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ABSTRACT

67P/Churyumov—GerasimenigaJupiter-familycomethatwasthetargetof theRosettanission the rst missionto successfully

orbit andland a probe on a comet. This missionwas accompaniedy a large ground-baseabservingcampaign.We have
developeda pipelineto calibrateand measurghotometryof comet67P duringits 2016 perihelionpassagemakinguseof all
visible wavelengthbroad-bandmagingcollectedacrossa wide rangeof facilities. The pipelinecalibrateshe brightnesof the
cometto acommonphotometricsystem(Pan-STARRSL) usingbackgroundstarswithin the eld allowing for compilationand
comparisorof multiple datasets Resultsfollow the predictionsbasedon previousapparitions67Pshowsno obviouschangéan
activity levelsfrom orbit-to-orbitandcomacoloursremainconstanthroughouthe apparition We detectecanoutburston 2015
August22of 0.14mag.Thebrightnessandestimatednassof this outburstputsit in line with the outburstdirectly observed
onthenucleusby RosettaAn in situ outburstwasobservedat the sametime asthe oneseenfrom the ground;however, linking

thesetwo eventsdirectly remainschallenging.

Key words: cometsindividual: 67P/Churyumov—Gerasimenko.

1 INTRODUCTION

67P/Churyumov—Gerasimenlvasthetargetof theRosettanission,
the rst missionto successfullyrbit acometarynucleusandfollow

it alongits journeythroughperihelion. Themissionreturnedaunique
cacheof data,collectedin situ atthe nucleusyevealingnewinsights
aboutcometsurfaceactivity (e.g.El-Maarryetal. 2019 Filacchione
etal. 2019 Vincentet al. 2019 Marschallet al. 202Q Choukroun
etal. 2020 Mottola et al. 2020. This missionwasbackedup by a
largeground-basedbservingcampaigrn(Snodgrasstal. 2017 that
followedtheactivity of 67Pthroughits perihelionpassagerhisdata
setis oneof themostdetailedandcomprehensivdatasetsevertaken
of a comet,with coverageacrossalmostall of the comet'sinward
andoutwardjourneys soprovidesanidealtreasurerovefor detailed
analysis.

The Rosettamission provides us with an opportunity to link
ground-basedbservationswith events obsened in situ in orbit
aroundthe comet’snucleus.Outburstsare a signatureof activity;
mary wereobsered on the nuclearsurfaceby instrumentonboard
Rosetta.Inboundto the cometan outburstwas detectedin 2014
April (Tubianaet al. 2015. The cometwasregularly monitoredas
the spacecraftapproachedetween2014 July and 2014 October,
with no further outburstsseen.Oncein orbit aroundthe cometan
outburstwasseenin 2015February(Knollenbergetal. 2016. Over
thenextfew monthstheRosettgprobehadto retreato asafedistance

E-mail: dgar@roe.ac.uk

© The Author(s)2022.

from the cometdue to high dustcontentin the coma;during this
time any outburstson the comet'ssurfacecould havebeenmissed.
BetweenJuly and SeptembeR015,asthe cometpassegerihelion,
34 individual outburstswere observedas detailedin Vincentet al.
(2016. At thesametime, Boehnhardetal. (2016 sawa largedust
ejectioneventin thecomamorphologyin imagesacquirecatthe2-m
Wendelsteirtelescopen 2015August22—-23,buttheydo not make
alink betweerthis observatiorand any outburstsseenby Rosetta.
Knight et al. (2017, observingfrom the 0.8-m Lowell telescope,
alsosawthe sameoutburstin their photometryon 2015August22.
Theymakea tentativelink to anoutburstobservedy RosettaThey
alsoreporta possibleoutburstoccurringon 2015 Septembef 9 but
theydo not matchit with anyotherknownoutburstof 67P.Another
notableoutburstwas seenby multiple instrumentson Rosettaon
2016Februaryl9 (Grunetal. 2016. Initial analysisof TRAPPIST
observationver this periodby Griin et al. (2016 claimsto show
an increasedand sustainedbrightnesscorrelatingto this outburst.
Agarwaletal. (2017 sawanoutburston 2016July 3.

Aside from searchingfor small-scaletransientevents,tracing
actiity cangive usaninsightinto theageingprocessethataffectsa
comet.Prediction®f thedustactivity weremadeby Snodgrasstal.
(2013 andthe observationhaveshownthe cometto be following
thesepredictiongSnodgrasstal. 2017). Thisleadsusto believethat
theactivity of 67Premaindargelyunchangedrom orbit-to-orbitand
thereforeresultsfrom Rosettecanbeappliedmoregenerallyto help
constrainmodelsof cometactiity evolution and scaleresultsto
differentcometsandapparitionsTheactivity analysisperformedn
Snodgrassgtal. (2017 wasmadeusinganapproximatecalibration;

Publishedby Oxford University Presson behalfof Royal AstronomicalSociety.This is an OpenAccessarticle distributedunderthe termsof the Creative
CommonsgAttribution License(https://ceativecommons.grlicenses/by/4.)/ which permitsunrestrictedeuse distribution,andreproductiorin any medium,

providedtheoriginal work is properlycited.
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Table 1. Summarytable of analysedobservationsFilters in letters for
standardbandswith lowercasegg,r,i,2) indicatingSloanDigital Sky Survey
(SDSS)-type lters and upper case(B,V,R,) indicating Johnson/Cousins
types.

Telescope/instrument Filter Dates(YY/MM/DD)

NOT/ALFOSC VR 13/05/13-16/08/10
NOT/StanCam VR 14/04/05-16/05/22
OGS/sDC visible 14/09/21-16/07/04
TRAPPIST-South/CCD B,V,R,I 15/04/18-16/06/07
NTT/EFOSC r 15/04/22-16/07/29
VLT/FORS R 15/05/21-17/03/25
WHT/ACAM R, 15/07/06-16/06/28
STELLA/WIFSIP g,hi,z 15/07/18-16/06/08
LT/10:0 g.1i,z 15/07/18-16/06/11
LOT B,V,R 15/08/02-15/11/07
LCOGT/Merope o,hi,z 15/08/07-15/09/21
RozhenBNAO 2-m/FoReRo-2  B,R 15/08/11-16/11/06
CA 2.2-m/CAFOS R 15/08/14-16/06/05
CA 3.5-m/MOSCA R 15/08/18-15/08/25
Lowell 0.8-m/NASAcam R 15/08/18-15/12/01
TNG/DOLoRes B,V,R 15/08/18-16/03/17
Wendelsteir2-m/WWFI g,hi 15/08/21-16/05/08
OSN1.5-m/CCD R 15/09/21-16/04/30
INT/WFC B,ri 15/10/13-16/06/23
BTA/SCORPIO2 rg 15/11/07-16/04/01
LCOGT/SBIG r 15/12/14-16/01/30
OSNO0.9-m/CCD R 16/01/13-16/01/16
LCOGT/Sinistro r 16/01/27-16/03/30
GeminiN/GMOS g,hi,z 16/02/16-16/05/28
IRTF/MORIS r 16/03/14-16/03/28
LT/10:0 g.1i,z 21/07/06-22/06/11

