of G values for S
type asteroids from Warner et al. 2009). The color index in the
Johnson-Cousins system is V — R = 0.458 +0.013 mag, consis-
tent with its Sq/S spectral classification of Thomas et al. (2014)
and Binzel et al. (2019). All available light curves are listed in
Table C.1.

The light curve inversion provided unambiguous results;
the detection of the period change is robust, that is, a model
with a constant rotation period provides a significantly worse
fit to light curves than the YORP model. The best-fit model
has a pole direction in ecliptic coordinates (94°, —56°), the rota-
tion period P = 7.320232 + 0.000010 h (for JD 2451192.0), and
the YORP value v = (8.3+0.6)x 108 radd™? (1o errors). The
shape model is shown in Fig. 1 and the agreement between syn-
thetic light curves produced by this shape and real observations
is demonstrated in Fig. 2. The distribution of bootstrap results
for the spin axis direction was bi-modal with A in the range
90-120° and S between —65 and —45° (see Fig. 3). Formal 1o
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Fig. 1. Shape model of asteroid (10115) 1992 SK shown from equatorial
level (left and center, 90° apart) and pole-on (right).

uncertainties computed as standard deviations were =+ 10° for A
and +5° for 8. The bi-modality is caused by the random selec-
tion of light curves in bootstrap and the importance of some
light curves — the cloud of points around the pole direction
(110°, —60°) are mainly those solutions that do not have the light
curve from 2020 December 4 in the bootstrap input data. Ran-
dom resampling also causes the best-fit pole direction based on
the original light curve data set to not be exactly at the position
where the density of bootstrap solutions is the highest.

The radar-based model of Busch et al. (2006) has a sim-
ilar shape as our convex model and a similar rotation period
of 7.3182 +0.0003 h (although the periods are different when
measured by their 30 uncertainty intervals), but its spin axis
orientation (99°,-3°) is significantly different from our value.
Their model is not consistent with new light curves from 2017
— the light curve amplitudes are not correctly reproduced (see
Fig. 2).

2.2. (1620) Geographos

There are a lot of photometric observations of Geographos going
back to 1969. Geographos was also observed by radar and a
shape model was reconstructed (Hudson & Ostro 1999) and ther-
mohpysical analysis was performed by Rozitis & Green (2014).
YORP-induced acceleration of its rotation was detected by
Durech et al. (2008a) by the inversion of light curves from 1969
to 2008. The rotation parameters were determined to (30~ uncer-
tainties): 4 = 58 £6°, 8 = —49 +7°, P = 5.223336 + 0.000002 h,
and v = (1.15+0.15) x 108 rad d 2.

We complemented the previous data set with new photome-
try from 2008, 2011, 2012, 2015, and 2019 (see Table C.2) and
updated the spin parameters to the followin% new values (lo
uncertainties): v = (1.14 +0.03) x 1078 rad d~* with period P =
5.2233360 + 0.0000006 h (for JD 2440229.0). The pole direction
A =567+0.7°, B = -51.2+1.1° in ecliptic coordinates. The
shape model is shown in Fig. B.1.

2.3. (1685) Toro

A tentative YORP detection by Durech et al. (2018b) was
based on a data set from apparitions in 1972-2016. To this,
we added new observations from 2018, 2020, and 2021 (see
Table C.3). We determined Toro’s mean absolute magnitude
to H = 14.48 £0.13 mag, assuming the slope parameter G =
0.24 +£0.11 (Warner et al. 2009). We measured the color index
in the Johnson-Cousins system as V — R = 0.462 +0.010 mag,
which is consistent with its Sq/S spectral classification of
Thomas et al. (2014) and Binzel et al. (2019).

Previous values (30 errors) published by Durech
et al. (2018b) were P = 10.19782+0.00003h, (1,8) =
(71+£10°,-69 +5°), and v = 3.0x107° radd~2. The updated

values (1o errors) are as follows: v = (3.3+0.3)x 107 radd 2,
P = 10.197826 +0.000002h (for JD 2441507.0). The pole
direction is (75+3°,—-69+1°). The shape model is shown
in Fig. B.2. Although the model with YORP is significantly
better than a constant-period model statistically, the difference
between the synthetic light curves they produce is so small that
they look almost the same when plotted on top of each other.
In Fig. 4, we show four light curves for which the difference
between the two models is the largest.

3. Solar torque precession

The detection of small secular changes on the order of
dP/dt~107""-107° in the rotation period is possible due to
the long time span of photometric observations. In the case of
Geographos, the data cover 50 yr, and the large amplitude of
its light curves enabled us to determine the rotation period and
its secular change very precisely. For the same reasons, the spin
axis’ direction was determined with an exquisite precision of
about 1°.

So far, all light curve inversion models have assumed that
the rotation axis is fixed in the inertial frame, which was a valid
assumption for asteroids in principal axis rotation. Apart from
changing the angular frequency, the YORP effect also causes a
secular evolution of the spin axis obliquity, but this effect is so
tiny that it is unobservable with current data sets. For example,
the theoretical change in Geographos’ obliquity is smaller than
one arcminute in 50 yr. However, there is another effect — a regu-
lar precession due to the solar gravitation torque — that inevitably
affects the direction of the spin axis of all asteroids.

