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Abstract. Nearly 10 high redshift{ > 2) starburst galax- (Barvainis et al. 1994), the lensed radiogalaxy MG0414+0534
ies have recently been detected in the CO lines, revealing #iee = 2.639 (Barvainis et al. 1998), the possibly magnified
early presence in the universe of objects with large amountsodject BR1202-0725 at = 4.69 (Ohta et al. 1996, Omont et
already-enriched molecular gas. The latter has sufficient densityl996a), the amplified submillimeter-selected hyperluminous
to be excited in the high-level rotational CO lines, which yieldalaxies SMM02399-0136 at = 2.808 (Frayer et al. 1998),
more flux than low-level lines, making easier high-redshift dend SMM 14011+0252 at 2.565 (Frayer et al. 1999), and the
tections; however there is no negative K-correction as for theagnified BAL quasar APM08279+5255,a 3.911, where
sub-millimeter and far-infrared dust continuum emission. Witlhe gas temperature derived from the CO lines-i200K,
the help of simple galaxy models, based on these first detetaybe excited by the quasar (Downes et al. 1999). Recently
tions, we estimate the flux in all CO lines expected for su@coville et al. (1997b) reported the detection of the first non-
starbursting objects at various redshifts. We discuss the deteased object at = 2.394, the weak radio galaxy 53wW002,
tion perspectives with the future millimeter instruments. and Guilloteau et al. (1997) the radio-quiet quasar BRI 1335-
0417, atz = 4.407, which has no direct indication of lensing.
Key words: galaxies: ISM — galaxies: starburst — cosmologyf the non-amplification is confirmed, these objects would con-
observations — radio continuum: galaxies — radio lines: galaxiedn the largest molecular contents known (81814, with
— submillimeter a standard CO/klconversion ratio, and even more if the metal-
licity is low). The derived molecular masses are so high that
H> would constitute between 30 to 80% of the total dynamical
1. Introduction mass (according to the unknown inclination), if the standard
CO/H, conversion ratio was adopted. The application of this

'I;]hehdetetl:tioq of high-.redhifted: (> 2) millimeter CO lines in conversion ratio is however doubtful, and it is possible that the
the hyperluminous object IRAS 10214+4724 2.28, Brown involved H, masses are 3—4 times lower (Solomon et al. 1997).
& Vanden Bout 1992, Solomon et al. 1992a), has opened a n‘_aWObvioust, the search of CO lines in high-z objects is

way of research to tackle the star formation history of the Unigy| o challenge for present day instrumentation, but this will

versg._AIth_oughtheobjectturned outto bg highlygravitational} idly change with the new millimeter instruments planned
amplified, it revealed however that gaIaX|es_, at this epqch conﬁéer the world (the Green-Bank-100m of NRAO, the LMT-
have large amounts of molecular gas, excited .by an importafiy, of UMass-INAOE, the LSA-MMA (Europe/USA) and the
starbu.rst, gnd sufficiently mgtal-enrlched to e.mltdetef:table CI'.?/ISA (Japan) interferometers). It is therefore interesting to
emission lines. The latter bring fundamental information abogFedict with simple models the detection capabilities, as a func-

the cold gas component in high-z objects and therefore abgyh, ¢ egshift, metallicity or physical conditions in the high-z

the physical conditions of the formation of galaxies and tnfbjects. In particular, it would be highly interesting to detect

first generations of stars. At high enough redshifts, most of tHSt only the few exceptional amplified monsters in the sky, but

galaxy mass could be molecular. The main problem to det%%o the widely spread normal galaxy population of the youn
this molecular component could be its low metallicity, but th(E y Sp garaxy pop yound

ical calculat h h hat i iol b iniverse. Our aim here is to determine to which redshift it will
oretical calculations have shown that in a violent starburst, tgg possible, and with which instrument. A previous study has
metallicity could reach solar values very quickly (Elbaz et

1992) Iready modelled galaxies at very high redshift (up te 30)

. . and concluded that CO lines could be even more easy to detect
After the first discovery, many searches for other canc{jl

han the continuum (Silk & Spaans 1997). Our models do not
dates took place, but they were harder than expected, and qﬂ?’ee with this concl(usion. P )

a few, often gravitationally amplified, objects have been de- Sect. 2 describes the two-component model we use for the
tected: the lensed Cloverleaf quasar H 1413+117-a12.558 5100y lar clouds of the starburst galaxies, Sect. 3 the cosmo-

Send offprint requests 1&. Combes logical model; both are combined and the results are discussed
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Table 1. CO data for high redshift objects Table 2. Parameters of the two-component model

Source z CO S AV MH:;  Ref Parameter Hotcomp. Warm comp.
H =1 10
line mly kms® 10" Mg n(Hs) cm-? 10 100

