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We illvcstig;atc  l,lIc c]ucstio]l  o f  d i s k  for]natio]l during  t,lIe ]Jrotostar  ]J]Iasc. WC build  011

tlIc results  of KcmIIc and hla.sso]l  (1990)  wlIose analysis  o f  1 ,1551  slIowcd tlIc ]nilliInctcr
c.o]ltinuuln  emission c.oIIIcs  fro]]] botlI all u]ircmlvcd  c.ircu Instellar  com])oIIcmt  i.e. disk a]lcl
an cxtcIIdwl  cloud core, Wc Inoclel the dust c.ontinuu]n  cunissio]]  from tllc! cloud core a~lcl
show it, is i]nport,  ant, at 1.3 mm but ncg;ligiblc  at 2.7 lnln. Co]nbi]ling IICW 2.7 11~111  OwcI~s
Valley lntcrfcro]nctcr  data of lRAS-I)CIISC  cores with clata from the ]itmaturc  wc conc]uclc
that massive disks arc also scwII towarcls a ]Iu]nhc.r of ot,hcr sources. ]Iowevcr  1.3 mm data.
from the IRAM 3011)  tcksc.ope for a larger samp]c  shows t}lat massive disks arc relatively
rare, occurring arou]ld ]mrhalm 5% of young cIIIhcxldcxl stars. ‘1’llis  i]n])licw  tha t  citlicr
]na,ssivc disks occur briefly clurillg  the cvnhcxldcd ])hasc or that relatively few you IIg stars
form massive disks. At 1,3 ImII tllc ~ncdiall  flux of lltAS-l)cmsc  corm is nearly  tile sa.mc
as ‘1’ ‘J’auri stars ill tlIc samp]c of IIcckwit]l  et al .  (1990).  We c.ollcludc  that I,IIC ty~)ical
disk lnass during  tlIe cmhldcd  pllasc  is IIcarly t]lc sa]nc or less t]lall  t]lc t,y])ic.a]  disk mass
during  the ‘J’ ‘J’auri phase.

1. In t roduc t ion

Ccmtinuum nlcasurcmcmts  at lnillimctcr wavclcvlgths  of stcllm  llcatcd  d u s t  h a v e  })rovcn
to be an i]n})orta.llt,  a]ld suc.c.cssful  way tc) clctmc.t  c.ircu]nstcllar  clisks  a.rou]ld  youIIg s t e l l a r
ol~je.cts,  A ]Iumlm.of s tud ios  o f  ‘J’ ‘J’auri  s tars  (WciIltrauh,  Sandcl]  a.lld l)unca.11  1989,
Adams, Ihcrson  & 11’ullcr  1990, IIcc.kwith  et al. 1990) ]iave coIIcludcd  that 1 ) c.irc.u]nste]lar



disks arc common, 2) some disks arc massive, meaning th~ disk mass is comparable with
the stellar mass, Lmt that 3) typical disks have masses  like 0.01 MO, the ]nass illfm-cd  for
the primitive solar nebula.

It is clearly important to also study circ.u]nstc]lar disk pro}mtics  around  younger,
likely protoste]lar  objects  in order to ulldcrstalld  tile forlnation  and evolutionary history
of disks, ]Iowcvcr  by their nature  protostars  arc dccp]y embedded  objects whose extended
cnvc]opcs contribute to tlIc contilluuln  clnissioll, ]Iigh spatial resolution mcasurclne~lt.s  hy
illtcrfcromet,crs  arc ]Iccclcd  to discri]ninate  between the cnvc]opc a.lld disk emission.

IIuc  to tlIc diff”ic.ulty  of studying large samp]cs with  intcrfcromctms  tlIc best statistical
information comes from single-dish work, Rcccnt  studies (e.g. Andrd  d al. 1990; Andr6
and Montmm-]c  1993) with lnodcrate resolution (1 1”) show that overall, dcc]dy cmlmddcd
11{. sources have nearly  tlic same fluxes as ‘1’ ‘1’auri  stars. ‘J’his  suggests a weak dcpcndcnc,c
of disk mass with age froln 105 to 106 years.

