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ABSTRACT

Stellar occultation is a high-precision technique for obtaining measurements of the
geometry of small bodies of the solar system. The Research and Education Collabora-
tive Occultation Network (RECON) is a network designed to observe high-uncertainty
occultations by the most distant of these objects: trans-neputnian objects (TNOs).
In the year 2019, among other occultation results, RECON obtained multiple-chord
occultation measurements of two TNOs, both part of the Centaur population. These
measurements provide geometric and astrometric constraints to these objects at a very
high precision. This paper reports the methods and results of these two occultation
efforts.
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1. INTRODUCTION

The small bodies of the outer solar system are an incredibly important population to
study in the realm of solar system science. Kuiper Belt Objects (KBOs) are thought
to be among the most primordial objects in the solar system. The sparse environment
in the outermost solar system means that interactions are very infrequent. The most
compelling evidence for the primordial nature of these objects is the observations
of the surface of the classical KBO Arrokoth during the flyby by the New Horizons
spacecraft. Arrokoth appears to consist of a number of subsections which look to
have gently accreted together . Additionally, the surface of the object is smooth
and lightly cratered, but the density of craters is consistent with a ;4 billion year-old
surface (Spencer et al. 2020). For these reasons, it is likely that this object has existed
much as it is since the early accretionary solar system. In learning about the physical
properties of these bodies, we stand to gain valuable insight into the composition and
origin of planetesimals in the infant solar system.

Of equal interest to those studying the origins of the solar system via the KBO
population is the population of Centaurs - objects with orbits in between the giant
planets in the outer solar system. Dynamical simulations show that these orbits
are unstable, with very short dynamical lifetimes - the ensemble half-life of the entire
population is only 2.7 million years (Horner et al. 2004). Additionally, the population
of Centaurs have a similar size, albedo, and color distribution to KBOs (Tegler et al.
2016). This suggests that the majority of the Centaur population likely have their
origins in the Kuiper belt.

Due to their small size, low brightness, and distance from the Earth, these trans-
neptunian objects (TNOs) are difficult to probe via direct measurement. While
some low-precision information about size and albedo can be determined via infrared
thermal imaging (Lebofsky & Spencer 1989), stellar occultations are a considerably
higher- precision method of obtaining these measurements. The highest precision
technique is, of course, a spacecraft flyby, but these are incredibly expensive com-
pared to the small ground-based telescope campaigns required to observe an occul-
tation. When an object occults a distant star, the drop in the flux from that star
can be recorded to generate a lightcurve, and the duration of that drop provides a
very accurate measurement of the width along a specific chord of the object. If mul-
tiple stations spaced across the path of the object’s shadow observe the occultation,
multiple chords across the object are measured, and a model of the two-dimensional
profile of the object can begin to be fitted to the lightcurve data.

Due to the large uncertainties in the orbit fits for these objects, occultations by
outer solar system objects are difficult to measure - much more so than occultations
by main-belt asteroids, such as the three high-precision asteroid occultations discussed
in Timerson et al. (2009). Optical telescope astrometry can only be acquired to a
certain angular precision; at the distance of these objects, a given angular uncertainty
(roughly 5 milli-arcseconds for astrometry from Chambers et al. (2016)) corresponds
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to a much larger uncertainty in the plane of the sky than the same angular uncer-
tainty at the distance of the main belt. The Research and Education Collaborative
Occultation Network (RECON) is a network of telescopes designed with this problem
in mind. RECON is a stationary network of volunteer citizen astronomer sites set
up as a 61-station ”picket fence” along the entire western edge of the United States,
extending 2000 km in the north-south direction, with the intent of observing these
large-uncertainty occultations with a reasonable probability of success (Buie & Keller
2016). In recent years, RECON has been supplemented by a Canadian extension to
the network, named ”CanCON.”

As of the end of 2018, occultation measurements of only six objects from the Centaur
population had been obtained (Braga-Ribas et al. 2019). In 2019, RECON made
multiple chord occultation measurements of two additional Centaurs, bringing this
number to eight. These detections are the subject of this paper. On 28 January 2019,
two chords were measured across a Centaur with the designation 2014 YY49. On 4
September 2019, three chords were measured across a second Centaur designated 2013
NL24.

This paper presents the results from both of these occultation measurements. It is
organized such that the two occultations are presented in parallel, from prediction
to results. Section 2 describes the predictions for the occultation events. Section 3
details the observation efforts for the two events. Section 4 describes the method
and results of the photometric analysis of the data from these events. Section 5
details the method used for the profile fitting of each object, and the results of these
modeling efforts. Section 6 provides a discussion of the results, implications, and
future research.
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2. PREDICTIONS
2.1. 2014 YY49

An occultation between the Centaur 2014 YY49 and the Gaia DR2 star GA
3318035546681086336 (Lindegren et al. 2018) at 05:08:56 on 2019/01/28 UT was
identified by the RECON prediction system, which automatically calculates appulses
and selects those which may result in occultations observable by the RECON net-
work. This target was discovered by Pan-STARRS (Chambers et al. 2016) in 2014,
with observations recovered back through 2004. Recent measurements taken by the
RECON project with the ARC 3.5m telescope at Apache Point Observatory reduced
the astrometric uncertainty sufficiently such that an observable occultation prediction
could be generated. The 1-sigma time uncertainty for this prediction was 48 seconds,
and the 1-sigma cross-track uncertainty was 738 km, with the nominal shadow path
passing directly over central Washington. The RECON network spanned +0.30 to
the north, and -1.50 to the south in the cross-track direction. Figure 1 shows the
geometry of the occultation prediction on the Earth. With an absolute magnitude
of H, = 10.8, the diameter of the object was predicted to have a lower limit of
22.5km assuming a 30% geometric albedo. With a median site spacing of 18.2km in
the cross-track direction, the probability of at least one detection (assuming 100%
network participation by all 61 teams) was 45.5%. Details of the occulted star are
summarized in table 1. A summary of prediction details can be found in Table 3.