in thispaperwedetailaprecisecalibrationmethodusingcomparison
to the Pan-STARRScatalogug(Tonry et al. 2012. The calibration
methodwasappliedacrosgshemajority of theSnodgrasstal. (2017
campaigrdata.ln this paperwe searchthebroadbanghhotometryto
nd small-scalevariationghatcouldbelinkedto outburstsThelarge
poolof dataallowsusto con rm thebrighteningacrossmultiple data
sets,paying attentionto eventsseenby Rosettato seeif any links
could be made.We alsolook to seeif we cancon rm the outbursts
seenin Vincentetal. (2016, Boehnhardetal. (2016, Knight etal.
(2017, Grun et al. (2016, and Agarwal et al. (2017). We aim to
constrainthe detectabilityof small-scaleeventsfrom ground-based
observationsTheseconstraintswill help future interpretationsof
ground-base@bservation®f cometsandlink themto changesn
thenucleuswhich we cannotvisit directly.

2 OBSERVATIONS

Table 1 summarizeghe broad-bandmaging observationof 67P
madebetweer?013and2017.Thewhole datasetcoversatotal on-
targetobservingimeof 640hwith 9606individual framesfrom 27
telescopescrossnine countries.The dataat the beginningandend
of thecampaigrofferedlimited usedueto our pipeline’slimitationin
detectingdim targetsn crowded elds andthereforearenotsuitable
for automaticphotometryanalysis Nordic optical telescopgNOT)
observationsfor example,cover a periodin 2014whenthe comet
wasvisible atlow altitudesin thenorthernsky. Thesedata,however,
dueto thecomet'sfaintnessandthehigh airmassiuringobservation,
arenot suitablefor automatigprocessingAnalysisof the2014NOT
datawas performedby Zaprudinet al. (2015 and analysisof the
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remaining2014 datacan be found in Snodgrast al. (2016. In
this paper,we focus our analyseson the databetween2015 and
2016, which coversthe majority of the comet’sinner Solarsystem
passagandthe’escort’ phaseof the Rosettamission.It wasduring
this phasethat the majority of the telescopesvere observingthe
cometregularly, providing almost24/7 coverageat somepoints.The
early portion of this datawas af icted by lessfavourableviewing
conditionsdue to the small solar elongationin the early months
of observationjncluding during the perihelionon 2015August13.
After 20150ctoberit becamemorefavourableto view.

We highlight datathathaveuniquecoverageor signi cancein the
following sub-sections.

2.1 Very large telescope

The 8-m EuropeanSouthernObservatoryVery Large Telescope
(VLT) in Chile providesthe longestobservingperiod from startto
end;theVLT begarobservings7Pin 2013to measurgheastrometry
of thecometbeforethe spacecraft'arrival andconstrainthe startof
activity (Snodgrasstal. 2016. It alsoextendsbeyondtheobserving
windowsof mostothertelescopewvith observationsnadeuntil 2017
March25 providinguniquecoveragef thecomet'soutwardjourney
asit dimsto belowdetectablérightness.

2.2 Nordic optical telescope

SimilarlytotheVLT, theNOT startecbbservingg7Pin 2013.Despite
beinglocatedon La Palmain the Northernhemispherethe 2.56-
m telescopds capableof observingat very low altitudesmeaning
it startedobservingbeforeits Northern hemispherecounterparts.
However, theseearly obsenationsareof limited usebecausef the
dif culty of detectingthe faint comet. The NOT providesregular
coverageover the courseof the perihelionpassagepbservingonce
ortwice aweekbetweer2015July 1 and2016August10in bothR-
andV-bands.More detailsof theseobservingrunscanbe found in
Zaprudinetal. (2015 andZaprudinetal. (2017).

2.3 TRAPPIST

The robotic 60-cm TRAPPISTtelescopein La Silla (Jehinet al.
2011) providesregularcoverageacrossall of theperihelionpassage
including a unique period between2015 April 18 and June 27
whenthe cometwasdif cult to observefrom Northernhemisphere
obsenatories. TRAPPIST providedobsenationsin B-, V-, R-, and
I-bandsacrossthe whole passageFor more detailsseeSnodgrass
etal. (2016.

2.4 Liverpool telescope

The robotic 2-m Liverpool TelescopgLT) on La Palmaprovides
someof the mostregular coveragein r-band acrossthe majority
of the perihelionpassagéetween2015July 18 and2016 Junell
and measurement® the g-, i-, andz-bandsbetween2015 July 18
to August31 and 2016 February10 to Junell. This run wasalso
detailedin Snodgrasetal. (2016.

UsingtheLT, we undertookregularmonitoringof 67Pduringits
nextapparitionbetweer2021July 6 and2022Junell coveringboth
inboundandoutboundourneys Theseobservationsrediscussedh
Section6.4.
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Figure 1. Flowchart shaving the stepsin the automaticastrometryand
photometrycalibrationpipeline.

2.5 Wendelstein

The 2-m telescopeat the Wendelsteinobservatoryin Germany
providedover90h of regularpost-periheliorcoveragebetweer?015
August22and2016May 9 andshowsinitial evidencdor anoutburst
(Boehnhardetal. 2016.

2.6 Lowell

The 0.8-mtelescopet the Lowell Observatorymaderegularobser-
vationspost-periheliobetweer2015Augustl8and2015December
1. It observedhe sameoutburstseenby the Wendelsteirtelescope
aswell asa secondootentialoutburst(Knight etal. 2017).

3 DATA REDUCTION

Our data are calibrated through a custom-built pipeline, which
incorporatesJPL Horizons (Giorgini et al. 1996, Astrometry.net
(Lang et al. 2010, SEXTRACTOR (Bertin & Arnouts 1996, and
CALVIACAT (Kelley & Lister 2019. Fig. 1 showsa owchart of the
stepsin thepipeline.Thestepsin the pipelineare:

(i) Thedatefrom the FITS headelis extractedandpassedo JPL
Horizonstoretrievetheephemerislataof thecomet(for ourpurposes
we areinterestedn positionandgeocentriadistance) The RA and
Decof thetargetatthatdateis passedo Astrometry.net.

(iiy Astrometry.netalibrategsheimage’sworld coordinatesystem
(WCS) using the image coordinatesof the sourcesin the eld
and cross-referencinghem with its own catalogueto accurately
determinethe astrometryof the image. Astrometry.netsearches
within 1 of the cometcoordinateppassedrom JPL Horizonsto
decreasahe computationtime comparedwith performinga blind
search.

