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ll:ilf  of t 11(’ (’Xl) (’C((’(l (Iill’k Ill:(t  t (!1’ ill 111(!  ~illii(”li(: llillo  is it] t 11(’ fol’111  (If (Iiil’k St (’ll:il’  111;1SS ol).j(’(ts

SII(.11  as  wllitc (Iwwrfs (Al(x)(.k (’t a] 1996). ‘J’li(’  (Ii fli((llty  itl illt(~rl)](~tillg tll(i MA(;lI() (oll:il)ol:itio]l

c’vcllts  is tlkal tlIcy arc olmrwxl  ])lloto]tl(’t~i(’:(lly,”  wrllicll  (10(’S  IIot lllli(]ll(~ly  (l(~t(~rl[lill(’ tlI(’ II I:tss  of
tllr 1(’11s illst(x((l  tlI(I MAC110 (’ollal)orat”  ion Ims(’s  t 11(’ir  (“oll(.llwi(jlls  ()]1 illt  (ir]jr(’t  ill~ t ll(~ir (~v(~llt
saIII])l(: OIH(VWI1)I(X (al[]j)lifi(at  io]l, (ltlrat  ion) ill t 11(: (OIlt cxt of a halo 111()(1(11  (Alc(d (t al 1996).

CIl(:arly it is (lcsiral)l(~  to lll(!ilSlll’(’ MA(;II()  }jllysi(:il  ])r(j})(rti(w ill a IIlo(l(l-fr(,(”  ((jllt(xt.

‘1’]lis  ol)j(!ctiv(!  ]Iiis ](!(1 :i 1111111 ])(’1” of a{lt]lors  to ])1’OII(H(” (11(}  ast r(jlll(’t  ri(”  ol)s(’ltrill jo]l of N4AC~llo
gravitat ional  II)icro]c’llsillg  (’v(’llts  (Il(!g (’t al 1995, h4iy(l[lot () &’ Yoslli  1{)95). III lmlt i((llar.

h4iyaltloto  all(l  Yoslli  ])1’()])(H’(1  111(’  S(’l)~iI’ilt(’ Mt rol[l(’t  ric ol)s(’r~rat  ion of I)ot  11 l(:llsitlg  iltlag(w ill
M A C ] ] ( )  ]rlicrol(’llsillg  (:vcllts  (a Slt)iill Itlis(ls(l  of tll( t(,rltl  IIli(w)l(vwillg S(XI 1 ‘a(zyfiski  1 986a),

and (1CV(:1O1K!(1 t 11(’ t IK!ol’y  of Sll(”ll  astl’olll  (’t I’y. As \\r(: s]lall  argllo Iw](mr, W’(J fill(l this sllg~(’st  ion

iltl])lausil)l(’  l)(x:alls(’  of tll(: sIIIall  sclmrat ion of tl](l  illlag(w.  llIst(Ia(l,  II(:r(’ill  w, (.ollsi(l(~r  ast rolll(’t Iy of

t lle 1(:11 s(’(1 (x:llt  cr-of-ligllt  for dark 1(:11 s(!s. W(I fili(l,  as did Miyaltloto all(l Y(wlli,  that  lligll-1)1(’(isioll

astr(nlwtri(:  olwrvatiml  of sllcll  llli(m)l(!lwill~  cv(vlts  all(ws  tlw cstiltlatioll  of tlw lolls  ])araltwt(nx
(,),:,ss, (Iistal)cc,  *Jro*J(,r II,(,ti(,ll)  a~,~,calil,g  (JI,IY to tl,( }~r(~~wti(!s  of  l(vlsillg. Nflor(’(mr, wrc fiti(l

tll(’  l)r(jl)l(’]tl  of (1(’t(vlllillillg  a slllw(,t  tll(’  l(I]is ]);tral[l(’t(’rs  (1]1:1ss, r(’lat il’(’ ]mlallax,  r(’lat  i~r(~ ])rol)(’r

IIlolioll)”  alll(!llal)l(:  to ll:it’1’ot~’-:lllgl(”  (Ii fhwlltial  iiStl’0111(’tl’i(” t(’(lllii(]u(ls siltlilar 10 tll(w l)r(qmw(l

for ltiassiv(:  (ollllmllioll”  s(’ar(”ll ])r(j~rallls. 111 ]mrt i(”lllill’  WY’ al’gll(’ t hat t 1!(’ 1(’]1S 11);1SS  (“all  1)(’ (Iir(’ctly

]t]casllr(xl  ill(l(:])(:lld(:llt  of a(l(lit  iollal  ass(lltl])t  io]ls, all(l tll(’  1(’11S  (listallc(~  ?111(1  tl’ilIIS\’(’M’(’ v(,lociiy

(“HII  1)(! est il[latc(l  lry a])]walillg  to all ill(l(qml(l(:lll  1110(1 (’1 Of Sollr(’(”  (liStiitl(’(’ all(] ])10])(’1’  Illot ioI1.

111 this ]):1})(’1” w’<’  iiSS(!SS t }1(’ al,ility of :1S( 1’0111(’1 l’y t () ])1”(11)(’ tll(’  ~)ll~Si(”iil  p:ll’:1111(’t(’l’s  of
ltli(:r(jl(’llsillg  (:v(:]lts  ill wllicll  tll(!  lclls  i s  (l;trli. III \2 wr(I itltr(dll(x’  tllc tll(:(my 10 almlyz(!  a
ltlicrol(’llsill~  (’ll(”ollllt(!l” /1S OIMCI’V(:(l  l)y ii (11( ’;11’) t ( ’ l ” l ” (%t l ’ i i i ]  illst r(llll(~]lt , ill tcrttls ]mrtic[llarly
(Iri(’llt  (’(1 t (n~wr(l (Ii fli:r(’lltial  ast ro]tl(,t ]y. III $3 lv(’ ;I(I(l  I(’ss  ast roIt](t  ric s(,llsil  ivity to ltli(rol(llsitl~
]); il’:1111(’t(’l’s tlll”oll~ll  Nlollt(” (;:11’10 t(’(lllli(lll(’s.  l~illilll~, ill ~~’1 \\’(’ ])lil(”(’  0111”  r(%lllls  ill tll(’  (“ollt( ’xl of
(’llvisioll(xl  ast rolrl(~tri(”  illst  r[lltl(:llt  at ion, (Iis(”llss  t II(, ]I(:tir  t(’rl[l ])r(Hl)(I(”ts  for SII(’11 all ast rO1ll(’t  ri(
])rogtaltls. all(l ~[l(,~ltioll  fllt Ilr(’ (:xt(~llsiolls  to t IIis tvork.

2. Micmlcnsing  Encounter  Descript ion

2.1. Instantanec)us Theory

(1)
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WIICIT /) is 111(:  ‘til[l]mct  ]mml[wtw” (trarls~(’rs(  sc]mral  ion at t II(’ ])oitlt  of (l(wst a])])r(mcll)  of tllc

lig;llt ray r(:lativ(!  to tllc IIlass ])(wilioll.  III t his wily t 11( I ltlass acts ils all oj)t ical l(IIIs.

‘1111(1 ilwtalltalw(ms  g(!mtl(:tly  of a l)a(JqwlllI(l  source 1( ’IIs(I(l  l)y aiI illt(~rwllily;  ])oillt  ]t)ass (tllc
1( ’]1s)  is (l(:~)ict(xl  ill l“i~(lr(:s  1 al[(] 2. Wll(’]1  tll(’  1(’11s is stlfliciclltly  (10s(” to tll(’  Ilol[liilal  li[le-of-sigllt
10 t lIC l)ackgrould  S0111’(”(:, al I (II MIrv(Ir ((’(llli]~])(’(1  writll  a t(’l(wo])(”  of arl)itlarily  lligll  allg~llar
r(w)llltioll) S(WS M lm(k~rolll~d (lisk-lik(~ sO1lW(:  HS two ar(.s at (list i~l(’i ])osit ions 0;, (.or~(’s])c)ll(li~lg  t o

t ivo sol(lt  ions of a (llla(lrdt  ic (’(jll:llioll  ii] t II(: l)(JII{l  allgl(w  0, (III ()])])(wit(’  si(lcs  of  tllc l(IIIs. III a

])lall(’  IIol’lll ill to tll(’ Il]l])(!]’tllll)(’(1 lill(’-of-si~llt  to tll(’  sollr((” (olltaillill~ tll(’  1(’11s (li(’r(’ill  r(’f(’rr(d t o

as tll(: t rallswrsc 1(!11s l)l;LII(:), tlic a])]mu(!llt  ])(witiolls  (If t II(J t ~vo arcs aw at illl]~act  ]mrall~(’t (Jrs bi
aII(l l)z rclativ(!  10 tllc 1( ’]1s, fllll(t  i(}lls  of ll]c ilrllm(.t  lmr:ll[l(’1(’r  of [ 11(’ III]])(Y1 llrl)(xl lill(’-of-siglit  t ()
{Ii{ SCJIII((! IJ,, rclat ik(’ to t 11(’ 1(!]]s:

}vll(’r(’  all t 11(’ i]il])act,  I);iralil(’t(’rs  ar(’ ])osit  iv(’ s(’ltli-(1(’fillit(~  (lllallt  it i(’s, 1{/: is tll(’  so-(all(I(l  l~illst(’itl

(3)

‘1’11(’  illtulsiti(:s  o f  tll(: two illlilg(’S Call 1)(! coltl])llt(~(l frolll tll(~  fact that  ally l(:llsillg  (x)lls(~rt~(w
surface l)ri~llt  ]1(’ss. F’or iltl])(’rf(’(t  1(:11s alig)lltl(~llt  all(l  collst  ant s(lrf’n((’  l)ri~llt  11(’ss  of t II(’ sollrc(,  t IIc
r(’lat  iv(’ l)ri~llt  11(’ss  l)(:lW’(’11  tll(’  itl’(”S all(l Sollr(l!  is giv(’11  l)y t 11(’ rat io of ])(’rt  Ill’l)(’(l  :Lli(l  1111]  )(’rt Ilrb(’(1
iltla~(’ Sill’fa(”(’ :11’(’:iS ill tllo t l’iill S\r(JI’S(’ 1(’11S ])liill(’  of l~i~[ir(’  2. ‘1111(1  r(’lali~r(  illt(’llsili(’s  (Illlits  (If tllc
lIIIIN’r( llrl)(I(l  sotlr(x”  illt(jllsity)  of tll(’  t \v(l iltlag(’s  ar(, (’wily sll(m’]1 t () lN:

If wc (wllsi(ler  1(’llsillg  of I,Nf C, SN4(I, or I){llg(’  stars  l)y itlt(~r\r(jliill~  star-lik(l  colrl])act  ]it:tss(w,
t 11(:11 ~vllat w’(: olm:rv(: is liltlit(xl  l)y tll(:  firlit(’ rcsol(lt ion of otlr illst  r(lltl(:llt  at ion. III l)art  i(”lllar,  for
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l~ig. 1. IJ(:llsillgg(:olll(’tly  ill 111(:  solll((:-l(’lls-ol)  s(:ll’(!l”  ]Jlali(’.  IJigllt froltl  tll(’  sollv(:(” is ])(!rtllrl)(d

l)y tll( ])r(w:llc(: of 111(:  1(’lIs  alI(l  forlIIs two i]tl:ig(w  at tl](! OI)S(IV(II locatio n.” ‘J’11(1 light r:iy l)eII(l

illl~l(W 0; ~1’(’ I’(:lilt(Xl tO tll(!  il[l])a(.1  ]MI’:ilIl(:t(’l’S b, tlll”ollgll 1;(]. 1 . ‘1111(’ iltlagxw  a])]w]r  at allgl(w Oj

r(’lativ(’ to tll(’  llolIlillill  sollrcc  l)ositioll.  ”

Symmetry
Axis

t
\ ’ I

Y’ig;. 2 . IJ(:l]sillg  g(!oltl(:tly  ]Iorl[ia] 10 tllc lill(-of-sigllt. 111 a 1)1?111(’  IIol”lllill  to tll(’  lill(’-of-sigllt
colltailli]lg  tlI(’ l(:IIs, tll(’  rclat iw g(:()][lc’t  Iy of” tll(,  1( ’I Is, ull~)(’rt lll”l) (’(1 Solll’( ’c, alI(l 1( ’I Is(I(l illiag(vs  is
Sllow’11.
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1(:]]s  (Iistallcc  0]1 tl)~ OI(l(!I  of kilo] mrs(w, tl]i~t ]I)iik(!s tli(~  jl[]iig(!s s(’l):llat(!(l I)Y :LII :IIIK1(I 011 t 11(’ 01(1(11

of a ]rlillia](:s(:(  :oll(l  (lIIas 10 ‘{ al’cs(!(ul(ls)  . ‘J’tlis  or(l(Ir  of ]Il:tgtlitll(l(’  is wr(Ill I)(I1(Nv tll(’  atiglllar

rcsolutio]l of availal)lo  ilwtrulil(’]lt  ati(j]l,  so what is OINVV(YI  is aII II II I(wOIV(’(1  sOIII(.(”  of :I]tll)lil  11(1(~
(asslllrlillg  a (laik l(IIs):