EY
D

Figure 1. The predicted shadow track for the occultation by 2014 YY49 on 28 January
2019 UT. The green lines show the nominal centerline and cross-track extent of the object.
The red dashed lines indicate the 1-sigma uncertainties in the cross-track direction of the
prediction.
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Table 1. Parameters for the star occulted by 2014 YY49

Star Details from Gaia DR2

Star Gaia DR2 source id 3318035546681086336
Reference epoch (Julian Year in TCB) 2015.5
e 104.98120062043789 ° £ 0.035 mas
o 1.4238945541698338 ° £ 0.032 mas
Proper motion « (mas yr—1!) -0.81 + 0.06
Proper motion § (mas yr—!) 0.49 £ 0.06
Parallax p (mas) 0.38 £ 0.04
Grmag 14.5
Systematic Uncertainties from Gaia DR2
Proper motion oy, (mas yr—!) 0.066
Parallax o, (mas) 0.043
Star Astrometric Position at Time of Occultation
Qgst 1.4238950070 ° £ 0.326 mas
Oast 104.9811997733 ° + 0.329 mas

NOTE—Star astrometric parameters are from Gaia DR2 catalog with position
in ICRS at the catalog reference epoch. The star astrometric position includes
proper motion and parallax correction for the time of the occultation tg=2019-
01-28 05:08:56 UTC. The propagated uncertainties in RA and DEC include the
uncertainties from position, proper motion and parallax plus GDR2 systematic
uncertainties in proper motion and parallax from Lindegren et al. (2018).

2.2. 2013 NL24

The automated RECON prediction system identified an appulse between the Gaia
catalog star GA 2601908921837308672 (Lindegren et al. 2018) and the Centaur 2013
NL24, and a prediction was generated for an occultation which would take place
at 07:10:47 on 2019/09/04 UTC. This object was discovered by the Pan-STARRS
project in 2013, with measurements recovered back through 2010. All astrometry
informing this prediction was obtained by the Pan-STARRS project (Chambers et al.
2016). The 1-sigma time uncertainty for this prediction was 74 seconds, and the 1-
sigma cross-track uncertainty was 1195 km, with the nominal centerline passing over
the Canadian sites at the northernmost end of the joint RECON/CanCON network
(geometry shown in figure 2). The network spanned +0.023¢ to the north, and
-0.980 to the south in the cross-track direction. In the down-track direction, we
asked that each team record for £50. With an absolute magnitude of H, = 8.2, the
diameter of the Centaur was predicted to have a lower limit of 55.6km assuming a 30%
geometric albedo. With a median site spacing of 12.6km in the cross-track direction,
the probability of detection was 26.3%. Details of this prediction are summarized in
table 3. Details of the occulted star are summarized in table 2.
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Table 2. Parameters for the star occulted by 2013 NL24

Star details from Gaia DR2

Star Gaia DR2 source id
Reference epoch (Julian Year in TCB)

2601908921837308672
2015.5

o 338.3818086358572 ° + 0.053 mas
4] -11.3721979521263 ° £ 0.045 mas
Proper motion o (mas yr—!) 09+0.1
Proper motion § (mas yr—!) -4.19 £ 0.08
Parallax p (mas) 0.41 £ 0.06
Grag 15.6
Systematic Uncertainties in Gaia DR2
Proper motion o, (mas yr—1) 0.066
Parallax o, (mas) 0.043

Star Astrometric Position at Time of Occultation

Qgst
5ast

338.3818075337 ° £ 0.449 mas
-11.3722028193 ° £ 0.554 mas

NoOTE—Star astrometric parameters are from Gaia DR2 catalog with posi-
tion in ICRS at the catalog reference epoch. The star astrometric position
includes proper motion and parallax correction for the time of the occulta-

tion tp=2019-09-04 07:10:47 UTC. The
DEC include the uncertainties from p

propagated uncertainties in RA and
osition, proper motion and parallax

plus GDR2 systematic uncertainties in proper motion and parallax from Lin-
degren et al. (2018).

Figure 2. The predicted shadow track for the occultation by 2013 NL24 on 4 September
2019 UT. The green lines show the nominal centerline and cross-track extent of the object.
The red dashed lines indicate the 1-sigma uncertainties in the cross-track direction of the
prediction.
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Table 3. Prediction Details for both Centaur occultations

2014 YY49 2013 NL24
Geocentric closest approach ¢ || 2019/01/28 05:08:56 UTC | 2019/09/04 07:10:47 UTC
Sky plane scale (km/”) 12919.9 18627.1
Voce (km/sec) 21.5 22.9
Cross track uncertainty (km) 738 1195
Time uncertainty (s) 48 74
H, 10.2 8.2
V-mag 23.0 22.4
Distance to Object (AU) 17.8 25.7
Moon elongation (°) 116 107
Moon illumination(%) 47 31

NoTE—the H, adopted here is that provided by the Minor Planet Center. There are
no formal uncertainties reported on this value, and it is generated from a varied set of
measurements, so it will not be used in the formal analysis in this paper.

