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A bstract.

The D eep Ecliptic Survey is a pro gct whose goal is to survey a large area of the
near-ecliptic region to a faint lim iting m agnitude (R 24) in search ofob fcts in the
outer solar system .W e are collecting a Jarge hom ogeneousdata sam ple from theK itt
Peak M ayall 4-m and Cerro Tololo Blanco 4-m telescopes w ith the M osaic prin e-
focus CCD cam eras. O ur goal is to collect a sam ple of 500 ob Fcts w ith good orbits
to further our understanding of the dynam ical structure of the outer solar system .
T his survey has been in progress since 1998 and is responsible for 272 designated
discoveries as of M arch 2003.W e sum m arize our technigues, highlight recent results,
and describe publically available resources.

K eywords:

1. Summ ary and G oals of the Survey

W ith the discovery of a Jarge population of ob fcts at or beyond the
distance of N eptune com es the ability to Jleam about the processes that
shape our solar system atm uch greater distances than previously possi-
ble.M any groups are focusing on studying the new ly discovered ob fcts
them selves through color or spectroscopic m easurem ents, lightcurve
and rotation studies, or searches for satellites. H ow ever, before these
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studies can proceed, onemust rst locate these ob Ects and determ ine
good orbits. O ver and above determm ining existence, having an ensam ble
of good orbits perm its investigations into the dynam ical structure of
the outer solar system .W e w ish to understand w hich ob fcts are lkely
to be dynam ically long-lived and thusm ay represent undisturbed pri-
mordialm aterial. W e w ish to understand dynam ical lifetim es and the
role resonances have plyed over the age of the solar system .

O ur progct began In 1998 as the rstof the argeform at CCD m o—
saic array cam eraswas com m issioned by NOAO atK ittt Peak.U tilizing
theM osaic cam eras (0.35 arcm in? ,8k 8k array)atK itt Peak and C erro
Tololo, we have been pursuing a system atic survey of the nearecliptic
region. In 2001 we were granted 3 years of form al survey status by
NOAO which provides 20 nights of access per year (now extended to a
fourth year). T he goalof the survey is to collect a sam ple of 500 KBO s
w ith wellestablished orbits and known observational biases in their
discoveries. From this dataset we can address questions of resonance
population, inclination distribution, radial distribbution, m agnitude or
size distrbbution, and m ore. In this article we present a brief sum m ary
of our survey technique, provide a snapshot of our results, and describe
resourcesw e have developed for our survey thatm ay be ofw der interest
to the scienti ¢ com m unity.

2. Summ ary of Technigues

21. Data Collection

W ehavedivided the sky up into 12600 eld locationswhose eld centers
are within 6.5 degrees of the ecliptic. The abutting elds correspond
to the area of the M osaic array on the sky.Any eld (collection of 8
detector in ages) w ith one orm ore starsbrighter than R = 9 isnotused
for searching. A Iso, only those elds that contain 35 or m ore USNO —
A 20 catalog sources on each CCD are then used for searching. T his
list contains 1943 total eldsat xed locations that are distrdbuted at
all ecliptic Iongitudes, except for a 20 gap where the ecliptic crosses
the galactic plane near the galactic center.

Candidate eldsforany given observing run liew ithin 30 ofthe op—
position point, thus elin nating confusion w ith the far m ore num erous
m ainbeltasterods.W e search a eld by taking two In ageson onenight
separated by between 1.7 and 2.7 hours. W e usually attem pt a third
fram e forcon m ation on either the preceding or follow ing night. In the
early days of the survey, this third fram e was not reqularly obtained.
Foregoing the third fram e enabled us to m axin ize sky coverage and,
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therefore, the num ber of ob ects discovered pernight. H ow ever, w ithout
an observation on a second night, the M inor P lanet C enter w ill not
announce a discovery to the community. Because this annoucem ent
was judged to signi cantly increase the likelihood of astrom etric obser-
vations by others, we began taking third fram es of all elds cbserved
n a given run.

