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ABSTRACT

Impacts due to near-Earth objects (NEOs) are responsible for causing some of the great mass extinctions on Earth. While nearly all NEOs of diameter > 1 km, capable
of causing a global climatic disaster, have been discovered and have negligible chance of impacting in the near future, we are far from completion in our effort to
detect and characterize smaller objects. In an effort to test our preparedness to respond to a potential NEO impact threat, we conducted a community-led global
planetary defense exercise with support from the NASA Planetary Defense Coordination Office. The target of our exercise was 2012 TC4, the ~10 m diameter asteroid
that made a close pass by the Earth on 2017 October 12 at a distance of about 50,000 km. The goal of the TC4 observing campaign was to recover, track, and
characterize 2012 TC4 as a hypothetical impactor in order to exercise the global planetary defense system involving observations, modeling, prediction, and
communication. We made three attempts with the Very Large Telescope (VLT) on 2017 July 27, 31 and on 2017 August 5 and recovered 2012 TC4 within its
ephemeris uncertainty at 2.2 arcmin from the nominal prediction. At visual magnitude V = 27, the recovery of 2012 TC4 is the faintest NEA detection thus far. If an
impact during the 2017 close approach had been possible based on the 2012 astrometric data, these recovery observations would have been sufficient to confirm or
rule out the impact. The first automatic detection by a survey (Pan-STARRS1) was on September 25, which is the earliest that 2012 TC4 would have been discovered
in survey mode, if it had not been discovered in 2012. We characterized 2012 TC4 using photometry, spectroscopy and radar techniques. Based on photometric
observations, we determined a rotation period of 12.2 min with an amplitude of 0.9 magnitudes. An additional lower amplitude period was detected, indicating that
2012 TC4 was in a state of non-principal axis rotation. The combined visible and near-infrared spectrum puts it in the taxonomic X-class. Radar images at 1.875m
resolution placed only a few range pixels on the asteroid, reveal an angular, asymmetric, and elongated shape, and establish that 2012 TC4 is less than 20 m on its
long axis. We estimate a circular polarization ratio of 0.57 + -0.08 that is relatively high among NEAs observed to date by radar. We also performed a probabilistic
impact risk assessment exercise for hypothetical impactors based on the 2012 TC4 observing campaign. This exercise was performed as part of ongoing efforts to
advance effective impact risk models and assessment processes for planetary defense. The 2012 TC4 close approach provided a valuable opportunity to test the
application of these methods using realistically evolving observational data to define the modeling inputs. To this end, risk assessments were calculated at several
epochs before and during the close approach, incorporating new information about 2012 TC4 as it became available. Two size ranges were assessed—one smaller size
range (H = 26.7) similar to the actual 2012 TC4, and one larger size range (H = 21.9) to produce a greater-damage scenario for risk assessment. Across the epochs,
we found that only irons caused significant damage for smaller size. For the larger size case, however, hydrous stones caused the greatest damage, anhydrous stones
caused the least damage, and irons caused moderate damage. We note that the extent of damage depends on composition in different size regimes and, after
astrometry, size is the most important physical property to determine for an incoming object.

1. Introduction 2. Astrometry

Planet Earth has survived mass extinctions, the last of which took Near-Earth asteroid 2012 TC4 was discovered by the Pan-STARRS1
place ~65 million years ago and led to the extinction of the dinosaurs survey on 2012 October 04 (MPEC 2012-T18, 2012). 2012 TC4 was in
(Alvarez et al., 1980). The impact of Comet Shoemaker-Levy 9 into the nighttime sky within 20° of opposition and was headed for an in-
Jupiter in 1994 led to the establishment of the NASA Near-Earth Object bound close approach to Earth on 2012 October 12 at a geocentric
Observation (NEOO) program with the goal of discovering 90% of near- distance of 95,000 km (15 Earth radii). As 2012 TC4 got closer to Earth

Earth Objects (NEOs) larger than 1km. This goal has been largely ac- and brighter in the sky, astronomers collected hundreds of observations
complished and we are currently pursuing the goal of discovering 90% with the last astrometric position on 2012 October 11 at 18:00 UTC
of NEOs larger than 140 m. More recently, the 20 m asteroid that air- reported to the Minor Planet Center by the Drebach Observatory,
burst over Chelyabinsk, Russia, injuring over 1000 people and dama- Germany. After that close approach, 2012 TC4 moved into the daytime
ging thousands of buildings, only reinforced the importance of de- sky thus preventing further observations.

tecting and characterizing small NEAs that have a greater chance of The 2012 close approach significantly changed the orbit of 2012
impacting on more imminent timescales. While nearly all extinction- TC4. For instance, the semimajor axis increased from 1.3 to 1.4 AU and
scale NEOs (> 1km diameter) have been discovered with negligible the orbital period changed from 1.45 to 1.67 yr. As a result, 2012 TC4
chance of impacting in the near future, the best defense against the NEO moved into a 5:3 resonance with the Earth, leading to a second en-
threat is detecting hazardous NEOs with sufficient lead-time to divert counter on 2017 October 12, which took place after five orbital re-
them. In 2016, the NASA Planetary Defense Coordination Office volutions of the Earth and three orbital revolutions of the asteroid.
(PDCO) was established to ensure the early detection, tracking, and Based on the 2012 observational dataset, the circumstances of the
characterization of potentially hazardous objects (PHOs) and to issue 2017 encounter were largely uncertain. The 3-0 uncertainty for the
warnings about potential impacts. The PDCO also is the lead office for time of close approach was 00:48 Barycentric Dynamical Time (TDB) to
providing timely and accurate communications and coordination of 16:10 TDB and the 3-0 uncertainty for the geocentric close approach
U.S. Government planning for response to an actual impact threat. In an distance was 13,000 km (2 Earth radii) to 290,000 km (45 Earth radii).
effort to test the operational readiness of all entities critical to planetary Fig. 1 shows the mapping on the Opik B-plane (Kizner, 1961, Valsecchi
defense, we conducted a community-led exercise with support from the et al. 2003) of 200 Monte Carlo samples for the orbital solution com-
NASA PDCO. The target of this exercise was 2012 TC4, a ~10-meter puted by using only the observations collected during the 2012 appa-
diameter asteroid that made a close pass by the Earth on 2017 October rition. The coordinates on the B-plane represent the asymptotic relative
12 at a distance of about 50,000 km. The goal of the TC4 observing position of the asteroid with respect to the Earth before the Earth's
campaign was to recover, track, and characterize 2012 TC4 as a hy- gravity starts bending the asteroid's trajectory. The orbital uncertainty
pothetical impactor in order to exercise the global planetary defense is on a line and the Monte Carlo samples line up along the vertical
system involving observations, modeling, predictions, and commu- direction, which is directly related to the position of the sample along
nications. Here we present an overview of the campaign and summarize the orbit and therefore to the time of close approach. This line does not
the science results from the exercise. intersect the Earth's cross-section on the B-plane and so an impact in

2017 was not possible based on the 2012 astrometric data.
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3. Recovery To support the recovery attempts and refine the ephemeris estimate,

The first opportunity to recover 2012 TC4 occurred during July
2017, more than two months before the closest approach on October
12. Fig. 2 shows the plane-of-sky uncertainty and the brightness of 2012
TC4 as seen from Earth from the beginning of July 2017 to the October
12 encounter. During this time frame, 2012 TC4 became progressively
brighter and the plane-of-sky uncertainty grew larger. To minimize the
area of the sky to be searched, the recovery attempt had to be per-
formed as early as possible. Therefore, we scheduled observations with
European Southern Observatory's Very Large Telescope (VLT) on Cerro
Paranal, Chile, which is capable of detections as faint as V ~ 27
(Micheli et al., 2016).

we reanalyzed the 2012 observational data. We remeasured the astro-
metry that had been collected from Mauna Kea, Magdalena Ridge
Observatory, Las Cumbres Observatory, Bisei Observatory, Konkoly
Observatory, and Drebach Observatory. To reduce star catalog sys-
tematic errors, we performed the astrometric reduction by using the
first data release of the Gaia star catalog (Gaia Collaboration et al.,
2016). The remeasurements included an assessment of the astrometric
uncertainties as well as timing errors, which were especially relevant
for the latest observations during the 2012 apparition when 2012 TC4
reached a plane-of-sky rate of motion of almost 2 arcsec/s.