A=A1-IAy=-
712-1  2

,,, ~,,2  -, .1>  ] ((;)

‘1’11(1 fact t h a t  (11(’  illlag(x  Hrc ~lllr(!solv(xl  qualifirs  this (Iv(’llt w ~)ii(w~l(t]wiil~  (1’ii(~~ilski
1986a,  l’a(wytiski  1996;1).  It is itrl]x)rtallt  to llot(~ tlliit A is  sigIlifi(alitly gr(~atcr tllal]  011(  OIIly for II
1(:ss tllall 011(:  (Itigplr(:  3). so tll(:  Illl])(!rt  llrlx’(1  sOIIN(”  litl(’-of-sigllt  IIllwt  I)(’ \vit llitl 1 11(~ lCIIS” IIillst(ill

ra(lilm l)(:for(:  sigllificald l)llot  oltl(’t  ri(. al[l])lifi(at  ion is ol)s(’ri’(’(1. l~i~(lr(’  3 giv(s tll(~ i)tlag( ])ositiolls”

alI(l  ,aIn]dit  ud(!s as a fulldiml  of II. Not(”  dls(j t Ililt t 11(’ ])llot (1111(’t  ric altl])lifi(at  io]l is ])llr(’ly  a

~(wlil(:tri(::i]  (: fll:(:t,  iltlj)lyitlg  it is ;I(’111’olllilt  i(” a fact  t IIdt is (:x})loit  (:(1 ill ])llot oltl(t )i(” llli(r(jl(:llsill~

s(!ai’cll(%.

Center-of-Ligllt Rvml tllougll  tllc two it]m~(’s aw ullr(!solv(’(1, t lwy arc s~)at ially (list ill(t frolll

t 11(’ IIoltlillal  sollr((:  ])osit  ion (hkl. 2), all(l llav(’  IIoll-t  rivial  illt  (:lisit  irs (} ’;(1. 5). WC t ll(:rcfor(” (m]wi(l(’r
tll(~ c(~~lt(~l-of-ligllt  ]msitioll  ill tll(’  illstallc(:  of ltli(.rol(!llsitl~  l)y a (Iiilk lCIIS.  A s  call 1)(I  SWII fro~t~
l~ig(lrc 2, tllc ccutcr-of-ligllt  is (l(!ar]y 011 tll(: syl]lltl(’try  axis 1)(’t~v((ll  tll( soItr((I  ?lII(l l(IIIS.  l{clati~’(’
to tlI(I lc7~s I)ositioll,” tlw c(:llt(~l-of-liglll  ])osii  ion /),,,,/,,.  /,,,,, is st r:iixld  f(mwr(lly  ol)t aitw(l  frolll t 11(’
iltiag(’  ]Jositiolls”  (l{;(].  2) aII(l illt(’llsiti(w  (1’;(]. 5):

Albl - A2/)2 7/(7/~  i 3)
[),,,,/, ,. /(,,,,  ~ A , _, A, ~ 11’1:  -

‘//~ -} 2

a]l(l rc]at ivc to t 11(: s(~v~c(, ])[)sitio]l,  this (“(’1lt(’1-of-ligllt  is lo(.dt (’(1 tit:

AII,,,, I,, : L< ,(/( i /( ,(,’7  - h

1{1!:  :(,2 ?’, z

‘J’llis c(’llt (u of light  ])(wit  ion is illclll(l(xl  ill l~igllr(’  3 as a fllllct  ion (If 7/. ‘1’11(’  olw(’rval)l(”  ast r(]ltlct  ri(
(lisl)lit((’]il(~]lt of tll(, c(:lll[’1-of-liglll  fr(jltl t 11(~ ]I()]tlillill so(ltu~  l)osit  ion is (}log (’t al 1995,  hfiyaltlot ()
& Y(jslli 1995, l’aczyilski  19961)):

(7)

WII(IM!  w(: llav(: illtro(lll((!(l  t 11(~ atl~lllar l’;itlst  (’ill  ra(li(ls  7}; = l/I; /  l~lc).  III tll(’  lfli(m)l(’llsitl,g
situat,  ion dcscril)(:d  al)(wc, Afl w ()(T};) is  011 tll(: (Jr(l(,r  of a ]Ililli:ilcs(:coll(l a kwluc tlldt  i s
w’itIlill cllm:llt and (:llvisioll(xl  ast roltl(’t ric calml)ilit  i(’s of ()])t  ical illt  (vf(’roltl(lt  (Irs (1 ‘alol[lar  ‘Jkstl)(I(l
IIlt (Tf(’rmm’t (!1’ l“J’1 ((;olavita  (’t al 1994), }<(’(k IIlt (i]f(’]()~tl(!t(l , S]m(YI IIlt (Jrf(rolll(’t  ry h~issioll
SIM (lJllwitl  (t al 1997),  Glolml Astroltl(:t  ric IIlt (:lf(’)oltl(’t(:l  for Ast ro~)llysics  GAIA (l,i~l(l(’~r(,ll  (’t
al 1995)), a]l(l  (:v(’]] fillc(l-alwrt  III(!  gIOIIII(l-l): IS(I(l C;C;l) (Iiflk’r(’llt  ial :Ist ro)tl(:t~y (1’~a\’(lo &Z Slliikliill
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1996).  11 is ]I(jt(Jw’ortlly  that this :Istrolll(’t  ric I)(rt (Illmt  io~l sigllat  (Ir(: is fit a IImxilllulti  fol v = {2,

al(l  lltls a W1l K! of 2 ~wl,:  % ().35 7’}/;. Nolo” ;IIS(I  t IIai t his l)(vt Ilrlmt  ioil is ])ositiv(”  (s(’l[li-)(l(!f  illit r

t 11(’ a])lmr(vlt  ccllt(’1-of-ligllt  is always (lis})la(c(l  nway frolt  I t II( lCIIS. l~illiill~. :{s ill tll(’  (’as(’ of

t 1)(’ ])llotolil(~tli(””  altl])lifi(atio]l, t 11(’ astroltl(~t  ric (lis})l;l(.(’l[l(~llt  is :I(”llrolllat  ic for 0111 assllllil)t  ion (If ii
(lark 1( ’11s.

2.2. Microlensing  Encounter - 13arycmtric Observer

‘1’l)r g(wl~l(’t  ry of a ty])ical,  siltl])l(’  Itli(wl(vlsillg (111(011111(1  ol)s(’rt((l  ill a lM~ry((’llt  ric (ill(rl ial)
syst(IIII  is (Ic])ict(’(1  ill l~i$[lr(’  4. ‘l’ll(i S0111’(’(’, 1( ’11S, illl(l ol)S(’l’\r(’l”  ill’(’ t:l!i(’11  :iS fl’(’(’ 10 lll(lV(’  lillcarly

011 tllc tiltl(’  scalr  of tll(~  1(’)lsillp;  (!w’llt. C~olIs(’(Ill(:lIily,  vi(wwl ill a ])lallc  (ollt?ti]lilt~  tllc l(lIs alI(l
IIOrIIIal  to tllc llll])(:ltllll)(:(l  soIIIxxI  lillc-of-sigllt,  t 11(~ r(,lat ik’(’ S(JIII((I-l(IIIS t r:i.j(xtoly  is a])])roxilllat  cly
lill(’ar (Illrillg  tile (Irlcollllt(’r. Witllollt 1(HS of g(’11(’rality  w’ lIIay (1(’fill(’ ii (.()()r(lillat(’  Syst(  ’111 ill
~::]!i(.]1 t ]IC SOIIIC(I ;I])])(~:IIS  st:lt  ioll:l]y  :1]1(1  ;Issll[II(,  ( }I;lt  only t]l(~  l(JIIS is ill Ill(It ion. ])cfillillg  t 11(’ :/’-?/

l)l:lIIC of that (wor(lillat  ( syst  (’1]1 ill t 11(’ t rdllsv(’us(’  1(’11s ])liill(’  ((’lit  (1( ’(1 011 t 11(’ s(jllr(l  (~))oj((t  i(j]l),

aII(l t,akill~  t 1](: :t”-(”()()l(lill;it(l  along t II(’ t I;ij(I(”l(jrJJ  of” t II(J 1( ’11s, \v(’ (“:ill Ivrit(’  tll(’  1(’ils IIlotioil”  ill t h i s

Syst  (’111 :W:

x,(,,,(f)  ~
{

~J(~  ////( 1,1 )
h,,,,,, 1

lvli(ir(!  we lI:IV(I  (l(:fill(xl  (Iil[l(’llsiolll(’ss  IIiilliltllllll  il[llmct  ]mraItl(Itcr  f) : h,,{ ;,, /11’l;, t 11( I (llaracl  mist ic
tilil(:  or tiltw s c a l e  for tllc lrli(rol(’lisillg  (!v(:lit f~} = 1{1;/11 tllc tiltl(’ r(yuir(d  for tlw III]IS
t o  ]Ilovc tra~lsk’(:rs(:ly 011(’ F;i)lst  (:ill r:l(lills,  all(l a II(jrl[laliz(’(1  ((lilli(’llsio]ll[’ss)  t illlt’  co[)r(li]iat(”
[i] : (f - i,,,,,, )/f~,. ‘Ik, ],r(:dict  tl,( t i]l,(!-(l(j,(*](l(~lt  ]ilicrolc]lsill~  (J}wrval,l(Is, u(f)  I}* u ( f )  (Itt]. 8)
i s  ills(!rt(:(l  into tll(: (x})r(!ssiolls  for tll(’  (“ollll)ill(’(1 ittlag(’  li~llt :Illi])lifi(.;lti[)]l  (}’kl.  6) all(l  a])]mr(’llt
asl,ro~[l(’t,ric ])(~1’t  llrl)at ion (I{k]. 7) .  l~i~llr(’  ,5 ~iw,s t 11(’ l’(>lilt iv(, j)lloto]tl(~t” ric Sig] lilt 111’(’ f(ll’ sillll)l(’

lfli(.rol(’llsillg  (’v(:llts  ill llla~llil(l(l(’  IItlils  for s(’v(:ral valll(w  of tll(’  IIlilliltlllrll  i[tllm(t  lmralll(’t(,r  ]) (?J
= 0.2, 0.4, 0.6, 0.8, all(l  1). ‘J’llis  light  cllrv(’  slla])(’  is ])r(~(is(ly  t 11(’ })llotolil(~t”  ri( sigtlat  llr(~ for sil[t])l(:
ltli(.1.ol(~llsill~,:  (.llrr(,lll  IIli(.rol(,llsillp,  sllrk,(~y l)ro.j(~(.ts  (O C;l, l+; l’:((xyilski  (t a l  l!)<)~}. hflAC~llo
Al~()(.k  et :(1 1996,  };1{OS  l{(~liiilllt  (t ill 1[)96,  1)110 Alil)(l  ( ’ t  ill 19!)51))  first st:~lt  (’(l olw(,r~rillg
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:~:ldl liglltcllrv(’s  ii] 1993, :111(1 1)~ tliis  t iltl(’ llillr(’  OIH(’I’V(’(1  lIlilll~ S11(”11  light (llrv(w  t hilt :1:1’(’(’  M’(’1I

\vit II this siltl])lr  tll(’or(’t i(”ill exl)c(”t  at ion.

l’igurc 7 gives t 11(’ ])l(lts  of” t 11(’ as{ roltl(’t  ric ]X’rt Ilrlmt ion Sigllilt Ill”(’ lllitgllit  11(1(! Rs a fllll(”t  ion

of (Ilmlllaliz(’(1)  til[lc for tlic ~~-w(lll(:s  gik’(~11 ill lti~(lr(:  5 . Not(” t Ili\t t IIis ])(’rl llrlmt i(jll  is (Iir((t  (d

alolI~  tllc illst;~lltalt(:olls  syltlltl(,tly  axis, wllicll  rot at (w ((.olltlt( ’1(.lo(:kli’is(’”  wit II ill(r(~asillg  t itll(,  for

tll(~ g(x) III(JIIy  ill I’igurc 4) durill~ tll(: ltli(rol(~llsill~  (~ll(ollllt(’r. A s  S(’(’11  l)y t~l(’  O~W(!l’V(T t]l(’ Solll’(”(”

al)lmrcllt  l-j l)(nforlils  all (~lli~)t  i(:al (~x((lrsi(~ll  frolII its {1111)(’rt II I”])(I(I ])(wit  ion. ‘1’11(’  d])]) ar(’llt  Solll’(”(”

astrmnctri(:  (xcllrsioll  is stItliglltfol\~t~l(lly  ol)t aill(:(l l)y ills(’rt  illg (t II() v(’ctorial  c(HIIImlI(’IIis of) v(f)
(Ikl. 8) iilto Af7(TI) (lIkI. 7 ) :

