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Abstract. We report the detection of high excitation CO emission from the most distant quasar currently known, SDSS
J114816.64525150.3 (hereafter J114B251), at a redshift = 6.419. The COJ = 6—5) and J = 7— 6) lines were detected

using the IRAM Plateau de Bure interferometer, showing a width20 km s*. An upper flux limit for the COJ = 1—0)

line was obtained from observations with th&dsberg 100-meter telescope. Assuming no gravitational magnification, we
estimate a molecular gas mass~@& x 10'° M. Using the CO (3- 2) observations by Walter et al. (2003), a comparison of
the line flux ratios with predictions from a large velocity gradient model suggests that the gas is likely of high excitation, at
densities~10*> cm ™3 and a temperature100 K. Since in this case the CO lines appear to have moderate optical depths, the
gas must be extended over a few kpc. The gas mass detected irr32548an fuel star formation at the rate implied by the
far-infrared luminosity for less than 10 million years, a time comparable to the dynamical time scale of the region. The gas musil
therefore be replenished quickly, and metal and dust enrichment must occur fast. The strong dust emission and the massiv
dense gas reservoir at- 6.4 provide further evidence that vigorous star formation is co-eval with the rapid growth of massive
black holes at these early epochs of the Universe.
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1. Introduction that J11485251 could be weakly amplified by an intervenin

The lumi t redshifts 6 found in the S| lens (Fan et al. 2003; White et al. 2003; Bertoldi et al. 200:
€ luminous quasars at redsniAs> © found In e S10an 4, 4 i \yhat follows, we will assume no lens amplificatiof

Digital Sky Survey by Fan et al. (2001, 2003) provide a u”iq‘{ﬁ14&5251 is a very luminous quasavi{sso = —27.8, Lo ~

opportunity to study the formation of massive objects dufys Lo) powered by a supermassivedx 10° M) black hole
ing the epach at which the intergalactic medium was be"? diating close to its Eddington luminosity (Willott et al. 2003

reionized by the first luminous sources (Becker et al. 200I ; ;
: \ the mass of the dark matter halo associated with J35281
Kogut et al. 2003; Cen 2003). Studying signatures of star fq -

T ) . . : S roportional to the black hole mass in a way similar to whar
mation in these exceptional objects is also of great mterqﬁﬁ
o)

to test whether th lation bet th iral black h nd in local spheroids (Shields et al. 2003), its mass would
0 test whether the correlation between the central blac x 10'2 Mo, and J11485251 would be among the most mas

mass and the stellar bulge mass observed in local sphe@ ) ; ;
: Ive collapsed structures to have formed in the early Unive
(Magorrian et al. 1998; Gebhardt et al. 2000) can be traced Io P y

. . ~(€.9., Haiman & Loeb 2001).
the early formation stages of quasars and their host galameé. g I )

. The recent detection of thermal dust emission
J11485251, at a redshift oz = 6.42 (Fan et al. . o r
2003), is the most distant quasar known, observed O;l|1148|-5251 (Bertoldi et al. 2003) implies a far-infrared Iu

"Minosity of ~1013L, and a dust mass &7 x 10° Mo, If the
~850 million years after the Big Bang (we adoply = . . o . © B
71 km s Mpcl, Q, = 073 andQ, = 0.27 — Spergel dominant heating mechanism is radiation from young ste

et al. 2003). Optical, radio and millimeter observations indica fé;an the Sta[l‘orm_anon rat.e implied from the FIR Ium|n05|ty‘
~3000M,, yr—* which requires vast amounts of molecular gi

Send gprint requests toF. Bertoldi, to be maintained. _
e-mail:bertoldi@mpifr-bonn.mpg.de Molecular gas in excess of M, was detected througr

