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Abstract. The study of high-redshift objects is rapidly developing, allowing to build the star forma-
tion history of the Universe. Since most of the flux from starbursts comes out in the FIR region, the
submm and mm are privileged domains for the exploration at highz. I review the recent work on
galaxies at high redshift in this wavelength region, for the continuum as well as for the line detection
(dust and molecular gas). Perspectives are discussed to detect early objects (maybe protogalaxies)
with the future large millimeter instruments.

1. Introduction

Considerable progress has been made in our knowledge of galaxy evolution from
the faint galaxy studies made possible by HST deep imaging, ground-based spec-
troscopy, and wide faint galaxy surveys (e.g., Ellis, 1998; Steidelet al., 1996;
Shadeet al., 1996). This progress has been led by the optical domain, but crucial
information came also from the far-infrared and millimeter domains: the cosmic
IR and submm background radiation discovered by COBE (e.g., Pugetet al., 1996;
Hauseret al., 1998) yields an insight on the global past star-formation of the Uni-
verse, and the sources discovered at high redshift in the millimeter continuum and
lines yield information on the structure of the past starbursts (Smailet al., 1997;
Guilloteauet al., 1999). From all these data, a global view of star formation as a
function of lookback time has been derived (e.g., Madauet al., 1996; Glazebrooket
al., 1999), which still is submitted to big uncertainties, especially at high redshift.
In particular, it is possible that the optically derived star formation rate is under-
estimated, due to dust obscuration, and that only infrared/submm surveys could
give the correct information (Guiderdoniet al., 1997).

This review focus on the dust and molecular content of galaxies, as a way to
trace the evolution of star formation, and to detect the location of starbursts as a
function of redshift. First the present state of knowledge is detailed, concerning
CO emission lines as well as dust continuum, and their interpretation is discussed
(respective role of starburst and AGN for instance). Then perspectives are drawn
concerning the future surveys that will be conducted with the next generation of
millimeter instruments.
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2. Detection of Molecular Gas at High Redshift

2.1. EMISSION LINES

The detection of high-redhifted (z > 2) millimeter CO lines in the hyperluminous
object IRAS 10214+4724 (z = 2.28, Brown and Vanden Bout, 1992; Solomonet
al., 1992), has opened a new way of research to tackle the star formation history
of the Universe. Although the object turned out to be highly gravitationally amp-
lified, it revealed however that galaxies at this epoch could have large amounts of
molecular gas, excited by an important starburst, and sufficiently metal-enriched
to emit detectable CO emission lines. The latter bring fundamental information
about the cold gas component in high-z objects and therefore about the physical
conditions of the formation of galaxies and the first generations of stars. At high
enough redshifts, most of the galaxy mass could be molecular. The main problem
to detect this molecular component could be its low metallicity, but theoretical
calculations have shown that in a violent starburst, the metallicity could reach solar
values very quickly (Elbazet al., 1992).

After the first discovery, many searches for other candidates took place, but
they were harder than expected, and only a few, often gravitationally amplified,
objects have been detected: the lensed Cloverleaf quasar H 1413+117 atz = 2.558
(Barvainiset al., 1994), the lensed radiogalaxy MG0414+0534 atz = 2.639 (Bar-
vainis et al., 1998), the possibly magnified object BR1202-0725 atz = 4.69
(Ohtaet al., 1996; Omontet al., 1996a), the amplified submillimeter-selected hy-
perluminous galaxies SMM02399-0136 atz = 2.808 (Frayeret al., 1998), and
SMM 14011+0252 at 2.565 (Frayeret al., 1999), and the magnified BAL quasar
APM08279+5255, atz = 3.911, where the gas temperature derived from the
CO lines is∼ 200 K, maybe excited by the quasar (Downeset al., 1999a). Re-
cently Scovilleet al. (1997b) reported the detection of the first non-lensed object
at z = 2.394, the weak radio galaxy 53W002, and Guilloteauet al. (1997) the
radio-quiet quasar BRI 1335-0417, atz = 4.407, which has no direct indication
of lensing. If the non-amplification is confirmed, these objects would contain the
largest molecular contents known (8−10·1010M� with a standard CO/H2 conver-
sion ratio, and even more if the metallicity is low). The derived molecular masses
are so high that H2 would constitute between 30 to 80% of the total dynamical
mass (according to the unknown inclination), if the standard CO/H2 conversion
ratio was adopted. The application of this conversion ratio is however doubtful,
and it is possible that the involved H2 masses are 3–4 times lower (Solomonet al.,
1997).