IIowcvcr  high-spatia]  resolution observations rc~nain kcy to detecting circ.umstcllar
disks around cmbcddcd  sources. Given cxpcctcd  disk sizes on t}lc order of 100 AU (< 1“
ill ‘1’a.urus) it is difficult to actually mscdvc the disks hut i]]tcrfcromctcrs  call  })rovidc  good
upper limits to their sizes. Kccnc and Masson (19!30) successfully used 2.7 and 1.3 mm
illterfcromctcr  data to distillguis]l  bctwccII  the CIIVCIO])C and disk cvnissioll  and c.o~lvi]lc.ing]y
dmnonstratcd  the presence of a lnassive circ.umstc.]lar  disk in 1,1551.

II;xtcllding  this a.})]~roacll, wc IIavc doIIc cxtmlsivc  tllcorc.tical  modcli]lg of the cx})cctcd
colltinuuln  cnlission  from a collapsing dense cloud c.orw. We then com])arc tlIc lnodcls with
both intcrfcromctcr and sillgjc-dish  data for a sample  of cmbcddcd  stars. IIltcrestcd  readers
are rcfcrrcd  to ‘1’a-cbcy,  (! Ilandlc.r  aIld Alldrd  (1 993) for a more detailed dcscril]tioll of this
work,

2 .  l)atll

2.1. SC) Ult  C:lI: SAM1’1,11:

‘1’0 select very youIIg sources wc define our sam])lc  to hc dcc])ly  clnbcddcd  illfrarcd  sources
tllal, arc found near the peaks of dcasc gas cmissioll  ill nearby lnolccu]ar  clouds (Myers
a n d  IIcnson 1983; IIcichman  ct al. 1986; hlycrs  ct al, 1987; lbmson and M y e r s  1 9 8 9 ) .
‘J’IIc  “lI{AS- I) CIISC corm” arc tlloug]lt to c.olltaill  you Jig, emlddcxl low- lnass  stars with
mtima.tcd  ages of a fcw x 105 years, ‘J’lIc  proximity of tllc clnbcddcd  infrared  sources to t]lc
peaks of the dcIIsc gas distribution indicates the stars arc very youIIg. ‘J’llcorctical  models
sup;gcst  ihc II{, AS- I) CIISC c.ores arc ])rotosta.rs sulroundc.cl  by in falling CIIVCIO])CS of gas and
dust (’~’crchcy, Shu slid Casscll 1984,  hcrcaftcr  ‘l’SC; SIIU, Adams & l,izano  1987).

2.2.  011 SlI:1t\~A7’10NS

W C ]nappcx]  tell IRA S-I) CIISC corm with tllc OWCIIS Valley Millimeter IIltcrfcromct,cr.  ‘J’IIC
s]mtial rmolution  ranged  froln 3 to 7 “, c.orrcs])ondi]lg  to a lillcar sc.alc of 300 to 2000 AIJ.
Continuum emission was dctcctcd  from six of the tcn sources at 2.7 mIn, and smmcd to hc
spatially u]lrcsolvcd for most sources.

‘J’o improve our statistics wc obtai]lcd fluxcs for 25 ]]{ AS-]) cIISc c.ores at t]lc s]lortcr
wavelength of 1.3 Inm with the 111 Ah4 30111 single  dis]l tclcscol)c. ‘J’lIc  M 1 1“ bcaln of the



301n should be suflic.icnt  to prohc  circ.umstclla.r  structures in nearby star- forming regions.
Continuum mission was detected  from IIcarly  all the source.s.

2 . 3 .  COMI’AI{lSON  01’ ll{AS-lIII:NS1;  CXlltlI:S  Wlrl’ll  ‘J1 ‘J’AUI{J  S’1’AI{S

11’or  the single-beam measurements we don’t  know the relative  contributions of cxtcndcd
envelope and circumstcllar  disk to the emission. IIowcvcr the total flux dots provide an
u]j])cr limit to the alnounl, of ]nass iII a c.irculnstc]lar  disk. With this in mind wc co]n]mrcd
the IRAS-IICIISC corm with the ‘J’ ‘J’auri sa]np]c of }Icckwith  ct al. (1990).