* Based on observations obtained with the IRAM Plateau de Bufeir CO emission in fifteerz > 2 far-infrared ultralu-
Interferometer, and with theffélsberg 100 m telescope. minous (rr > 102L,) radio galaxies and quasars (e.c
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velocity [kr%/s]] Fig. 2. Velocity-integrated (from-227 to +213 kms?') map of the

averaged CO (6- 5) and (7 — 6) emission. Contour steps are
Fig. 1.J1148-5251 spectra of CO (6 5), (7—6), and their average, 0.34 mJybeam= 20-. The cross indicates the optical position.
binned to 64, 55, and 55 km’s respectively, four times the original

spectral resolution. Zero velocity corresponds to the centroid of the

(6—5) line at 93.204 GHz. Gaussian fits WiBWHM = 279 km s?

are shown as light lines. . )
The CO (6- 5) and (7— 6) lines are detected at centroid

frequencies of 93.206 GHz and 108.724 GHz, correspond-

Cox et al. 2002). Ak > 4, CO emission was detected toward$§d 1 @ redshift 6119 (Table 1). Within the uncertainties this
four quasars (Omont et al. 1996; Ohta et al. 1996; Guillote8drees with the = 6.41+ 0.01 of the Mgr 42799 line (Willott
et al. 1997, 1999; Cox et al. 2002). The CO emission was f&-@l- 2003) (Fig. 1). The CO redshift, which is likely to cor-
solved in BR 12020725 (Carilli et al. 2002) az = 4.69, respond to the systemic redshift of the quasdteds signifi-

the highest redshift CO detected so far, and PSS 28324 cantly from the range = 6.36-6.39 derived from high ion-
atz = 4.12 (Carilli et al. 2003). The extended nature of thi#ation UV lines (White et al. 2003), which trace high velocity
CO provides the most direct evidence for active star formatiéa1000 kms?), blue-shifted gas related to the quasar activity.
in the host galaxies of distant quasars, and indicates that blackNo continuum emission was detected in our coadded 3 mm
hole accretion and star-formation are closely related. data, which includes observations at other frequencies, but ex-
To explore the growth of massive black holes and their agudes the continuum redward of the CO lines; here we no-

sociated stellar populations at the end of the “dark ages”, #ieed the possible presence of weak line emission that we plan
have searched for CO emission toward J143361. We here to investigate further through observations later this year. At
report the detection of CO (6 5) and (7— 6) line emission. the position of J11485251 we obtain a continuum flux of
In a separate study, Walter et al. (2003) report the discovery®®9 + 0.13 mJy. At 43 GHz the continuum remains unde-
CO (3—2) emission using the Very Large Array (VLA). tected with-31+57uJy. These upper limits are consistent with

the measured 250 GHz flux density 00% 0.6 mJy (Bertoldi

et al. 2003), if we adopt a grey body spectrum with temperature
2. Observations >50 K and dust emissivity?.

Observations of the CO (% 6) and (6- 5) emission lineswere ~ We fit Gaussians to the line spectra withi300 kms*
made with the IRAM Plateau de Bure interferometer betwe&h the centroid, with no baseline subtraction. The best fit line
March and May 2003. We used the 6 antenna D configurati$ffiths of the three spectra shown in Fig. 1 range between 280
which results in a beam of B’ x 4.1” at 3.2 mm. The 3 mm and 320 kms!, similar to the widths found in other high red-
receivers were tuned in single sideband and the typical SSBft quasars (e.g., Cox etal. 2002). The width and centroid of
system temperatures wetd 50 K. The total integration time the best Gaussian fit to the {6 5) line were adopted for the
was 14 hours for CO (6 5), and 22 hours for CO (% 6). The Gaussian fit to the lower quality_ (% 6) line to determine its
spectra are displayed in Fig. 1, and the image of the averadif: The CO (6-5) and (7 6) line fluxes are determined at
data is shown in Fig. 2. Within the astrometric uncertainti€§fong confidence levels of &0and %, respectively.

of +0’3, the CO emission coincides with the optical position We searched for CO (& 0) emission using thefEelsberg
given by Fan et al. (2003). At the’Fesolution of our Plateau 100-meter telescope in March and April 2003 with a 1.9cm
de Bure observations, the CO emission is unresolved, con$i&MT receiver Tsys ~ 40 K on aT, scale, aperturefigiciency
tent with the VLA CO (3— 2) detection, which is unresolved~40%, beam width 60 position switching mode). The inte-
at 1’5 (Walter et al. 2003). gration time was-50 hours, yielding a rms of ; ~ 0.4 mK
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Table 1. Properties of the CO lines observed toward SDSS J13281.