3. OBSERVATIONS
3.1. 201 YY49

This event was observed as an official campaign for RECON. Thirty-six teams at-
tempted to observe this occultation. 33 of these teams attempted to record using the
standard RECON recording setup detailed in Buie & Keller (2016). The remaining
teams (namely the CanCON teams) used a different configuration involving a new
QHY-174m CMOS camera. Each team was asked to record the target field for a
duration of 5 sigma about the nominal time in the down-track direction. Nominally,
each RECON team was to record at a Sense-Up of x64 (~ 1 second exposures), which
would ensure a sufficient compromise between signal to noise and temporal resolu-
tion. A number of teams recorded using Sense-Ups as high as x128 (~ 2 second
exposures), based on the sky conditions at their respective locations. Of the 36 teams
who attempted to observe this occultation, 23 successfully recorded the target star at
the predicted time of the occultation to provide constraining data on the target. Of
the remaining 13 teams, 3 recorded the incorrect field, 6 were unable to collect good
data due to sky conditions, and 4 were unable to record due to technical issues. A
summary of observers is provided in table 4. A map showing RECON’s coverage of
this event is shown in figure 3.



abnd 1ToU U0 panuuUod F SIqe],

sjuou)snlpe odog "q-T
PI°Y smots DT ‘Pred ¥ N ‘smoireqg ‘@ ¢ 1S L88LLGFIT-  0L6L09°E€E+ ¥9  91:G1:60  LT:90:G0 omAId €1-C
soARIY "H ¢ €07 €CE8RTVIT-  C60TPI'PE+  8CT  €€:GT:60  90:90:G0 Toyred T1-¢
Toryeam peg oseyD) 'S 0 (69¢) (688L1€%1T-) (C€oi6rvet) A1) nsearpy oxeT O1-g
OMUM [ & €41 G6996SFTT-  €GLTE0GE+ 79  0¢:91:60 90:90:G0 A911eA oaRYOIN 60-C
IoNT ) ‘X0))
PopI009Yy PRI SUoI Y MqI) g 1ood M 0 9101 000€SOFTIT-  €EE68T Ge+ ¥9  €0°91:60 €0-%0:G0 wewguryy L0-g
QOIAIOG N ‘BID
-eD) I W[PH T Pod's ¢ 688 CEILSE GTT-  €98077 9¢+ ¥9  €¢:G1:60  ¢€:90:G0 suridg werpuy $(-g
ordoyg
109YSB0 WOJ WOMISOJ G ‘uosuemg (@ ‘MIPY ‘N ¥ 60T €€8699°0¢T-  00900¢°GE+  8¢T  OF*GT:G0 8€90:G0 OISdD PI-1
AooeAo[S °[ ¥ ¢SSl C6L909°8TT-  L86E]YLE+  8CT  TEGT:G0 0€:90:G0 doysiq ¢1-1
" 10110 9doosapa], ywnpg L 0 (0per) (€€809T°611-) (ITT166'8¢+) e e U0ISULIOX (OT-T
% ouTRUO,]
M N ‘zoxmuey] I ‘ofosprerg
[ [ ‘SPooMp T ‘zonS3uIp
N -0y T ‘ueeg r ‘Aem
-Surmel T ‘uesIded T G 9T6T 8CF96L°6TT-  CEISRT 6L+ ¥9  67:91:60 LE€:90:G0 A1) wosze) 60-T
Aqsor)
g ‘wigoT T ‘PPOIS L G 9SPT L8IFIL'6TI-  EPTI6E 6ET ¥9  ¥P91:60  ST1:90:G0 oudy 80-T
Mmo3noIy) ueye[e)) 'S
Spnop JueyIILIu] - ‘weye[e) N ‘WeyR[R) ‘D T G9ET G0T999°0¢T-  LLOP6L°66+  8CT  L¥:GT:G0  0%:90:G0 ®[o3M0d L0-T
spnoo
0} onp omsodxo 103U0T  UOSPUY A\ ‘UeSOT Y T 6E0T  €TLIV6'0CT-  FOPFP66E+  8TT  EFIGTIG0  €F:90°G0 Loump 90-1
09pIA JO 3SOW I0F SPTO[Y) uosered ' I  €6¢CI 066CL9°0CT-  L90L9€°0¥+  8CT OT:GT:G0 9€:90:G0 o[tatresny 70-1
pue [[HUTL 9[qISIA 30U PTg BUDS[RUDS WOA "IN ¢ 996 0S7¢S9°TeT-  €98EL] 07+ 79 09:G1:60 9¥:90:G0 Louwmg ¢0-1
JUISUIUIO)) SI9AI19S ) D v uorg 1o dAS Pue ILn  HeIs 1N 1S

