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A B S T R A C T

W i t h  a  rcdsl~iff of 2.VI, the lR.AS source  F’SC 10214+-4721  is ap]mrmltl=y

OIIC of t h e  Inost  lull]illolls  ol~jects  known  ill tllc  llIlivcrse.  \Vc p r e s e n t  aII

ilna.gc of F’SCI 021 4-I 4721 at 0.8pm obtain ccl wit])  the Ilubb]c  SIEIcc ‘J’rlcscoj)~I

~~1{’]’~~~  ]’]allctary  (.~alllcra. ‘1’hc source appears as an ulIres(jlvml (< 0“.06)

arc ()”.7 ]oIlg, with significant,  substructure along  its length.  ‘]’]Ic center  of

curvature of tllc arc is located  near all elliptical ~;alaxy l“. 1 S to tllc north.

AI) unmsolvcd  coInpoIIenl  100 times fainter than the arc is clrarly  cletccted

on tllc opposite side of this g;alaxy. ‘1’he Inost  straightforward illterprctatio]l

is that 1“S(3 10214+1724  is gravitationally lensed  by the forcgmlllld  elliptical

galaxy,  with the faiIlt  colnponcmt  a countcrimagc of the 11{.AS source. ‘I1hc

brightness of the arc ill tlIc  11,5’7’  image is then nlagnificd  by w 100 a~)d the

intr insic  source diamc~cr is ~ 0’!01 (SO pc) at 0.2.’Jpm  rest  wa~eleI@h. ‘l’he

bolon~ct,ric  luminosity is probably amplified by a smaller factor (W 30), CIUC to

tllc  larger  extent  expcctcd for the source in the far-infrared. A detailed lcnsing

Inodel  is prescmtcd  \vllicll  reproduces the observetl  morphology aIId relative

flux of the arc and coullterimagc,  and correctly ])redicts  the position a]lgle of

tl)e lcnsiIlg  galaxy. ‘1’lIc nlode]  also preclicts  reasonable values  for tile velocity

clispersion,  mass, and II)ass-to-light  ratio of the ]cllsing  galaxj  for a wide range

of galaxy rcdshifts. A rc(lshift  for the le]]sing  galaxy of ~ 0.9 is consistent

wit]] the lneasured surface brightness profile frol~l  the ilnagc, as well as with

the galaxy’s spectral energy distribution. ‘1’he background lerlscd source has au

intrinsic luminosity w 2 X 10131.~, ancl remains a highly lulnilious  quasar with

an extremely large ratio of illfrarccl  to optical/ultlraviolet  lulnillositjy.

Subjcci headings: il)frared:  galaxies, cos Inology: .gavitatiollal  lcnsingl

galaxies: individual
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1. Introcluction

ltvcr sillcc  its idcntificatjioIl  with a redshift  2.2S6 optical cln)issioll  l ine source by

l{owan-l{ohillson  ct al. (1991 ), leading to an iIlfcrrccI  bololnctric  llllniIlosity  N 5 X 10’’] l.(. j,-.

the I1{AS sourc.c I{’SC] 0211+ 1724 has been tl[c subject of CIIOIIIIOIIS attention. lk’trctions

of C(1 (llrowII  & Vandm]  ]Iout 1 991; SolomoII, I) OWIICS  & l{aclford  1 992; ‘1’sul)oi  & Naliai

1992) and sublnillimcter  contilllluln  e m i s s i o n  (Clc]nellts  et al. 19!)2, I) OWIICS ct al. 1992)

froln  tllc  source confirIncd  the prcscmcc  of huge  qua]] titics of gas aIId dust. Wit]l  a vastly

larger lookback time and luminosity than any  otllcr  known lRAS soLIrce,  l~SC~10214+-1721

appeared to bc citl]cr an c.xtrc]]lcly  luminous dust cIIIbccldcd quasar, or a rcprcsmtativo  of

a new class of astronomical ol)jcct,  e.g. a prilncva,l  galaxy.

IIowevcr,  wllilc  the rcdshift  of the 11tf4S  source is sccuIc,  its intrinsic  lumil]osity  is less

certain. ‘1’hc fact that 11’SCI 0214-E4724 lies at tile flux limit of the ll{AS survey, coInbincd

witl~  the prcsencc  of scwcra]  rcd  compaIlion  ob jec t s  ~vithin a few zircseconcis,  lcd l~;lston  et

al. (1 994) to sLIggcst t,l]at the I1{AS source ]r)ight bc gravitatiolia]ly  lcnscd  by a foreground

group  of galaxies. ]ntriguing]y,  Matthews et al. (1994) found at m cIncrging from the

s o u r c e  i]] a clcconvo]vcd  l~r band  image with 0“.6 sc[’ing takml  with tllc  Kcck  tclescopc.

Matthews ct al. considered the lcnsing  hypothesis, I)ut coIIcludcd  it was unlikely because

the image morphology was not achromatic. I~roadhurst  & l,char  ( 1995) modellcd  the source

as gravitationally lcnscd, flIldil~g  support for their mode] froln  a rcal]alysis  of the Matthews

ct al. data. Graham & I,i[[ (1 995) also argue for lcl]sing,  based OII dcconvolution  of a more

rcccnt (March 1995) Kcck  A- band image with 0“.4 seeing. ‘1’rcIltllaIn  (1 995) argues on

statistical grounds that Il)a.unification duc to ]cnsing  is likely  to bc less than a factor of ten.

Wc prcsmt all ilnagc of 11’SCI 021 4+-4724 take]} in l)ecc]nbcr  1994 at 8000 f~ with

tllc flS?’ Wl~l’C2  l’lanctary  [;amcra  w i t h  0’.1 rcsol~ltion. ‘J’his  iInagc  provides dramatic

sllpport  for the lcllsing  hypothmis,  implying a rnagIlification  ill tllc  11S71  clata  of w 100. Wc
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usc thr i]]lagc to derive a (I((lailcd mode]  for tile  illt,  rillsic  pro]mt ics of t}Ic lcIIs(J(l source

and tbc lc]lsing  galaxy.

h’or rcfcrc]]ccj  at tlIr 11’S(! 1 0 2 1  4+-4724 m]shift z : Z.zs(i, ()]IC 0“.0455 l)lallcta]’y

Camera pixc] subtends 300( 180)h-1  pc for q. = 0(0.5), tvhi]e these ialucs arc 239(191 )h-l pc

for z = 0.9, Wllcrc // E )]. /lOO km sc:c-lMpc-
1. WIICXC  not otl)cmvisc s]mifid, wc assu Ine

1 10 = 50 kIn scc--1h4pc-1  and q~ = 0.5.

2. O b s e r v a t i o n s  and R e d u c t i o n

‘1’lIrcc  fraIncs,  CM]] WOO scconcls loIIg, wwe obtaintd  011 coIlsm:lltivc  orbits wit}l the

W]?]>CZ 11’S]4W filt,~r o,, 1,]][ ]ot,]~ a,,ld ] ]~,]1 o f  ])~~eIIl~~>r  ]~~.~ (\lr]’). lJS(~ ]02]4-~4724  Was

positiol~ed  Ilcar  the center of (he l’lanetary  Camera, an(l each exlmsurc was displaced froln

the other two by all i]ltcg(v  number  (,5 or 10) of PC pixels ill I)otll  axes.  ‘J’lIc Wide l“icld

Canlcra  data. me I1OL considcr(d  hem.

After stanclard  processing providccl  by S’I’SC1,  tllc lnultip]c  fraIlles  Lvcre used to filter.

out ,  cosnlic  rays and hot ])ixcls. A l though  tllcsc  clcfccts arc quite plolninmt  and affect

rough ly  4 (% of tllc pixc]s  ill caclI fra]nc, tl]c Inai Il characteristics of the conlbined  iInagc

discussed ill scctioll  3.1. arc (Iiscmliblc in each frame clcIl without this filtcrillg.

Cross-corrclatioIls  were ]mformccl  oII pairs of fralllcs  to co]lfil  III that tllc  ac tua l

displacclne])ts  bctwcml fra]]les,  as measured ill pixels, were int,cgcrs  to wit]lin  0.2 pixc]s,  ‘1’lIc

frames were t}lcn trimmed by t,hc appropriate number of rows and coluInns  to corcgistcr

thcm, a]ld the S’1’SI)AS tasl{  CI{IUI;J  was USCCI to average tl]clll  top;ctllcr,  i t e ra t ive ly

excluding pixels wllicll dcviatecl  from the previous itcratioll’s  avera~e  value by more thaIl

three sigII~a.  ‘J’hc nlillinlunl  valLIc at cacll pixel location was used for the initial estimate of

the average, allcl sigma was the value expected from ])oisson  statistics aIId tllc gain  and read



. .

Iloisc. ‘1’0 ICI I1OVC IIlulti])lr  I)ixcl  cosn]ic  ray cvcnls,  a, stricter lil I lit of 1.5 sigina  \vas a])])liml

to  tllc fou r  p ixe l s  adjaccllt to aIly pixel  wl)ich cxcccdcd tllc  tl)rcc siglna  crit,crjon.  l“illally

a lncdia  Il filtering  mutillc  Jvas  a])p]iecl  to identify aII(l  inter] )olatc  over a fclv dozeII  isolated

pixels wllicll deviated sllar])]y froIn their neighbors ill the avcra~;c  iIIlagc, p resumably

bmausc tlIcy  wcm corJu])t  cd in all three frames. NOIIC of these  Iattcr pixc]s  fall }vithiI)

o b j e c t s  irl the field,  and oIIl~.  a }lanclful  of the ])ixcls ill tllc  coIIl])olleIlts discussml  bclotv arc

kd 011 data flVIIl 1(’SS t]l:lll tWO fraIIles.

