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Sgd WooWqdms cdsdbshnm ne Wm dwnokWmds nqahshmf EnlWkgWts vWr Wm,
mntmbdc hm 19970 Gnvdudq: rtardptdms nardquWshnmr ne EnlWkgWts a
qWhrdc ptdrshnmr Wants hsr rsWstr. tmkhjd nsgdq dwnokWmdsr: hs hr aqhfgs
hm sgd noshbWk Wmc mnm,cdsdbsdc hm sgd hmeqWqdc: Wmc hsr nqahs WoodWqr
sn bqnrr sgd cdaqhr qhmf Wqntmc sgd rsWq vhsgnts sgd dwodbsdc fqWuh,
sWshnmWk odqstqaWshnmr0 Td qduhrhs oqduhntrkx otakhrgdc cWsW Wmc WmW,
kxyd WcchshnmWk GRS cWsW: zmchmf sgWs sgd rntqbd hr khjdkx nm W qWchWk
sqWidbsnqx Wmc gWr eWcdc Wmc adbnld dwsdmcdc0 CxmWlhbWk Wmc bnkkh,
rhnmWk lncdkhmf ne W qdbdmskx oqnctbdc ctrs bkntc xhdkc qdrtksr bnm,
rhrsdms vhsg sgd nardquWshnmr0 EnlWkgWts a WoodWqr sn ad sgd zqrs ch,
qdbskx hlWfdc bWsWrsqnoghb bnkkhrhnm adsvddm svn kWqfd okWmdsdrhlWkr
hm Wm dwsqWrnkWq okWmdsWqx rxrsdl0 RhlhkWq dudmsr rgntkc ad udqx qWqd
hm pthdrbdms okWmdsWqx rxrsdlr ne sgd Wfd ne EnlWkgWts: rtffdrshmf
sgWs vd Wqd onrrhakx vhsmdrrhmf sgd deedbsr ne fqWuhsWshnmWk rshqqhmf
ctd sn sgd nqahsWk dunktshnm ne gxonsgdshbWk okWmds–r( Wqntmc sgd rsWq0

dwTRASOkAR PkANETS ≤ b0RC2lSTEkkAR ,0SIS ≤ ,0RECTkx 0lAGED PkANETS

sHE S0MULTANEOUS ANNOUNCEMENTS OF 0MAGES OF MASS0VE
PLANETS AROUND !OMALHAUT pΩ( AND g’ e;nn p3( WAS A

BENCHMARK 0N OUR EXPLORAT0ON OF EXOPLANETS% /HE g’ e;nn
SxSTEM HAS 0NDEED BECOME THE PROTOTxPE FOR COMPLEX SxSTEMS
OF VERx MASS0VE PLANETS AND HAS BEEN THE SUBiECT OF MANx
STUD0ES OF SUCH OBiECTS pE%G%: t8;(% gOWEVER: !OMALHAUT B HAS
BEEN EN0GMAT0C%
�N 0SSUE W0TH THE MASS0VE PLANET HxPOTHES0S FOR !OMALHAUT

B WAS THE NONhDETECT0ON W0TH rP0TyER -’�] pe(: WH0CH PLACED
AN UPPER L0M0T OF t IUP0TER MASSES plI21( ON 0TS MASS ASSUM0NG
AN AGE FOR !OMALHAUT OF 3zz lxR% � S0M0LAR L0M0T WAS DER0VED
FROM THE LACK OF APPARENT PERTURBAT0ONS 0N THE !OMALHAUT
DEBR0S R0NGs TH0S WORK FAVORED A S0GN0ffiCANTLx SMALLER MASS:
E%G%: z%fi AI21 pn(% �N UPWARD REV0S0ON OF THE SxSTEM AGE TO
flflz × flz lxR pΩz( RELAXED THE L0M0T FROM THE 0NFRARED DATA:
BUT A MUCH DEEPER L0M0T WAS OBTA0NED W0TH rP0TyER -’�]
THAT PUSHED THE MASS L0M0T LOWER% -N FACT: TH0S L0M0T APPEARED
TO BE 0NCOMPAT0BLE W0TH A MASS0VE PLANET ACCOUNT0NG FOR THE
V0S0BLE BR0GHTNESS OF THE OBiECT pΩΩ: Ω3(% v0TH DETERM0NAT0ON
OF AN ORB0T FOR !OMALHAUT B: 0T BECAME APPARENT THAT THE
OBiECT WOULD CROSS THE R0NG AT LEAST 0N PROiECT0ON pΩt(% /HE
0MPL0CAT0ONS ON THE R0NG STRUCTURE PLACED A TENTAT0VE L0M0T ON
THE MASS OF !OMALHAUT B AS LOW AS AN EARTH MASS pΩfl(%
40VEN THAT THE BR0GHT OPT0CAL S0GNATURE OF !OMALHAUT B

SEEMS NOT TO BE L0GHT SCATTERED FROM A G0ANT PLANET: A NUMBER OF
ALTERNAT0VE HxPOTHESES HAVE BEEN PROPOSED: E%G%: L0GHT SCATTERED
Bx A C0RCUMPLANETARx R0NG SxSTEM pΩ( OR Bx A DUST CLOUD
ASSOC0ATED W0TH A RELAT0VELx LOW MASS PLANET pE%G%: ΩΩ: Ωfi: Ω7(%
� TENTAT0VE ffiND0NG THAT THE 0MAGE OF !OMALHAUT B M0GHT BE
EXTENDED WAS 0NTERPRETED TO SUPPORT THE DUST CLOUD HxPOTHES0S
pΩ;(s HOWEVER: 0T WAS SUGGESTED THAT TH0S EfECT 0NSTEAD M0GHT
BE DUE TO SPECKLE AND OTHER NO0SE SOURCES pΩt: Ωe(% mONETHELESS:
A DUST CLOUD APPEARS TO BE THE MOST PLAUS0BLE HxPOTHES0S%
� NUMBER OF PAPERS HAVE ADDRESSED THE OR0G0N OF TH0S HxPOh

THET0CAL DUST CLOUD pΩfi: Ω;8Ωn(% pΩfi( SUGGESTED THAT COLL0S0ONS
AMONG A SWARM OF SATELL0TES AROUND A PLANET COULD BE RESPONS0h
BLE: AND SHOWED THAT CERTA0N MODELS OF TH0S PROCESS L0E W0TH0N
THE CONSTRA0NTS FROM ASSUM0NG THAT THE PHENOMENON HAS PERh
S0STED FOR THE L0FE OF THE STAR AND THAT THE 0MAGE 0S PO0NThL0KE%
p3z( FOUND THAT SATELL0TE SWARMS AROUND PLANETS OF MASS Ωz 8
Ωzz ld�+T4 AND EVOLVED FOR Ωzz 8 flzz lxR COULD MATCH THE
PROPERT0ES OF !OMALHAUT B% pΩ;( SUGGESTED THAT THE OBiECT
COULD CONS0ST OF DUST CREATED 0N THE COLL0S0ON OF TWO MODEST
S0yED pfiz KM( PLANETES0MALS S0M0LAR TO MEMBERS OF THE JU0PER
aELT% pΩe( ANALxyE THREE POSS0BLE OR0G0NS FOR THE RE+U0RED DUST
CLOUDc pA( A G0ANT PLANETES0MAL 0MPACTs pB( MATER0AL CAPTURED
FROM THE PROM0NENT DEBR0S D0SK OF THE STARs pC( DUST GENERh
ATED 0N A COLL0S0ONAL CASCADE FROM A MASS0VE CLOUD OF SATELL0TES
AROUND A RECENTLx FORMED PLANET% /HE ffiRST POSS0B0L0Tx WAS
iUDGED TO BE UNL0KELx TO REPRODUCE THE OBSERVAT0ONS pSEE ALSO
p3Ω((% /HE OTHER TWO POSS0B0L0T0ES ARE CONSTRA0NED S0GN0ffiCANTLx
Bx THE ASSUMPT0ON THAT THE DUST SxSTEM SHOULD PERS0ST 0N A
STATE S0M0LAR TO 0TS PRESENT ONE FOR THE MA0N SE+UENCE L0FET0ME OF
THE STAR: 0%E%: ≥ flzz lxR% pΩn( SUGGESTED A POSS0BLE SOLUT0ON TO
THE L0FET0ME 0SSUES Bx ATTR0BUT0NG THE SOURCE TO A TRANS0ENT DUST
CLOUD PRODUCED Bx A COLL0S0ON BETWEEN PLANETES0MALS 0NTER0OR
TO THE MA0N DEBR0S BELT AROUND THE STAR%
vE REPORT THAT !OMALHAUT B HAS GROWN 0N EXTENT AND

FADED S0NCE 0TS D0SCOVERx 0N gUBBLE rPACE /ELESCOPE p�HS(
0MAGES FROM 3zzfl: W0TH MOT0ON CONS0STENT W0TH AN ESCAP0NG
TRAiECTORx% /H0S BEHAV0OR 0S CONS0STENT W0TH EXPECTAT0ONS FOR A
DUST CLOUD PRODUCED 0N A PLANETES0MAL COLL0S0ON AND D0SPERS0NG
DxNAM0CALLx% �S THE CLOUD D0SPERSES: 0TS SURFACE BR0GHTNESS HAS
DROPPED: MAK0NG 0T LESS PROM0NENT 0N THE MOST RECENT 0MAGES%

RhfmhzbWmbd RsWsdldms

@ksgntfg nqhfhmZkkx sgntfgs sn ad Z lZrrhud dwnokZmds) sgd eZhms,
mdrr ne EnlZkgZts a hm sgd hmeqZqdc Zmc hsr eZhktqd sn odqstqa
EnlZkgZts&r cdaqhr qhmf hmchbZsd Z knv lZrr- Vd trd Zkk ZuZhk,
Zakd cZsZ sn qdudZk sgZs hs gZr eZcdc hm aqhfgsmdrr Zmc fqnvm
hm dwsdms) vhsg lnshnm bnmrhrsdms vhsg Zm drbZohmf nqahs- Sghr
adgZuhnq bnm“qlr rtffdrshnmr sgZs sgd rntqbd hr Z chrodqrhmf
bkntc ne ctrs) oqnctbdc ax Z lZrrhud bnkkhrhnm adsvddm svn
okZmdsdrhlZkr- Sgd uhrhakd rhfmZstqd ZoodZqr sn ad udqx “md
ctrs drbZohmf tmcdq sgd hmfitdmbd ne qZchZshnm oqdrrtqd- Rtbg
dudmsr rgntkc ad qZqd hm pthdrbdms okZmdsZqx rxrsdlr Zs sgd Zfd
ne EnlZkgZts) rtffdrshmf hmbqdZrdc cxmZlhbZk Zbshuhsx vhsghm
sgd rxrsdl onrrhakx ctd sn nqahsZk lhfqZshnm ne gxonsgdshbZk
okZmdsr-

Sgd “qrs Ztsgnq gZr bZqqhdc nts sgd cZsZ qdctbshnm Zmc sgd lncdkhmf- Sgd rdbnmc gZr vqhssdm oZqs
ne sgd oZodq Zmc nudqrddm sgd oqnidbs hm fdmdqZk-

Mn bnmfihbsr ne hmsdqdrs-

1Sn vgnl bnqqdronmcdmbd rgntkc ad Zccqdrrdc- D,lZhk9 ZfZroZq;Zr-ZqhynmZ-dct

vvv-omZr-nqf.bfh.cnh.0/-0/62.omZr-WWWWWWWWWW OM@R z Cdbdladq fifi: 19fi8 z unk- WWW z mn- WW z fi-fi9



SWakd fi0 Ltksh,qnkk �HS bnqnmWfqWoghb nardquWshnmr ne sgd EnlWkgWts rxrsdl

OqnfqZl HC CZsd Hmrsqtldms Ehksdqr @odqstqdr δgIAeBr δpn7A7vnmr ORE

FN8751� 1//3,/4z/7 @BR E703V BNQNM0-7 4 1 UdfZ
FN0/28/� 1//3,0/ @BR E5/5V)E703V BNQNM0-7 21 2 UdfZ
FN0/487� 1//5,/6 @BR E324V)E5/5V)E703V BNQNM0-7)BNQNM2-/ 42 3 UdfZ
FN00707� 1/0/,/5z/8 RSHR M.@ VDCFDA1-4− 08 6± @CH
FN01465� 1/01,/4 RSHR M.@ VDCFDA1-4 37 01± @CH
FN02/26 1/02 RSHR M.@ VDCFDA1-4 37 01± @CH
FN02615 1/03 RSHR M.@ VDCFDA1-4− 13 7 UdfZ % @CH

1ROGRAlS lARIED v0Tg j�,h“ vERE PkANNED TO 2SE ANG2kAR D0fERENT0Ak 0lAG0NG AND TgEREFORE D0D NOT OBSERuE A 1r= SO2RCE)
|/gE lAiOR0Tx OF ROTAT0ONS vERE SEPARATED Bx ONkx A FEv DEGREES p± 3ff∗()
�1REu0O2Skx P2Bk0SgED DATA)
−9BSERuAT0ONS vERE AkSO TAIEN AT ADD0T0ONAk APERT2RES pa�.Ωy FOR 49ΩΩeΩe AND a�.ff FOR 49Ωts37(c B2T vERE NOT 0NCk2DED D2E TO kOv r6m AT
TgE POS0T0ON OF =OlAkgA2T B)

