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Abstract

Oneof thechallengsof X-ray astronony is how to bothcollectlarge numtersof pho-
tonsyetattainhighangularesolution BecauseX-ray telescopesitilize grazingoptics,
to collectmorephaonsrequires alarger acceptaoe anglewhichin turn compomises
the angularresolution All X-ray telescops thus have anguar resolutionfar poaer
thantheirdiffractionlimit. Although collectingmore photasis adesiralte goal,some-
timesselectve collectingfewer photmns mayyield moreinformation. Naturd (suchas
lunar) occultatiors have long beenusedto studysourcen smallangularscales.But
naturaloccultes areof limited utility becausef their large anguar velocitiesrelative
to thetelescopeandbecaus®f the serendipityof their transits.In anearlierpapel{6]
andin theorigind Phasd proposal,we suggstedthatonemight make useof a Steer
able Occulting X-ray Satellite(SOXS) in conjurction with existing or plannel X-ray
telescopeso achiee very-high resolutionof X-ray sources.In sodoing we reliedon
analyticestimate®f thebinarypoint-souceresolution. In thisrepot, we repea much
of thatbackgourd, anddiscussthe resultsof our Phasd investigationwhich shovs
thatthistechniqe wouldindeedwork, notjustfor binarysourceresolutio but to allow
thehigh-resolutionreconstration of complex sources, suchasrealastrononical X-ray
sources.This techniqe coud therefae vastly improve the resolutionof somefuture
X-ray telescopesparticdarly Constellation X wheresub-nilliarcsecondresolutia is
possiblefor awide rangeof sources.

1 Introduction

Oneof thebig challengsin doing X-ray astronany is therelatively low photm fluxes
from targetsoures. Thefactthat X-ray mirrors operateonly at graang anglesof inci-
dencefurther exacebatesthis prodem. Thus, while onemight naively expectsuperb
anguar resolutionfrom a 1.2 m apertue X-ray telescopesuchasthe oneonboad the
Chandra satellite,the 0.5 arcsecod reality is far from the 0.3 milliarcseco nomi-
nal diffractionlimit, andconsideably worsethanwhatis routinelyachiezedin longer
wavelengh band. This situationis unlikely to changein the nearfuture. Indeed,
currer plars for future X-ray missionsopt for increasedacceptancangle(andthus
increaseghotm court rate)atthe price of reducedanguar resoldion.

But it is possibleto achieve higherX-ray photoncountratesandyetimprove ones
anguar resolution. Thenecessargtepis to separatéhecollectionof photaasfrom the
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meansof achieving high resolutis. Oneway to do this is well-knovn—occlltation.
Whenanastrononital body, suchasthemom, transitsthefield of view of atelescope,
it occultsdifferent sourceswithin the field of view at different times. By carefully
measurig the phota cownt rateasa function of time duringthe transit,onecanthen
recorstructthe prgectionof the surfacebrightnessn thefield of view ontothe pathof
theocculter

Naturd occultes have beenusedto achieze high-resolutionin X-ray obsevations;
however, they have atleasttwo distinctdisadwartages:

1. Althoughnaturaloccutationscanbepredictedthey cannd beschedied—taiget
sour@saretherefae limited, andmultiple occultations of the samesourceover
thecouseof afew yearsareuncanmon.

2. Naturd occulteshavelargeanguar velocitiesrelativeto atelescopeTheshorter
thetransittime, the fewer phaonsonecollects,andsothe lower the resolution.
This is especiallyimportant for X-ray astronany, wherephaon countratesare
relatively low.

Thereis however analternatve to natual occultes which canovercomeboth of these
disadartages—asteerablenccuting satellite. Deployment of large steerablenccut-
ing satelliteshasbeendiscussedor optical and nearinfra-red wavebandg [1, 7, 4,
5], mostly for the purpose of finding pland around nearbystars,but also for high-
resolutionastrommicalobserations.However, suchsatellitesarenatually well-suited
for obsenationsin the X-ray andfar-UV. In thelonger wavelergth bandsminimiza-
tion of diffractive lossepushe®neto malethesatelliteaslargeasfeasible anddeploy
it asfaraspossiblefrom thetelescopeln the X-ray wavebaml oneis far into the ge-
ometricoptic limit anddiffraction of the X-ray phaonsarourd the satellitecanessen-
tially be ngglected thusthe optimalsizeandplacemenof the satellitearedeternined
by ones ability to accurtely positionthe satellitewith respectto the telescopestar
line-of-sightandto minimizethesatellites velocity perpewicularto thatline-of-sight.
The resolution delivered by the combnation of the X-ray telescopeandthe SOXSis
determired by thecollectingareaof thetelescopéandthusthe phaon cownt ratefor a
sourceandby theaccuacy with whichonecanmatchthe SOXSandtelescopeelccity.
It is independen of theintrinsic resolutionof thetelescope.

ForanX-ray telescopeitherattheL2 pointof theEarth-Sm system(Constellation
X) or in an eccentrichigh-Earthorbit (Chandra and XMM) we discussin section2
whereto positionSOXSrelative to thesatellite.In section3 of this letterwe discusghe
X-ray blocking efficiengy of athick film andwhatit impliesfor therequred thickness
of the occuter. We alsoestimaten this sectionthe requred dimersionsof an SOXS,
which aredetermine mostly by limitations on telemetry We discussthe steeringof
the SOXSin section4. In section5 we descrile our imagerecorstructiontechnque
andrecorstructsometestsour@s. In sectioné we find the anguar resolutian thatone
obtainsasa function of the SOXS-telescop relative angularvelocity, and of phaon
court rate. In section7 we discusshe the sky coveragethatonecouldobtainin each



location. Application of thesetechniqiesto specificsourcess discussedriefly in
section8. Finally, section9 cortainsthe conclusios.