3. R e s u l t s

‘1’llc colnbillcd  image of the full planetary  Can]cla fielcl  is show[l iIl I“igurc 1 (a), while

figures 1 (b) and (c) show Lllc l~SC 10214+-4724  rcgioll iIl progressively greater dctai].

A  sy~itllctic  point  sprea(l  fu~lct,ion (PS1’) derived f r o m  t h e “rl)iny  ‘J’im”  11S7’ iInagc

Inodcllillg  softwa.rc  pac.kagt’ ivas used to decoIIvolve  I he average  illlagc,  because a goocl

empi r i ca l  point  sprmd fuIlctioll  was not available (SCC section  3.2.).  ‘1’hc synthetic PSI’

was calculated for a source  ;vit}) the color of a I{-star in 14’81 4\\T at the location of

l~SC10214 +-.4724 iIl the l’lal)ctary  C a m e r a  field. F’ip,ure 1 (cl) sholvs the same rcgiol]

covcrccl  in figure 1 (c) after a mild dccoIlvolution  of tllc  data (10 iterat ions of tlIc S’1’SI)AS

ill-l]JlcIl-~clltatiorI  of the l,~lc.y-l{icll~~rdsoIl  algorithm) onto a grid sul)sa]nplccl  four tinlcs Inorc

fillcly  tha]l  tl]c  origirlal  pix(:ls.

3.1. M o r p h o l o g y

At tlIc  rcsolutiojl  of tllc  I)lanctary  Camera,  an arc-l ike structure doIl~i~latm  tlIc

InorplIology  of the mnissioll  line source. in the terminology  of Matthews et al. (1994), which

is adopted llcrc, tllc arc-like structure is corrl])oncnt  1 (SCC ]’ig. 1 (h)). ‘1’llc extcllt  of this
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arc is sIIIallrr  tl)all  SIIOWII i]) Mattllcws  d al., aIId tllcrc is a sharp]!’  dcfilld  ridge of big]]

surfdcc  I)rigl)tl]]cws  Cnlissioll  Ivhicl}  is  0“.7 loIIg aIl(l  csselllially  uIlresolvwl  ilI tjl IC trallsvcrsr

dirmtioll.  I,ower  s u r f a c e  l)riglltllcss  cInission  call bc sccII cxtelldillg  tl]c arc N (1’’.~l  to the

w e s t ,  alltl a silnilar  all)oullt  (I)ut  at a collsiclcrably  faintcl  ICVC1) to tlIc east-Iloltll[:ast.  ‘1’here

is also a llillt of still  fainter clnissioIl  cxtlerlding  a f[:w’ tcllths  of all arcsccond duc  cast (not

along a circular arc) fro~n lIIC eastern tip of the bright  ridge. Withil)  tllc  brigl]t  ridge  are

at least, two peaks separated I)y 0“.2 4, with t}lc IJriglltcr  peak  towards tl]c east. ‘1’hc ccIlter

of curvature of the arc was fitted and found to be ~ O“. 12 west-nortllwcst, of tllc  center of

coInponmt  2 (which is  J”. 1 S froIn t)}le arc). Conlpollcmt  2 has a sIIlool  h light  distributioIl

wl]icll  is resolved aIld sligl]tly  elollgatcxl  (see sections 3.2. allcl .4.3. ). IJircctjly opposite

componcvlt  2 from the arc is a fail)t  but clearly visib]c  source  (coIllponcIit  ,5 ill figure 1 (b)).

0 “ . 4 3  frolll t]]c ccIIter  of collll~o)lcnt 2. Coln]JoneIlt  3 is I csolvcd  and  ~Ias a feat,(lr(i  w]lich is

suggestive of a tidal zM’In  lmdi I]g back towards conlpo]lcnt,  2. (Uolnpo)lmlt  4 appears to be a

highly inclind  galaxy.

3.2. Brightness Profiles

I II all attc]npt  to qua]lfify  the radial extent of t}le arc, pixels  frol[i  tl]c sector subtmlclcd

by t}le brig})tmt  0“.5 of tile  arc. at component 2 wcm  sorted iIl order  of radius from

Com])ollcllt  2. ‘1’0 reduce tllc effect of the tangelltia]  sutmtructurc  aloIIg  tile  arc, a ruIIIlillg

average of the flux fronl 5 ])ixcls iIl this radially sorted list was calclllatcxl.  l“igum  ‘2 plots

this rullIling  avmagc  flux as a function of the average ladius of thosv  l)ixcls lCSS the 1‘!18

d i s t a n c e  o f  compoIlcIlt  1 froIn  conlponcmt  2. l“or coIll]Jarison, tllr (ullavcragecl)  radial

profiles arc p]ottcd  for stars A and 11 (see figure 1 (a)), coIIlponcIIts  2 aI~d 5, and the

synthetic l)Sl~ whicl~ was used in the

Wllilc tlllc  wings  of the synthetic

deconvolution  shown

PSI” fall ilisiclc  those

in figure I (II).

of the arc, tllc  C?npiricd  1’s1+’s  of



7

stars A {outside its satllralcd  core) al]d 11 matcl] tllc  arc closs  mtio[l  rcasollabljf  wc]l. Itl

t]lcrcforc  al)pcars  likely  t,]lat tllc  synthetic  1’S1” undc:]  estimates (I]c l’\\~llh’l of the true I)SIJ.

IIascd 0]) the synthetic  l)Sl~ we estilnate  an llppcr  li]nit  of 0“.06 (500 pc) for the intrinsic

lJWII  M of tl]c arc in tl]c radial  direct ion.  Note that the effects  of tllc  running  a~vmqy,

of ar)y error in usi]lg conl]x)nc  I)t 2 as the centmr of tlIc  arc, and of tllc  s]nallcr size of the

sylltllctic  1’S1” al] work ill tile direction of leading us to ovelestimatc  this dilncnsio)l.

‘J’hc dcconvolvcd  i]llage  shown in 1+’igure  1 (cl) also yields a 0“.06 l“L\flIkl for the arc,

hut  this holds true for star 11 after deconvo]ution  as well. IIccausc  t I]c illdividllal  frames arc

scljarated  by illtcgcr numbers  of I)C pixels, there is little lcvcragc  on filkcr scale  structure,

IJccollvollltioll  clocs mnpllasizc tllc high surface brightness of tllc  arc llotvcvcr,  increasing it

by a factor of tllrcc.

in stlort,  we see no elidrncc that conl]JoI]cl]t 1 is resolved in ( lle radial direction. (In

scctioll  4.1. wc will argue that tllc intri])sic  FWIIM of tlie  arc is N 0“.01 ). Coln])onent  ,5

also appears ullrcsolveci,  a]t bough its profile  suffers fr(~m lnuch  Iokv(’r  signal to noise.

Conl])ollcr]l, 2, however, is clearly resolved irl figu m 2. ‘J’o cxtcrld  the measurcrnerlt  of

colnponent  2’s surface brjghtlrless  profile to larger raclii  the image  was rotated 180° about

tllc ccnt,cx of colnpollel)t  23 and  pixels at the locatiorls  of other objects ;]) tile original

image were rcplacccl  witl] ])ixels from the rotated  ima~c. ‘1’his assu]nes  elliptical symmetry

for colnponcnt  2 in the rc]jlaccd  rcgiolls,  which cover a rnaxilnum  of 25% (at r == 1“.3)

of the area at any radius, al~d 7(% of the total arm. IJigure  3 slIolYs tl)e resllltillg  radial

surface brightness profile for co)nponent  2. A dcVaucouleurs’  ~jrofilc  wit]l an cffcctivc  raclius

r, x 1’!3 (1 O k])c) provides a much better fit to co]n])onent  2 tlla.rl  do cxpollcI1tial  disk

rnodc]s,  suggcstir)g  t}]at this object is all early tyl)c ga laxy . ‘1’llc ]]]casurcd  cllipticity  o f

Colnpollmlt  2 insiclc tllc arc is % 0.16 * 0,1 at a position  angle  of % 3 +- 15° cast of north.

]txccss  surface brig]  ltllcss  a])])cars  Ilcar  a radius  of 1 “.4 even t houg}l  t]lc component 1 pixels



]avc bca] rcplaccd. A s  a check,  tlIc sLlrfac( l)rigl)t,I)(>ss  ])rofil(’

ccIlkrcd  olI coIIIpoIIc  IIi 2 frOIII  positio[]”  ai]glcs 7:;- 1 :33°  arid

233-:31 so , allglcs  w}]icll  by])ass  all obvious cInission  SOUI ccs irl fig[lrx’  1 (1)). ‘I IIIC value  for

rc i]] t,llis  case was 1 “.0 (a s]naller 7e is consistent with t IICSC  sectors I)ci]lg along  tllc ]Ilinor

axis), aIId cxccss  light, was again folllld  near 1 “.4 radius. ‘I)hc tots] (x(css light  at this radius

is very  rougll]y  equivalent to a 23rd  magnit,udc  source.