áqbghuWk CWsW

!OMALHAUT B HAS ONLx BEEN OBSERVED 0N SCATTERED L0GHT AND
ONLx W0TH �HS% /HE STABLE OPT0CAL SxSTEM OF �HS AND THE LACK
OF ATMOSPHER0C D0STURBANCE ENABLES H0GH CONTRAST 0MAG0NG AT
V0S0BLE WAVELENGTHS W0TH THE A0D OF CORONAGRAPHS% !OMALHAUT B
WAS D0SCOVERED 0N 0MAGES TAKEN W0TH THE �DVANCED ]AMERA FOR
rURVExS p�]r( CORONAGRAPH 0N 3zzfl AND 3zz7 pΩ(% /HE FA0LURE
OF THE g0GH ’ESOLUT0ON ]HANNEL pg’]: WH0CH 0NCLUDED THE
CORONAGRAPH( OF �]r 0N 3zz; LED TO THE rPACE /ELESCOPE -MAGh
0NG rPECTROGRAPH pr/-r( BECOM0NG THE S0NGLE CORONAGRAPH0C
0NSTRUMENT ONBOARD �HSs THEREAFTER THE MON0TOR0NG OF !OMAh
LHAUT B CONT0NUED W0TH r/-r% -MAGES OF !OMALHAUT B TAKEN
W0TH r/-r 0N 3zΩz AND 0N 3zΩ3 HAVE BEEN PUBL0SHED Bx pΩt(%
/HE CORONAGRAPHS 0N THESE 0NSTRUMENTS D0fER 0N DES0GN AND

PERFORMANCE% /HE �]r kxOT CORONAGRAPH WAS LOCATED 0N THE
ABERRATED BEAM OF THE TELESCOPE% /H0S L0M0TED THE PERFORMANCE
OF THE CORONAGRAPH AT SMALLER p± t◦◦( 0NNER WORK0NG ANGLES%
gOWEVER: 0T WAS ABLE TO OBSERVE US0NG A SU0TE OF OPT0CAL ffiLTERS%
/HE r/-r CORONAGRAPH 0S LOCATED 0N THE CORRECTED BEAMs HOWh
EVER: 0T 0S UNffiLTERED AND THEREFORE DETECTS PHOTONS FROM z%fl
TO Ω ιM% vH0LE TH0S x0ELDS H0GH SENS0T0V0Tx: 0T ALSO L0M0TS THE
ffiDEL0Tx OF THE CHROMAT0CALLx DEPENDENT PO0NT SPREAD FUNCT0ON
p1r!( OF THE TELESCOPE: WH0CH MUST BE OBSERVED CLOSE 0N T0ME
TO THE TARGET STAR BECAUSE OF TEMPORAL DR0FTS 0N THE 0MAGE%
r0NCE Ωnnn: ELEVEN �HS CORONAGRAPH0C PROGRAMS OBSERVED

!OMALHAUT: E0THER W0TH �]r OR r/-r% 9F THESE: ONLx SEVEN WERE
TRUE H0GHhCONTRAST 0MAG0NG: MULT0hORB0T AND MULT0hROTAT0ONh
ANGLE PROGRAMS AS DESCR0BED 0N /ABLE Ωs THE REMA0N0NG FOUR
PROGRAMS TOOK ONLx A S0NGLE OR A FEW 0MAGES% gERE: WE DESCR0BE
THE PREV0OUSLx UNPUBL0SHED 3zΩt AND 3zΩfl OBSERVAT0ONS OF
!OMALHAUT B AND PROV0DE A COHERENT AND 0NDEPENDENT REh
REDUCT0ON AND ANALxS0S OF ALL THE USEFUL �HS DATA%

Pd,qdctbshnm ne WqbghuWk áBR cWsW0/HREE OF THE ELEVEN �HS
CORONAGRAPH0C PROGRAMS USED �]r p1-c 1AUL 4% JALAS( AND
PROV0DED THE D0SCOVERx 0MAGES OF !OMALHAUT B pΩ(% vE ffiRST
G0VE A BR0EF DESCR0PT0ON OF THE OBSERVAT0ONS AND THE OBSERV0NG
TECHN0+UES EMPLOxED W0TH0N THESE OBSERVAT0ONS% vE THEN DEh
SCR0BE OUR REhREDUCT0ON OF THESE DATA: CARR0ED OUT SO ALL THE
AVA0LABLE PHOTOMETRx 0S TREATED 0DENT0CALLx%

∆ACH �]r PROGRAM OBSERVED !OMALHAUT AND _EGA AT MULh
T0PLE ROLL ANGLES: THE LATTER STAR TO DEffiNE THE 1r!% vH0LE _EGA
AND !OMALHAUT ARE NOT EXACT COLOR MATCHES: THE RESPONSE OF

THE SxSTEM THROUGH COLOR ffiLTERS TO EACH SOURCE WAS APPROXh
0MATELx THE SAME% _AR0OUS LENGTH EXPOSURES WERE TAKEN OF
EACH SOURCE TO ENABLE 0MAG0NG OF THE 0NNER AND OUTER REG0ONS
W0THOUT SATURAT0ON AND TO H0GH S0GNALhTOhNO0SE RAT0OS%
/HE PUBL0CLx AVA0LABLE DATA FOR THESE OBSERVAT0ONS WERE

OBTA0NED FROM THE rPACE /ELESCOPE rC0ENCE -NST0TUTE pr/rC-(
l0KULSK0 �RCH0VE FOR rPACE /ELESCOPES pl�r/( WEBS0TE% vE
DOWNLOADED CORRECTED puD.yχdzsr( ffiLES: WH0CH RECT0Fx THE NONh
S+UARE P0XELS OF THE g’] DETECTOR AND ALSO CORRECT THE ffiELD
D0STORT0ONS% -N OUR REDUCT0ONS: WE REiECTED OBSERVAT0ONS W0TH
0SSUES SUCH AS POOR CENTER0NG ON THE CORONAGRAPH AND ALSO
COMB0NED MEASUREMENTS 0N THE SAME ffiLTER TAKEN SUffC0ENTLx
CLOSELx 0N T0ME THAT THE RELAT0VE MOT0ON OF !OMALHAUT B 0S
0NS0GN0ffiCANT p49ne73 AND 49ΩΩeΩe(%
9VER AN ORB0T: THE gUBBLE rPACE /ELESCOPE UNDERGOES THERh

MAL EXPANS0ONS pA%K%A% jBREATH0NG“(: WH0CH VARx THE 1r!%
�DD0T0ONALLx: THE �]r CORONAGRAPH TRANSM0TS A SMALL FRACT0ON
OF THE OCCULTED 5UXs THE TRANSM0TTED 1r! DEPENDS ON THE
TOTAL COUNT RECE0VED% /HEREFORE: THE �]r OBSERVAT0ONS WERE
TARGETh1r! PA0RED BASED ON EXPOSURE LENGTH AND 0NTERhORB0T
SE+UENCE% 1r! SUBTRACT0ON RES0DUALS CAN BECOME SUBSTANT0AL
0F TARGET OBSERVAT0ONS ARE NOT REG0STERED TO ± zχΩ PX W0TH THE0R
1r!S% vE DETERM0NED THE SH0FTS BETWEEN EACH 0MAGE AND 0TS
CHOSEN 1r! Bx OBSERV0NG THE SUBTRACT0ON RES0DUALS Bx ExE%
2S0NG THE SOFTWARE -,1t: WE REG0STERED THE 0MAGES WELL W0TH0N
z%Ω PX Bx M0N0M0y0NG THE RAD0AL STREAK PATTERN OVER A RAD0US OF
Ωz◦◦ FROM THE OCCULTER% vE ALSO REG0STERED THE SH0FTS BETWEEN
THE TARGET 0MAGES 0N A S0M0LAR MANNER% vE FOUND AN AVERAGE
OfSET 0N X AND x P0XEL COORD0NATES OF dw – �zχt3× zχ3Ω AND
dx – zχtfi× zχfl33: WH0CH 0S CLOSE TO THE NOM0NAL +UARTER P0XEL
VALUE G0VEN 0N THE -NSTRUMENT gANDBOOK FOR PO0NT0NG PREC0h
S0ON% /HE 5UXES OF THE 1r!S WERE SCALED FOR EACH PA0R0NG Bx
DETERM0N0NG THE BACKGROUND LEVELS AT THE EDGES OF THE ffiELDS%
/O P0NhPO0NT THE LOCAT0ON OF !OMALHAUT: WH0CH THEN DEh

ffiNES THE DEhROTAT0ON CENTER OF THE 0MAGES: WE DETERM0NED THE
ROTAT0ONAL SxMMETRx OR0G0N OF EACH 0MAGE% /O DO SO: WE ROh
TATED EACH 0MAGE Bx Ωez DEGREES AND SUBTRACTED 0T FROM 0TS
OR0G0NAL VERS0ON% rUBTRACT0ON RES0DUALS W0TH0N THE OCCULT0NG
SPOT BECAME APPARENT AT ≥ ×Ω PX OfSETS% vE USE TH0S VALUE:
ALONG W0TH THE ROTAT0ONAL ANGLES OF 0ND0V0DUAL 0MAGES AND
THE FULLhW0DTH AT HALFhMAX0MUM p!vgl( OF THE TARGET 1r!S:
TO EST0MATE ASTROMETR0C ERRORS% !OLLOW0NG 1r! SUBTRACT0ON:
SUBTRACT0ON MASK0NG: AND DEhROTAT0ON: THE 0ND0V0DUAL TARGET
0MAGES WERE COMB0NED%
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Ehf0 fi0 snP P�md-a LdchZm bnlahmdc hlZfd ne Zkk ltksh,qnkk RSHR nardquZshnmr ’1/0/) 1/01) 1/02) Zmc 1/03( ne sgd EnlZkgZts rxrsdl- EnlZkgZts a hr uhrhakd hm sgd hlZfd
vhsghm sgd vghsd qdbsZmfkd) vghbg hr 3◦◦ � Ω◦◦ hm rhyd Zmc ghfgkhfgsr sgd ZqdZ rgnvm hm sgd onrsZfd,rsZlo hlZfdr adknv- onpT�edgpT�lP tl�edpa Sgdrd hlZfdr rgnv sgd
hmchuhctZk nardquZshnmr ’rdd sdws enq cdrbqhoshnmr ne dZbg(- Sgd hmchuhctZk hlZfdr Zqd rbZkdc sn sgd rZldk kdudk odq “ksdq ’/,/-0 bsr r�o enq sgd E5/5V Zmc E324V @BR “ksdq Zmc
enq RSHR Zmc /,/-/4 bsr r�o enq sgd E703V @BR “ksdq(- Sgd fqddm bhqbkdr vhsg bqnrrdr ghfgkhfgs sgd sgdm btqqdms onrhshnmr ne EnlZkgZts a) vhsg 2µ Zrsqnldsqhb dqqnq qZchh) vghkd
sgd rlZkkdq bxZm bnknq bhqbkdr rgnv sgd oqduhntr onrhshnmr) sn ghfgkhfgs sgd roZshZk lnshnm ne sgd rntqbd- Enq sgd 1/03 hlZfd) vd rgnv sgd svn knbZshnmr oqdchbsdc ax sgd svn
hmcdodmcdms sqZidbsnqx “sr- Sgd aqhfgs rons ~mdZq– sgd oqdchbsdc knbZshnmr hr snn eZq sn ad bnmrhcdqdc ZrrnbhZsdc vhsg EnlZkgZts a-

–Pd,(qdctbshnm ne WqbghuWk Wmc mdv RSHR cWsW0 !OUR PROGRAMS
UT0L0y0NG r/-r EMPLOxED A MULT0hROLL6MULT0hORB0T OBSERVAT0ON
TECHN0+UE p1-c 1% JALAS FOR ALL OF THEM(: WH0CH 0S NECESSARx TO
ACH0EVE H0GH CONTRAST 0MAG0NG% /HE RESULTS FROM THE ffiRST TWO
PROGRAMS HAVE BEEN PUBL0SHED pΩt(s HERE WE PUBL0SH THE RESULTS
OF THE LAST TWO% �S r/-r 0S UNffiLTERED FOR CORONAGRAPH0C 0MAG0NG:
PREC0SE COLORhMATCH0NG OF THE 1r! SOURCE 0S CR0T0CAL% r0NCE WELLh
MATCHED 1r! CAL0BRATORS MAx NOT BE AVA0LABLE NEARBx: 0T 0S
COMMON TO EMPLOx THE ANGULAR D0fERENT0AL 0MAG0NG p�,-(
TECHN0+UE: WHERE A STAR BECOMES 0TS OWN 1r! CAL0BRATOR Bx
COMB0N0NG 0MAGES OF 0T TAKEN AT D0fERENT ROLL ANGLES% /H0S
APPROACH WORKS WELL FOR EDGEhON OR 0NCL0NED NARROW BELT D0SK
SxSTEMS: SUCH AS THAT OF !OMALHAUT%
/HE r/-r CORONAGRAPH CONS0STS OF TWO OCCULT0NG WEDGES:

AND TWO OCCULT0NG BARS% /HE 49ΩΩeΩe PROGRAM OBSERVED
!OMALHAUT 0N 3zΩz US0NG THE 3%fi◦◦ W0DE POS0T0ON ON THE ja“
WEDGE% ,EEPER 0MAGES AT THE SAME OCCULT0NG POS0T0ON WERE
OBTA0NED 0N 3zΩ3 p49Ω3fi;7( AND 3zΩt p49Ωtzt;( UT0L0y0NG
ADD0T0ONAL ROLL ANGLES pFOR A TOTAL OF Ω3(: WH0CH HELPS TO SUPPRESS
1r! SUBTRACT0ON RES0DUALS AS WELL AS ESTABL0SH0NG A BETTER 1r!
FOR �,-% /HE 3zΩfl OBSERVAT0ONS p49Ωt;37( 0NTEGRATED FOR A
SL0GHTLx SHORTER T0ME: BUT THE r/-r OBSERVAT0ONS ARE CONTRAST
AND NOT PHOTONhL0M0TED: SO THE DATA ARE ST0LL ADE+UATE FOR THE
DETECT0ON OF !OMALHAUT B%
/HE REDUCT0ON OF THE r/-r DATA FOLLOWED S0M0LAR STEPS AS