The CO line detections at highz up to now are summarized in Table I, and the
molecular masses as a function of redshift are displayed in Figure 1. It is clear
from this figure that our present sensitivity prevents detection of CO lines above
a redshift of 0.4, unless the objects are lensed; but this will rapidly change with
the new millimeter instruments planned over the world (the Green-Bank-100m
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Figure 1. H2 masses for the CO-detected objects at high redshift (stars), compared to the ul-
tra-luminous-IR sample of Solomonet al. (1997, open pentagons), to the Coma supercluster sample
from Casoliet al. (1996, filled triangles), and to the quasar 3c48, marked as a filled dot (Scoville
et al., 1993; Winket al., 1997). The curve indicates the 3σ detection limit of I(CO) = 1 K km s−1

at the IRAM-30m telescope (equivalent to an rms of 1mK, with an assumed1V = 300 km s−1).
This concerns the detection of the CO(1–0) line only, while at higher redshift, the detection might be
much easier at higher rotational levels, when they are excited, as is shown in Section 4. The points at
high z can be detected well below the sensitivity limit, since they are gravitationally amplified.

of NRAO, the LMT-50m of UMass-INAOE, the ALMA (Europe/USA) and the
LMSA (Japan) interferometers). It is therefore interesting to predict with simple
models the detection capabilities, as a function of redshift, metallicity or physical
conditions in the high-z objects. In particular, it would be highly interesting to
detect not only the few exceptional amplified monsters in the sky, but also the
widely spread normal galaxy population of the young universe. A previous study of
galaxies at very high redshift (up toz = 30) by Silk and Spaans (1997) concluded
that CO lines could be even more easy to detect than the continuum; The models
presented in Section 4 do not agree with this conclusion.

Today galaxies are detected in the optical up toz = 6, when the age of the
universe is about 5% of its present age, or 1010 yr in a standard flat universe 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., Madauet al., 1996). However, it is of
overwhelming interest to trace the first star-forming structures, as early as possible
to constrain theories of galaxy formation.
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TABLE I

CO data for high redshift objects

Source z CO S 1V MH2 Ref

line mJy km s−1 1010M�

F10214+4724 2.285 3–2 18 230 2∗ 1

53W002 2.394 3–2 3 540 7 2

H 1413+117 2.558 3–2 23 330 2–6∗ 3

SMM 14011+0252 2.565 3–2 13 200 5∗ 4

MG 0414+0534 2.639 3–2 4 580 5∗ 5

SMM 02399-0136 2.808 3–2 4 710 8∗ 6

6C1909+722 3.532 4–3 2 530 4.5 7

4C60.07 3.791 4–3 1.7 1000 8 7

APM 08279+5255 3.911 4–3 6 400 0.3∗ 8

BR 1335-0414 4.407 5–4 7 420 10 9

BR 0952-0115 4.434 5–4 4 230 0.3∗ 10

BR 1202-0725 4.690 5–4 8 320 10 11

∗ corrected for magnification, when estimated
Masses have been rescaled toH0 = 75 km s−1 Mpc−1. When multiple
images are resolved, the flux corresponds to their sum
(1) Solomonet al. (1992), Downeset al. (1995); (2) Scovilleet al. (1997b);
(3) Barvainiset al. (1994, 1997); (4) Frayeret al. (1999); (5) Barvainiset al.
(1998); (6) Frayeret al. (1998); (7) Papadopouloset al. (1999); (8) Downes
et al. (1999a); (9) Guilloteauet al. (1997); (10) Guilloteauet al. (1999); (11)
Omontet al. (1996a)

2.2. ABSORPTION LINES

Molecular absorption lines are also a powerful tool to study the interstellar medium
of galaxies at high redshift (e.g., Combes and Wiklind, 1996). A sample of the
molecular lines detected is shown in Figure 2.