3.3. P h o t o m e t r y

l’l]oto]nctric  ]ncasure]llcllt,s  obtlaincxl  fro]n the l’lal]ctary  (.!aIII(Ia iIl]agc f o r  t h e

coITlponcIIts  arc g iven  in ‘1’able  1. Onc count,  in the image coIrcspoIlds  to 1 .1S5 x 10- 2 1

crg/cn12/sm/~  or to a ]Ilagllitudc  of 30.00 in tllc  1+’814\\~  band  ~vit }) L’ega set to m a g n i t u d e

O. l“rolll tllc IIlcasurcd standard deviation pm pixel, tllc  sensiti~’ity  lilnitl  (30) is nz~~~ w 2S.2

mag for  a  poillt source  or ~(~l.l  ~ 25.6 lnag arcs(~c–2. l’ositions  arc relative to component

2, wbosc  positio]~  in the 11 S’1’ guide star system is givcIl  in ‘J’able 1. Polygo[la]  apertures

\Vcrc used  to  i]lcludc  t,lic fai]lt,  e]nission  sccI] cxtt:]lding  froln  coIn])o]lcIlts  1 ar)d 3. “1’hc f l u x

for coI]l])oI]c]It  5 was lncasurml using a 0“.35 dianlcier  a])erturc,  with tile  local backgroulld

Ineasurcd  using the ]node of arl allnulus  of width 0“.1 surrounding  Illis aperture,  and

corrcctcd for 1’S1{’  10SSCS using  the star 11 curve of .grotvth. ‘1’llis  flux lvas chcckcd  by

subt, racti]lg away t]lc  ilr)agc rotatc(l 180° about compo]lcnt  2, and  also I)y subtract ing the

elliptical ]]]odcl fit to coln])onmt 2 discussed in section jj.2.. All tl~rto n~ctlloc]s  consistcnt]y

gave  a value close to 100 for the flux ratio of colrlponellt  1 to cornpollcllt  5, and wc adopt

100 for this importal)t  ratio for tllc rcmail]clcr  of tbe pa])cr.

4. Di scuss ion
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‘1’lle IIlor])hology  of tll(’ Colllponents  of 1“SC10214 +4724, a circular arc (Colnponcllt  1 )

Ivitll its radius of curvature c(’ntcrcd  on al)other  object, (colnlmIlclltl  2), a]ld allothcr

fa in te r  i]llage  (co]npollcnt  5) m the opposi te  side,  strongly  SUpIJOr(lS tll(’ gravitational  l~lls

IIypotllcsis,  i . e .  that coI]l])oncnt  2 is  a  forcgrollnd  galaxy aIid colli])ollcllts  1 and 5 arc

ilnagcs of a single background ol)jcct. ‘1’he multiple imaging arid the arclikc InorphologJ

and high inferred lu]]]inosity  of component 1 result f] om distortio]l  allcl  nlaglification  by

the gravitatio]lal  potmltial  of 111(’ foreground colnponcnt- 2, Col]i])ollcllts  3  and .4 are other

galaxim  along tl~c lillc of sight, ])ossibly  related to tlIc galaxy Lvhicll is coIn]x~IIcnt  2, and

probab ly  il]volvcxl  ill the lcllsillg.

‘1’lIc higl] rcsolutio]l  of tlIe 11,S7’ image makes t,hf:  arc Inorl)hology  aII(l conlponcnt  5

readily appamlt, and allows  us to directly nlcasurc  ttlc  ratio of t lIC bright  ncsscs  of tllcsc

conlpo  IIcIlts.  ‘J’his  !norpllo]ogy  a]]cl  ratio are crucial  clen]cIlts  in tile  developnleIIt  of a lens

Inodel  for the source .  P\lc find adc]itiona]  sup]mrt  for the lens hypotl]csis  fronl the observd

morpho logy  of conlponcl)t  2. in particular. as S}IOWII in Appenclix  A, colnponmt  2 has

the’ surface brig]  ]tllcss  profile and spectral energy clistributio]l  ex])cctcd  for a foreground

c]]iptical galaxy,  and  itS positio)l  an.gjc is cOrl’eCt]~ pl’edidd by t]le lCIIS  mode].  I n  t h e

followillg,  we adopt tbc illtcl]Jrctatioll  of FSCI 021 4+4724  as a ,gI avitat iollally  lm)scd systcm,

and dcscribc tl~c detailed l]lodcl of this system and its coIlseq I]encM.

4.1. ],ens M o d e l

In tbc conkxt  of a lCIIS ]nodcl,  component  1 is  a “strai~htl  arc’) and colnponcnt  5

is a “coLllltcl$illlage.” ‘1’llis  gravitational lens image configuratioll  is very conlltloll;  it has

been found  ill s eve ra l  c lus te r s  (sm Surdcj  & Soucail  1993 for a revimv).  ‘1’}Ic  Inodel  fo r

these systmns  is that of a sourc~~ lying  on or very close to a cus])  ill a caustic (a line of

infini te  nlagllificatio~l,  e.g. l~lanclforcl  & Narayall, 1992)  ill t}lc soLlrcc  p]anc.  Alt]lougll
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t])e Il}agl]ification  of a l)t)illt  sourc(’ ]yi]]g OJI the caustic is for’IIlal]y  ill fillit(’, t]Ic lIlaxillln  Ill

]nag]]ificalioli  of a ml] ol~jccl is Iilllitcd  by its fillitc  angular radius  r< II]l(lcr t]ic gravitational

lm~s  hy]mtllcsis  tllc  total l~laglii(icatioll  of the SOUYCC s]lould  Ix: 011 t IIr sallie  order as tjllc

flux ratio  of arc to coulltcrilllage, roughly 100 ill this case. Cravitatio]]a]  lCIIS models also

predict  that tile axis ratio of llIC arc should be 0]) tile  salllc  order as 111(’ total nlagllificatioll.

‘1’llc 0“.7 lmlgth  of the arc lJIIUS inl]~lies  an observed wicll  11 on the or’dcr of 0“.007 (50 pc), or’

ullrcsol~’cd Cvc]l ill 11 S’1’  il))agrs.

111 tile case  of lcllsillg  dolninatcd  hy mass at a si]l~,lc rcdsllift,  t lit’ ~ravit  ational  l e n s

nlappi]lg, which takes a tivo-(lilrlc:llsiollal angular position :7 o]] tile itl)agc J)lalle (i.e. the

positio]l  olxwrvcd  on tllc sky)  to a two-dirncnsional  angu]ar  position  !~ on tllc  source  plane

(i.e. tjl]e ],ositiol~ that would be ohscrvcx] if there was ,,<J lc*ls), is a ~,radic]lt *]]appirlg

-,
w]lcrc  V07 is the tlvo-clilllc]lsiollal  graclicnt  operator with respect to allgu]ar  i lnagc-plane

pos i t i on  ,7, and ~~(.i)  is a scaled, projcctcd,  twO dimcnsiollal  gral’itatiollal  potential. ?’hc

potclltia]  is related to the angular surface dcllsity  X (lnass per unit solid aIIgle)

\v}I(Jrc 1),1, 1), and 1~(1, arc angular cliamct,er  clistanccs  f’rom observer to lcms (deflector) ,

obscwcv  to sourc.c, a]l(l lCIIS to SOUJCC, and V; is tile tm’~)-cliIllc]]sioll:il  IJal)lacian  o p e r a t o r ,

‘J’]lc  lclIs  IIIodels  which follow assulnc  that the ~)oterltial ~) CaII lJC al)l)roxiIl]atecl  with a

(~lliisi-isotllcrlllal  s]>llcrc with elliptic.ity (see, e.g. Kocllallck, 1991 ), i.e.,

~(i) == (5A2 +- 7’2 [1 - ~cos2(o - 07)] , (3)

wllcrc  :7 = (r, 0) is tllc  position of the point ill qllcstioll  relative to tllc  celltcr of the lnass

distribution, b is the asyn~ptotic  critical radius (the radius of the ltil)stcin  ring), roughly
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tlIe ang~llal  rz~dius of tlIc (ittle of ilnagcs  (W I “  ill tl)is systj(,lll  l)ccallsc  tllatj is tllc  arlgular

sc]mratio]l  of arc all(l  lc’IIs),  -( is an clli])ticit~’  paran)(~tcr, 0., is tlllr  ]mitio]l  angle  of  the

lllajor  axis, and s is a core radius. ‘] ’he results  do not dc])eIId strollp;ly  011 thr mm radi~ls

s, so it is assumed to bc mro. ‘]’hc critical ra(lius  b can 1x2

vc]ocilly  dispersion for tlllc  1[’]1s hy

C 2 1).
CT:== — - - - - b ,

4~ r)d,

altlIouglI  this dc]mnds  011 tllc  assumption of  isothcmlla]ity.

i]lsidc  the ‘{circle  of i]nagcs” (i]) this case a circle  of angular

C2 l)d I). ,
M  == --– - –--: l)’ .

4 ~~ ])ds

re]at(xl  to a olJc-(lilllcl)siollal

(4)

hlOI’C  S(’CLl~C’  is tllc  mass  M

L’adi LIS ~ ?rl’OUIld  CO1ll J) O1lCIlt ~),

(5)

‘1’llc mass Al allcl  the inferred ]ulllinosity  1, of tllc  lens can be llse(l  to coln])~ltc  a mass-to-light

ratio  as well. ‘1’llc inferred physical properties of the lens clepcnd strongly on lens and

sour-cc rcds])ifts  and weakly on world rnodcl.  In this system tllc  lc]ls rcdsl}ift is mkliown,  so

0., Al, and &l/1,  are givm) as a function of lens rcdshift  for ]nodcl  2 (see below) in l’igurc  4.

l“urtllcr discussiol~ of figLlrc 4 is deferred until  section 4.3..