FOR THE �]r DATA% /HE LEVEL OF GEOMETR0C D0STORT0ON FOR r/-r
0S M0N0MALs THE LARGEST OfSET NEAR THE LOCAT0ON OF !OMALHAUT B
0S AT MOST z%fi PX: BASED ON AVA0LABLE D0STORT0ON MAPS p33(% !OR

H0GH +UAL0Tx ASTROMETR0C MEASUREMENTS: HOWEVER: SUBhP0XEL
AL0GNMENT PREC0S0ON 0S NECESSARx% /HEREFORE: WE OPTED TO DOWNh
LOAD AND ANALxyE THE D0STORT0ON CORRECTED 0MAGES pur2tχdzsr(%
∆ACH OF THE 0MAGES WAS USED TO GENERATE 0TS OWN MASK: BASED
ON THE UNDERLx0NG r/-r OCCULTER MASK AND GENEROUS SATURAT0ON
MASK0NG AT ;fi) OF THE FULL WELL VALUE% vE USED THE SAME
METHODS AS FOR THE �]r DATA TO MEASURE THE OfSETS AMONG ALL
0MAGES W0TH0N AN OBSERVAT0ON PROGRAM% /HE TRACK0NG OF RAD0AL
SUBTRACT0ON PATTERNS AND THE0R M0N0M0yAT0ON BxhExE ALLOWED US
TO DEffiNE SH0FTS 0N BOTH P0XEL COORD0NATES W0TH0N z%Ω PX% �S THE
r/-r OCCULTERS ARE NOT TRANSPARENT: 0TS CORONAGRAPH0C 1r! 0S
MORE STABLE THAN THAT OF �]r: AND THE RAD0AL PATTERNS REMA0N
GENERALLx THE SAME FOR THE COMPLETE OBSERV0NG PROGRAM% /H0S
ENABLES H0GHhPREC0S0ON REG0STER0NG OF ALL DATA TO THE SAME COORh
D0NATES% vE D0D: HOWEVER: NOT0CE SMALL 0NTERhORB0T VAR0AT0ONS
AND THEREFORE DEC0DED TO CONSTRUCT 1r!S FOR EACH EXPOSURE
SE+UENCE -,: MED0AN COMB0N0NG ALL ffiRST: SECOND: ETC% 0MAGES
OF ALL ORB0TS% /H0S METHOD FOLLOWS THE �,- TECHN0+UE: BUT
ALSO FOLDS 0N THE THERMAL CHANGES TO THE gr/ OPT0CAL TELESCOPE
ASSEMBLx p9/�(%

/HE kxOT STOP FOR THE r/-r CORONAGRAPH ONLx BLOCKS L0GHT
FROM THE EDGES OF THE 9/�s THEREFORE: THE D0fRACT0ON SP0KES
ARE PROM0NENT 0N THE 0MAGES AND ONLx THE W0NGS OF THE 1r!
ARE SUPPRESSED% vH0LE TH0S NECESS0TATES ADD0T0ONAL MASK0NG
DUR0NG 0MAGE PROCESS0NG AND REDUCES THE 0MAG0NG REAL ESTATE:
0T ALSO ALLOWS PREC0SE LOCAT0NG OF THE CENTRAL STAR FOR 0MAGE
DEhROTAT0ON% !OLLOW0NG 0MAGE REG0STER0NG W0TH 1r! SUBTRACT0ON
RES0DUALS: THE LOCAT0ON OF THE STAR pDETERM0NED Bx TRACK0NG THE
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SWakd 10 ársqnldsqx ne sgd EnlWkgWts a naidbs

CZsd Hmrsqtldms dQ-@- ’◦◦( d� ’◦◦(

1//3./5 @BR ’E703V( ,7-431 × /-/10 8-033 × /-/10
1//3.0/ @BR ’E5/5V( ,7-47/ × /-/00 8-087 × /-/00
1//3.0/ @BR ’E703V( ,7-531 × /-/06 8-083 × /-/07
1//5./6 @BR ’E324V( ,7-503 × /-/1/ 8-252 × /-/1/
1//5./6 @BR ’E5/5V( ,7-572 × /-/10 8-230 × /-/10
1//5./6 @BR ’E703V( ,7-48/ × /-/14 8-253 × /-/15
1/0/./8 RSHR ,7-74/ × /-/05 8-713 × /-/05
1/01./4 RSHR ,7-804 × /-/08 0/-/13 × /-/1/
1/02./4 RSHR ,8-/07 × /-/16 0/-062 × /-/14
1/03./8 ’Antmc lncdk( ,8-/18± 0/-162±
1/03./8 ’Bkntc lncdk( ,8-/82± 0/-25/±

| 1ROiECTED kOCAT0ON OF TgE SO2RCE pNO DETECT0ON()

D0fRACT0ON SP0KES(: HAS A REMARKABLx SMALL ERROR OF z%Ω3 PX p7
MAS( 0N BOTH COORD0NATES% �S FOR THE �]r 0MAGES: FOLLOW0NG
1r! SUBTRACT0ONS: MASK0NG: AND DEhROTAT0ON: THE 0ND0V0DUAL
0MAGES WERE COMB0NED%
-N !0GURE Ω: WE SHOW THE RESULTS OF OUR 0MAGE REDUCT0ONS

AND ANALxS0S: 0NCLUD0NG A H0GH S0GNALhTOhNO0SE COMB0NED r/-r
0MAGE AND DETA0LED SNAPSHOTS OF !OMALHAUT B AT ALL EPOCHS%

ársqnldsqx Wmc ognsnldsqx ne EnlWkgWts a

,ETERM0N0NG THE ASTROMETR0C LOCAT0ON OF !OMALHAUT B 0N THE
�]r AND r/-r 0MAGES STARTED FROM THE PUBL0SHED COORD0NATES
pΩt( 0N THE 3zzfl: 3zz7: 3zΩz: AND 3zΩ3 0MAGES: AND WAS BASED
ON FORWARD PROiECT0ONS FOR THE 3zΩt AND 3zΩfl 0MAGES% vH0LE
THE SOURCE 0S CLEARLx 0DENT0ffiABLE 0N THE !7z7v �]r AND THE
3zΩz AND 3zΩ3 r/-r 0MAGES: 0T 0S MORE D0ffCULT TO P0NPO0NT
0T 0N THE OTHERS% !OR THE !fltfiv AND !eΩflv 0MAGES: WE
SEARCHED FOR PEAKS NEAR THE !7z7v POS0T0ONS: WH0LE FOR THE
3zΩt r/-r 0MAGE FORWARD PROiECT0ONS FROM THE PREV0OUS EPOCHS
A0DED 0N LOCAT0NG THE SOURCE% vE CALCULATED THE LOCAT0ONS US0NG
THE CENTRO0D0NG ALGOR0THM 0N -’�!: ,�91g9/%�11g9/:
0N0T0ATED ON THE BR0GHTEST P0XEL W0TH0N A 3 P0XEL RAD0US OF THE
PRED0CTED LOCAT0ONS% /HE OBiECT 0S V0S0BLx EXPAND0NG 0N S0yE 0N
THE r/-r DATASET AND THEREFORE 0TS ASTROMETR0C POS0T0ON HAS AN
0NCREAS0NGLx LARGER ERROR% /HE OBiECT WAS NOT DETECTED 0N THE
3zΩfl DATASET AT E0THER MODEL TRAiECTORx LOCAT0ONS% �LL PEAKS
V0S0BLE 0N THE 3zΩfl DATASET ARE SPAT0ALLx FAR ENOUGH FROM ANx
REAL0ST0C TRAiECTORx PROiECT0ON THAT THEx CAN BE D0SM0SSED% /HE
ASTROMETR0C POS0T0ONS ARE SUMMAR0yED 0N /ABLE 3 AND PLOTTED
0N !0GURE 3%
/HE ASTROMETR0C ERRORS ARE CALCULATED AS THE ROOT SUM

S+UARES OF THE DEhROTAT0ONAL ERRORS AND THE 1r! !vgl ASTROh
METR0C ERRORS% /HE DEhROTAT0ONAL ERRORS 0N R0GHT ASCENS0ON AND
DECL0NAT0ON WERE CALCULATED FOR EACH 0ND0V0DUAL OBSERVAT0ON:
BASED ON THE DEhROTAT0ON ANGLES W0TH0N EACH OBSERVAT0ON SET
AND THE PREC0S0ON OF 0MAGE CENTER0NG: WE0GHTED Bx THE EXPOSURE
T0ME OF EACH 0ND0V0DUAL 0MAGE% vE CALCULATED THE DEhROTAT0ONAL
ERRORS W0TH A lONTEh]ARLO CODE% /HE CENTRO0D0NG ASTROMETR0C
ERRORS WERE CALCULATED BASED ON THE STANDARD FORMULA OF

πaEJT+n0c – Ω
3χtfifi

!vgl
rm’ . bΩ[

WHERE rm’ G0VES THE PEAK P0XEL S0GNAL TO BACKGROUND P0XEL
NO0SE RAT0O% ]ENTRO0D0NG !vglS WERE PROV0DED Bx -’�! FOR
BOTH R0GHT ASCENS0ON AND DECL0NAT0ON%
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Ehf0 10 @rsqnldsqx ne EnlZkgZts a ’rdd sdws enq cdsZhkr(- Sgd bhqbkdr rgnv sgd oqnidbsdc
knbZshnm ne sgd naidbs hm 1/03 enq ansg sgd antmc nqahs Zmc bkntc lncdkr- Sgd otqokd
khmd Zmc cnsr fhud sgd adrs “sshmf antmc nqahs Zmc knbZshnmr enq dZbg nardquZshnm) vghkd
sgd bxZm khmd Zmc cnsr fhud sgd rZld enq sgd ctrs bkntc lncdk-

vE PERFORMED APERTURE PHOTOMETRx OF !OMALHAUT B 0N ALL OF
THE ffiNAL REDUCED 0MAGES% /HE PHOTOMETRx WAS PERFORMED W0TH
A 3%Ω P0XEL RAD0US APERTURE% /HE BACKGROUND WAS MEASURED
0N 3%Ω P0XEL RAD0US APERTURES RANDOMLx PLACED AT THE SAME
STELLOCENTR0C D0STANCE AS THE TARGET SOURCE pAVO0D0NG AREAS
WHERE THE D0SK 0S PROM0NENT(% /HE PHOTOMETRx ERROR WAS
DETERM0NED AS THE STANDARD DEV0AT0ON OF THESE BACKGROUND
MEASUREMENTS% /H0S 0S THE SAME METHOD THAT pΩt( USED TO
EST0MATE THE BACKGROUND AND PHOTOMETRx ERRORS% vE APPL0ED
APERTURE CORRECT0ONS OF FACTORS OF 3%z3: Ω%;fi: Ω%7;: AND Ω%flfi FOR
THE �]r p!eΩflv: !7z7v: !fltfiv( AND r/-r OBSERVAT0ONS:
RESPECT0VELx: BASED ON /0Nx/0M THEORET0CAL 1r!S p3t(%
vE SUMMAR0yE OUR PHOTOMETRx COMPARED TO PREV0OUSLx

PUBL0SHED VALUES 0N /ABLE t% /HE 0NSTRUMENTAL 5UX VALUES
pCOUNTS S�o( WERE CONVERTED TO VAR0OUS PHxS0CAL 5UX UN0TS US0NG
rxkofns: ASSUM0NG THE 0NC0DENT L0GHT THAT 0S SCATTERED HAS A

3 z vvv-omZr-nqf.bfh.cnh.0/-0/62.omZr-WWWWWWWWWW FÖroÖq ds Vi-



SWakd 20 Ognsnldsqx ne sgd EnlWkgWts a naidbs

CZsd Ehksdq E ’bsr r�o( E ’Ix( l2BeA l�a E1RBV

1//3./5 E703V /-32 × /-00 1-44d,6 13-84 14-27 M.@
1//3.0/ E5/5V 0-05 × /-04 2-47d,6 13-81 14-/1 13-32 × /-/7 lZf ’0(: 13-81 × /-0/ lZf ’05(: 5-2 × 0-/ �oy�s Ix ’06(
1//3.0/ E703V /-37 × /-04 1-71d,6 13-73 14-16 M.@
1//5./6 E324V /-83 × /-08 5-44d,6 13-33 13-25 14-11 × /-07 ’05(: 2-5 × /-8 �oy�s Ix ’06(
1//5./6 E5/5V 0-/3 × /-0/ 2-11d,6 14-/3 14-02 14-02 × /-/8 lZf ’0(: 13-86 × /-/8 lZf ’05(: 3-2 × /-5 �oy�s Ix ’06(
1//5./6 E703V /-26 × /-/4 1-05d,6 14-02 14-45 13-44 × /-02 lZf ’0( 13-80 × /-1/ lZf ’05(: 2-5 × /-6 �oy�s Ix ’06(
1/0/./8 BkdZq /-66 × /-0/ 2-47d,6 13-66 14-/1 /-38 × /-03 bsr r�o’02(: 5-0 × 1-0 �oy�s Ix ’06(
1/01./4 BkdZq /-47 × /-0/ 1-60d,6 14-/6 14-21 /-4/ × /-00 bsr r�o’02(
1/02./4 BkdZq /-36 × /-/7 1-06d,6 14-21 14-45 M.@
1/03./8± BkdZq /-21 × /-03 0-37d,6 14-62 14-86 M.@
1/03./8† BkdZq /-12 × /-03 0-/6d,6 15-/8 15-22 M.@

|=k2w AT TgE PRED0CTED kOCAT0ON OF TgE SO2RCE 2S0NG TgE BO2ND ORB0T TRAiECTORx) †=k2w AT PRED0CTED kOCAT0ON OF TgE SO2RCE 2S0NG TgE 2NBO2ND CkO2D
lODEk TRAiECTORx)
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Ehf0 20 Sgd ognsnldsqx ne EnlZkgZts a Zs Zkk nardqudc donbgr Zmc vZudkdmfsgr- Sgd
dqqnq aZqr rgnvm Zqd Zs 0µ- Sgd neerds adsvddm sgd @BR Zmc RSHR cZsZ hr lnrs khjdkx
Zm ZqsheZbs) ctd sn sgd kZqfdq RSHR ohwdkrhydr) sgd roZshZk dwoZmrhnm ne sgd ctrs bkntc)
Zmc sgd ldsgnc ne ognsnldsqx sgZs vZr mdbdrrZqx- Sgd dwoZmrhnm ne sgd ctrs bkntc
nudq shld) bnmunkudc vhsg sgd GRS ORE) qdrtksr hm sgd bdmsqZk odZj aqhfgsdmhmf- Sghr
ZqsheZbs hr etqsgdq dmgZmbdc ax sgd kZqfdq RSHR ohwdk rhyd- @r vd gZc sn trd kZqfdq
ogxrhbZk Zodqstqdr enq sgd RSHR cZsZ sgZm enq sgd @BR cZsZ ’rZld mtladq ne ohwdkr()
sgd naidbs rddlr sn aqhfgsdm Zqsh“bZkkx- HcdmshbZk ognsnldsqx ne sgd bkntcln:d- @BR
Zmc RSHR cZsZ) rgnvm vhsg dlosx bhqbkdr) dwghahsr rhlhkZq adgZuhnq-

