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Gas and dust in the Cloverleaf quasar at redshift 2.5
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Abstract. We observed the upper fine structure line of neutral carbo(FPe—°Py) (Viest = 809 GHz), the?CO(J = 3-2)
line (vrest = 345 GHz) and the 1.2 mm continuum emission from HB41B7 (Cloverleaf quasaz,= 2.5) using the IRAM inter-
ferometer. Together with the detection of the lower fine structure line (Barvainis etal. 1997), the Cloverleaf quasar is now only
the second extragalactic system, besides M 82, whetiecarbon lines have convincingly been detected. Our analysis shows
that the carbon lines are optically thin and have an excitation temperatiig 280 K. CO is subthermally excited and the
observed line luminosity ratios are consistent witH,) ~ 10°-4 cm 2 at T\, = 30-50 K. Using three independent methods, (C
dust, CO) we derive a total molecular gas mass (corrected for magnificatith(H) ~ 1.2+ 0.3x 10*° M. Our observations
suggest that the molecular disk extends beyond the region seen in CO(7-6) to a zone of more moderately excited molecular g
that dominates the global emission in @nd the lowJ CO lines.
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1. Introduction described by a 3-level system. This allows us to derive its |

. - citation and to constrain the physical gas conditions by obs
Detections of large amounts of dust and gas in distant qQUasAIE s of the GEP,—3Py) and GP,—3Py) transitions only.

have opened the possibility to study molecular gas propertie compare our results fromiGvith estimates based on ther
the early epoch of galaxy formation and to providefundamenm | dust emission and CO. We udg = 75 km s Mpc-t and

constraints on galaxy evolution. To date, CO emission has behen_ 05
. . . o = 0.0.

detected in more than a dozen quasar host galaxieszwith
the record holder being at= 6.4 (Walter etal. 2003; Bertoldi
etal. 2003). Molecular gas masses in excess 819 have 2. Opservations and results
led to the hypothesis that the tremendous far—infrared (FIR{) ) ] )
luminosities ¢10'2L,) of these objects are not only powere@ servations were carrleq out Wlth the IRAM Plateau de Bt
by active galactic nuclei (AGN) but also by major starburstterferometer during 2 nights in March 2003. The dual fr
which might be forming cores of elliptical galaxies or bulge§U€ncy setup was used to observe theoQ = 3-2) and
of massive spiral galaxies. Ci(3P, —3Py) transitions towe_lrds H143:317 (RA 14:15546.23,

Due to its strong magnification by gravitational Iens;ina%)llec 11:29:44.0; J2000) simultaneously. The receivers w
H1413+117 is a relatively strong emitter in various moleculdtn€d in single sideband mode (SSB) at 97.191 GHz anc
lines and therefore a prime target to study the physical cdji@l sideband mode at 224.478 Ge27.478 GHz. We used
ditions of the molecular gas at high redshift in great detail. i€ Standard D configuration (6 antennas) which results in s
has been detected in the CO 3-2 (Barvainis etal. 1994; wil{Bgsized beams of’8 x 4’4 and 35 x 1’7 for the 3mm
etal. 1995; Alloin etal. 1997; Barvainis etal. 1997, B97 her@nd 1 mm bands respectively. At these resolutions the sol
after), 4-3, 5-4 (B97) and 7-6 (Alloin etal. 1997; Yun etal$ unresolved. Typical SSB system temperatures wa2z0K
1997) transitions, the lower fine structure line of atomic carbof)d~300K at 3mm and 1 mm. Flux and passband calibrati
C1(3P,—°Py), (B97) and in HCN (B97, Solomon etal. 2003). Were obtained on MWC 349. The nearby sources ¥4B5%

In this letter we report on the detection of the upper firfd'd 1423146 were used as secondary flux and phase c
structure line of neutral carbon,I@P,—3P;), which adds an brators. We estimate the flux density scale to be accurat

important piece of information: unlike CO, cooliCcan be 2Pout10%. . _
The data were processed to give data cubes with a ve