F10214+4724 2285 3-2 18 230 2 1 sizes (pc) 0.1 1

53W002 2.394 3-2 3 540 7 2 AV (kms™') 10 10

H 1413+117 2558 3-2 23 330 2-6 3 Tk (2=0.1)  90.0 30.0

SMM 14011+0252 2.565 3-2 13 200 *5 4 Tk (2=1.0) 90.0 30.0

MG 0414+0534 2639 3-2 4 580 *5 5 Tk (2=2.0) 90.0 30.0

SMM 02399-0136 2.808 3-2 4 710 *8 6 Tk (2=3.0) 90.0 30.0

APM 08279+5255 3911 4-3 6 400 03 7 Tk (2=5.00 90.0 30.1

BR 1335-0414 4407 54 7 420 10 8 Tk (=10.0) 90.0 33.7

BR 1202-0725 4690 54 8 320 10 9 Tk (2=20.0) 91.0 57.5

. od o when estimated Tx (-=30.0) 98.2 84.6
corrected Tor magnitication, wnen estimate N(CO) Cm,Q 3. 1019 3. 1018

— ~1 ; i
Masses have been rescaledHg = 75kms /Mpc_. When multiple N(Hs) cm™2 3133 3 132
images are resolved, the flux corresponds to their sum *

f 1. 100.
(1) Solomon et al. (1992a), Downes et al. (1995); (2) Scoville et gf. 0.03 0.03
(1997b); (3) Barvainis et al. (1994, 1997); (4) Frayer et al. (1999};aSS fraction bl (')9
(5) Barvainis et al. (1998); (6) Frayer et al. (1998); (7) Downes et al i i

(1999); (8) Guilloteau et al. (1997); (9) Omont et al. (1996a) * f5: surface filling factor, f velocity filling factor
Tx increases with keepingT}, ., — 7%, constant (see text)

in Sect. 4. Sect. 5 describes the detection perspectives with the
future millimeter instruments.
1997, Barvainis et al. 1997). Observations at arcsecond resolu-
2. Galaxy ISM modeling tion have shown that the molecular gas is confined in c_ompgct
sub-kpc components, or disks of a few hundred parsecsin radius.

Since the physical conditions of the interstellar medium is stiflhe average K surface density there is of the order of a few
unknown in early galaxies, the most straightforward modeling1§?* cm~—2 (Bryant & Scoville 1996). The gas must be clumpy,
to extrapolate what we know from the local star-forming cloudsnce molecules with high dipole moment are excited, such as
in the Milky Way. Solomon et al. (1990) showed that the ISM dfiICN (Solomon et al. 1992b). This strong central concentration
ultra-luminous starbursting galaxies is likely to contain a largmrresponds very well to what is expected in a merger by N-
fraction of dense gas, corresponding to the star-forming cotesdy simulations (e.g. Barnes & Hernquist 1992). Due to gas
of local molecular clouds. The gross features of the CO and faissipation and gravity torques, large Ebncentrations pile up
infrared emissions of these luminous starbursts can be explaiaethe galaxy nuclei in interacting systems. Up to 50% of the dy-
by a dense (average density*1dn—3) molecular component namical mass could be under the form of molecular hydrogen in
confined in the central kpc, containing cores of even highetergers (Scoville etal. 1991). The most extreme ultra-luminous
density ¢ 10° cm~3). These are about 100 times denser thanfrared galaxies, which are also mergers and starbursts possess
in a normal galactic disk. The FIR to CO luminosity ratio argeveral 1€’ M, of H, gas, more than 10 times the ldontent
nearly those expected for an optically thick region radiating a®athe Milky Way.
black-body (Solomon et al. 1997). Typical masses of molecular
gas are 2-6 10 M. 5

The dominant dust component in ultra-luminous galaxi€s
has atemperature between 30 and 50 K, while there is sometiéswill therefore base our simple model on a small inner disk of
a higher temperature emission bump (e.g. Klaas et al. 199¥kpc diameter, containing two density components (cf Table 2).
The emission peaks around 1@ with a flux of 1-3Jy at Both are distributed in clouds of low volume filling factor. The
z = 0.1. At the higher redshifts of = 4-5, continuum fluxes dense and hot component represents the star-forming cores, and
of a few mJy have been detected at 1.25mm (e.g. Omont etfat.the sake of simplicity, there is one core in every cloud. Be-
1996b), corresponding to dust emission at abouti2@pwith cause of the large velocity gradients in the inner regions (due
gas masses up to '0M, if no gravitational lens is present. Asto rotation or macroscopic velocity dispersion), most of these
for the CO lines, they are more difficult to detect with presewnbres are not overlapping at a given velocity, and their molec-
day instrumentation, and most of the 8 detections reported sodkar emission can be simply summed up. This is not the case
are gravitationally magnified. The flux detected range betwefem the more extended clouds (see below), or for the dust, that
3 to 20 mJy for lines (3-2) to (7—6) (see Takble 1). could be optically thick at some frequencies. For the opacity

A striking feature of these ultra-luminous infra-red object®f the dust, we take the formula computed by Draine & Lee
is that both the IR and CO emissions originate in regions a f§h084) and quite compatible with observations (see Boulanger
hundred parsecs in radius (Scoville et al. 1997a, Solomon etetlal. 1996):

1. Atwo-component model
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[log(nH2)= 6  log(NCO)= 19.5 TK= 90

7 = Ny (em™2)10725()\/250 p)?