SPECTRAL D0STR0BUT0ON 0DENT0CAL TO THAT OF THE HOST STAR p�t_(
AND UT0L0y0NG CONVERS0ON FACTORS APPROPR0ATE FOR THE 0NSTRUMENT
SETUP AND OBSERVAT0ON DATE% /HE P0VOT WAVELENGTH OF THE
0NSTRUMENT6ffiLTER SETUP WAS USED TO CALCULATE THE IANSKx UN0TS%
9UR PHOTOMETRx VALUES ARE GENERALLx z%3 TO z%; MAGN0TUDES
FA0NTER p0%E%: 3z h nz)( FOR THE �]r OBSERVAT0ONS THAN PREV0OUSLx
PUBL0SHED ONES% !OR r/-r: OUR PHOTOMETRx AGREES W0TH THAT
OF pΩt(s HOWEVER: 0T 0S FA0NTER THAN THAT OF pΩ;( Bx A FACTOR OF
3% rUCH D0SCREPANC0ES HAVE BEEN NOTED 0N THE L0TERATURE FOR
TH0S SOURCE AND ARE L0KELx AN OUTCOME OF D0fERENCES 0N DATA
REDUCT0ON AND PHOTOMETRx METHODS% mEVERTHELESS: THE GENERAL
CONCLUS0ONS OF OUR PAPER ARE NOT AfECTED Bx THESE D0SCREPANC0ES
BECAUSE WE HAVE APPL0ED 0DENT0CAL PROCEDURES TO ALL THE 0MAGES%
/HE OBiECT FADES 0N EACH 0ND0V0DUAL BAND OVER T0ME: HOWEVER:

THERE 0S A COLOR SH0FT BETWEEN THE VAR0OUS �]r ffiLTERS AND AN
OfSET BETWEEN THE �]r AND r/-r DATA 0N GENERAL% /HE COLOR
SH0FT 0S A NATURAL CONSE+UENCE OF THE DUST CLOUD BE0NG SL0GHTLx

BLUER THAN THE CENTRAL STAR% /HE OfSET BETWEEN THE �]r
AND r/-r DATA 0S MOST L0KELx AN ART0FACT: BROUGHT ON Bx THE
COMB0NAT0ON OF CHANGES 0N TWO VAR0ABLESc Ω( THE SOURCE BECOMES
EXTENDED OVER T0ME AND 3( THE r/-r PHOTOMETRx APERTURE 0S
PHxS0CALLx LARGER THAN THE �]r ONE: DUE TO THE LARGER P0XEL S0yES
OF THE DETECTOR pSEE ffiGURE CAPT0ON(% /HE PREC0S0ON AL0GNMENT
OF THE r/-r DATA AND LACK OF ANx H0GHER S0GNAL PO0NTS NEAR THE
PRED0CTED LOCAT0ON OF THE SOURCE pEVEN W0TH A W0DE MARG0N OF
ASTROMETR0C ERROR( G0VES H0GH CONffiDENCE TO OUR NONhDETECT0ON
0N 3zΩfl%

HmsdqoqdsWshnmr ne sgd NardquWshnmr

vE DRAW THREE BAS0C CONCLUS0ONS ABOUT !OMALHAUT B FROM THE
OBSERVAT0ONSc Ω( 0T 0S PROBABLx MOV0NG OUT OF THE SxSTEMs 3( 0T
HAS BECOME 0NCREAS0NGLx EXTENDEDs AND t( 0T HAS FADED BELOW
OUR DETECT0ON L0M0TS% vE SUPPORT THESE CONCLUS0ONS ffiRST Bx
COMPAR0NG BOUND AND UNBOUND ffiTS TO THE OBSERVED MOT0ON OF
THE OBiECT% vE THEN ANALxyE 0TS EVOLUT0ON 0N S0yE AND BR0GHTNESS
US0NG A MODEL PROV0D0NG A SELFhCONS0STENT EXPLANAT0ON OF ALL
THREE UN0+UE ASPECTS OF 0TS BEHAV0OR%

Antmc nqahs ne EnlWkgWts a0 -F THE UNDERLx0NG OBiECT FOR !Oh
MALHAUT B 0S PLANETARx: 0T SHOULD BE FOLLOW0NG A STABLE BOUND
ORB0T% /O ffiT THE THE BEST SOLUT0ON FOR SUCH AN ORB0T AND 0TS
iO0NED aAxES0AN ERRORS: WE USED A lARKOV ]HA0N lONTE ]ARLO
pl]l]( ffiTT0NG ROUT0NE p3fl(% 9RB0TAL SOLUT0ONS WERE PROiECTED
FORWARD TO EACH EPOCH FROM THE ORB0TAL PO0NT CLOSEST TO THE
ffiRST OBSERVAT0ON LOCAT0ON% vE ASSUMED UN0FORM PR0ORS ON THE
ORB0TAL ELEMENTS pSEM0hMAiOR AX0S Y: ECCENTR0C0Tx a: 0NCL0NAT0ON
γ: ARGUMENT OF PER0APS0S r: R0GHT ASCENS0ON OF THE ASCEND0NG
NODE o( AND DETERM0NED THE0R STAT0ST0CS US0NG fizzz STEPS FOLh
LOW0NG A BURNh0N L0M0T OF 3zzz STEPS FOR 7zzz TEST CHA0NS% /HESE
ORB0TAL ELEMENTS ARE DEffiNED 0N THE PLANE OF THE !OMALHAUT D0SK
pASSUM0NG A SxSTEM POS0T0ON ANGLE OF tt7⊙ AND 0NCL0NAT0ON OF
77⊙(% -N !0GURE fl: WE SHOW THE RESULTS%
-N !0GURE 3: WE ALSO PLOT pW0TH BLUE COLOR( THE BEST ORB0TAL

SOLUT0ON pAT THE REDUCED σ3 M0N0MUM: G0VEN 0N THE !0GURE
fl CAPT0ON( ASSUM0NG TH0S STABLE BOUND ORB0T% �LTHOUGH THE
OBSERVAT0ONS L0E NEAR THE TRACK OF THE jBEST“ ORB0T: THE POS0T0ONS
ALONG THAT TRACK DO NOT AGREE W0TH THE OBSERVAT0ONS W0TH0N
ERRORS% /H0S 0SSUE 0S PROM0NENT FOR 3zΩt: THE PO0NT TO THE UPPER
R0GHT: WHERE THE OBSERVED POS0T0ON 0S S0GN0ffiCANTLx AHEAD OF THE
BOUND ORB0T PRED0CT0ON pBLUE DOT(: CONS0STENT W0TH THE OBiECT
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Ehf0 30 Onrsdqhnq oqnaZahkhsx chrsqhatshnmr nudq sgd eqdd nqahsZk oZqZldsdqr ne EnlZkgZts
a) Zrrtlhmf Z rsZakd antmc nqahs) trhmf LBLB ZmZkxrhr ’5/// bgZhmr) 4/// rsdor)
atqm,hm khlhs Zs 1/// rsdor(- Sgd chZfnmZk oZmdkr rgnv 0,C oqnidbshnmr ’lZqfhmZkhydc
nudq Zkk nsgdq oZqZldsdqr( ne sgd oqnaZahkhsx cdmrhsx) vghkd sgd nee,chZfnmZkr rgnv 1,C
oqnidbshnmr ne sgd bnqqdkZshnmr adsvddm oZqZldsdqr- Sgd ldZm Zmc sgd 0µ kdudkr ne sgd
0,C oqnidbshnmr Zqd fhudm hm sgd “ftqd) vghkd sgd fknaZk qdctbdc σt 8 tχΩe lhmhltl
ne sgd chrsqhatshnm hr Zs . 8 teffχff A2) a 8 yχs7yfl) β 8 nχny∗) e 8 ΩΩeχyy∗)
o 8 Ωtnχffn∗- Hm RtookdldmsZk Ehftqd 0) vd rgnv sgd bgZhmr ne ntq LBLB ZmZkxrhr-

EXPER0ENC0NG NONhGRAV0TAT0ONAL ACCELERAT0ON D0RECTED AWAx FROM
THE STAR% � PLANETARx BODx WOULD ALSO NOT EXPLA0N THE FAD0NG
AND EXTENT OF THE 0MAGE% /HEREFORE: ADD0T0ONAL MODELS OF THE
MOT0ON AND BEHAV0OR OF THE SOURCE ARE NECESSARx%

EnlWkgWts a Wr W cxmWlhbWkkx chrrhoWshmf bnkkhrhnmWk ctrs
bkntc0vE NOW CONS0DER AN ALTERNAT0VE MODEL TRAC0NG THE EVOh
LUT0ON OF THE SxSTEM THROUGH THE FOLLOW0NG STEPSc Ω( TWO LARGE
p≤ Ωzz KM 0N RAD0US( ASTERO0DS COLL0DE CATASTROPH0CALLx: 3( THE
COLL0S0ON FRAGMENT S0yES FOLLOW A POWERhLAW D0STR0BUT0ON DOWN
TO THE SUBhM0CRON LEVEL: t( THE FRAGMENTS 0NHER0T RANDOM VELOC0h
T0ES: RESULT0NG 0N THE EXPANS0ON OF THE DUST CLOUD RELAT0VE TO THE
CENTERhOFhMASS p]9l( OF THE COLL0D0NG ASTERO0DS: fl( THE ffiNAL
TRAiECTOR0ES DEPEND ON FRAGMENT S0yEc LARGER ONES UNAfECTED
Bx RAD0AT0VE FORCES W0LL UNDERGO JEPLER0AN SHEAR: WH0LE THE
SMALLER ONES W0LL CONVERGE ONTO RAD0AL TRAiECTOR0ES AND LEAVE
THE SxSTEM% /HE SURFACE AREA OF THE DUST CLOUD OBSERVED 0N
SCATTERED L0GHT 0S DOM0NATED Bx THE SUBhM0CRON PART0CLES THAT
ARE LEAV0NG THE SxSTEM% /HE APPARENT MOT0ON OF THE OBSERVED
0MAGE SHOULD RE5ECT SUCH MOT0ON%
/O TEST TH0S SCENAR0O: WE MODELED THE DxNAM0CAL EVOLUT0ON OF

SUCH A HxPOTHET0CAL SxSTEM US0NG OUR CODE �zrh�xk% ,EVELOPED
TO MODEL THE DxNAM0CAL EVOLUT0ON OF DEBR0S D0SKS AND DUST
CLUMPS: �zrh�xk 0S A COMPLEX NUMER0CAL CODE ABLE TO 0NCLUDE
THE EfECTS OF GRAV0TAT0ONAL: RAD0AT0VE: AND MAGNET0C FORCES ON
DUST PART0CLES: AS WELL AS CALCULATE THE GRAV0TAT0ONAL EfECTS
OF A LARGE NUMBER OF MASS0VE BOD0ES% �DD0T0ONALLx: �zrh�xk
PROV0DES pdzsr 0MAGES OF THE SCATTERED L0GHT AND THERMAL
EM0SS0ON FROM THE DUST PART0CLES AND COMPLETE r∆,S% ,UE
TO THE NUMER0CALLx 0NTENS0VE CALCULAT0ONS: �zrh�xk RUNS ON
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Ehf0 40 Sgd qdkZshud dlhrrhnm fitw ’sgdqlZk Zmc rbZssdqdc( Zs Zm nardquZshnmZk vZud,
kdmfsg ne /-5 ιl ’ZooqnwhlZshmf sgd E5/5V @BR “ksdq Zmc sgd odZj ne sgd rodbsqZk
qdronmrd ne sgd tm“ksdqdc RSHR cdsdbsnq( Zr Z etmbshnm ne oZqshbkd rhyd) Zrrtlhmf
sgd lncdkdc tmcdqkxhmf onvdq,kZv rhyd chrsqhatshnm- Vd Zkrn okns sgd uZktd ne � Zr
Z etmbshnm ne oZqshbkd rhyd nm sgd rdbnmcZqx Zwhr enq sgd ctrs oZqshbkdr vd lncdkdc
Zqntmc Zm @/ rodbsqZk,sxod rsZq- Sgd oZqshbkdr bnmsqhatshmf lnrs ne sgd fitw gZud Z
vdhfgsdc ZudqZfd ne � 8 sχ3-