Mode]  Imrameters b, ~, and @v were varied to I]linilnizc  (ill  a least-squares sense)

t}]e scatter  in the source p]alle  positions corresponding to t])c ])rig]ltmt  55 pixc]s  in the

dcc.onvolvcd  arc (figLIrc 1 (d)) arid the brightest pixel  in the (:()[lllt(~lilrlagc.  In order to

perform tllc lnillinlizatiol]  correctly given that tllc pixel  locations art lncasurcd  on the

image plauc,  the Jacobian of the lens mapping was usccl  to transfcjr]n  uniform ilnage-plallc

ullccrtailltics  illto  corrcctl~r-}$ciglltecl source-p]ane uncertainties.

‘1’llc best-fit model ])ararllctcrs  arc given in ‘1’able 2. ‘1’hc irlfcl  reel intrinsic  source radius

which  lnakcs  t,hc zlrc-co~lrltelil~~age  flux ratio 100 is on the order  of 0“.005 (40 pc). ‘1’hc

lnodcl  makes the assulnption  that component 3 is a singulal  isotherlnal  sp]lerc  (-y = s = O)

at the sarnc rcclshift  as coml)oncnt  2 and with critical raclius b3 = 0“.6, t}~e cxpcctcd value



ttnder  ~]t(’ assumption that  cornpoll(>nts ~ and 3 haVe t]]c SaJll~ lJ]aSS-l(~-];g)]]L  ]’i)f  jo. A sinl J)]~’r

]node]  wl)icl~ assulncs  tllai llle  potcl~lial  is  ent irely duc to au ellil)tica]  sl]apcxl lnass  ccntercd

0]) com])olIc  Ilt 2 was also collsidmed. ‘J’hc two-compollcllt  mo(icl  Yvas adoptml  I)ccause  the

intr insic  Clli])ticity  of tl)c ]mlcntia] in this model is smaller thal)  ill tllc  sillll)lcr  IIlodel,  ill

bet ter  agree]ncmt  with tllc  olmrvcd  cllipticity  in compollcl)t  2. ‘J’his is}.)  (’c;i~lse tllccxterllal

mass of colllJ~ollellt 3 has a tidal  cflcct  which rcl)]ac.cs  some  of tllc  clli])ticity  ill tllc  J)rimary

1[’))s. 1]1 botl)  Inodcls the prrdicted  oricntdtioll  o f  t h e  lrns  is collsistclit  lvitll  tllcobservcd

oriclltatioll  of conlr)ollcllt  2. l“igurc  l(f) snows tllc  density arid pott:]ltial  contours  for tllc

adopted ]]lodcl,  as WC1l as tllc  critical curve and tjhc image morr)]lology  for a circular source

of rac]i us 0’!005, slnoothed  to a J~’WIlh!l of 0“.02, and ~~ith the cou JIt crimagc br ightness

cllhallccxl  for visibility. l~igurc 1 (c) shows the nlodel  inlagc morpllo]ogy  couvolvml  with the

synthetic 1’S1” discussed ill section 3., and should be coluparcd  to figure 1 (c).

‘l’lie  ill~agc configuration in the lens modd is that of a triple i]nagc  or straight, arc

(plus coulltc~rin]agc).  Altl~ougll parts of the source arc triply  imaged  ill cornJ>oncnt 1, the

source radius ( w 0.00,5 a.rcsccollds)  infer-red froln  the fl (LX ratio of com])oncnts  1 and 5 is

large e]lougl] tl)at the tltrcc ilnagcs  merge into a single straight arc. WC interpret the peak

in the cast IIalf  of the arc as corresponding t,o two images mcrgirlg  OJI the critical curve,

while tllc  peak in the Yvcst half corresponds to the third ilnag,c. ‘1’hc triple structure may

bc’coIIIc Inorc apparent in ]~ighreso]utio~l  images in ot]lcr balldpasses  if the f[ux at those

wavelengths is proclllccd  by st ructurcs  offset by N 0“.02 (160 ])c) froln  t]lose whic~~ produce

I,h(’ 1“814W flux, or nave il]trinsic  size scales a factor of -3 slnallcr.

‘1’lle prcdictd  total nlagmiflcation  of ]“814W emission from a uuiforln  circular soLlrcc as

a function  of soLlrcc radius is show]]  in figure 5. ‘1’hc total magnification for a source radius

of 0“.005 is smaller than tllc  flux ratio of compo]lent.  1 to component  5, bccausc compollcl~t  5

is slightly delnagllificd. ‘1’l]c clepcndence  of the calculation of tllc  total lnagllification  in
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tllc 11.5”/’ illlagc  011 i,llc ass~l]llptiol) of a circular sour(e geoIIIctry  ft)l the l“slliy  Cnlissio]l

w,~s i],~,(>st,ig~l,t,~~]. SoIl~CCs of t,}]e saln~  tots ,]  p~oj~ct,e(]  solid al]g](’ 01) t])C  sky ]]d\rC  t,])~  S: IIIIQ

t o t a l  IIlagllificatlio]ls  to within al)ollt  15’% CVCI)  if the~ are lligllly clliptica], I]o Illattcr  fvllai

thcir})ositioll  allglc. ‘1’lle lnagl]ification  in the Inodcl  scales  as )’-”’ for very  slnall  sizes or

scparatio])s  froln  the caustic,  and smoothly  converts to r–o. fi at ]argcr radii, ill agrccIT)cIIt,

wit])  Schrlcidcr,  ]thlers & l“alc,o  (1 992).  l’hc bump nea r  r N 0“.5 ill figure 5 corresponds

to  tllc forlnatiol~  of a ring (SW 1)c1ow). l’hc IIlagllification  p r e d i c t e d  by the ]]lodcl call be

ap]~roxilnatcd  to N 20(Y0 lj~~ N1 =: 3.9r–0624 fol the rallgc  0“,001 < r < 1” (S to S000 l)c).

1 )if[crcult,  distributions for tllc  narrow line and U \~ and o])tical  corltinuunl  regiol]s,  alld

the likelihood of substantial reddening (Elston et al. 1994), call 1 llcrcforc  accoul)t  for tllc

substallt,  ial]y difrerent  appcaral~cc of l“SC 1021  4+47?4  at diflcre]lt  ~vavclen,qt  11s IlOted by

Mat thews  et al. ( 1994), and in particular for the lalgcr extellt  of tllc  li-balld  arc seen

by h4attllcws  ct a l . a n d  Grahaln and I,iu (1 !195)  than the arc seen i]] the 11S7’ illlagc.

‘J’]le  ] .1OO c~xt,cnl. of the 1{-bancl arc correspo]lcls  to a source  wit}l 0“.25 (2 kpc)  r ad ius .

If tile source radius is increased to N 0“.5 it is irnag(:d  into all elliptical (c w 0.4) ring

co]lllcctillg  coInpollcnts  1 and 5. ‘l’he position  ang]c  of this ring is pcr])cndicular  to tl]at of

component  2, al)cl is ofrset from being perfectly ccntcrcd  on coln])ollellt  2 by N 0“.4 in the

direction of colnpollcni  1. ‘1’llc excess light  near 1“.4 ]Jixcls Jlotcd ill section 3.2. may be the

lJV (rest fralllc) counterpart  of  the more extended arc secl)  ill t}l(’ I\” itnagcs.  Note that

Mattl]cws  et al. fil]cl  the 110 emission to bc cxtcnde(l  in an east-  tvcst direction by N 0“.5,

suggesting that the Ilarrow  IiIlc region is largely coin(:ident  with I lle l~V continuum which

dolninatcs  the 11’814W inlagc.

4.2. 130]omctric  Luminosity of FSC10214+4724
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1VSC10214+-4724 has aII apIm WIIt Illlniuosity  Of lJdf}~,==  15X l[J]’llJ  . (l{(,\\2/1,-]tol,i*\so*)

d a l .  1993),  ]Ilakil]g  it among  the ]nost  lu]ninous  kTlo\In  objects i]] lIIC LJniversc. ‘I’l Ie

vast ]]lajo]it,y  of t,]~is ]lllIlinosity,  w!J{)~o,  is observed in tllc!  infrared ( l{okv:lll-l{olJiIlsoIl  (:t al.

lCJ{]]  , ]~~~).  ‘J1]l~~~ is st,]ol~g ~;vi~]~*]~e  t]lat t}l~ ~JV sol]]c~ is a qllasar (] ’’L$’IIIY1  Of C 1 1 1 ]

* 10,0001<111 S-l ill polarized light, Miller 1995) cnshrolldcxl  il] dust (110/11,8 > ’20 implying

A V > ~.~, ]’:]sto]] ct d. 1994), and L}lat the quasar’s lulllinosity  is absorbed ill the dust shell

and reradiated ill tl]c  infrared (lto~va]-l-ltot>illsoll  1 993). ‘1’his  inlplies  tl]at the size of the

infrared mnitting  rcgio]l  is substatlt)ial]y  larger tlhall  the optical /11 V’ el]litlti]lg  region.