A1l In ages are binned 2x2 to reduce the readout tim e and the Il
size. This produces a nal in age scale of 0.52 arcsec/pixel which is
adequate to sam ple the seeing disk on allbut the best nights.W e rarely
see signs that the data are undersam pled even though sub-arc second
seeing is comm on at these facilities. T his situation m ay wellbe due to
the broad VR Iter ( cent = 6080A , pyum = 2230A ) that we use for
maxinum sensitivity, In that the atm ospheric dispersion correction is
designed to correct a som ew hat narrow er bandpass.

22. Data Processing

O urdata processing pipeline applies sin ple In age processing rules.W e
subtract overscan and correct for a superbias in age on a chip-by-chip
basis. Superbias In ages are generally created from a stack of10 biasin —
ages.Flat elding com es from taking the rst 2030 in ages of the night
| typically the st set that is collected w ithout a repeated telescope
pointing. The data in ages are com bined w ith sigm a-outlier exclusion
with a m ean of the pixels that do not Include sources or cosn ic ray
hits. W hile these atsm ay not represent the best possble calbration
products, they arem ore than adequate to support our source detection
procedures.

A fter thedata are attened, we run a source detection program and
generate a list of all sources that are 3-sigm a above sky or brighter.
O nce located , w e generate instrum entalm agnitudes for all sources w ith
the aperture size chosen for that night. G enerally we use an aperture
of 3 or 4 pixel radius, som etin es as large as 5 on poorer nights.

Follow Ing source detection, we solve for an astrom etric transform a—
tion from pixel coordinates to equatorial celestial coordinates using
reference stars from the USNO A 2.0 star catalog. The in ages are
strongly distorted, particularly in the comer CCD s, and som etin es
determ ining an astrom etric solution can be challenging. A 1l astrom etric
solutions are visually inspected and veri ed. A last stage by-product
of the astrom etric solution is a correspondence between instrum ental
m agnitude and catalog m agnitude.W e select those starsw ith consistent
P SF's to determ ine a zeropoint correction for each CCD . T he process
of generating a zero-point correction works very wellbut the nalm ag—
nitudes are only as good as the catalog (generally to a few tenths ofa
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m agnitude but som etim es m uch worse, particularly at southem decli-
nations). W ork is underway to provide a m photom etric calbbration
of the survey data.

G iven a list of sources w ith right ascension, declination, and m agni-
tudes for each fram e pair, we then com pare the two lists and rem ove all
comm on sources. O n the ob Ects left over we look for pairs of ob fcts
m oving w ithin 30 degrees of the ecliptic w ith m otion rates at or below
5 arcsec/hour. A ny such pairs found are tagged for visualcon m ation.

T he next step In the process is a visual inspection of all in age pairs
to search form oving ob fcts. W e have an ID L-based program that dis-
playsthe in ages and allow sm arking ofm oving ob fcts. T he in age pairs
are shown w ith the rst epoch in the red Im age plane and the second
epoch In theblue and green in age planes. F ixed ob fcts (stars,galaxies,
etc.) show as white ob fcts. M oving ob jcts appear as red/cyan pairs
that are very easy to spot. T his technigue ismuch, m uch faster than
traditionalblinking and quickly to dentify m oving ob fcts.Each in age
pair is exam Ined successively by two people to m Inin ize the e ects of
visual fatigue. The rst pass is also used to valdate any ob Fcts found
via software.W e have tested thism ethod against softw are detection al-
gorithm s and w ith data salted w ith synthetic m oving ob Fcts (M illis et
al., 2002). It com pares very favorably against allcom puter technigues,
w ith essentially no di erence in lin iting m agnitude or com pleteness
except that we can reliably work w ith pairs of detection im ages w here
software-only techniques need three or m ore fram es to be e ective.
The 50% e ciency detection threshold is quite close to the lim iting
m agnitude of an Im age, w hich de ned to be the m agnitude of a source
whose peak pixel is 3— above sky. Visual inspection does, how ever,
have com pletely di erent detection biases from com puter technigues,
so the nal list of obfcts is m ore com plete than could be obtained
from Jjast one technigue. N ote that in our survey we attem pt to m ark,
m easure, and report all m oving targets, regardless of rate. Our eld
size and cadence is such that we are sensitive to m otion rates from 0.5
arcsec/hour up to about 200 arcsec/hour.