2 Locating an SOXS

Thelocationof anSOXSis dictatedby thelocationof thetelescopét is meanto occlit.

The Chandra X-ray telescopes in an elliptic orhit around the Earthwith anapoge
of 145,417 km anda perigee of 16,026 km. The X-ray Multiple Mirror (XMM)
Telescopeavill alsobeinsertednto anelliptic Earthorhit. OtherX-raytelescopessuch
as Congtellation X, may be locatedat the secondLagrargian point of the EarthSun
system.Theorhital issuesareentirelydifferentfor thesawo locatiors; we addresgach
in turnbelow. Finally, someX-ray telescope§Astro-E andXEUS) will beplacedn low

earthorbit. Becauserhital velocitiesaresohighin low earthorhit, it is more difficult
to make useof theappoachwe advocatehere;we will notdiscusshesefurther

21 OrbitatL?2

We have previously discussedhe orbital advartagesof placirg a large occulterat L2

[5]. Herewewill highlight theimportart points.Orbitsaround L2, bothin the planeof
theeclipticandoscillationsperpendicularto this plane have periods of abou 6 morths
indepedentof their distancefrom L2 (for distancess 10* km). Theeforethelocal
gravity is very small. Both the total velocity andacceleratiorof orbitsaround L2 (rel-
ative to the L2 point) areon parwith thosewe might attainthrough carefdly tuning
theorbit of SOXSrelative to thatof Chandra or XMM; therelative velocity of thesatel-
lite andtelescopalueto the motionof L2 aboutthe Sunis of the samemagritude. If

corretionsaremadeto the SOXSorhit to cancethesethentheacceleratio perperlic-
ularto theline-of-sight is about5 x 10~'% m s~2. Thusif the pergendicularvelocity
of SOXSrelative to a particdar line-of-sightbetweerthetelescop@andsomesourceis
canceledy firing rockets,theperpeuwlicularvelocitywill remainlessthan10 —* m s—!
for at leasta day Tuningthe velocity of SOXS therebre, canbe donevery easilyat
L2.

2.2 Eccentric high Earth-orbit

As descriled above, the Chandra satelliteis in an eccentrichigh altitude Earthorhit.
The periad of this orhit is 64 hous. The satellitetherefae hasan averageangular
velocity of about6 arcseconslpersecond An occuting satelliteleadingor following
in Chandra’s orbit would transita sourceat appoximatelythat rate. The planred X-
ray Multiple Mirror Telescope (XMM) hasasimilar orbit with ashorterd8 hou period.
Giventhattheattainableanguar resolutionis relatedto the angularvelocity of transit,
theresolutionthatonecouldachieve with theseorbitsis minimal.

A greatimprovenentis to placethe SOXSin an orbit identicalto that of the tele-
scopebut slightly modfied by shifting the apoge andperigee,by chandng the phase



of thesatellitein the orbit, or by rotatirg the orbit. In all caseghesemodificationswill
put SOXSin anorbit with the sameperiodastelescopeln suchorbitsthevelocity per
pendcularto theline of sightof SOXSandthetelescop&anbequitelow. For exanple,
considemplacingSOXSin anorbitidenticalto thatof thetelescopdin termsof apogee,
perigee andorbital phase)ut rotatedaboutan axis through the centreof the Earthin
theplaneof theorhit andperpeandicularto theline conrectingapogeeandperigee. The
compamentof therelative velocity betweerSBOXSandthetelescopgergendiculato the
line-of-sightbetweerthemis thenzerothroughait theentireorbit. Unfortunately such
anorhit intersectghetelescoperhit attwo pointswith disastrousonsegences.The
otherorbital modficationsmentionel above canalleviate this prablemby enfacing a
minimum separatiorof, for example 10 km betweenthe two spacecrafts Although
10 km mayseemfairly close,notethateachspacecrdfis only afew to tensof meters
acrossyancbm errorstherebre have a prokability lessthan10 —° perorbit crossingof
causingcatastroptt failure. The importanceof utilizing theseorbit modficationsis
explainedmorefully in sectionst and7.

3 Makingan X-ray Occulter
3.1 Thickness

Theattenu#ion lengthof X-ray phaonsin elementamatteris shavn in figure1. Ex-
ceptin hydrogen, it is apprximately3 x 10™% g cm~2 at1 keV, and10~2 g cm™2
at10 keV. Thusasquarel0 m on a sideandoneattenuatio lengththick hasa mass
of 0.3 kg at1 keV, and10 kg at 10 keV. At atypical densityof 3 g cm 3, these
representhicknessesof just 1 micronand30 micrors respectrely.

A usefulocculterwould needto be 3—5 attenuatio lengtts thick, andso 3—5 mi-
cronsand1-2 kg to operateat 1 keV, and100-150 micrors and30-50 kg to opeate
at10 keV. Evenat100 keV a10 m x 10 m leadfilm 0.6 mm thick atamassof 600 kg
would provide 3 attenuatio lengtts of occultation

If positionirg techndogy improvedto the point whereonecouldredue the sizeof
theocculterto 1-2 m, thenevengammaray occulterswould be of reasonablenass.