The total molecular mass is chosen to be 6°1d,, and
the average column density N{Hof the order of 18* cm—2
(typical of the Orion cloud center). To fix ideas, we assume thak
the total mass is distributed in 8.6"6louds of 700 M, each, &
with an individual velocity dispersion of 10 knt$, embedded z
in a macroscopic profile of 300 knT$ dispersion/rotation (cf .,
Table[2). The column density of each cloud is respectively 3
10?2 cm~2 for the extended component and 3*16m—2 for
the core. For the sake of simplicity, we consider cubic clouds
(the cube size isindicated in Table 2), and their mass is computed
taking into account the helium mass (total mass larger than the %’
H-> mass by a factor 1.33).

As for the temperatures of the two components, we choose Lower J level
for local cloudsTx = 30K for the extended component, and
90K for the star-forming cores. We do not take into account < \ \ \
here a hotter component, possibly heated by the AGN, as seen | log(nH2)= 4 log(NCO)= 18.5 TK= 30
in F10214+4724 (Downes et al. 1995) or the Cloverleaf (Bar- L e
vainis et al. 1997). These temperatures were increased at high_ o
redshift, to take into account the hotter cosmic background: L%i |
deed the dust is heated above the background temperature-by
the UV and visible light coming from the stars. Assuming thé&
same star-formation rate for the clouds, and the same fractien
of the star light reprocessed by the optically thin dust, with an C\\l
opacity varying as\"?, the quantityl'y,,., — 75, is fixed. This
means that the difference between the energy re-radiated by
the dust & 77,.,), and the energy received from the cosmic -
background by the dust( T}, ) is always the same. Thisis the |
energy flux coming from the stars. We assume that the density
is so high that the gas is heated efficiently by the dust;Zang Lower J level

= Tig (Whl_Cr; rgaxm;ilses tgg Ill'ne ;:UX)- -|;h'5 C%ndltlon m'?g g 1. Relative populations of the CO molecules, for the hot core (up-
not be satisfied, and our Ine fluxes from the gas cou ) and warm cloud (bottom) components. The 8 curves correspond

somewhat optimistic (however not by a large factor). The cqf redshifts= 0.1, 1, 2, 3, 5, 10, 20, 30. The values®t indicated
responding temperatures as a function of redshift are displayggl for .= 0 (see TablE]2), and they do not vary up:te 5. The full

in Table[2. We have also varied this condition, to take into agarves are the actual distributions, and the dotted curves correspond to
count other dust properties: in some dust infra-red spectra, the LTE ones, at the correspondifig (cf Table 2). The 5 first dotted
opacity dependence with frequency has a lower power tHancurves are superposed (saffig), and the two last ones E 20 and
(sometimes/*® or v); also the dust could be completely opti30) are coinciding with their corresponding full curves.

cally thick, so that the quantity’;, ., — T, is conserved. This

relation gives the maximum possible temperatures, and the re- 2kT4
sults are discussed below. With these two simple models, r%e: A2
dust temperatures are bracketed.

—
\

Qg 2

. . hereQ)s is the angular size of the source.
We compute the relative populations of the CO moIech\el The emission from individual clouds are summed directly,

levels in each component with the LVG approximation (usin long as their total filling factor (i.e. the product of the surface

17 levels); tre;;:lts a;]e d'dSprI]fa]}t'eg]m m? 1| Ifor ?aCh teer:peratlérﬁd velocity filling factor for the lines, or only the surface filling
component. At each redsnift, the actual Ievel populations glg, ¢, he continuum) is smaller than 1. When the total filling

plotted as a full line, and the LTE distribution as a dotted Iinr%1 : . : .
. . . factor is larger than 1, the overlapping of clouds is taken into
for comparison. At high temperature, the full and dotted lines g bpIng

O L e ccount, and the opacity is increased on each line of sight by
coincide. From these distributions, excitation temperafiitgs this factor. This takes into account the overcrowding and self-

aqd opacities ca.n.be derived for each CO line, and summe sorption of the cloud population. We computed the equivalent
with the relevantfilling factors for the two components.Antenn&O to Hy conversion factor in this model, for the CO(1-0) flux
temperatures are obtained through atz = 0.1: itis X= 5 10? mol/K/km.s~. At higher redshift, X

Ta = [f(Tex) = f(Tog)][1 — exp(=T)] 1y increases, since the gas is hotter and the emission comes out in
’ g higher-J lines than CO(1-0); itis 9 1 atz = 5 and 280 1&°
wheref(T) = 22 (exp(1%) — 1)~*. The flux is then atz = 30.
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[log(nH2)= 3  log(NCO)= 20.5 TK= 50

2.2. An homogeneous sphere model

We also computed a quite different model of the molecular gas

in starburst, a homogeneous sphere model. This is motivated by

the consideration that the tidal forces and star formation energy =

could be so high in the center as to disrupt molecular clouc@

The CO to H conversion factor could then be quite different="

from the standard one, based on a collection of virialised clouds.