Solar gravitation torque acts on a rotating body and causes
a secular precession of its rotation axis around the normal to its
orbital plane. The precession constant @ describes the angular
velocity of the spin axis at the limit of zero obliquity and can be
expressed as

3n2A
=S (D
w1

where 7 is determined from eccentricity e as 7 = VI — €2, A
is the dynamical ellipticity computed from the principal val-
ues of the inertia tensor A,B,C as 1 — 0.5(A + B)/C, w is
the angular rotational velocity w = 2n/P, and n is the orbital
mean motion (e.g, Bertotti et al. 2003, chapter 4). If we substi-
tute the values A = 0.29 +0.02 for Toro and A = 0.407 +0.006
for Geographos (uncertainties estimated by bootstrap), we get
@ = (356 +27)” yr~! and (289 +4)” yr~!, respectively. This for-
mally accumulates to ~4° over 50 yr. The motion of the rotation
axis on the precession cone with obliquity € has angular velocity
Ap/At = @ cos € and mainly affects the ecliptic longitude A of
the spin axis for orbits of a moderately small inclination (see the
next subsection). Even though the cos € factor slightly decreases
the above-estimated effect, the formal uncertainty of the pole
determination for Geographos is so small that precession should
have a measurable effect on its photometric data.

3.1. Model of solar precession

We included solar precession in the light curve inversion algo-
rithm to see if it somehow affects our results. The evolution
of the unit spin vector s(f) over small time interval Af is
described as s(r + Ar) = s(t) + As(t), where the incremental
change As = —(N X s) Ag. The normal to the orbital plane N
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Fig. 2. Example light curves (blue dots) of (10115) 1992 SK shown with the synthetic light curves produced by the best YORP model (red curves)
and the best constant-period model (black dashed curves). We also show synthetic light curves generated by the shape and spin model of Busch
et al. (2006) (dotted black curves). The latter were manually shifted in phase to give the best fit with observed data, but still, their amplitude is not
consistent with 2017 observations. The geometry of the observation is described by the aspect angle 6, the solar aspect angle 6, and the solar phase

angle a.

is defined by means of the inclination i of the orbital plane
to the ecliptic and the longitude of the ascending node Q as:
N = (sinisin Q; —sinicos Q; cosi)T. We assume that i is con-
stant and that Q evolves linearly in time as Q = Qg + Qt. We took
the values of Q from the NEODyS page', but the results with a
constant Q were practically the same because Q is an order of
magnitude smaller than «. The real angular shift Ag of the spin
vector is Ap = acose At = a (s - N) At.

I https://newton.spacedys.com/neodys/
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The initial (at the epoch of the first light curve) orientation
of the spin vector s¢ is described by the ecliptic coordinates A
and By, both being free parameters of optimization. Contrary to
the standard light curve inversion, the pole direction is not fixed
in space but evolves due to precession according to the equations
given above.

3.2. Solar precession for Geographos and Toro

For Geographos, the precession constant is a = 289" yr~!,
which implies the accumulated shift A¢ = —3.54° over 50 yr.
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Fig. 3. Direction of the spin axis in ecliptic coordinates (4, ) for 10 000
bootstrap models of (10115) 1992 SK. The density of points is color-
coded, with the yellow color corresponding to the highest density. The
black cross at (95°, —54°) marks the spin-axis direction of the nominal
model derived from the original light curve data set.

The corresponding change of ecliptic coordinates of the spin
axis is Al = 2.44° and AB = 0.13°. This expected shift of the
ecliptic longitude A is larger than its formal uncertainty of 0.7°
(Sect. 2.2), so precession should have a measurable effect on
Geographos’ light curves. Indeed, including the evolution of s
into the inversion has a small, yet statistically significant effect
on the goodness of the fit. We changed the precession constant &
on the interval from —1000 to 1000 yr~! with a step of 20 yr~!,
and for each value, we repeated the light curve inversion, that is
to say we optimized all shape and spin parameters, also including
the YORP parameter v. The results are shown in Fig. 5, where
x? values are plotted for different values of «. Values of y? were
rescaled such that the minimum value was equal to one. We can
see a clear asymmetry with respect to zero precession — the low-
est x? is obtained for a around 200-600" yr~!. Without any
precession (@ = 0), the y? is about 0.5% higher than the min-
imum value, which is just a small increase, but still statistically
significant given the number of data points (8852 in total). More-
over, the best fit is obtained for values of « that agree with the
theoretical value of ~300” yr™!, so we interpret this as a detec-
tion of the precession of the Geographos’ rotation axis due to the
solar torque.

For Toro, the length of the time interval covered by obser-
vations (48 yr, 6995 data points) is about the same as for
Geographos; the precession constant « is similar, so the preces-
sion evolution is about the same: A = —4.36°, A1 = 3.64°, and
AB = —0.66°. However, the spin axis direction is not so tightly
constrained, and including the parameter @ into the model has a
much smaller effect than in the case of Geographos. The depen-
dence of y? on « is much weaker (Fig. 5). Although the y?
versus a curve is also not symmetric around zero and positive
values of @ are preferred (the best fit is obtained for @ ~400—
900" yr‘l), it is not robust with respect to the data set — that is,
excluding some light curves from the data set or changing their

formal errors has a strong effect on the shape of the o versus
x? dependence. We repeated the @ scan with bootstrapped light
curve samples and confirmed that for Geographos, the results
were much more stable than for Toro. From the sample of one
hundred bootstrap repetitions, the value of « for which y? was
minimal was (330 +360)” yr~!' for Geographos, while for Toro
it was (=110 + 620)” yr~!.

