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Abstract. We report the results of a systematic search for refl- Introduction

shifted rotational lines of CO and dust emission towards a sagl-

ple of 9 high redshift radio quiet quasars using the IRAM Plateaual"jlxy formation is one of the major outstanding problems of

de Bure interferometer. Dust emission~atl.35 mm has been astronomy and understanding when and how galaxies form is

found in 5 out of the 9 objects. These results confirm the corfg e of the primary objectives in both observational and theo-

sponding previous detections with the MPIfR bolometer at trqetlcal astrophysics. The mere fact, that active galaxies, such as

30-m. No 3 mm continuum was detected in any source. The ﬂrg}(dio galaxies and quasars, and more rgcently normal emission
densities measured at 1.35 mm with the interferometer are sy galaxies, are observed up to redsh|fts.o.f 5.6 (Weymann et
tematically smaller by~ 30% from the broad-band bolometer” ™ 19.98’ .Hu et aI: 1998), less than one b|II|qn years after re-
fluxes, consistentwith an average spectral index 6f5 within comblnatlon,'lmplles' that galactic scale, gravitationally bound
the calibration uncertainty. structures exist at this epoch. The study of the masses and dy-

In parallel, searches for CO in significant redshift rangé]samlcal state of these young systems is a direct constraint on the

rqwth of large scale structure since the epoch of recombination
g;fcfeeéfciglsidnf i(:]rQS aolfi::aev?ikc)j(t)r:/ ?;ZL;BCE;' 56,18 O:Vr;?bg?r: ¢ ?E? fstathiou & Rees 1988, Peacock et al. 1998, Haehnelt et al.

) —_— - 1998)

typical upper limits of~ 0.4-0.5Jykms! at the3o level in . . .

e equeny (1edsi) ange searched e epor a tenafye T 05 olon R e s e asopmyse con
(30) detection of the J=3-2 line of CO in Q 1230+16278 9 9

and a unambigous detection of the J=5-4 CO line in tﬁmportance. Understanding and characterizing star formation

gravitationally lensed radio quiet quasar BRI 098815 at tﬁere and its consequence on early galaxy evolution is a major
a redshift ofz — 4.43. After BR 1202.0725 ats — 4.69 goal, since it is one of the most difficult problems in modelling

(Otha et al. 1996, Omont et al. 1996a), and BRI 138817 galaxy formation. The study of star forming molecular material

atz — 4.41 (Guilloteau et al. 1997), this is the third detection” galaxies at the furthest reaches of the Universe and earliest

of CO atz > 4. The velocity-integrated CO(5-4) line flux isobservable epochs has recently been shown to be possible with

0.91 + 0.11 Jy kms~?, with a linewidth 0f230 - 30 kms—L. spectacular results mo_stly with the IRAM interferometer. Itis
The 1.35 mm (25()m; rest wavelength) dust continuum quxwe" known that.s_uch high detections are.possmle becausg of
density is 2.23:0.51 mJy, in agreement with previous meat—he steep subm|ll|meter. dust §pecFrum (“mve'rse k-correc'uon”)
surements at 1.25 mm at’ the 30-m IRAM telescope. The raﬁgd’ for CO, because higher lines in the r_otatlpnal ladder which
anate from dense warm gas are redshifted into the 3mm band.

of the CO to 1.35 mm continuum flux is comparable to that .
BRI 1335-0417 and 2-3 times larger than for BR 1203725 urther, for unresolved sources the observed brightness temper-
9 " ature does not decline with redshift for< 1 due to the effect

The angular resolution of the observation is not high enoughg%)angular size distance on the beam size (in parsecs) (Solomon
give evidence of any extension of the 1.35mm continuum aeg al. 1992a,b). However, the number of firm CO detections

3 mm CO emission. . . . )
remains small, namely: two radio quiet quasars with- 4,
BR 1202-0725 atz = 4.69 (Omont et al. 1996a, Ohta et al.
) o — . .. 1996)and BR113350417 at: = 4.41 (Guilloteau etal., 1997),
Key words: galaxies: formation — galaxies: quasars: emissi n0 gravitationally lensed AGN, H 1413+117 (the Cloverleaf)

lines — galaxies: quasars: individual: BRI 0952-0115 — galaxiei{ > .
guasars: individual: Q 1230+1627B — cosmology: observatiofs® —. 2.54 (Barvainis et al. 1994) and FIRAS 10214+47 at

_ ) . z = 2.28 (Brown & Vanden Bout 1992), the gravitationally
cosmology: early Universe lensed quasar MG 0414+0534 at= 2.64 (Barvainis et al.