(iil) SEXTRACTOR extractsthe instrumentalmagnitudesof all
sourceswithin the eld of view usingautomaticelliptical apertures
de ned soasto containatleast90 percentof thesourceux around
everydetectedbject(Bertin & Arnouts1996. SEXTRACTOR ags
sourcesthat could be problematicduring the extraction process;
thesewarningscanindicateneighbouringsourcessaturatedixels,
or memoryover ows. The agged sourcesare removed from the
sourcdist beforeusingthe WCSto createa cataloguendpassingt
t0 CALVIACAT .
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Table 2. Summarytableof the colourtermsusedduring colour calibration
for eachdataset.

Telescope/instrument Filter Colour  Colourterm
NOT/ALFOSC \% gSr 0.45
R gSr 0.14
OGS/SDC visible  gSr S0.41
TRAPPIST-South/CCD B gSr $0.55
\% gSr 0.48
R gSr 0.14
I rsSi 0.23
VLT/FORS R gSr 0.22
WHT/ACAM r gSr $0.04
i rSi 0.04
STELLA/WIFSIP g gSr $0.15
r gSr $0.02
i rSi 0.07
z iSz $0.20
LT/10:0 g gSr $0.01
r gSr $0.02
i rsSi 0.04
z iSz 0.13
LOT B gSr $0.28
\% gSr 0.43
R gSr 0.16
LCOGT/Merope g gSr 0.03
r gSr 0.01
i rSi 0.04
z iSz $0.07
RozhenBNAO 2-m/FoReRo-2 R gSr 0.21
CA 2.2-m/CAFOS R gSr 0.22
CA 3.5-m/MOSCA R gSr 0.10
Lowell 0.8-m/NASAcam R gSr 0.08
TNG/DOLoRes B gSr $0.52
\% gSr 0.42
R gSr 0.14
Wendelsteir2-m/WWFI g gSr $0.02
r gSr 0.02
i rsSi 0.05
OSN1.5-m/CCD R gSr 0.20
INT/WFC B gSr $0.45
r gSr 0.04
i rsSi 0.08
BTA/SCORPIO2 r gSr 0.01
LCOGT/SBIG r gSr 0.01
OSN0.9-m/CCD R gSr 0.09
LCOGT/Sinistro r gSr 0.01
GeminiN/GMOS g gSr $0.08
r gSr 0.10
i rSi 0.15
z iSz S0.27

(iv) The cleanedsourcelist is then fed into CALVIACAT which
calibratesthe magnitudego the Pan-STARRShotometricsystem
(Tonryetal.2012. It worksby cross-referencinthesourcdist with
thePan-STARR®DR1 (PS1)catalogueUsingthe WCScoordinates
of sourceswithin the frameit nds matchingPS1sourcesandthen
estimatesthe calibration constantwith colour correction. Table 2
displaysthe colour termsusedin the calibrationsfor each lter
in eachdata set. Before calibrating the magnitudesthe pipeline
removesary sourcesvith a PS1PSF- Kron magnitudegreaterthan
0.05.Thesesourcesarelikely to begalaxiesandthereforecannotbe
usedascalibrators.

(V) The cometis identi ed by nding the sourcewith the WCS
coordinatesthat most closely match the coordinatesfrom JPL

MNRAS 517,4305-43162022)
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Figure 2. Light curveof 67P/Churyumov—Gerasimenkoeasuredvithin 20000 km aperture Photometryhasbeencalibratedandscaledto the PS1r-band.
Theverticaldottedline showstime of perihelionon 2015August13. The photometrybehindthis plot canbefoundin TableAl.

Horizons,within 4 arcsecPhotometryis thenmeasuredvith a xed
apertureof 10000km radiususingthegeocentridistancerom JPL
Horizonsandappropriateixel scalefrom the WCSto calculatethe
correspondingadiusin pixels.If othercataloguesourcesarefound
within the aperturethenthe pipelineraisesa ag andrecordstheir
Pan-STARRSnagnitudes.

Thepipelinedoeshavelimitations.In orderto performautomatic
astrometryand magnitudecalibration, the pipeline needsa large
sampleof backgroundstarswhich canbe lacking in someframes,
particularly from instrumentswith relatively small elds of view.
The pipeline doesnot take into accountbright eld starsthat can
contributeto the backgroundevelinsidetheaperturepr completely
outshinethe comet, even if their centresare outside the comet
apertureThisleadgo atargetbeingarti cially brightenedespecially
whenthe targetis dimmerandmorelikely to be outshoneby eld
stars.Thesehaveto beremovedmanually.

4 RESULTS

4.1 Summary

Fig. 2 showsthe r-bandlight curve of 67P, calibratedto the PS1
photometricsystem,compiling all the dataprocessedhroughour
pipeline.Table 3 presentsa summaryof the dataprocessedin this
sub-sectionwe brie y describespeci ¢ resultsfrom speci ¢ data
sets.

TheVLT providedahigh-qualitydatasetthatranwith few issues.
As suchit wasusedasthetestdatafor theinitial developmenbf the
pipeline.The VLT dataalso helpedus constrainthe limitations of
theautomaticdetectionwith its wide observingwindow it observed
the cometat its faintest.From this we determinedhatthe pipeline
worksbestwhenobservinga cometbrighterthan20 mag.

MNRAS 517,4305-43162022)

The regular observationsby the LT were well suited for our
pipeline producingwell calibratedand consistentresultsin g-, r-,
i-, andz-bands.Thesedataformedthe backboneof our comparison
andwe usedthis asa ‘true’ representatiorf the light curve. The
coloursobtainedfrom the LT were also usedas our startingpoint
whenapproachingolour calibrationof the remainingdata.

TheNOT/ALFOSCdatapresente@nissue;noisyedgedeft over
from thedatareductionprocessThesenoisy edgesveresometimes
incorrectlyidenti ed assourcedy Astrometry.netausingt tofail to
solve.Weinitially tried maskingthe edgesutthe problempersisted
evenaftermasking We concludedhatthenit musthavebeemanissue
with the elds of starsthemselvesWe took the decisionto discard
thesdmagesatherthanadapthepipelineto maskthespeci c noise
patternsincethis affectedonly around12 percentof the imagesin
the NOT data,and evenfewer in the datasetasa whole. Despite
this, it is one of the mostwell calibratedand comprehensivelata
setsin bothr- andg-bands32imagestakenby CAFOSontheCalar
Alto Observatory(CA) 2.2-mtelescopéhadnoisy artefactssimilar
to the NOT, which causedhe pipelineto fail. Again, we took the
decisionto simply discardtheseframes.The calibrationof someof
thesedatahaswide variationswithin nightsdueto the smallnumber
of calibrationstarswithin the eld of view. Thisledto somediffering
estimationof the zero-pointin eachframeasCALVIACAT triedto t
a line to a small numberof points. The large numberof exposures
takeneachnight allowed us to remove outliersin the calibration.
While this data setis large it is concentratedon small groups
of consecutivenights separatedoy weeks rather than long-term
monitoring.