If l~S(’1 0214+4724  is magllificd  by a gravitational lens,  tllc  irltlillsic  source  luminosi ty

is less tlhall tllc a])parcnt  luminosi ty . Ilowcver, if Lllc illframd SOUYCI  is larger than the

optic. al/lJ\’  source, tllc magllificatiol]  of the illfrared sollrcc  is less tllall  tile  magn i f i ca t ion

measured fro]n  the 11S1’  ilnage. ‘J’l]c mafylification  of tllc  infrared so[lrcc can be estirllatcd

by assuming  that the illfrarccl  sourc.c call be ap])roximated  as all optically thick blackbody.

l’his  assulnptioll  corrcspo]]cls  to making the infrared so[lrcc  as small as ])ossible,  and lICIICC

the nlagnification  of tllc infrarccl  radiation as large  as ]Jossible. Ill this case, because of

the assumption that the mnittccl  infrared energy distriljution  is illdcpcndcnt  of distance

froln t h e  ccutral hcatillg  source, the magnification is i]ldcpcndcmt  of wavclc]lgtll.  ‘1’hc

temperature of tl)c  dust is assumccl  to be ‘l)Nl z1OK. At this tcmpcrat  urc  the emission peaks

at a rest wavelength of 18~Lnl, corresponding to the observed cmissiol)  that peaks at 60~LIn.

Witl]  tl]is tc]npcraturc,  the a])parcllt lunlillosity  I,OPP ancl  intri[lsic  lulnil]osity  I,in~ c a n

be writtell as

I ,app = M(~t)Li,,~ == iV~(~t) X lT]t2a?’4 (6)

where 1/ is tlIc  physical radius  of the source, h4(l~) is the mag]lification  from figure  ,5

for a unifor]n  disk of radius It, and 7’ is the blackhody  tcmpcratu m dctcrmincd  by tile

wavc]cngtll  of peak anission. Solving this equation  for R gives a radius of 130 pc (0’’.017),
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and h~(lt)  == 42, so that,  the i]]trinisic  lulninosity  of l~SC 10214-} 4724 is 1.2 x 10’31.  (:.

A slightly larger  source size and lower n~agnificat,ion  is derived if tl)r tcnl}x:raturc  ‘1’ is

assumed to be 1 15K, the color temperature dc{crminfd  by tllc  otwvwecl flux dcllsitlics at 60

and 450 ~In] and correctcxl  for redshift. ‘J’hcn the radius of tllc  infrared source  is 240 pc

(0’’.03), tile lnagnification  is 29, and the intrinsic lunlinosity  is I.7  x 10’31J~.

‘1’lIe cxpcctcd  arc lmlgth  is w 21tM(}?),  or 1“.7 ill the 7’ == 115]{ case,  and 1“.4 for

7’ = 1401(. l~ro]n VI, A-A col~figuratioll  observat ions at 8.4 Ghz  ~vitl]  0“.25 resolut ion,

IJawrcncc  et al. (1 993) found a 0“.6 (cast-west) by (1”.3 source. ‘1’lic similarity of this

structure to the arc in the 11S’7’ image suggests a co]]tinuum  radio source radius closer  to

the 0“.005 (40 pc) cxt,imatccl  for the optical/UV source thall to tile  IIlinimllnl  far-infrared

size just calculated. CoIldon  et al. (1991) fincl that the radio sourer size for Ilearby  lRAS

galaxies with far illfrarcd  lulninositicx  > 1012L>  is t)’pically  w 100 pc (and for Mrk  231,L

the most lumi]]ous  of t])e sample, x 1 pc), smaller than the minimum b]ackbocly  size for far

infrared clllissioll  froln  t,ltcsc galaxies. P’or their samljlc COIIdOII ct al. fi]ld < q >== 2 . 3 4 ,

wllcrc  q is tllc  logarithm of the ratio of far irlfrarcd (60-- 100p1li)  to 1.49 GI1z flux. F’or

FSCI 021 4+4724, cxtrapo]ating  the Lawrence ct al. ( 1993) obsm-vcd  raclio  flux to 0.45G11z

(the observed frequency for emitted 1.49 GIIx) yields 3.5m.ly,  and interpolating to the rest

frame Jvavclcngt]ls  for 60 ancl 100pln  and using Condon ct al.’s definition gives q == 1.91. If

tllc radio Inagllification  is 100, ancl the far infrared ]nagnificatioll  is 30, tllcn  the intrinsic

q == 2.39. ‘J’hcrc;forc the raclio morphology and flux Illcasurcci  by l,awrencc et al. arc c]uitc

consistc]lt  wit]] tl)c  above estimate for the bolollletri<  lulni]losity.

‘1’llc 0“.6 cxtcllt  of the raclic)  morphology is also consistent with a Inuch  smaller radio

continuum source size, although the value of q woulcl then bc sip;nificantly  larger than

obscrvccl  for local luminous IliAS galaxies. It would l)c interesting (albeit cluitc challcngirlg)

to see whctllm t,llc very IIigh angular resolution possible with Vl,l~l  c)bscrvations  revealed
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thc tri])lc  slructum  iII tlIe  arc discussed above.

‘J’hc size  of the i]] frarrx] s o u r c e  dctcrmillcxl  under  the assulllpt  iol) of optical]y

thick  clnissioll  is a plausible lower limit to tllc  physical source size. !\ltcrllativcly,  the

Inagnificatioll  can  bc cstilnatcd  based on t,l]c models of ])hinncy  (19!M) of in frarcc] cmissioll

from dusty, warped disks illumiuatcd  by a central quasar. ‘1’he pll,vsica] size of t})c source

rcquirwd  to obtain a self-collsistent solution  for the intri[lsic luminosity is quilt large. l;or

the rcgioll  mnitltil)g  at 150p]n (4501Lm obscrvcc]),  the so~lrcc radius  ~vou]d  hc w 1 O“,  much

larger tha]l tl)c  observed size of the CO source (c$g. Scoville  ct al. 1 99.5). ‘1’llus  wc consider

sucl) a lnodc]  less collsistcnt  wit]l the obscrvat,iolls  tlla,n the op t i ca l ly  thick nlodcls.

‘J’}]c  recluctio]]  in tllc intrinsic luminosity of l~SC101?14+41’2~  to w 2 x 10131J(J> implied

by the lens model of I,llc source brings it into  tllc luminosity rall~,c of previously stuclicd

i n f r a r e d  lulllillous  AGN. ‘J’l)c lI{AS source  11 SC15307-t  :;252 at a rcds}lif(,  of z=O.93  has

a luminosity of 4 x ] 013],(.), while tl~~ ll{AS  SOUrCe I’SC09104+-4109  has a lulllinosity  o f

2 x ]()]31,C) for OUr assulncd  cosmology (Cutri  et al. 1 994). ‘1’hcm is 110 known  evidculc.c from

high resolution imaging (Soifcr  CL al. 199.4, llutching  allcl Ncf[ 19SS. Soifcr  ct a l .  199,5 in

prcparatio]l)  that cithm  of tllcsc sources is a gravitational lells, so the apparent luminosity is

prcsulnal>ly  tllc il~trinsic  luminosity in t,hcsc cases. ‘1’bus, basccl  011 its bololnctric  luminosity,

]7SC10214-{ 4724 is lnost likely  a source  simlar to these. ‘1’hc reduction ill illtrinsic  luminosity

rccluc.cs tile IIcccssary  clust  nlass  a s soc ia t ed  wit]l the sc)~]rcc (l{o~t;~ll-liol~il~soll  ct al. 19!33)

by the salllc  lnagllificatioll  factor, into l,l]e raIIge M,~U,t  e< 1 –- 3 x ] oy,ll~.j,  wllicll  is consistent

with tllc cwtinlatcs  of the gas lna,ss based on the dylla,lllical  mass dctcrlninatio]ls  fro]n the

CO obscrvatiol~s  (Scovillc  ct al, 1995).

4.3. P roper t i e s  o f  Conl])onentj  2
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N o  coIIc]I.Isivc  IIICiISLII(>III( :IIt  of tllc rccisllift for conlpoII(IIIt 2 IIas  yd IXY’11 ll)adc,  t o

knowldge, altl Iougl I values of 0.42 (Close  et al. 1 99.5) a]ld 0.!)0 (Smjcal]t  c1 al. 1 995)

llavc  becl] suggested bwwd  on possible continuum br(aks  in tllc  s])ect  ru]]l of colllpollc]lt  2,

while Miller  (1995)  finds Mg lillcs in absorption at ; = 1.32 (alld ]Jossil)ly : = 0.89) ill Lllc

S])~Ctl’Ulll  C)f ~Oll”lpOIl~llt  ] . 111 tllc Appcmclix we provide t,hrcw  mtilllatcs of the rcdshift  for

compollc]lt  2 (two Of  Which  a rc  C]OSdy related).  f~l]  thLTC CStiIlliit  CS arc CO1)Si  StCIlt Wit]l

u w 0.9, and we adopt this value as as our best overall estililatr of tllr rcdsllift,  Not)c tllc

S1’;1) and I/C -- < /L}j >, cstilnates  do not asslllnc  col]lpollel)t  2 is a IC]IS. OIIIJ that it is all

cl]iptical  galaxy, and tllcrcforc  give aclditiolla]  su~)polt  i,o the lcnsillg  h> ’potllesis  by placillg

conl~)oncllt  2 at an illtcrvcnillg  rcdsllift  relative to F’SCI 0214-+  1721.