(9)

‘J’llis  (:llil)t  ical  cxcursi(nl  is dc])ict(’(1  ill Figure 6 for (NII saIIII)k~ WIIWS of~~ frolll almv(:. 11 is ]ik(wisc

st raigllt  forwwlxl to d(:riw  tllc (wclltricit~’ of this (Jx(”llrsioll  itl t(’rills of IJ:

(’ ~
{

1--1;2 (10)
p? -t 2

‘1’11(’  (Ix(:llusiolls  I)c(wltl(: ltlorc (w(vltric  wi th  (1( ’(r(’asitlg  f), :Is tll(’  ltwilllultl  i[lt(:llsity  of tllc tww
iltla~(w  is Zl])])roXilllilt  (!l~ (!(lll:tl  (lO(j.  5). ‘I1l I(J IIlaxiltllltrl  IIlag[lit  11(1(1 of t 11(’ astroltl(:t  ric si$lldt (ire,
2 ‘;/2 ?1;, is t IIc sal II(: for :111 l)llotoltl(’t”  ri(ally  OIMIIV;II)lC  (;J < 1 ) (Iw:IIts tll(’  IIl;ixit]lllltl  astrol[l(!tric
l)(irt  111’l);itioll  llliigllitlld(’ iS t]l(’ saltl(’ for ill] (:v(’llts  \\’itll  j’) < {2. ‘J’l I(J ?\llg\l}ill’  ]’jillSt(’ill  l“il(lillS iS
gi~,(~]l ill }“if+[lr(~  8 a s  a  f’lltl(.t io~l (If 1(. ]Is (list a]l(.( for 1)111~(~ 2111(1 lJi14C  ]Ili(.]ol(]lsillp, (,v(,l]ts alI(l a

r(J1)r(w,llt  at iv(~ raIIg(I of I(IIIS  lIIass(Is  (7// = ().()5,  (). ] , 0.25,  ().5. ] h’lc)). ]kl” (’X;llll])k, a 7// = (). ] hlo)

ol).j(,(t at 8 kl)(:  1(’]lsillg  :] l,N4C~  sOIII(.(J IIils :111 }lll~[llitt l’;itwt(~iil  rtl(lills  of 3 x  10-  ‘ il)(s(~(oil(ls 01 30[)

~~lj~.lo;l](.s(,(.()]l(ls  (] ]fli(.lo~ll(.s(~(,oll(l,”  ill)l)l’( ’\riilt (’(l  //iIS, ( ’( ]  (1?11S 10 “ ill’(”S(’(”oll(l  S) :111(1 H IIlaxilflllltl
ast Iolrl(:t ri(. si~ll:it II I”(’ of roIIgl Ily 100” /Ias

It is Ilotcw’ort”  lly t hilt t 11(: t ilt)(’ (!l’(~lllt  ion of t 11(’ Ml roltl(’t ric (’x(llrsioll  is IIoll-llllifol]ll.”  Fhr frolli
leIIs-solIIw clos(:st  aI)I)r(mclI  t 11(: dl)~mrcllt  s(IIII(.(1  IIlot  ion is S1(IW. w’llil(’  11(~:11 tll(~ (’l(w(~st  :L])])I(H(lI
tlt(’  sour(”(” IIlotioll”  is si~llifi(alltly lli~ll(~r. ‘J’tlis IJ(’llavior  is (1( ’l)i(.t  (’(1  ill I)ig(lt(’  10 (\vl I(Ir(’  ])(~illts  aI(’
])lot t (xl aloll~ t 11(’ mcllrsio]l  tril.j(’(”t ol”~ at  (’(]lliil t it[lf’  itlt  (rv:~ls),  all(l  (“:111 1)(’ S(TII l)y (Iifli’r(’rlt  iat i[lg
t 11(’ ast roltl(’t ric (’xcllrsioll  wit II r(wl)(~(t  t () t itfl(’:

dAd([f])  , 7’1$;

{

~)~ - [fy + 2
(p~ + [f]~ -t 2)2 }

(11)
(1 [1] 2~)[i]

[~l(:ilrly foI [f]z >> j’;~ (i.e. far frt)lll  ]Ilaxillillltl  tiitll)lifi(itti(jll) tllc (’x(”(lrsioll rate l[liigIiitll(l(~ ~()(w  as

[/]” 2. ‘1’llis  l)(llavior  is sigllifi(ailt  ill that  tli(’  astrol[l(itri(:  (Ixcllrsioll  (l(:scril](d  ill 1;(1s.  9 alI(l  1 1
a])])(’ars v(’1’y (lifli:r(’llt  tllall tll(’  tilll(i-ll:tl~tl(jllic  nstrolrlctri(  (’x((lrsio]l  (’xJ)(i(”t (’(l if tllc sollr(w  lliiS

llliLSSi\r(’ gl;il~itatic)ll;ll  co]tl]mlliolls.”

l{’illi~ll~,  it is illllst  rat iw’ to coltl]mrr tllc tiltlc  S(alm for t 11(’ ])llotoltlct”  ric alIfl  ast ro]tlct  ric
])(’ltllll)atio]ls caused l)y a ]Iliclolc]willg  Cll(olll]ter. IJig[lrc 9 I)]ots t IIc ])llot O]llct  ric altl])lificat  ion
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l~ig. 3. ll[lag(:  IJositiolls”  all(l illtcllsit  its. IJ(’f(: ‘1’llc t ~vo iltldg(’ al)lmr(,llt  l)osit  ions all(l  t 11(’ C(llt  (~1-
of-ligllt  a})lmr(!llt  lmsitioll (ill t I](! trallsv(!rs(!  1(’11s  l)lall(’)  as a f(lll(:t  ion of II. ltigllt: iltlag( (illlag(’ 1,

i~t]a~(~ 2, (’ollil)ill(xl)  illl(’llsiti(w  (l’(’lilti V(’ utlits) as a f(lll(tioll  of II.

I Y

cen’s;’:ti
:x...!’:”.+———\ Source-Lens

Relative Trajectory
Image 2

lJip,. .4. N’li(wl(:llsillg  (’ll(olitlt(’r  g(’olll(t Iy. ‘J’li(J g(’OIII(Jt Iy of a llli(rolollsillg”  (’wilt  is (1(’l)i(t(’(1 ill
a l)lall(’  ]Iorl[lal  to tll(’  Sollr(”c lill(’-of-sigllt  collt  ailliilg  t 11(’ 1(’IIs, ‘J’11(’  rclat iw sOIIW(’-1(:]IS  t r:ij(’(toly
Itl(n’(!s  frolll 1(’ft  to r ight ,  all(l is l)?ll:~ltl(’t(’liz(’(1  l)y t 11(’ l(,IIS s])(I(’(1  all(l IIlillilrllllll  itll~m(”t lmraltl(’t(’r
rclat iw to t 11(: sollw(,.
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Au(t) =  ~;:;’”  [Iq,,,,,(il,(,,,, .  b(f)) b ( f ) ]  :“(’(’’” [11,,,),,,,,(  (]],,,),,,,( k,(f)) ~(f)]
‘7’/

ni(ll, i - n,5i111r((x- [1,(1, ~ b(l))  b ( f ) ]  =  ;:,, [1,(1, ~ b ( f ) )  b(l)]
7’/(,

(12)

‘ (($7//71ass(lltlillg  11((,,,  < x 11,$01,,  ([ ~ 11 w f)(lo”  !))), (1(’fillillg  t 11(’ 1’(’lilt  iv(’ 1( ’1)s-s0111((”  lmr:tllax

11 : nl,,,,$ - n,$ol,l  C(, all(l  Ivilll  11 all(l b rolat( ’(] ill(()  111(’  ltli(.uol(’llsill~  (“()(  )1’(lillill(’ Syst(’ltl  (so tll(’  z
colll])ol](’llt”  is itl(lmxl  xcro). \Villi t his ]mr~illact  ic corr(’(t  i(jli t (j u(l).  I;(]. () l)l(~(]i(.ls  t]i(~ ast roltl(lt  ri(

(:x(ursioll  OIH(!IV(!(l l)y tll(:  t(!l”l’(!Sll”iill  obs(’rv(’r (all (’X:IIII])l(’  of lvlli(ll  is (I(:l)i(.t(’(1 ill I“ig(lr(’  1 0 ) .

llowIver,  it i s  i[ti])ortallt  to 1(1111(11111)(11  t]lat 11(]. 9 r(’f(’rs to tll(’ (Jx((lrsioll  7(II(II;IJc  10 tll( 1111])(’1[1111)(1(1

Sollr(:(!  ])osit i(jll,  wrllicll  i t  s(:lf now” ~i])])(’ill’S t o  ]Il(Iv(’ w’il II t iltl(: (111(’ t o  l)aralldct i(” (’fl’(’(”ts.  ‘J’llis
forltllllatioll”  is l’(!MOII;  I1)l(’, 1)( ’(:alls(:,  as UT’ will iil”~ll(’  1)( ’l(m’, t IIis olwr~’at iO1lal  ])MJI)l(lII  1(]](1s it self

to glollll(l-l)?is(’(1 lI;illo\\r-:iTIgl(:  (Iifli’r(’llt  i;il ;istroltl(,t  Iy t(’(”lllli(]li(’s.

‘I’l Ier(I al(:  scv(!ral r(!ltlarkal)l(l  ]millts  coll(x!rlli[lg  t 11(~ fillit(’  ral)g(~ (ori(Ict  ion t () t lIC ltlicrol(’llsitlg
?ist  I’olil(:t  ry. F’irst,  as llo~,txl ;il)ov(:,  fit l,ill~  :i 1110(1 (’1 l)iiS( ’(1 011 l{; (]. 9 to sli(”l I astroltl(:tri(”  (Iata a]loww

tll(~ di7cct  (w(iltliitc  of  all tllc ])llysi(al  ]):~rdl[i(’t(’rs  for tll(’  l(~lls. Strictly sl)(wkill~,  tIlis  st:it(’111(’llt

asstllllcs  l).<[) :tll(l  tllo  soltl’(’(!  l)r(q)(’1’  IIlot  ion (“all lw s(’J):ir:it(’ly  (Jstal)lisll(d  (or ill f(mr(l) I)Y d ll(v

Ill(’tills. lIOW’(!I’CI’,  tll(’ 1(’11s IIl;iss i s  a S])(’(”iiil (“?1s(’ ill t hat it (“ill] lJ(’ (’st  il[l;it (’(1 ~llst froltl (luallt itics

w: olkx’lv(: diw(:tl~, II:iIIlcly 7/; :il I(l 1 1 .  ‘J’llis f:ict (:111 I)(’ swll l)y illl’(’rtillg  I;(]. 3 to  so]v(”  for 7//:

C2 1{;,;
::; 1).’’’7  ’;; - ‘“ , ~“

2 1’;,;

7’) ‘ 76’ 1),,(, :)’ (1 - :/”) ❑ 1 - ;[” J(; ’11
[p,] (13)

lvll(w: tll(’  liisl  (qliality  (.0111(!s  f’roltl  t  11(’ fa(l t IIilt :1/(1 -  :(’) =  1 /1~,,,,11  \vit II 1),,,, ill ])(’  ?111(1 11
ill :ir(wx.(j]l(ls. ‘1 ’11( !  Illlits  of 7/; ar(’ ill l’:i(liilllS ;111(1 11 ill ar(s(w)ll(ls, alI(l t 11(’ [f)(] factor  is t 11(’
l(vigl 11 of” a I):irs(’(” (’XI)  ]’(’SS(’(1  ill tll(’  1( ’llp, tll Illliis  of” ( illl(l ~; (( ’p,.. ]11(’t(’]”s). ‘J’11(1 (litll(]lsio]ls of

lIk]. 13 ;lI(I lii(killg ill (11( ’g:iII((’,  I)ilt  t II( I(WIII[ is t ll:(t IV(’ llii~(  (x(lI;  iIIg(Kl t 11( Iltl((’tt ;iillty ill 1),$(,

for tll(’ lillc(ntiiiIlty ill tfl(: (1(’fillitioll (If illl :Istlollollli(.:11” IIttil. ‘J’11( S(XXIII(I iilt(l(stillg l)(jillt i s  to