The Lowell dataset has good coveragearoundperihelion, but
somewhatinconsistentcalibration due to varying quality between
frames. Severalframes containeddead pixels which sometimes
would lie on top of a star, making the calibration less accurate.
The 43 frameswherethe deadpixels lay within the cometaperture
werediscounted.
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Table 3. Summarytableof dataprocessedhroughthe pipeline.Framesnputis the original numberof imagespassedo the pipeline.Framesprocesseds the
numberof framessuccessfullycalibratedby the pipeline,imagescausingthe pipelineto fail, orimagesmanuallyremovedfrom the nal dataarenotincluded

in thisnumber.

Telescope/instrument

Framesnput/ successfullyprocessed

B \% R | g r i z

NOT/ALFOSC - - 489 460 667 459 - - - - - - - - - —
NOT/StanCam - - 51 0 56 0 - - - - - - - - - —
OGS/sDC - - - - 258 192 - - - - - - - - - —
TRAPPIST-South/CCD 63 59 247 217 74 72 69 61 - - - - - - - -
NTT/EFOSC - - - - - - - - - - 24 0 - - - -
VLT/FORS - - - - 53 52 - — - - - - - - - —
WHT/ACAM - - - - - - - - - - 9 9 3 3 - -
STELLA/WIFSIP - - - - - - - - 25 25 745 645 25 25 35 35
LT/IO:0 - - - - — - — - 109 100 355 317 109 100 109 100
LOT 4 3 5 5 14 13 - - - - - - - - - -
LCOGT/Merope - - - - - - - - 28 28 3 32 14 14 14 14
RozhenBNAO 2-m/FoReRo-2 5 0 13 2 - - - - - - - - - _
CA 2.2-m/CAFOS - - - - 912 690 - - - - - - - - - —
CA 3.5-m/MOSCA - - - - 22 22 - - - - - - - - - _
Lowell 0.8-m/NASAcam - - - - 354 318 - - - - - - - - - -
TNG/DOLoRes 48 48 74 74 69 64 — — - - - — - - - —
Wendelsteir2-m/WWFI - - - - - - - - 45 44 1619 1245 41 38 - -
OSN1.5-m/CCD - - - - 1499 1473 - - - - - - - - — _
INT/WFC 37 34 - - - - 2 2 - - 90 86 - - - -
BTA/SCORPIO2 - - - - - - - - 6 0 15 13 - - - -
LCOGT/SBIG - - - - - - - - - - 51 42 - - - -
OSNO0.9-m/CCD - - - - 78 78 - - - - - - - - — —
LCOGT/Sinistro - - - - — - - — - - 42 36 - - - —
GeminiN/GMOS - - - - - - - - 17 17 42 42 12 12 12 12
IRTF/MORIS - - - - - - - - - - 113 0 - - - -

The EuropeanSpace Agency (ESA) Optical Ground Station T
(OGS)datacontainedL8frameswhichwerediscountediueto being | v mosca
pointedtowardsthe wrong areaof the sky. Another 37 framesdid 1551 U5 sapy
not haveenoughbackgroundstarsto performcalibration. - ol L @

The pipelinefailed to run on Infrared Telescopédracility (IRTF), =12 fgg‘g‘ L L e * gg
New TechnologyTelescopgNTT), andNOT/STANCAM datadue 2 165 el ¥ % @@
tothesmall eld of view in theimages Therewerefew starswithin £ WHT
the eld whichmeantastrometryandphotometrycalibrationdailed. Euo] o i

It is worth mentioningthe William HerschelTelescopgWHT), v e
LULIN Observatory One-Meter Telescope (LOT), Telescopio A [t
Nazionale Galileo (TNG), Isaac Newton Telescope(INT), and o Lowell
Bolshoi TeleskopAlt-azimutalnyi (BTA). They arewell calibrated [l =
databut have sparsecoveragehaving only threeto ve nights of

observationsn eachset. The consistentalibrationsmadepossible
due to the larger data set they are a part of meantthat they are
still usefulin the nal datato Il in gapsandaid in con rming
outbursts.

Any datanot mentionedaboveranthroughour pipelinesuccess-
fully andwasgenerallywell calibratedA commorissuen thesedata
weretheoccasionalack of backgroundstarsto usefor photometric
calibrationbutthistypically affectedessthan10 percentof images.

Overall the pipeline worked well and processedhe majority (

83 percent)of the dataandproducedwell calibratedandconsistent
resultsacrossthe different datasets.The pipelineworks bestwhen

the cometis brighterthanmag20 brightnessandin awell-exposed,
butnottoocrowded,eld of starsWithouttheseconditionsghecomet
identi cation andcalibrationbecomesncreasinglyinaccurate.

A limitation highlightedby the NOT/ALFOSCand CA/CAFOS
datais thatthe pipelinehasno way of adjustingfor any noisy edges
or artefactsthat may remainafter datareduction.This noiseoften
was misidenti ed as sourcesby SEXTRACTOR and Astrometry.net
which causedthem either to fail or give inaccurateresults. The

57360 57380 57400 57420

MJD

57440 57460 57480 57500

Figure 3. Light curve aroundlow phaseangles.All points have been
calibratedto r PS1band.A clear offset is seenin the TRAPPIST (blue
triangles),OSN (yellow squares)OGS(pink hexagons)andCAFOS (black
downward-trianglespointswhichweremeasured Johnson/CousiR lter.
Themajority of the otherpointsweremeasuredn sloant type lters.

otherlimitation is thepipelineonly doessimpleaperturgophotometry
aroundthe cometand doesnot take into accountany contribution
of thebackgroundux from nearbybright starsthatareoutwith the
aperture We decidedagainstimplementinga x for both of these
issueshecausef the smallproportionof imagesthey affect.