Once the In ages have been exam ined, we com pute the right as—
cension, declination and m agnitides of the m oving ob fcts from the
previously determ ined solutions. O ne person then review s all slow Iy
moving objcts to make a nal determm ination of the valdity of the
detection and to consult the third In age for con m ation (if it exists).

A nalreview of the candidate ob jcts com es from attem pting to

ta fam ily of Vaisala orbits to the observations. If the resulting orbit
doesnot yield am eaningfiill prograde K uiperB elt or C entaur orbit, the
ob Fct isdropped from the \interesting" ob ject list. T hem ost com m on
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reason for refction in this review is that the positions of the candidate
cannot be tby any physically plausible orbit.

O nce these review s are com pleted, we com pare all m easurem ents
against known KBO sand Centaursto nd linkagesw ith already known
ob Fcts. O nce these linkages are denti ed, allobservations are reported
to the M inor Planet Center. G enerally speaking, com pletion of the
astrom etric reference fram e determ ination takes nom ore than a day or
tw o after theend of the run. In fact, ifeverything goeswellduring a run,
it is possible to leave the telescope w ith all the astrom etric reductions
having been com pleted . W e can often start the visual inspection before
the end of the run as well. T he rest of the processing can be done in
as little as a week follow Ing the cbserving run provided that there are
no com plications in the data. Nom ally, the results are available and
reported w ithin two to three weeks.

3. Summ ary of O b jcts Found

Including all overhead we can collect about 110 im ages per 10 hour
night with a 4-m inute exposure tine. W ith 3 in ages per eld, this
am ount yields 37 search elds, or 12.8 squaredegrees per night. A s
0f 2003 M ar 1, we have been allocated 400 hours at K itt Peak where
244 hours were usabl (61% ) and 250 hours at Cerro Tololo where
229 hours were usable (92% ). To date we have thus surveyed aln ost
600 squaredegrees. O ver this region, we have denti ed 468 interesting
ob Fcts (m oving slower than 15 arcsec/hour w ithin 30 degrees of the
opposition point) of which 272 have received o cialdesignations.

3.1. Special List of \Interesting" Objects

A s the sam ple size of known K BO s increases, better statistics are real-
zed form apping out previously know n structures (eg., non-resonantvs.
resonant populations). In addition to the routine ob jcts found ,w e have
begun to nd them ore unusualob fcts In the outer solar system . In Ta—
bles IV we provide shorts lists of particularly interesting categories of
ob Fcts that have w elldeterm ined orbits. In each table the ob ct nam e
isgiven along w ith the absolutem agnitude, Hy , sem im a praxis,a (in
AU ), eccentricity e, inclination i, and perihelion distance, g (in AU ).
Thenextcolum n istheuncertainty ofthem ost relevant quantity in each
table.F inally, the aphelion distance,Q (in AU ), isgiven followed by the
dynam ical classi cation (discussed in the next section). N ote that the
orbitalelam ents listed and their errors are determ ined by them ethod of
Bemstein and K hushalani (2000) except that we determ ine barycentric
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Table I. Intrinsically bright ob fcts, Hy < 5

ObjfctName Hy a e i q a Q Type
(28978) Ixion 32 394 0243 197 298 0006 49 32e,6:4i
(42301) 2001 UR163 42 514 0.281 08 370 0004 66 ScatExtd
2001 Q Fos 46 392 0113 224 348 0089 43 3:2e

2001 UQ 18 49 442 0028 52 430 045 45 Classical
(19521) Chaos 49 459 0108 120 410 0.007 51 Clssical
2001 KA 77 49 474 0095 119 429 0053 52 Classical
2000 CN 105 49 448 0.095 34 406 0055 49 Classical

Table II. D istant ob gcts, (> 30,a > 90) or (e> 0=8)

ObjfctName Hy a e i q q Q Type

2000 00 67 91 5237 0960 201 208 005 1027 Centaur
2001 FP1ss 61 2254 0848 308 3425 0.03 416 ScatN ear
2000 OM 67 6.3 973 0597 234 3919 003 155 ScatN ear
2000 CR 105 61 2298 0807 227 442 0.2 415 ScatExtd

elem ents rather than heliocentric elem ents. A 1so, the elem ents are all
Integrated to a comm on epoch of 2003 Aug 5.