The total mass and size is the same in this model:'8 M, °© C\f =

and 1 kpc diameter. The unique temperature is chosentqgbe T

=50K. Since the surface density of the homogeneous source is

3.5 10** cm~2, the dust is optically thick for wavelengths<

150m, and the emission of the central molecular region can be ? - <

approximately modelled by a black-body (e.g. Solomon etal. © 5 10 15

1997). The average density is howeve? t5h—3, not enough

to reach LTE even in the low levels. The LVG model yields

in this case an excitation temperature approactipgor the Fig.2. Same as Figl1, for the homogeneous sphere modély at

first CO levels, then decreasing to a minimum, that could B8, atz = 0. The 6 first dotted curves are superposed (s&rk

3 times below, and increasing slightly for the highest Ieve@d the two_ last oneg & 20 and 30) are almost coinciding with their
. : - orresponding full curves.

(this translates into oscillations of the flux versus Wavelengt%,

as shown in Fig. 7 below). The equivalent CO tp¢dnversion

factor in this model, for the CO(1-0) flux at= 0.1, is now X= ' This results for instance in clumps of 0.1pc size for instance, in
3.7 16° mol/K/km.s™! (5.1 10 atz =5and 370 1& atz = the T = 60 Kmodel of Barvainis et al. (1997), that completely
30). cover the source surface (with a low volume filling factor). To

It must be noted that the homogeneous gas model minimiggach a diffuse homogeneous sphere, the temperature should be
the optical depth of the CO lines, at a given velocity, since bofirger than T = 300K (but then the expected dust emission is
the spatial and velocity filling factors are 1, and consequentgo large).
it should maximise the amount of CO emission per gas mass. In our standard two-component clumpy model, the léw-

However, since the corresponding density is then small (hgiiges are highly optically thick€ > 100), and their relative
10° cm~?), the rotational levels are not excited td @s high as intensities are in the Rayleigh-Jeans ratio. We explore the opti-

in the two-component clumpy model, and the excitation tergally thin cases in Sect. 4, and in particular study the evolution
perature is less than the kinetic temperature (cf[Fig. 2). Thifthe continuum-to-line ratio.

reduces the efficiency of the CO lines emission. One way to
have a better emissivity is to enlarge the starburst region tq a lodi
size of several kpc, but this is not likely to occur, given the oty Cosmological model

servations of ultra-luminous galaxies at low redshift, and th®r very distant £ > 1) objects, the luminosity and angular

huge star formation rate then required. size distances are significantly different (cf examples in[Big. 3).
In summary, the clumpy and homogeneous models are tyie parametrize as usual the cosmological model by the Hubble

extreme simple models that help us to explore the large rangstant, (here fixed to 75 kms'/Mpc), and the deceleration

of cloud distribution possibilities. parameteq,. We choose two valueg= 0.1 and 0.5 to illustrate
The principal way to optimize CO lines emissivity is tur computations here, corresponding respectively to an open

assume that they are never highly optically thick, as assumg@glverse, and to a critical (Einstein-deSitter model) flat one, for

by Barvainis et al. (1997). In their first interpretation of the CQ zero cosmological constant (since in this cage 2 ¢,). Fora

lines from the Cloverleaf, Barvainis et al. (1994) derived an Hnatter-dominated Friedmann universe, the luminosity distance

mass of 4 16' M, (uncorrected for magnification), about aryf an object at redshitt is (e.g. Weinberg 1972):

order of magnitude larger than in Barvainis et al. (1997). In the

latter work, the authors claim that the optical depth of the CD, = —° 5 |:qu +(qo—1) (_1 +\/2qoz + 1)} (3)

lines cannot be much larger than 1, since the CO line ratios 090

between the (3-2), (4-3), (5-4) and (7-6) lines would then Baq the angular size distance:

Rayleigh-Jeans (in?), which is not confirmed by observations.

However, the various rotational lines might not come from thB4 = (1 + Z)_2DL 4)

same area, and their relative magnification ratios are unknown. - ) i .

This prevents a definite conclusion about the optical depth of th& €N be seenin Figl 3, the latter is decreasing wath soon as

lines. Let us note that the low-optical depth models are rattier” 2 1-€- the apparent diameter of objects increase wittis

contrived, since to have a high enough excitation, the densfi@y 9ive the spurious impression that sources at high redshift

must be substantial, while the column density must be kept Io){/ll P& more easy to detect; in fact the measured integrated flux

decreases aB?. It is interesting to introduce the correction

Lower J level
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generation mm instruments, it will be possible to begin to re-
solve the emission only for the best possible resolution’{0.1
and for very large redshifts, if however there is enough sensi-

tivity.