‘J’lle velocity clispcrsioll  au, mass M, and mass-to-light ratio (!ll/1,  ) predicted for

the lens are shown in figure  4 as a fullction of lens rcclshift.  :\do]Jt ing ; = 0.!1 y i e lds

(IVJ/l,)B  = Si14(,:,/1~  (vs. the obsmvcd  avcragr of’ 6, van der NJiiwl 1991 ). CJU  =- 270 k,n S-l,

al”lcl  M == 3.s x 101] M@ ( t h u s  1,~ = 5 x 10]ol,(j). ‘1’hcsc  val Lies arc for a radius  of 0“.85:

usillg  figure 3 tllc total blue lulnirlosit,y  is then LB : 1 . 4  x  10]1~,  ;, or ~ 41,* (llinggcli,

Sandagc  alld  Talnlnarlu  19SS). ‘1’hesc  values  are inde])cndcnt  of cvolutiol]ary  moclcl because

1“814W salnp]cs  rest frame }) at z = 0.9. ‘1’hus for tllc rcdshift  est imate ; = 0.9 the lcnsing

]nodc]  predicts properties typical of present day  elliptical galaxies. except that the galaxy

is UIIUSLld]y luIninoL1s. ‘J’he  probability of a large lcIlsing  galaxy is greater than the galaxy

lL]lninosity  fu]lction  alollc i]np]ics, however,  because the crossectio]]  for gravitatioIlal  lc]]sing

is prc)portio]la] to mass.

4.4. The Parent Popu]atic)n of II LAS F’SC1021  4+4724

Analysis of statistically complctc samples of radio ,galaxics suggests that the lmlsing

rate (i.e. probability that,  a given radio galaxy is lensed) is o]) tllc  order of 1 /500
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(h3i~2,1(la-ltscll(16  & IJcl,ir, 1992; C;l, ASS s u r v e y ,  privatt’  c[)[lll]lllllicdtic)li).  (;ivell  (Iliai  a

source is lm]sed.  Ille  prol)al)i]ity  of $etting  total ll)agllificiitioll  h] is o]l  llIc order of hl-”z (e.g.

Sclllleidcr,  ltlllers  S: IJa]co, 1992). ‘J)hc cstilllatml  total  nlagl]i(ication  w 30 for the lI{AS flux

from sccljiol~  4.2. corrmpollds  to a likelihood of N 10-3. ‘J1}lc  exist cvlce of a sillglc  lcIIscd

ohjcct  ill tllc surveyed area (0.2 sr - l{otval]-lio13i11so[l  1!191 ) witl] lllagllificatioll  30 s} IoLIld,

according to tllcse probabilities, rcl)rcscnt  aIl ulldcrlyillg  population of w 800 co]npact,

60~[~?t-llllllillolls  objects per square dcgrcc (or >40 pm square dcgro( at 9.!i[xJ coIlfidcllcc)

w h i c h  arc either ]]ot lc]lscd or lcu]sed  with mucl) lower lnagnificatioll  (aIId lImcc arc not

in the l>SS catalog). ‘1’}]esc  sources lvill  ha~’e  observed ] [Iagnitudc  r N 2.5 mag if tl]cy  arc

l i k e  II{AS l’S(:10214-t472’l  and tllcir 11{ fluxm  w i l l  be of order 311)JJ” at 251/nl  mid 71nJy

at 60~{nl. ‘1’0 these  flux ICVCIS, models of tllc 11/ galaxy l)opulation  wit}! strolig  lumi]lositjy

cvolutiol~  (I]ackillg  and  %ifer, 1 !391  ) preclict  a few llulidred  sources ])cr square  dcgrcc,

in agrmvncllt  Jvitll this e s t i m a t e . of course this is only an or(lcr  of IIlagllitudc  cstilnatc

because it depmlds 011 cxt,rapolation  from a si~lgle  serendipitously discovered object, and on

the relative rcdshift  distributions of I R-luminous and radio galaxies. optical field galaxy

rcdshift  sLIrvcys now  Llndcrway  wit])  the ]{cck ~’clcscope arc approac]lillg  th i s  dep th  ( J .

Cohen ,  p r iva te  collllllllllicatioll;  UC l)EE1’ collahoratioll,  private  (oTlllllLlllicatioll), a]ld IR

illlagil]g  surveys to WC]]  beyond  these lCVCIS  arc c]lvisioll(xl  with 1S(), Mrll{];, allcl Sll{~l’1”,  so

this very uncertain prcdictio]l  may be testable i]] tile near future.

5. Sumnlary

We llavc  ohtaincd  a O.Spin image of the z ~: 2.286  lltAS sourc(  ll’SCI  0214+4724  with

the If,S1’ LV14’1’C2  l’lanetary  Can]cra,  with 0“.1 resolution and  high signal  to noise. WC fi]ld

tile following:

1 ) ‘J’IIc source appears as an unresolved (< 0“.06) arc 0“.7 ]o]lp; , ~vith significant



Substruc.  tllre alol)~ its lellglh. ‘111)(’ a r c  i s  ce]]tcrcd  011 a galaxy 1“.1S to t i l e  llortll

(Colnpcrllcllt 2), and a failli,  ul]rcsolved  colnpollc]lt  (c(,lnponclltl  5’1 i s  clearly  dctcctcd 0“.43

north o f  Colnpommt  2. ‘Iwo other g a l a x i e s  (compoll(:nt,s  :3 and <l) are evident  tvithill  a

few arcsccoucls  of the 11{ A s source. ‘1’his  lnorpho]ogical  co]lfiguratio]l  is characteristic of

a  g rav i t a t iona l ly  lCI]SCXI  systcxn,  jll w]lich the arc and colIlpoIIcI]t  5 are inlagm  of a sillglc

background source produced by the potential of the forcgrouud  c(J]Il])oncIIt-  2.

~) ‘J’he sll~fa~~ l)rjg})tIless  profi]~ of ~oll~polleljt ~ is well lllatclIed  by a dc Vaucolllellrs

])rofilc,  cha rac te r i s t i c  o f  all elli])tica]  ga laxy  Jvitl[  all cfrcctive  ra(lills  of 1“.27.  ‘1’lIcrxJ is

evidcmcc for excess mnissiol]  above the de Vaucouleurs  profile near tile radills  of the arc.

3) ‘1’lle flux ratio of tllc  arc to the cornpollcnt  5 is N 100, i]ll})lyillg magllificatjol]  in the

11,97’ inlage of the bac,kgroulld  source by rougll]y  this amount.

4) A detailed  lcnsjng  nlodc]  which reproduces tile observed I)]orl)hology  and rclati~~c

flux of the arc a]]d coullterimagc  correctly p~edicts  the positio]l  al~glc for colnponent  2.

IMter  agrcerrlellt  is found  Jvitb the observed elliptjcii,y  of compol)cl]t  2 if component 3 is

i])cluclml  in the lcnsillg  potent ial , ‘1’hc moclel predicts reasollab]e I’a]ucs for the nlass  and

velocity dispersion of colllpone~lt  2.

5) If component 2 is an elliptical galaxy, its spectral energy (Distribution is inconsisknt

wi th  jt being at 2 = 2.2S6, al~d 2 = 0.9 is prcfcmwd.  ‘I1hc surface brigbtncss  profi le  of

compone~lt  2 irnpljes  a rccls])ift l)ctwecn  0.6 ancl 1.2. IJrom the ]cnsil]g mode], for z m 0.9,

the central mass-to-light ratio for component 2 is (,1~/1,  )B Z= SA4~,/1,~~, the velocity

dispersion CT. == 270 k]]] s-] , and the total blue lumil]ositly  I,B = 1 ..4 x 10111,~1  N 41,*.

6) ‘1’l)c ]nodcl  predicts an illtrjnsic  radius of - 0“.005 (40 pc) for t}le backgrollt]d  source.

‘J’rip]e  structure ill tllc arc is obscured by this source size, but may I)cco]l]c  apparellt  at high

resolution in otllc:r bandpasscs. ‘I)llc larger size of the arc obscrvc(l  at K implies an illtrillsic



‘)0

source radil]s  o f  0“.25 ill tl]c corrcsjmlldillg  cInittillg  balld])ass. .f\ sollrcc  or radius > 0“.5

woLl]d ]Jroducc  a ring of cll]issioll  connect ing tl)t~ arc all(]  Colll])oll(’llt  h. ‘J’llis  lnay accou]lt

fo r  t}lc cxccsscvnissiol]  s(m) in the sur face  briglltllcxs  lJ1ofilcofcO1ll]Jc)llrllt  2. ‘llIIc lln a n d

radio  continuum Illorphologies  appear siltlilar  to that of tllc  O.SI{III arc, illlplyil)g  a silnilar

s o u r c e  size for the ]]arro~t’ line,  (JV contilluum,  a]ld radio continuu]ll  cl~~issiol].

i’) ‘1111(’  Iniuimum  source size for all optically thick  blackbody  so{[rcc  produci!]g  the bulk

of the bolomciric  lulllinositly  is N 0“.03 (240 pc), iltlplyirlg  a bololllctric  lllagllificatioll  of

N 30. ‘J’llc background  lc]lscd source tllcn  has all intrinsic lumil)osity  ~ 2 x 10131)~.  ‘1’l]us

1}{.AS ]PSC102]4  +4721 i s  no~ L]lc II]ost ]ulnillous  object in the l]llivcrse,  bLlt i t  rcInains

among  tl)c  most lu{nillous  iu the II{AS catalog.

S) ‘1’llc cxpcctcd  illcidcllcc  of 30-fold gravitational magmificatioll  is low enough  to

suggest that 17S(;1 021 4+ 4724 rcprcxcut,s  an ullclcrlyil~g  ])opu]atioll  of w S00 compact, objects

pm square Clcgrcc with optical mag[lituclc  r -25 mag and l’~OL,,,, ~ Y]il.ly.