The dynamical ellipticity of asteroid 1992 SK is A = 0.29,
which leads to theoretical @ = 283" yr~'. Accumulated over
22 yr of observations, Ap = —1.56°, which is too small given
the large uncertainties of the pole direction — thus this effect is
not detectable with the current data set.

Geographos and Toro are almost ideal candidates for the
search of the effect of precession on photometric data — they
are near-Earth asteroids (large n), elongated (large A), and not
rotating too quickly (low w). It is not likely that many asteroids
will have @ much larger than a couple of hundreds of arcsec per
year. From the modeling point of view, precession will continue
to be negligible for most of the asteroids. However, for slowly
rotating elongated near-Earth asteroids with suitable obliquity
and observations covering many decades, this effect will become
measurable and should be included in the modeling. In principle,
the precession rate « can be treated as another free parameter of
the light curve fitting procedure, so A can be determined (Eq. (1))
from observations independently of the shape model. Its value
may then be compared with that computed from the shape model
assuming a uniform density distribution.

4. Comparison of the detected v values with the
theoretical model

A secular change in the rotation rate of the three objects pre-
sented in Sect. 2 has been obtained using a fully empirical
approach, namely by adjusting the rate factor v = dw/dt to match
the observations. In order to physically interpret v, it is now
important to compare it with a model prediction. We postulate
that the YORP effect is the underlying mechanism that makes
the rotation rate of (10115) 1992 SK, (1685) Toro, and (1620)
Geographos accelerate, and we therefore use a model description
of YORP to predict the expected level of vy,0q. A comparison
between v and vpeq helps to verify, or reject, our assumption,
and eventually argue about parameters on which vp,0q depends. A
well-known issue with the YORP model exists because (i) some
of its free parameters are apparent from the observations, such as
the rotation state or size, (ii) some may be plausibly expected and
described by a reliable statistical distribution, such as the bulk
density, but (iii) some others cannot be easily described or deter-
mined. This last class depends on the small-scale irregularities
of the asteroid shape. Yet, numerical tests confirmed that vy,q
may in some circumstances strongly depend on this last class
of parameters (e.g., Statler 2009; Rozitis & Green 2012, 2013a;
Golubov & Krugly 2012).

With this caveat in mind, we used a fully thermophysical
model of Capek & Vokrouhlicky (2004), see also Capek &
Vokrouhlicky (2005), to evaluate the surface temperature on a
body, whose shape is represented with a general polyhedron. The
number of surface facets N, provided by inversion of the photo-
metric observations, is typically a couple thousand. As a rule
of thumb, this allows one to resolve surface features of a char-
acteristic scale oc D yz/N, that is, some ~4(0 meters at best for
kilometer-sized asteroids. Our approach treats each of the sur-
face facets individually and solves the one-dimensional problem
of heat conduction below the surface. A fixed configuration of

A5, page 5 of 14



A&A 657, AS (2022)

1972/7/9.4
15— . : : . .
2
‘©
c
g 1t
£
[}
=
8
[3}
24
051
6 =71° 90271" a=32°
0 0.2 0.4 0.6 0.8 1
2020/6/23.4
1.5 T T T T T
2
2
g 1t
£
[}
=
E
[3}
@
05¢
6 =84° 90:7 «a =50°
0 0.2 0.4 0.6 0.8 1

Phase of rotation

1996/7/20.9

15 T

0 =76° 6,=74° a=59°

0 0.2 0.4 0.6 0.8 1

2021/4/30.1
1.5/ T T T T T

6 =98 6,=85 a=20°

0 0.2 0.4 0.6 0.8 1
Phase of rotation
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and the solar phase angle «.
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Fig. 5. Normalized relative x> versus precession rate a for
(1620) Geographos and (1685) Toro. The nominal values of @ =
289" yr~! for Geographos (solid) and & = 356" yr~! for Toro (dashed)
are marked with vertical lines. The iterative convergence of the inver-
sion algorithm is not ideal and causes some scatter of points mainly on
Geographos’ curve.

the heliocentric orbit and rotation pole of the body is assumed.
Boundary conditions express (i) energy conservation at the
surface (with solar radiation as an external source) and (ii) a con-
stant temperature at great depth (implying an isothermal core of
the body). Given a plausible range of surface thermal conductiv-
ity values and typical rotation rates of asteroids, the penetration
depth of a thermal wave is in the centimeter to meter range. With
the coarse resolution of the shape model, the one-dimensional
treatment of the problem is justified. The model, in principle,
accounts for mutual shadowing of surface units, but neglects
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their mutual irradiation (e.g., Rozitis & Green 2012) and possi-
ble thermal communication via conduction (which would require
a resolution model at the level of penetration depth of the ther-
mal wave, e.g., Golubov & Krugly 2012). We also assume simple
Lambertian thermal emission from the surface, neglecting ther-
mal beaming related again to the small-scale surface roughness
(e.g., Rozitis & Green 2013a). All these complications must be
accounted for with an empirical correction. Once the surface
temperature was determined for any of the surface facets, and
at any moment during the revolution about the Sun, the thermal
recoil force and torque were determined (in the torque part, we
also added effects of the directly reflected sunlight in the optical
waveband). The force part may help to determine the orbit-
averaged change da/dr of the heliocentric semimajor axis (the
Yarkovsky effect), and the torque provides the orbit-averaged
change v = dw/dt of the rotation rate (the YORP effect). Techni-
cal details may be found in the abovementioned papers by Capek
& Vokrouhlicky (2004) and Capek & Vokrouhlicky (2005).