3.2 Size

Thesizeof theoccultingsatellitedependon two factors—theapertue of thetelescope
andtheaccuray with which onecanpositionthe occuter.

The apertues of typical X-ray satellitesareaboud 1 m. This setsa lower bound
onthedimensios of the occuter. Oncethe occulteris larger thanthe apertue of the
X-ray telescopethereis essentiallyno effecton resolvingpower.

Next wewill estimatehow well we candeterminghepositionof SOXSin theplane
perpadicularto the telescope-saue line-of-sightit is meantto occult. Considera
telescopeseparatedrom the SOXS by a distancer. We canmourt a smalldiffracion-
limited optical telescopeof diameterd on the undersi@ of the occulter Using this
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Figure 1: The phaon massattenuatio lengthA = 1/(u/p) for various elemen-
tal absobersas a function of phaon enegy (p is the density). The figure is ob-
tained from the particle databook figure 2311 (http://pdg.Ibl.gov). The datafor
30eV < E < 1keV are obtainedfrom http://www-cxio.lbl.gov/optical constants
(couttesyof Eric M. Gullikson,LBNL). Thedatafor 1keV < E < 100GeV arefrom
http://ptysics.nist.ga/PhysRefDatathru the coutesyof JohnH. Hubbel (NIST).



telescopave canestablishthe relative positiors of the two satelliteto within approi-
mately
A r /400 nm
ox =1.2r— =0.
v =12 =0 km /i m

A 1 m positionirg accurgy therefae requresa 50 cm finderscopeat 1000 km sepa-
ration,propationatelysmallerat smallerseparatios. This is quitefeasible especially
sincethefinderscopeneednothave afull UV plane.

An important question is whetherone will collect enowgh phaonsto reachthe
diffractionlimit of the anguar resolution Thele aretwo principal optionrs—rely on
reflectedsunlight or shinea laserfrom the X-ray telescopeontothe SOXS telescope.
Collimationis not a significantproblem, asseenby our calculation of the diffraction
limit above. However, sunlighthasanintensityof 1000 W m —2, whichwill bedifficult
to matchwith alaseranyway. Assumingisotropicscatteringfrom the telescopeand
atotal reflectingareaof 1 m?, this resultsin a flux at the SOXSof 3 x 108 s~1, at
1000 km (falling as1/r?). Detailedstudiesof existing telescopegChandra, XMM)
wouldberequirel to preciselyquariify ourability to locatethetelescopeelativeto the
SOXS however, theseestimatesuggesthatdeternining therelative positionto within
1-3 m is notunraalistic. In the caseof yet-tobelauncledtelescopeshe mountirg of
asmallreflectoron oneor morecornerof thetelescopeavould be of definitebenefit.

Although we have argued thatwe candeterminethe relative positionof an SOXS
andanX-ray telescopéo within abou a meter we mustalsobe ableto redicethe ve-
locity to afractionof a meterpersecond.This canbe doneby a simplebodstrapping
procalure. Two positiondetermimtionseachwith error of Az, madeatime ¢ apat,
determire thevelocitywithin Av ~ v/2Az/t (assumingheerrorin ¢ to benegligible).
If therelative velocity canbe canceledwithin erras by accuratelyfiring rockets,then
theability to redwce Av is limited by thetime onecanallow betweerpositiondetermi-
nations¢ = Az /Av. Thistimeis limited by theorbital acceleratios, but is thousads
of second for the elliptic earthorbits of interest(cf. subsectiory.2) andhundedsof
thousads of seconddor orhits at L2. (cf. subsectiorv.1). In practiceit maybede-
sirableto gradually rediwcetherelative velocity usingrepeategbositiondeterninations
androcketfirings.

(1)

4 Steerability

In order to successfullyresole objeds it will be necessaryo frequently changethe
velocity of thesatellite. Thesevelocity changswill occurfor two principal reasonsto
move from onetargetsourceto anotherandto matchthevelocity of the SOXSto thatof
the X-ray telescopeWhile solarradiation pressuramight be usedto someadvartage,
it will benecessaryo make somevelocity adjustmentsisingrockets. Thenumkbkerand
sizeof suchadjustmats maybethelimiting factoronthe usefullifetime of the SOXS

A chang Av in thesatellites velocity is relatedoy momentumconsevationto the



massof propellantejected Am propeliant, @ndthevelocity of ejectionuejection:

Am/propellantUejection (2)
Mgsat

Avga =

If N isthenunberof desiredmajorrocket-driven velocity chan@s,thenwe mustkeep
(Ampropeltant/Msat) < N~1. (The massof propellant ejectedwill of course vary
onthe particdar maneuer, but hereAm propeliant IS takento be sometypical massof
propellantexperdedperorhit recorfiguration) We therefae canaccommadateonly a
limited numter of suchrocketfirings:

Vejection
N < —. 3
S v ®3)
Off-the shelf, low-cost ion enginesare currerily availablewith ejectionvelodties of
20 km s~1, andmoreexpersive systemswith 30 km s—! performarce have beende-
veloped,thus
30 km s—!