Figs. 3 and 4 show the astrometric residuals of the observations
collected during the 2012 apparition against JPL solution 61, which is
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Fig. 3. Astrometric residuals of the optical observations obtained during the
2012 apparition computed against JPL solution 61. The top panel is for right
ascension and the bottom panel is for declination. The right ascension residuals
include the cos(declination) factor. Red dots correspond to observations ex-
cluded from the fit. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Astrometric residuals of the optical observations obtained during the
2012 apparition computed against JPL solution 61. The top panel is for the
along-track (AT) residuals and the bottom panel is for the cross-track (CT) re-
siduals. Red dots correspond to observations excluded from the fit. The two
panels use different scales for the y-axis. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

the final trajectory reconstruction. The residuals are represented in
right ascension and declination (Fig. 3) and along-track and cross-track
directions (Fig. 4). Because of their evident biases, we removed eight
observations from the fit. For the observations that we reanalyzed, the
data weights were set based on our astrometric uncertainty assessment.
For the other observations, we adopted the Veres et al. (2017)
weighting scheme, with the exception of a few observations that we
deweighted because of their higher noise level. Finally, to remove star
catalog biases, we applied the Farnocchia et al. (2015a) debiasing
scheme. Timing errors can significantly affect along-track residuals and
in fact Fig. 4 clearly shows how the along-track residuals increase to-
ward the end of the 2012 arc when 2012 TC4 moved faster in the sky.
To mitigate the effect of timing errors, we inflated the observation
uncertainties in the along-track direction to allow for a 1-second timing
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Fig. 5. Plane-of-sky prediction uncertainty of solution 26 for the first recovery
detection from VLT on 2017 July 21 at 05:54 UTC. The cross marks the mea-

sured astrometric position of 2012 TC4.

error. Because of the observed along-track bias and our reanalysis of the
data, the Drebach observations were further deweighted along-track for
a time error of 3 s. Based on this statistical treatment of the astrometry
we computed JPL orbital solution 26.

Our first recovery attempt was on 2017 July 27 and we found a
candidate detection. However, the low signal-to-noise ratio of the de-
tection cast doubt on whether we had actually detected 2012 TCA4.
Therefore, we observed 2012 TC4 again and successfully confirmed our
candidate VLT detection with additional images taken on August 5. We
also obtained a single astrometric position from a set of observations
with poorer seeing on 2017 July 31. On 2017 August 6, the Minor
Planet Center issued MPEC 2017-P26 to announce the recovery of the
2012 TC4. Fig. 5 shows the recovery measurement compared with the
ephemeris prediction from JPL solution 26. 2012 TC4 was found 2.2
arcmin from the nominal prediction. The offset with respect to JPL
solution 26 was 0.8-sigma in the longest direction of uncertainty, and
the combined two-dimensional offset was 1.1-sigma.

Due to the recovery observations, the knowledge of the orbit of
2012 TC4 greatly improved. In particular, the uncertainty in semimajor
axis decreased by almost three orders of magnitude. The estimated
geocentric close approach distance became 50,141 * 373km (7.9
Earth radii) and the time of closest approach was 2017 October 12 at
05:41:59 TDB =+ 67 s (3-sigma uncertainties). The new estimated orbit
and the close approach circumstances made it easier to plan the sub-
sequent astrometric and physical characterization observations. In
particular, if an impact during the 2017 close approach had been pos-
sible based on the 2012 astrometric data, the recovery observations
would have confirmed or ruled out the possible impact.

4. 2017 Apparition and final orbit reconstruction

After the recovery, we kept observing 2012 TC4 with the purpose of
refining the orbit. By the end of August we obtained eleven astrometric
positions from Mauna Kea and six from Kitt Peak. By mid-September,
Magdalena Ridge and Pan-STARRSI also observed 2012 TC4. Then, the
number of observations started increasing rapidly and skyrocketed in
October. In total, more than seven hundred optical observations were
collected and reported to the Minor Planet Center during the 2017
apparition. We also were able to obtain observations in the days after
the close approach from Magdalena Ridge and Mauna Kea observatories
through October 21. Finally, we observed 2012 TC4 for the last time on
2017 December 14 from the VLT.
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Table 1

Doppler measurements, uncertainties, and residuals against JPL solution 61.
The measurement on Oct. 9 used DSS-14 to transmit (8560 MHz) and receive.
The Doppler on Oct. 12 used DSS-12 (7190 MHz) to transmit and the Green
Bank Telescope to receive.

Time UTC Measurement (Hz) Uncertainty (Hz) Residual (Hz)
2017 Oct 09 07:30:00 364,428.520 1.0 -0.57
2017 Oct 12 02:21:30 278,809.719 1.0 0.19

Even though Pan-STARRS] first detected 2012 TC4 on September
14, the detection required human intervention and a priori knowledge
of the 2012 TC4 position. The first detection that was automatically
reported by the Pan-STARRS] pipeline was on September 25, which is
the earliest that 2012 TC4 could have been discovered in survey mode if
it had not been discovered in 2012. The September 25 Pan-STARRS1
observations alone would have provided very weak constraints on the
orbit. However, with the addition of the second automatic detection
from Pan-STARRS1 on September 28, JPL's Scout system (Farnocchia
et al., 2015c, 2016) would have predicted the upcoming close approach
and that an impact was not possible.

The close approach of 2012 TC4 represented a good opportunity to
collect radar observations. In addition to providing useful information
on an object's physical properties, radar measurements are very pow-
erful for improving the orbit (Benner et al., 2015). We obtained two
Doppler measurements of 2012 TC4 on October 9 and 12 (see Table 1)
and seven time delay measurements on October 10, 11, and 14 (see
Table 2).

Non-gravitational perturbations are important to consider for orbits
of small objects such as 2012 TC4. The expected size of 2012 TC4 was
between 10 and 30 m for an albedo between 5% and 30% based on the
absolute magnitude of H = 26.7. Modeling these non-gravitational
perturbations became important as the observation arc was extended
and the orbital uncertainty shrank. We modeled non-gravitational
perturbations as a purely radial component A;/r* and a purely trans-
verse component A,/r?, which correspond to solar radiation pressure
and Yarkovsky effect respectively (e.g., Farnocchia et al., 2015b). We
initially assumed a range for A; and A, based on the expected size of
2012 TC4: A, = (3.0 = 1.5) x 10" 1 AU/d? and A,

= (0 = 1.5) x 10" '2AU/d? (1-sigma). After the October 11 radar
delay Doppler measurements, we started estimating A; and A, based on
the orbital fit (Farnocchia et al., 2013).

By using the same statistical treatment of the astrometry discussed
above and fitting the whole data arc, we computed our final orbit so-
lution, JPL solution 61, which is shown in Table 3 together with our
final reconstruction of the close approach. As a result of the close ap-
proach, the semimajor axis of 2012 TC4 further increased to 1.6 AU,
which corresponds to an orbital period of about 2 yr. Figs. 2, 3, 6 and 7
show the astrometric residuals of optical observations against JPL so-
lution 61. The along-track residuals clearly show large errors around
the 2012 October 12 and 2017 October 12 close approaches, but
especially for 2017 when the plane-of-sky rate of motion of 2012 TC4
reached almost 20 arcsec/s. Unfortunately, systematic timing errors as

Table 2
Delay measurements, uncertainties, and residuals against JPL solution 61. All
measurements used DSS-14 to transmit and receive.

Time UTC Measurement (s) Uncertainty (us) Residual (us)
2017 Oct 10 06:50:00 7.487595 20 5.3

2017 Oct 10 08:00:00 7.308629 1.0 -0.71

2017 Oct 10 08:40:00 7.2075461 0.25 -0.37

2017 Oct 11 06:10:00 3.7974858 0.25 0.28

2017 Oct 11 07:20:00 3.61681298 0.25 0.26

2017 Oct 14 12:30:00 8.7488736 0.50 0.03

2017 Oct 14 13:10:00 8.848922729 0.25 0.11

Icarus 326 (2019) 133-150

Table 3
Orbital elements, non-gravitational parameters, and close approach estimates
for JPL solution 61.