W e  tllallk h’~ark l)ickinson  for help with the Iir-- < pB >, te(lllliquc  for estilnatil)g  Q

and in particular for sup]) lying  the Sandage & l]crclrnut ter data ill electronic forlnj  Adam

Stanford for calculati[lg  K-corrections and gc]]c] al assistance ~vith S’1’SI)AS, a]]d l{oger

Blandford  for llclp  with lcl)s moclclling. ‘1’his  rcxcarc.h ~vas sup]) orted  by NASA through a

graut awarded by S’llSCI,  which  is o])cratcxl by AIJRA ulldcr NAS~\ contract, NAS 5-2655,5.

Portions of the research dcscribccl  il] this paper were carried out l)y tllc  Jet l’ro])ulsiol]

I,aboratory, California ]ustitutc  of ‘1’cchI~ology,  u]lclcr a contract with  NASA.
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A . Rstimatcw  of the Itedshift  for Compo]lent,  2

]Icre wc usc tl]c spcclral cIIcrgy  distril)lltioll  a]Id s u r f a c e  llrigl~tncss p r o f i l e  of

colllponellt  2 to estimate  its rcxlsllift.

A l . S p e c t r a l  Energy  I)istribut,ion

l~igurc  6 combiucs  II? and l] data froln  l~lstorl  et al. (1 994), ,J and A’ from Matthews et

al. ( 1 994),  and 1“81 4W data froln  the present work for compol)clll,  s 2, 3 atlcl  4, normalized

at A’. (Note that  compo]lcnt  1 in the }jlston et al. terminology is our compo]lcnt  2.)

lkx-ausc the a]lgu]ar resolution of the three data sets  rallgcs  fron] () ’’.1- 1“.5, tllc  colnbined

spectral energy distributio]l  (S1’;1)) is so]ncwhat,  unccItair].

Given the goocl agremnent  of the surface brightI]t:ss  profile for component 2 with a de

Vauc.oulcurs  law (figure 3) it is rcasoIlablc  to assume that this corrl~)onmli,  is a]) c]liptical

galaxy.  IJor comparison,  the uncvolvecl  spectruln  of a standard Hruzual and ~lkarlot ( 1993)

elli])tical  galaxy model at  aII age of 13 Gyr aIld rcclsllifts  of 0.42, 0.90, 1.32, allcl 2.2S6 is

plotted in figure 6(a); the corres])onding  passively evolving Inodc] lvit}l  ages of 7.75, 5, 3.75,

and 2.’2 Gyr at t,hesc rcclshifts  (tl]c  ages arc consist  cIlt,  with a prcscllt  age of 1;] (.; yr wit]l tllc

assulncd  c.osIIlology) is plotted ill figure 6(1>).  All Ino(lcls  were Ilorl]lalized  to tllc  A’ flux in

the S1’;1) for compoIIcnt  2. Clearly t}lc z = 2.286 mocl<~]s  fail to IIIal c} I tile  obscr~’ccl  S1;1)  for

coInpo]lcnt  2, wllilc  tl]c  z = 0.9 moclc]s provide surprisingly good fits to the observations.

‘1’l]is  is fairly stroIlg  eviclcrlcc that colnponm]t  2 is in fact a foreground elliptical: it is too

blue to k an elliptical galaxy at the rcdshift  of I’SC]  0214+4724.

The 7 data poillt  for component 3 is anolnalous]y  bright, while  the rest of its S1’;1) is

somewhat rcdcler  than component 2. ‘l’his might be duc to a colrlbirlatiol~ of rcddc)ling

and star formation associated with the tidal iuteract  ion suggested in section 3.1., placing



‘) as ~!]~({(~]  j i]) fi(,((i~l] \.] ,  ass(l]]](~s.c.olnpollcllt  3 at, tl)c  sal])c rcdsl]ift  a s  conl]x)ncl]t  -,

Altcrl~ativcly,  tl)c  : == 1.32 IIlodcls  appear to fit (Ol”llpollmt’ :3 at l(%lst  as \Ycll as  t’llc  : = 0.9

models. Without) tllr colistrail]t  of an elliptical surface I)riglltllcss  ])mfi]c, it is ]]]ucll l]lorc

clifficult to assig[l a ulliquc  rcdshift  bascxl o n  t}lc Sltl).  Colnpollent  .1 is sigllificarltly  bluer

than colnpollcllts  2 al]d :3, consistent  with what  appcar~ to bc a lat(’r ty]w lllor])hology.

A.2. Illnclamcmtal  ])lane  Relations

Sillcc  t h e  surfacr brightl]css  p r o f i l e  of conl~mncllt  .2 stronglv  suggests it is all elliptical

galaxy (scctioll  3.2, and figure 3), it is possible to make furtllcr  usc of the surf  am brightness

profi]c  to csti~natc tllc  rcdsllift of componcl]t  2 using tile  fundal]lclll  al ])lalle  rrlatiolls  for

clliptica]s  (KorJI]e]]dy  a n d  l)jorgovsk;  1!189).  (Js;  ng r~ =- 1“.274 a[ld n~gll == 21,04 wit}lin

r~ from figure 3, the prmcnt,  day equivalent blue surface brightlIcss  of colnpo]lent  2 was

calculated by correcting for (1 + Z)4 surface hrightncss  dimming, redsllift  K-correct  io~l,  and

luminosity evolution. 1~’igurc  7 shows 1?, (in kpc) and < pB >. (the average blue s~lrface

hrig}ltncss  withi]l  Itc)  as a function of the assumed mdshift  for colnl)ollcnt  2, overlaid 011

the data for prcscIlt day cllipticals  from Sandapy and l’crclmutter  ( I 990). I,uminosity  and

K-corrcctiol]s  are shown for both a non-evolvirlg  and ]Jassively e}wlving elliptical model

spectrum from JIruzual  and Chariot (1 993). Reds} lifts nca,r zero,  01 ill the rallgc  0.6 to 1.2

can be accmnodatcd.  I:ro]n figure 4, tllc lens moclcl p] edicts a central  mass-to-light ratio

> 100 for z < 0.2, arguilig against, low values. Wc consider  the ])assively  evolving l]lodel

more realistic, leading to an estimate of z = 1.0 + 0.2. This cst)ilIlatc  is indcpclldcnt  of 110

bccausc the present day data scale in the same way as the ca]culatcd  values. ‘J’he cstilnate

is driven almost mltirely by the (1 + 2)4 dependence of sur~ace brightness 011 rcdshift, and is

mlativcly  illdcpcnde:lt  of qO because the latter ])rimarily  affects allgular size, which is nearly

orthogonal to rcdshift  in tllc  region  of interest in figur(: 7. ‘1’hc Illaill  uncertainty is clue to



]ulninosit,y  evolut ion (sol])c of wl)ich arises  fro]n tllc  clepclldcllc(  of lii]lcscalcs  011 q(, ) a]]d 10

the scatter in surface brightness anlong  giant Clli])tic:il  galaxies.

Milch  of tl~is  scatter is correlated with tl~c velocity dispcrsio  l], ancl if o is k]low]) tllc

1~,1 – cr rdatioll  (I,yndell-llcl]  et al. 19SS) can bc usf’cl  to lncasurc  ll]c angular  dialnetcr

di,stancc  for giant  elliptical galaxies. IIcrc l~n is dcfin(d  as tile  ?lll~;  (hill’  dial]letcr  of t}le circle

within  whit.}1 tile i)ltcgratecl  rest, fralnc blue surface I)rightness  is ?0.7.5 mag arcsec–2  after

correction for luminosity evolution ancl (1 + Z)4 surface brightness ditllming.  ‘J’lle  value  of

o i s  found  f rom the lens ]node]  as plotted  ill figure  4(a). All adva[ltagc of 1),, over  1?, is

that l),, is ddincd at a high surface brightness level arid is t]]erefore  slna]ler  than }?e and

imlnullc  to uncertainties about emission at tile  arc raclius,  as Lvcll as being less sensitive

to uncertainties in sky subtractio]l. However the tecllllique  is s(’nsitivc  to qO bccausc  it is

essentially all atlgular  diameter distallcc. ‘J’hc redshiftj cxtimatcs  froln  this approach range

from 0.75 for tllc case qfi =- O and no cvo]utioll,  to 1 .1.5 for qO = 0.5 a])d passive cwo]ution,

indepcmdcnt  of 11..



coInpoIlcllt’ ?718]4 Acr(”) M(”) Coll”llllcnt
—

1 ~().44 0.10 - 1 . 1 6  illclll(lcs fai Ilt (’xt(’llsiolls

3 Q:3,]~ 1.03 1.93 illsidf 7 = 0“.5

3 ~p.gs iliclu(lillg  colllpollcllt  to cast

5 ~5.,5 0.03 0.43

star 11 ~4.54 -6.59 .~.~()

‘1’ab]c ] : I’hotonlctry  Of Ot)jccts  ill IIS’J’  ]“S]4W  image (,f II{AS ltSC 10214+4724.

—.

Note. - CoInpollcnts  arc idclltificd  in f igure 1 (a) and (b),  l’ositions  arc with respect

to tllc cclltcr of colllpollcnt  2, which is approxilllatc]y  0 = 1011241t13’ls.56, 6 == 47°09’10“.8,

(J2000)  in the 11S7” guide star catalog frame. l’or coIn])oncnt  1 tlic  ]xxsition  is for the peak

bright]  less.
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l’arwnekr Model  Vduc o b s e r v e d  Comlllents
—. —.

h 0.82 arcscconcls

7 0.12 defined  by lk]]l. (:;)

< 0.30 0.16 +0.1 1  - - b / a

07 --11 3+15 dcgrc(’s. .N of 1’:

b:~ 0.60 aI’(’se(”oIlds

source radius 0.0051 arcswonds,  for lnafy[ification  ratio 100

‘1’ablc2: l,cns  Model  l}aranlctcrs.