4RAPH0CAL 1ROCESS0NG 2N0TS p412S(%
vH0LE �zrh�xk 0S A VERSAT0LE MODEL0NG CODE: 0T DOES NOT

PROV0DE ffiTT0NG TOOLS% /HEREFORE: WE ffiRST ffiTTED THE TRAiECTORx
OF THE DUST CLOUD 0N A S0M0LAR FASH0ON AS FOR THE BOUND ORB0T
SOLUT0ON pW0TH l]l]( TO OBTA0N THE 0NPUT VALUES FOR �zrh�xks
HOWEVER: FOR TH0S ffiT: WE D0D NOT CONSTRA0N THE TRAiECTORx TO
BE BOUND% -NSTEAD: THE LAUNCH LOCAT0ON AND VELOC0Tx OF THE
CLOUD WERE DEffiNED Bx 0TS ]ARTES0AN COORD0NATES AND VELOC0T0ES
px0ELD0NG AN EXTRA FREE PARAMETER RELAT0VE TO THE BOUND ORB0T
SOLUT0ON(% /HE TRAiECTOR0ES OF SMALL DUST GRA0NS ARE CHARACTERh
0yED Bx α: THE RAT0O OF RAD0AT0ON FORCE TO GRAV0TAT0ONAL FORCE
ON THE PART0CLES% -N !0GURE fi: WE SHOW THE TOTAL pTHERMAL AND
SCATTERED( 5UX AS A FUNCT0ON OF PART0CLE S0yE pWE0GHTED Bx THE
DUST NUMBER DENS0Tx( AT AN OBSERVAT0ONAL WAVELENGTH OF z%7
ιM: WH0CH CORRESPONDS TO THE WAVELENGTH OBSERVED W0TH �]r
0N THE !7z7v ffiLTER AND W0TH r/-r% /HE ffiGURE ALSO SHOWS
THE α VALUES: AS A FUNCT0ON OF PART0CLE RAD0US% /HE PART0CLE
RAD0US RANGE MOST PROM0NENTLx OBSERVED W0TH �HS 0S BETWEEN
z%z; AND z%; ιM: W0TH 5UX PEAKS FROM DUST W0TH RAD00 OF z%ΩΩ
AND z%3t ιM% /HESE S0yES HAVE α VALUES OF Ωz%3 AND ;%Ω;: REh
SPECT0VELx% /HEREFORE: FOR 0N0T0AL TRAiECTORx ffiTT0NG WE ASSUMED
α – Ωz FOR ALL PART0CLES% gOWEVER: OUR ffiNAL �zrh�xk DUST CLOUD
MODEL CALCULATES REAL0ST0C DUST OPT0CAL PROPERT0ES pS0NCE WE
ARE ONLx CONCERNED W0TH SCATTERED L0GHT APPROX0MATED Bx l0E
THEORx: WE USED ASTRONOM0CAL S0L0CATES ONLx p3fi(( AND DxNAM0CS%
!0GURE 7 SHOWS THE l]l] ANALxS0S OF THE 0N0T0AL LOCAT0ON OF

THE PLANETEST0MAL COLL0S0ON AND LAUNCH VELOC0Tx OF THE OBSERVED
DUST PART0CLES: DETERM0NED 0N THE PLANE OF THE !OMALHAUT
SxSTEM% /HE ONLx CONSTRA0NT ON THE 0N0T0AL COND0T0ON WAS THAT
THE COLL0S0ON HAD TO OCCUR W0TH0N Ωfiz AU OF !OMALHAUT% �S
!0GURE 7 SHOWS: TWO FAM0L0ES OF SOLUT0ONS WERE FOUND: ONE W0TH
A SHARP PROBAB0L0Tx PEAK AT X – nΩ AU: AND ONE W0TH A BROADER
D0STR0BUT0ON pez ± X ± nz AU(% /HE BEST ffiT pW0TH A REDUCED
σ3 – 3χte h COMPARED W0TH t%Ωe FOR THE BEST BOUND ORB0T ffiT(
WAS FOR A COLL0S0ON OCCUR0NG AT X – nΩχ3fl AU: x – �fl;χ73 AU:
AND y – �Ωtχfl; AU: W0TH AN 0N0T0AL LAUNCH VELOC0Tx OF Ω%fin AU
xR�o: TW0CE THE JEPLER0AN ORB0TAL VELOC0Tx FOR A C0RCULAR ORB0T AT
THE LOCAT0ON OF THE COLL0S0ON% gOWEVER: SOLUT0ONS W0TH VELOC0T0ES
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Ehf0 50 Onrsdqhnq oqnaZahkhsx chrsqhatshnmr nudq sgd eqdd nqahsZk oZqZldsdqr ne EnlZk,
gZts a) Zrrtlhmf Zm tmbnmrsqZhmdc bkntc lncdk nqahs) trhmf LBLB ZmZkxrhr ’5///
bgZhmr) 4/// rsdor) atqm,hm khlhs Zs 1/// rsdor(- Sgd fknaZk qdctbdc lhmhltl ne sgd
chrsqhatshnm hr σt 8 3χte- Sgd bnnqchmZsdr ’hm Zt( Zmc udknbhshdr ’hm Zt xq�o( Zqd
cd“mdc hm sgd okZmd ne sgd EnlZkgZts rxrsdl- Sgd bgZhmr Zqd rgnvm hm RH Ehftqd 1-

BETWEEN z%fin AND 33%Ωt AU xR�o pAT D0fERENT LAUNCH POS0T0ONS(
PRODUCE ffiTS W0TH REDUCED σ3 LOWER THAN THE BEST BOUND ORB0T
ffiT% /HE BEST ffiTT0NG TRAiECTOR0ES WERE FROM THE ffiRST FAM0Lx
OF SOLUT0ONS: TxP0CALLx HAV0NG LARGER VELOC0T0ES pFROM Ω%ze AU
xR�o(: WH0LE THE BEST ffiTS FROM THE SECOND FAM0Lx OF SOLUT0ONS
x0ELDED ffiTS W0TH REDUCED σ3 S0M0LAR TO THAT OF THE BOUND
ORB0T W0TH VELOC0T0ES UP TO z%e AU xR�o p0%E% SUBhJEPLER0AN
VELOC0T0ES: ASSUM0NG C0RCULAR ORB0TS(% /RAiECTOR0ES OR0G0NAT0NG
FROM ELL0PT0CAL BOUND ORB0TS WERE FOUND 0N BOTH FAM0L0ES%
�N ADD0T0ONAL CONSTRA0NT ON THE MODEL 0S THE SPEED AT

WH0CH THE CLOUD EXPANDS% vH0LE THE OR0G0NAL LAUNCH VELOC0Tx
pCOMB0NED W0TH RAD0AT0VE FORCES FOR THE DUST PART0CLES( W0LL
DETERM0NE THE AVERAGE CENTRAL L0NE OF THE TRAiECTORx: THE COLL0h
S0ONAL FRAGMENTS W0LL ALSO D0VERGE RAD0ALLx FROM THE CENTRAL L0NE
pTRAiECTORx OF THE ]9l( DUE TO THE EXPLOS0VE NATURE OF THE
EVENT THAT PRODUCED THEM% -N !0GURE ;: WE SHOW THE OBSERVED
EVOLUT0ON OF THE RAD0US OF THE DUST CLOUD% /HE OBSERVED S0yE
DEPENDS ON THE 0NSTRUMENTAL 1r! AND P0XELSCALE: WH0CH WE
CORRECT FOR 0N OUR ANALxS0S 0N !0GURE e% -N Ωz xEARS THE CLOUD
HAS EXPANDED CONS0DERABLx: TO THE PO0NT WHERE 0T 0S LARGER THAN
THE gr/ 1r! p0%E% PART0ALLx RESOLVED(%
/HESE MEASUREMENTS CAN BE USED TO PLACE L0M0TS ON THE

COLL0S0ONAL VELOC0Tx THAT PRODUCED THE CLOUD% kABORATORx MEAh
SUREMENTS HAVE SHOWN THAT THE SPEED OF DAUGHTER PART0CLES 0N
COLL0S0ONS: RELAT0VE TO A STAT0ONARx ]9l: ARE ROUGHLx 0DENT0CAL
TO THE RELAT0VE 0MPACT VELOC0T0ES p37(% ,UE TO S0M0LAR ORB0TAL
PATHS BETWEEN COLL0D0NG BOD0ES: THE AVERAGE COLL0S0ONAL VELOC0h
T0ES 0N D0SKS ARE AROUND ;%fi) OF THE ORB0TAL VELOC0Tx p3;(% -T
0S UNL0KELx THAT E0THER OF THE COLL0D0NG BOD0ES WAS OR0G0NALLx
ON A H0GHhSPEED UNBOUND ORB0T: SO THE DAUGHTER PART0CLES W0LL
L0KELx AC+U0RE AN ADD0T0ONAL VELOC0Tx AROUND fihΩz) OF A TxP0CAL
JEPLER0AN VELOC0Tx AT THE LOCAT0ON OF THE COLL0S0ON: 0N A RANDOM
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Ehf0 60 BnloZqhmf sgd dunktshnm ne sgd roZshZk rbZkd) knbZshnm) Zmc rtqeZbd aqhfgsmdrr
ne sgd ctrs bkntc Zr nardqudc Zmc lncdkdc- Sgd rbZkhmf ne sgd hlZfdr Zqd sgd rZld
Zr enq Ehftqd 0 enq ansg sgd lncdkr Zmc nardquZshnmr- Sgd kZrs bnktlm Zkrn rgnvr
sgd “ssdc qZchZk oqn“kdr ne sgd nardquZshnmr- Sgd qZchZk oqn“kdr Zqd bnqqdbsdc enq
hmrsqtldmsZk deedbsr hm Ehftqd 7-

D0RECT0ON RELAT0VE TO THE ]9l% rOME VAR0AT0ON 0N TH0S FRACT0ON
0S EXPECTED: AS THE COLL0S0ON D0D NOT HAPPEN 0N A D0SK% /HE
0NHER0TED LAUNCH VELOC0Tx OF THE CLOUD W0LL THEN L0KELx PROiECT
ONTO A BOUND ORB0T AS WELL% 4RAV0Tx W0LL BE DOM0NANT FOR THE
LARGER AND UNDETECTED BOD0ES: SO THEx W0LL REMA0N 0N BOUND
ORB0TS AND UNDERGO JEPLER0AN SHEAR DUE TO THE SMALL VAR0AT0ONS
0N LAUNCH VELOC0Tx% gOWEVER: THE SMALLEST PART0CLES pOBSERVED
Bx gr/( W0LL EXPER0ENCE ADD0T0ONAL RAD0AL ACCELERAT0ON DUE TO
RAD0AT0VE FORCES AND BE DE5ECTED ONTO UNBOUND ORB0TS% /HE
EXPANS0ON OF THE CLOUD 0S DOM0NATED Bx THE RANDOM VELOC0T0ES
AC+U0RED DUR0NG THE COLL0S0ON FOR TH0S SOURCE%
-N !0GURE e: WE 0LLUSTRATE THE EXPANS0ON OF THE CLOUD% !ROM

EACH MEASURED RAD0AL VALUE: WE SUBTRACT THE WAVELENGTH DEh
PENDENT π OF THE gr/ 1r! pπr6hr – zχ◦◦z3Ω: π85tfv – zχ◦◦zΩ7:
π8SWSv – zχ◦◦z33: AND π8eo5v – zχ◦◦z3n(% /HE 3zzfl 0MAGES HAVE
W0DTHS APPROX0MATELx E+UAL TO THESE VALUES: 0%E% THE CLOUD 0S
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Ehf0 70 Sgd roZshZk dunktshnm ne sgd nardqudc ctrs bkntc Zmc sgd adrs “sshmf rknod
vhsg Z rhyd hmbqdZrd ne yχyffff × yχyye Zt xq�o) vghbg hr ZooqnwhlZsdkx 5-7� ne sgd
JdokdqhZm udknbhsx Zs sgd bnkkhrhnmZk knbZshnm- Vd bnmudqsdc sgd nardqudc qZchZk oqn“kdr
sn roZshZk rbZkdr ax rtasqZbshmf sgd vZudkdmfsg cdodmcdms FZtrrhZm ne sgd GRS OREr
eqnl sgd nardqudc oqn“kd vhcsgr Zmc ltkshokxhmf ax sgd chrsZmbd sn sgd rxrsdl- Sgd
rgZcdc aktd ZqdZr rgnv sgd 0) 1) Zmc 2µ qdfhnmr ne sgd “sshmf- Sgd cZsd hmsdqbdos ne
sgd “s ’Zmc sgd drshlZsdc bnkkhrhnm shld( hr Zs 1//2-72 aZrdc nm sgd dwoZmrhnm) nmkx
rkhfgskx dZqkhdq sgZm oqdchbsdc ax sgd Zrsqnldsqhb “sr-