1998), the SCUBA submillimeter AGN SMM 02399136 at

z = 2.8 (Frayer et al. 1998) and the quasar APM 08279+5255

Send offprint requests t&. Guilloteau atz = 3.91 (Downes et al. 1998).
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The derivation of dust, gas and virial masses via the CO lin&sble 1. Positions and redshifts of observed sources
has opened a new window on the properties of galaxies at high
redshift. Itis obvious that for the subject to develop further more  Source z RA Dec Ref.
objects with reliable CO detections are needed at high redshift. (J2000.0)
Rather than carry out an indiscriminate search of high redstBil 0952-0115 4.434 095500.1 —013007.1
objects, we have focused our CO search on objects that have pfe1033-0327  4.509 1036 23.7 —034320.7
vious millimeter detections of dust emission. Over the last fégR 11171329~ 3.958 112010.2 —134626.1
years, we have pioneered the study of very high quasars and tR§ji144-0723 ~ 4.147 11 46 35.6 —07 40 05.2
hosts in the millimeter/submillimeter regime. This program h431230+16278  2.735 1233105 +161054.0 2
involved detailed millimeter and submillimeter continuum studz 8;22:;22(1) g'igé 8; Zg éé? :;Z ;8 411;8 i
ies of about 2Q > 4 quasars (McMahon etal. 1994; Isaak et a , ' ' 5

SS1048+4407  4.45 104846.5 +440713.0
1994; Omont et al. 1996b; Benford et al. 1999). More recenthsg 1721+3256 4.03 1721 06.7 +32 56 36.0 6

;hiw?rléhasdbeen ex;[jepded Elo m(;).IeCUI.art“ne work .ang]wigﬂgferencesl. Storrie-Lombardi et al. (1996); 2. Hewett et al. (1995);
etected and mapped two> 2 radio quiet guasars in the 3. Young et al. (1982); 4. Thompson et al. (1989); 5. Kennefick et

line. Remarkably, we have detected extended CO in the casg0 1995); 6. S.G. Djorgovski priv. comm.; 7. Central frequency of
thez = 4.69 QSO BR 1202-0725 (Omont et al. 1996a) andyetected CO line

more recently the detection of spatially unresolved CO in the

z = 4.41 QSO BRI 1335-0417 (Guilloteau et al. 1997). This

work has shown that galactic scale objects exist at a very edPlyase noise was generally below’ 4fh all baselines even at
epoch in the evolution of the Universe with inferred total warrh.35 mm.

molecular gas masses of up to several .. The name, redshift and position of the sources which were

We present here further results of a systematic study, withserved are listed in Table 1. Table 2 gives for each source the
the IRAM interferometer, of the quasars where 1.25 mm dusbservation parameters, in particular the redshift range observed
continuum emission has been detected at the IRAM 30-m tefer the CO search, and the results: the 3mm CO line intensity
scope (Omont et al. 1996b). In this study, CO has been searched the flux densities at 3 and 1.35mm as measured with the
with various sensitivity in nine new high redshift quasars. One witerferometer in one beam at the central position. Table 2 also
these objects has been detected, BRI B9BRL5 atz = 4.43, reproduces previous results obtained at 1.25 mm at the IRAM
representing the third 3mm detection of COzat> 4 after 30-m telescope: those reported by Omont et al. (1996b) and
BR 1202-0725 and BRI 13350417. A tentative3o) CO de- the subsequent tentative detections of Q 0100+1301 (PHL 957),
tectionis reported for Q 1230+1627Bzat 2.74. Since atleast PSS 1048+4423 and PSS 1721+3256.
half of the high redshift sources, where CO has been detected,
are lensed, the possible amplification by gravitational lensing ) .
is a key issue for their actual far-infrared luminosity and theft Results from the survey for continuum emission
molecular gas mass. The fact that the neWIy detected quas@gt[] presents images in the continuum at 1.35 mm of the
BRI0952-0115, has a spectacularly lensed optical image (Mgurces listed in Table 1 together with the previously de-
Mahon etal. 1992) may have some relevance for this discussigitted objects BR 12620725 and BRI 13350417. Except for
BR 1202-0725, no spatial extension was detected in any of the
sources in the conditions of the observations.