Table I show s a list of the Intrinsically brightest ob fcts (largest if
a constant albbedo is assum ed). A though this is a short list of ob Fcts,
there are a w ide range of dynam ical classes represented here.

Table II show s a list of the m ost distant ob Fcts: large perihelion
distances and large sam i a pr axes or large eccentricity. T he ob fct
2000 O O g7 has the Jargest aphelion distance (by a w dem argin) of any
KBO orCentaurdiscovered thus far.O ne ob Ect of particular note here
(2000 CR 1p5 ) hasa perihelion distance w elloutside the orbit of N eptuune
(see discussion of G Jadm an et al., 2002 and Bruniniand M elita, 2002).
Though its orbit indicates a past scattering event, there are as yet
no w idely accepted explanations for its origin. N ote that all of these
ob Fcts have m oderately Jarge inclinations.

Table IIT show s a list of the highest inclination ob Fcts from our sur-
vey. T he Jast ob fct on the table, 2002 X U g3, has the largest inclination
of any ob Fct found so far.0 nly one other ob fct, 2002 VQ ¢4 (not found
in our survey) has a sin ilar inclination, and both are C entaurs. In the
non-C entaur population (including scattered disk), inclinations greater
than 35 degrees have not been seen.
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Table ITI. H gh—inclination ob fcts, i> 30

ObfctName Hy a e i q 5 Q Type
2001 Q C 298 59 461 0120 306 406 0.001 52 ScatNear
2001 FPi1ss 6.1 2254 0848 308 343 0.0001 416 ScatNear
2000 QM 252 6.8 406 0071 348 37.7 0.006 44  ScatNear
2002 X U o3 79 685 0695 778 209 0.058 116 Centaur

Table IV . O b Ects w ith aphelion at or inside N eptune’s orbit,Q < 35

ObfctName Hy a e i q 0 Q Type

(54598) 2000 Q C 243 76 165 0202 208 131 0.0007 198 Centaur

2000 CO 104 100 243 0.152 31 206 0.009 279 Centaur
2002 PQ1s2 85 256 0.19% 94 206 02 306 Centaur
2001 QR 322 7.0 301 0.017 13 296 005 306 11

2001 KF 77 94 260 0.238 44 198 0.009 322 Centaur

Table IV includes all \nearby" ob fcts from our survey. T hese ob—
“Bcts have orbits at or interior to N eptune but beyond Jupiter.M ost of
these ob fcts are C entaursbut also included isthe rstknown Neptune
Tropmn ob Ect (Chiang et al., 2003a).

32. Orbit Classifications

W ith the increasing num ber of ob fcts and the em ergence of new dy-
nam ical com plexities in this sam ple, we have been forced to revisit
the concept of orbit classi cation. Previous scheam es are inadequate to

capture the dynam icaldiversity and sin ilarities in the transN eptunian

region.A Iso, attrbuting m em bership to a particular resonance has usu—
ally relied on an assignm ent based on sam im a pr axis, eccentricity, and

inclination.O ur In proved process isdiscussed at som e length in C hiang
etal. (2003b) and usesa 3 M y forw ard integration upon which the orbit
classi cation isbased.Table V lists the dynam ical type for all ob Fcts
from our survey w ith observation arcs greater than 30 days. Qual” isa
orbit classi cation quality code where 3 m eans that the nom inal orbit
and its 3 clones agree, 2 m eans that one clone m atches the nom inal
orbit, 1 m eans that both clones di er from the nom inal orbit, and 0

m eans that the error was too lJarge to even bother classifying the orbit.
T he resonant ob Fcts are shown w ith their resonance descriptor of the
form M N which refers to the m ean-m otion resonance w ith N eptune,
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Table V. Summ ary of O bct T ypes Found
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whereM is the integer m ultiplier of N eptune’s period and N is the inte—
ger m ultiplier of the ob Fct’s period . Follow ing the period relationship
is listed the form and the order of the resonance. The symbol, e or i
refers to the eccentricity or inclination of the ob fct and e, refers to
the eccentricity of N eptune.