‘1’lIc median flux density of tllo 25 II{AS-I)CIISC  corm is 80 IIIJy, similar to but  some-
what higher tha.11 the mcdia,n  flux dmsity  of the ‘J’ ‘J’auri stars. ‘J’}lis suggests the cir-
c.umstellar disk mass does noi change  substantially bctwcml 105 and 10GyI, the rough age
spali  of the IRAS-l)CIISC core to ‘J’ q’auri phase. ‘J)hc 80 mJy flux dc)lsity corrcspo]lds to a
t.ircumstc]lar  lnass of about 0.02 MO. ‘J’his  typical c.ircm]nstcdlar  mass is somewhat higllcr
than the 0,01 Mc) infm-cd for the primitive solar nebula, but is still much ICSS thau  the
mass of the young  star,

~’his rmult  has inl,crcstinp;  iln]jlic.atiolls  for tllc. formation and evolution of disks during
the protostc]lar  phase,  Angular momcIltuIII considm-atiol)s  during  the cloud- co]lapsc  pha,sc
suggest that muclI  of tllc collapsing gas dots not fall dircc.t]y  onto the star but  first falls onto
a disk (g’SC). ‘J’lLcrcforc disks arc iln])ortalLt  bccausc  muclI of ihc ]Ilass  that is eventually
inc.orporatcd  into  the star,  011 the order of half a solar mass, is first proc.csscd  tllrougll
a circumstcllar  disk, ON tllc other IIalld tlIc ohscrvations  SIIOW that very fcw protostcllar
sources IIavc disk ]nasscs this large. ‘J%is lncans  that i]lfajlillg  lnatcria]  dots IIOt ac.cumulate
in the disk during most  of the ]wotostar  phase hut illstca.d  is cfl”iciclltly  trans])orted  to the
central protostar. Whatever the relevant  })hysic.s  turns out to be, the transport of lnass
and angular momcmtum in the disk occurs rapidly with rcspcc.t  to the 105 yr forma tiol)
tilnc.scale even for relatively low- lnass disks.

3. l’rmlic.tml Continuum I)mission from ~hc Collapsing Core

Si]lc.c all the sources i]] our sam])le  are thoug]lt  to bc cmbcddcd  within a dense i]lfalling
mivclo]m of gas and dust, thcm  will I)c a c.olltributioll  to tllc total  contilluuln  flux fro]]] tl[is
cxtcmdcd  C.Olll])OllCIlt. III order  to evaluate tile IIlagllitudc of the contribution in both  our
illtc.rfcromctcr  mcasurclncwts  and tlic sillg;lc  dish data, wc ]Iavc c,ollstructed a lnodc] of tllc
cxlmc.tcd  mnission  from a collapsing dcmse cloud c.c)re using tlIc  ‘J’Sc c.o]la])sc ]nodcls.

3.1. IIASIC lI:QUArJ’l  ONS

Wc C.om])utcd tllc contr ibut ion to tllc lni]lilnctcr  colltilluuln intwlsity  froln thcrma]  dust
grains. At lnillimctcw wavclellg;tl]s  tlic cmissioll  froln i,lIc cloud core is well a])l,roxilnatml
by low o])tic.al  dcptli,  so that tl]e mncrgcnt  illtcllsity  ])rofilc  1 as a fullc.tio]l  of frcqumlcy v
is tlm simply given by,

r k?

llcrc, w is tllc iln])ac.t  paralnctm ill tl)c ])lanc of tlie sky, l)V is tllc l’lallc.k functio]l, ?;, is



tlc dust temperature, p is the gas density at radius r from the  ccnkr of the CICIISC  c.ore, K“
is the: specific gas opacity and 1 is the lim  of sight distance i,hrough  the dcmse core. If the
dust txmpw-aturc  is not too low, the ]Laylcigh-  Jeans regime (IJV m 7j~ ) holds at lnillin~dm-
wavelengths.