In our simulations, we tested surface thermal conductivity
values in the range of 40 to nearly 1200 J m~' K= s7/2 which
are appropriate for kilometer-sized near-Earth asteroids (e.g.,
Delbo et al. 2015). All three asteroids discussed in Sect. 2 are
spectrally S-type. This justifies our nominal choice of the bulk
density p = 2.5 g cm™, though slightly larger values have been
determined for larger asteroids, while possibly smaller values for
small near-Earth objects (see, e.g., Scheeres et al. 2015). A real-
istic uncertainty in the adopted bulk density may, therefore, be
~0.7 g cm~3. Parameters of the rotation state, namely the rotation
period and pole, were taken from our solution in Sect. 2, and the
parameters of heliocentric orbits from standard databases (such
as JPL or AstDyS).

4.1. (10115) 1992 SK

Using the physical parameters mentioned above and scaling
our convex-shape model such that it has a volume equivalent
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to a sphere of diameter 1 km (Busch et al. 2006), we obtained
Umod = 19.3 x 1078 rad d=2 by YORP. As already found by Capek
& Vokrouhlicky (2004), and later verified by both numerical and
analytical means (e.g., Vokrouhlicky et al. 2015, and references
therein), the predicted vyoq does not depend on the surface ther-
mal conductivity in the simple one-dimensional heat conduction
approach used. So our predicted value potentially rescales
only with adjustments to the size D and bulk density p with
Umoa < 1/(0D?). Nonetheless, the difference between our base
value of vyoq and the observed v = (8.3 £0.6) x 1078 rad d2 is
comfortably small, in fact smaller than in some other cases of
asteroids with YORP detections. Additionally, it can be made
closer to the observed value by (i) a plausible small increase in
the bulk density and/or size, or (ii) by accounting for beaming
and self-heating phenomena in the YORP computation (e.g.,
Rozitis & Green 2012, 2013a). We note that the latter effects
tend to decrease the predicted vyoq value, suitably approaching
the observed value. On the other hand, effects of the lateral heat
conduction in centimeter- to decimeter-sized surface irregulari-
ties would produce an additional acceleration component in vyeq
(e.g., Golubov & Krugly 2012). Since this component is not sig-
nificantly apparent, we assume the surface of (10115) 1992 SK
is not overly rugged. This is also in agreement with conclusions
driven from the analysis of radar data by Busch et al. (2006),
who interpreted the radar circular polarization measurements as
an indication of a similarity to the surface of Eros.

Our runs also provide the predicted value of the Yarkovsky
effect, namely a rate of secular change in the semimajor axis.
For the abovementioned nominal values of physical parame-
ters, and the rotation state determined in Sect. 2, we find that
(da/d?)meq ranges between —1.5 x 10™* and —4 x 10™* au Myr™!,
with a maximum value for the surface thermal inertia
~260 J m~! K=! s71/2 (statistically quite plausible value, e.g.,
Delbo et al. 2015). These values are slightly smaller than the
value measured for (6489) Golevka (Chesley et al. 2003), which
is the first such case in history, or even larger than the value
determined for (1685) Toro (Durech et al. 2018b). Yet, no statis-
tically robust da/d¢ drift has been detected from the orbital fit of
(10115) 1992 SK so far. The principal difference with the exem-
plary cases mentioned above consists of a significantly poorer
dataset of accurate astrometric observations for (10115) 1992 SK.
In particular, this asteroid was radar-sensed during only one
close approach to the Earth in March 1999 (Busch et al. 2006),
while Golevka and Toro had radar observations over several
approaches to the Earth, well-separated in time. The availabil-
ity of radar data still appears to be a decisive quality for the
Yarkovsky effect determination, especially for kilometer-sized
targets (e.g., Vokrouhlicky et al. 2015).

4.2. (1685) Toro

We scaled our shape model for (1685) Toro such that its equiva-
lent volumic size was 3.5 km derived by Durech et al. (2018b)
from a combination of optical and infrared photometry. This
value is consistent but slightly smaller than a determination by
Nugent et al. (2016), who obtained 3.91 km from NEOWISE
observations. We set the nominal bulk density of 2.5 g cm™
and used the rotation state from Sect. 2. With those parameters,
we obtained a theoretical value of vyeq = 8.8 X 107 rad d2 by
YORP, independently of the surface thermal inertia. This value
favorably compares with vpeq = 10.4 X 107 rad d~2, obtained
by Durech et al. (2018b) for a slightly different shape and pole
parameters of Toro. This indicates the stability of the nominal

YORP prediction, but also shows that a realistic uncertainty of
the predictions is at the level ~107 rad d~2. At the same time,
Umod 18 larger by a factor ~3 than v determined from the obser-
vations. The discrepancy could be made smaller by adopting
the larger size from Nugent et al. (2016), larger bulk density,
and shape variations on scales, which cannot be constrained by
observations. Therefore we consider the comparison between v
and vy0q acceptable, and this justifies our belief that the detected
signal is due to the YORP effect.