Send gprint requests toA. Weil3, e-mail:aweiss@iram. es ity resolution of 10 kms! (3.24 MHz) at 3mm and 40 knt$
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- o sesdenit . the 2CO( = 3-2) transition are similar to those
77— feported by Wilner etal. (1995) and B97. The high quality of
I 1 our'?CO@ = 3-2) spectrum allows us to determine the red-
30 + 1200(3-2) - shift of the molecular gas (as traced by CO) with high accuracy:
I 1 z=2.55784+0.00003.
The CI(P,—%P)) line (viest=809.342 GHz, Miller etal.
3 | 1 2001) is clearly detected with a peak flux density of
20 UH 7 S,=13.2+£2.9mJy (Figs. 1 and 2). Due to the limited band-

h s 3 | width of 512 MHz (670 kms') our observations lack the red
PLH CICP="Py) ]
17

line—wing. However, this does noffact the determination of

/ the peak line intensity since the zero power level is well de-

o MNMMM

FT

fined in interferometric observations. Table 1 summarizes the

Flux density [mdy]

line parameters derived from Gaussian fits. Th€mR; —3Py)
line (z=2.5585+ 0.0001) is displaced by+60 kms? relative

WHM]M 1 to ’CO@ = 3—2) — opposite to the displacement of the
e u% ]

Ci(3P,—3Py) transitions found by B97x-42 kms?t). While

, the diference between the CO and(®, —3P,) redshift might

C o4 w iy v 9 beattributed to low level baseline instabilities in the 30 m data

—500 ‘ 0 _,. 500 and the poor signal to noise ratio, the reason for the shift in
Velocity Offset [km s ] the Ci(®P,—%P;) line is unclear. Gravitational amplification

Fig. 1. Spectra of thé2CO(J = 3—2) and Q(3P,—3P;) lines towards should not alter the center frequency for Gnless its distribu-

H1413+117, superposed on their Gaussian fit profiles (see Table 1 tmn is different from CO, which we consider unlikely (see be-

parameters). The velocity scale is relative to the tuning frequenclesv). The apparent line shift needs to be confirmed by higher—

of 97.191 and 227.478 GHz correspondingte 2.5579. sensitivity observations. If confirmed, this shift is most likely

due to an opacityféect.

For the dust flux, we derive an upper limit for the 3mm
| | (Arest= 870um) continuum ofSg726Hz; < 1.5mJy (30). For
11o09500 L | the 1mm Qeest = 375um) continuum we findSyo4s56H, =
% 1 7.5+ 0.6 mJy. We obtained an additional 250 GHz flux mea-

q surement using the MAMBO 117 channel bolometer array at
the IRAM 30 m telescope wittS,50 gHz= 16+ 2 mJy, consis-

= ) “ 1 tentwith a previous measurement (Barvainis etal. 1995). The

H1413+1

<

M5

: <]

11929'45" [

radio—IR spectral energy distribution (SED) of H14137 is
shown in Fig. 3.

Q
L
a

11°29'40" T * 3. Analysis

g 3.1. Atomic carbon

% 1 3.1.1. Opacities and excitation
11°29'35" - -
i . . (y. 1 Recentstudies of the Milky Way and nearby galaxies showed

14"15"46%5 46% that Ci is closely associated with the CO emission indepen-
e dent of the environment (see e.g. Bennett etal. 1994, Ojha
Fig. 2. Integrated G(*P, —3Py) intensity distribution in H1418117. etal. 2001 for the MW; and Gerin & Phillips 2000, Israel &
Contours are plotted at1.5, -1.0 and from 1.0 to 4.0 in steps Baas 2002 for nearby galaxies). Since the critical density for
of 0.5 Jybeam® kms™. The rms noise is 0.5 Jybeafrkms™, the the C lines and2CO(J = 1—0) are botme ~ 108 cm3 this
peak flux density is 4.3 Jybeafkms™. The continuum has beenfinging suggests that the transitions arise from the same vol-
subtracted. ume and share similar excitation temperatures (e.g. Ikeda etal.
2002). This allows us to estimate the opacities of ther@n-

(29.7 MHz) at 1 mm. A 3mm continuum image was generat&iions via a LTE analysis assuming optically thick emission in
by averaging the line emission—free channels. At 1 mm the cdiCO( = 1-0). Since thé*CO(J = 1-0) transition has not
tinuum image was computed from the image sideband. Frdt@en measured in the Cloverleaf we here addpt,,_, , =
the 1 mm signal sideband data we generated a continuum fie]eLizco(Jz%z) (see our discussion on the CO lines). Using the
Ci(®P,—%P;) spectral line cube by subtracting the 1 mm corvalues for the line luminositiesL() as listed in Table 1 and
tinuum image. The final results are presented in Figs. 1 and&suming as a staftx = Tqust= 50 K (see below) we find that
Thel?CO(J = 3—-2) transition ¢rest= 345.796 GHz) is de- both carbon lines areptically thin(r10=0.14,721 = 0.10). For
tected with high signal to noise (Fig. 1). Line parameters far moderate CO opacity (as suggested by B97) optical depth
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Table 1.Observed line parameters.