At the present time, galaxies are detected in the optical up
to z = 6 only. At this epoch, the age of the universe is about
5% of its age, or 18 yrs in a standard flat model. For larger
redshifts, it is likely that the total amount of cumulated star
formation is not a significant fraction of the total (e.g. Madau
et al. 1996). However, it is of overwhelming interest to trace
P the first star-forming structures, as early as possible to constrain
2o L Pt 7 theories of galaxy formation. At the recombination of matter, at

, ol ] z ~ 1000, the first structures to become unstable have masses
L7 ] between 10 and 16 M., and atz ~ 30, it is possible that
ol e 1 some structures of 16-10'* M, become in turn non linear,
. ] according to models, so we have computed our estimations until
7 0.5 ] such extreme redshifts-(30), even if such massive objects are

not likely to be numerous so early.

500 |

Fig. 3. Angular size distancel{4), luminosity distancelp,) and cor-
rection factorF, = (£££2)2 for two values ofyo (0.5 full line, 0.1
dashed line).

4, Results and discussion

4.1. The standard clumpy model

(5)

The computed flux in the CO lines (not integrated in frequency)
factor F,, which is the square of the ratio of the luminosityOr the two-component cloud model is shown in Eig. 4 for the 8
distance to the extrapolation of the low-redshift distance formuf@!ues of the redshift considered. The two temperature contri-
cz/H, (see for instance Gordon et al. 1992): butions can be seen clearly, although they tend to merge at high
redshift. The effect of the assumption on the gas temperatures
DrHy\? can be seen by comparison with Fify. 5, which maximises the
P = (CZ) gas temperatures. We can see at once that the largest sensitivity
for CO detection is around the lines CO(6-5) or CO(5-4) for
This correction factor is also plotted in Fig. 3, and is varying ajhe redshift up to: = 5. At larger redshifts, the higher lines
most as for go = 0.1. This means that for a given intrinsic Iumico(15_14) or CO(14-13) will be the best choice, in the 3-5mm
nosity, this factor makes it more and more difficult to detect ogpmain.
jeCtS at h|gh redshift. The Only favorable factor in the millimetric The first effect to notice is the Strong negative K-correction
domain is what s usually called “a negative K-correctliive.  in the dust emission, which makes its detection even more easy at
that the flux of the object increases with the frequendgster . =5or 1. For a fixed wavelength range, for instance at 3mm, we
thanv? in the wavelength domain considered, and therefore thale that the various redshift curves of Eig. 4 are almost touching
its apparent |Umin05ity could increase with redshift. This is OGach Other, or are evenreversed. However, the effect is much
curing for the dust emission from starbursts, which peaks in th@yre favorable for continuum detection. For CO lines, we see
60—-100um region, and is progressively redshifted in the subnore precisely that there is a factor 3 in flux between these two
millimeter and millimeter domain, where it is as easy to detegddshifts ¢ =1 and 5) for a given, and therefore that ten times
objects at: = 5 thanz = 1 (Blain & Longair 1993, McMahon more integration time is required to detect the same objeets at
etal. 1994, Omont et al. 1996b, Hughes et al. 1998). = 5 with respect ta = 1. This difference between the lines and
To estimate detection capabilities, we will consider onlyontinuum comes from the fact that the lines are highly optically
point sources, for the sake of simplicity. At= 2, a beamwidth  thick atlong wavelengths: the right side ofthe curves in[Big. 4 for
of 1”, reached already by present mm interferometers, encome lines go as\ 2 (the Rayleigh Jeans approximation), while
passes about 7 kpc, which is much larger than the area of defs€ne continuum, they go as 4, due to the dust opacity ir?,
and excited molecular gas in a starburst. With the foreseen ngi the fact that at low redshift and at these long wavelengths
1 The term of K correction may appear confusing; it has been ustehde dust is optically thin. The_K-.Cor.rl_ac,ttlon advantage Is then
for the first time by Wirtz in 1918, for “Kosmologie” to determinem_UCh Stronger for the dust emission, Itis even optimum _at very
the distance-redshift law; Hubble (1929) called also K (after Wirtzlgl,Igh redshift ¢ = 10 to 30)'_ since the maX|mum dqst em|s§|on
law) his now famous constant, and Oke & Sandage (1968) quantiftn enters the mm domain, and begins to be optically thick.
what they called the K-correction, the combined effet of the changing Fig[4 demonstrates that it is easier to detect the dust emis-
A domain (if the spectrum of the object is not flat), and the reduc&ipn of starbursts at >10 than at = 5, at 1mm, and therefore it
M-interval observed at high redshift, given a photometry band. should be possible to detect them with today instruments. How-
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Fig. 4. Expected flux for the two-component cloud model, for variouBig. 5. Same as Fi]4, but witfi}, ., — Tg*g conserved, as for an opti-
redshiftsz = 0.1, 1, 2, 3, 5, 10, 20, 30, and = 0.5. Top are the CO cally thick medium (see text for details).
lines, materialised each by a circle. Bottom is the continuum emission

from dust. It has been assumed here tht,, — 77, is conserved.
A question that could be asked is whether the hotter cosmic

background at high helps in the detection of the CO lines. Itcan

be seen on the relative populations of CO levels (Big. 1) that the
ever all these estimates were computedgfpr 0.5. Forgy = density and column-densities we adopted for starburst objects
0.1, the fluxes are smaller at high redshift, as indicated i Fig.d@e always high enough to excite the levels nearly thermally