N <
- Avgyg

(@)

Consideffirst the needto matchthe velocitiesof thetwo spacecrafsothatalong
occultation canoccur Awg,; is thentherelative velocity of the SOXSandthetelescope
in their orhits. In determiring the sky coveragefor elliptic Earthorbitsin section7.2
belov we have corsideredonly orbital configuratiors with relative velocitiesbetween
the telescopeandthe SOXS of lessthan10 m s—!. (NearL2, the relative velocities
of relevane aretypically consideably smallerthanthat.) If Avg,y ~ 10 m s~1, then
thisimplies N' < 3000, which is a reasoablequda of correctims for a missionwith
a 3-5yearlifetime, giventhe typical 2—3 day orbital period of Earth-abiting X-ray
telescopes.

The secondype of velocity correctionthatwill berequred is targetacquisition—
the readustmentof the orbit of the occulterso asto allow the occutation of a nen
target source. For satellitesseparatedy 1000 km nearL2, relative velocitiesare
only vgs = O(10~* km s—1), andthe expressiorfor N (equatim 4) shavs thatary
constraim on target chace or order doesnot comefrom concens aboutconsering
propellant. For telescopeén orbit aboutthe Earth,the matteris quite different. Here
orbital velocitiesarevs,; = O(1 km s~1), andsoit is clearfrom the allowed nunber
of orbital correctims (4) that one canrot indiscrininately rocket from onetarget to
anothe onthesky. Onesolutionmighthave beento sailin thesolarradiatian pressure.
However, the solarradigion pressurés appoximately Py, = 6 x 10~ Pa. For an
arealdensityof just1.5 x 10=2 g em~2 (five attenuéion lengthsas1 keV), thisresults
in anacceleratia of only4 x 104 m s~2. At thisrateit takesabait amorth to chang
velocityby 1 km s—1.

Clearlyonecannd repaitionrandamly onthesky. However thevelocitydifference
betweentwo orhits which resultin occultation of target sourcesone degree apartare
only of order 15 m s~!. Solar sailing can causevelocity changs of this orderin
unde a day Moreover, the allowed numbe of orhital corrections(4) indicatesthat



rocket driven correctias of this magritude canbe madeof order1000times. How
mary correctionswe can make, and how mary sourceswe cantherefoe target for
occultatian, clearlydepend onexadly how we usethesatellite.A reasonale progam
of obserationscertainlyseemgossible.

5 Image Reconstruction

This sectionrepresentsthe bulk of the new resultsfrom our Phasd study A nunber
of techniqes have beenappliedto the prodem of imagerecorstructionfrom lunar
and asteroideclipses. In the caseof x-ray diffraction we operde in the geometic
opticslimit meaningthatthe light curve is easyto calculatebut alsolacksdiffraction
peaksthat could further aid in the reconstration process. We have implemerted a
recorstructiontechniquee basedntheeclipsemappng method(EMM) [2, 3]. EMM is
amaximum entrqy techniaiethusit canoversmooththeimageor introducespuriais
sourceglepeunling ontheweightingbetweerthe entrqpy andthe constraints.

We have implementedanimproved EMM algoritim [3]. Briefly, we maximizethe

quality function
2

(O] le®)?
p p?
where S is the entrqy, the usualleastsquaredit definition of x2 is used,C(z) =

(Z — Zaim)/Taim and

1 M-1
R=—res ; TiTj+1 (6)
isameasuref thecorrelationsn theresidualsTheparametep contrds theweighting
betweertheentrgy andtheconstraits. We startwith alarge valueof p (p = 100) and
anneato a smallvalue(p ~ 10~%). This shouldallow the entrgy to initially smooth
theimagethenallow the constraintdo sharpentheimportantfeaturesaswe annealln
practicewe still tendto oversmooththe imagewhich leadsto a conserétive estimate
of theattainableresolutio.

For our casewe madean important modificationto the EMM algorithm. Since
we arein thegeomdric opticslimit therearesharptransitionsfrom anunaccultedto a
partially occultedto afully occultedsource Thussourcenly contrituteto changsin
thelightcurve while they arebeingocculted We include thisin ourfit by giving more
weightto the pixes thatarecausingthe light curve to chan@ andaveragirg over the
effectsfrom therestof the pixels. A minimumpixe intensityis chosen pixelsabose
theminimumcourt fully in thefit while thosebelow the minimum areaveragedover.
Againwe startwith a high valuefor this intensityandanneato alow value

To starttherecorstructionwe couldusea low resolution imagetaken by the tele-
scopewithout the presege of SOXS. For thetestcasesonsideed herewe do not do
this. Insteadve bootstragby initially performinganonnegaive leastsquaredit. Since
thisis anundedetermine problemwe do not getan unigwe solution In fact, mostof
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Figure2: Imagereconstrationtestsources(a) ThreeGaussiansvith equalintegrated
intensitiesandpeakintensitiesn a4 : 2 : 1 ratio. (b) Filamentsradiatirg from a bright
spot.Eachimageis 50 x 50 pixels.

the signalis typically placedin afew very bright pixels. To speedup the corvergence
of the reconstration we presmath the imagewith a Gaussian.The smootling scale
mustbe chosenwith somecaresinceoversmootling doesnt help convergenceeither

Smootling onthe scaleof afew pixels workedwell for ourtestcases.