Nominal value 1-sigma uncertainty

Eccentricity 0.3360783783 2.45E-08
Perihelion distance 0.9335316890 AU 1.82E-08 AU
Time of perihelion 2017 Nov 16 00:45:42.634 TDB 0.496 s
Longitude of node 198.23273434 deg 1.04E-06 deg
Argument of perihelion 222.58388030 deg 6.98E-06 deg
Inclination 0.85717234 deg 1.05E-06 deg
Al 21.17E-12 AU/d? 8.00E-12 AU/d?
A2 —27.35E-14 AU/d? 6.54E-14 AU/d*
Close approach time 2017 Oct 12 05:41:59.633 TDB 0.003s
Close approach distance 50,151.120 km 0.033 km
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Fig. 6. Astrometric residuals of the optical observations obtained during the
2017 apparition computed against JPL solution 61. The top panel is for right
ascension and the bottom panel is for declination. The right ascension residual
includes the cos(declination) factor. Red dots correspond to observations ex-
cluded from the fit. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 7. Astrometric residuals of the optical observations obtained during the
2017 apparition computed against JPL solution 61. The top panel is for the
along-track (AT) residuals and the bottom panel is for the cross-track (CT) re-
siduals. Red dots correspond to observations excluded from the fit. The two
panels use different scales for the y-axis. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 8. Mapping on the B-plane of JPL solution 42,
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s significantly smaller uncertainties due to the ex-
tended data arc. Solid lines are for 3-sigma un-
certainty ellipses, dashed lines are for 1-sigma el-
lipses. The red dots correspond to impact solutions
for the October 2050 Earth encounter, i.e., they
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~ legend, the reader is referred to the web version of
this article.)
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large as 5s were present and led to the removal of the corresponding
observations.

5. Virtual impactors

At the end of the 2012 apparition, 2012 TC4 was a virtual impactor
with several orbital solutions compatible with the observational data
that could lead to a future impact on Earth. Each of these possible
impacts had a small probability of less than 5 million.

As the data were being collected during the 2017 apparition, the
orbital solution started shrinking around the impact solution for
October 2050. Fig. 8 shows the mapping on the B-plane corresponding
to the October 2017 encounter of the orbital uncertainties for JPL so-
lutions 42 and 46 compared with the keyhole (Chodas, 1999) for an
impact in October 2050. JPL solution 42 is based on all the observations
available on September 24. The uncertainty ellipse included many of
the 2050 impact solutions and the impact probability was 1 in 180. On
September 28, new data became available and we computed JPL so-
lution 46. The corresponding uncertainty ellipse shrank leaving the
2050 impact solutions outside the ellipse, thus ruling out an impact in
2050. Other impact solutions remained possible for a while, but by the
time the 2017 apparition concluded, the observational data had ruled
out all the possible impacts for the next century.

6. Characterization: Photometry

The rotational state of a closely approaching asteroid is an essential
physical parameter to acquire as part of any overall characterization
effort. The spin state can reveal important information about limita-
tions of the strength of the asteroid. Additionally, the lightcurve am-
plitude can lead to estimates of axial dimension ratios that in turn help
approximate the shape. In the case of 2012 TC4, a 12.2 minute rota-
tional period with a lightcurve amplitude of 0.9 magnitudes was ob-
served during its discovery apparition in October 2012 (Polishook,
2013; Odden et al., 2013; Warner, 2013, and Carbognani, 2014).
However, an additional 8.50 min period was detected during this same
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apparition using observations taken at a higher temporal cadence, in-
dicating that 2012 TC4 was in a state of non-principal axis rotation
(Ryan and Ryan, 2017).

Cognizant of the previous knowledge of 2012 TC4's rotation state,
our international campaign to observe this asteroid in 2017 included
extensive lightcurve observations as part of the exercise to assess gen-
eral observational preparedness. Aside from scientific interest, this
would allow for the determination of when, during its incoming tra-
jectory, various features of 2012 TC4's lightcurve would be detectable.
A complete list of facilities, telescope details, and observational cir-
cumstances for the lightcurve effort are listed in Table 4. The full data
set is archived in digital format at http://2012tc4.astro.umd.edu/.

The first lightcurves were acquired using 4- to 5-meter-class tele-
scopes in mid-September 2017 while the asteroid had a visual

Table 4
List of facilities, telescope details and observational circumstances for the
lightcurve campaign. Visual magnitudes quoted are from JPL Horizons.

Observatory/Telescope Date (UT) Visual Mag. Filter
Kitt Peak Mayall 4-m (USA) 2017 09 13.21-31 22.7 VR
Kitt Peak Mayall 4-m (USA) 2017 09 14.15-30 22.6 VR
Palomar Hale 5-m (USA) 2017 09 17.39-48 22.4 r
Palomar Hale 5-m (USA) 2017 09 20.15-46 22.1 r
SOAR 4.1-m (Chile) 2017 10 06.19-23 19.7 r
CTIO LCO-A 1-m (Chile) 2017 10 09.12-16 18.4 r
CTIO LCO-B 1-m (Chile) 2017 10 09.15-19 18.4 i
Magdalena Ridge 2.4-m (USA) 2017 10 09.13-22 18.4 VR
Wise Obs. 0.72-m (Israel) 2017 10 09.72-88 17.9 VR
Wise Obs. 0.72-m (Israel) 2017 10 10.67-96 16.9 VR
IRSF 1.4-m (South Africa) 2017 10 10.75-99 16.8 JHK
KMTNet 1.6-m (South Africa) 2017 10 10.84-98 16.7 V,R,I
USNA 0.51-m (USA) 2017 10 11.02-04 16.6 v
Magdalena Ridge 2.4-m (USA) 2017 10 11.07-16 16.4 R
Wise Obs. 0.72-m (Israel) 2017 10 11.68-82 14.7 VR
IRSF 1.4-m (South Africa) 2017 10 11.81-99 14.1 JHK
KMTNet 1.6-m (South Africa) 2017 10 11.83-96 14.1 V,R,I
Magdalena Ridge 2.4-m (USA) 2017 10 12.06-14 13.2 R
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Fig. 9. Composite lightcurve showing the data acquired at both the 4-meter
Mayall Telescope at KPNO and the 5-meter Hale Telescope at Palomar
Observatory in mid-September 2017.

magnitude of V~22.5. The larger amplitude ~0.20 h primary period
was clearly evident in these data. The composite lightcurve data folded
with this single period are presented in Fig. 9. These initial data were
significant to the campaign exercise in that, absent any other char-
acterization of this object from previous apparitions, these observations
would have permitted the first confirmation that 2012 TC4 was a po-
tential impactor of non-negligible strength approximately one month
before closest approach. These data also showed a spread that was
larger than the photon statistics-based error bars, which was the first
indication during this campaign of the possibility that a second period
was present.

On 2017 October 6, 2012 TC4 was observed using the SOAR 4-
meter telescope when the asteroid was at magnitude V~20.5 These
data were the first to display the definitive presence of the secondary
period during the 2017 observing campaign. A sequential lightcurve
plot with a double Fourier series fit using periods of 0.205h and 0.145h
is shown in Fig. 10.

Not surprisingly, the number of photometric observations by var-
ious teams increased significantly as we neared the October 12 closest
approach. A composite lightcurve derived from data collected on the
day before closest approach (October 11) by observers at MRO, the US
Naval Academy (USNA), the Wise Observatory (Israel), and the Korean
Microlensing Telescope Network (KMTNet, South Africa; Kim et al.,
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Fig. 10. Sequential lightcurve of data acquired using the SOAR 4-meter tele-
scope fitted with a double Fourier series using periods of 0.204 h and 0.141 h.
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Fig. 11. Composite lightcurve using data from the US Naval Academy 0.51-
meter, Magdalena Ridge Observatory 2.4-meter, the Wise Observatory 0.72-
meter (Israel), and the Korean Microlensing Network's (KMTNet, South Africa)
1.6-meter telescope on 2017 October 11. Superimposed is the double Fourier
series fit using the periods 0.2042h and 0.1413 h (the best fit to the composite
data) with the residuals plotted relative to V = 30. The USNA and MRO data
have been adjusted in magnitude zeropoint to match the V-calibrated Wise and
KMTNet data to account for different filters and the brightening of the asteroid
when the latter data were acquired.

2016) is shown in Fig. 11. Note that in this composite plot, the Fourier
fit deviates each cycle from strict periodicity due to the presence of the
lower amplitude second period. The USNA data consisted of differential
photometry and the MRO data was acquired using the R filter. There-
fore, both were shifted vertically to align with the calibrated H(V)
magnitudes (observed V scaled to unit heliocentric and geocentric
distances) of the KMTNet and Wise data acquired when the asteroid was
brighter. The last lightcurve data obtained during the campaign was
taken about 3 h before closest approach using the MRO 2.4-m telescope
on 2017 October 12.