We also note that our simulations provided a prediction of
the Yarkovsky semimajor drift (da/df)meq in the —0.6 X 10~* and
—~1.4x10™* au Myr™! range, depending on the surface inertia
value (see also Fig. 9 in Durech et al. 2018b). These values match
da/dt = —=(1.39+£0.31)x 107* au Myr~! very well, which was
determined from the astrometric observations of Toro available
to date.

4.3. (1620) Geographos

Durech et al. (2008a) reported a robust YORP detection for
Geographos with v = (1.15+0.15) x 1078 rad d? and they also
argued that it matches the theoretically predicted value vpoq =
1.4x 1078 rad d2 very well from their model. Our new value
v = (1.14+0.03) x 10™8 rad d~2, derived from the available
photometric dataset to date, basically confirms the 2008 value
and improves its statistical significance by shrinking the formal
uncertainty. Since the pole direction and shape models are also
very similar to those in 2008, we do not expect much difference
in the theoretically predicted value wvpoq either. Interestingly,
scaling our new shape model to 2.56 km size (Hudson & Ostro
1999) and using a bulk density of 2.5 g cm™>, the same values as
in 2008, we obtained v0q = 0.96 X 1078 rad d=2. A comparison
of the two predictions indicates that the Geographos spin-state
and shape configurations provide a little less stable platform for
the YORP predictions. Still, the comparison with the observed
v value is fairly satisfactory, and there is little doubt about the
interpretation of the detected signal.

It is interesting to note that the predicted values of the
Yarkovsky semimajor axis drift for Geographos are very
similar to those of Toro mentioned above (see also Fig. 6
in Vokrouhlicky et al. 2005). The larger size of Toro is
apparently compensated for by several factors: (i) slightly
larger obliquity, (ii) lower perihelion, and (iii) more elon-
gated shape of Geographos, which makes the Yarkovsky
effect smaller (e.g., Vokrouhlicky 1998). In spite of a robust
Yarkovsky detection for Toro, the current astrometry of
Geographos permits for a statistically less significant detection
of (da/df) = —(1.33+0.42)x 10~*auMyr~!. The principal
reason consists of a wealth of radar data for Toro, suitably
distributed over four close encounters with the Earth (including
accurate measurements in 2016), and a poorer set of radar
measurements for Geographos, over just two close encounters
to the Earth in 1983 and 1994. Vokrouhlicky et al. (2005) were
expecting that the Yarkovsky effect would be firmly detected
in the orbit of Geographos by now, but the key element they
assumed were accurate astrometric observations in 2008 and/or
2019. Radar observations during the close approach in August
2026 might be an alternative option unless the distance is too
large for existing radar systems.

5. Conclusions

It is interesting to compare our determined value of v = dw/dt
for (10115) 1992 SK with two other exemplary asteroids with
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good detection of the YORP effect. We ask the readers to first
consider the case of (101955) Bennu, for which Hergenrother
et al. (2019) obtained v = (6.34+0.91) x 10~® rad d=2, which
is slightly smaller than v = (8.3+0.6)x107® rad d? of
(10115) 1992 SK. The two asteroids have approximately the
same heliocentric orbits, whose difference has only a very small
impact on the YORP effect strength, but the principal differ-
ence is due to the following: (i) about twice as small of a size
of Bennu as opposed to 1992 SK, (ii) about twice as small of a
density of Bennu as opposed to 1992 SK, and (iii) a larger oblig-
uity of Bennu as opposed to 1992 SK (see, e.g., Lauretta et al.
2019). In a simple YORP approach, refraining from the detailed
influence of the asteroid shape at various scales, one would thus
favor the YORP strength on Bennu by nearly an order of mag-
nitude over that on 1992 SK. Yet, the YORP effect is some 25%
smaller for Bennu. This clearly demonstrates that the shape of
Bennu is relatively unfavorable to a strong YORP effect, which
is probably due to its high degree of rotational symmetry. On
the contrary, the YORP-induced acceleration of (1862) Apollo
isv=(55+12)x10"% rad d? (e.g., Kaasalainen et al. 2007;
Durech et al. 2008b), which is only a factor of 1.5 smaller than
for 1992 SK. The two asteroids again have similar orbits, both
are S-type objects, such that we do not have an a priori reason to
suspect a very different bulk density, and even their obliquity is
also similar. The main difference then is in about a 50% larger
size of Apollo, such that naively we would expect a factor of
~2.25 in their YORP strength (favoring 1992 SK). This is not
very different from the observed factor of ~1.5, implying that
Apollo and 1992 SK are similarly favorable to a non-negligible
YORP strength. Indeed, their large-scale resolved shape models
are somewhat similar and lack a high degree of symmetry. These
examples clearly demonstrate the well known high significance
of details of the shape model for the strength of the YORP effect
(see Vokrouhlicky et al. 2015, and references therein).

A robust result for Geographos, and a slightly weaker, but
plausible one, for Toro, illustrate that the possibility to detect
the YORP effect is not reserved to the category of very small
near-Earth asteroids. Instead, the 2—4 km class of asteroids is
fully accessible for YORP detections if good data are spread
over an amenable time interval of a few decades (see also
Rozitis & Green 2013b, for a more formal analysis). In this
respect, it might be interesting to carefully review available data
for a few kilometer-sized objects and re-analyze their early obser-
vations in the 1950s or 1960s. While the astrometric information
was used from these frames, the value for photometry had not
been tested yet. It is possible that some of these data may reveal
interesting constraints on YORP if properly analyzed.