Line Vrest Vobs Zco Peak int. AVEWHM lco LEZO Lco
[GHz] [mJy] [kms?! [Oykms? [10®°Kkms?pd] [108 Lo]
CO(7—6) 806.652 108.725 .8192+ 0.0009 2.14 279 0.64 + 0.088 173+ 0.24 292+ 0.40
CO (6—5) 691.473 93.204 .8189+ 0.0006 2.45 279 J3+0.076 269+ 0.24 286+ 0.25
CO(3—»2) 345.796 46.610 .819+ 0.004 0.6 326 0.18+0.02 268+ 0.27 035+ 0.04
CO(1-»0) 115.271  15.537 — <0.36 - <0.11 <14.2 <0.070

NOTE.
— For J11485251, the apparent CO line luminosity is given gy, = 3.2 x 10t |c0v;gs, the intrinsic line luminosityLco = 4.2 x 10 lcovops,
in the units given above (see Solomon et al. 1997). Upper limitsare 3

T Adopting the line width of CO (6> 5).

* Line width corresponds to the 50 MHz channel width of the VLA 46.6 GHz observations.

High gas densities are typical of the molecular gas pres
in the nuclear regions of nearby starburst galaxies (Solomoi
Downes 1998). The most extreme conditions so far were fol
in the starburst nucleus of NGC 253 (Fig. 3), where the CO «
citation is similar to that in J114&251. Detailed LVG mod-
eling by Bradford et al. (2003) indicate that the G8¢0, and
H, data of NGC 253 are consistent wiitH,) = 4.5x10* cm3
andT = 120K, and CO line optical depths< 4 (Fig. 3). With
only three line fluxes and one upper limit, we cannot constr;
the physical conditions of the gas in J1148251 as tightly: the
data can be fit both with low-opacity models, in which tempe|
ture and density are degenerate’? ~ 2.5x10* K cm5 and
with high-opacity lower-excitation models. With the high exc
tation temperatures for the gas in NGC 253 and J15261
the cosmic background temperature (3 K and 20 K, resp
tively) does not &ect the gas excitation notably.

To infer the total molecular mass from the CO emi
sion in the absence of constraints on the CO abundance,
Fig. 3. Integrated line flux]co, normalized to CO (6+5). Diamonds typically adopts an empirical conversion factet, between
show the values for J1148251. The dashed line shows line fluxthe apparent CO (% 0) line luminosityL¢,, and the total
increasing as?, which is expected for optically thick conditions.molecular massMy,. However, this conversion may de
The solid lines show LVG models witfii, = 120K andn(Hz) = pend on the CO excitation. In nearby starbursts with mc
4.5x 10* cm3, with different maximum optical depth in the CO linesgrate gas excitation, Downes & Solomon (1998) detive:
The dotted line shows the line flux distribution observed for the stay-g M, (K km s~ pc?)~L. The high excitation and moderate lin
burst nucleus of NGC 253 (Bradford et al. 2003). opacities of our one-component LVG model for J118851

predict a CO (1> 0) line flux much lower than that of an opti
(~0.4 mJy per 24 km3$). No CO (1— 0) emission was de- cally thick distribution (Fig. 3). As observed for NGC 25%

tected at the redshift found for the higher CO transitiori is likely that an optically thick, low-excitation molecu:
(Table 1). lar component adds to the lowdrlevel populations. Given

this uncertainty, and since a value @ffor very high exci-
tation conditions is unknown, we do not estimate the m
on the one component LVG predictions, but extrapolate