As expected, the quality of lightcurve data, both in temporal and
photometric resolution, increased as the asteroid got closer (and the
apparent brightness increased), making the complex character of the
rotation state more evident. However, the nature of the flyby was such
that the phase angle, and hence the apparent brightness, rapidly de-
creased after the flyby. Therefore, no lightcurves were acquired on the
outgoing trajectory. Since the observing geometry was very similar to
that during the discovery 2012 apparition, the characteristics of the
lightcurve were very similar. In particular, the larger primary ampli-
tude ~0.20 h and smaller secondary ~0.14 h periods seen in the 2012
data were again observed during this apparition. Warner (2018), Sonka
et al. (2017) and Tan and Gao (2018) also identified similar periods.
Further analysis of the data will help identify the periods to a higher
precision and determine if there were any changes in the lightcurve
structure or periods between the two apparitions. This additional
scrutiny may also eventually permit the construction of a physical
shape model of the asteroid.

7. Characterization: Colors and spectroscopy
To investigate the composition of 2012 TC4, we obtained broad-
band colors and visible and near-infrared spectra of the object in the

weeks before closest approach. Observational circumstances for our
characterization effort are shown in Table 5.

7.1. Colors

Broadband colors for this effort were obtained at four facilities: the
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List of facilities, telescope details and observational circumstances for the compositional characterization campaign. Visual magnitudes presented here are

from JPL Horizons.

Observatory/telescope Date (UT) Visual mag. Data type

Palomar Hale 5-m (USA) 2017 09 20.38-41 22.2 Visible Colors

Magdalena Ridge 2.4-m (USA) 2017 10 11.14-16 16.3 Visible Colors

KMTNet 1.6-m (South Africa) 2017-10-10.83-96 ~16.6 Visible Colors
2017-10-11.83-96 ~13.9

IRSF 1.4-m (South Africa) 2017-10-10.79-99 ~16.6 NIR Colors
2017-10-11.79-99 ~13.7

Lowell DCT 4.3-m (USA) 2017-10-10.14-16 17.5 Visible Spectrum

NASA IRTF 3-m (USA) 2017-10-09.35-39 18.3 NIR Spectrum

2.4-m Magdalena Ridge Observatory (MRO), the Palomar 200-inch, the
1.6-m Korea Microlensing Telescope Network (KMTNet, Sutherland
node), and the 1.4-m Infrared Survey Facility (IRSF). All colors derived
from our observations are consistent with a featureless, moderately
sloped spectral type such as the C- or X-complex. The two independent
measurements made with VRI filters (MRO and KMTNet) are consistent
with each other.

7.1.1. Magdalena Ridge 2.4-m (USA)

Broadband color sequences (R-V-R-B-R-I-R) were taken during the
acquisition of the R-band temporal photometry on 2017 October 11.
Conditions were determined to be photometric by analyzing the com-
parison stars from the lightcurve data. As described in the previous
section, the lightcurve was fitted with a two-dimensional Fourier series.
With the temporal behavior of the lightcurve fixed, the magnitude zero
point was fit to the V-, B-, and I-band data respectively. The difference
in these zero points was then used to determine the instrumental color
indices. The color transformation coefficients were determined using
the standard field PG2213-006 (Landolt, 1992) and were checked for
consistency with recent observations. The resulting color indices are
listed in Table 6.

7.1.2. Palomar Hale 5-m (USA)

Colors were obtained from relative photometry using SDSS on-frame
standards. The final colors are the averages of two color sequence ob-
servations taken in an rigrigr observing filter pattern and the r-band
fluxes were interpolated to the approximate time of the g- and i-band
exposures. Due to the relative faintness of the target on the date of
observation, integration times were 360 seconds which is about half of
a full rotation. The resulting color indices are listed in Table 6.

7.1.3. KMTNet 1.6-m/IRSF 1.4-m (South Africa)

Observations were performed with a node of the Korea Microlensing
Telescope Network (KMTNet) and with the Infrared Survey Facility
(IRSF) telescope in Sutherland, South Africa. For KMTNet, observations

were performed alternating among V, R, and I filters in the sequence
VRVI, repeating the sequence continuously for the entire observing
duration. The exposure time for each filter on both nights was 15 s with
a ~90-second read-out time in-between exposures. For IRSF, simulta-
neous J, H and K filter imaging was done during the entire observing
duration. The exposure time for each filter was 60 and 10 s on October
10 and 11 respectively, with < 3second read-out time between ex-
posures.

For both KMTNet and IRSF data the photometry and lightcurve
extraction was performed using PHOTOMETRYPIPELINE (PP) devel-
oped by Mommert (2017). The pipeline utilizes the widely used Source
Extractor software for source identification and aperture photometry.
SCAMP is used for image registration. Both image registration and
photometric calibration are based on matching field stars with star
catalogs from the Sloan Digital Sky Survey, the AAVSO Photometric All-
Sky Survey, Pan-STARRS, and GAIA. To determine colors and to ac-
count for variations in magnitude due to rotation, a linear interpolation
was performed between adjacent V data points in the KMTNet's data
set. The interpolation was used to obtain a corrected V magnitude at
times of non-V observations. Respective colors were derived by sub-
tracting the non-V magnitudes from these interpolated V magnitudes.
The simultaneous J, H and K imaging of IRSF did not require this ad-
ditional step for color determination. The repeating sequences enabled
the study of color indices over time for both nights (Table 6). No color
variation within the observed errors was seen for either the visible or
near-infrared wavelengths between the two nights or within a single
night.

7.2. Spectroscopy

Visible and near-infrared spectra were obtained using Lowell
Observatory's 4.3-m Discovery Channel Telescope (DCT) near Flagstaff,
Arizona, and the 3-m NASA Infrared Telescope Facility (IRTF).
Observational circumstances for the spectroscopy effort are shown in
Table 5. The composite visible and near-infrared spectrum of 2012 TC4

Table 6
Broadband visible and NIR colors for 2012 TC4.
Observatory/Telescope Date (UTC) B-V V-R V-1
Magdalena Ridge 2.4-m (USA) 2017 10 11.14-16 0.64 = 0.06 0.44 = 0.04 0.85 = 0.06
KMTNet 1.6-m 2017 10 10.84-98 0.351 + 0.063 0.86 = 0.064
(South Africa) 2017 10 11.83-96 0.480 + 0.073 0.76 = 0.069
Observatory/Telescope Date (UTC) gr r-i gi
Palomar Hale 5-m (USA) 2017 09 20.38-41 0.55 *+ 0.07 0.46 = 0.07 1.01 = 0.08
Observatory/Telescope Date (UTC) J-H J-K
IRSF 1.4-m 2017 10 10.75-99 0.324 + 0.020 0.35 = 0.034
(South Africa)
2017 10 11.81-99 0.33 = 0.001 0.33 = 0.001
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Fig. 12. Combined visible and near-infrared spectrum of 2012 TC4 along with average spectrum of Xc taxonomic type.

is shown in Fig. 12. The combined spectrum puts it in the taxonomic X-
complex with a best spectral match to the Xc-class. Our spectrum is
consistent with the spectrum of 2012 TC4 taken by the MITHNEOs
survey during its discovery apparition (Binzel et al., 2019).

7.2.1. Lowell DCT 4.3-m (USA)

Visible wavelength spectra were obtained with the DeVeny
Spectrograph at Lowell Observatory's 4.3m Discovery Channel
Telescope on the night of 2017 October 10 UT. DeVeny was configured
with a 150 line/mm grating and a 3 arcsec wide slit, producing a usable
free spectral range of approximately 4500-9000 A and a dispersion of
4.3 A per pixel. Under high winds and poor seeing of 4-5 arcsec, six
exposures of 300 s were obtained for a total of 30 min on source. Solar
analog star SA115-271 was observed immediately after 2012 TC4. A
combination of four arc lamps (Hg, Cd, Ne, Ar) and a flat field lamp
were independently measured at the pointing location of the asteroid to
provide a dispersion solution and flat field correction respectively.
Reduction of these data followed Moskovitz et al. (2013) and used
standard IRAF and IDL procedures.

7.2.2. NASA IRTF 3-m (USA)

Near-infrared spectra were obtained with SpeX (Rayner et al., 2003)
on the NASA Infrared Telescope Facility (IRTF) on 2017 October 9. The
spectra were taken in prism mode with the 0.8 arcsec wide slit. The sky
conditions were poor, with moderate to thick cirrus that thinned out
long enough to obtain 1800s of total integration on the target. The
solar analog star SA 115-271 was also observed. The data were wave-
length calibrated using an internal Ar lamp. The spectrum shows no
sign of a thermal tail out to 2.4 pm. While the formal errors and scatter
in the K-band region are large, a thermal signature would have been
detected if it were present.