4. Outer Edge of Belt

T he size of our sam ple is now large enough to address the issue of the
radial extent of the non—resonant (C lassical) belt. W e can ask a very
sin ple question of our data: is the outer lin it of our sam ple deter—
m ined by the lm its of our data collection or is it determ ined by the
spatialdistribution of thebelt? Thenom inallim iting m agnitude for our
data isR = 23:5.W ithin our dataset, 38% have a lim iting m agnitude
fainter than 23.5, 44% are between 230 and 23.5, 12% are between
225 and 230, and the nal 6% are worse than 22.5. These lin itihg
m agnitudes refer to the brighter Iim it of the pair of fram es used to
search each location.W hen the e ects of follow up e orts are included,
ob Fcts w ith good orbits have a lin iting m agnitude of roughly R = 23.
G ven the range of Hy seen in the non-—resonant population, we should
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Figure 1. Num ber of non-resonant ob Ects detected relative to the num ber found
at 42 AU . This curve show s the observed fall o in sky density of non-—resonant
ob Ects as heliocentric distance increases. If the density and size-frequency-albedo
distribution were independent of distance, we would have m easured 1 04 at 55
AU.

be able to see ob fFcts at a greater distance than we do. Additionally,
as the heliocentric distance Increases the re ex m otion of the obfct
decreases. H owever, our search strategy can easily discem ob jfcts by
their m otion out to roughly 250 AU , perhaps even further. O ur m ost
distant discovery of any dynam icalclass was an ob gct at 53 AU .

To see if this is a property of our survey or of the non-resonant belt,
w e took all the non—resonant ob fcts discovered between 41 and 43 AU .
U sing this sam ple, we can ask how m any of these would be detected at
som e furtherdistance. In thisway we can deduce a relative arealdensity
asa function ofheliocentric distance. T hiscurve isshown in Fig.1.Note
that the observed relative areal density drops to zero at 50 AU . U sing
this test, our survey would have seen ob Ects out to 70 AU and this
curvewould be at if the arealdensity were independent of heliocentric
distance. T he fact that this curve drops to zero is a direct indication
of a decrease In the num ber of ob fcts w ith Increasing distance. This is
the so-called \K uper C 1i " which hasprevisouly been placed at47 1
AU by Trujillo and Brown (2001). 0 ur new data are clearly consistent
w ith this prior result. W e take Fig. 1 as solid evidence that the space
density or size-frequency-albedo distribution (or both) of non-resonant
ob Fcts changes dram atically w ith heliocentric distance. O ur sam ple is
sensitive out to 60-70 AU . For reference, at 55 AU we should have seen
7 ob Fcts com pared to 28 ob Fcts in the observed sam ple. But, we did
not nd any classical ob fct beyond 49 AU In our sam ple.
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5. Sum m ary of Publically A vailable R esources

T he biggest challenge in reaching the goal of the survey is In obtaining
all the follow up astrom etry needed to secure the orbits of our new ly
discovered ob Ects. A useful ruleofthum b for the am ount of astrom e-
try needed is 2-2-1, which transltes to observations in 2 lunations in
the discovery apparition, observations In 2 lunations in the apparition
after discovery, and nally one m ore observation in one lunation in
the second year after discovery. In this case, \observation" refers to
collecting at least a pairofm easuram entson a single night. T hispattem
of observation w ill usually determ ine the orbit well enough to establish
the dynam ical type. Looking at the problem this way, it is clear that
discovering ob Ects is only 20% of the work required. It is also true
that the power of our wonderfulw ide- eld cam eras is wasted on m ost
follow up work.W e have had to increase the am ount of tin e we spend
on ollow up to the detrim ent of new discoveries. O nly through recovery
observations w ith other telescopes w illwe reach the goal of 500 secure
orbits.