Two testcaseshave beenconsideed (figure 2). Thefirst contans threeGaussian
sources.Eachsourcehasthe sameintegratedintensityandwidths chasenso thatthe
peakintensitiesarein a4 : 2 : 1 ratio. The secondcontainsfilamentay structues
radiatingfrom a bright spot.

Thereconstrationsareperformedfor 103~ /snapshot (figures 3, 5) andfor 10%~/snapshot
(figures 4, 6). The satellitemoves1 pixel persnapshb The simplegeonetry of the
satelliteprovidesinformationalongonly 1 direction for eachpassoverthesour@. Thus
we consicer (a) 2, (b) 4, (c) 8, and(d) 16 passedor eachreconstration. To extract
maximalinformation from N passedhe satellitetravels alonga pathwith anangle
6 = = /N relative to the previouspass.

For the Gaussiarsoure (figures3 and4) thereconstrgtionsare,in geneal, over
smoothe. Too muchof theintensityis spreadhroughaut theimage. In both case?
passega) shav the existenceof multiple sour@shbut is not sufficient to resohe them.
By 4 passegb) we canresol\e atleasttwo sourcesWith 8 and16 passegc andd) all
threesourca canberesohed.

For thefilamentarysource(figures5 and6) the recorstructionsdo a godd for the



Figure 3: Reconstructedmage for the Gaussiantest source(figure 2(a) with a
103~/snapshot total intensity Thereconstration wasperfamedfor (a) 2, (b) 4, (c)
8, and(d) 16 passessdescribedn thetext. Thescalerange from 0 to 20-y/snapshot
(minimum to maximum in the original source) Notice thatrecorstructedsouresare

oversmoothe.
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Figure4: Reconstratedimagefor the Gaussiartestsource(figure2(a)) asin figure3
with a10*y/snapshot total intensity Thescalerangesrom 0 to 200~y /snapshot.
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Figure 5: Reconstructedmagefor the filamentarytest source(figure 2(b)) with a
103~/snapshot totalintensity Therecorstructionwasperormedfor (a) 2, (b) 4, (c) 8,
and(d) 16 passessdescribedn thetext. Thescalerangesfrom 0 to 1.07+/snapshot
(minimum to maximumin theoriginal sourcg.



Figure6: Reconstratedimagefor thefilamentay testsourcefigure 2(b)) asin figure5
with a10*y/snapshot total intensity Thescalerangesrom 0 to 10.7+/snapshot.
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bright spot. In both the 8 and 16 passegc andd) caseshe filamentsare resoled.
For the brighter sourcethe filamentsare partially resoled with 4 passegb) anda
suggestiorof filamentsexists evenwith just 2 passega). Noticethateventhoughthe
recorstructiontechnigee involvesGaussiarsmoothimg non-Gaussiarstructuresanbe
resohed

6 Resolution

When usedin conjunction with an SOXS the telescopeactsas a light bucket. The
anguar resolutionof the telescopétself is irrelevant; insteadthe collectingareais the
important telescopeparaneter The anguar resolutionof the systemwill comefrom
proking thelightcurve asSOXStransitsa source.

To studytheangularesolution of SOXSwe consideithe simplecaseof identifying
abinarysource.Let f(Z,t) bethenomalizedlightcurve (numberof phaonsdetected
persecondpeneratd asSOXSscansacrossasinglesourceata position in theplane
of SOXS. Thelightcurve is the numter of photors detectecasa functionof time. It is
normalizedsuchthatthevalueis one(in thedetectoy whenSOXSis notpresentSince
X-rays have extremely shortwavelengtls we canapprximate the diffraction pattern
producedby the satellitesimply by the geanetric shadev projectedon the telescope.
This redicesthe lightcurve to a calculationof the areaof the telescopenot under the
shadav of the occulter We write thelightcurve of asinglesourceas

L(z,t) = L f(Z,1) (7)
andthetotal lightcurve for two sourcesat #; and¥, canbewrittenas
(1, %2,t) = L [pf (1,1) + (1 — p) f(Z2, )] (8)

Here; is thetotal intensityof the systemfor ¢ = 1 or 2 sourcesandp is theintensity
ratio of thetwo sourcesWe would lik e to find the minimum separatia of two sources
thatcanbedistinguishedrom a singlesource.An obsevation consistsof a sequene
{0;(Z)/j =1,...,n} of measurermantsof theintegratedightcurve betweertimest ; ¢

andt;:
tj

0;(F) = dt 1;(Z,1). (9)

tj—1
To obtainlimits on the minimum separatiorwe first evaluate the numker of photas
expededbetweertimety andty,

tr
Lix(Z) = /1t dt 1i(&,t) = > 0;(%) (10)

wherei is 1 or 2 asabove. Assumingthecourtsin eachtimebin, [t ;_1, t;), arePoisson
distributedthelik elihood of a model with ¢ source given anunderlying modelwith 2
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sourcess

N
o= TJ e 5* (Lap)™* [ (Lo (11)
k=1
Finally the quantity
Ly
T =—2log =
og (£ 12)

is x? distributedwith 4 degreesof freedan (to, 2 — x1, I, andp) andallows us to
calculatethe probability of misidentifying a binary sourceas a single source. This
probability deendson i , theanguar velodty of SOXSasit transitsthe source.The
resultsfor the 95 percen corfidencelimits asa function of the intensityin a1.2 m
apertue telescopefor p = 1, 1/3, and1/10 andfor g, = 10 mas s!, pu; =
1 mas s~1, and0.1 mas s~! areshavn in figure7. In producingfigure 7 we assumed
a uniform respmseover the surfaceof the telescope.A more comgicatedrespoise
function mayimprove resolutionslightly.