A second obvious point to note, as far as the detection of G@lmost LTE). The effect of going to high redshift does not play

lines at highz is concerned, is that the maximum of emissionn excitation directly, but on the absolute temperature of the
is always at longer wavelengths than for the continuum (notigas. The same effect occurs for the dust emission: temperatures
the different) scales in Fid.}4). In the case of the CO linesare higher at high redshift, for the same star formation rate. But
the emission peaks at a frequency lower by almost a factothis does not helfn fine on the detected flux level, since the
than in the case of the continuum. This is easy to understantserved flux takes into account the subtraction of the black-
since itis the energy of the upper levebf the transition which body emission itself (cf Eq. (1)) which is also higher at high
corresponds to the gas temperature; this energy is proportiofia¢ net effect for lines is even negative, as shown in[Fig. 4: the
to J(J 4 1). The energy of the transition is only a fraction of ithigh- curves drop down from the general tendency at lower
proportional t®.J. Between the two, the ratio is almost a factoredshift. This effect is generally ignored when such estimations
5, in the case of the CO molecule, excited at a temperature ofire done, and this is justified for redshift5 (e.g. Guiderdoni
90 K. The two peaks will be much closer for molecules of highet al. 1998). Very often, for quick estimations, the curves of
rotational energy, such as,B for instance, but their lines areemission for a given object are simply redshifted (translated
expected to be much weaker and not as favorable for detectimrog-log plots) to estimate the K-correction (e.g. Norman &
(because of clumpiness and high optical depth). Braun 1996, Israel & van der Werf 1996).
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. Fig. 7. Same as Fil4, but for the integrated flyix5, dv, more relevant
for detection.
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Fig. 6. Same as Fidl4, but wity, = 0.1.

One can also take into account that it is thiegratedflux Log A
whichisrelevantto detectaline, since smoothing proportionally
tothe line width increases the signal-to-noise. Because the width —————————
of the line (at constam\ V) is proportional to the frequenay,
detection at high frequencies is then favored, as shown ifFig. 7. ¥ [

obs (mm)

4.2. The homogeneous model
m —
In the case of the homogeneous sphere model, even though ghe Y g R }.\

CO to H, conversion factor is similar for the CO(1-0) line, ourg: - /S S 1
expectation to detect such objects at higis-much less opti- Y /! N
mistic, because of the lower common temperature, and the low@r © [ ’ ~~
excitation of the gas, which is now at low average density. The | / '
lines are significantly excited only up to the CO(6-5), and this 1! P
reduces the flux at high redshift, foer= 20 and 30 (see Figl 8). C‘Iz PRI P S VS
The dust emission is also considerably reduced at high redshift. —=< -1

Let us note that such low dust temperaturesbQ K) are rel- Log A
evant for a fraction of high- sources such as BR1202-0725

(Benford et al. 1999), but not for others such as F10214+472#4y. 8. Same as Fifl4, but with the homogeneous sphere model, with
(Downes et al. 1995), the Cloverleaf (Barvainis et al. 1997), &k = 50 K. The non monotonous behaviour is due to excitation far from
APMO08279+5255 (Downes et al. 1999). LTE (see Sect.2.2)

ux (mJy)

(mm)
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4.3. Less optically thick models 10 ———— S ‘

F standard model, —4 ___
The standard two-component clumpy model is optically thick | /,/fffﬁ’:;,;:@«
in most CO lines. The optical depth comes essentially from the | //Myé;/;/”” —6
depth of the cloud components themselves, but also from the 8 F---~" _.=="~ P
overlap of the clouds, at a given velocity. As can be seeninta- ¥~~~ -~ _-__--=—— 8 7