W ithin the DES team we work aggressively to secure tin e on other
telescopes for follow up on M auna Kea, Lick O bservatory, other tele-
scopes on K itt Peak ,M agellan and the Perkins 1.8-m .D egpite ourbest
e orts, ob fcts are still being lost, but help from other observers can
reduce the loss rate. To facilitate this com m unity-w ide collhborative
e ort we m ake every e ort to release all of our discoveries as soon as
possible follow Ing a search run. T hese m easurem ents are all subm itted
to the M inor Planet Center M PC ), usually within 23 weeks after
the end of the run. Additionally, we post a considerable am ount of
Inform ation on the Lowell O bservatory website. Table V I sum m arizes
som e of our online resources. T he Inform ation in these w eb pages should
bem ostly selfexplanatory. H ow ever, take note that w herever an ob fct
nam e appears, it is hyper-dinked to a summ ary of inform ation about
that ob fct. The summ ary includes the output from the orbit tting
process (Bemstein and K hushalani, 2000), all of the astrom etry used as
nputto the t,and the residuals from the t.A Iso note that therew ill
often be astrom etry included in our data that are not published by the
M PC .W e have included all data that we believe are relevant for the
ob Fct.M ost often, the di erence com es In partial recovery observations
w here we have second apparition observations on only one night that
w e believe constitute a good recovery. H ow ever, these observations are
not considered an o cialrecovery,and them easuram ents are notm ade
publicby theM PC untilanother set of observations are collected . T hese
pages are regenerated autom atically every m oming. It is our hope that
by providing these services and prom ptly reporting our new ob Jcts
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that we enable others to assist w ith the form dable followup task.W e
also encourage observers to send us a copy of any data subm itted to
the M PC in case of any partial recovery cbservations. If the linkages
appear to be vald, the observations w illbe added to our localdatabase
and can be used mm ediately to guide future recovery e orts.
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Table VI. Summ ary of Public R esources

URL

Content

http//www Jowelledu
/Research/DES/

/ buie/kbo

/kbofollow up htm 1

/nondesig htm 1

/desightm 1

/tablel htm 1

/table2 htm 1

/table3 htm 1

/tabled htm 1

fip i/ /fip Jow elledu
/pub/buie/kbo/recov
/YYMMDD dat

/YYMMDD dat

/pub/buie/d1l

M ain Lowell O bservatory web site

M ain prokct summary page with links to other
inform ation about the survey.

Main summary of DES obfcts and observing run
status.

Table of links to follow up lists. T he follow ing links are
currently present but their content and organization
m ay change in the future.

List of our discoveries that are not yet con m ed
or designated and with a positional error < 1 .
This page m ay also indicate where the next follow up
attem pt w ill take place.

List of all our discoveries that have been designated
regard less of their current ephem eris error. T his list is
sin ilar to but not exactly the sam e as that generated
by theM inor P lanet C enter. R egardless of form aldis-
covery credit, an ob fct appears here because it can
be included as part of the hom ogeneous dataset from
the survey.

List of all KBO s and Centaurs with little need of
astrom etry. This lists DES and non-DES ob Ects.

List of all KBO s and Centaurs needing astrom etry
but whose errors are sn all. This is a list of ob fcts
whose orbits would be in proved som ew hat by new
observations. Ifyou havea sm all- eld instrum ent, this
list would be good to work from butare generally not
critical to be observed.

List of allK BO s and C entaurs that need astrom etry
or they will soon be lost. This is the critical list of
ob fcts that need observation. G enerally their errors
are still an all enough that they can be found, but if
they are not soon observed they w ill often be lost.
List of all KBOs and Centaurs that have very
large positional errors and are essentially lost. The
ephem eris uncertainties on these ob fcts is gener-
ally large enough that a sinple pointed recovery
e ort will not be successful and the ob jct m ust be
re-discovered .

Listofalldesignated K BO sand CentaursatOh U T on
thedate (YY {year,M M {m onth, and DD {day) given
by the lename.This lecontainspredicted positions
and uncertainties and other inform ation about the
astrom etry record. This is designed to be used that
night In support of recovery observations.

List of non-designated ob fcts, sam e form at as dat

les (see tnorecov.pro in ID L library).

R epository ofallID L softw are used in this (and other)
pro Ects.
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