Thesimpleanalysissmplo/edhereusesheedgesf SOXSin asingleoccutation.
In practiceit would be necessaryo obtainmultiple projedionsto resole a sourcein
two dimensios. This couldbefacilitatedby putting slits atvarious anglesn SOXSthat
allow for sourcego be occultedby differentregions of the satellitein differert ways
during asingletransit.

7 Sky Coverage

Theissuesf resolutionandsky coveragearecloselyrelated.Heresky coverageis the
fraction of the sky for which a particula anguar resolutioncanbe obtained While
onecanrepositionSOXSto bein anarbitray direction onthesky relative to the X-ray
telescopethisfrequentlyleadso largerelative velocitiesandacceleratioabetweerthe
occulterandtelescopgergendicularto theline-of-sight,thusleadingto poa resolution
(seefigure7). Corversely, extremelygoad resolutionis possiblef therelative velocity
during theoccdtationis keptquitelow; howeverthisrequreseitherspecialorbits(and
thusvery little sky coverage)or expenditures of fuel. Herewe will explore the sky
coveragethatcanbeobtainedsubjectto a numter of constraints.

7.1 L2Orbits

As discussedibore (section2.1) the orbits at L2 are much simplerto manag than
orbitsarownd the Earth Full sky coveragecanbe obtairedandthevelocity perpemlic-
ularto theline-of-sightcanbe chasenasdesired.Figure7 bestrepresentavhatcanbe
achieved atL 2. Sincetheperpgendicuar velocity canbechosengxtremely highangular
resolutionis possible Evensub-milliarcsecondesolutian is possiblefor mary sources
(C'24x10%s Y)whenu; =0.1 mass—!.
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Figure7: The minimum angularseparatiorof two X-ray sourcegesohableat the 95
percem corfidencelevel. The limits are shavn for intensity ratios, p = 1 (solid),
1/3 (dasheyl and1/10 (dasheddotted) The uppe setof threecurvesarefor u; =
10 mas s—!, the midde setof threecurves arefor ; = 1 mas s, andthe lower
setof threecurvesarefor y; = 0.1 mas s—!. Notethatthe total photm rateis of
photms from the two sourceddetectedn the telescopgwithout the presenceS0XS),
not phaonsincidenton the telescope.Hered is the distancebetweerthe telescope
and SOXS in units of 10® km. Panel(a) assumeso backgound wheres (b) has
backgourd equalto the flux of thetwo sourcegsotwice asmary phaonswould be
detected)

16



7.2 Elliptic Earth Orbits

We considerplacingan SOXS in orhit arownd the Earthwith nearlythe sameorhbital
paramgersasan X-ray telescopeAs discussedn section2.2we thenallow for small
alterationsn the SOXS orbit which chang the directionof the line-of-sightfrom the
telescopeo SOXS while keepirg the SOXS periodfixed. Our first constrain is that
the minimum separatiorof the SOXS andtelescopén their orbits mustbe larger than
10 km. (If this safetyfactorcanberedwcedthengreatersky coveragemay be possi-
ble.) We thenfollow thetwo spacecraftin their orbitsto seewhatsky coveragethese
orbitsafford. To limit the experditure of propellantwe considermakingobserations
only whentherelative velocity of thetwo satellitegperpendicularto theline-of-sightis
sufficiently small, herewe requirev$™ < 10 m s~! (seesection4). Priorto anobser
vationthis velocity canbe rediwcedto the desiredrangeby firing the SOXSrockets (a
smallcorrectionrequring acceptableiseof consunables).Of coursewhenwe cancel
v9™ befae the obserationwe arealsomakinga smallchang to the orhit.

Thesky coverageoneachchan@ of SOXSorbitis notlarge. To increasetheamoun
of sky accessibléo obsenation we consideimaoving SOXShetweerorhits thataresim-
ilar to the orbit of the X-ray telescope Throwghou we will conside modficationsof
the SOXS orbit that leave the period unchtanged. Over mary orbits this is a desired
featuresinceit preventsthetimesatwhich SOXSandthetelescop@chieve apoge and
perigegfrom drifting apart,requring alarge expenditureof fuel to correct. The orhital
modificationswe corsiderareincreasingr decreasinghe apogealistancgwhile pre-
servingthesemi-majoraxisandthustheperiod, rotatingtheorbit aboutall threeaxes,
andintroducing a phaseshift (time of apogee)into the orhit. For this studywe have
consideed both the Chandra and XMM X-ray telescope and have allowed changs
in apogee (andperigee)of +200 km, rotationsabou the two axesin the planeof the
orbit of +1°, rotationsin the planeof the orbit of +£0.4°, andtime shifts of 100 s.
All of thesechangsarerelative to the X-ray telescopks orbit. Thesechangscanbe
accomfishedusingion engnesseveral thousandtimesbefae exhaisting the supply
of expendableqseesectiord).