2’lIc intensity computation therefore rcquim three  quantitim,  p(r), l;)(r) and tcv to
be spcc.ificxl.  ‘J’hc  density profi]c is provided by the c.ollapsc  lnodc]s  and in the limit of s]nall
raclius  approac.lm  a. power-law with p cx r- 3/2. The dust temperature dc]mds weakly 011
the bololnctric  luminosity and has a shallow power-law profile (typically 7\~ w r- ‘q) over
the sl)atial scales of illtcrcst.  q’he opacity is the Inost uncertain quantity in the talc.ulatioll;
wc follow the usual practice of extrapolating froln far- infrared  wavelengths using a power-
law with index ,6’ hctwecn  one and two.

4.  Rcsu]ts

‘J’IIc model  predicts most of the continuum emission at these spatial resolutio]ls  arises in
tlIc illncr,  collapsing rcgioll of the cloud  (hence the IIa.lnc ‘infall’  CIIVCIO]W).  }“urthcrlnore,
bccausc.  of the power-law profi]c of the density, the illfall  mvclopc  has a characteristic
si.glaturc  that tllc cmissioli  always looks s])atially  resolved, wit]l size roug]lly 1.5 times tlIe
beam, no matter what the observed ham size.

‘J’lIc mode.1 quantitatively predicts that the contiiluuln  mnission  froln the infall clIvc-
lopc scales as ]“ cx a~A4- 051,02 where a, is the sound speed, f14 is the c.mitral (star plus
d i sk )  lnass,  and 1, is the bolometric.  lulninosity. l’or our sample  of about  25 cmbecldcd
stars the models with Al = 0.5 or 1.0 MC) call ac.cou]lt  for n~uclI  of tlIc olm.rvcd  single-dish
emission at 1.3 mm. IIowcvcr the emission from a fmv sourc.cs  is too stro:lg  to be easily cx-
l)laincd  hy the stanc]ard ]mra]nctcrs  a.IIcl  at 2.7 11111~  tile disc. rc])ancy extends to all olxm-ved
sources,

OJ~c possib]c  explanation is that our models predict younger SOUI-CCS  (haviIlg  10WCI
c.cntral  masses) naturally have ]Iighcr  C.olltilluum  fluxes. ]Iowcvcr ins]mc.tioll  of the 2.7 ImIl
intcrfcromcter maps reveals that ou]y a fcw sources show s]mtially rcso]vcd structure, the
characteristic. sig;na.turc  cx]wctcd of c.olltinuuln cmissioIl from the illfall  mvclopc.

I+’or lnost sources the continuum mnission at 2.7 mIII appears ])oilltlikc.  ‘J’his  argum
that the excess flux arises in a compact circ.ulnstcllar disk rathc.r tllall tllc  infall  CIIVCIO})C.
‘J’llis provides cvidcllc.c  that c.irc.ulnstc]lar  disks arc COmIIIOII around llLAS-llcIIse cores,
although they  typically arc ICSS massive tllall the disk found around 1,1551 (K CCIIC ancl
Masson 1990).

After throwing out sources fro]n the literature to correct our saln])lc  for scdcction
biases wc find that 1 /20 or 5% have very strong  millimeter continuum fluxes. ‘J’IIc  statistics
arc admittedly poor hut  the results do agree with other studies that fiIIcl  strong  C.olltinuuln
sources  arc relativc]y  ram  (Alldr6 et al. 1990; Alldrd and hflontmcr]c 1993). ‘1’llis  ill~plics
that either  massive disks occur briefly during  the protostar  phase or that relatively fcw
youIIg stars form lnassivc disks.

Our models suggest that future observations of the dust c.ontilluum  focusing 0112-
3 Inm  illtcrfcromcter  data will be mtrmlle]y  useful ill mcasuri]lg  disk fluxes slid disk masses
around  ])rotosta.rs. It is unfortunate that our ])oor knowledge of the opacity at lnillimcter
wavelengths limits our al~ility  to illfcr  disk masses, ancl irkso]ne that tllc o])ac.ity  lnay cvcII



ChaJl&2  wjtlI  time  jf grains grow ra])idly  in t,llc  ]Jrotosolar  nebula, l)cs~)itc  the cliflic.u]ties
millimeter c.ont,illuum  mcasurcmmts  provide an i~nportant  way to probe  the formation of
disks during  the early protostar  plia.sc.
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