As compared to the previous measurements done at the 30-
Observations were made with the IRAM interferometer betweem the present data confirm at theor better level the detections
October 1996 and April 1998, with four or five antennas. W@r tentative detections) of BRI0952115, Q 1236-1627B,
used the standard CD configuration, which gives typical synth@-0100+1300, Q0842-3431, and at the3s level that of
sized beam of- 3" x 2" at PA~ 40° at 1.35 mm (depending BR 1033-0327. On the other hand, we do not detect any emis-
on source declination) and 6” x 5 at 3 mm. Dual frequency sion, down to very low levels, from either BR 1148723 (an
receivers were used to search simultaneously for emissiorajparently safe result from the 30-m), nor from PSS 1721+3256
one CO line at 3mm and dust emission at 1.35 mm. The simfdr which a marginal result was obtained at the 30-m. This con-
taneous observation of the continuum in the 3 mm and 1.3 notasion persists even taking into account the mean ratio between
bands allows independent checks of the 1.3 mm 30-m detectitims fluxes measured with the interferometer and the 30-m (see
and their calibration. below). However, the detection of BR 1148723 has been con-

Because of the uncertainty in the redshifts and in order fiomed at 3—4r both at 85Q:m by Buffey et al. (in preparation,
provide wide velocity coverage, two different tunings, separatgdoted by McMahon et al. 1999) and at 1.25mm by Maoli
by 450 MHz, were sometimes used at 3 mm. The 3 mm receivetsal. (in preparation), but with a smaller flux than in Omont
were tuned in single sideband and the 1.35mm receiverseinal. (1996b), corresponding to a 1.35 mm flux~e2—3mJy
double sideband (at 223 GHz LSB and 226 GHz USB). Typicabmpatible with the interferometer data. In the two remaining
SSB system temperature werel150 K at 3mm and~ 350 K sources (PSS 10481407, BR 1117 1329), the Plateau de Bure
at 1.35mm. Flux density scale is accurate to better than 158énsitivity is insufficient to conclude, although the detection of

PR

2. Observations
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Fig. 1. 1.35 mm continuum maps of the observed fields. Contour levels-@re-2, 2 to 7o by 1. The clean beam is indicated in the lower
left corner, and the noise level &) in the upper right corner. The cross indicates the optical position. All coordinates are J2000.0

BR 1117-1329 has been confirmed at 85® by Buffey et al. the second source, which is not far from the half power half
and that of PSS 1048+4407 is tentatively confirmed at 1.25 nimaamwidth of the telescope (5)5 The amount of missed flux
by Maoli et al. The reliability of our interferometer results arés critically dependent on even small pointing errors during the
assessed by observations of two empty fields down to simit@rservation. We note that the new 1.25 mm flux measured by
sensitivities. No significant bias is seenin any of these two fielddaoli et al. (in preparation) at the 30-ms 30% larger than
confirming the inherently stable nature of the instrument.  the value of Omont et al. (1996b) and more in agreement with

With the exception of BR 12020725, the 30-m fluxes arethe Bure result.
systematically higher than the 1.35 mm interferometer fluxes. Finally, we did not detect any 3 mm continuum from any of
The weighted mean ratio is 1.40. A possible explanation is ththe sources. Based on the measured 225 GHz fluxes, and using a
the sources are spatially extended, since the interferometer caludt spectral index of 3.5, the expected 3 mm continuum value is
not detect any source extension greater tha. However, ex- about0.2 mJy. This is too low to be detectable on any individual
cept for the exceptional case of BR 1202725 (Omont et al. sources, since the typicad level is0.20-0.25 mJy.
1996a), there is no direct indication for such extensions, even
for the second strongest source, BRI 138817 (Guilloteau et .
al. 1997). The discrepancy is more easily ascribed to the spé'c—R.eSUItS .Of the survey for CO emission.
tral index of the emission. The difference in effective frequency, Discussion of BRI 0952-0115
225 GHz at Bure~240 GHz at the 30-m, with the very steeprhe search for redshifted CO has been less successful. Out of
dust spectrum, may explain a flux ratiosf1.25, assuming a the 9 sources observed in a relevant redshift range (the 3mm
spectral index of 3.5. The remaining% is within the calibra- observing frequency for Q 0100+1300 does not include the ap-
tion uncertainty. propriate redshift), we detected CO(5-4) in BRI 098715 at