ST0LL A PO0NT SOURCE AND THEREFORE THE COLL0S0ON L0KELx HAPPENED
CLOSE 0N T0ME TO THE ffiRST OBSERVAT0ONS% !OLLOW0NG ffiTT0NG: THE
EXPANS0ON OF THE CLOUD FOLLOWS A SLOPE OF zχzfifi×zχzze AU xR�o:
WH0CH CORRESPONDS TO AN ORB0TAL VELOC0Tx OF THE COLL0D0NG BOD0ES
E+UAL TO z%fifi TO Ω%Ω AU xR�o: ASSUM0NG A COLL0S0ONAL VELOC0Tx Ωz
TO fi) OF THE ORB0TAL VELOC0Tx: RESPECT0VELx% /HE OBSERVED EXPANh
S0ON OF THE CLOUD: THEREFORE: PLACES THE FOLLOW0NG CONSTRA0NTS ON
THE COLL0S0ONc Ω( THE COLL0S0ONAL EVENT HAPPENED CLOSE 0N T0ME
TO THE ffiRST OBSERVAT0ONS 0N 3zzfl: 3( THE COLL0D0NG BOD0ES HAD
VELOC0T0ES UP TO ≥ Ω%3 AU xR�o: t( THE ffiNAL LAUNCH VELOC0Tx OF
THE CLOUD CANNOT BE MUCH H0GHER THAN TH0S VALUE E0THER% /HE
BEST ffiTT0NG LAUNCH CONffiGURAT0ON THAT ALSO CONFORMS TO THESE
CONSTRA0NTS HAS THE FOLLOW0NG VALUESc X – nΩχ3t AU: x – �fifiχn;
AU: y – �nχe3 AU: VX – zχ;Ωn AU xR�o: Vx – zχ;et AU xR�o:
AND Vy – �zχ3t3 AU xR�o: x0ELD0NG A REDUCED σ3 – 3χfle AND A
COLL0S0ONAL EVENT THAT HAPPENED tn DAxS PR0OR TO THE ffiRST OBSERh
VAT0ONS% /H0S RESULT 0S 0N GOOD AGREEMENT W0TH THE COLL0S0ONAL
T0ME OF 3zzt%et: PRED0CTED Bx THE EXPANS0ON% /H0S LAUNCH POS0h
T0ON AND VELOC0Tx W0LL RESULT 0N A BOUND ORB0T OF A – ttflχfl AU:
E – zχ7nfi: AND γ – Ω3χ7⊙ FOR THE LARGER UNDETECTED FRAGMENTS
OF THE COLL0S0ON% /HE SMALLER DUST PART0CLES: AS D0SCUSSED PR0OR:
W0LL BE EiECTED DUE TO THE 0N5UENCE OF RAD0AT0VE FORCES% -N
!0GURE 3: WE PLOT THE0R TRAiECTORx pASSUM0NG α – Ωz(: W0TH
POS0T0ONS MARKED AT EACH OBSERVAT0ON DATE%
v0TH TH0S BEST ffiTT0NG 0N0T0AL LOCAT0ON AND LAUNCH VELOC0Tx

WE USED �zrh�xk TO MODEL THE DxNAM0CAL EVOLUT0ON OF THE
DUST CLOUD% ,UE TO 0TS LARGER UNCERTA0NTx AND 0MPORTANCE 0N
DETERM0N0NG THE DECREASE 0N SURFACE BR0GHTNESS OF THE CLOUD:
THE STANDARD DEV0AT0ON OF THE RAD0AL EXPANS0ON VELOC0T0ES OF
THE DUST PART0CLES WAS KEPT AS A VAR0ABLE% � HANDFUL OF MODELS
W0TH πu BETWEEN z%zfi AND z%Ω3 AU xR�o WERE EXPLORED% vE
GENERATED ΩzS DUST PART0CLE TRACERS W0TH A S0yE D0STR0BUT0ON
SLOPE OF � – �tχ7fi% /H0S VALUE 0S FOUND TO BE TxP0CAL OF
DEBR0S D0SKS p3e(: AND 0T 0S CONS0STENT W0TH THE VALUE OF � –
�tχfiz FOUND FOR PART0CLES , Ωzz ιM pTO MAKE THE SLOPE NOT
0N5UENCED Bx 1’ DRAG( 0N yOD0ACAL DUST BANDS FORMED 0N THE
RECENT COLL0S0ONAL BREAKUP OF ASTERO0DS p3n(% rL0GHTLx SHALLOWER

SWakd 30 Lncdkdc onrhshnm Wmc aqhfgsmdrr ne sgd EnlWkgWts a naidbs

CZsd Hmrsqtldms dQ-@- ’◦◦( d� ’◦◦( E ’Ix(

1//3./5 @BR ’E703V( ,7-472 8-042 1-423d,6
1//3.0/ @BR ’E5/5V(

,7-482 8-076
2-666d,6

1//3.0/ @BR ’E703V( 1-416d,6
1//5./6 @BR ’E324V(

,7-537 8-245
3-422d,6

1//5./6 @BR ’E5/5V( 2-322d,6
1//5./6 @BR ’E703V( 1-170d,6
1/0/./8 RSHR ,7-725 8-711 3-5/8d,6
1/01./4 RSHR ,7-825 0/-/3/ 2-/84d,6
1/02./4 RSHR ,8-/// 0/-063 1-568d,6
1/03./8 RSHR ,8-/82 0/-25/ 1-/40d,6

/gE 52wES G0uEN vERE lEAS2RED TgE SAlE vAx AS TgE OBSERuAT0ONSc AND
TgEREFORE lAx NOT x0EkD TgE TOTAk lODEkED CkO2D 52w)

BUT S0M0LAR p� ≥ �t TO �tχt( SLOPES WERE FOUND FOR THE S0yE
D0STR0BUT0ON OF DUST SUBL0MAT0NG Of COMETS AND 0N D0SRUPTED
ASTERO0DS ptz8t3(% /HE M0N0MUM PART0CLE S0yE WAS z%Ω ιM pTHE
LARGEST S0yE 0S 0RRELEVANT: AS LONG AS ALL S0yES THAT ARE EffC0ENT AT
SCATTER0NG OPT0CAL L0GHT ARE 0NCLUDED(% /HE TOTAL DUST MASS WAS
CALCULATED FROM SCAL0NG OUR CALCULAT0ONS TO THE OBSERVAT0ONS%
/HE �zrh�xk DUST CLOUD MODEL WAS EVOLVED ON A 4E!ORCE

4/w /0TAN aLACK 412: US0NG z%zΩ xEAR T0MESTEPS% !OR THE
CENTRAL STAR: WE ASSUMED !OMALHAUT?S PHxS0CAL PARAMETERS
pk – Ωfiχt7 k−: ’ – Ωχe ’−: l – Ωχn3 l−: D – ;χ; PC(% ,UST
PART0CLES FROM RAD00 OF z%Ω ιM TO Ω MM WERE GENERATED 0N 3nz
LOGAR0THM0CALLx SPACED S0yE STEPS: W0TH OPT0CAL CONSTANTS FOR
ASTROS0L0CATES ptt(% vE PERFORMED l0E SCATTER0NG CALCULAT0ONS:
TAK0NG 0NTO ACCOUNT THE SCATTER0NG ANGLES BETWEEN !OMALHAUT:
THE DUST GRA0NS: AND OUR V0EW0NG ANGLE OF THE SxSTEM% /HE
RESULTS OF OUR MODEL0NG ARE ALSO SHOWN 0N !0GURE ;% /HE SPAT0AL
D0SS0PAT0ON OF THE CLOUD AS 0T PROPAGATES ON 0TS TRAiECTORx 0S
CLEAR: AS WELL AS A GLOBAL TRAiECTORx THAT 0S 0NCREAS0NGLx RAD0AL%

Lnqognknfx Wmc aqhfgsmdrr ne sgd lncdkdc ctrs bkntc0�S
THE DUST PART0CLES MOVE FURTHER FROM !OMALHAUT: THE0R 0ND0V0Dh
UAL SCATTERED L0GHT 5UXES DROPs THE SPHER0CAL EXPANS0ON OF THE
CLOUD RESULTS 0N 0TS OVERALL SURFACE BR0GHTNESS DROPP0NG AS WELL%
/O S0MULATE THE OBSERVAT0ONS: WE CONVOLVED THE MODEL 0MAGES
W0TH THE0R APPROPR0ATE �]r AND r/-r 1r!S% /HE MODEL 0MAGES
SHOWN 0N !0GURE ; TAKE 0NTO ACCOUNT THE CONVOLUT0ON AND P0XEL
S0yES% vE MEASURED THE 5UXES 0N THE MODEL 0MAGES US0NG THE
SAME APERTURE RAD0US AND APERTURE CORRECT0ONS AS WE D0D FOR
THE DATA AND THEN ffiNALLx SCALED THE MODEL TO THE OBSERVAT0ONS%
/HE MODEL PRED0CT0ONS VAR0ED AS A FUNCT0ON OF πu: THE STANh

DARD DEV0AT0ON OF THE ADD0T0ONAL VELOC0T0ES OF THE DAUGHTER
PART0CLES% /HE BEST ffiT WAS AT πu – zχΩ×zχzΩ AU xR�o: WH0CH 0S
n%3) OF THE LAUNCH VELOC0Tx AND W0TH0N 3%fi STANDARD DEV0AT0ONS
OF THE EXPANS0ON SLOPE ffiT% /HE RESULTS OF THE PHOTOMETRx OF
THE MODEL 0MAGES: ASSUM0NG TH0S BEST ffiTT0NG πu VALUE: ARE
SHOWN 0N !0GURE t% /HE CORRESPONDENCE BETWEEN THE MODELED
OBSERVAT0ONS AND THE ACTUAL PHOTOMETRx 0S EXCELLENT% /HE 1r!
CONVOLUT0ONS AND P0XEL REB0NN0NG: COMB0NED W0TH THE D0SS0PAh
T0ON OF THE CLOUD: RESULTED 0N A H0GHER PEAK 0N THE r/-r MODEL
0MAGES: iUST AS OBSERVED% /H0S 0S AN OBSERVAT0ONAL ART0FACT%
/HE OVERALL APPARENT DECREASE FROM 3zzfl TO 3zΩt 0S A RESULT OF
US0NG PHOTOMETRx SU0TABLE FOR A PO0NT SOURCE ON A SOURCE W0TH
0NCREAS0NG EXTENT AND DECREAS0NG SURFACE BR0GHTNESS% 40VEN THE
1r! SUBTRACT0ON ART0FACTS 0N THE 0MAGE: PHOTOMETRx OPT0M0yED
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TO CAPTURE THE FULL 5UX W0TH A LARGER APERTURE 0S NOT POSS0BLE%
aASED ON THE 3zΩfl OBSERVAT0ONS: OUR MODEL: AND THE LACK OF
gr/ MEASUREMENTS 0N SUBSE+UENT xEARS: FUTURE DETECT0ON OF
THE DUST CLOUD 0S UNL0KELx% -N /ABLE fl: WE SUMMAR0yE THE
ASTROMETRx AND PHOTOMETRx RESULTS OF OUR BEST ffiTT0NG MODEL%

RtllWqx ne lncdkdc ctrs bkntc cxmWlhbr0�S A RESULT OF A
CATASTROPH0C COLL0S0ON BETWEEN TWO MASS0VE ASTERO0DS ON THE
ORDER OF Ωzz KM 0N RAD0US: A SHORT T0ME PR0OR TO THE ffiRST
SET OF OBSERVAT0ONS 0N 3zzfl: A H0GH SURFACE DENS0Tx OF DUST
PART0CLES p≥ flχe− Ωz33 CM3( WAS PRODUCED 0N THE !OMALHAUT
SxSTEM% /HESE DUST PART0CLES REPRESENT THE SMALL END OF A
CONT0NUOUS D0STR0BUT0ON OF FRAGMENTS: UP TO TENS OF KM 0N
RAD0US% /HE FRAGMENTS CONT0NUE ON THE ]9l TRAiECTORx OF
THE TWO ASTERO0DS: W0TH A VELOC0Tx OF Ω%zn AU xR�o: WH0CH
0S iUST SL0GHTLx H0GHER THAN THE C0RCULAR JEPLER0AN SOLUT0ON
OF z%en AU xR�o AT THE LOCAT0ON OF THE COLL0S0ON AT Ωz; AU%
/HE EXPLOS0VE EVENT D0SPERSES THE FRAGMENTS RAD0ALLx FROM THE
]9l TRAiECTORx: W0TH A VAR0AT0ON OF πY – zχΩ AU xR�o: WH0CH
0S n%3) OF THE LAUNCH VELOC0Tx AND ΩΩ%n) OF THE LOCAL C0RCULAR
JEPLER0AN SOLUT0ON% /HE SMALLEST PART0CLES OBSERVED W0TH gr/
0N SCATTERED L0GHT EXPER0ENCE RAD0AT0VE FORCES: RESULT0NG 0N THE0R
0NCREAS0NGLx RAD0AL TRAiECTORx%

OqnaWahkhsx ne lWrrhud bnkkhrhnmr hm sgd EnlWkgWts rxrsdl0
9UR PHOTOMETRx MODEL 0ND0CATES A DUST CLOUD MASS OF ≥
Ωχ7fi−Ωz�e ld�+T4: 0NTEGRAT0NG UP TO Ω MM 0N RAD0US pASSUM0NG
A DENS0Tx OF t%fi G CM�t APPROPR0ATE FOR THE L0KELx COMPOS0T0ON
p3fi((% /H0S E+UALS A SCATTER0NG SURFACE AREA OF flχe− Ωz33 CM�3:
ASSUM0NG A S0MPLE m3µ SURFACE AREA OF SCATTER0NG% /HE EXACT
TOTAL DUST MASS DEPENDS ON THE S0yE D0STR0BUT0ON SLOPE: WH0CH
0S WHx WE ALSO PROV0DE THE SCATTER0NG SURFACE% 1RODUC0NG TH0S
AMOUNT OF DUST RE+U0RES COLL0S0ONS OF MUCH MORE MASS0VE BODh
0ES% /HE RE+U0RED MASS AND S0yE DO NOT DEPEND STRONGLx ON
THE NATURE OF THESE BOD0ES% ]ONSOL0DATED OBiECTS CAN FRAGMENT
EffC0ENTLx ptfl( W0TH FRAGMENTS EXTEND0NG UP TO Ωz8fiz M 0N S0yE
ptfi: t7(% kOOSELx BOUND RUBBLE P0LES CONVEx 0MPACT ENERGx
0NEffC0ENTLx pt;( AND HAVE BOULDERS UP TO S0M0LAR S0yES pte: tn(
THAT W0LL SURV0VE 0MPACT% -NTEGRAT0NG THE D0STR0BUT0ONS FROM
THE SMALLEST UP TO THE LARGEST FRAGMENTS TO DETERM0NE TOTAL
MASSES x0ELDS S0M0LAR RESULTS FOR BOTH CASES%
gOW FRE+UENTLx WOULD MAiOR COLL0S0ONS OCCUR 0N THE !Oh