It is also interesting to overview YORP detections that have
been achieved so far. Five pre-2015 cases have been summarized
in the review chapter by Vokrouhlicky et al. (2015). Since then,
the YORP detection has been reported for (161989) Cacus by
Durech et al. (2018b), (101955) Bennu by Hergenrother et al.
(2019), (68346) 2001 KZ66 by Zegmott et al. (2021), and Rozek
et al. (2019) discussed a plausible YORP determination in the
case of (85990) 1999 JV6 (though here its significance is only
marginal because of a still short arclength covered by the obser-
vations). In this paper, we added a robust YORP detection for
(10115) 1992 SK and argue for a weak, but very plausible YORP
signal in the case of (1685) Toro (see also Durech et al. 2018b).
Amazingly enough, all these cases have v positive, thus implying
acceleration of the rotation rate.

The simplest variants of the YORP effect modeling, start-
ing with Rubincam (2000), Vokrouhlicky & éapek (2002), and

A5, page 8 of 14

Capek & Vokrouhlicky (2004), predict about an equal likelihood
of a positive and negative value for v (i.e., rotational acceleration
or deceleration by YORP). This result does not appear to change
when effects of thermal beaming, due to unresolved small-
scale irregularities, and self-irradiation of surface elements are
added to the computation, though the overall magnitude of
v may be decreased (e.g., Rozitis & Green 2012, 2013a). In
all these approaches, the thermal modeling is restricted to a
one-dimensional conduction below a particular surface facet.
Thermal communication of different facets is neglected or lim-
ited to mutual irradiation in the model of Rozitis & Green
(2013a), but no thermal communication of the surface units
is allowed by internal conduction. The idea of the importance
of the thermal communication of surface facets via conduction
on small-scale surface features was discovered by Golubov &
Krugly (2012), and further studied by Golubov et al. (2014),
Sevetek et al. (2015), or Sevetek et al. (2016) in more com-
plicated geometries and configurations. The fundamental aspect
of mutual conductive contact of different surface units is that it
breaks the symmetry in predicted positive and negative v val-
ues for a sample of asteroidal shape models. Instead, the v value
more likely becomes positive than negative, but the degree of this
asymmetry depends on a large number of parameters that cannot
be easily predicted. So eventually, observations may help to set
this asymmetry degree. Given this perspective, we might inter-
pret the YORP detections achieved thus far — not counting the
result of Rozek et al. (2019) for (85990) 1999 JV6 — as evidence
fora >10 : 1 favor in YORP making the rotation accelerated over
decelerated for kilometer-sized near-Earth objects.

While we do not see any a priori selection bias of the aster-
oids for which YORP has been detected so far, it would be
interesting to enlarge the sample of asteroids with a YORP detec-
tion for those with larger periods. It is obviously dangerous to
draw far-reaching conclusions from a still, very limited sam-
ple of only ten objects and even more dangerous to attempt
to extrapolate our v-asymmetry guess to a class of few- to
ten-kilometer-sized objects in the main belt. Yet, it would be
interesting to do so because this population offers some interest-
ing hints about the YORP influence. In particular, Pravec et al.
(2008), and more recently Pal et al. (2020), show that there is
a significant fraction of these main-belters which rotate slowly.
In the situation when planetary encounters are not effective,
the YORP effect is suspected to be the primary mechanism to
explain this slowly rotating subpopulation. If this is the case,
large asymmetry in positive versus negative v values would
imply that the small fraction of asteroids driven to slow rotations
must remain in this state for a very long time. But this, in turn,
would have an interesting implication on properties of collisional
dynamics in the main belt population of objects. However, it is
also possible that kilometer-sized, and smaller, near-Earth aster-
oids have surface properties different from order-of-magnitude
larger main belt asteroids. In this case, their v asymmetry degree
may be different. Because the YORP effect is unlikely to be
detected among the main-belt asteroids in the foreseeable future,
a continuing effort to characterize the YORP properties among
a near-Earth population remains a primary objective. In partic-
ular, enlarging the sample of cases with both a YORP detection
and YORP nondetections (such as 1865 Cerberus discussed in
Durech et al. 2012) is vital for constraining theoretical concepts
of this interesting phenomenon in planetary science.
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Appendix A: Uncertainty of the YORP parameter

The uncertainties of parameters derived from light curve inver-
sion presented in the main text were determined with bootstrap
(Sect. 2). To have an independent estimate, we used the same
approach as Vokrouhlicky et al. (2011) or Polishook (2014) and
computed y? for different fixed values of v (all other parameters
were optimized). Then we defined the 1o uncertainty interval
of v as such that /\(2 increased by a factor of 1 + \2/v, where v
is the number of degrees of freedom. These intervals are larger
than those determined by bootstrap.
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Fig. A.1. Dependence of the goodness of the fit measured by the

reduced y? (defined as y?/v, where v is the number of degrees of free-
dom) on the YORP parameter v for asteroid (10115) 1992 SK. The
dashed curve is a quadratic fit of the data points. The dashed red line
indicates a 3.7% increase in the y2, which defines our 1o uncertainty
interval of +0.8 x 1073 rad d™ given the number of degrees of freedom.
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Fig. A.2. Dependence of the goodness of the fit measured by the
reduced y? on the YORP parameter v for asteroid (1685) Toro. The
dashed curve is a quadratic fit of the data points. The dashed red line
indicates a 1.7% increase in the y2, which defines our 1o~ uncertainty
interval of +0.6 x 107 rad d2 given the number of degrees of freedom.
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Fig. A.3. Dependence of the goodness of the fit measured by the
reduced x? on the YORP parameter v for asteroid (1620) Geographos.
The dashed curve is a quadratic fit of the data points. The dashed red
line indicates a 1.5% increase in the y?, which defines our 1o uncer-
tainty interval of +0.04 x 108 radd™* given the number of degrees of
freedom.
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Appendix B: Shape models

Fig. B.1. Shape model of asteroid (1620) Geographos shown from equatorial level (left and center, 90° apart) and pole-on (right).