The spectral properties of 2012 TC4 are consistent with an optically
bright object. This conclusion agrees with the radar analysis, which
finds that the object is likely an E-type (the optically bright sub-type of
the X-complex). While a wide range of taxonomic types (E, M, and P-
types representing high, moderate and low albedo groups) are present
within the X-complex, the lack of a thermal tail past 2.2um in the
spectrum of TC4 suggests that the object is optically bright E-type ra-
ther than a low albedo P-type.

8. Characterization: Radar observations

The extremely close approach by 2012 TC4 was expected to yield
radar signal-to-noise ratios of roughly 10° per day at Goldstone and
Arecibo and provide an outstanding opportunity to investigate the
physical properties of this object. We scheduled observations on several
telescopes between 2017 October 9-14, dates that straddled the closest
approach on October 12. The most extensive radar observations oc-
curred using monostatic and bistatic configurations with the 70 m DSS-
14 (8560 MHz, 3.5 cm) and 34 m DSS-13 (7190 MHz, 4.2 cm) antennas
at the Goldstone Deep Space Communications Complex and the 100 m
Green Bank Telescope (Table 7). In addition, on October 11, we
transmitted with DSS-14 and received radar speckle observations with
elements of the Very Long Baseline Array. 2012 TC4 was also observed
with radar in Australia using NASA's 34 m DSS-36 antenna (7190 MHz)
at Tidbinbilla to transmit and the six-element Australian Telescope
Compact Array to receive (Abu-Shaban et al., 2018). Radar observa-
tions had been planned at Arecibo but did not occur due to damage
caused by Hurricane Maria, which suspended radar observations at
Arecibo for nearly three months. The radar observations described
below utilized data acquisition and reduction techniques that have been
discussed extensively in the literature (Ostro et al., 2002 and earlier
references therein) so we do not repeat them here. Here we summarize
first results from radar observations at Goldstone and Green Bank; re-
sults from Australia will be reported separately elsewhere.

8.1. Overview of the radar observations

Due to the asteroid's changing distance from day to day during the
radar observations, and up to a factor of two within one of the tracks on
October 12, our observing strategy changed daily to utilize the highest
resolutions obtainable given the SNRs. Prior to the beginning of the
radar observations, observations obtained at Palomar suggested that
2012 TC4 might be an optically-dark object, and given the absolute
magnitude of 26.7, we were expecting a diameter of roughly 40 m. The
echo bandwidth (or Doppler broadening) is given by B = 4piD cosd/
(A\P), where D is the diameter, P is the rotation period, d is the subradar
latitude, and A is the radar wavelength. For a rotation period of
~12min and a diameter of ~40 m, we expected to measure a band-
width of about 20 Hz.

Echo power spectra obtained on October 9 and 10 (Fig. 13) yielded
bandwidths of < 10Hz and signal-to-noise ratios that were much
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Table 7

Observational circumstances for radar data.
Setup Start-End Dist.

Range Freq Soln Runs HHMMSS TX RX AU.

2017 Oct. 9
cw 1.0 50 416 071257-094440 DSS14 DSS14 0.011
2017 Oct. 10
cw 2.0 57 71 055838-061709 DSS14 DSS14 0.008
Ranging 1500 3.1 57 105 062347-065129 DSS14 DSS14
Ranging 1650 2.8 57 179 065641-074404 DSS14 DSS14
Ranging 150 1.9 63 122 075343-082555 DSS14 DSS14
Ranging 18.75 1.5 65 94 083540-090020 DSS14 DSS14
2017 Oct. 11
Ranging 15 2.0 67 20 060606060920 DSS14 DSS14 0.0038
Imaging 3.75 1.0 67 122 071525-073455 DSS14 DSS14
CwW 1.0 67 0816-0840 DSS14 DSS13
cw 1.0 67 0845-0915 DSS14 VLBA 0.0033
2017 Oct. 12A
CcwW 1.0 71 0220-0248 DSS13 GBT 0.00066
Imaging 1.875 0.4 71 0313-0322 DSS13 GBT 0.00052
Transmitter power = 40 kW
2017 Oct. 12B
cw 1.0 71 1245-1305 DSS13 GBT 0.0012
Imaging 1.875 0.4 71 1310-1930 DSS13 GBT
CcwW 1.0 71 1904-1930 DSS13 GBT 0.0023
Transmitter power = 40 kW until 13:40 and 70 kW afterward
2017 Oct. 14
CcwW 1.0 71 66 114,011-115,947 DSS14 DSS14 0.009
Ranging 75 1.5 71 95 121,952-124,804 DSS14 DSS14
Ranging 18.75 2.4 571 111 125,215-132,501 DSS14 DSS14

Setup: type of observation conducted.

CW: continuous wave acquisition of echo power spectra.
Ranging and Imaging: delay-Doppler observations.
Range:range resolution in meters.

Freq: Doppler frequency resolution in Hz.

Soln: orbital solution number used to compute the ephemerides. We updated the orbit numerous times using radar and optical astrometry.
Runs: number of transmit-receive cycles used with each setup for monostatic observations. This column is left blank for bistatic observations.
Start and End: UTC receive start and stop times in abbreviated hh:mm:ss format.

TX: antenna used to transmit.
RX: antenna or array used to receive.

*Transmitter powers at DSS-14 were ~440 kW. Transmitter powers at DSS-13 varied with elevation due to airspace restrictions.

**On October 11 and 12 we give the distance at the start and end of the track.

weaker than expected. This was the first hint that this object might be
much smaller than 40 m in diameter. On October 9, the SNRs were
weak and we obtained only continuous wave (CW) echo power spectra;
but on October 10, the SNRs were several times stronger and we ob-
tained ranging observations that we used to update the orbit and echo
power spectra to estimate radar cross sections, circular polarization
ratios, and echo bandwidths. The highest range resolution obtained on
October 10 was 18.75 m/pixel, which did not resolve the echo in range
due to the asteroid's small size.

On October 11, the distance had shrunk to < 0.004 AU (1.6 lunar
distances) and the SNRs were much stronger, so we obtained a mixture
of monostatic observations using DSS-14 to transmit and receive and
bistatic observations that used DSS-14 to transmit and DSS-13 to re-
ceive. The round-trip light travel time was so short that monostatic
observations were very challenging due to the time it takes to switch
from transmit to receive configurations. During the monostatic ob-
servations, each transmit/receive cycle integrated only about 0.7 s of
data and about 3's of noise, but the SNRs were so strong that receiver
noise was negligible. The echo power spectra in observations spanning
about 24 min showed pronounced bandwidth variations that are in-
dicative of an elongated shape. We obtained about 20 min of mono-
static delay-Doppler images with a resolution of 3.75 m/pixel, which is
the finest range resolution available at DSS-14 (Slade et al. 2011). This
resolution placed only 1-2 range pixels on the asteroid, covered
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considerable rotation, and established that 2012 TC4 has a long axis
of < 20m.

Two tracks were scheduled on October 12 about 3 h before and 7 h
after the closest approach when the SNRs at Goldstone were strongest.
2012 TC4 was too far south at the moment of closest approach for
Goldstone to track; but it was observed successfully at that time with
radar in Australia (Abu-Shaban et al., 2018). The round-trip light travel
times during the October 12 Goldstone tracks were too short for
monostatic observations at DSS-14, and the SNRs were extremely
strong, so we transmitted continuously with DSS-13 and received at the
Green Bank Telescope, a bistatic configuration that is ideal for imaging
very close NEAs. DSS-13 is much less sensitive as a transmitter than
DSS-14 due to its smaller aperture (34 m vs. 70 m), lower transmitter
power (80 kW vs. 440 kW), and lower gain, but it is the transmitter of
choice for imaging extremely close targets where the signal-to-noise
ratio is not a limiting factor (Naidu et al., 2016) because DSS-13 can
achieve a range resolution of 1.875m/pixel, which is two and four
times finer than the highest range resolutions available at DSS-14 and
Arecibo (Benner et al., 2015).