4.2 Offset betweentelescopesaround low phaseangles

A peculiareffect we seein our datais a signi cant shift in r-band
magnitudesitlow phaseangleshetweerdifferenttelescopegFig. 3).
The TRAPPIST datais the bestexampleof this, it follows the
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Figure 4. Colouragainstmodi ed Juliandatebetweer?015March19 and2016July 31 for comet67P/Churyumov-Gerasimenkoeasureavith (a) Gemini-
North, (b) the Liverpool Telescope(c) the Nordic Optical Telescope(d) STELLA, (e) TRAPPIST-Southand(f) the Wendelsteir2-m telescopen theg-, r-,
i-, andz-bands.Theweightedmeancoloursareshownwith the horizontaldottedlinesanduncertaintiessthe shadedareas.

overall brightnesstrend but is shifted relative to the curve around
low phaseangles,the bumpin the light curve aroundMJD 57450
when the cometwas at oppositionin 2016. Initially, we thought
it was an effect of the slight bandpasdifferencesbetweenthe
Sloany and Johnson/Cousin® lters. Someother data setsthat
use Johnson/Cousingters, e.g. OSN, OGS, and CAFOS, appear
to align betterwith TRAPPIST;however, this is not true of all data
takenin this lter, for examplethe NOT datadoesnot haveanoffset
andfollows thetrendof themajority of thedata.This offsetpersisted
aftercolourcalibration Welookedatr S i coloursaroundow phase
angledo seef therewasachangen thecolourbutthiswasnotseen,
seesection5.1 We also investigatedif therewas any correlation
betweencolourandgeocentriadistance airmassor seeing We did
notseeanycorrelationsoit remainsa mysteryasto whatis causing
this offset. In orderto aid in meaningfulcomparisondetweenthe
datawe neededo correcttheseoffsetsandline the pointsup with
therestof the curve.To correctfor theseoffsetswe rst subtracted
theoveralltrendof thelight curveleavinguswith a scatterf points
aroundheaverageFor eachdatasetthatwasoffsetfromtheaverage,
we modelledthe offsetasa functionof time usinga simplestraight-
line t. Eacht wasthensubtractedrom their respectivedataso
the averagef eachdataset followed the averageof the overall
curve.
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5 ANALYSIS

5.1 Comacolour

The coma colour remainsmore or less constantthroughoutthe

apparition (Fig. 4) indicating no signi cant changein the gas
production relative to dust production around perihelion, which

would beexpectedo causeadecreasin g S r, for example Table 4

summarizeheaverageoloursmeasuredy six differentinstruments
duringthe campaignn g S r, r S i, andi S z. The coloursfor the

NOT/ALFOSCand TRAPPIST-Soutthavebeenconvertedrom B,

V,R,1tog,r i (Jesteretal. 2009. Theg S r colour of 67Pis

consistentwith what we would expectthe dust from a cometto

look like at theseheliocentricdistances(Jewitt & Meech 1986).

Boehnhardetal. (2016 reportsaminorg S r colour changefrom

0.56t0 0.62 measuredvithin a 10000 km apertureetween2015
Septembed 0 and2016 May 7. They reportthis from a sampleof

just four datapointsfrom acrossheir data.We do not seethe same
trendin our calibrationsof the Wendelsteirdata,in fact we seean

oppositetrend; however, this discrepang could be explainedby the

differencesn calibrationmethod$etweerourworks.Sincewe have
accesdo colour datafrom a muchwider spanof time we cansay
thatwe do not seethis subtlecolourchangan anyof our data.
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Table4. Averagecolourof 67Pcomaacrosgheobservatioperiodmeasured
by differentinstrumentsAll instrumentsarecalibratedto the Pan-STARRS
magnitudesystem.

Telescope/instrument Filter range Colourindex
GeminiN/GMOS gSr 0.65+ 0.04
rSi 0.26+ 0.03
iSz 0.03+ 0.06
LT/10:0 gSr 0.61+ 0.004
rsi 0.27+ 0.004
iSz 0.08+ 0.01
NOT/ALFOSC g S r (fromV andR) 0.61+ 0.004
STELLA/WIFSIP gSr 0.64+ 0.02
rSi 0.24+ 0.03
iSz 0.08+ 0.05
TRAPPIST-South/CCD gS r (from B, VandR) 0.60+ 0.004
r S i (from Randl) 0.20+ 0.004
Wendelsteir2-m/WWFI gSr 0.59+ 0.02
rSi 0.22+ 0.02
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Figure 5. Light curveof 67P/Churyumov—Gerasimenlkwoundperihelion
betweer2015July17and2015Septembe?5.Photometnhasbeercalibrated
andscaledto ther-band.A piecewiset trendline hasbeenplottedandthe
time of the outburstseenin Boehnhardet al. (2016 hasbeenhighlighted.
Thegreydottedline showthetimesof thebrightestoutburstseerby Vincent
etal. (2016.

5.2 Searchingfor outbursts

67P was observedn r-band lters for almostits entire perihelion
passageWe measuredhe maximum brightnessof the cometas
13.2 within a 10000 km aperturefor the period of 2015 late
August to early SeptemberThe light curve (Fig. 2) follows the
predictions(Snodgrasst al. 2013 well and doesnot show any
large-scaledeviationsfrom the expectationswhich indicatesthe
actiity level remainedmore or lessconstantbetweenapparitions.
A brightnessncreaseof 0.14 magwas obviousin multiple data
setson 2015August22, indicatedin Fig. 5, con rming the outburst
seenby Boehnhardtet al. (2016 with the Wendelsteintelescope.
The numberof telescopepointedat 67P that night allowed us to
constrainthe eventto within afew hours.Thelastobservatioriaken
by the LT at05:51:25UTC measurea brightnessf 13.34+ 0.03,
thenabout5 h laterit wasobservedy the Lowell telescopédetween
11:17:19and11:46:24UTC which measurecn averageirightness
of 13.20+ 0.02.This increasen brightnesss seenby the LT and

Searchingor outburstsn 67P photometry 4311

Wendelsteinthe following night. LT measuredl3.19+ 0.02 and
Wendelsteimmeasured 3.22+ 0.03.

In order to properly characterisehese outburstsand discover
othersmissedby manualinspectionwe removed the underlying
photometrictrend. We modelledthe trend as a simple polynomial
piecewiset. The dataarescaledandshiftedto t to the curveas
describedin section4.2 This was done becauseof subtle offsets
betweenthe datasetsremainingafter the colour calibration.Fig. 6
showsthelight curvewith the offsetsbetweerdataremosedandthe
piecewiset plottedunderneathFig. 7 showsthe outburstof 2015
August22 with thetrendremoved.We modelledanexponentialt to
the outburst,peakingat0.14+ 0.02magbrighterthanthe baseline
andfalling offasm  €>%5%, wheret is measuredh days.No further
outburstavereseenaftertheremovalof the baselingrend.We tried
to nd evidenceof outburstghatwereseenin situon2016February
19 (Grun et al. 2016 and 2016 July 3 (Agarwal et al. 2017 but
we couldnot nd anythingconvincing.We alsolookedto seeif we
could con rm the potentialoutburstseenfrom the groundon 2015
Septembel 9 (Knight etal. 2017 butwe couldnot nd convincing
evidenceof brighteningwithin the otherdatasetsat this time.