II(lt (’ t II(!  l)r(’akiIl~ of t IIc tilIl(’ syltltrl(’t ry iiIOIIII(l /,,,{,  ~ I)J’ t 11(’ ]);ll’illlil(’t  ic (“01’1’(’(”1 i(jll.  l~igllr(  1 0
(1( ’111011s[  rat (:s this ])oi[lt ill :i lmrt i(”lll;ir  illSt  iill(”(’ ;is t II(’ l)ill’~(”(’llt Ii( t,,, (,,, ti)t}(~  ~)oillts :11’(’ liil)(’1 (’(1

01) t lIc t w’() cx(~lrsioll tl:ij(’(:to]i(:s. ‘1’11(’ (1( ’p,l’(’(’ of Syllllll(’tl’y  1)1’(’ilkill~ i s  (li(t:it(~(l l)y tll(’ ol)spl”l(~l”s

orl)it ])ll;isc  :ill(l  source  ])osil  ion ill tllc sky. III ~(’rl(’]:il  t his lmrallact ic syl[lltl(~t  Iy l)r(’:ikillg l(Ia(ls
to :isylfllll(’t  ric li~llt(ilrv(w  alt(l (lifli,r(~]lt  t itfl(’s for lllilXillllllll  :Illl])lifi(;it  i(jll for t 11(’ l);iry(”(’llt  ri(. all(l
t (Jrr(wt  ri;il ol)scrv(:r, l)ot II of wllic]l llii\’(1 1)(1( ’11 ]Iot ((1 l)y ot ll(~t :Illt  hors ((~ol]l(l  1992,  h!iy:iltloto  &r

Yoslli  1995, l;ucllalt(:r  &7 l<al[lio~lk(wwki  1996,  (Iolil(l  1996,  (j;ili(li  & tiolil(l 1 9 9 7 ) ,  :ill(l  lliis 1)(1(111
()~)S(}l’\r(!(] (Alcock ct a] 1 !)95).
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3. Astrometric  observations

l)uril)g  a NIACII() l[li(rol(:llsitlg  (i]lcolltlt  (’l ]Jllot  (Jlll(t  ric (jlw(~r\wt  ions alolic  co~lst  ~i~ill  t]ic

iltl]m(”t ]mraltl(:t(:r  ~~ all(l i~ tllroligll  l(k~. 6, w’lli](!  aslroltl(’tric olwlvatioll” call  1)( I IIS(I(l to I[liiqll(’ly
d(,t(nlllillc  tllc f(lll(lal[l(!lllal  ]mral[l(:l(’rs  of 111( I l(I]IS  (I IIass,  raIIg(I. }Lli(l trail  s\’(’rs(’  vclority)  \vitliout
alq)(!alill~ to a 1(:1)s  ])o])lllatioll  111()(1(’1.  Strict Iy s])(’akillg,  (“ol[l])tlt  illg tll(!  1(I]M rallg,()  slid t ra[lsv(~rs(!

vdocity  rcquir(!s  tllc sollr(xl  (lislall(x:  atI(l ])ro])(Ir IIIot ion to 1)(! s(:]mrat  (Ily cst al)lisllc(l,  wllilc t II(I
1(’11s 111:1ss call  lx’ (:stil]lat(d witllollt aI)])(’;llillg  t () lllc so(lr((”  (list :111(.(: ])r(wi(l(’(1  t 11(I r(’]at iw ]Mrallax

(“a]]  1)(: (Jstal)lisll(d  (lk]. 13). 11’or l,h4C, Sh4C~,  :111(1  l)lllty~ (’\(,llts  i(l(’llt  ifi(xl  l)y ]Jlloto)ll(’t”  ri( S(I; IWII
})rograllls, assul[lillg  ( ) (10%)  (Iislallc(w  l)y soIlr((I 111(’1[11)(’rslli])  ill tll(:s(’  gtoll]w is a l)lallsil)lc
s i t  lmt,ioll.  Sol]r(:(’  pro])er IIlot  ion r(’l:it  iv(, t () d (Ii fli’r(,llt  ial ;Istroltl(’t  ri(. frdltl(’  (all 1)(’ cst iillat(’(1

I)J’ aslroltl(’try at lat(! (ll(ollllt (’) t ittl(w. ‘1’11(’s(’  (:oll(lit ions iltl])ly  t IIat t 11(’ r(’(j(liw(l ilSt I’oltl(’t ri(
~ll(’;~slll(’k~  l(:~its  CaIi lW llia(l(’ (lifli’r(~l~t  i:~lly a~ail~st  lm(.k~rt)llll(l  ol)j(~(ts t l~at sllar(~  (x)]])~lio~l  ~ross
])arallacti(. illl(l  })1’ol)(’r IIloti(jils  wit 11 t 11(: 1( ’11s(:(1 S0111((’. l~or t 11(’ (1(,11s(’ l, N4(~, SNfC~.  ;111(1 I)lllp,(’  fi(’l(ls

11 S(!(1 ill ])llotolll(!t”  ric S(’:il’(”ll(!S  t IIis a))])  l’oil(’11 S(l!llls ])lilllSil)l(’. ilS 1 11(’ (]llitllt  ity ~1)/1)  allloll~  t 11(’

l’(’f(’l’(’11(’(!  ol)j(!(’t  S (a II;it 111’ill lll(’ilSlll’(i of t II(’ scat t(’r  ill ]mt:lllax  aII(l ~JlcI]~(Jr  III(~t  i(~ll) is sIIIall f(~r t 11(’

ol).jwts  it] t lWS(I  fi(’l(ls. ‘1’ll(w’ collsidcr:it  ions St rollgly sllgg(wt  a ]Jro~ralfi  to ])(rforlll (Iifli’r(’llt  ial
astr(jltl(’t  ly 011 IIlicrol(’rlsiilg  (“all  (li(lilt (’ (’\’(’lits  (l(’t(’(”t  (’(l ill ])llot oltl(’t  ri( sllr\’(’ys.

It is illt  (wstillg  t () ilwst ipjat (: t II( s(llsit  ivity t ]l:~t sll(}I atI ast  Ix)lll(’t ri( })l(jp,ralil w’olll(l

lJI(KIIIC(!. ‘J’() ad(lt’(’ss t IIis (111( ’St ion W( llil\’(’  (“()]1S1 rll(t (’(1 :1 Sil[llllilt io]l C()(l(’  t 11:11 Cl(’:tt(’s  syllt  11(’t  i(
])llotoltl(’tri(”  aild astroltl(:tric  lII(I;LsIll(’ltI(I]il  sots , ;111(1 t 11( ’11 fits a ]Hlralll(’t ri(. ltli(”lx)l(:llsill~  111()(1(11  to

tll(w~ 111( ’:tsll I”(,l Il(’llt S(!ts. ‘I’l I(J C(I(IC i s  st lLICt III(Yl to }I(JI[(IIIII this c~}>(,lat i{)li ill a h~ol]t(~  (~aIlo 111()(1(~,
so error  dist ri])ut io]]s i]) t,llc IIlicrol(:l]sillg  ])aralrlct (!1s ]IIay I)(I cl fll)iuically (Icriv[d as ii fllll(t  ion of
])llysical  ]mralIl(t(’rs :LI1(I Ill(!:tslli(!l[l(illt  (Irror. l~ig(lr(  11 sll(mw saltl])l(’  olltl)llts of tllc sylltllcti(
(jlwcrvatioll  al)(l  fitt illg ])ro(ws  for :111 l,Nl(~ lrli(”rol(’llsitlg  (iv(’llt. l~or this (Ix:iltII)l(~ tll(, lolls  is again
ass~liti(!(l  to IW at (Iistall(c of 8 kl)( (If = 100 //as). ?} = w I/:is (II’};  ~ 2 . 4  AIJ, 711 w ().IAIG)).  fO
= () .1 Y] (](’liiti~(: I(:IIs-sOUIX:C  t I :iIIs\’(’Is(I S] NI(K1 of 120 k[ll S“ ‘ ) ,  al,(l a 10*,S  IIl(,t  i(,*i *,(,sit  io*l a,,~l(
of 30 (l(’g. olwratio~lally  \\T wsulttc  tll(  (’w:llt  i s  (l(’t(’(t(’(l  ])llotoltl(tli(:tlly,”  alI(l all astroltl(’tri(
(“:iltl~migll  starts t h i s  iltll)li(:s  astrolt](~tly  II(VLI all(l  aft(’r IIlaxilillliti  :iltll)lifi(”:itioll.  Asslll[lill~
3(ti  l)ltot  olll(:try  and 1() //w (Iiflkvw]t ial astrolti(’t  Iy r(’f(~r(’]i(wl  t () t 11(1 UIII(IIIS(I(I  SOIIIW ])osit io]i,
W’(’ fit a ]Kiraltl(,t  ric l[li(.rol(’llsill~  11]()(1(’1  to t 11(’ (x)]tll)itl(’(1 (lilt~  s(’t ‘1’11(1 fit is s(’(’11 to r(I1)ro(llIr(”
t IIc 111(’as(ll(ltl(’llt  s(its  fait  ]lf(llly,  ;I]I(I  l)r(’(li(ts  t 11(’ IIli(”rol(’llsill,g  ]mraltl(’t(’rs  a((”llrat  (Ily.  l~igllr(’ 12
sll(m’s  tll(’  I[li(.rol(:llsilig  ]mraltl(:t(:r  l’(’Si(lllill S ol)tilill(’(1  ill G()() illstall((w  of tll(’  (’\’(’llt  d(’])i(”t(d  ill
l“i~(lr(,  11. 111 l):ll”ti(”lllill’.  \\’(’ ol)S(’1’\’(” 2(x1 :111(1 1 6(X, fl’il(’t iolliil S:llll])l(’ St ?Ill(lal”(l (1( ’viat io]ls 011 t 11(’

?/,; alI(l 11 I’(’Si(lllill (list Iit)llt ions r(’s]w(”t iv(ily.  (lJit  t ilt~ (;allssiali  ])rofil(w  t () t 11(’ ((’lit  ral lmrts  of t 11(’
l’(’Si(llliil (list Yil)llt io]ls r(:slllt ill (’rror (’St  iI[lilt(% t IIilt ar(’ w 20(Y’I 1)(’tt  (!1’  t hat t 11(’ S:11111)1(’ St alldar(l
(1( ’\’iati Oils).  llsillg  t 11(! Sii][)])l(’ st :Ill(l:(r(l (1( ’\’iat ion fi~(lr(+.  t 1](, (,rror it)  (wt  il[liit ill~ t II(I l(~IIs II I:ISS is

1  (i(~ ill ]{~(], 1 ~j, r](~iil]), (lo]llillilt((] 1)~ t II(, l)~ll’illlil  X (,1’I’01’.
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]Ilicrol(’llsillg  (:v(:Ilts  for (xl)crit[l(’llt  sc’iwitivity  ((I l[]i(”r(ll(’llsill~  ]mraIIK’t(Irs wit 11 a ]mlt icular

(,ltl]Jllasis  011 111(!  1(’11S  lllilSS. ‘Jhl)l(:  1 giv(w a sllltlltl:ily  of t IIc s(’t of ltli(lol(’llsiilg  all(l twt loltl(’t  ry
]mralll(:t(:rs  wc collsi(lcr(i(l  ill olir Mo]lt(’  <;arlo ]III)s. lV(’ rail 500” illstall((’s  of (1:1(11  l)araitl(’t(’r
])(’rlt)lltatioll  ~i\wll ill tll(’  tal)l(’ a tot a] of” 384 (ascs ill all. IIi a(l(lit  ion to t 11( I ]mraltlrtcrs  sl)(’(ifi(’(1
ill ‘J’al)lc  1, ill (:acll of tll(w Cxl)(’riltl(’llts  \v(’ ass II II I(xl (.oll(liti(jlls  sittlil~r  to tllos(,  (l(w”ril)(’(1  al)(n’(’  ill