The SNRs during both tracks on October 12 were extremely strong
and we obtained images with a range resolution of 1.875 m/pixel. This
was the first time that resolution was used on a solar system target and
these were also the highest resolution radar images of an asteroid ever
obtained with Goldstone (Table 7). By October 14, the asteroid's
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Fig. 13. Echo power spectrum obtained at DSS-14 on October 10. Echo power
in standard deviations of the noise is plotted as a function of Doppler frequency.
The frequency resolution is 2Hz. The spectrum is a weighted sum of 71
transmit-receive cycles. Solid and dashed curves show echo power in the op-
posite-sense circular (OC) and same-sense circular (SC) polarizations.

distance increased to 0.009 AU and the SNRs were a factor of ~300
lower than at the peak, so we concluded the radar campaign with echo
power spectra and monostatic ranging measurements to update the
orbit. During the tracks on October 9, 10, 11, 12, and 14, we obtained
two Doppler and seven time-delay measurements and used them to
update the orbital solutions in real time using our On-Site Orbit De-
termination (OSOD) software (Table 7). Orbital solution (#71) had
sufficiently small uncertainties that we used it on the final three tracks.
The radar astrometry significantly reduced the orbital uncertainties and
helped eliminate all possible impact solutions in the next century
(discussed earlier in this paper).

8.2. Physical properties

Fig. 13 shows a representative echo power spectrum obtained at
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DSS-14 on October 10. The figure shows a weighted sum of data
spanning 18.5 min that covers more than one full ~12 min period. The
spectrum shows a narrow bandwidth. The ratio of echo power in the
same sense (SC) to opposite sense (OC) of circular polarization is about
0.55. The frequency resolution of 2 Hz barely resolves the echo.

Echo power spectra obtained on dates when the asteroid was closer
are much stronger and show considerably more detail. Fig. 14 shows a
series of echo power spectra displayed as one-dimensional images that
have been stacked vertically. Shown in this manner, where time in-
creases downward, the spectra show rapid and pronounced bandwidth
variations as a function of time with a fundamental period of roughly
11-12 min that is consistent with the 12-minute principal period evi-
dent in the lightcurves. However, the pattern does not appear to repeat
in a regular fashion, as it should for a principal axis rotator, and to
zeroth order, the progression evident in Fig. 13 is also consistent with a
non-principal axis spin state. The Doppler broadening of the echoes
varies dramatically by about a factor of two as a function of time and
confirms that the asteroid is highly elongated. The oscillations of the
echoes between negative and positive Doppler frequencies are also
evidence for an asymmetric shape.

We obtained more than 6 h of bistatic DSS-13/Green Bank 1.875m
resolution delay-Doppler imaging on October 12. Fig. 15 shows a re-
presentative sample spanning 47 min obtained about 6 h after the clo-
sest approach. Although the capability to image objects at 1.875 m re-
solution has existed since 2015, this was the first time that this
capability had been tested on an asteroid. Even at such a high range
resolution, 2012 TC4 is so small that the images resolve the asteroid
into only a few rows in time delay, and detailed features are not visible.

Due to the rapid rotation, we grouped the images covering intervals
of only 20s per frame as a compromise between achieving adequate
signal-to-noise ratios vs. excessive rotational smear. The frequency re-
solution is 0.4 Hz, so each image is a weighted sum of only 8 Fast-
Fourier Transforms (FFTs) or “looks.” Consequently, there is consider-
able self-noise at frequencies containing echo power which needs to be
taken into account when interpreting apparent brightness fluctuations
in the images.

The images show an object whose bandwidth in Doppler frequency
and extent in time delay vary by about a factor of two as it spins. The
number of range pixels with echo power above the noise threshold
places a lower bound on the long axis of at least 12 m. The true extent of
the long axis is almost certainly larger and would be double the visible
extent if this object were a sphere. 2012 TC4 is clearly not a sphere, so

Fig. 14. Sequence of echo power spectra obtained
between 02:21:18-02:48:38 UT on October 12 that
have been converted to one-dimensional images and
then stacked vertically. Time increases from top to
bottom and Doppler frequency increases from left to
right. The signal-to-noise ratios are given in the scale
bar on the right. The frequency resolution is 0.2 Hz.
Echo power spectra displayed in this manner show
pronounced bandwidth variations as the asteroid
2000  SPims. The offset from zero Hz indicates that Doppler
corrections were not applied to the ephemeris prior
to obtaining the data. The displacement of the
1500 echoes relative to zero Hz is due to variations in the
Doppler uncertainties with time and in the accuracy
of the Chebyshev polynomials used to compute the
1000 ephemerides.

— 3500
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we do not believe that the long axis is substantially > 12 m. If the line-
of-sight were close to the equator, then the visible extent would shrink
even more than it does in the images, thus the images suggest that the
instantaneous sub-radar latitudes were not equatorial and that the true
extents are not double the visible extents. Based on the visible extents in
the radar images, we estimate an effective diameter of roughly 10 m.
Obtaining a more precise diameter estimate requires 3D modeling that
is beyond the scope of this paper. Given its absolute magnitude of 26.7,
a diameter of ~10m corresponds to an optical albedo in the realm of
0.4, which implies that 2012 TC4 is optically bright.

The images reveal an angular, asymmetric object with multiple fa-
cets that is reminiscent of NEAs 2003 MS2 (Lawrence et al., 2015) or
2010 AL30 (Slade et al., 2010). 2012 TC4 is among the smallest as-
teroids imaged by radar to date (Brozovic et al., 2016). When shown as
an animation, the images display rotation about the long axis that is
consistent with the non-principal axis rotation inferred from the
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Fig. 15. Sequence of delay-Doppler images obtained
on October 12 between 13:09:44-13:56:24 UTC.
DSS-13 was used to transmit and the Green Bank
Telescope was used to receive. In each frame, time
delay (range) increases from top to bottom and
Doppler frequency increases from left to right, so
rotation is counterclockwise. Resolution is
(1.875m) X 0.4 Hz. Time increases to the right and
down. Each frame is a weighted sum of 20 s of data.
Drift of the echo in time delay is evident. Blank pa-
nels in rows 10 and 11 indicate gaps in the data
taking. (For interpretation of the references to color
in this figure legend, the reader is referred to the web
version of this article.)

lightcurves. Given the rapid rotation, it seems clear that 2012 TC4 has
cohesive strength, although the forces required to keep it together could
be quite feeble (Scheeres et al., 2015).

In principle, the delay-Doppler images and echo power spectra could be
inverted to estimate the 3D shape, but due to the non-principal axis spin
state, the parameter space of possible solutions is enormous and shape
estimation using only radar data would be a lengthy process and might not
provide a unique solution. Fortunately, an extensive set of lightcurves is
also available and can be used to independently estimate the spin state. We
will report the results of 3D shape estimation in the future after a detailed
spin state is available from the photometry (P. Pravec, pers. comm.), which
will accelerate 3D shape estimation dramatically. Once a 3D model is
available, estimation of the area/mass ratio due to solar radiation pressure
(discussed earlier) should permit computation of the mass and bulk density,
which will provide the first such estimates for an asteroid in this size re-
gime and important insight into the interior structure.
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8.3. Disk-integrated radar properties

The ratio of echo power in the same sense (SC) to opposite sense
(OC) of circular polarization, SC/OC, is a zeroth-order gauge of near-
surface roughness. For 2012 TC4, we observed day-to-day variations
between 0.50 and 0.65 with an average of 0.57 + 0.08. The scatter in
the measurements is relatively common among NEAs with widely
varying SNRs. The average SC/OC, 0.57, is relatively high among near-
Earth asteroids observed by radar to date; for comparison, Benner et al.
(2008) found a mean of SC/OC = 0.34 = 0.28 from a sample of 214
NEAs observed at Arecibo and Goldstone. Subsequent observations of
hundreds of additional NEAs have yielded similar results (Taylor et al.,
2012; Benner et al., 2015).

The high circular polarization ratio is consistent with the upper end
of the distribution observed for SQ- and C-class NEAs (Benner et al.,
2008) and with the lower end of the V-class NEA distribution but it is
statistically significantly lower than the distribution observed for E-
class NEAs. If only the radar data were considered, we might conclude
that 2012 TC4 is mostly likely a C- or SQ-class object based on its cir-
cular polarization ratio. However, given the results from photometric
colors and spectroscopy, and the conclusion discussed below from
delay-Doppler images that 2012 TC4 is optically-bright, then it's clear
that TC4 isn't a P- or an M-type, so E seems most likely. If so, then its
circular polarization ratio is the lowest observed among near-Earth
objects for that spectral class, which have a mean of 0.89+-0.08
(Benner et al.) and a minimum of 0.74 (for 4660 Nereus; Benner et al.,
2008). To date, only two metallic NEAs have been identified and both
have SC/OC < 0.2 which is dramatically less than that of 2012 TC4. It
seems unlikely that this asteroid is metallic. The circular polarization
ratio is comparable to that of 2006 RH120, an even smaller NEA with a
diameter of ~3m observed at Goldstone in 2007 (Brozovic et al.,
2016). Among 34 NEAs observed by radar with absolute magnitudes
fainter than 22 reported by Benner et al. (2008), the circular polar-
ization ratio of 2012 TC4 ranks fifth highest, establishing that the
surface of this object is unusual. High circular polarization ratios can be
caused by a variety of mechanisms such as near-surface roughness,
curvature at scales comparable to that of the radar wavelength, and a
high refractive index (Virkki et al., 2014; 2015). The relatively high
circular polarization ratio is also consistent with the preliminary con-
clusion above that 2012 TC4 is optically bright.