On the contrary, the spatial extent of BR 1202725 can the 9o level (Fig. 2), and have a tentative detectiGa @t the
explain why the 30-m flux is apparently lower than the inteappropriate position) of CO(3-2) for Q 1230+1627B. The latter
ferometer flux. The 30-m observations, which were pointed e@sult, if real, indicates a CO redshift in the range (2.739-2.742)
the optical position, have likely missed part of the flux fronar even higher, since we cannot exclude that the (tentative) sig-
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Table 2. Observation parameters and results

Source z CO v3mm z range Line Flux 1.35 mm 1.25 mm (30-m)
line MHz Jykms! mJy mJy

BR 1202-0725" 4.693 5-4 101224 [4.679-4.707] 2.44+0.3 16+2 12.6-2.28

BRI1335-0417 4.40F 5-4 106570 [4.392-4.423] 2.8+0.3 5.6+1.1 10.3t1.04

BRI10952-0115 4434 5-4 106052 [4.419-4.449] 0.91+0.11 2.23+0.51 2.78:0.63

BR 1033-0327 4.509 5-4 104605 [4.497-4.521]< 0.55 4.16+1.36 3.45:0.65

BR 1117-1329 3.958 4-3 92989 [3.948-3.970]< 0.60 —0.64+1.47 4.02:0.81

BR 1144-0723 4.147 5-4 111962 [4.137-4.157]< 0.55 0.54+0.78 5.85:1.03

Q 1230+1627B 2.709 3-2 93232 [2.701-2.718k 0.51 3.33:0.52 7.5+1.4
2747  3-2 92434 [2.728-2.746] (.80 +0.26)¢

Q 0100+1300 2.681  3-2  (93940) 28059 ~4+1
2.776 3-2 91658 [2.763-2.782] < 0.48

Q 0842+3431 2.126 3-2 110619 [2.120-2.132k 0.55 2.32+:0.45 4.14-1.3

PSS 1048+4407 4.450 5-4 105737 [4.438-4.462% 0.42 0.25+0.68 ~3+1

PSS 1721+3256 4.030 4-3 91658 [4.017-4.042f 0.33 0.1740.41 ~3+1

Empty field 1 —1.43+0.90

Empty field 2 —0.06+0.51

1, and are given at thgo level.

Notes.Upper limits on the CO line flux are derived assuming a total line widta & km s~
& Data from Omont et al. (1996a)

> Data from Guilloteau et al. (1997)

¢ Central frequency of the detected CO line

4 Frequency and redshift of the tentative detection

Frequency (Ghz) Lombardi et al. (1996). The emission lines are weak and heav-
L S S . S S ily absorbed. The average redshift of emission lines (excluding
| BRI 0952 co(5-4) ] LY®)is4.426:0.020. There is a strong dampedigbsorption
atz = 4.01.
In the continuum at 1.3 mm, BRI 0952115 is amongst
the weakest sources detected at the 30-m telescope (Omont et
al. 1996b). The flux density measured with the interferometer is
2.23t0.51 mJy, in excellent agreement with the 30-m value (Ta-
ble 2). The continuum source position is offset byl { +0.22",
—0.32 #+ 0.27”) from the optical position (RA9"55™00.10°
Dec—01°30'07.1"” J2000.0), well within the astrometric uncer-
. . . tainty of both measurements. With the present angular resolu-
velocity {km.s™) 50 1% tion (2.6” x 1.8”) there is no evidence of any extension in the

TMM
continuum emission as in the case of BR 1207225 (Omont

Fig. 2. Spectrum of the CO J=5-4 line towards BRI 0982115, su- etal. 1996a) — see Fig. 1.

perimposed with the best Gaussian profile. Error barstdre. The AT _

velocity scale corresponds to a frequency of 106.055 GHz correspond-.The searchofthe .CO.(5 4.) line,(; e 576.2677 GH.Z) was

ing to a redshift: = 4.4337 initiated from the emission line redshift & 4.426), with the