r
ble[2, the overlap amounts g f,, = 3 for the warm component. 8\ I* LR ';; ===
It is therefore possible to have nearly the same CO emiss@n ¢ -
for about 3 times less gas mass, at least for the.Idimes. The =
high-J line emission is provided mainly by the core componeng’
for which there is no overlapf( f, = 0.03). There is no signif- . =
icant absorption of the core emission by the warm component ] _
either, since at the high frequencies of the main core contribu- ;Fm
tion, the warm component is optically thin. Therefore, dividing 5
the total B mass by 3, without modifying the cloud structure, oL . . . . + . . . ., + . . . , |
will result in about the same low-line emission, but 3-times 0 10 20 30
less highJ emission. The continuum emission will also not be z
simply divided by 3 (since the dust > 1 for A < 200 um), Fig. 9. Luminosity ratio between the total Far infrared (FIR) dust emis-
but its spectrum will change shape. It is interesting to plot th#on and the total integrated CO line emission (full lines), or only the
continuum-to-line ratio for the various cases. In Elg. 9, we plattegrated CO(1-0) emission (dashed lines), as a function of redshift.
both the total dimensionlessizr/L oo ratio, where lgp isin-  The lines are labeled by the log of CG/ldbundance ratio (-4 for the
tegrated over all lines, and the-k.z/L;_, ratio, when only the standard n_10de|). The dotted lines indicate the result of dividing the
CO(1-0) line is taken into account, as is done observationaﬂ?s mass in the standard model by 3 (labeled M/3). The d_ash-dotte_d
(e.g. Solomon et al. 1997). We can see that both ratios increld&g> correspond to the homogeneous model (labeled h), displayed in
with redshift, which confirms the fact that the continuum wil 1g. 8. The ratio for the 3_7 uItra—Iumanl_Js infrared galaxies observed
. . . y Solomon et al. (1997) is marked as filled squares.
be easier to detect at highthan the CO lines. The two cases,
with 6 and 2 18° M, of gas have not very differentd; r/Lco
ratios (although the k;r/L ;1 ratio shows a marked effect, atk-correction advantage for the continuum, due to the lower
low redshift). opacity of dust. However, the detection of CO lines brings a
Another obvious way to change the optical depth, witholst of complementary information, involving the redshift, the
changing the cloud structure, is to change the metallicity, afide-widths and the kinematics of the gas. Also the line detec-
consequently the CO and dust abundances. It is quite naturai®® suppresses the problems of confusion of sources, that can
keep the cloud structures (and their highdénsity) for starburst affect the continuum surveys with single dishes.
objects; lower densities will not be able to excite the higBO We remark that we do not retrieve the surprising result of
lines, penalizing detectability at high It is, however, likely Silk & Spaans (1997), that the CO lines are even easier to detect
that gas at high is less enriched in metals and dust. We haw@an the continuum at very high redshift. From our results, the
varied the CO/H abundance ratio from 1@ in the standard continuum-to-line flux ratio increases with redshift whatever the
model to 10°® by factors of 10, keeping the total gas mass atfiodel and the optical thickness. In Fig. 2 from Silk & Spaans
10'° M,. Fig.[@ summarizes the results. For lower metallicitie$1997), the maximum line flux for the CO lines does not vary
since both CO lines and dust are then entirely optically thin, tegynificantly with redshift from 5 to 30, while we have in all
continuum-to-line ratio reaches a constant value, independeages a variation as large as (1#Z) in the same ran&.
of total mass. It is nearly two orders of magnitude lower than
in the standard model. Note that our models bracket the range i )
of observed values. The standard model has a high ratio, du8-t&€tection per spectives
its high gas mass, and high dust temperature (the ratio variegygt have computed, for both line and continuum, the integra-
least as , and even more for moderate optical thickness).  tion time required to detect a high-redshift object, with the best
The resulting spectra for the optically thin model, witfhossible CO line, or the best continuum frequency. These are
CO/H, =107°, are plotted in Fid. 0. The same behaviour as@splayed in TableE] 3 ard 4. A signal-to-noise ratio of a factor 5
function of redshift is observed, although the fluxes are lowefas been assumed on the continuum Syxand these estima-

mainly in continuum. tions have been done for the two-component model of[Fig. 4.
Forthe line, the signal-to-noise ratio adopted is 3 when the noise
4.4. Conclusion is smoothed over 30 kns width, or 9 when smoothed over the

whole line width (300 kms'). Since the sub-mm and mm do-
In summary, we can see that the probability to detect objects at
very high redshift is much larger in the continuum dust emis-° We can note that they do not take into account the overlapping of

sion than in the CO lines. This is essentially due to a strong%?Uds on the line of sight, but this is in our model a factor 3 only, and
cannot account for the facter 60 discrepancy.
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Fig. 11. System temperature as a function of frequency adopted for
the LSA/MMA instrument. Dash curve: actual expecteg T corre-
sponding to a receiver temperature equal tas&hoperating in full

' SSB mode, with Imm height of water, temperatutré altitude 5 km);

Full curve: second-order polynomial fit

project, a configuration of 64 antennae of 12m has been adopted
(providing a collecting surface of 7200%mn The expected sur-
1 face efficiency of telescopes and their altitudes are also taken
into account. Fid. 1 shows how the 2nd-order polynomial fit
corresponds to the lower envelope of the expectggl Tor
s the LSA/MMA. For the continuum, the flux is smoothed over

1 0.5 and 4 GHz for the IRAM and LSA/MMA interferometers
respectively, and 0.1 for bolometers. The sensitivity figures

Log Flux (mly)

Log hobs (mm) given in Tabld % for the continuum receivers have been taken
Fig. 10. Same as Fig]4, but for one optically thin model, with C@/Hfrom Holland et al. (1998) for JCMT-Scuba, and from Glenn et
=1076. al. (1998) for Bolocam. All estimates have been done assuming

point sources.