Using Monte Carlo techniqies,we studiedthe orhits in this region of parameter
spacesubjectto two constraints:the minimum separatiorof the SOXS andtelescope
mustbe at least10 km, andsomevhee in the orhit the pergendicdar velocity must
belessthan10 m s~!. We geneated100, 000 orbitsthat satisfythesecriteria. Next,
for a variety of phaon countratesanddesiredresolutios we usedthe resolutionre-
sultsshaw in figure (7) to deternine p7#*. Finally we checled which lines-otsight
satisfiedvelocity andacceleratia constraintsghat guaanteea suficiently long tran-
sit time acrossthe source. The resultsare shovn in figure 8 assuminghe width of
SOXSis 2 m. Here A4 is definedto be the minimumanguar separatia of two point
sourceghat canbe resohed at the 95 percen confiderte level. For intensesoures,
' = 10° s~1, with Chandra (a) we canobtainA# = 0.1 arcsecond over 40 percet of
thesky and A8 = 0.02 arcsecond over 10 perentof thesky. Similarly for XMM (b)
we canobtainAé = 0.1 arcsecond for intensesourcesover 30 percen of thesky and
have little sky coveragefor A@ < 0.04 arcsecond.
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Tablel: Propetiesof existing andplannedX-ray telescopes.

Satellite Effective Anguar Orbit
Name Areaatl keV  Resolution
(cm?) (arcsecod)
Chandra (AXAF)@ 700 0.5 eccentrichigh Earthorbit
XMM 2,00 15 eccentrichigh Earthorbit
Astro-E 1,2®M 90 low Earthorhit
HETE-11® 350 660 low Earthorhit
Constellation X 15000° 15 L2 haloorhit
Xeus—Phasd 60000 2 low Earthorhit
—Phasdl 300000 2 low Earthorhit
References:

Chandra: http://asc.hevardedu/

XMM: http://xmm.vilspa.esa.es/

HETE-II: http://space.miedu/HETE/

Astro-E: http://heasargsfc.nasa.gv/docs/astroefeerview.html
Constellation X: http://corstellation.gsfamasa.go/

Xeus: http://astro.estecsa.nl/SA-genel/Projects/XEUS/web/missidmtml

@ Effective areais for the AXAF CCD Imaging Spectraneter(ACIS). Angularresoluton is for
the High Resoltion Camera(HRC).

bThesevaluesarefor the wide field X-ray monitor (WXM) instrumen. The quoted effective
areais for 2 keV X-rays.

“Total effective areafor all modules.

Larger sky coverageswould be obtainedf we relaxedthe criteriaontheorbital ve-
locity differencebetweerthe X-ray telescopandSOXS orhits. Thiswould bejustified
if the propellantvelccities of ion engiresroseabaut 30 km s !, or if we could make
dowith a smallernumter of orbital corrections.

8 Reaults

This is an exciting time for X-ray astronony. Two new X-ray telescops (the Chan-
dra Advanced X-ray Astronomical Facility, andthe X-ray Multiple Mirror telescope
(XMM)) have beensuccessfullyaunched,while anotter (Astro-E) is beingreadiel for
launch Of thesethree,Chandra andXMM arein highly elliptical high altitudeearth
orbits (cf. Table1) while Astro-E is headé for a circularlow earthorbit. In addition,
atleasttwo major X-ray space-obenatoiies arebeingplanred: Constellation X, with
launchschedted for 2007, andXEUSwith atarget dateof 2007. Constellation X will
be placedatthe L2 point of the EarthSunsystemwhile XEUS like Astro-E, will be
placedin low Earthorhit.

While this may seema remarlableprdiferation of X-ray telescopesgachmission
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hasits own emplasis. In building an X-ray telescopéhereis a directcompetition be-
tweenlarge effective area(andthussensitvity) andsmallacceptancangle(andthus
high angular resolution) Therebre onemustchasewhetherto build aninstrumen
which aimsfor high angulafresolutionor onewhich hasa goalof achiesing high sen-
sitivity. Chandra is theonly high angularresolutioninstrument of the listed missions,
with amaximumresolutionof 0.5 arcsecond andthushastherelatively smalleffective
areagivenabove (13). The otherinstrumetts all aim for large effective area,andso
sacrificeanguar resolution XMM, whichis alreadyflying, hasconsideraly larger ef-
fective areathanChandra (andthusmuchlowerangularesolutior). Astro-E will have
even larger effective area. Constellation X will consistof multiple X-ray telescopes
flown in formation, with atotal effective areaconsideably greaterthan either XMM
or Astro-E; it too hasrelatively low angula resolutioncompaedto Chandra. Finally
XEUSwWiIll have a huge effective areaandwill bedesigredto be expandablelts angu-
lar resolutian is betterthan XMM, Astro-E, or Constellation X but still notasgoodas
Chandra. The propetiesof theexistingandplannedelescopesreshavnin Tablel.

Througlout we have consiceredthe photonratein the detector not at the surface
of the telescope. An X-ray telescopehasan effective area, .4, which includes the
geom¢éric collectingarea(sincegrazirg opticsareusedthe collectingareais not the
full beam)andtheefficiency of the X-ray detector As anexanple, with Chandra

-AC’handra ~ 700 Cm2 (13)

for E &~ 1 keV. Thisis the areato be usedasthe areaof the telescopenot the
geomeéric areaasin the caseof opticaltelescopesThe effective areafor existingand
plannal X-ray telescopess givenin Tablel.