Line Vobs S, AVEwnm | va L’/10t° Ref.
[GHz] [mJy] [kms?] [Jy kms?! [kms™?] [K kms™ pd

2cO00=3-2) 97.1928 30.6:1.7 416£+6 13.2+02 -56+24  18.0+0.3 this paper
CI(PP,—3P;)  227.4376 13229 368+25 52+03  53+20 1.30£0.07 this paper
CI(PP,—3P) 138351 7.7:0.8 430+46 3.6+0.4 -47+24 2.4:03 B97

Quoted errors are statistical errors from Gaussian fits. Systematic calibration uncertainty is 10%.

a The velocity is given relative ta= 2.5579, the mean redshift of the CO lines determined by B97.

CO fluxes for 3—-2, 4-3, 5-4, 7-6 are: 13.2, 21.1, 24.0, 47.3 [Jy Kimadl values except for 3-2 are from B97.
CO line luminositied’ are: 18.0, 16.1, 11.7, 10.9 [H,].

— 1 LV restlGHZ] | . 3.1.2. Neutral carbon and molecular gas mass
= 10 10 10 10
g

T AR T T ] The relation between the integrated(¥®,—°P;) brightness
1 temperature and the beam averagedoGlumn density in the
optically thin limit for local galaxiesZ= 0) is given by

B 87rkv§l
"~ hc3Ax

where Q(Tey) = 1+ 3¢ /Tex 4 5g7T2/Tex s the Ci partition
function. T; =23.6K andT,=62.5K are the energies abov
the ground state. Correcting for redshiyf Topdv — (1 +
z)‘lmeb dv) and accounting for the area of the emission r
gion (Qs.p Di) yields the total number of carbon atoms in tf
source. Here)g,, denotes the solid angle of the source co
volved with the telescope beam abg is the angular size dis-
tance to the source. Using the definition of the line luminos
(e.g. Solomon etal. 1997) we can derive ther@ass via
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107 ‘ “‘)2 L “‘) . Cl 11¢] hcAg; Q( ex)5 CIGP,¥Py) (2

Y ops [CHZ] wheremg, is the mass of a single carbon atom &ds the
Fig. 3. Radio-IR SED of H1418117. Displayed flux densities wereconversion between pand cnf. Inserting numbers to Eq. (2)
taken from Barvainis & Lonsdale (1997) (20, 6, 3, 2cstary, Yields
Solomon etal. (2003) (1.2cneros9, this work (3mm, 1.3mm, 1
1.2mm, filled square}, Barva|n|§ etal. (199.5). 1.2 mm, 780, Mg, = 4.566x 1073 Q(Tex) = €625/ Tex LE;|(3p2_,q:)[M®]- (3)
438um, 345um, 100um, 60um, circles), Barvainis & Ivison (2002) 5 .

(850um, filled triangle), Hughes etal. (1997) (8Q0n, filled _cir- For Tex=30K the mass of neutral carbon thus amounts
cle), Benford etal. (1999) (350m, pentagof and Rowan-Robinson Mg = 2.6x 107 M, wherem is the magnification by the
(2000) (20Qum, triangle). The dashed lines show the thermal dus; ravitational lens

continuum emission for a 50 and 115K dust component. The sofid . .
Deriving the mass of molecular hydrogen requires

line is the total emission from both components. . .
estimate of the carbon abundance relative 0 We here
use M82 as a template to estimate this number. Using
results from Stutzki etal. (1997), Walter etal. (2002) ar
for the carbon lines are even lower. Low optical depths foWei etal. (2001) we obtain [§/[H2] ~ 3x 10°°. Applying
the Ci transitions are in line with findings in nearby galaxiethis number to the carbon mass of H14137 results in
(e.g. Israel & Baas 2002). As discussed in Stutzki etal. (199W)H) ~ 1.4x 10" m M,
the integrated line intensity rati&;; between the G3P, —3Py)
a_mc_j C|(3P1—>3P0_) transition can be u_sed_ in the optically tr_\in3.2' Dust emission
limit to determine directly the C excitation temperature via
Tex=38.8K/In[2.11/R¢|]. This equation is valid if the levels The mm—wave continuum measurements combined with s
are thermally populated. WitR¢, = 0.54+ 0.07 (see Table 1) mm, ISO and IRAS data (for references see caption of Fig
we find Tex =29+ 3 K. For thisTe, the Ci lines are still opti- are well fitted with a 2-component dust model. To account |
cally thin (r10=0.15,72;=0.11). the steep increase of the observed flux with frequency in
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observed mm regime we useg(v;) =10 (/1 THzf cn?g™? 7-6 brightness temperature. We do not think that selective mag-
with 8= 2 (Downes & Solomon 1998). For the source solid amification would significantly alter this analysis, because de-
gle of the lensed dust distribution we useg=rm6é?/4 with  tailed models of the Cloverleaf lens show that the lens magnifi-
an angular size df=0.17" and a magnification afn=11 for cation is insensitive to the size of the mm-line emitting region
both components (Venturini & Solomon 2003). Masses arfdenturini, private communication).