soy1g Surpedonred § o[qer,



2 CENTAURS

obnd jrou uo panuruod F olqel,

Toyeom peq TION 0 ($291) (8€0£92°601-) (GFS€00°0F+) TUMS €01
INVLTAHO UM popIodoy  o[oaeid)) “J ‘O[oavd) "0 G ¢G0T  S00€9€°6TT-  TF8R006F+ 45T ISTYRIRTY 90-))
P[eY 21mboy 09 d[qeup) olquien axe( 0 (¢8F) (S000L9°611-) (666665 6+) pueOWUNG GO~
Py SuoIp orfjupPN s 0 (1e8)  (C1689G°61T-)  (GLTIST 67+) WATO T0-D
ypoypdod [ TPMOS [ G €65 GS96L0°'TTI-  LPSLLT'GP+ B9 PRGTIG0  €7:90:C0 utdney £0-¢
Surp10d91 TeT)IR ] poUdsIpUBM 'S G 919 GLG09L0TI-  T09€S8'SGH+  F9  TFGIIG0  €F:80:C0 A[ePUAPIOD) 90-€
T1:G0 [un ppoy Suoryy  jsmbuwreq g ‘AN N ¢ ¢8E  GP6LI9S0CT-  L888|T 9P+ F9  FEVIGO  60°80:S0 RUWIL{RX GO-€
wewosedN) [ ‘4q[o) "d ¢ €6C  LE696S6TT-  8EFTIL®F+  F9  60:L1:G0  8E€T0:G0 wesouey() g0-¢
suex 'H ‘ydorst
T ‘Suex X ‘Auoypuy 'S ¢ 08¢T  0€608L°TeI-  SSPERETht+  ¥9  0T9T:C0  ©G€0:G0 S[[ed yyewery 6-¢
SONSST [ROTUTA, puere) 0 (6z€1) (12LeFS001-) (6L8€69°CH+) Larsred Lg-¢
9[qed 09pIA Aj[ney uoasmdg ' 0 (¢pe1) (889206°08T-) (L10SHE €7+) oYe] YION 92-C
Auayyey
g PunpH -V S 926 GLCIEETel-  CILTETTRE B9 0€:91:60  §8:90:C0 pueq ¥5-¢
©ZOPUAIN "d “IA[[IN
T SITH 'V TesAIDOIN "d
syuourysnipe  ‘reydg "y ‘UOSPIIOYT, “Y
PPy SMoTS D1 ‘puowmie f ‘oA Y ¥ ¥86  gIELLGTTI-  L0€96T TR+ 8ZT  0T:91:G0  G&:G0:C0 SISIS €3G
IYYeam peq weo(] N ‘wed g 0 (L) (L6988TTgI-) (£L196C Gh+) So[Te( AL, 1¢¢
jyeouoy,
d  ‘preary N ‘Umod
SPIN M R[S H
09PIA UI SNDOJ 100 “109TPS[[e] D ‘TleUYSIEIN 'Ad ¥ 68F  8LIOPG0TI-  GIEg00LP+  ¥9  8F:GT:G0  T1#:90:C0 Smqsue[H 61-C
SoNSST [eOIUTPA], puerplg '@ 0 (918)  (PSPPER61T-) (Ghe10L'87+) joN[SeUQT, 91-5
S|y
‘N ‘uumgy Y pueqepy
3 ‘Aemuo)) 3 ‘s[oyoy N
‘Kemuo) (1 ‘wosdwoyy,d G  0€ OFE6SSFTIT-  G8LE99°CE+  ¥9  STGT:GO  8G'G0'S0 W GT-Z
JUOUIUIO)) SIOATOSq () O nv uor[ rer] dNS Ppue 1N 1eIs 1IN r1e1s

(ponunuoo) § o1qeq,



STRAUSS

‘d)-osuag ueY} IoYjel SPuodds Ul
possoxdxa st owr) 0Insodxa 9} pue 0s ‘eIoUIEd 09pIA NODHY PIepue)s oY) uey) Ioyjel eiowed X H) © Susn poarasqo
(o107 3sIYDIRUY) S9YIS URIPRUR)) O, "(S)IOpea] Wes) oY) pur (seseyjuared Paso[oUs [IIM UMOYS) TOIRIO] UIed)
[eutwou oyj 310dol Byep OU UM S9YIS 10] SUOINSO "WNJBp FYSHA O} O} POUSISfol dIe suolyedo] oys [[V—HLON

IYFeON\ peg oidury g 0 (6L01) (299998°021-) (00SLET 0F+) odwr) 80-A
moysnoy)
juosoxd  sour]  ueOg OSIM YV L MML T G 61 0SPICH'STT-  €G68€0FE+ 79 T0:9T1:60  9G:€0'S0 POOMPIIA L0-A
981000 T, G €FL  GSE6VSTIT-  CPPGIL'EE+ 9T  OFGTIG0  TH:C0'S0 a[ePs1109S GO-A
sewoyr, 'd ¢ gFElT  G6SLFFTICI-  E€PEGSS€R+  F9  9€9T:G0  TT:C0'G0 sqO 108210 F0-A
soure.y
poddoip  yym  senss| YoopIRg [ G 07T €6TTLO6IT-  TES6S8'8E+ 7€ L£190:G0 o[[IATOUpPIRY) T0-A
JULUIIO)) SIOAISSq () O Ny uor] rery dNS Pue LN eIs 1N AreNs

10

(ponunuoo) § o1qeq,



2 CENTAURS 11

Figure 3. Map of RECON coverage and results across the western United States for the
occultation by 2014 YY49 on 2019 January 1. The circular markers indicate the location
of each observing team, while the tracks indicate each site’s coverage in the down-track
direction of the object’s shadow. The blue markers indicate good data, with a clear non-
detection. The red markers indicate sites which detected an occultation. The gray markers
indicate sites which set up but did not record useful data.