6 DISCUSSION

6.1 Outburst of 2015August 22

We cancon rm the outburstseenin the cometcomamorphology
by Boehnhardet al. (2016 in our analysisof the 67P photometry.
The dateandtime of this eventcorresponds$o an outburstseenby
theNavCaminstrumenbnboardRosettabutburs#16from Vincent
et al. (2016, which was observedon 2015 August 22 06:47:04
UTC. Outburst#16 could be connectedo our outburst,it is bright
and occursimmediatelybeforethe brightnessincreaseseenin the
ground-basedataat2015August2211:17:19UTC. Thedatataken
with NavCamis uncalibratedsowe do not know exactlyhow bright
it is comparedto the other outburstsseenwith OSIRIS. Judging
the imagesby eye we can seethat the outburstis as bright as,
if not brighter than, the other outburstsand sharesmorphological
similaritieswith the brightestoutburstsseenwith OSIRIS.

Looking at NavCam images from ESA's Planetary Science
Archive (PSA), the rst imagetaken 2 h following the outburst
seemsto show increasedactivity; it has an increasedbrightness
in the inner comacomparedwith otherimagestakenaroundthat
time. Thisindicatesapossibldongertermeventcomparedo typical
eventsseerfrom thespacecraftwhichappeamonly in singleframes.
However, the cometwas observedfrom a different orientationin
theimagefollowing the outburstandactivity level variesdepending
on the part of the surfacethat is illuminated so it is dif cult to
make a direct comparisonand make a clear statementabout the
longevity of theoutburst OSIRISdid notacquireimagesatthetime
of the outburstthe imagesthatwereclosestin time to the outburst
were taken 2015 August 22 05:55:43UTC and 2015 August 23
08:20:06 UTC. Theseimagestaken before and after the outburst
do not show any signi cantly increasedactivity (C Tubiana2022,
personatommunication22 July).

The Boehnhardtoutburstlooks different in morphologyto the
Vincentoutburstthe formeris ajet-like structurewhile thelatteris
muchbroaderandfan-like in its appearancealthoughit is essential
to point outthatthesetwo structuresarevery differentin scale.The
outburstgphotographedy Rosettaareof the orderof 10 km in size
whereasheBoehnharevents approximatelfp000kmin length.The
sourcelocationsestimatedor theseeventsalsodiffer, Boehnhardt
etal. (2016 suggestshe featureoriginatedfrom latitudesbetween

MNRAS 517,4305-43162022)

2202 JaquianoN 0T uo 1sanb Aq ¥S7£9/9/S0EY/S/L TS/a[0ne/seiuw/wod dnooiwapese//:sdny woly papeojumod


art/stac2995_f5.eps

4312 D. GardenerC. SnodgrassndN. Ligier

=== Piecewise fit
13 -
¥ CAFOS
¥ MOSCA
144 & INT
OSN 1.5-m
TNG
1591 ¢ GeminiN
41 LCOGT
o 16 - BTA
© 0GS el
e WHT &
= 174 A TRAPPIST 3
= ¢ Wendelstein
¢ STELLA
4 AY
181 % o o
+  NOT
194 & wir &
¢ Lowell %
¢
20 - §
N
e
21 . . ; . ;
57000 57100 57200 57300 57400 57500 57600
M]D

Figure 6. Light curve of 67P/Churyumov-Gerasimenkoeasuredvithin 10000 km aperture Photometryhasbeencalibratedand scaledto the r-band.A
piecewiset trendline hasbeenplotted. The photometrybehindthis plot canbefoundin TableA2.
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Figure 7. Light curvearound2015August22 with thebaselingphotometric
trend removed. An anomalousincreasein the brightnessis obvious. The
Lowell pointshavebeenshiftedto matchthetrend.Theanomalyshowssigns
of beinganoutburstwith arapidbrighteningwith anexponentiafall-off. We
estimatea brighteningof 0.14mag.

+5 and+ 10 onthenucleusvhereas/incentetal. (2016 seetheir
outburstcoming from a latitude of -40 . This discrepancymay be
dueto differing coordinatesystemssinceBoehnhardet al. (2016
usesasimpli ed sphericaimodelto estimatehesourceocationand

Vincentetal. (2016 usesmoreaccuratgplanetographicoordinates.

However, we believe the differencesdbetweenhesesystemsarenot
enouglhto explainthelargeoffsetin sourcdatitudes Sincethescales
of theseoutburstdiffer by ordersof magnitudejt couldbe possible
thatoutburs#16is butoneof manysmalloutburstghatcontributeto
thislargercomachangeOutburst#15(Vincentetal. 2016 wasseen
about24 h before#16 and could be contributingto the brightening
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but therewas no brighteningseenin the datawhen outburst#15
happenedit couldbepossiblealargeroutburstingeventwasmissed
by the in situ instruments;however, this is unlikely since during
that time the probe was regularly monitoring the nucleus,taking
imageswith an averageseparatiorof 12 min andsomeasshortas
5 min (Vincentetal. 2016. All of this uncertaintymakesit dif cult
to draw a de nitive connectionbetweenthe Boehnhardeventand
in situ observations.

6.2 Searchingfor other con rmed outbursts and linking
obsewationsto surfacechanges

The outburstof 2015August22 is on the smallerside of outbursts
typically seenfrom the groundin othercometsWhile this outburst
waseasilyspotted,t is very possibleit couldhavebeenmissedhad
we not known whereto look. It was noticeddueto its connection
with the morphology changeseenby Boehnhardtet al. (2016.
Otheroutburstsseenby the spacecraftverenot seenon theground.
Grun et al. (2016 reportsa sustainedincreasein Af , using a
5000km aperturepf thecometaroundtheeventof 2016Februaryl9
(MJD 57437.4) basedon TRAPPISTdata.However this sustained
brightnessincreaseis not seenin our magnitudedata. This could
be dueto the low phaseangleat the time of observationsmeaning
the phaseangle effectsmaskedany potentialsignal from the data.
It is worth noting that our magnitudesare not phase-corrected
whereadsGrin et al. (2016 presentphasecorrecteddata.Also this
sustainedbrightnescouldhavebeensubtractedrom thedataduring
detrending.We do not detectthe brighteningindependenof the
spacecraftlata.

A majorgoalof thisstudywasto sedf anysurfacechangeseerby
Rosettacould be connectedo observationsnadefrom the ground.
Oneof themostnotablesurfacechange®nthecometwasthe Aswan
cliff collapsg(Pajolaetal. 2017). Thiscollapsewaslinkedto abright
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outburstseenby NavCamon 2015 July 10 (MJD 57213.1).There
is unfortunatelya gapof severaldaysin the ground-basedatathat

coincideswith this eventmeaninganyincreasen brightnessvould

havebeenmissedsoit is impossibleto sayif this eventcould have
beenvisible from the ground.El-Maarry et al. (2019 summarize
and mapsthe major nuclearsurfacechangesbservedby Rosetta.
We comparedheseobservationgo the estimatedsourcepositions
of boththe VincentandBoehnharoutburstsoutwe nd noobvious
signsof a surfacechangethatcorrespondetb eitherposition.