dust temperatures for both components were determined by fit-

ting those 4 free parameters to the 12 data points above the . i

97.2 GHz upper limit in Fig. 3. For the cold dust componentw DIscussion

find Teoi~50 @& 2)K and Meoig~6.7x 10° Mt M (£:12%).  The mass estimates fromCdust, and CO give remark-
The warm component s characterizedlgym~ 115 10)K  aply similar results given that each method uses indepen-
and Muarm~ 3.9x 10° M Mo (+ 60%). This impliesLrr ~ dent assumptions (carbon abundance, gas to dust mass ratio
24x10°m L, (Lrr as defined by Helou etal. 1985). Thefico conversion factor). Correcting for magnification we find
results are displayed in Fig. 3. Parameters derived for the C@/dH,) ~ 1.2+ 0.3x 101 M,

gas component are in agreement with previous studies (€.9.compared to the physical conditions of the molecular gas
Hughes etal. 1997; Benford etal. 1999). Using a gas to diglermined in other dusty quasafgi{ ~ 50—70 K,n(Hy) ~ 10,
mass ratio of 150 (e.g. Dunne etal. 2000) the totaliHass see e.g. Downes etal. 1999; Carilli etal. 2002) and local
in the cold component is(H;) ~ 1.0x 10" m™* M in agree- y||RGs (Downes & Solomon 1998) the values determined
ment with the mass determined from.Qlote that a larger an- gpoye for H1413117 argue for a more fluse and cooler gas
gular size of the cold component leads to lower temperatuigsmponent. Judging from the excitation temperature oH@

for Teow, similarly a smaller size for the warm component wilkycitation of the molecular gas is between conditions found in
yield higherTwam. M82's center Texci = 50 K) and the mean value over the
Galactic CenterTexci = 22 K) (Stutzki etal. 1997). The con-
tinuum to line ratio ofLpr/LL, ~ 120Le (K kms™pc?)

is within the range found in local ULIRGs (Solomon etal.

12 o o hi 1997) but lower than values estimated for dusty quasars (e.g.
Our~CO(J = 3-2) flux density is about 30% higher than thes 5 jjji etal. 2002; Walter etal. 2003). All this implies that

value reported by B97. The fluxftierence has importantimpli- large amounts of molecular gas are lefieeted by the heat-

cations for the interpretation of the QO ratios: now the 3-2, ing from the AGN angbr nuclear star formation than the re-

4-3, 5-4, 7-6 CO line luminosities (see footnote in Table {j5 emitting in CO(7-6). A possible explanation for this

are decreasing with increasing So the data suggest CO i ing s that the molecular disk extends beyond the central
subthermally excitedat least ford > 3. The minimum kinetic region seen in CO(7—6) to a zone of more moderately excited

temperature therefore can be lower than the lower limit of 60K |acular gas that dominates the global emissioniimad the
given in B97. We have reanalyzed the CO ratios using our 8%, 3 co Jines.

2 flux and taking the background radiation Bfyg =9.6 K

into account. Due to the high 7-6 line luminosity relative t@cxnowledgementswe would like to thank R. Neri and R. Zylka for
5—4 not all CO lines can be fitted with a single gas compgarrying out the observations at the PdBI and the 30 m telescope and
nent LVG model. If only the 3-2, 4-3 and 5-4 lines are takes) Venturini for discussions on the lens model. IRAM is supported by
into account LVG solutions can be found by, > 10 K. Since INSU/CNRS (France), MPG (Germany) and IGN (Spain).

the kinetic temperature is expected to be close to the excitation

temperature of neutral carbon (Israel & Baas 2002) we fixed

the Tk to 30 K. In a LVG space of [CQgrad(V) from 1x 105 References
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