Fig. B.2. Shape model of asteroid (1685) Toro shown from equatorial level (left and center, 90° apart) and pole-on (right).
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Appendix C: New photometric observations
Table C.1. Aspect data for observations of (10115) 1992 SK.

Date r A a A Jé Observatory or
[au] [au] [deg] [deg] [deg] Reference

199902 08.0 1.195 0.305 41.3 158.3 504
19990209.1 1.189 0.298 41.6 158.1 50.9
199902099 1.185 0.292 41.8 1579 51.2
199902 15.9 1.153 0.253 442 155.6 53.9
199903 11.9 1.028 0.109 68.8 117.2 63.5
199903 13.0 1.022 0.103 71.3 1124 63.4
2006 03 06.1 1.017 0.132  75.6 246.0 40.9
2006 03 07.0 1.012 0.128  77.7 249.7 39.7
201311 03.3 1.591 0.624 12.8 34.0 19.8
201311 05.3 1.595 0.633 13.7 329 20.1
2013 11 06.3  1.597 0.637 14.1 323 20.2
201709269 1.193 0.426 539 290.7 -18.2 KMTNet-SAAO
201710 141 1.279 0.562 482 3077 -80 DK
201710142 1280 0.563 48.2 3078 -79 DK
201710 19.1  1.303 0.609 473 311.8 -58 DK
20171019.2 1304 0.610 472 3119 =57 DK
2017 11 121 1.409 0.867 44.0 3282 14 DK
202001 123  1.200 0.635 549 1979 22.0 DK
202010 17.8 1.575 0.644 202 533 17.3 BOAO
202010 18.8 1.578 0.642 19.6 528 17.6  BOAO
202010 19.3 1.579 0.642 19.2 525 17.8 BOAO
202010 19.8 1.580 0.641 189 523 18.0 LOAO
202010203 1.581 0.640 18.6  52.0 18.1 LOAO
2020 1021.3 1.584 0.639 18.0 51.5 18.4 LOAO
2020 11 170  1.630  0.695 174 36.2 23.3 Rozhen
202012 04.1 1.647 0.808 259  30.0 229 DK
202012 12.8 1.652 0.881 294  28.7 22.2  Nauchny

W LW LW DN N = bt et et e

Notes. The table lists asteroid’s distance from the Sun r and from the Earth A, the solar phase angle «, the geocentric ecliptic coordinates of the
asteroid (4, 8), and the observatory or source (KMTNet-SAAO — Korea Microlensing Telescope Network-South African Astronomical Observatory,
1.6 m; BOAO — Bohyunsan Optical Astronomy Observatory, 1.8 m; LOAO — Lemmonsan Optical Astronomy Observatory, 1 m; DK — Danish
telescope, La Silla, 1.54 m; Rozhen — Rozhen Observatory, 2 m; Nauchny — Crimean Astrophysical Observatoty, 2.6 m).

References. (1) Busch et al. (2006); (2) Polishook (2012); (3) Warner (2014)
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Table C.2. Aspect data for new observations of (1620) Geographos.