These molecular absorption objects are the continuation at high column densit-
ies (1021− 1024 cm−2) of the whole spectrum of absorption systems, from the Lyα

forest (1012 − 1019 cm−2) to the damped Lyα and HI 21cm absorptions (1019 −
1021 cm−2). It is currently thought that the Lyα forest originates from gaseous
filaments in the extra–galactic medium, that the damped and HI absorptions involve
mainly the outer parts of spiral galaxies. The molecular absorptions concern the
central parts of galaxies. The properties of molecular absorptions detected in the
millimeter domain so far, are summarised in Table II.

The utility of molecular absorption lines comes from the high sensitivity. Due
to the small extent of the background continuum source, the signal is not diluted,
there is no distance dependence. Molecular absorption lines are as easy to detect at
z ≈ 1 as atz ≈ 5, provided the continuum sources exist. Then, direct opacity are
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Figure 2.Examples of molecular absorption lines detected in the millimeter range. Lines can be ex-
tremely narrow (below 1 km s−1) up to quite broad (100 km s−1). More than 20 different molecules
or transitions have been detected in one single absorption system. Here the continuum sources are
B3 1504+377 (Wiklind and Combes, 1996b), PKS 1830-211 (Wiklind and Combes, 1996a), PKS
1413+357 (Wiklind and Combes, 1997) and B0218+357 (Wiklind and Combes, 1995). The signal
has been normalised to the continuum level detected.

TABLE II

Properties of molecular absorption line systems in the mm

Source zaa zbe NCO NH2 NeHI A′c
V

NHI/NH2

cm−2 cm−2 cm−2

Cen-A 0.00184 0.0018 1.0 · 1016 2.0 · 1020 1.0 · 1020 50 0.5

3C 293 0.0446 0.0446≥ 3.0 · 1016 ≥ 6.0 · 1020 1.2 · 1021 – ≥ 0.5

PKS1413+357 0.24671 0.247 2.3 · 1016 4.6 · 1020 1.3 · 1021 2.0 2.8

B3 1504+377A 0.67335 0.673 6.0 · 1016 1.2 · 1021 2.4 · 1021 5.0 2.0

B3 1504+377B 0.67150 0.673 2.6 · 1016 5.2 · 1020 < 7 · 1020 <2 <1.4

B 0218+357 0.68466 0.94 2.0 · 1019 4.0 · 1023 4.0 · 1020 850 1· 10−3

PKS1830–211A 0.88582 2.51 2.0 · 1018 4.0 · 1022 5.0 · 1020 100 1· 10−2

PKS1830–211B 0.88489 2.51 1.0 · 1016d 2.0 · 1020 1.0 · 1021 1.8 5.0

PKS1830–211C 0.19267 2.51 < 6 · 1015 < 1 · 1020 2.5 · 1020 <0.2 >2.5

a Redshift of absorption line
b Redshift of background source
c Extinction corrected for redshift using a Galactic extinction law
d Estimated from the HCO+ column density of 1.3 · 1013 cm−2

e 21 cm HI data taken from Haschick and Baan (1985, 3C293) and Carilliet al. (1992, 1993,
1998)
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measured, and it is almost as easy to detect many high dipole molecules, (HCO+
or HCN) as CO.

About 15 different molecules have been detected in absorption at high redshifts,
in a total of 30 different transitions. This allows a detailed chemical study and
comparison with local clouds. Within the large dispersion in column densities,
and in molecular cloud properties, the high redshift systems do not appear to be
different from local ones, suggesting that the conditions for star formation are the
same up toz ∼ 1 as at the present.

A systematic survey for absorption lines has also been undertaken in front of
about a hundred continuum sources candidates, selected from flat–spectrum con-
tinuum sources. The continuum needs to be at least 0.2 Jy to allow detection of
intervening molecular gas. The redshift of the absorbing candidate is known, either
from previously detected HI absorption, or from optical lines emission. When the
continuum source is strong enough, at least 1 Jy, and no redshift is known, it is
possible to search for absorption lines by scanning in frequency (cf. Wiklind and
Combes, 1996a). This last method is the most promising with the new generation
millimeter instruments, that will gain an order of magnitude in sensitivity. Indeed,
the best candidates are the most obscured ones, where no redshift is available.