3.2. 2013 NL2J

This event was observed as an official campaign for RECON. Twenty-nine teams
attempted to observe this occultation. Twenty-four of these teams recorded using the
standard RECON recording setup, while 5 of these teams attempted to record using
some combination of standard and non-standard equipment (CanCON and other non-
official volunteer sites). Of the 29 teams that attempted to observe this occultation,
18 successfully recorded the target star at the predicted time of the occultation to
provide constraining data on the target. Of the remaining 11 teams, 2 recorded the
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incorrect field, 5 were unable to record due to sky conditions, and 4 were unable to
record due to technical issues. Because of the target star was dim, we asked that each
team record at a Sense-Up of x128 (~ 2 second exposures, the longest possible with
the RECON MallinCAM cameras). Like the other event described above, each team
was asked to record the field over 5x the 1-sigma time uncertainty. A summary of
observers is provided in table 5. A map showing RECON’s coverage of this event is

shown in figure 4.
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Figure 4. Map of RECON coverage and results for the occultation by 2013 NL24 on 2019
September 4. The circular markers indicate the location of each observing team, while the
tracks indicate each site’s coverage of the shadow track. The blue sites indicate good data,
with a clear non-detection. The red markers indicate sites which detected an occultation.
The gray markers indicate sites which set up but did not record useful data.

4. PHOTOMETRIC ANALYSIS
4.1. MallinCAM CCD Video Data

Each frame of RECON video data is superimposed by the output of an IOTA-VTI
GPS device. This device can be set to display the GPS location of the observing site
("position” mode), or to timestamp each frame with the UT time ("time” mode). A
brief video is first recorded in ” position” mode, to be used for later analysis steps. The
remaining videos, most importantly the event video, are recorded in "time” mode.
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The first step in reduction of the data is to extract this timing data. The video
files are then converted into FITS frames using a robust average of the frames for
a given integration. This step is necessary because the de-interlaced output of the
MallinCAM is a .avi video at 29.97 frames per second, regardless of the Sense-Up
used, resulting in duplicate frames for any Sense-Up greater than x2. The timing
data is corrected as described in Buie & Keller (2016) to reflect the UT midtime
of the integration. This is the time used for the final lightcurve analysis. At the
same time, the images are dark-subtracted and flat-fielded using calibration videos
captured immediately following the event recording. Following these data reduction
steps, the FITS frames are ready for lightcurve analysis.

4.2. QHY CMOS Data

As a part of the Canadian extension to the RECON network, the Anarchist Mt.
Observatory team recorded data for the January event with a QHY174M-GPS. This
is the same camera used to obtain the occultation measurement on Arrokoth (Buie
et al. 2020). As opposed to the video data recorded by the standard RECON setup,
the QHY system writes each single integration directly to a FITS frame, with GPS
location and timing data written into the image header. There is no need for dark
subtraction as the camera is actively cooled, and at 0° Celsius there is no appreciable
dark current over the relatively short exposures used for an occultation campaign.
Being a CMOS chip, there is some row-by-row banding visible in the raw data. This
is corrected by calculating and subtracting a robust mean from each row in the image
- the camera bias and sky signal are also subtracted as a consequence of this. At
this point, lightcurve processing can proceed much the same as with the RECON
MallinCAM data.

4.3. Lightcurve Extraction

Lightcurves are extracted from the FITS data using relative aperture photometry.
A suitable anchor star is first chosen to track the motion of the field throughout
the video. All other star positions in this field will eventually be tracked via this
anchor star. For the first lightcurve extraction, the target star and a number of other
reference stars are chosen, and their centroids are automatically tracked to determine
the net rotation rate of the field. The lightcurves are then rerun a second time, this
time with target and reference positions tracked based on an absolute offset from
the anchor star, and a fixed rotation rate about that anchor star. A final relative
lightcurve is generated from the target and selected reference stars, with the median
relative flux normalized to 1.

4.4. 2014 YY49

Upon inspection of the resulting lightcurves for this event, it is clear that the
lightcurve from (1-08)Reno shows a drop at 05:10:41UT, roughly —0.60 from the
nominal time for that site. This is corroborated by a temporally correlated partial
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drop seen in the lightcurve from (1-06)Quincy, less than 20km away in the cross-track
direction. Due to cloudy sky conditions, Quincy recorded at a Sense-Up of x128, twice
what was requested in the observation materials. As a result of this longer exposure,
along with the small size of the object, the star was only occulted for a fraction of an
integration, so the drop in the final lightcurve does not drop to zero. The lightcurve
from (1-09)Carson City directly to the south showed a clear non-detection, provid-
ing a constraint to the southern limb of the object. The closest lightcurve to the
north of Quincy was from (1-04)Susanville. This site also showed a non-detection,
but because the cross-track distance between Quincy and Susanville is large and the
Susanville lightcurve is incredibly noisy, it does not provide a good constraint to the
+x cross-track direction. A figure showing all lightcurves from this event is provided
(figure 5).