6.3 Dust massestimate

In orderto createmoremeaningfulcomparisonso physicalquanti-
tieswe estimatehemasf the2015August22 outburstWe assume
adustr-bandgeometrialbedoof 4.17percentandatotalgeometric
cross-sectionarea,G, de nedin Kelley etal. (2021 as:

G = ry? 10504mSm ) )
Ap ()
where is the observer-cometlistance, ( ) is the comaphase

function evaluatedat phaseangle (Schleicher2010, m is the
apparenimagnitudeof thetotal dustcoma,andm is theapparent
magnitudeof the Sunat 1 auin the samebandpass&ndmagnitude
system.In orderto convertG into dust masswe needto make
an assumptiorof the grain densityand grain size distribution. We
assumegraindensityof 500kg m>2 (Jordaetal. 2016 andagrain
sizedistributionof drvda= a>2® (Vincentetal. 2016, we constrain
thedustgrainradii betweenl pum and10 um. To calculatethe mass
of theoutburstwe subtracthe comamassafterthe outburstfrom the
comamassbeforethe outburst.Using thesewe estimatethe mass
of our outburstto be 2.0x 10° kg ( 12 percentof the total coma),
which putsit in agreementvith the massestimatesnadeby Vincent
etal. (2016, who putsaconstrainof 10* kg onthetypical dustmass
of outburstsseenby Rosettawith 10° kg being the largestseen.
Griinetal. (2016 claimto observeanoutburstof mass10® kg from
theground,with suchsensitivitywe would expectto seemanymore
outburstghanwe do. Our estimates alsoin line with similar scale
outburstsseenon other cometsobservedrom the ground; Kelley
etal. (2021) estimateshatthe massof outburstfrom 46P/Wirtanen
lie betweerd x 10* kgto 5 x 1P kg. It is encouragingo seethat
the outburstwe seeis of the samemassasthe onesseenby Rosetta
asthis implies thatthe outburstseenfrom the groundis, if not one
observeddirectly by Rosetta,an outburstof a similar scaleto the
largestseen However, this raisesthe questionasto why apparently
noneof theothersimilarly largeoutburstsvereseerfrom theground.
The otherbrightestouthursts,including outhurst #12, the brightest
seenby Vincentetal. (2016, go unseerin the photometryPerhaps
this is dueto the challengingviewing conditionsthat were present
duringthe early partof the campaignvhen67Pwasmostactive.

6.4 Comparisonto 2021-2022apparition

We made a comparisonto data taken taken during the 2021—
2022 apparition, where the viewing conditionswere a lot more
favourable.Despitethe betterviewing conditions,therewasnot as
anintensivemonitoringcampaignfor this apparition.Sharmaet al.

(2021) observedtwo outburstsusing the 70-cm GROWTH-India
Telescopeon 2021 0ctober29 and2021Novemberl7. The second
outburstwasalsoobservedandcon rmed by the LCO Outbursting
ObjectsKey Project(Kelley et al. 2021, Lister et al. 2022. These
outburstame4 d beforeand15d afterperihelionrespectivelyThis

lendscredenceo thefactthatactivity levelsremainsimilar between
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Figure 8. r-bandlight curveof the2021-202%57Papparition Observations
weretakenattheLT. Thesolid blackcurveis the predictedbrightnesf the
comet.The stepin the curve betweenpre- and post-perihelioris not a real
featureandis dueto thesimplisticpowerlaw functionsusedn theprediction.
The vertical dashedine showsthe time of perihelion.The hatchedpatterns
showswhensolarelongationbelow50 (hatched)30 (cross-hatchedpnd
15 (solidgrey).Thedash-dottedine showsthedivision betweeryears.The
photometrybehindthis plot canbefoundin TableA3.

orbits sinceit wasat this point aroundperihelionin the 2015-2016
apparitionwhereRosettadetectedhe highestrateof outburstsThe
outburstwe sawon 2015 August22 occurred9 d after perihelion.
The Sharmaoutburstsvere measuredo havemassesf 5.3 x 10°
kgand1.3x 10° kg respectivelyThisis consistentvith themasswe
estimatedor our outburstbutit is still anorderof magnituddarger
thanthetypical outburstseenby Rosetta.

We observed7Pwith theLT duringits 2021-2022pparitionthe
r-bandlight curveis shownin Fig. 8. As with thepreviousapparition,
thecometfollows thepredictionswell. Thepredictionswerecreated
usingthe samemethodasSnodgrasgt al. (2013. The discrepancy
aroundperihelionis due to the simpli cation of the modelsand
shouldnot be seenasa deviationfrom predictions.The dataarea
very goodmatchfor the predictionspre- andpost-periheliorwhich
suggestso differencein activity levels.No outburstswere seenin
thisdata.Thesedatawereunfortunatelymarredby extendegeriods
of telescopedowntimedueto a volcaniceruptionon La Palma.As
luck would haveit, the eruptioncoincidedwith perihelionandthe
two outburstghatwereseenby Sharmaet al. (2021), which meant
we were unableto independentlycon rm theseoutburstsusingthe
LT.

All of this highlights the fact that characterizingsmall-scale
outburstsof a comet and linking it to nuclear activity is still
challengingevenwhenwe havedirectcomparisongrom spacecraft
data.

7 CONCLUSIONS

Wedevelopedpipelinefor theconsistentalibrationof themultitude
of disparatelatafrom theground-basedbservingcampaigraccom-
panyingthe Rosettamission.The pipelineworked well with a pro-
cessingsuccessateof 83 percentacrosshe data.The calibrated
dataallowedfor acarefulsearchor outburstshroughtheperihelion
period between2015 April and 2016 August. We discoveredone
outburston 2015 August 22 with a magnitudeincreaseof 0.14
mag. This eventcon rms that the brighteningseenin Boehnhardt
etal. (2016 wasasignof anoutburstLinking this eventwith in situ
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outburstsproved challenging:while an in situ outburstwas seen
within the sametime periodasthe brighteningevent,discrepancies
in the surfaceorigin estimatesand the differencesin scaleof the
in situ outburstscomparedto the large-scalecoma morphology
madeit hardto prove that therewas a direct link betweenthem.
No other outburstswere seenin our datadespitethe manyin situ
ewventsobsened.We concludethateventsof this scaleareextremely
challengingo observdromthegroundandbridgingthegapbetween
large-scalecomachangesand small-scalenuclearactivity remains
to beunderstood.
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SUPPORTING INFORMATION

Supplementargataareavailableat MNRASonline.

Table Al. g-, r-, i- and z-band photometry.Measuredwithin an
aperturewith radius  10000km.

Table A2. r Sbandphotometryaveragegbernight. Measuredvithin
anaperturewith radius  10000km.

Table A3. r Sbandphotometryacquiredatthe LT betweer2021and
2022.Measuredvithin anaperturewith radius  10000km.