Theluminasity of X-ray sourcesvaries greatly Black holesin the coresof nearby
galaxeshave

Lon = 1030 erg 571 = 6.2 x 104678 keV 571 (14)

in the 0.2-2.4 keV enepgy range. This leadsto a phaon rate at the surface of the
detectorof

E d \’ A
Ton = 65x1002 (—— ) (=2} (2 )¢ 15
bh = 0.5 10 (keV) (lMpc) (1000cm2> 5o (15)

wherethe enegy, E, we obsenre at is givenin keV and A is the effective areaof the
X-ray telescopasdiscusse@bore.

An active galacticnudeus(AGN), Seyfert galaxy or thecoreof X-ray clusterscan
bemuchmoreluminous

Lagn ~ 1010 ergs71 = 6.2 x 1072 keV s~ 1. (16)

However, sincethey areapprximately 100 Mpc away the phota rateis only

. E d 2 A
-2_102 -1
Paan = 6.5 (1077107 < keV) (100 Mpc) (1000 cm2> S0 @)
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Galacticmicroquasarsaresomeavha lessluminous
Lmicroquasar & 1039 erg s1=6.2x 10" keV s, (18)

sincethey arein our own galaxy though the phaonrateis fairly high

E d \ A
Fmi roqu. r — 0. 1 S —— Y P _1. 19
croquasar = 6.5 10 ( keV) (10 kpc) (1000 cm2> s (19)

Fora2 m SOXSemplgredin conjunctionwith Chandrawe find (figure 8a)thatfor
the brightestsourcesve canobtain Af = 0.5 arcsecond over abou 50 percen of the
sky, A@ = 0.1 arcsecond over abou 20 percentbof thesky, andA# = 0.05 arcsecond
over abou 5 percenbpf thesky. Thus significantimprovemerts areattainablethrough
theuseof an SOXSwith Chandra.

ForanSOXSemplgedin conjurctionwith XMM thesituationis similar. Although
XMM hasa shorterperiodthanChandra its hasan effective areaabou 3 timeslarger
(Tablel). Still Chandra providessuperia results.Notethattrememlousimprovements
over thenominal 15 arcsecond resoldion for XMM areobtairedwith theaid of SOXS

At L2 the situationis even better Sincewe cantunethe velccity relative to the
line-of-sight more easily gred improvemerns in resolution arereadily available (fig-
ure 7). Sub-milliarcsecondresolutioncan be obtaned for sourcs with phaon rates
I' 2 1000 s~!. For asingle Congtellation X modules, which will have an effective
areaof aboutl15, 000 cm?, thebrightestAGN’s, X-ray clustercoresandgalacticblack
holeswill haveT =~ 800 s—! we canobtainAé = 2 mas.

9 Conclusionsand Future Work

We have found thatan SOXS usedin conjurction with an X-ray telescopecanleadto
tremendusimprovenmentsin anguar resolution Thetrendof increasinghe effective
areaof future X-ray telescopest the expenseof angularresolution(Table 1) meshes
perfedly with the benefitsgained by includng an SOXSin the mission.Indeed an X-
ray telescopéo beusedwith an SOXSis treatedasa light bucket with all theresolving
power coming from the SOXS occulting the source. Thus an SOXS is an excellent
additionto an X-ray telescopemission,particuarly oneatL2, suchasConstellation X
wheresub-nilliarcsecondresolutioncanbe attainedfor a wide rangeof sources.

For the Chandra X-ray telescopeve found thatmodeateimprovementsin angular
resolutionover an appre@ble fraction of the sky can be achieved through the use
of an SOXS Similarly an SOXS emplg/edin conjurction with XMM would provide
tremendusimprovemerts in the anguar resoldion that XMM couldachieve allowing
XMM to have angularresolution compaableto Chandra. An SOXSlaunchel for use
with Chandra or XMM would alsoprovide animportanttestbedfor thetechnolgy to
beusedwith futuremissions.

Muchwork remairs, however, to bedone In particdar:
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e While we have successfullydemorstratedthe ability to reconstrat compex
compundimagesfrom occultationdata,our recorstructionschemes far from
optimal. (While the problem soundedstraightfoward, it provedto bein a dif-
ferert domainof imagerecorstructionparaneterspacethanothershave usually
workedin.) We aretherebrecurrently underestimatingherecorstructve poten-
tial of ourtechniqie.

e Thelink betweertestimagesandscientifictargetsis still inadeaate. Theissue
hasbeenthat theredo not exist suchhigh resolutionsimulatedimagesof X-
ray sourcesprabably because@esearcherhave not beenmotivatedby data,or
promisesof data,to producethem.

¢ We have not optimized the occultig mask. A simple squareclearly doesnot
maximze the possibleinformation per transit. Techniqiesdevelopedin stan-
dardX-ray imagirg (codedmasks)may offer a vely attractive (evenrigorously
optimizable)solution.

¢ Wehavenotadequatelgxploredthepositionirg/attitude/oientationcortrol prob-
lemwhichmustbe solvedin orderto provide the desiredvery long-lastingslow
transitsof the occulteracrossheline of sight.

¢ Wehavenotfacedthedesignssuef how to build, laurch,deploy andmanwever
suchanoccuter.

Thesearethetaskswe will proposeto confrat in Phasdl. We believe the resultsof
thePhasd studysuggesthatcontinuel investigaion of the steerableX-ray occulting
satelliteconcep is merited.
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