Not[:. ‘1’hc nlode]  includes component 3 in the lcnsing  ]Jote[ltial. ‘1’hc ellipticity  c is the

convcl)tiona,l  value dcfillc(l  by ollc minus the ratio of semiminor  to scrnimajor  axis,  and.  difl_crs

froln tllc I]loclcl  cllipticity  paralIlctcr  -y which is dcfin(d  by l’klII. (3). ‘1’hc “source raclius” js

the angular radius at which, for a circular source, thr arc-co~llltclill~agc  ~nagllification  ratio

is 100. Othcr syInbols  arc cxplailled  in the text. \Vorlc I model qO = 0.5 is assutned.  Changing

world models only changes the IIumbers  by ~ 10~o.
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Figure Captions

lrigurc  1: Nlontagc of llS’ll l’larlctary Calncra (1’(~)  ilnagi]lg  0[ 11{/1S  l~S(110214+4’i’24

ill 14’S14W. l’ancls (a), (b). and (c) show the ilnagc  at progrcssil’cly  fl]lw scales, as itlclicatcd

by the axes  whicl} arc labc]lcd in arcscconds  relative to conl])ollcnt 2 (see panel (b)). l’a]lcls

(d), (c), mld (f) have the same scale and cclltcr as ])anel (c). l’allc] (d) is a partially

deco] lvolvcd  vcrsio]~ of the data with a factor of four subsmnplirlg.  l’aucl  (e) S11OWS the

observed ill)agc  configuration givcm tllc lclls Inodcl and a uniforln  circular disk source of

radius 0.0055 arcscconds.  ‘1’hc ilnagc collfigulation  has bcc]l colivolvml with the synthetic

11S’7’ 1’S1’ and bil]ned il~to 1’C ]Jixcls  to  a l low d i rec t  colnparison  \vitll  panel  (c ) .  l’ancl

( f )  snows  fu r the r  dctai]s of the Icns ]no(lel: as in pa IIel  (cl) the pixel size is four times

s]nallcr,  and tile mode]  image has lJCCII l ight ly  smoothed to a J7\~:ll  hl of 0 “ . 0 2 .  l,incs

inclicatc  contours of mass (dotted), potential (dasllc(l),  ancl  tllc  critical curve (solid lil]c)

for the ]nodcl. ‘J’IIc grcy  ICVCIS  in panel (f) rwlge  linearly frolu  zero  (white) to the peak

value in tllc arc (black), but have been cnllal)ccd  (ill panel (f) o]lly) by a factor of seven

at tl]c  coulltcri)nage  location. ‘1’hc grey  ICVCIS in palIt:ls (a) - (c) ra]lgc  l inearly froln  0.59fo

to 5% of the ]Jcak brightness  ill component  1 (p814 : ~ 17.6 mag arcscc-~ in panels  (a)

(c), ,Ls,,l  = 13,6 lnag arcscc-2 ill panel (d)). Contour levels ill pal]e]s (c) (c) arc at 25,

.50, 75 and 90% of this peak brightness for colnl)onellt  1, or at 2.5, 50, 75 and 90% of the

peak brigllt,llcss  f o r  collll)oncl)t  2 (~l~lq == 19.4 nmg  arcsec-2 in pa]lcl (c), pS14 =- 15.6 mag

arcscc-”2 in pallcl  (d)), as appropriate. North is 37.1” coulltclclocl~tiisc  frolll vertical in all

panc]s,  with cast 90° counterclockwise from rtorth,  as Shown in ~JaIIcls  (a) and (b).

l~igurc  2: l{aclial profiles for objects idclltifiml  ill figures 1 (a) and (b). Componcllt  1

ap])cars u]lrcsolvcd relative to stars A and 11. 1~’or [ompollcl)t,  1 tlIc equivalent radial

l)rofilc is p]ottcd,  as cliscussccl  in scctiol)  3,2. ‘1’hc syl)thctic  })S1” was used to gcncratc  the

dcconvolut  iol~ shown in l~igurc 1 (cl). ‘1’hc vertical scales for the ]Jrofilcs were normalized
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at the slnallcstl  radius available,  cxccpt  for star fi, whose core is  saturated ill ollr il]]a~e,

a]ld w}licll  lvas Ilorll)alizml  to the syl)thetic  I]SIJ at the first radius LYtlicll was TIOt saturalcd.

‘1’hc data poil]ts  ~)lottlcd  for negative radii are identical ( o t,llose  for ]Josilivr  raclii cxccpt for

Compollellt  1.

l“igurc  3: ‘1’hc surface brightness of component 2 is plotted as a fllllctiol) of radius,

together with a dcVaucoulcurs  profile  with r, = 1 “ . 2 7  (solid  lillc) a]l(l all cx])ollclltial  ]Jrofilc

with r~ =-= 0“.32 (dotted  line). Magllituclc  as a fullctiol]  of apcrtl~rc ra(lills is sl]own by tllc

open  circles and the rig]lthand  scale. ‘J’hc magn i tude  a~)pcars to collvcrgr  llcar  nls]<t  == 20.3

mag, yielding a consistel]t  value for r~.

lrigurc4: l’rc’(lictiol~sfro]l]  thclcns  model (scescct ion 4 . 1 . a]]d ‘1’al)lc  ‘2) for the n)ass

inside the critical radius (panel b) and the vclc)city dis]wrsion  (pa  I)rl a) of tjllc lens as a

functio]l  of its rcdshift. ‘1’he b o t t o m  pa]lcl (c) shm~s tile mass to llllIlillositylatio  using

the }1S7’  l~814W flux insiclc  0“.85 radius, K-corrected to rest frame /1 using uncvolving

(solicl curve)  and passively evolving (clottccl  cur}’c)  cllil~tical  modtl  s])cctra froln  IIruzua]

& Chariot  (1993).  ‘1’hcdashecl  vertical  lincil~dicatc  st}lcbcst  estimatcfo  rthcrcclshift  of

colnpo]lcllt  2 as discussed in the Appendix. ]Iorizontal  dashed  lillcs SI)OW tllc  n o r m a l l y

o b s e r v e d  rmlgc  of (flffq/1.[~  )B and Ov froln  h’isllcr, IIli[lgwort]l,  and  l’lrallx  (19%5), van

clcr Marc]  (1991 ), and l)avics  et al. (19S3) .  ‘1’hc valu(  M* = 2 x 1012M~  is fro]n  v a n

‘)1 fronl  Hinggc]i,  Sal IdagCT alld  ‘1’amlnall]lclcr Marel)s recall (NIE)/l,  C))B = 6 and l,; =: - - -

(1 988).  ‘1’hc values shown arc for the assumed cosInology  (110 = 50 k]n S-l, qO = 0.5), and

‘ 1 :tIId the Ina,ss to lulni~]osity  ratio asarc relatively inscllsitivc  to qo. ‘1’hc mass scales  as h

h (for tllc  uncvolving  K-correction), while the vc]ocity  dispersion is ilidepcndc]lt  of /1, wllcre

h is the IIubblc  consta]lt  ill units of 100.

l~igure  5: l’rcdictions  f rom the lens Inodel  for tllc  total magJ)ification  M of the

background source flux,  assumillg a utliform]y  illuminated  source  of radius 7 (arcscconds,
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sllowIl 011 tllc bottoIn axis) or It ( p a r s e c s ,  S11OWI1  on tile LO]) axis). ‘1’lIe dottd lilleshotvs  a

p o w e r  law approxinlatioll  to tllc’~)redictc[llll  agllificalioll.

lrigurc6:  Spec t ra l  ene rgy  clistl-iljLltiollsfcJr  conl]joncl)ts  idclllified  ill figure  l(b), lvitll

uncvolving (pand a)  and passively  evolv ing (])ane] b) Inoclel ellipt ical spectra fro]tl l~ruzua]

h Char]ot  (1 993) s11ow1)  for comparison. ‘I)hc Conlpollc]lt  2 data fit the z =: 0.9 1170dels tvel].

‘1’lIc flux scale is correct for component 2; for colnpol)ent  3 it should  hc reduced by a factor

of 2.3 and for component 4 by a factor of 9. ‘1’llc data are derived  from F;lston  et al. ( 1 99-1).

Matthews ct al. (1 994), and this paper. Sec sectio]l  :\.1 . for furt l]cr dt’tails.

]“igure  ~: ]tstimatc  of the rcdshift  for coInponcJlt, 2 usillg  t]Ic a~”crage  b]uc s u r f a c e

brightness - cfl’ec.tivc  radius rclatioll  for giant clliptica]  ga]axics. ‘1’11(  data arc frolll  Sandage

ancl 1’ercllnuttcr  (1 990).  ‘]’hc clotted curve shows cal[ulatcd  < ~]fj >, and  1?, values  with

K-corrections from all uncvolving  ]Iruzual  MI(1 Cl]arlc)t  ( 1 993) clli])tica]  nlodc]  with qO == O

and a uniform rcdshift interval of 0.05. IIere < p~ >, is the average blue  surface brightness

within Llle cffcctivc radius. “J’hc solid  curve is for a passively c~olvillg  clliptica] and qO = 0.5.
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