Figure 1 I: Ilalll(’ly  3(ti, ]Jllotoltl(’t”  I“<y for cw!llt  (1( ’t(:ctio]l,  all(l a $yr  ilSt l’olll(’tl’i~  s(’(111(’llcc  St art illg at
f /1!0 1 - to, and  Sillll])lill&  u’it]l  Illlilorl[l  ])(:rio(l  ().1 to. Mi(rol(:llsillg  lml’altl(’t(:r  fits arc IIlil(l(’ to tll(’
astrollwtri(”  (l:lt  as(’t coIlllJiIl(\(l wit 11 a 3% ])llotolri(~t” uic (Iat asot t ll:~t SIMIIS  t llr iilt  (’rtwl /,,, (,, 3 1 yr,
lY(: Collsi(l(’r(:d fitt ills ()]IIY tllc astroltl(:t  ry s(’(]lI(II(x’  ill a f(’~v s(’1(’ct  (’(1  (ds(’s, l)llt it)vdri:tl)ly  folllld

(1( ’~ra(l(d  par:llu(’t(:r  (’slit llat(w (all illllstrat iv(~ (’Xill Ill)l(’  is giwll  ill l~igllw  14).

l’igur(:  15 sll(ws tll(’  variat iO1l of fract iollal  l(IIIS  l[lass  (Irror vs. ast rolllet ric (Jrror for t llrce

illust  rat iv(’ cas(’s:  7~,; = ] ( ) ( )  llaS, ]1 = 50 jlas (71) = 0 . 0 2  h~c));  7’/: = 300” /l:LS, 11 = ]()() //:1S (?//

= 0 . 1  MO)); all(l 7“/?; = 1 0 0 0 ”  //:1s,  1 I = 200” //{1s (7// = ( ) . 6  M@). 111 (’:1(”11 Of  tll(w’ (’as(’s  ~) =  ( ) . 4

alk(l f(, = 0.1 yr. 11(’r(! t 11(: IClls Iilass  (’1101 is (’St  illlilt(’(1 fl’oltl  t 11(’ olwerv(’(1  (Ill((rt  aillt  i(w (r(si(lllal
salll])l(’  Stall (lar(l  (Ieviat iO1ls)  ill 7’], :111(1 1 I (iill(l  t 11(’ g(’]1(’raliy  11011 %( ’1 ’() (’(ll’:il”iill  lU’). ‘~’llis  l)(illavior  is
sll~g(’stiv(’  t ]Iat tll(!  IIIaSS (’1101 s(.al(Is  l)y a ]K)w(,I law’  of t II(’ ast  roll lot Iic (11101 W ( I fill(l t II(w)  (’as(’s

to I)c tyj)i(:al  of tll(: ra]ig(!  of h~ollt(”  (;ar]() (as(Is (ollsi(l(r(’(1.

l~lloritl~ tll(’  corr(’latioll  t(!r~ll, U’(’ (’:111  (’St illlilt (! t 11(’ fl’tl(”t iollill  lIlilSS (’1’1’01” ?1S :i fllll(”t io]l Of t 11(’
fl’:~(”t i(lllill  (’1”1’01$  ill 7’} :ill(l  11 fl’olll  I’k]. 13:

(14)

wll(,r(’ tllc S(WHI(l  (qlmlily CO IIICS ftolll (.rll(l(’ly (’s1 illl:lt  ilw tll(’  1111(”(’ll:~illt  i(~s ill 7’/, :Illd I I t)y ~Oj(.
l~i~llt(’ 1 6  SI1OW’S  :1 S(”/11 1(,1’ J)lot of t 11(’ (Jl)S(’1’\’(’(1 fl’d(”t iollill ltlilSS (’1’1’01” fl’olll all 38-4 of 0111”  N4011((”

<~al’lo  (21s(’s a~aillst tll(!  Wtilllilt(i(l fl’a(t  iolml  (’]’1’01  giv(,ll I)y 1’;(]. 1 4 .  ‘J’11(’  agy(’(’1[1(’llt  1)( ’tu’wll tllc

ol)s(’rv(xl atI(l cst i]rlat (’(1  q(lalll  itirs  is $(NKI, 1)111 w’(’ fill(l  }’kl. 14  (nr(’r(’st iltlat  (’s  tlI(I  fract ioll:ll (111(11

at l:ilg(’  IWIII(W  of O,,,(. A ])()\\’(’]-l:\\\’  fi( t () t II(’ (lilt il ill(li(.at(w t IIiit t 1 1 ( 1  ot)s(!l\(~(l (’rtor s(.al(~s as

t 11(’ (w1 ilt)at(’ ilk l’k]. 14 (11(:11(”(’ 0(,,, / ) t (, t IIc ().8 l)(,w(:r. JV( at t ril)(lt( t IIis sul,-lillral. scali,,g  to t II(,
fa(”t t IIai ast I’olt)(!t  ric fit S Slll)J)Ort(’(1  I)y :lSS()(’iilt (xl 1)1101 011 let Iy Wsolvc 7,,; alI(l 11 sli~llt ly I)ct to]

t IIall t 11(’ ~laiw: (wtilllat c of O(,.,/. W() at t rit)lltc  t 11( I olw(,rv(’(1  scat tcr ill t llc data to t llc (wrwlat ion
tt’rltls  wrllic]l are illclll(l(’(1  ill tll(’  olwr\’(’(1 (:rr(jr (wt ittlat  (w, l)llt arc 11( ’glc(t  (d ill 1;(1. 14. 14Tc a l s o
]101(’  t hat t]l(’ f(~ = ().2 ~1’ (“+1S(’S 011 ;I\~(’I’+1~(’ lI~\’(J lo\VCl ()])  S(’l’\r(’(~ ( ’ l ’ l ’ ())” iil)(~ Slll;ill(’1 S(’iit t(’1’ t ]IHII t ]1(’

(“oll(’s])oll(li]lg” to = ().  1 yI cases. ‘1’llis  is IIot ~mrticlllarly  sllrl)risill~,  as tll(’  Sl(m(’r tiltl(’  (’w)llltioll
allow’s for (’xtc[((l(xl  olw(’rvat  ioli of t II(’ r(!l:ii  iv(’ lmrallact ic cfl’((.ts.

l“itlally,  w(! llav(’  arg(l(!d for ail(l siltllllat  (’(1 (Ii fhwlltial  astrO1tt(’tri(”  (Jxl)(viltl(’l)ts  wlIer(I  \v(J
asslllfl(:  ast rolll(:t  I.y ill a fralll(:  w’l](:rc  tll(’  sollrcc  is st at iollary. ‘1’llis  r(’f(wll((!  fralll(:  I[llwt 1)(,
(’stal)lislt(xl  l)y ol)s(nvillg  ficl(l ol),j(wts  II(wr t 11(’ IIoltlilial  sollrc(” ])(wit  i(~ll. 1:()]  l,h’1(:,  Sh’l C, all(l  lmlgc
(W’ltts wllerc tllcrc aw ltlalty ol).j(’cts at Sltlall  J])/l)  writ  II t II(I  sollr(”(’, t II ( I r(:f(’] (IIIc(’ fralt](’ Jvill

al)sorl) (: OIIITI)O II” ])aral] act ic Itlotio]ls.  II(w(’1  ’(’r, t II(,r(’  will lw rcsi(l  (ml fralll(’ drifts all(l  lot at iol~s
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F i g .  5. Siltll,lc  IIli(rol(:llsitlg  (llcollllt(:r  li~lllc(lr\(:s. ‘J’liis fig~lr(~  slL(ntw tll(i cxl)(:(t(~(l ligllt(llrvcs  as a
fllll(t  ion oft 11(! IIorl[laliz(d (:llcollllt(:r  tittlc  [t] for Siilllj)lC \’:tlll(’s  of f) frolll  ().2 (Iligll(wt  allll)lifi(at ion)
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(“as(:s sJ)dllilitlg  all ~)ossil)l(!  })(!lltl(lt:itiolls  of” tll(’s(’  ]mr:lltl(~t(~l’ \’illll(lS (38-4 (as(w ill a l ] ) .
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l’i~. (i. Siltl])l(  l]li(rol(’llsill~  (’lI(x)IIIIt(’r  (“(’llt  (lr-c)f-li~lll  III(Jt ion. Sll(m’1]  11( ’1 ’(, for 0111”  s:llll])l(’ j’-

vdlll(’s  al’(! 111(: ltioliolis”  of” t 11(’ a])]mr(!llt ccltt  (v-of -li~llt  ~)(wit ioli  1 ]“a(w r(’lat  iv(’ to t 11(1 II()]tlilial  SOIIIW
l)ositiolt” for (’ll(olllltcl  t iltl(’s  -20 < [f] < 20 (1’;(1. 9). ‘J’11(’  j)rc)filcs  :LM’ clli])t  ical (]IotQ  t II( :~liisot  rt)])y
of !II(J seal(,), alI(l arc s(x’11 to l)(YY)l II(’ lIIor(” (’((.(’]It ri( \vil  II  (I(xr(,asitlg ])-v:~lll(’ (lk]. 10).
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Fig. 7 . Silill)lc ~Ilicrol(:llsill~  (’11(.olltlt(:l  dl)l)ar(~llt  l)osit  ion 1)(I11  (ItlEIt iO1l ltlap;llil  I1(lc. ]J(tft:  t  ]Ic
al)~mwllt  sour(.c ~)ositio)]  sllif’1  7//(/fI7/il{/(lr  ill Illlits  of 11’I,;  as a f(lll(.t  ion of” t 11(, (~llcol]llt  (~r t iltl(~  - 2 0
< [i] < 20 for Olli’ (!xalll])h!  Valll(’s  of ]). liigllt: tll(’  Salllc (llliLlltity  for - 2  < [t] < 2 .  ‘J’11(’  (lilw irl
t lt( lN’rt llrlmt ions ar(’ a l:lltlifi(”tltioll  of llIC i]lcrcasillg  (w(’]ltri(.ity (1’k]. lo) of t 11(’ aI)]mrc]lt  SOIIIW
(Jxctlrsio]ls  with dccrcasill~ ~) x SWII ill ]Jiglll(,  (i.
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r(:s(lltillg  frolll ullkliow]l  v(!]ocit,y (Iis])(’rsioli  al IIolI~ tllc r(’f(:r(’11((’ ol).j(’cts  (all(l  sollr(e).  ‘J’lic resi(llla]
lill(’ar  fr:tltl(:  (Irifls  ar(: larg(!  (Itlas  yl- 1 ) (J*, t 1)( scal(  (Jf t 11( ][]ic*ol(llsill~  iist  r(,lll(t  ri( (xcllusi(,,i.
‘1111(1  frfiltl(!  rotaiiolls”  will IN SIII:lII (1)(10” I ) 1“:1(1  yl”” 1 ) ,  l)llt 10 tli( (Jxt(’111  tllal 111( s(jut((’ is IIot >It

tfl(:  (“(’111 (:]’  of” t 11(! Witlolfl(’t ric fl’dlll(’ t his 100” :((l(Is  :111 (’fli’ct it’(’ lill(’ill’ (Irift t (j t 11(’ (Iiflt’r(’llt  iill fralll(’
of 01’(1(!1’  1 ()() //as yl’ - ‘ . S() ill ])ract i((’ t II(, ]Ili(”rol(’llsillg  fit I)r(I(xws  II)llst  a(xx)llllt  ii)r lill(’al  f’t’illll(’

dlifts  t IIai ar(’ larg(, (“O1tIJmr(’(1  wit II t II(J  S(”ill(’  of t lI(J llli(.rol(,llsill~  (Ix(.(lrsioll.  1! is st r:iigllt  folwwr(l
to (’xt(’11(1  t 11(: lrli(:rol(:lisitl~  ]mraltl(’t(’r  ltlo(l(’1 to ill(lll(l(~  a fr~lltl(’ (Irif(. l~i~llr(j  17 p;iws all (’xaltlI)lc
of all(wrillg  for a ralldo]ll  drift  ill t 11(’ ast rolit(’t ric fraltl(’ , all(l  llsittg  all (~xt(’11(1(1(1 IIii(.rol(’llsillg  ltlo(l(’]

to s(JIv(’ for this qllalltity. ‘J’11(’  ~)llysi(til  lmrali](’t(’rs  of t II(’ l[li(”rol(’lisill~  (’v(\llt ill l“igllr(’  17 dw t 11(’
saIII(:  a s  tll(w US(XI ill l~ig(lr(’ 1 1 :  71<; = 3(1(1 //;1S. 11 = 10[) //iIS,  fo = ( ) . 1  J’1’: ;lll(l  IV(’ lliiV(} ttlk(’11 50
jfas astroltlctly.  ‘J)() this W( llav(,  a(l(l(’(1 1.5 IIIas yl 1 of fraltl(:  (Irift  ill a raII(lolII ori(,lltatioll”  to tll(’

lolls  lllotioll. ‘J’11(’ Itli(rol(:llsillg  fit (lo(is  :(II a(x(’l)lnl)](  jol) of i(l(’lit  ifyill~  t 11(’ fraltl(’ (Irift,  l)olst  (w(l
l)y t 11(: til}lc  Iwo of astroltl(:tly  at late (’llcollllt  (’r t i]tl(s  (Il(jt  slI(mI)I  ill t IIc fi~llli’).  l!’c (lo IIot  find
a c(jlll)liil,q  IJ(!t  wt:cll  fralllc (Irift  iill(l  t 11(’ (Illallt  it i(’s  of” irlt(,r(~st  irl (l(’t (Jrltliilili~  t 11(’ 1(’11s 111:1ss:  ?“Il, a n d

11. IV(I IIavc addd raII(lo]II fralll(’ (I rifts t () scv(’ral of t II( Molit  c C:irlo cas(Is  (I(wril)(xl  ill ‘J’:il)l(’  1,
alId find that  sllcll  (lrifts (10 IIot sigllificallt].  y cfhx”t (jIlr sittllllat  iml rcslllts. ‘1’llis  is rcwHIal)lP,  as

I)ot  11 7}; aII(l 11 ale cstiltiat(d ftortl t 11(! cllrvdt III(’ of t lIc ast roltlct Ii(: lmt 1].