To constrain the physical conditions of the molecular gas koo = 2.7 X 10°Kkms™ pc?, with the assumption of a
J11485251 we compared the observed CO line flux ratigg®nstant line brightness temperature (the optically thick ca
with those predicted by a one-component large velocity gigom J = 1 to 6. With the quoted conversion factor, we fin
dient (LVG) model (Mao et al. 2000). The line flux ratios ard, ~ 2 x 10" Mo. We then estimate the gas to dust mass
determined by the gas density, temperature, and the opté@IM+,/Maust > 30, which is similar to the values found fo
depth in the CO lines, i.e., the column density of CO per véacal ULIRGs and other high redshift quasars (e.g., Guillote
locity interval. The large flux ratio between the {65) and €t al. 1999; Cox et al. 2002).
(3 — 2) lines implies that the gas has a high excitation. The The minimum area of the molecular region can be es
lower excitation of the] = 7 level suggests a moderate opticahated from the ratio of the observed line brightness tempe
depth (Fig. 3). ture (11 mK for CO (6- 5)) and the intrinsic line brightness
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3. Discussion
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which is 23 and 56 K in the LVG models with = 4 and 1, The dynamical mass is an order of magnitude smaller than
respectively (Fig. 3). With a’5beam the corresponding sourcéhe bulge mass deduced from the correlation between the black
radius (assuming uniform coverage) is 0.1-0,16r 560— hole mass and the bulge mass (or velocity dispersion) in lo-
840 pc. Placing & 10'° M,, in a volume of radius 560 pc givescal spheroids (Magorrian et al. 1998). This could be due to
an average CO column density21x 10?°(Xco/107%) cm2, a biased selection of a non-representative, bright quasar, or it
whereXco is the CO abundance relative tg Hf the observed confirms a tendency for the stellar to black hole mass ratio
CO lines have moderate optical depths 4, the CO column to decrease at higher redshifts (Rix et al. 2001), possibly due
is <2 x 10 cm2, which would either require a low CO abun+o self-regulating star formation mechanisms (Wyithe & Loeb
dance Xco < 2 x 107°, or a larger volume. Considering the2003).

low gas-to-dust ratio estimated above and the high metalicities

implied by the optical lines (Fan ft al. 2003), a CO abundanggy ,,\yledgementsie thank the IRAM Plateau de Bure ftand
much lower than the Galactie10™ seems unlikely. Rather, aie grelsherg operators for their great support in the observations,

larger radius o+1400 pc for the gas distribution could accourdnd F. Combes and the anonymous referee for helpful comments.
for the moderate CO line opacities.

If the molecular gas forms an inclined disk (angleel-
ative to the sky plane) in Keplerian rotation about a spherical
mass, the line width and a minimum source radius between F8€ferences

and 1400 pc yield a minimum gravitating (dynamical) mass e, ..o r 1. Fan, X, White, R. L., et al. 2001, AJ, 122, 2850
closed by the disk of (26) x 10° sin?i M. For large inclina- Bertoldi. ., Carilli, C., Cox, P., et al. 2003, A&A, 406, L55

tion angles this mass would not be much larger than that of f8g,gford, C., Nikola, T., Stacey, G., et al. 2003, ApJ, 586, 891
black hole, and a factor 4-10 smaller than the gas mass impligghilii, c. L., Bertoldi, F., Omont, A., et al. 2001, AJ, 122, 1679
by the line intensities. The latter may have been overestimategtilli, C. L., Kohno, K., Kawabe, R., et al. 2002, AJ, 123, 1838
given the approximate nature of our estimate; alternatively, tBerilli, C. L., Lewis, G. F., Djorgovski, S. G., et al. 2003, Science,
CO disk inclination is close to the sky plarie; 20-30 deg, 300, 773
which is more likely considering the large dust mass, and thken, R. 2003, ApJ, 591, L5
fact that the AGN is optically unobscured. Cox, P., Omont, A., & Bertoldi, F. 2002, in Infrared & Submm Space