MALHAUT SxSTEMq vE 0LLUSTRATE THE ANSWER Bx CONS0DER0NG
COLL0S0ONAL OUTCOMES AND MUTUAL COLL0S0ONAL PROBAB0L0T0ES 0N A
D0STR0BUT0ON OF PLANETES0MALS% /HE TOTAL DUST MASS PRODUCED
0N THE D0STR0BUT0ON OF FRAGMENTS 0N A S0NGLE COLL0S0ON 0S

AF+pι.A( –
� M pϵµ,(

W
>pι.A(e��)oDe . b3[

WHERE ι 0S THE MASS OF THE SMALLER: A 0S THE MASS OF THE LARGER
OBiECT PARTAK0NG 0N THE COLL0S0ONAL EVENT THAT PRODUCED THE
D0STR0BUT0ON: AND β 0S THE MASShD0STR0BUT0ON SLOPE p� – tβ� 3(%
/HE VAR0ABLE X G0VES THE MASS OF THE LARGEST FRAGMENT 0N THE
CONT0NUOUS D0STR0BUT0ON p0%E% 0T 0S THE SECOND LARGEST FRAGMENT
OVERALL( AND > 0S 0TS SCAL0NG FACTOR% /HE RED0STR0BUTED MASS
ALSO E+UALS THE MASSES OF THE TWO COLL0D0NG BOD0ES: M0NUS THE
OVERALL LARGEST FRAGMENT PRODUCED pM(: WH0CH 0S NOT PART OF
THE CONT0NUOUS FRAGMENT D0STR0BUT0ON:

AF+pι.A( – ι.A �Mpι.A( . bt[

Ehf0 80 Sgd Zlntms ne ctrs oqnctbdc to sn qZchh ne 0 ll Zr Z etmbshnm ne sgd qZchh ne
sgd sZqfds Zmc sgd hloZbsnq) Zrrtlhmf Z bnkkhrhnmZk udknbhsx ne 15/ l r�o- CnlZhmr
oqnctbhmf /-4 sn 1w sgd nardqudc ctrs lZrr Zqd rgnvm-

ALLOW0NG THE SCAL0NG FACTOR TO BE CALCULATED% /HE VALUES OF M
AND X ARE DEffiNED Bx THE TENS0LE STRENGTH OF THE BOD0ES COLL0Dh
0NG: THE0R S0yES pMASSES(: AND THE0R RELAT0VE VELOC0Tx% ,EPEND0NG
ON THOSE FACTORS: THE COLL0S0ON W0LL E0THER BE CATASTROPH0C pCOMh
PLETELx DESTROx0NG BOTH BOD0ES( OR ONLx EROS0VE% 9UR PAPER p3e(
D0SCUSSES THESE COLL0S0ONAL OUTCOMES 0N MORE DETA0L% !OR TENS0LE
STRENGTH: WE ASSUME THE CURVE OF pflz(: TRAD0T0ONALLx USED 0N
DEBR0S D0SK CASCADE CALCULAT0ONS% !OR THE COLL0S0ONAL SPEED: THE
EXPANS0ON OF THE DUST CLOUD PROV0DES A GOOD EST0MATE: AS 0T W0LL
BE ROUGHLx E+UAL TO THE RELAT0VE VELOC0Tx OF COLL0D0NG BOD0ES%
/HE S0yE OF THE CLOUD x0ELDS A COLL0S0ONAL SPEED OF z%zfifi AU xR�o:
WH0LE THE PHOTOMETR0C MODEL0NG RESULTS 0N z%Ω AU xR�o% /HESE
CORRESPOND TO 37z AND fl;fl M S�o: RESPECT0VELx% -N !0GURE n:
WE SHOW THE DUST MASS pUP TO RAD00 OF Ω MM( PRODUCED 0N
COLL0S0ONS BETWEEN VAR0OUS TARGETh0MPACTOR S0yES AT A COLL0S0ONAL
SPEED OF 37z M S�o: 0N THE DOMA0N WHERE THE PRODUCED DUST
MASS 0S HALF TO TW0CE AS MUCH AS 0S OBSERVED 0N THE DUST CLOUD%
/HE SMALLEST TARGET CAPABLE OF PRODUC0NG SO MUCH DUST 0S ΩΩ3
KM 0N RAD0US pWHEN H0T Bx A Ωzn KM 0MPACTOR(s HOWEVER: 0N
EROS0VE COLL0S0ONS: A fit KM BODx 0MPACT0NG A ent KM OBiECT
CAN ALSO GENERATE TH0S AMOUNT OF DUST% �T THE FASTER 0MPACT
VELOC0Tx: THE CATASTROPH0C M0N0MUM L0M0T DROPS TO A M0N0MUM
TARGET RAD0US OF Ωzn KM WH0LE THE EROS0VE L0M0T DROPS THE 0Mh
PACTOR RAD0US TO te KM% /HE ESCAPE VELOC0Tx FROM THE LARGEST
FRAGMENT 0N THE CATASTROPH0C COLL0S0ON 0S AROUND ≥ Ωt; M S�o:
SUGGEST0NG A H0GH 0MPACT VELOC0Tx% gOWEVER: THE UNCERTA0NTx
0N THE EXPANS0ON VELOC0Tx 0S LARGE AND A LARGER 0MPACT VELOC0Tx
WOULD NOT CHANGE OUR RESULTS%
/HE RATE OF COLL0S0ONS BETWEEN PLANETES0MALS THAT COULD

PRODUCE THE RE+U0RED AMOUNT OF DUST DEPENDS ON THE0R NUMBER
DENS0Tx AND 0NTERACT0ON VELOC0Tx% r0NCE !OMALHAUT B 0S LOCATED
NEAR THE 0NNER EDGE OF THE !OMALHAUT DEBR0S BELT: WE ASSUME
THE DENS0Tx OF PARENT BOD0ES AT THE COLL0S0ONAL LOCAT0ON TO
BE S0M0LAR TO THAT 0N THE BELT% vE CALCULATE THE BELT MASS
AND DENS0Tx FROM 0TS SPECTRAL ENERGx D0STR0BUT0ON AND THERMAL
SURFACE BR0GHTNESS: x0ELD0NG A TOTAL OF 37%Ωfi ld�+T4: ASSUM0NG A
LARGEST BODx 0N THE D0STR0BUT0ON HAS A D0AMETER OF 3zzz KM AND
THAT THE BELT MATER0AL HAS A BULK DENS0Tx OF t%fi G CM�t% /HE
T0MESCALE FOR COLL0S0ONAL EVENTS PRODUC0NG THE RE+U0RED AMOUNT
OF DUST CAN BE EST0MATED Bx 0NTEGRAT0NG THE D0fERENT0AL RATE OF
COLL0S0ONS 0N THE PROiECT0LE AND TARGET MASS SPACE H0GHL0GHTED
0N !0GURE n% vE 0NTEGRATE THE DOMA0N THAT PRODUCES DUST HALF
TO DOUBLE OF THE AMOUNT OBSERVED: x0ELD0NG T0MESCALES OF ≥
z%fifl AND ≥ z%3 M0LL0ON xEARS FOR THE 37z M S�o AND fl;fl M S�o
COLL0S0ONAL VELOC0T0ES: RESPECT0VELx%
!OMALHAUT B WAS ABOVE THE DETECT0ON LEVEL FOR ONLx A DECADE:

MAK0NG 0T UNL0KELx TO HAVE AR0SEN 0N A DxNAM0CALLx COLD +U0ESh
CENT PLANETARx SxSTEM G0VEN THE T0MESCALES iUST DER0VED% ∆VEN
0F THE DUST PRODUCT0ON 0S MORE EffC0ENT THAN WE HAVE ASSUMED:

FÖroÖq ds Vi- OM@R z Cdbdladq fifi: 19fi8 z unk- WWW z mn- WW z 8



0%E% THE SLOPE OF THE S0yEhFRE+UENCxhD0STR0BUT0ON 0S STEEPER THAN
ht%7fi: THE RAR0Tx OF TH0S OBiECT 0S SHOWN Bx THE LACK OF S0M0LAR
SOURCES AMONG �HS 0MAGES OF EXOPLANETS AND DEBR0S D0SKS
pflΩ( COMPARED W0TH THE NEARh0NFRARED RATE OF TRUE EXOPLANET
DETECT0ONS pE%G%: fl3(%
,xNAM0CAL 0NSTAB0L0Tx FROM PLANETARx M0GRAT0ON CAN ST0R

PLANETES0MAL POPULAT0ONS AND 0NCREASE THE0R COLL0S0ON RATES% -T
0S THE MOST L0KELx EXPLANAT0ON FOR EVENTS L0KE !OMALHAUT B:
AND WAS ALSO 0NVOKED Bx pΩn(% rUCH DxNAM0CAL ACT0V0Tx HAS
BEEN MODELED 0N DETA0L TO EXPLA0N THE 0N5UENCE OF PLANETARx
M0GRAT0ON ON THE EVOLUT0ON OF THE rOLAR rxSTEM pflt8flfi(: LEAD0NG
TO ELEVATED PLANETES0MAL COLL0S0ON RATES AS RE5ECTED: FOR EXAMPLE:
0N THE gEAVx aOMBARDMENT 0ND0CATED Bx THE 0MPACT RATE ON
THE lOON pE%G%: fl78fln(%

RtllWqx

/HE PLANETARx NATURE OF !OMALHAUT B HAS BEEN A MxSTERx EVER
S0NCE 0TS DETECT0ON OVER A DECADE AGO% -N TH0S PAPER: WE PRESENT
PREV0OUSLx UNPUBL0SHED MEASUREMENTS OF TH0S OBiECT: AND ALSO
REhREDUCE ALL ARCH0VAL DATA TO PRESENT A COHERENT ANALxS0S THAT
SHOWS 0TS BEHAV0OR OVER A DECADE%
vE ffiND THAT THE SOURCE HAS GROWN 0N EXTENT S0NCE 0TS D0Sh

COVERx% vE USE UPDATED ASTROMETRx AND ORB0TAL SOLUT0ONS:
ffiND0NG 0TS MOT0ON 0S CONS0STENT W0TH RAD0AL pESCAP0NG( MOT0ON%
/O EXPLA0N THESE NEW OBSERVAT0ONS: WE MODEL !OMALHAUT B
AS AN EXPAND0NG DUST CLOUD: CONTA0N0NG COP0OUS AMOUNTS OF
DUST PRODUCED 0N A MASS0VE PLANETES0MAL COLL0S0ON% 9UR MODEL
PRODUCES A L0GHT CURVE: ANGULAR EXTENT: AND ORB0TAL MOT0ON
CONS0STENT W0TH THE OBSERVAT0ONS SPANN0NG A DECADE% vH0LE
!OMALHAUT B 0S NOT L0KELx TO BE A D0RECTLx 0MAGED EXOPLANET:
0T 0S PROBABLx THE ffiRST SUPER CATASTROPH0C PLANETES0MAL COLL0h
S0ON OBSERVED 0N AN EXOPLANETARx SxSTEM= 1RODUCT0ON OF TH0S
AMOUNT OF DUST THROUGH PLANETES0MAL COLL0S0ONS 0N DxNAM0CALLx
+U0ESCENT SxSTEMS SHOULD BE VERx RARE% /HE RATE OF SUCH EVENTS
WOULD BE 0NCREASED SUBSTANT0ALLx 0F HxPOTHET0CAL PLANETS AROUND
!OMALHAUT ARE UNDERGO0NG ORB0TAL M0GRAT0ON: RESULT0NG 0N A
DxNAM0CALLx ACT0VE POPULAT0ON OF PLANETES0MALS%

CWsW WuWhkWahkhsx

/HE RAW OBSERVAT0ONAL DATA CAN BE DOWNLOADED FROM THE
l0KULSK0 �RCH0VE FOR rPACE /ELESCOPES pl�r/( WEBS0TE MA0Nh
TA0NED Bx THE rPACE /ELESCOPE rC0ENCE -NST0TUTE pr/rC-(%
9UR MODEL0NG CODE: �zrh�xk: CAN BE DOWNLOADED FROM gsso9
..ldqnod-Zr-ZqhynmZ-dct.|ZfZroZq.ChrjCxm%

áBIMNTKDCFLDMSR0 v∆ �.∆ f.�s∆etk en. sg∆ g�.,W�.∆ ,nh
N�s0nN e.nl mu0,0�p v∆ sg�NK 1�tk -�k�r Nns nNkx en. Pk�NN0Nf
�N, nas�0N0Nf sg∆ nar∆.u�s0nNr ,∆rb.0a∆, g∆.∆c ats en. ∆ws∆Nr0u∆
bnll∆Nsr �N, �,u0b∆ .∆f�.,0Nf ∆�.k0∆. �N�kxr∆r ne sg∆ ,�s�p
0- JZkZr O) ds Zk- ’1//7( NoshbZk HlZfdr ne Zm DwnrnkZq OkZmds 14 Khfgs,XdZqr eqnl DZqsg- Rahdmad
21190234-

1- LZqnhr B) ds Zk- ’1//7( Chqdbs HlZfhmf ne Ltkshokd OkZmdsr Nqahshmf sgd RsZq GQ 7688- Rahdmad
21190237-