Date r A a A B Observatory or

[au] [au] [deg] [deg] [deg] Reference

2008 09 01.0 1.263 0.587  51.6 572 13.7 Simeiz

2008 09 04.0 1.278 0.581 50.1 575 149 Simeiz

2008 1027.8 1.506 0.568 20.4 381 317 1

2008 1028.8 1.509 0.571 20.3 375  31.7 1

2008 11 043 1.530 0.598  20.5 335 316 2

2008 11 06.3 1.536 0.608 20.8 324 314 2

2008 11 07.3  1.539 0.613 21.0 31.8 313 2

2008 11 18.2 1.569 0.681 24.2 270 297 2

2008 11 19.2  1.572 0.688  24.5 267 295 2

2008 11203 1.574 0.696 249 264 293 2

2011 1229.2  1.622 0.697 18.1 86.5 29.1 App

2011 1229.8 1.621 0.697 182 86.2 29.0 AAO

2012 10 13.7 1.160 0.563 59.3 292.3 7.0 AAO

201210 14.7 1.165 0.570  58.8 293.5 73 AAO

201210 16.8 1.176  0.586  57.8 296.0 7.9 Simeiz

201210 17.7 1182 0.594 574 2971 8.1 Simeiz

201507309 1185 0.911 56.1 515 5.5 Tien-Shan

201508 05.9 1.217 0904 548 545 6.9 Tien-Shan

201508 189 1.284 0.877 5.8 60.2 10.1 Tien-Shan

201508 19.9 1.289 0.875 515 60.6 10.4 Tien-Shan

20150922.0 1437 0.759 415 68.8 19.7 AAO

201509229 1441 0.756 41.1 689 20.0 AAO

201512132 1.647 0.824 269 381 273 3

201512152 1.649 0.840 276 377 269 3

20151216.2 1.650 0.848 279 37.6 266 3

201901 03.3 1.571 0.633 171 103.6 28.0 4

201901 043 1.568 0.630 171 1029 279 4

201901 10.2 1.552 0.617 179 992 273 4

201901 1.3 1.549 0.615 182 985 271 4

201901 21.0 1.520 0.612 227 928 250 AAO

201903 06.8 1343 0.746  46.7 859 10.1 Simeiz

201909243 1150 0.248 48.6 3026 14.6 5

20190928.2 1172 0279 470 3072 16.1 5

20190929.2 1.177 0287 4677 3083 164 5

20190930.2 1.182 0295 464 3094 16.7 5

201910 12.8 1.249 0.406 441 320.1 18.7 Simeiz

201911 06.5 1.368 0.655 42.6 3355 18.8 BMO

2019 11075 1.373 0.666 426 336.0 187 BMO

2019 11 11,5 1.391 0.709 424 3383 18.5 BMO

201911 144 1403 0.742 423 3399 184 BMO

2019 11 15.5 1408 0.753 422 3404 183 BMO

201911 18.5 1420 0.787 421 3420 181 BMO

201911 19.5 1424 0.798 420 3426 18.0 BMO

2019 11204 1428 0.809 42.0 3431 18.0 BMO

Notes. The table lists asteroid’s distance from the Sun r and from the Earth A, the solar phase angle , the geocentric ecliptic coordinates of the
asteroid (4, 8), and the observatory or source (AAO — E.Kharadze Abastumani Astrophysical Observatory, 70 cm; BMO — Blue Mountains Obser-
vatory, 35 cm; Simeiz — Simeiz Observatory, 1 m; Tien-Shan — Tien-Shan Astronomical Observatory, 1 m; App — Appalachian State University’s

Dark Sky Observatory, 81 cm.)

References. (1) Polishook (2009); (2) Skiff et al. (2019); (3) Warner (2016); (4) Warner & Stephens (2019); (5) Warner & Stephens (2020a)
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Table C.3. Aspect data for new observations of (1685) Toro.

Date r A a A B Observatory or
[au] [au] [deg] [deg] [deg] Reference

2018 0520.9 1956 1.001 13.8 2155 -134 Wise
201806 07.8 1937 1102 22.8 2101 -11.1 Wise
201806 08.8 1936 1.110 232 2099 -109 Wise
2018 06 09.8 1935 1.117 23.6 209.7 -10.8 Wise
2018 0622.8 1914 1223 282 208.6 -9.0 Wise
202006 154 1317 0593 47.6 3375 5.7
202006 174 1304 0.572 482 3393 6.2
202006 184 1.297 0.562  48.5 3403 6.5
202006 19.4 1290 0.552 48.9 341.2 6.9
202006 21.4 1277 0.532 49.6 343.2 7.5
202006224 1.270 0.523 50.0 3443 7.8
20200623.4 1.263 0.513 50.5 3453 8.2
202006274 1236 0477 52.3 349.8 9.7
20200629.0 1.225 0464 532 3517 10.3
202006 31.0 1.211 0.448 54.3 3543 11.1  Wise
202007 03.0 1.197 0432 555 3570 12.0  Chuguev
202007 11.0 1140 0.379  61.7 9.3 15.7 Chuguev
202007 13.9 1.119 0364 644 14.6 17.1 Wise
202007229 1.055 0.335 74.1 33.1 20.8 Kitab
20200723.0 1.055 0335 741 33.1 20.8 Kitab
20200726.0 1.034 0332 776 399 21.7 Wise
202007 28.9 1.013 0.331 80.9  46.5 22.3 Kitab
202007299 1.006 0.332 82.0 488 22.4  Kitab
202008 08.0 0.945 0.354 909  68.7 223  AAO
202008 09.0 0938 0.358 91.6  70.8 22.1 AAO
20200809.9 0932 0.362 923 72.6 21.9 Kitab
202008 10.0 0.932 0362 924 727 219 Wise
202008 10.9 0.926 0.366 93.0 74.6 21.7 Kitab
202008 10.9 0926 0366 93.0 74.6 21.7 Kitab
202008 12.0 0919 0.372  93.7 76.7 21.5 Wise
202008 19.0 0.877 0.412  96.8 88.9 19.5 AAO
202008 21.9 0.861 0432 974 935 18.6 Kitab
202008229 0.856 0439 975 94.9 18.2 Kitab
202009 15.0 0.776 0.639  90.1 122.7 10.2 AAO
2021 04 30.1 1.878 0.991 20.1 1831 -17.1 DK
2021 0430.0 1.878 0990 20.1 183.1 -17.2 DK

2_;,_.,_._,_.,_._,_.
—
7
(¢}

Notes. The table lists asteroid’s distance from the Sun r and from the Earth A, the solar phase angle «, the geocentric ecliptic coordinates of the
asteroid (4,(), and the observatory or source (Wise - Wise Observatory, 75 cm, see Polishook & Brosch (2009) for observation and reduction
details; DK — Danish telescope, La Silla, 1.54 m; Chuguev — Chuguev Observatory, 70 cm; Kitab — Kitab Observatory, 36 cm; AAO — E.Kharadze
Abastumani Astrophysical Observatoryo, 70 cm).

References. (1) Warner & Stephens (2020b).
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