Pleasaote:Oxford UniversityPresss notresponsibléor thecontent
or functionality of any supportingmaterialssuppliedby theauthors.
Any queries(otherthanmissingmaterial)shouldbe directedto the
correspondinguthorfor thearticle.

APPENDIX: PHOTOMETRY

Thisappendixgivesall thephotometryof 6 7Pmentionedn thispaper
from boththe2015-2016nd2021—-2022pparitionsAll valuesare
basednanaperturevith radius = 10000km atthedistanceof the
comet.TableAl listsall thedataoutputfrom thepipelineprocessing,
includingthedatathatfailedto runor waslaterdiscardedit includes
the calibratedg-, r-, i-, and z-band photometryfor eachframe of
eachtelescope/instrumenit.alsoincludestheparametergero-point
andcolour correctionterm usedin the magnitudecalibrations.The
geometriccircumstancesf the observationgrealsodetailed.

TableA2 givestheaverageof ther Sbandphotometrypernight.

Table A3 showsthe r Shand photometryacquiredat the LT
during the 2021-2022apparition.It includesthe sameparameters
asTableAl. All magnitudesare calibratedto the PS1r-bandfrom
SDSSk with acolourcorrectioncoef cient of -0.02andassuming
gS r = 0.61colourof thecomet.
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Table Al. g-, r-, i-, andz-bandphotometryMeasuredvithin anaperturewith radius 10000 km. Full tableis availableonline, rst ve rows givenasan

Searchingor outburstsn 67P photometry 4315

example.
Date MJD Tel./inst. Filter me my my mg m m;
(um (d) (mag) (mag) (mag) (mag) (mag) (mag)
2014-03-12T06:02:58.670 56728.2521  NOT/ALFOSC R_Bes650.130 19.115 0.088 - - - -
2014-03-12T06:03:43.312 56728.2526  NOT/ALFOSC R_Bes650.130 19.169 0.026 - - - -
2014-03-12T06:09:12.809 56728.2564  NOT/ALFOSC R_Bes650.130 19.134 0.026 - - - -
2014-03-12T06:12:57.846 56728.2590 NOT/ALFOSC R_Bes650.130 19.160 0.031 - - - -
2014-03-12T06:16:43.103 56728.2616  NOT/ALFOSC R_Bes650.130 19.312 0.053 - - - -
m, my Minst. Minst. ZP 7p C  Colour RA DEC RA JPL DECJPL Offset
(mag)  (mag)  (mag) (mag)  (mag)  (mag) (deg) (deg) (deg) (deg) (deg)
- - -10.115 0.087 29.145 0.014 014 gr 291.11738 $26.82187 291.11735 $26.82069 0.00118
- - -12.888 0.023 31.972 0.014 014 gr 291.11737 $26.82191 291.11746 S$26.82069 0.00122
- - §12.934 0.022 31.984 0.015 0.14 g 291.11735 $26.82190 291.11821 $26.82067  0.00145
- - -12.881 0.023 31.957 0.021 014 gr 291.11735 $26.82190 291.11873 $26.82065 0.00175
- - -12.697 0.029 31.924 0.045 014 gr 291.11734 $26.82186 291.11925 $26.82064  0.00209
Pixel Scale r Phase Airmass Seeing Remarks
(arcsec) (pix) (arcsec/pix) (au) (au) (deg) (arcsec)
2.93 16.29 0.18 4.33 4.70 11.75 3.30 - Cometmisidenti ed
2.93 16.29 0.18 4.33 4.70 11.75 3.28 - Cometmisidenti ed
2.93 16.29 0.18 4.33 4.70 11.75 3.14 - Cometmisidenti ed
2.93 16.29 0.18 4.33 4,70 11.75 3.05 - Cometmisidenti ed
2.93 16.29 0.18 4.33 4.70 11.75 2.97 - Cometmisidenti ed

Table A2. r Shandphotometryaveragegernight. Measuredwithin anaperturawith radius  10000km. Full tableis availableonline, rst ve rowsgiven
asanexample.

Date MJD Telescope/Instrument me my r Phase Airmass
(um (d) (mag) (mag)  (arcsec)  (pix) (au) (au) (deg)

2015-08-14 57248 CA 2.2-m/CAFOS 13.444 0.113 7.78 14.97 1.2433 1.7709 33.89 1.99
2015-08-15 57249 CA 2.2-m/CAFOS 13.351 0.112 7.79 14.97 1.2435 1.7703 33.91 2.59
2015-08-16 57250 CA 2.2-m/CAFOS 13.452 0.026 7.79 14.98 1.2438 1.7697 33.92 2.57
2015-08-17 57251 CA 2.2-m/CAFOS 13.351 0.018 7.79 14.98 1.2443 1.7692 33.94 2.49
2015-08-18 57252 CA 2.2-m/CAFOS 13.382 0.028 7.79 14.98 1.2448 1.7688 33.95 2.60

MNRAS 517,4305-431§2022)
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Table A3. r Sbandphotometryacquiredat the LT betweer2021and2022.Measuredvithin anaperturewith radius  10000km. Full tableis
availableonline, rst ve rowsgivenasanexample.

Date MJID m . Minst. st zP 2 RA DEC
C) (@ (mag)  (mag)  (mag) (mag) (mag) (mag) (deg) (deg)

2021-07-06T03:58:45.120 59401.1658 15.264 0.059 §12.212 0.010 27.476  0.058 10.05779  $0.32235
2021-07-06T03:59:28.320 59401.1663  15.279 0.063 §12.195 0.010 27.474  0.063 10.05802 $0.32229
2021-07-06T04:00:02.880 59401.1667  15.260 0.109 §12.222 0.010 27.482 0.108 10.05823  $0.32218
2021-07-06T04:00:46.080 59401.1672  15.242 0.120 §12.215 0.010 27.457 0.119 10.05844  $0.32208
2021-07-06T04:01:20.640 59401.1676  15.273 0.053 §12.207 0.010 27.480 0.052 10.05869  $0.32201

RA JPL DECJPL Offset Pixel Scale r Phase  Airmass Seeing Remarks
(deg) (deg) (deg) (arcsec) (pix) (arcsec/pix)  (au) (au) (deg) (arcsec)

10.05841 $0.32240 0.0006 9.46 31.55 0.30 1.85 1.46 33.29 1.59 1.45 —
10.05863 $0.32231 0.0006 9.46 31.55 0.30 1.85 1.46 33.29 1.59 1.60 -
10.05886 $0.32222 0.0006 9.46 31.55 0.30 1.85 1.46 33.29 1.58 1.54 —
10.05908 $0.32213 0.0006 9.46 31.55 0.30 1.85 1.46 33.29 1.58 1.45 -
10.05930 $0.32204 0.0006 9.46 31.55 0.30 1.85 1.46 33.29 1.58 1.54 —

This paperhasbeentypesetrom a TEX/IATEX le preparedy theauthor.
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