4. Sunlmary  and Discussion

\~7(>  ]lil\J[’  SJ)(s(”i21]iZ(’(] t]lo  h4i}r:\lllot  il 2111(1 ~(lS]li Sllgp,(’St ion to 111( ’:[S111”(’  ( ]1(’  aS( l“olll(’tl’~  of t}l(’

1(’llsillg  (wl]t ])lloto(:(:lltcI.” WC agl’(!(!  w i t h  tllcir coll(.lllsiolw:  that lligI1-l)l(l(isioll  iiStl’olll(’tl’i(”

olw(’r\’:ltioll”  of M A  C110 Itli(”rol(:llsillg  (:v(~llts 1101(1  tll(’  ])ro]llis(~  of (Ict(vlllilli]lg  f(~ll(laltl(:lltal
1(’ils lmraltl(’t(!rs  (I IIass, ]) M) J)(II IIIOt io]l, tl’illlS\r(’I’S(’ Ir(,lo(ity) ill a ltlo(l(~l-ill  (l(,l](ll(l(’llt fiiSllioll.

W(’ ]Ilaillt  sill tll;lt  it is sllfli(i(’llt  to 111(’ilSlll’(’ t 11(’  ]tlot  ion of t 11(’ ((’1tt(’1-of-ligllt.  III ]mrt i(tll;(r,
a(”(. (lrat, c (Iifli’rcllt  i:il as! ro]tl(’t  ly is sllf[i(”i(’llt  ol)t aitl  t II(’ l(IIIS  lllil  SS \vit  IIollt  a(l(lit io~lal  assllltll)t  io]ls,

:LII(!  I(~:LsOII:Il)](~  l(,lls  (list:(]l(.(>  :111(]  t,t’il  II S\r(,l’S(,  \’(’lo(it  y ( ’ S t  ill l i l t  (’S  ( “ i I l l  1 ) ( ’  ol)t  :Iill(’(1  fl’0111  :111

i]l(l(’J)(’11(1(’llt  ltl(xl(’1 of sollr(.(”  (list all(() atl(l ~)rol)(’r  IIIOt ion. Alt crllilt  i\r(ly,  ivi(l(-all~l(’  wt rolti(’t ]y
(“;111 Silllll]t /lTl(!ollSly  (lot (’l”lllill(!  tfl(! S0111’(”(” :111(]  ](’11S kill(’lllilt  i(” J):ll’:illl(’t (’1’S, ?Iil(l  again tll(, 1(’IIS
lllilSS.  t~](’:il’]y t ]1(’ ])ot(’llt i:il fOI° ])1’()~)illg  t ]1(’  J)]lySi(”il]  ])tll’:llll(’t(  ’l”s  of t ]I(i ]1:1]() ()])j(’(”t  J) OJ)lllilt  i(lll  l)y
:istrolll(’tri(”  t(’(”llili(](l(x  is (’llorlt]olw.”

A  ~)loglalii to ])xO1)(” ~ili(rol(’]lsili~  ~\’i:]its  J)]lot (jlll(~t li(:illy (l(~t (’(t(’(l it] t lI(J giilii(tj( l) IIlp,(I  S(,(IIIIS

I)lalwit)l(:  for tllc ])lii[ltl(’(1  K(’ck lllt(~lf(~tolil(,t(’1  (1{1) .  J{ ]  r(x~llir(w  :i I)rigllt gili(lc  st:ir to tl:ick

atlllosJ)l\(lri(:  flllctuat ions of tll(’  ild (nf(w]ll(’t  ri( fritlg(w. ‘J’11(1 l)ri~llt  cst I)lllgc ol)j(xts  ar(I 1 6th
IIl:igllitllde,  wit~lill  tli(i frillg(!  trti(”killg  calm])iliti(’s  for tll(!  two ]() ]Ii :iJ)(:rtur(is. ‘~ ’]1(’(’XJX’d(’(]  ]()~l:lS
:istlolll(’tl’ ii’ J)(’I’f(  n’li Jall(X:  of 1{] ~iol(]S  lllicl’(  )](’llsill~  ])ill’tiltl(’t(!l’ (’St jlIi~t(W Sllffi(’j(’llt  to (Y)ll Stl’}Ljli ]CIIS

])araltl(,t(’rs for ill(li\~i(lll:il(:\(:llts,  wlli(ll  \triJl  give l)rofo~lil(l”  illsigllt  into tli(’  IIatllr(!of  tll(wl  (jl),j(!cts.
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failllcr  t hall tllc irackill~ calml)ilil  i(!s  of t II(, 1{1. ll(w(’v(r,  t 11( (I((lillal ion of t IIcsc fid(ls w’()(11(1

r(l(l(liuc 1{1 zcllitll  allgl(:s  f II:it scv(:r(,ly  (Icgra(l(’  t II(I ast rolti(’t ric ]J(’)folltlali((’.  A larg(I a])ert  Ilr(!
astroltl(:lri(:  illtrlf(:lolll(:t(:l  ill 111(!  SollllI(’rII  11(’lliis])ll(,r(’  SII(II a s  tll(, VI;]’ illt(’1ji’l(jltl(’t(’1  (lTljl’l
1  l(xkers ct al 1990) co(lld  ]I)(:asurc  hflag(’11(’llic c1OII(I (’v(’llts. S11(1) 111(’:lsll](’1[1(’ltts  ar(I conl})rllill~
I)(l”alls(!  t 11(’y would l)l’(’f(!l’(’llti  illl~ ])101)(”  t 11(’ ~)ol)lllat  iol] of gyilact ic halo ol)j(’(ts.

A ]LIIIIII)U of alltllols  liavc  sugg(!st  c(1 (11(1  a~)l)licat  ion of l)lalIII(I(l  s])acc-lmsc(l  glol)al ast rolll(:t  ric
t (J(”lllli(lu(w  t () allalyz(~  tll(w (~v(~llts  (1 log (t al 1995, M iyaltlot  (j & Y(wlli 1 995). II] s]m((-l):is(~(l

ii])] )li(%it i o n s  :Ht Ioill(,t Ii(” I’(!f(’r(!ll(”(’s  (Iiiil I ) ( ’  (11’;lwll frolll  :1 glolml  :Mtrolll(’t  ri(” fral[l(’  t i(yl to

(’xtragalact ic ol).j(’(”ts,  al)(l t 11(’ l)(witiolls. ])rolxIr  IIlot  i(jlls, illl(l ])~ll’dll~i X(’S Of t 11( ’,S(’ l’(’f(’l’(’11(”(’S  ~il’(’
k]low’11  to a f(’w IIli(lo:il(s(:(oll(ls.”  ‘J’l IIIs tll(~ II(n’ssity of (~stitl)lisllillS  a II:iTI(I\v-:iIIp  ;l(~ ](’liit  iv(~ fralt)(

for (Iifli’rclltial  astroltl(:t  [y is r(IItto\’(’(1. F’llrt 11( ’r, ast roltl(it  ly at l:tt (’ t iltl(w  (wt ;Ll)lisll(’s  t 11(’ sOI]MX”
l)M)l)(’I  ]t]ot  ion al]d lmrallax  ill tllc ~lolml  fralt](: ttl(:r(’l)y (Jstal)lisllillg  tll( sOIIM(”  l[lotioll”  aII(l

(list  ailc(~. ll~itll tll(: sollr(:(: (list all(:(~ il~)(l  kill(~~tlati(w  (wtal)lisllc(l,  tll(’  1(’]is  }mraltl(~t(’rs  ar(’ :Lll lllli(lll(’ly

(I(:t (’rltlill(’(1.  Assulllillg  ~IollIl(l-t)iis(~(l  ol)S(~I\~;It  ions  ]tl(~iislll(~  1(’11s ]ti;lss(~s  ill t 11(’ ltliill]l(~l  w’(’ (l(w”lil)(’.
\v(’ l)(,li(:v(!  t 11(: r(jl(i  of s]m(.(’-lms(’(l  IIli(”rol(:llsillg  dst Ioltl(’t Iy ])lo&IalIIs l)y ])l:IIIII(K1  ast roltl(’t ri(” s~)a((’

ltlissio~ls  SII(:l I :is Slh4 (lfllwill  (’t a l  1997) all(l  (;AIA (I,ill(l(’gr(’11  ct al 1995)  \vill II(’ ill l)rol)ill~  tli(’

])(witiolts  all(l kill(,ltl:iti(x  of tll(’  1(’IIS ol)j(’(ts.

l~ill:llly,  ill tll(, ]I(Iar  fllt(lr(! it is ])(wsil)l(  t hat (;(lll-lw(i(l  ast r(jlll(’t  ly cOI1l(I IIlak(  (I(tcct ions of
IIli(”rol(:llsi]ig  astrolt~ctri(:  ])~lt(lll)i~tio]ls,  ~iil(l ~)(wsil)ly  ]Iiitk(’  roIIgl I (:stiltlat(w  of l(~llsill~  ]mra~tlct(:rs,

al I(]/01”  l)r(:akillp;  SOIIIC of t]lc (l(!g(’11(’l’il(”i(!s  ill ])llotolll(’tl’i(””  ]Ilicro](!llsillg  ol)s(!rwitiolls”  (s(i(’  ])c](nv).
l’ravc]() i[][(l Sllaklall  (1’ravclo &r SIIakliIII  1  !)!)(;)  I(,]K)I(  ]Iigllt-to-]ligllt  nstroI1l(~t  ric rcl)cat al)ility  of

2(N //as ill  data takcll at tll(: l):ilo]rl:ir  5 III t(’l(wol)(” , all(l  sl)(x.{ll:ttc  that  lirtlits ]Iligllt  a])l)rt)aclI
1 0 [ )  //t?W  at tll(:  ]() III l{c(. k “1’(!hwqw. III fllrill(’r  assrssitlg tll(w(’ ~)r(w})(’(ls  we :Lllxiolwly  auwit tll(’
r(:s(llts  of t\vo IIigllts  of I<(:(”k  olM:rVat io]ls  HvIlt ly 111:1(1(’ I)y l’IiI\’(lo aiI(l Sll:\kl:ill  (Sililkl;\ll  1 9 9 7 ) .