4.5. 2013 NL2/

The lightcurves generated from the data captured for this event indicate a clear
positive detection. The three southernmost sites, Parker, Blythe, and Yuma, each
recorded a drop in the stellar flux just before the predicted event mid-time. As
shown in Figure 14, these drops are well correlated with each other, and take place
within 0.2-0 of the nominal mid-time. The lightcurve from Idyllwild shows an evident
non-detection, providing a constraint to the northern extent of the object. As the
southernmost chord is provided by Yuma, our southernmost RECON site, there is
no constraining negative on the southern limb of the object. A figure showing all
lightcurves from this event is provided (figure 6).
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Figure 5. Master figure showing the lightcurve data from RECON sites for the occultation
by 2014 YY49. The Occultation is visible in the lightcurves from Reno and Quincy.
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Figure 6. Master figure showing the lightcurve data from RECON sites for the occultation
by 2013 NL24. The occultation is visible in the data from (2-11)Parker, (2-13)Blythe, and
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4.6. Special Case - Gardneruville

The video from (V-01)Gardnerville for both events suffered from two major issues,
neither of which on their own would have significantly impacted the lightcurve extrac-
tion process, but both issues together compounded each other such that the standard
data processing pipeline described above could not be used for this data set.

The first of these problems was a hardware issue. Over the course of the video
recording, a small fraction of frames were dropped and failed to write to the video
file. This site observes using a non-standard camera and telescope setup, which may
be encoding the video in a non-standard way to cause these dropped frames.

The second of these problems was a failure of the time extraction software. The
time extraction procedure reads directly the pixel values at the bottom of the image
to determine the UT time that has been stamped onto the frame. This depends on
the sky background being appreciably darker than the white text of the time stamp,
so that pixels can be easily differentiated. If a bright star is on or near the timestamp,
or the sky is too bright, the procedure can fail to do this, and the time extraction
will not be successful. In the case of the Gardnerville videos, the time extraction did
fail due to stars in the time stamp region of the video.

Ordinarily, for a partially failed time extraction, we would use the successfully time-
extracted frames as anchors and interpolate between those to fill in the UT times for
those frames on which the extraction failed. Because the camera outputs 29.97 frames
per second, each frame’s timestamp is expected to be exactly 0.0333667 seconds after
the previous frame. This is not true with the videos from Gardnerville, because an
undetermined set of frames are missing from this video. Several of these intervals
will be greater than this expected interval, and because the time extraction failed
on so many frames, it is not feasible to determine where the dropped frames were.
Additionally, the averaging of duplicate frames described in subsection 4.1 could not
be achieved because there was no way to know which integrations had dropped frames,
so a Sense-Up of x2 was used for the extraction. A dummy timefile was generated
using the time of the first frame of the video and extrapolating over the number of
actual frames, and this timefile was used to extract a raw lightcurve, for the purpose
of confirming a non-detection. Because frames were dropped throughout the video,
and each integration corresponded to several frames, the probability that all adjacent
frames corresponding to a single integration dropped is negligible, so we can with
confidence treat these lightcurves as non-detections. Had there been an occultation
seen in either of these videos, the timing of each frame around that occultation time
would have been extracted by hand so that the rigorous analysis could proceed. The
raw lightcurves extracted from these datasets are shown in figures 7 and 8.
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Figure 7. Normalized relative lightcurve generated from the .avi video file provided by
Gardnerville for the event involving 2014 YY49. Each data point in this plot is indexed by
the frame number, rather than the UT time, because no time extraction was possible. It is
clear in this lightcurve that there was no occultation recorded by this site.
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Figure 8. Normalized relative lightcurve generated from the .avi video file provided by
Gardnerville for the event involving 2013 NL24. Each data point in this plot is indexed by
the frame number, rather than the UT time, because no time extraction was possible. The
dip below the noise near frame 13000 corresponds to a small field movement, and there is
no corresponding dip from nearby sites, so this is considered a negative. This lightcurve
provides a non-detection for this site.

5. PROFILE FITTING
5.1. 201} YY49

A statistical Markov Chain Monte Carlo (MCMC) modeling scheme was used to
determine a 2-D profile for the object based on lightcurve data. Because there were
only two sites with positive detections, and for each of these the star was only occulted
for one integration, the data are not sufficiently constraining to allow for any elliptical
solution. Therefore, for the profile analysis of the object, sphericity was assumed.
For each run of the MCMC, 512 random walkers were used to explore a parameter
space in 3 dimensions: the radius of the object, and the 2-dimensional offset of the
object’s center from the ephemerides. This offset is measured in dx delta dy in the
sky-plane as defined in Smart (1977). The osculating orbital parameters used in
the MCMC analysis are summarized in table 6. The size distribution for the object
radius was truncated between 10km and 60km. The lower limit here is based on the
geometrical limits of the two positive detections - In the sky plane, the Reno and
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Table 6. Osculating Orbital Elements
for 2014 YY49

parameter value
Epoch* | 2019-01-29T00:00:00.000
M 22.73270°£8.9e-05°

193.977636°+7.6e-05°
188.046823°+2.4e-05°
20.406155°+6.2e-06°
0.6038219+£2.5¢-06
31.034013£0.000219AU
NoTE—Osculating orbital elements for
2014 YY49 used in the analysis. M, w,
(), i, a, e are the mean anomaly, argu-
ment of perihelion, ascending node, in-

clination, eccentricity and semi-major
axis respectively.