The detection of large amounts of dense molecular gas in A;trcglomyi ‘T' "E/'); G|ard,k|;,ASS (EtD'ID ng(')ezn‘f;k 3:?897 406

: i X, P., Omont, A., DJorgovski, 5., etal. s ) s

J1148-5251 supports the conjecture that the strong far-infrar gwnes, D., & Solomon. P. 1998, ApJ. 507, 615

luminosity seen from many quasars arises from extended gﬁ, X.. Narayanan, V., Lupton, R., et al, 2001, AJ, 122, 2833

forming regions, and is not due to heating from the AGN, "y " sirauss, M., Schneider, D., et al. 2003, AJ, 125, 1649
(Omont et al. 2001, 2003; Carilli et al. 2001). Although fogepnardt, k., Bender, R., Dressler, A., et al. 2000, ApJ, 539, L13

J1148-5251 the emission remains spatially unresolved, thgilioteau, S., Omont, A., McMahon, R. G., Cox, P., & Petitjean, P.
large masses of warm CO are unlikely to be heated by the AGN 1997, AgA, 328, L1
at a kpc distance. With the estimated mass of molecular gasufilloteau, S., Omont, A., Cox, P., McMahon, R. G., & Petitjean, P.
~2x 1019 M, star formation in J11485251 could be sustained 1999, A&A, 349, 363
atthe rate-3000M, yr~* implied by the far-infrared luminos- Haiman, Z., & Loeb, A. 2001, ApJ, 552, 459 _
ity for a short time only<10 million years. This is compara-Kogut, A., Spergel, D., Barnes, C., etal. 2003, ApJ, in press
ble to the estimated duty cycle time of quasars (e.g. Wyitﬁ@gorrlan, J., Tremaine, S., Richstone, D., et al. 1998, AJ, 115, 2285
& Loeb 2003), and to the dynamical time of the star forminl§2%: R- Q., Henkel, C., Schulz, A., etal. 2000, A&A, 358, 433

. 0 . ; . hta, K., Yamada, T., Nakanishi, K., et al. 1996, Nature, 382, 426
region, which implies a rapid gas depletion unless the syst

. . L mont, A., Petitjean, P., Guilloteau, S., et al. 1996, Nature, 382, 428
continues to accrete gas at a high rate. If the replenishing ¢85, A Cox. P. Bertoldi. F. et al. 2001. A&A. 374 371

is of low-metalicity, the short depletion time suggests that thenont, A, Beelen, A., Bertoldi, F., et al. 2003, A&A, 398, 857

enrichmentwith heavy elements and dust is rapid, which leav@g H.-w., Falco, E. E., Impey, C., et al. 2001, Gravitational Lensing:

only supernovae and winds from the most massive stars as pos-Recent Progress, ASP Conf. Ser., 237, 169

sible sources. Shields, G., Gebhardt, K., Salviander, S., et al. 2003, ApJ, 583, 124
Our low estimate for the dynamical to luminous mass ratiplomon, P. M., Downes, D., Radford, S. J. E., & Barrett, J. W. 1997,

excludes the presence of a large stellar mass within the vol- ApJ, 478, 144

ume of the CO emission. The duration of star formation &Pergel, D. N., Verde, L., Peiris, H., et al. 2003, ApJ, submitted

the present rate could therefore not have been much lon 'ter, F., Bertoldi, F., Carilli, C. L., et al. 2003, Nature, 424, 406

than 16 yr, unless the starburst does not form many londite: R, Becker, R., Fan, X,, & Strauss, M. 2003, AJ, 126, 1

. . . : ithe, J. S. B., & Loeb, A. 2003, ApJ, submitted

lived, low-mass stars, in which case the star formation ra

. . . [astro-ph/0304156]

\t/)VOlljld have been overestimated and the depletion time Co\‘}\mlott, C.J. McLure, R. J., & Jarvis, M. 2003, ApJ, 587, L15

e longer.