' ' centre of the first frequency setting shifted down by 225 MHz

(v = 105.980 GHz), with the idea to explore two different

nal is the edge of the line. This is close to the expected redsiiffings, separated by 450 MHz (see Sect. 2). Singe éne
of 2.735, with the CO redshift higher than the optical redshiftyas apparent at 106.055 GHz after one transit, the observation

as found for similar objects. In all other sources, assumingh@s continued with a setting centered at this frequency. The
total line width of< 450 km s, we obtain typical upper limits detection was thus confirmed at thel@vel on the line intensity

of ~ 0.4-0.5Jykms™! at the3o level (see TablEl2). at the position of the continuum emission. The CO(5-4) line is
The only new clear CO detection is in BRI 095@115, found at a frequency of06.055 4+ 0.010 GHz, corresponding

the highest redshift quasar known to be clearly gravitationall§ & redshift o#1.4337 4 0.0006. The spectrum is displayed in

lensed from its optical image (McMahon et al. 1992, McM&Fig[2, and maps over 135 MHz wide channels are shown in

hon et al. in preparation). The | image is well resolved in twbig[3. The integrated line flux 91 + 0.11 Jy km s™! with a

peaks which are separated by 0'9nd differ in brightness line width of230 + 30 km s™*.

by 1.35 magnitudes. The total amplification, estimated from There is no doubt about the reality of the CO detection in

a rough modelling of the double optical image, could readdRl 0952-0115: the signal-to-noise is high, especially on the

a factor~ 4. Its visible spectrum was analysed by Storridhtegrated intensity, and the profile, as well as the baseline, are

N

Flux Density (mdJy)

o
—
—
—
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Fig. 3. Images the CO J=5-4 line towards BRI 0952115, in 137 MHz wide channels. The frequency (in GHz) is indicated in the upper left
corner. The contour step is 0.5 mJy. Because of the two frequency settings used in the observations, the noise levels (and beam shapes) differ
from channel to channel: from left to rigiht is 0.30 mJy, 0.30 mJy, 0.25 mJy, 0.50 mJy, 0.50 mJy respectively.

well behaved. The coincidence with the QSO position and the It is now well appreciated that the derivation of the mass

absence of signal elsewhere ([Fig. 3) further strengthens this cohmolecular gas from the CO intensity in such objects is not

clusion. The lack of pure continuum emission when all the 3-mat all straightforward. Indeed, the CO intensity depends much

broad band measurements, except in the line frequency rararethe optical thickness of the CO lines and on the excitation

are included, indicates that the detected 3 mm emission cormesditions of such high J levels. Using the same conversion

from a spectral line. The width of 230 kntsis in the range of factor as in Omont et al. (1996a) for the mass of molecular

the values observed for BR 1200725 (Omont et al. 1996a) hydrogen from the (5-4) line luminosity (see Solomon et al.

and BRI 1335-0417 (Guilloteau et al. 1997) and the other higth992a), one obtaind/(Hy) = 2 x 10'°A=2A~'M, How-

z sources referred therein. The derived redshift for the mole@yer, this is certainly an overestimate; thedass derived this

lar gas is justin the redshift range derived from optical emissigray for ULIRGs with similar CO luminosities (Solomon et al.

lines, in the upper part as expected, close to the low ionisatib®97, Downes et al. 1993, Downes et al. 1998) is too high by

lines. about a factor of~3. Assumingh = 0.7 and A = 4, a pos-
With this third detection of CO at redshift larger than 4sible value for the molecular mass of BRI 0952115 is thus

it is interesting to compare the three sources and try to inf@ther)M (H,) ~ 2-3 x 10° M, comparable to the molecular

some conclusions about the nature of the ultraluminous infrargas mass derived by Downes & Solomon (1998) in ULIRGs,

galaxy host of BRI 09520115. The latter is much weaker tharincluding Arp 220.

both BR 1202-0725 and BRI 13350417 in the 1.35 mm con-

tinuum by factors~6 and~2, respectively. With its amplifica-

tion factorA ~ 4, itis likely that its luminosity is also substan-5. Conclusion

tially _Igss Fhar) the t_WO other sources, since a large gravitationmle detection of BRI 09520115 further examplifies that CO is
amplification is unlikely for BR 13350417 and unproven for detectable in ULIRGs up to the largest redshifts even with mod-
BRI 1202-0725. . ) est gravitational amplifications. One should stress that a source
The non-detection of BRI 0950115 at 35Qum, i.e. yyice fainter than BRI 09520115 should be easily detectable
8+22mJy, (Benford et al. 1999) indicates a temperature gf the IRAM interferometer, especially when a sixth antenna

order 40-50 K which is similar to the values derived fog operation in late 1999. The extreme limit of sensitivity
BR 1202-0725 and BRI 13350417 (Benford et al. 1999). of this instrument will thus practically reach the intensity of

AssumingTp = 50 K, &y = 1, h = 0.7 whereh = jansed ULIRGS at any redshit.