Weighted sums of echo power spectra yield an average radar cross
section of 7.4 x 10"®km? + 35%, where we have adopted a con-
servative uncertainty to incorporate systematic pointing and calibration
errors. When a precise effective diameter becomes available from 3D
modeling, we will use it to obtain the radar albedo, which will provide
an important constraint on the near-surface density, composition, and
possibly the spectral class.

8.4. Discussion

How did 2012 TC4 acquire its angular, elongated shape? It seems
plausible that this object could be a fragment ejected from a larger
object during a collision. Laboratory impact experiments have produced
elongated and angular shapes consistent with the shape inferred from
the radar images (Holsapple et al., 2002, and earlier references therein).
The rapid, non-principal axis spin state could originate in a similar
manner, but the current spin state is probably also affected by the YORP
effect (Vokrouhlicky et al., 2015) and perhaps tides from close terres-
trial encounters, so it is unlikely to be primordial.

Did the spin state of 2012 TC4 change during the 2017 flyby due to
terrestrial tides? This possibility has been investigated theoretically for
other very closely approaching NEAs such as Apophis in 2029 (Scheeres
et al., 2005) and has been directly observed with (4179) Toutatis using
3D shape and spin state modeling from Goldstone and Arecibo radar
images obtained at five apparitions between 1992 and 2008 (Takahashi
et al., 2013). Detecting spin changes requires detailed observations
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before and after closest approach, so in principle this might be possible
using a combination of lightcurves obtained before the flyby and high-
resolution radar images obtained only hours before and after the flyby.
The non-principal axis spin state complicates this effort considerably, so
this will be the topic of future work after an estimate of the spin state is
available from the photometry.

9. Impact risk assessment

Recently, probabilistic impact risk assessment methods, which
combine sampling of uncertain asteroid properties with efficient phy-
sics-based entry and damage models, have been used to evaluate the
risk due to impacts from the overall population of near-Earth asteroids
(e.g., Mathias et al., 2017; Stokes et al., 2017; Rumpf et al., 2017). Such
models can also provide rapid assessment of potential ground-damage
risks to support mitigation and response decisions in the event that a
specific impact threat is discovered. In order to evaluate how those
methods would apply to a specific case, and how the resulting risk as-
sessments would unfold as additional information is obtained about a
real object, probabilistic impact risk assessments were performed for
hypothetical impactors based on the 2012 TC4 close approach in Oc-
tober 2017. In parallel with the observation campaign of the real 2012
TC4, we considered a synthetic trajectory similar to that of 2012 TC4
but leading to an impact during the October 2017 encounter. As new
astrometric observations of 2012 TC4 were collected, we generated
simulated observations for the synthetic impactor, updated the orbital
assessment, and computed a hypothetical impact swath of 1000 po-
tential atmospheric entry points based on Monte Carlo orbital samples.
Each entry point along the swath was defined with the initial co-
ordinates, velocity, angle, and azimuth of the initial atmospheric entry
at 100 km altitude.

The impact risk along the evolving swath was assessed using the
Probabilistic Asteroid Impact Risk (PAIR) model of Mathias et al.
(2017), with the asteroid property distributions, damage models, and
affected population metrics employed in Stokes et al. (2017). For each
of the 1000 hypothetical entry points, 1000 probabilistic impact cases
were simulated by sampling uncertainty distributions for the asteroid's
unknown pre-entry characteristics (albedo, density, and aerodynamic
strength parameters). Atmospheric entry and breakup were modeled for
each hypothetical impact case using the Fragment-Cloud Model ap-
proach (Wheeler et al., 2017) to calculate the energy deposited in the
atmosphere, the airburst altitude, any remaining energy striking the
ground, and the coordinates of the impact or airburst point along the
entry trajectory. The extent of the damage resulting from blast waves,
thermal radiation, and tsunami was computed, and the number of
people affected was calculated from the local population within the
damage regions.

The risk assessment was performed at several epochs before and
during the close approach of 2012 TC4, each time incorporating new
information about 2012 TC4 as it became available. For instance, the
spread in the hypothetical entry locations was reduced as improved
astrometry became available. The synthetic trajectory used for this
assessment produced very low entry velocities of around 11.85km/s,
and shallow entry angles of under 20° from the horizontal. For the in-
itial epochs, the full asteroid property distributions employed by Stokes
et al. (2017) were used, including sizes based on the full albedo dis-
tribution (Mainzer et al., 2011) and property distributions representing
three compositional types: anhydrous stones with albedos =0.1, hy-
drous stones with albedos < 0.1, and irons with any albedo. For later
epochs, additional observational data enabled the property distribu-
tions to be further constrained by compositional type and improved
radar sizing estimates.

At each epoch, impact scenarios were run for two different size
cases: one for an H = 26.7 object and one for an H = 21.9 object. The
smaller size was chosen to match 2012 TC4's known parameters, while
the larger size was chosen to provide a higher-damage scenario similar
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Fig. 16. The affected population results from impact risk assessments of 6
epochs for a hypothetical TC4-based H = 26.7 object and a larger hypothetical
H = 21.9 object. The diamonds/squares show the mean affected population and
the bars show the minimum and maximum values across all simulations run for
each epoch. Except for the hydrous-only epoch of the larger H 21.9 case, all
other sets included instances where the affected population was zero.

to the hypothetical impact exercise performed for the 2017 Planetary
Defense Conference. For simplicity, the same synthetic impact swath
points were used for both size cases in this assessment. However, we
note that actual impact location estimates may be more readily con-
strained for a larger object than for a smaller one. A summary of the
hypothetical affected population results for the two size cases across all
epochs is shown in Fig. 16, and a comparison of the associated swath
damage areas is shown in Fig. 17. Details about each epoch and the
input ranges considered are given in the next subsection below. A more
detailed description of the range of possible outcomes and their de-
pendence on geography are beyond the scope of this paper.

10. Risk assessment: Timeline of epochs
10.1. 2017 August 31

The simulated atmospheric entry points (at 100 km altitude) for this
initial epoch are shown in Fig. 18. The entry velocity was ~11.85 km/s
traveling generally east-southeast, and the entry angle ranged from 20°
down to 12° over the length of the swath. The hypothetical impact/
airburst points resulting from the entry simulations were spread along a
track ~1650 km long across North Carolina. The size distribution was
determined by combining absolute magnitude with an albedo dis-
tribution based on the measurements tabulated by Mainzer et al.
(2011). The Stokes et al. (2017) distribution of 60% anhydrous stones
(albedo = 0.1), 35% hydrous stones (albedo < 0.1), and 5% irons (any
albedo) was used. Similarly, the density and strength distributions for
these types were identical to those used in Stokes et al. (2017).

10.2. 2017 September 25

Improved astrometry resulted in a shortening of the track of hy-
pothetical impact points to ~470 km. The entry angles over the refined
swath were 18-16°. All other inputs were identical to the 8/31/17
epoch.

10.3. 2017 October 02

The g, r, and i colors discussed in the Colors and Spectroscopy section
were compared to the location of different taxonomic classes in griz
space in DeMeo and Carry (2013) and hydrous stones were ruled out as
a possibility. The incoming objects in the Monte Caro runs for this
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epoch were presumed to be 92.3% anhydrous stones and 7.7% irons.
The size distribution was still derived from H and the albedo distribu-
tion, but the albedo distribution was modified to remove values likely
to be associated with hydrous stones. Improved astrometry resulted in a
shortening of the track of hypothetical impact points to ~220 km for
the H = 26.7 object and ~190km for the larger object, with entry
angles now constrained closely around 17°.