The results in Tabldd 3 and 4 are of course only orders of
main is in fact punctuated by transparent atmospheric windomggnitude, since they depend on the starburst model, and also
and opaque broad regions, due tg &d H,O, some partic- the technical performances of planned instruments are only ex-
ular redshifts will be severely disfavored, as for the CO lingsapolated. But they give already a good insight in what will be
detection. We have not taken into account such a complex ffeasible in the next decade. The continuum sources are already
quency dependence in our estimations, but on the contrary, detectable with present instruments at all redshifts. Large in-
have kept only the upper envelope of atmospheric transmissterferometers will be necessary to reduce the confusion level,
all over the domain (in Tablgl 3, we have however avoided é&md map the sources. The CO lines are presently not detectable
estimate integration times exactly at the center of atmosphegsily at redshifts larger than 1. The few detections already pub-
lines). The final estimations are therefore valid statistically ftished at high- owe their detection to the high magnification
a big sample of sources, but can be wrong for a given object factor provided by a gravitational lens, or to exceptionally mas-
which the best CO lines fall in an opaque atmospheric regiaive objects. For instance, the actual integrated intensity of BR
This is not as severe for continuum detections. 1335-0414, 2.8 0.3Jykms! at z = 4.4, Guilloteau et al.

For presently operating telescopes, the system temperatl®87) is a factor 9 larger than our standard model at 5, at
is taken from well known measurements between 1 and 3mBmm. With the future instruments, they will be detectable easily
andthen extrapolated as a second order polynomial infrequengytoz = 10 and may be larger, if huge starbursts exist there. At
For planned instruments, the large foreseen improvement in re< 5, it will be possible to detect CO lines from more normal
ceivers is taken into account (about a factor 4 in system tegalaxies, and to tackle star formation in those very young galax-
peratures, and therefore noise power, cf Guilloteau, 1996). Thds. More exotic lines, such as CS, HCN, or evex®Hwill then
corresponds to receiver temperatures of the order of %, be available to explore the physics of the interstellar medium
and SSB mode (at least 20 dB rejection). For the LSA-MMANd star formation in more detail.
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Table 3. Smallest integration time to detect CO lines, (with optimuin GHz)

Present Receivers Future Receivers
z IRAM-30m IRAM-PdB GBT-100m LMT-50m LSA-MMA
0.1 3mn (209) 1mn (209) 0.4s (105) 1.5s (209) 0.04s (209)
1 36h (230) 16h (230) 4mn (115) 15mn (230) 22s (230)
2 180h (230) 70h (230) 8mn (115) 1h15 (230) 2mn (230)
3 210h (144) 86h (144) 13mn (115) 1h15 (144) 2mn (144)
5 36d (115) 14d (115) 1h (115) 10h (115) 15mn (115)
10 - - 13h (115) 5d (146) 3h (146)
20 - - 90h (77) - 28h (77)
30 - - 54d (52) - 15d (52?)

The time is estimated to have a 8etection of the fluxS,, smoothed to 30 km&
(one tenth of the profile width of 300 km'$), equivalent to a 8 detection, smoothed to 300 km’s
For all future receiverss, s has been computed assumifig. = 2 hv/k, and 1mm height of water

Table 4. Smallest integration time to detect dust continuum ¢atith optimuma in zm)

Present Receivers Future Receivers

z IRAM-30m JCMT-Scuba CSO-Bolocam LMT-Bolocam LSA-MMA
0.1 6mn (1250) 25s (350) 50s (1100) 0.1s (1100) 36ms (850)
1 6.7h (1250) 1h (450) 55mn (1100) 6s (1100) 2.7s (850)

2 3.9h (1250) 52mn (850) 35mn (1100) 4s (1100) 1.8s (850)

3 2.2h (1250) 38mn (850) 20mn (1100) 2.3s (1100) 1.5s (850)

5 1.1h (1250) 22mn (850) 10mn (1100) 1.2s (1100) 0.9s (1250)
10 24mn (1250) 9mn (850) 4mn (1100) 0.5s (1100) 0.3s (1250)
20 13mn (1250) 19mn (850) 3mn (1100) 0.4s (1100) 0.15s (1250)
30 44mn (1250) 1.2h (1350) 16mn (1100) 1.8s (1100) 0.6s (1250)

The following sensitivities were used, for one second integration time: 50mJy (IRAM-30m aj:&250
1200, 530, 80 and 60mJy (JCMT-Scuba, at 350, 450, 850 and IrB3@spectively);

30mJy (CSO-Bolocam at 11Q0n); 1.3mJy (LMT-Bolocam at 1100m);

2 and 0.7 mJy (LSA-MMA at 850 and 12%0n, respectively)
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