2- LZqnhr B) YtbjdqlZm A) JnmnoZbjx PL) LZbhmsnrg A) AZqlZm S ’1/0/( HlZfdr ne Z entqsg
okZmds nqahshmf GQ 7688- MVstpd 35790/7/fl0/72-

3- AZqlZm SR) LZbhmsnrg A) JnmnoZbjx PL) LZqnhr B ’1/00( Bkntcr Zmc Bgdlhrsqx hm sgd
@slnrogdqd ne DwsqZrnkZq OkZmds GQ7688a- .oI 622954-

4- Btqqhd S) ds Zk- ’1/00( @ Bnlahmdc RtaZqt.UKS.LLS 0,4 ϵl Rstcx ne OkZmdsr Nqahshmf GQ
76889 HlokhbZshnmr enq @slnrogdqhb Oqnodqshdr) LZrrdr) Zmc EnqlZshnm- .oI 6189017-

5- LZqkdx LR) ds Zk- ’1/01( LZrrdr) QZchh) Zmc Bkntc Oqnodqshdr ne sgd GQ 7688 OkZmdsr- .oI
6439024-

6- Ytqkn @) ds Zk- ’1/05( Ehqrs khfgs ne sgd UKS okZmds “mcdq ROGDQD- HHH- Mdv rodbsqnognsnldsqx
Zmc Zrsqnldsqx ne sgd GQ 7688 dwnokZmdsZqx rxrsdl- .�. 4769@46-

7- LZqdmfn L) ds Zk- ’1//8( Rohsydq.HmeqZqdc @qqZx BZldqZ Khlhsr sn OkZmdsZqx BnloZmhnmr ne
EnlZkgZts Zmc dorhknm DqhcZmh- .oI 6//90536fl0546-

8- BghZmf D) Jhsd D) JZkZr O) FqZgZl IQ) BkZlohm L ’1//8( EnlZkgZts&r Cdaqhr Chrj Zmc OkZmds9
BnmrsqZhmhmf sgd LZrr ne EnlZkgZts a eqnl chrj Lnqognknfx- .oI 5829623fl638-

0/- LZlZidj DD ’1/01( Nm sgd @fd Zmc AhmZqhsx ne EnlZkgZts- .oIJ 6439K1/-
00- IZmrnm L) ds Zk- ’1/01( HmeqZqdc Mnm,cdsdbshnm ne EnlZkgZts a9 HlokhbZshnmr enq sgd OkZmds

HmsdqoqdsZshnm- .oI 6369005-
01- IZmrnm L) ds Zk- ’1/04( Ghfg,bnmsqZrs hlZfhmf vhsg Rohsydq9 cddo nardquZshnmr ne UdfZ) En,

lZkgZts) Zmc γ DqhcZmh- .�. 4639@01/-
02- JZkZr O) FqZgZl IQ) EhsyfdqZkc LO) BkZlohm L ’1/02( RSHR BnqnmZfqZoghb HlZfhmf ne En,

lZkgZts9 LZhm Adks Rsqtbstqd Zmc sgd Nqahs ne EnlZkgZts a- .oI 664945-
03- Adtrs G) ds Zk- ’1/03( @m hmcdodmcdms cdsdqlhmZshnm ne EnlZkgZts a&r nqahs Zmc sgd cxmZlhbZk

deedbsr nm sgd ntsdq ctrs adks- .�. 4509@32-
04- Jdmmdcx FL) VxZss LB ’1/00( BnkkhrhnmZk dunktshnm ne hqqdftkZq rZsdkkhsd rvZqlr9 cdsdbsZakd

ctrs Zqntmc RnkZq rxrsdl Zmc dwsqZrnkZq okZmdsr- LMP.R 30191026fl1042-
05- Btqqhd S) ds Zk- ’1/01( Chqdbs HlZfhmf Bnm“qlZshnm Zmc BgZqZbsdqhyZshnm ne Z Ctrs,dmrgqnt,

cdc BZmchcZsd DwnokZmds Nqahshmf EnlZkgZts- .oIJ 65/9K21-
06- FZkhbgdq Q) LZqnhr B) YtbjdqlZm A) LZbhmsnrg A ’1/02( EnlZkgZts a9 Hmcdodmcdms @mZkxrhr

ne sgd Gtaakd RoZbd Sdkdrbnod Otakhb @qbghud CZsZ- .oI 658931-
07- Jdmxnm RI) Btqqhd S) Aqnlkdx AB ’1/03( EnlZkgZts a Zr @ Bkntc ne Ctrs9 Sdrshmf @rodbsr ne

OkZmds EnqlZshnm Sgdnqx- .oI 67596/-
08- KZvkdq RL) Fqddmrsqdds R) FkZclZm A ’1/04( EnlZkgZts a Zr Z Ctrs Bkntc9 Eqdptdms Bnkkh,

rhnmr vhsghm sgd EnlZkgZts Chrj- .oIJ 7/19K1/-
1/- Jdmxnm RI) Aqnlkdx AB ’1/04( BnkkhrhnmZk BZrbZcd BZbktkZshnmr enq HqqdftkZq RZsdkkhsd

RvZqlr hm EnlZkgZts a- .oI 70095/-
10- SZlZxn C ’1/03( Bnmrdptdmbdr ne Zm dbbdmsqhb nqahs enq EnlZkgZts a- LMP.R 32792466fl

2475-
11- VZkrg IQ) Fntceqnnhi O) LZktltsg D ’1//0( RSHR Fdnldsqhb Chrsnqshnm , RLNU2@ sdrsr enq

BBC) MTUL@L@ Zmc ETU,L@L@) SdbgmhbZk qdonqs-
12- Jqhrs ID) Gnnj QM) Rsndgq E ’1/00( 1/ xdZqr ne Gtaakd RoZbd Sdkdrbnod noshbZk lncdkhmf

trhmf Shmx Shl hm NoshaVi Lncdihmf Vmc OdpenplVmad Opdchashnmr S) Oqnb- ROHD- Unk- 7016) o-
7016/I-

13- EnqdlZm,LZbjdx C) Gnff CV) KZmf C) FnnclZm I ’1/02( dlbdd9 Sgd LBLB GZlldq-
O.RO 01492/5-

14- AZkkdqhmf MO) Rt JXK) Qhdjd FG) FÖroÖq @ ’1/05( @ Bnloqdgdmrhud Ctrs Lncdk @ookhdc sn
sgd Qdrnkudc AdsZ Ohbsnqhr Cdaqhr Chrj eqnl NoshbZk sn QZchn VZudkdmfsgr- .oI 712’1(90/7-

15- VZyZ S) LZsrth S) JZmh J ’0874( KZanqZsnqx rhltkZshnm ne okZmdsdrhlZk bnkkhrhnm- HH , DidbsZ
udknbhsx chrsqhatshnm- I- Ednogur- Pdr- 8/90884fl1/00-

16- KhrrZtdq II) RsdvZqs FQ ’0882( Fqnvsg ne okZmdsr eqnl okZmdsdrhlZkr hm OpnsnrsVpr Vmc OiVm,
dsr GGG) dcr- Kdux DG) Ktmhmd IH- oo- 0/50fl0/77-

17- FÖroÖq @) OrZkshr C) ”ydk E) Qhdjd FG) Bnnmdx @ ’1/01( Lncdkhmf BnkkhrhnmZk BZrbZcdr hm
Cdaqhr Chrjr9 Sgd MtldqhbZk Ldsgnc- .oI 638903-

18- Mdrunqmê C) Unjqntgkhbjê C) Anssjd VE) Rxjdr L ’1//5( OgxrhbZk oqnodqshdr ne Zrsdqnhc ctrs
aZmcr Zmc sgdhq rntqbdr- GaVptr 070’0(90/6fl033-

2/- Lnqdmn E) ds Zk- ’1/05( Sgd ctrs dmuhqnmldms ne bnlds 56O.Bgtqxtlnu,FdqZrhldmjn eqnl
QnrdssZ NRHQHR Zmc UKS nardquZshnmr hm sgd 3-4 sn 1-8 @T gdkhnbdmsqhb chrsZmbd qZmfd hm,
antmc- .�. 4769@044-

20- Lnqdmn E) KhbZmcqn I) BZaqdqZ,KZudqr @) Onytdknr EI ’1/05( DZqkx Dunktshnm ne Chrqtosdc
@rsdqnhc O.1/05 F0 ’O@MRS@QQR(- .oIJ 715’1(9K11-

21- Lnqdmn E) KhbZmcqn I) BZaqdqZ,KZudqr @) Onytdknr EI ’1/05( Ctrs Knrr eqnl @bshuZsdc @rsdq,
nhc O.1/04 W5- .oI 715’1(9026-

22- VdhmfZqsmdq IB) CqZhmd AS ’1//0( Ctrs FqZhm,Rhyd Chrsqhatshnmr Zmc Dwshmbshnm hm sgd Lhkjx
VZx) KZqfd LZfdkkZmhb Bkntc) Zmc RlZkk LZfdkkZmhb Bkntc- .oI 4379185fl2/8-

23- Dk Lhq B) QZldrg J) QhbgZqcrnm CB ’1/08( @ mdv gxaqhc eqZldvnqj enq rhltkZshmf gxodqud,
knbhsx Zrsdqnhc hloZbsr Zmc fqZuhsZshnmZk qdZbbtltkZshnm- GaVptr 21090/02fl0/14-

24- CtqcZ CC) ds Zk- ’1//6( Rhyd,eqdptdmbx chrsqhatshnmr ne eqZfldmsr eqnl ROG. M,ancx rhltkZ,
shnmr ne Zrsdqnhc hloZbsr9 BnloZqhrnm vhsg nardqudc Zrsdqnhc eZlhkhdr- GaVptr 075’1(9387fl
405-

25- Itsyh L) Lhbgdk O) QhbgZqcrnm CB ’1/08( EqZfldms oqnodqshdr eqnl kZqfd,rbZkd Zrsdqnhc bnk,
khrhnmr9 H9 Qdrtksr eqnl ROG.M,ancx rhltkZshnmr trhmf onqntr oZqdms anchdr Zmc hloqnudc
lZsdqhZk lncdkr- GaVptr 2069104fl117-

26- AdmZuhcdy OF) ds Zk- ’1/07( HloZbs rhltkZshnm hm sgd fqZuhsx qdfhld9 Dwoknqhmf sgd deedbsr ne
oZqdms ancx rhyd Zmc hmsdqmZk rsqtbstqd- GaVptr 2/39032fl050-

27- LhbghjZlh S) ds Zk- ’1//7( Rhyd,eqdptdmbx rsZshrshbr ne antkcdqr nm fknaZk rtqeZbd ne Zrsdqnhc
14032 HsnjZvZ- AVpsg& OiVmdsr& Vmc RoVad 5/902fl1/-

28- LhbghjZlh S) ds Zk- ’1/08( Antkcdq rhyd Zmc rgZod chrsqhatshnmr nm Zrsdqnhc Qxtft- GaVptr
2209068fl080-

3/- Admy V) @rogZtf D ’0888( BZsZrsqnoghb Chrqtoshnmr Qduhrhsdc- GaVptr 03194fl1/-
30- Gtfgdr @L) Ctbgámd F) LZssgdvr AB ’1/07( Cdaqhr Chrjr9 Rsqtbstqd) Bnlonrhshnm) Zmc

UZqhZahkhsx- .P.�. 459430fl480-
31- VZfmdq J) @oZh C) JqZssdq JL ’1/08( Nm sgd LZrr Etmbshnm) Ltkshokhbhsx) Zmc Nqhfhmr ne Vhcd,

nqahs FhZms OkZmdsr- .oI 766’0(935-
32- Fnldr Q) Kduhrnm GE) SrhfZmhr J) Lnqahcdkkh @ ’1//4( Nqhfhm ne sgd bZsZbkxrlhb KZsd GdZux

AnlaZqcldms odqhnc ne sgd sdqqdrsqhZk okZmdsr- MVstpd 324’6/30(9355fl358-
33- Rsqnl QF) LZkgnsqZ Q) Hsn S) XnrghcZ E) Jqhmf C@ ’1//4( Sgd Nqhfhm ne OkZmdsZqx HloZbsnqr

hm sgd Hmmdq RnkZq Rxrsdl- Rahdmad 2/8’4631(90736fl074/-
34- Kduhrnm GE) Lnqahcdkkh @) SrhfZmhr J) Mdrunqmê C) Fnldr Q ’1/00( KZsd NqahsZk HmrsZahkhshdr

hm sgd Ntsdq OkZmdsr Hmctbdc ax HmsdqZbshnm vhsg Z Rdke,fqZuhsZshmf OkZmdsdrhlZk Chrj- .I
031’4(9041-

35- LZkgnsqZ Q) GnklZm L) Hsn S ’1//0( BgZnr Zmc rsZahkhsx ne sgd rnkZq rxrsdl- Opnaddchmfr ne
sgd MVshnmVi .aVcdlu ne Rahdmad 87’11(901231fl01232-

36- Vt X) Khsgvhbj X ’1/00( RdbtkZq BgZnr Zmc sgd Oqnctbshnm ne Gns Itohsdqr- .oI 624’1(90/8-
37- CZuhdr LA) ds Zk- ’1/03( Sgd Knmf,Sdql CxmZlhbZk Dunktshnm ne OkZmdsZqx Rxrsdlr hm Opnsn,

rsVpr Vmc OiVmdsr SG) dcr- Adtsgdq G) Jkdrrdm QR) Ctkkdlnmc BO) Gdmmhmf S- o- 676-
38- Lnqahcdkkh @) ds Zk- ’1/07( Sgd shldkhmd ne sgd ktmZq anlaZqcldms9 Qduhrhsdc- GaVptr 2/49151fl

165-
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