10.4. 2017 October 10

Improved astrometry resulted in a further shortening of the track of
hypothetical impact points. An initial, weak radar detection implied an
effective diameter of ~10 m. When coupled with H = 26.7, this implies
an albedo of ~0.37. Hydrous stones generally have albedos < 0.1, so
this radar measurement was consistent with the non-hydrous compo-
sition conclusion from the g,r,i colors. However, an optical spectrum
was also concurrently measured (as discussed in Colors and Spectroscopy
section) that was most consistent with a C-type, equivalent to the hy-
drous stone category from Stokes et al. (2017). Given the uncertain and
conflicting information about composition available at this time, two
risk assessment runs were performed. The epoch labeled 10/10/17a
excluded hydrous stones. Other than the hypothetical impact points,
the input distributions were identical to the 10/2/17 epoch. The hy-
pothetical impact track was ~120km for the smaller object and
~85 km for the larger object. In contrast, the epoch labeled 10/10/17b
assumed the incoming object was definitely a hydrous stone. The size
distribution was generated from the H magnitude and the portion of the
Mainzer et al. (2011) albedo distribution < 0.1. The densities and
strengths were calculated according to the paradigm set out for hydrous
stones in Stokes et al. (2017). For this composition, there were no
ground impacts or airbursts low enough to cause damage for the smaller
object. The hypothetical impact track for the larger object was ~45 km
long.

10.5. 2017 October 11

An infrared spectrum (described in the Colors and Spectroscopy
section) was combined with the previously reported optical spectrum to
lead to the conclusion that TC4 is within the anhydrous stones category
from Stokes et al. (2017). For all the parameters related to composition
(e.g., density, strength), the Monte Carlo engine sampled from the an-
hydrous stone distributions. The size distribution was refined based on
the reported radar measurements. The analysis of the radar measure-
ments available at this time indicated that the long axis was > 12 m and
much shorter than 24 m. The aspect ratio between the longest and
shortest axes was reported to be ~2. We developed a model of a range
of ellipsoids consistent with the radar observations and then calculated
their effective spherical diameters. For the H = 26.7 object, this model
yielded an effective diameter distribution described by a truncated
Gaussian with a mean of 10.6 m, a width of 2.5 m, and a lower limit of
6.6 m. This model was translated into the corresponding albedos for the
H = 26.7 object. These albedos were then also used to describe the size
distribution for the H = 21.9 case. None of the smaller virtual im-
pactors resulted in ground damage. Improved astrometry resulted in a
shortening of the track of the hypothetical impact points of the
H = 21.9 object to ~42km.

11. Risk assessment: Discussion

For both sizes considered in this particular scenario, the improve-
ments in astrometry led to moderate reductions in the uncertainty in
the range of possible outcomes. However, in all epochs, impact with the
Earth was assured and the hypothetical impact corridor always in-
cluded moderately populated areas, so dependence on astrometry
should be expected to be minimal. When considering a less controlled
scenario, astrometry becomes critical in determining whether an impact
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Fig. 17. Damage maps showing the extent of the potential damage zones along the swath for each epoch, with blast overpressure levels of =1 psi (yellow), =2 psi,
=4 psi, and =10 psi (red). All maps are shown on the same scale for a comparative overview of the relative damage sizes, with the full frame covering an area
roughly 1200-by-630 km centered over North Carolina, U.S. Maps were generated in Google Earth (Map data: Image Landsat/Copernicus; Data SIO, NOAA, U.S.
Navy, NGA, GEBCO). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

occurs at all and whether it is coincident with a populated area. Across
the epochs, only the irons caused significant damage for the smaller
(H = 26.7) size. If a strong, non-fracturing iron was not a possibility,
then no damage was predicted. Given the slow, shallow entry condi-
tions of this particular scenario, the weaker stone types burst at too high
of an altitude with too little energy to cause notable ground damage.
For the larger (H = 21.9) size, hydrous stones caused the greatest da-
mage, anhydrous stones caused the least damage, and irons caused
moderate damage. The hydrous stones cause the most damage due to

their lower albedo range (< 0.1) yielding the largest sizes. Despite
being stronger and denser, the iron types cause less damage because
they over-penetrated below the optimal burst altitude for their larger
impact energies. For a given burst energy, there is an optimal height-of-
burst altitude that will yield the greatest possible blast damage on the
ground (Aftosmis et al., 2017). For small objects, the optimal burst
altitude is quite low and the ground-impacting cases that cause more
damage than the high-bursting cases. For larger objects, however, the
optimal burst altitude is quite high, and weaker compositions that begin
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Fig. 18. Map of the simulated atmospheric entry points at 100 km altitude, based on the available astrometric observations on 8/31,/2017. (Map data: INEGI, Google;

Image Landsat/Copernicus; Data SIO, NOAA, U.S. Navy, NGA, GEBCO).

to disrupt higher up can yield greater damage. The different depen-
dence on composition observed for the different sizes considered
highlights that, after astrometry, size is the most important physical
property to determine for an incoming object.

12. Summary

We conducted a community-led global planetary defense exercise
with guidance from NASA Planetary Defense Coordination Office. The
target of our exercise was 2012 TC4, an ~10 m diameter asteroid that
made a close pass by the Earth on 2017 October 12 at a distance of
about 50,000 km. The goal of TC4 observing campaign was to recover,
track, and characterize 2012 TC4 as the hypothetical impactor in order
to exercise the global planetary defense system including observations,
modeling, predictions, and communication. We summarize key findings
from this campaign below:

e The orbit of 2012 TC4 significantly changed after its 2012 close
approach with the Earth such that the semi-major axis increased
from 1.3 to 1.4 AU and the orbital period went from 1.45 to 1.67 yr.
Due to this, 2012 TC4 moved into a 5:3 resonance with the Earth,
leading to a second encounter on 2017 October 12. Early in 2017,
the circumstances of the encounter were still largely uncertain based
on the 2012 orbit with a 3-sigma range for the geocentric close
approach distance was 13,000 km to 290,000 km.

The first opportunity to recover 2012 TC4 occurred during the
summer of 2017, a couple months before the 2017 October 12 en-
counter. During this time frame, 2012 TC4 became progressively
brighter but the plane-of-sky uncertainty grew larger. To minimize
the area of the sky to be searched, we made a recovery attempt with
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ESO's Very Large Telescope (VLT) on Cerro Paranal (Chile), which is
capable of detections as faint as V ~27. To support the recovery
attempts and refine the ephemeris estimate, we reanalyzed the 2012
observational data. We made three attempts on 2017 July 27, 31
and August 5 and recovered 2012 TC4 within its expected un-
certainty 2.2 arcmin from the nominal prediction. The first auto-
matic detection by the Pan-STARRS1 pipeline was on September 25,
which is the earliest that 2012 TC4 would have been discovered in
survey mode if it had not been known prior to 2017.

We characterized 2012 TC4 using photometry, spectroscopy, and
radar techniques. Based on photometric observations, we de-
termined a rotation period of 12.2min with an amplitude of 0.9
magnitudes. An additional lower amplitude period was detected
indicating that 2012 TC4 was in a state of non-principal axis rota-
tion. Broadband color observations led to B-V: 0.64 + 0.06, V-R:
0.44 + 0.04, and V-I: 0.85 *+ 0.06 which are consistent with its
flat and featureless visible and near-IR spectra of an optically bright
object. The various datasets accumulated in the course of this
campaign did not find consensus on a taxonomic classification, but
it is not unreasonable to place 2012 TC4 in the Tholen X-class
(Tholen, 1984).

Radar images at 1.875m resolution placed only a few range pixels
on the asteroid, reveal an angular, asymmetric, and elongated
shape, and establish that 2012 TC4 is less than 20 m on its long axis.
We estimate a circular polarization ratio of 0.57 + -0.08 that is re-
latively high among NEAs observed to date by radar. High circular
polarization ratios can be caused by a variety of mechanisms such as
near-surface roughness, curvature at scales comparable to the radar
wavelength, and a high refractive index.



V. Reddy, et al.

e We performed probabilistic impact risk assessments for hypothetical
impactors based on 2012 TC4 parallel with the observation cam-
paign of the real 2012 TC4. The risk assessment was calculated at
several epochs before and during the close approach of 2012 TC4,
each time incorporating new information about 2012 TC4 as it be-
came available. Across the epochs, we found that only the irons
caused significant damage for the smaller (H = 26.7) size. If a
strong, non-fracturing iron was not a possibility, then no damage
was predicted. For the larger (H = 21.9) size, hydrous stones caused
the greatest damage (due to their lower albedos yielding larger
sizes), anhydrous stones caused the least damage, and irons caused
moderate damage. The different dependence on composition ob-
served for the different sizes considered highlights that, after as-
trometry, size is the most important physical property to determine
for an incoming object.
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