Ho /100 km s™* Mpc™!, and A = ‘71 Eq(l) of Omont etal. g getection also strengthens the fact that there is a rela-
(1996)_ ylelds a mass of dust 3 10" Mo . With the same as- tively constant ratio (within a factor3) between the 3mm CO
sumptions, from the values derived by Be_nford etal. _(1999) fﬁ{tensity and the 1.3 mm continuum flux of highsources. It

BR 1202-0725 and BRI 1331520417’ one infers a far-infrared gp, s that CO can be detected at Bure in the weakest sources
luminosity, Lix, of aboutl0™" L, for BRI 0952-0115. Al- currently detectable at 1.3 mm with the IRAM 30-m telescope
though this value is more uncertain because ofl‘fﬁe_depen- (S1.3mm ~ 3mlJy). Even a large fraction of the sources cur-
dence ofLpir, it is not unlikely that BRI_ 0952(_)115 IS com- rently detected in SCUBA surveys at 0.85 mm, with an equiva-
parable to the standard IRAS ultralumimous infrared galax%%t sensitivity at 1.3 mm-1 mJy, should be detectable in CO
(ULIRGS) such as Arp 220. at Bure.

A similar cgnclusion can b'e reached from the intensity of The search of CO inmost ofthe sources detectedat 1.3 mm at
the CO emission. The latter is about 2.5 times smaller thgn, 36, telescope that we observed without success (Table 2),
in BR 1202-0725 and BRI 13350417. The ratio of the CO g4 he addressed again. There is a very good chance that
intensity to the 1.3 mm continuum flux is thus comparable (. era) of them are detectable with reasonably long integrations
BRI 1335-0725, but~3_t|mes Iarggr than in BR 12620725. and better estimates of the redshift. The fact that the CO redshift
The reasons for such differences is not understood. was found very close to the optical redshift of low ionisation
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optical lines shows that there is good chance to detect oti@mwnes D., Solomon P.M., Radford S.J.E., 1993, ApJ 414, L13
sources when such correct redshifts are available. It is cl&@mwnes D., Solomon P.M., 1998, ApJ 507, 615
that Q 1230+1627B remains a priority in view of the tentativeownes D., Neri R., Wiklind T., Wilner D.J., Shaver P., 1999, ApJ 513,
detection of CO in this source. L1

Despite the extraordinary progress of molecular detectigfFt@thiou G., Rees M., 1988, MNRAS 230, 5p
at the highest redshifts where galaxies are known, the diagf‘i{)qyer D.T., Ivison R.J., Scoville N.Z., etal,, 1998, ApJ 506, L7

sis of the properties and distribution of the gas and the s a?'%;i\agzz"l_olmom A., McMahon R.G, Cox P., Petitjean P., 1997,

formgt_ion.remains marginal in the absence of strong Iensiplgehnelt M.G., Natarajan P., Rees M.J., 1998, MNRAS 300, 817

amplification. The very large improvement of the next genelreyett p.C., Foltz C.B., Chaffee F.H., 1995, AJ 109, 1498

ation of millimeter-submillimeter interferometers ALMA will Hy .M., Cowie L.L., McMahon R.G., 1998, ApJ 502, L99

be crucial to really trace molecular gas and star formation fghak K., McMahon R.G., Hills R.E., Withington S., 1994, MNRAS

various galaxy contexts at very high redshift, combining obser- 269, L28

vational techniques such as multi-line and multi-species studigsnnefick J.D., Djorgovski S.G., de Carvalho R.R., 1995, AJ 110, 2553

mapping at high spatial resolution and surveys. Maoli R., Omont A., McMahon R.G., Cox P., Kreysa E., in prep.
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