OII(i of tl)(:  k(:y assul[l})tiolls  w(: IIaw! ]Ila(lc  ill this work is tll( assuitl])tiO1l  of ii dark lC]IS.  ‘J’llis
ass(lIlll)tioll  is r(’asollal)lc  ~ivc]l  tll(’  SIICC(WS  l)llot  ()~tl(~t ri(’ l)ro~ral]ls  lIawI lia(l ill fit t ill~ (lark lCIIS
allll)lificat  ion Ittod(:]s  to ~)llot oltl(’t  ric (lata. 1 Iow’(’v(’rt tll(’  itlstallcc of a lllltlillous  lolls  is lxwsil)lc
ail(] illt(:r(!still~  (Nflilal(l:l-F,s(”ll(lti  1996,  l’a(’zyl’lski  19961))1  and tll(’  astro~tl(!tric  Illodcl (Ieriw(l llcrc
call  lw allp;ltl(’llt  (xl ill a straig]lt forwwr(l  way. 011(” (1})(’rat  iollal  (111(’st  ion t IIat aris(’s is now’ do(w
011(” (1(’t(’rltlill(i  w’ll(!tllm  ii (liil’k l(’l IS IIio(l(!l  i s  al)J)ro])riat(” for a gi\’(’11 ]Ili(”lol(!llsitlp;  (’w’llt. Mrllilc
olI(”  (“0111(1  s t r a i g h t  forwral(lly  t (’st t II(’  IIllllillolw  l(iIIs Ily J)ot  ll(~sis  l)y a(l(lill~  a  Iv]at iv(’  soIlr(x’/l(JIIs

IIlltlittosity  lmralfl(,t(:r  to tll(’  IIli(.rol(,llsillg  fit l[lo(l(~l l)r(:s(llt(xl  11(1](,  ii ltlow olnriolls”  all(l  (ol[ll)(llill~
I(wolllt  ion to t his (lll(:st  ion is colltaill(’(1  ill tfl(:  I)ossil)l(”  (“111’olllilt  icity of t 11(’ olw(’rv:il)l(Is.  If t II(’ l(IIIS
is IIll[lillolls.  t 11( ’11 its sJ)(’(:tr:il  (Y]llt(’]lt is ill ~(’11(’I’iil (Iifli’r(’llt  fr(]]ll  t Il:lt (If (11(1 sollr(.(~ iltlI)lyillg  tll:lt
l)ot II t,llc  ~)llotoltl(:tric” a]l(l ast,roill(tt  ric ol)s(!rwil)l(,s  will  1)(! f(lllct  ions of \\ra\(l(llgt  1). h4akillg t 1](,
(]lwr\mt  ions ill a vari(’ty  of sl)(x:tral  Imll(ls  \vill i(l(:llt  ify t 11(! r(’]at iw) sollr(x’-l(’l]s  illtcllsity :111(1 color,
:111(1 })r(wi(lc  111(’  11( ’c(’ssaly  (liit~l to I(jl)llstly  (:xt (’11(1 tll(’  IIlicr(jl(’ilsillg  111()(1(’1  10 lllc cas(’ of IIlltlitlous
](!]1s(!s. ~~~(! (l(:f(:r  t.]1(’ (lll:illtit:iti\T(!  ?Illalysis  of t]l(’ ]Illllill(jlls  ](’]1s (“as(’ to f(ltllr(’ \vork.
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‘IIJII:  (l(mly rc1at(Yl  ~Jr(jl)l(:III of” iIIIag(’  I)lmldillg  i s  (liscllss(’(1  ill MWIII[  WY)]li  I)y AI:IIxI  (Ali\](l
1 {){lC),  alifl  W();iliak  ~~ l’a(zyilski  (\4Totilliilk  & l’il(”zyl’lski  19 ! )7 ) ,  wrll(I ((jllsi(l(’1  t II( ])ossil)ility

tflai  a s(!(o]I(I SOIIMX: (lmsil)ly  II IIr(Ilal(Yl  10 cilllw  SOIIIW (w 1( ’I Is) is uIII(w)lw  I(l f’ro III tlw illlag(~.
Woti]liak  & l’a(:zyfiski  fitl(l that t 11(: (I(:g(:ll(]ii(:i(s ili ])lloto]ll(’[ri(”  (Jl)s(nv~t  ioIi of” SIICII  (’v(’llts  r(!sult

ill syst(nnati(:  errors ill cstilrlatillg  l(:]lsillg  ])ara]ll(’t(m. W’(’ (OII(III wit 11 t 11(: s]wulat  ion ~)llt  forward
I)y Wotilliak  &T l]aczyilski tlLi[t  1111111  i-s})(~(t ra] ast roltl(~t  ly all(l ])lI(JtoIIl(~t  Iy 1)]’(’aks t 11(, (1(~~(’]t(~ra(.y

ill (so IIIc sulwt  of) ld(!II(l(I(l  (WII(s , alId ])oiltt  this 0111  as a ]mrt iclllarly iltl])ort  ant case for f(lt  III(I
St Il(ly.

A s(IcOIIC1 ~tlilm o~)(:rat imwl (lifli((llt  y ill t 11(: alli(lysis ~)r(wlit (’(1 lI(Ir(’  is t II:tt illt  (~rf(’rolll(t  ric
. .

astroltl(’tl’,y  (10(’s  IIot lm!asur(!  tll(’  (:( ’llt (’r of IIgllt  a s  calclllat(~(l  ill ll; (I. 71 illstra(l il 111(’astlr(w
t lI(! awrag(:  sky l)(witioll  of fritlg(:s  froltl  t II(’ l(:lisi[lg  iltla~(:s. III t II(I caw  wrll(’rc  t li(I ilt Iag(:s  ar(!

]mrt ially rcsolwd  l)y t II(’ illt(’lf(’101]1(’t  (v t 11(’ tw’(1 (lllillltit ics call  1)(’ (Ii fltwllt.  ‘1’()  s(!t t 11(’ s(:al(’  of

tll(: IJIOI)I(HII  w Ilot(: that :ist]oltl(:tli(:  illt(’lf(’]()]tl(’t(’ls  sucl  I as tll(’  l’alOIIEII ‘J’(’st 1)(’(1  lllt  el’f(’1’olIl(’t  (’1’

aII(l tlw l)lalill(~(l  l{(~ck lllt(:l.f(’l.oltl(:[(~l  lMV(’ lms(:lilws  0 1 1  tllc OIXI(:I o f  100 ]tl,  all(l  (~vill)  O1wrat(”
ast]()]ll(ltli(.ally  at K-l  EIII(l  (A : 2.2 iIIII), tlllls lIa\(J  a frillS(’ sJ)ii(i]lg  A/l] N L IIIaS 011 tll(, s k y .
INcar IIlfixiltlultl  alll])lificfit  ioIl (wTIIclI illliig(’ 2 is si~]lificallt ) if t II(’ il[lag( s(q):irat ion (R 2r/:)  is
(.oi[]])iilal)l(,  to t tl(~ frillg(’  sl):i(ill~ t 11(’r(~  is alt (jlw(,r\wt  iollal  (“orrc(’t  ioli t () 1’;(1. 7 (st rict ly s})(~ilkitlg.
t his (“ilS(’ 110 lol]g(’r  sat isfi(:s  t 11(’ r(w)lllt  io]l co]i(]it  io]ls (If l[]i(.lol(~]lsiilg).  l~or t 11(1 ]allg(’ of l(I]is
]mraltl(’t(’rs  co]wi(l(’r(,(l  11(:1(: t his (OII(ict io~l is illsigllifi(”allt, I)llt  (“all  1)( ’(”0111(”  illll)ol’titllt  fol” lal’g( ’l’

\’dlll(’S  (If ?’1:: lliilll(’1~ 11101’(”  lllil SSi\r(’ dll(l/ol”  S1lOI’1( ’1” l’illl~(’ 1( ’11 S(’S.

Astrometric  Detections - Non-MACHO Events A ]Ilittllwr  of ant ]101’S  ]IaV(l  sugg(’st(d

to l)roa(l(~II  t II(’  a])l)li(”al)ility  of” t 11(: ast r(jIII(t  ric t (xll]li(]ll(w  t () 11011 -N4A(;11()  ]lli(”rol(~]lsillg
(iv(’]lts  (N4i]}~l(lii-1’;s(.11(16  1996,  1 ‘a(.z~ilski  199(;1)).  ‘J’11(’s(’  (~\x, I Its  (0111(1 ])(jt (~]lt ially 1)(J (1( ’t(l(.t  (’(l
astro]tlc!t  rically ill ])ro,qralils  t IIilt (:011 (”(’111  rat (’(1 011 IIigll  l)r(ll)(’r IIlot  io]t (11).j(’cts  (so as to sw’(’(’])-ollt
lalg(’r soli(l  allgl(’s),  o r  a s  a ])art of” 1)1’oil(l(!l” (x)It]])atlioil  s(!:lr(.11 ])l”()~ralfl  (s(~ltl(’tl[ilig  W’(’ llav(’
i]lt(’grat(d into our 1)’1’1  ])rogIaIII). W]lil(,  11111(11 of t II(: ])ll(’II(IIII(II  Iology” W(I llav( (l(vc1OIKYI  ill $2 is
(lilx~(t  ly a])])lical)l(:,  t II(:r(: aw a Colll)l(” of ])ra(.t  ical (lifli(:lllt  i(w ill cst al)lisllillg  1(’llsillg  ])aral[i(’t (’M
ill SII(:II  (JV(II IIS ]Il(Jasllr(i(l  (lifl(:l(:ll  ti:llly. ‘J’11(1 first is tll(: al H(III(”(J  of a r(’a(ly slll)])ly  of r(’f(’r(’ilc(’
Ol),j[’(”ts  tfl:lt  sllar(! Colllllloll”  })al”illlii(’t  ic lll(jt  ions as t 11(’ N)llr(”(’. ‘J’11(’  fact that tll(’  ricl] ljh’l C,
SIL’IC; , aII(l l)ulg(:  fi(’l(ls  IIS(!(I  ill tfi(:  l)llot(jI[l(’tri(  sllrv(ys Ilaturally  yicl(l  aII alIlllI(laII((’ of” 1(’f’(’KIIIce

ol)jccts foI w’]li(.li Jl~/1~ is sltlal]  IIlak(:s  (’v(’llts  ill t 11(’s(’ fi(~l(ls  Illliqll(’. 14T( s])wlllat(, that  \vitllollt
t]lat (:o]tlltloll  ~)arallactic  r(:f(:rcll(w, tll(’  syst(’lllat  ic errors  ill tll(’  (1( ’t(’l’lllillilt  ion of 1 I will ])c t ()()
large to Cstal)lis]l  a ])r(xisc  l(:IIs ]ttass. ‘1111(1 s(J(OII(I ])ra(ti  (al difli(lllty  \voIIld  I)(’  tllc alx+’lIc(I  o f
;lc(”olt]]):~]lyi]l~  ~)lloto]tl(’tl’.y  ill t h i s  11101’(:  ~(’]1(’ual  (’lilSS of ]tli(”rol(’llsill~  Cv(’llts.  W(’ ol)s(’rl’(”  that
si][llllt,:{ll(’oils ])llotoIIld ]y (10(:s II IIICII t () (:o]lstraill  t 11(’ t iI[}(’  scal(I  of t II(’ (Iv(’]lt,  ]Iiakiilg tlI(I jol) of
iilt (:rl)r(!t  illg t 11(: astroltl(’t,ly  (.ollsi(l(’ral)ly  casi(:r (s(( l~ig(lrc  14 al,(l  sil[lilar  r(ltlarks  ill Ilog C( al
1 995). IIt ast ro]l](!trical]y  (l(’t wt(’(1  (v(’llts, t)y t 11(’ t iItl(’ it is (l(:ar  t hilt all ast roltl(’tric  S(Y]II(’lIC(’  is a
llli(.rol(:~lsill~  call(li(latc, ]ll(Ht  (if Ilot all) of tll(’  l)lmtoItwtri(  (’fl(’(’ts llilV(’ ])ass(d.
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Complex  Lenses \V1lil[: t,l I(I IIlajorit,y  of ])ll(jtol[l(tli(:illy (l(t(xl(d  (’\wlts :LIC co~lsistc]lt  \vitli
sillgl(~  1(:]]s  II,yl)otll(:sis,  a ]II1lIIIWI of ljillaly I(!IIS  (~v(!IIts  lIa\(~ I)(I(JII  r(~])ort  (’(l (U(lalski  (’t al 1994. Alill(l

ct a l  1995a,  1~(’llll(:tt  (’t al 1996). 111 a  r(wllt  l)r(q)rillt  I)olIlillik  (l)ollliIlik  1997) ar~ll(’s  tlliil

])llotoltl(’try” aloil(”  do(’s IIot Ilili(]ll(’ly  (“oil Stl’iiill tll(: l)i]lary 1(’11S  ])aralll(’t(’lx.  11’(’ S})(’(”lll:Lt(’ t h a t

a(l(lit  iollal ast rolil(:tri(.  iilf(wl[lat  ion wOIII(I l)r(wk t 11(>  (1(’~(~11(’t:((”i(’s  altlollg variolls llyl)ot  11( ’s(’s ill

l)ilmry  1(:11s (’\’(IIIls tllrollgll  stlaiglltfO1\v:ll(l  rxt (’)lsiolls  of tlI(I ast ro]twt ri( t llcory  (I(wclo]w(l II(w.
IV( (I(f(r  t II( :(il:(l,vsis  of tlI(J  l)illii]~  1(’IIS (i[s( t () f(lt III(J \\’(JIk.