®» o = D&

Quincy chords are not closer than 20km to each other. For a spherical object of
this magnitude, a lower geometric albedo limit of 0.01 constrains the radius to less
than 60km. Because the size of the object is small ( 40km) with respect to the 1-o
cross-track uncertainty (738km), and the occultation duration is small compared to
the 1-0 timing uncertainty, the positional probability distribution is treated here as
uniform. The upper and lower limits of the dx and dy parameters were chosen based
on the positions of the constraining negative tracks, and the extents of the chords
measured by the positive tracks.

The circular solution was explored with three different prior size distributions. The
MCMC was first run with a uniform initial distribution. It was then run assuming
size distributions based on a power law with a slope q=3.5, a good match to the size
distribution implied by a number of outer solar system surveys (Fraser et al. (2014),
Schlichting et al. (2013)). Finally, to cover a broad range of possible power-law
distributions, the MCMC was run with a very steep power-law prior size distribution
with q=7. For the results reported in this paper, the slope of q=3.5 was used.

The output of the MCMC software is a set of samples distributed within the x-
y-r parameter space. A histogram of each parameter provides a probability density
function (pdf) for that parameter, and from this pdf, nominal and +1 — o values
can be extracted. The MCMC results for 2014 YY49 are shown in figure 9, and
summarized in table 8. Figure 10 shows the nominal solutions of the MCMC in the
plane of the sky, plotted on top of the lightcurves from the sites used in the analysis.
A set of model lightcurves was then generated, with the same site geometry, and
assuming the nominal circular profile from the MCMC. Figure 11 shows the resulting
model lightcurves plotted along with the actual extracted lightcurves.
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Figure 9. The results of the MCMC for 2014 YY49, with a circular profile assumed. Shown
here are probability distribution functions for each of the three free parameters (x offset,
y offset, and radius). The vertical dashed lines indicate the nominal value, and the 68%
highest density intervals.
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Figure 10. A plot of the circluar object profile for 201 YY49 in the sky plane, based on
the results from the MCMC run. The sky plane is defined in a frame of reference moving
along with the ephemeris, with the ephemeris as the origin. The black lines show the track
of the star in the sky plane for each site. The transparency of each segment corresponds to
the relative reduction in stellar flux over that integration. The red circle shows the nominal
position and radius of the object, and the dark scatter is the 2-dimensional probability
density function for the object’s center.
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Figure 11. The detection subset of lightcurves from the occultation by 2013 NL24. In black
are the lightcurve data points extracted from the RECON video data. Superimposed in red
are the hypothetical model lightcurves based on the nominal MCMC results.To correct for
the down-track offset between the RECON sites, the time axis is plotted with respect to
the predicted event midtime for each site.
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5.2. 2013 NL24

The occultation lightcurve data for this object are much more constraining than
those of the other Centaur reported on in this paper, for two reasons: the larger
number of chords and the lengths of those chords. Three chords inherently provide
more insight into the shape and size of the object than two, as there are far fewer
profiles which can be fitted to three chords than two chords. More subtly, the greater
length of these chords means that for a given site, the star might have been occulted
for more than a single integration. This decreases the fractional uncertainty on the
chord lengths by increasing the chord length without increasing the uncertainty on
the endpoints of those chords. Additionally, it actually eliminates a source of uncer-
tainty present in the case of a single-integration occultation: with a single-integration
occultation, there is no way to know exactly when during that integration the occul-
tation occurred. If, as in the case of the Parker and Blythe data, the star is occulted
for more than a single integration, it is immediately known whether a partially oc-
culted integration is the result of an occultation at the beginning or at the end of the
integration. The uncertainties in the endpoints of this chord are now only due to the
uncertainties in the stellar flux received during the ingress and egress integrations.
For this reason, the pdfs from the MCMC were much more symmetric and gaussian
than 2014 YY49, and so were the errors. The osculating orbital elements used in the
MCMC analysis are summarized in table 7. The results of the MCMC run are shown
in figure 12, and summarized in table 8. As with the other object, the geometry of
the nominal solution is plotted on top of the lightcurves in figure 13. The nominal
circular solution was fed into a program which generates model lightcurves based on
the input geometry. Figure 14 shows the resulting model lightcurves plotted on top
of the real lightcurves from the video data.
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Table 7. Osculating Orbital Elements
for 2013 NL24

parameter value

Epoch* | 2019-09-04T00:00:00.000
M 19.034674°40.000772°
w 290.076979°4+0.001118°
Q 1.9930136°40.000275°
i 4.676646°1+93.6 mas
e 0.38409141.3e-05
a 39.976067+0.000994 AU

NoTE—Osculating orbital elements for
2013 NL24 used in the analysis. M, w,
(), i, a, e are the mean anomaly, argu-
ment of perihelion, ascending node, in-
clination, eccentricity and semi-major
axis respectively.
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Figure 12. The results of the MCMC for 2013 NL 24, with a circular profile assumed.
Shown here are probability distribution functions for each of the three free parameters (x
offset, y offset, and radius). The vertical dashed lines indicate the nominal value, and the