‘JIIIC  work (Icscril)(t(l  ill this ImI)(Ir W:IS Ix’rforItl(~(l  fil 1 li(I .1(I1 l’ro])tllsio~l”  l,al)orat  ory, California
IIwt it Iltc of ‘J1(IClIIIOlOSy  uII(l(Ir ((JII1  rtict \vit  11 t 11( Nat i(jlml A(’rollallt  ics aII(l SIMCC A(lltlillist  rat iml.
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sigll:it III(I of IollglIly 100” jlas.
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tlIc :~ltl])lifi(:atio]l  factor  alI(l ltmgllit  udc of tlIc astro]lwt ric ]wrl urlmi  ion as a fllllctioll  of e]lcoulltm
tilllf’  for all cwvlt  wit}l  f) = ().4. ‘J’IIc 1)11010111(’I ri(” atl]])lifi(.at  iol] is s(’(’11  to (l(Yay frt)ltl  ]Ilaxiltlllltl

alll])lificat  ioli to a ]Ioltlillal  valllc of 1 (110 aiill)lif  icat io]l) ill roIIKIIly  1 cwllt t il[lc  s c a l e  (to).
IIy n)ltk}mriso]l,  t  llc :istlo]tl(,t]i(”  ])crtllrl)at  io]l  (]iorItialiml  t  ( )  t  1)(’  ]wrt llrl)at  io]l  a t  f  ❑  t,,, (,,, ,
~~: ~)/(f? -i 2 ) )  ili(r(:as(x  to its llli\Xilll(llIl  Valil(’  i\t [f] w 1 ,  ali(l t 11( ’11 (1( ’(ays t () zmo ill a t iin(’  scalr

s(xKIral  or(l(:rs of ]I)ag]lit 11(1(: laIg(Ir  t lIaII tll(~ l)llotoltl(lt”  ric allll)lificat  ion. If to w 1 lllol)t  II as rcl)ortc(l
for I, MC; ltli(rol(~)lsillg  (~\r(’llts  l)y t lI(J MA C;}]() (oll~(l)()~iit  ion. lil(’:wllrtil)l(:  ast roltl(’t ric (1( ’flwt io~ls iti
S11(”11 ~\~(’lltS  \Volll(l  I:LS[ ()\’(’I’ 1)(’rio(ls  of ~’(’ill$ (1(’l)rll(lill~  011 ast roltlct ric scllsit ivity.
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F’ig. 11. f3aIIi}jl(J  IL4i(:rol(:11sill~  h40(l(,l  l~itlillg. II(v(: w SII(NV aII  (IxaIII])l(,  ilwtallu’  o f  fitting  a

Ini(:rol(:]]sillg  111(x1cI to sylllll(’li(:  I(!rrcstrial ~)ll(JtO1ll(dry  and astroltwtry  datascts for a l[licrol(wsill~

(’1)( ’ollllt  (:1’. 'J'll(: criti(till)  :il:\lll(!t(`lsf()l  tll(`('\'('llt  :~l(:\l(  `llslll()ii(  )lll)()siti(  )11:111~1(:()  f3()(l('~,f~= 0.4,
l’)<; ~ 3(K) Ilas, and 11 ❑ 100”  //:[s  (7// = ().1 N4~)). W(I assllltl(’  tl](’(’w’lit  is i(l(:lltifi(d  l)llotoltl(’tlic:illy,”
alI(l (lifli:r(’llt  ial astroltl(,  tric IIl(:?ts(it(:ltl(’llts  coltIltI(Ili(”(” after that (1( ’t(’ctioll. ‘1111(:  ltlicrol(’llsillg  ]ilod(:l
(lcs(:ril)(xl  ill \2 w’assil  tlllltall(:ollsly  fit to l)otli tll(!l Jllot  O1tl(’tli(”all(l”  astrolll(’tric (Iata. Sli(nrll ill cacll
ar(’ tll(: siltllllat(!(l  (Iata, t rue valll(:s,  all(l tll(’  111()(1(11  fit. lmft: tll(’  ])lloto]tl(:tri(’”  liglltcllrl’(’  r(,slllts.  III

t h i s  (’x:iltlplc w: ass(ll II(’ 3% ])llotolll(’tly”  (:IIY)I. ‘J1l I(’ tilllc  Illlitsoll  tlt(:x -axis  ar(I l)lott(’(1  relative to
tll(’  l)aryc(’lltri( f,,,,,,, . 011(:(”  :t llli(”rol(llsillg  itlt(’ll)l(t:ltioll s((’lt]s  lifi(ly.  \v(’ co]tlltl(’11((”  astrol[l(’lri(
11)( ’:lslll’(:11)(’l)t tl~is tillic ~mil~t  is sli(nv]~. Not(” that tll(’  tilll(’  of I[laxiltllllll  altl])lificatioll  for t)l(’
tcrr(’str  ial Olw(’rwr is oflk(’t  wlativ(’  to il lmty((’tltri(.  olw(’lv(’r. l{’llrll  I(’r,  tll(’ ligllt(llr\(  is sli~lltly
asyitlltl(:t  ric wit,ll r(~sl)(x.t  to tll(, t illl(~ of”ltlaxittllllll  :~lllj)lifi(.iltioll.  ljot 11 of ’tll(~s(” (’fli’(”ts ar(~ WYJII  kllo\vll
for t(rr(wtr  ial lrli(:rol(’]lsill~  (~lwrvatioll. l{i~llt:  tli(’  (oll(,s})oll(liltg”  (1(’l)i(tioll  for tllc astrol[l(’tly
S(xlll(’1)(’(’  r(:latiw’ 10 tll(’ Ilo]llillill  sollr(x~ I)(wilioll.  ‘J’11(’  silt] {llat(!(l  10 ~las astro]tl(ltri(”  ]il(~:ksllr(i]rl(~llts
l)(`~i]l  sll()ltl  yl)(`f()](:lt  l;(xi]]lllltl]t  lagllifi(ati()ll, alt(l  (olltillll(:fol~ot(l  ;lft(:l’ lllilxiltllllll  ltl:igliifi(:iti  oil.
‘J’ll(tlll(’(’xclllsioll  tr:t.j(:(:toly  issllowll(nr(’r tll(’(ol]ll)l(’t(  ’( ’x(lllsioll,” I)llt  tll(’l[li(”lol(  ’llsillgll  lo(l(’lfit”
l)rc(li(tioll is rc]i(l(:r(xl  only for tllc il~t(q\wl  of tll(’  astro111(4ri(.  ltl(’:\stll(’111(’llts.
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It)o(l(!l  to (:()]lll)illd  ])llOtO]llctly  :111(1 as(r{)lIIc(Iy  (latascts  v s .  fit{illg  tllc :istro]tlctri(”  wt OIlly. ‘J’l Ic
lJllysi(al  lmralllctms  fhr t lIC cvcIIl  arc t lIc saIII(’  as itl l~igur(:  11: a ])mit  i(~ll  aIIglc  Of 3(t (Icg, Jt = ().4>

7’1$;  : 3 0 0 ”  }/as.  11 =  100 //21s, and w:  nil V(’ assll  IIId 75 jlas  astro]lletl’,y  ill t h i s  illstallcc. ‘Ibll

IJcft: l{(~ll(lcrillgs  Of tllc t ruc :istIOItl(’tli(:  cxcllrsio]l  aII(l IIIOcl(,l  fits lu+ill~  l)Ot II ])llOt ()]ilct  ric aIId
ast mltke,t  ric dat, asc.t, s (C.ollll)illcd),  all{] t llr astrolllct ri(” dat asd Ollly. IIy ddi]lit  ion t lIc ast rOl[let  ric-
Ollly fit lrlat Cll(x tllc astro]t]et  ric dat M(!1 (IlOt slI(IwTII  fOr clarity) l)ct t m t ]Ial] tllc c{)l[ll)ilkc(l  fit. ‘110])
l{i~llt:  ‘J III(’ ])llotollict ric l)r(dirt  ions froltl  t 11(’ sa]Ilc two lIIO(lcl  fits at 1(’ft.  Colll]mr(:d  wit 11 t lie t ruc
])llotmllct  ry. Cl(mr]y t}l(’ cm[ll)ilw(l  fit lII()(lcl  lt]at Cllm t II(’ ])llot O]t]ct  ric (lat a l)rt t (’r t 11:111 t II( fit
lrIO(l(:l wlIcrc  tlI(: ])llotolll(:tly”  is iglkOrd  Or Illmvdilal)lc.  lk)i t 0111  1 ,cft:  a rdat iw ]mral]ax fit residual
llisto~raltl fOr 500” illsta]lccs Of tllc cx]mi]llcllt  (Ic})ict(d  nlm’e llsill~  tllc coltll)iilc(l  datasets ill t)lc
fit IIl(:tri(.  IIottolt] I{igllt: tllc Salll(:  (lllallt  ity llsill~  tllc (JIIly t 11(’ ast roltlct  ric (Iat a ill t II(, fit ltl(!t ri(:.

Cl(:arly lltilizill~  tl]c l)llotoltl(:tli(:”  d a t a  ~r(’atly colwtrailw tll(’  error  of tllc l)arallax  ltl(:~sl]l(:ltlellt
(tll(! (lolrliital)t  (rror ill tll(!  l(i]s If lass (Is[iltlat(’) 1)~ allll(lSt  a fil(’tol” of two.
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Fig. 1 5 . }Jrac(i{)llal  lllass I;IIOI ~s. As( rolll(’t ric IJJIIOI: ‘I’1ll’( ’(’ lkml])l(%. I 1( ’1 ’(! \\’(’  Snow” t 111’()(!
saIt)l)l(’s  (d’ fra(’tiolla]  111:1ss (Tror vs.  asl roltl(’t ric (’1’ror  frolrl 0111”  (Jlls(!llll}l(: Of N4011t(’  Carlo  1’CSIII1s.
‘1’11(’  t 111’(’(’  (! X: UI1])l(!S ar(’:  7’,,; = 1 0 0 ”  //21s, 11  = .50 //:w (7// = ().()2 MQ));  7’}; = 300”  /l;is, 11 = 100” ~/as
(7// = ().1 MC));  and 7“,; = 1000 //as, 11 = 200” //;is  (7// = 0 . 6  MC)). N o t  sl]rl)risillgly,  wr(: fill(l tIIc
fra(lio]lal  ltlass wror to scal(  as a ])(Iw(v law oft II( asf rt)l[l(’t  ri( (Iror it] all CJIII Nfo]lte  (;arlo  rtslllts.
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0.01 0.1 1 10
I;s[imatccl  Fractional Mass Ilrror (dimensionless)

Pi:. 16. S(”att  (~] of OI)S(’I.V(!(I  h4F~SS l~Iro]  V S. l;stittlato(l  h4ilss  I{;lIOI. 11( ’1’(’ \\’(! SIK)W t }lc’ Sc?lt t cl’

Of’ t 11(’ olwr\’(!(l  fl’:~(:tiollill  111:1ss (Tror w. t 11(: (wtiltl:lt  C(I fra(”t iollal  ltlass (’rror givcll  ill 1’;(1. 14. 14; :1(.11
(lata ]Joillt r(’l)r(x(’lits  tll(!  fra(:tiollal  ltl;iss  (’rror ol)tiiill  (’(1  ill 500” illstallccs of 111(’:lslll”(:lll(’llt  s(’qll(’llc(:
fit t illg. l)at  a sets for to = ().1 yr, ().2 yr tIII(l ~) = 0 . 4 ,  0.8 al’(’  Sllow’11  S(’])arat(’ly tll(’  illtrillsi(
scat 1(’r ill tllc f[) = ().2 yr rcslllts is 1101  i(.(’al)ly  slt)all(’r. ‘J’11(’  (l~(t :1 ~L1’(’ SC(’11 t () (’ol’l’(’lat  (’ l’(’~Sollill)l~

w(’11 writ]) tll(’  crll(l(!  IIlass (:stiltlat(’  of It(J.  14, 1)111  it (nl’r(’st  illliit(’S  t 11(’ IIlass (’rri)r  at l:lrg(’r  v?~lllcs.
A siltll)l(  lmralll(’t  ric fit SIIOWS  t II(I OI)S(MV(I(l  fra(:tiollal  It lass error  t () s(al(’  (\vit II ~tlo(l(vat  ( scat t,cr)
t (] t 11(’ (wt illlat(xl  fra(”t iollal ]]lass (’rror to t 1)(: 0.8 l)ow(’r. W(J at t ril)llt  c t 11(’ scat t (’r ill t 11(’ data to tll(:
corr(’lat  ion ill (:rrors  itl(”lll(l(:d  irl t 1](’ ol)scrv(’(1  (’rror (al(”lllatio]l  I)llt  (’xl )li(”it  Iy igtlor(,(l  ill 1’;(1. 14 .
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