68% highest density intervals.
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Figure 13. A plot of the circular object profile for 2013 NL24 in the sky plane, based on
the results from the MCMC run. The sky plane is defined in a frame of reference moving
along with the ephemeris, with the ephemeris as the origin. The black lines show the track
of the star in the sky plane for each site. The transparency of each segment corresponds to
the relative reduction in stellar flux over that integration. The red circle shows the nominal
position and radius of the object, and the dark scatter is the 2-dimensional probability
density function for the object’s center.
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Figure 14. The detection subset of lightcurves from the occultation by 2013 NL24. In
black are the lightcurve data points extracted from the RECON video data. Superimposed
in red are the hypothetical model lightcurves based on the nominal MCMC results. To
correct for the down-track offset between the RECON sites, the time axis is plotted with

respect to the predicted event midtime for each site.
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Table 8. Results for both objects from the MCMC

run
parameter H 2014 YY49 2013 NLI24
r 17.217 81 km 66.291 12 km
Az 1348.88T 18 km | —9234.0115-0, km
Ay —724.473 8 km | —2431.061%53,
Aa 104.371515mas | —486.0075 3 mas
AS ~56.0715 %2 mas | —130.5115 3 mas

NoTE—These offsets are reported with respect to
the object ephemerides as of the epochs described
in tables 6 and XXX 7. The nominal values re-
ported here are from the peakes of the pdfs from
the MCMC. The uncertainties are based on the
68% credible highest density intervals caclulated
about these peaks.

6. DISCUSSION

The most informative result obtained here is the radius of each object. A radius
measurement by occultation is much more precise than the thermal radiometry mea-
surements used to determine many object radii, and can serve to constrain and cor-
roborate these thermal results. This is not immediately possible for the two objects
discussed in this paper, as there have been no prior attempts to determine the size
of these objects. Follow-up measurements via thermal radiometry can and should be
taken and compared with these occultation results.

We have determined the sizes of these two Centaurs to a relatively high precision
with these occultation results. However, the size of the object, (particularly with so
few chords as these) is not itself particularly informative of the object’s makeup -
for this, additional derived parameters are needed, such as geometric albedo, color,
and bulk density. Bulk density is the most challenging of these to determine for
distant objects, as it requires a measurement of the mass of the object. Aside from a
spacecraft encounter, the only way to acquire such a measurement is by observation
of a secondary object orbiting the primary. Neither of the two occultation results
reported here indicated the presence of a secondary, so mass-determination is not
possible.

Albedo on the other hand, can be determined much more easily via additional
photometry. Albedo is a derived quantity which can be determined (for a circular ob-
ject) from just the radius and the absolute magnitude. From the occultation results
we have well-constrained measurements of the radii for both Centaurs. The abso-
lute magnitudes H, are much more poorly constrained - the best values in literature
are those provided by the Minor Planet Center (MPC), but these values are rough
estimates with no published formal uncertainties (ref XXX). Careful, targeted pho-
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tometry to determine these values to high precision is desired as follow-on work to this
paper such that, in tandem with the results from the occultations, well-constrained
geometric albedos can be obtained.

There is the additional consideration of object rotation in the determination of the
albedo. If an elliptical object is rotating in such a way that it’s cross- section in
the plane of the sky is variable over time, then its measured absolute magnitude will
also vary with time. If this is the case, then subsequent photometric measurements
may permit the detection of a periodic change in brightness, which could be extrap-
olated back to the event time to determine the phase of rotation at the time of the
occultation, and provide insight into the three-dimensional profile of the object.

There is some interest regarding the colors of these targets as well. A number of
papers have reported a clear bimodal color/albedo distribution in the population of
KBOs and Centaurs, with the population split between dark grey objects and bright
red objects. While no rigorous albedo results are reported in this paper, we can adopt
the reported H, values from MPC and the nominal values for radius to determine an

estimate for the geometric albedo of both of these targets. Adopting these values,

—Hy
and defining geometric albedo as P, = (%)2, we get geometric albedos of

P, = 0.12 for 2014 YY49 and P, = 0.045 for 2013 NL24. These values reflect the
bimodal albedo distribution reported by Tegler et al. (2016), and follow-on color
photometry work will, in the context of these occultation results, provide evidence
either supporting or weakening this hypothesis.

Of the most interest to the RECON project is follow-on occultation work. Even
with only two or three chords, the astrometric measurement provided by a positive de-
tection by occultation has a precision far beyond any direct astrometric measurement
via large telescopes. The astrometry from these occultations will considerably reduce
the uncertainty on the orbits of these two objects, and allow for much higher-precision
occultation predictions in the future. While RECON is nominally a large, stationary
network aimed at low resolution measurements of high-uncertainty events, it is of
interest to RECON to explore the feasibility of more targeted, mobile deployments
to chase low-uncertainty follow-up occultations based on predictions informed by the
astrometric measurements obtained here. As a proof-of-concept for such a campaign,
a subset of RECON teams in Oregon, California, and Nevada deployed in October
2019 to successfully observe an occultation by the Jupiter trojan asteroid Leucus,
one of the five targets for the upcoming Lucy mission. The results of this campaign
are currently being analyzed for future publication, but are beyond the scope of this

paper.
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