A lot more absorption systems could be found with the future instruments, at
faint continuum flux, since the number counts of quasars are a non-linear function
of flux and the local luminosity function is steep (see Peacock, 1985). However, the
flat-spectrum radio-loud quasars distribution is decreasing sharply atz > 3 (Shaver
et al., 1996), and this is not likely due to obscuration, since they are radio-selected
quasars. If quasars are associated to galaxy formation and interactions, this tends
to show that the decrease of star-formation rate beyondz = 3 is real and not an
extinction effect. The relative absence of strong continuum radio sources at high
redshift will not help the tracing of protogalaxies through absorption techniques.

3. Detection of Dust at High Redshift

3.1. SUBMM CONTINUUM SURVEYS

The spectral energy distribution (SED) of galaxies over the radio, mm and FIR
domains has a characteristic maximum around 60–100µm due to dust heated by
newly born stars, and the interstellar radiation field (see Figure 3). This maximum
depends on the dust temperature, and the curve is that of a grey-body, where the
optical thickness can be modelled by a power-law in frequency,τ ∝ νβ , where
β ∼ 1.5− 2, according to the nature of dust. In the Rayleigh-Jeans domain (fre-
quencies lower than the maximum), the flux increases almost asν4, and this creates
what is called a negative K-correction, i.e., it begins to be more easy to detect
objects at high redshift than low redshift, at a given frequency, and sky surveys
could be dominated by remote objects (see e.g., Blain and Longair, 1993, 1996).
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Figure 3.Spectral flux distribution for a typical ULIG starburst source in the radio and far-infrared,
for various redshiftsz = 0.1, 1, 3, 6, 10, 30, 60 (H0 = 75 km s−1 Mpc−1, q0 = 0.5). At right is
a synchrotron spectrum, in a power-law of slope –0.7, and left the emission from dust, modelled by
PAHs, very small grains and big grains, as in Désertet al. (1990) to fit the Milky Way data. It has
been assumed here that the dust properties are the same as in our Galaxy, and that the power of the
starburst is the same at any redshift, i.e.,T 6

dust− T 6
bg is conserved.

The source counts could be inverted in favor of high-redshift objects, if they exist
in equal numbers (not depopulated by strong evolution effects). The millimeter
domain becomes then a privileged tool to tackle galaxy formation.

In Figure 3, we see that at low frequency (lower than 100 GHz, or 3mm in
wavelength), the radio spectrum is due to synchrotron processes. There is a marked
flux minimum that can be used as a redshift indicator (e.g., Carilli and Yun, 1999;
Blain, 1999). Indeed, there is a well-known tight correlation between the syn-
chrotron radio power and the far-infrared emission in star-forming galaxies (Con-
don, 1992). This correlation is thought to arise because both FIR and non-thermal
radio emission are both directly proportionnal to recent star-formation (the FIR
being a good measure of massive stars luminosity, and the radio of the rate of
supernovae). However, thez-indicator is somewhat ambiguous, since there is a
degeneracy between increasing the redshift or decreasing the dust temperature.

The bulk of the high redshift galaxies presently known have been discovered
in optical. But these surveys could have missed dust-enshrouded starbursts, since
we now know that dust and high metallicity occur very early in the universe (cf.
the previous sections). Submm and FIR deep surveys are then the best strategy
to detect starbursting proto-galaxies, and many such works have been undertaken,
either with sensitive array-bolometers on single dishes (IRAM-30m, SCUBA on



412 F. COMBES

JCMT, . . . ) mm-interferometers, or with ISOPHOT and ISOCAM on board of ISO
satellite.

The first deep search was made with the SCUBA bolometer (Hollandet al.,
1999) towards a cluster of galaxies, thought to serve as a gravitational lens for
high-z galaxies behind (Smailet al., 1997). The amplification is in average a factor
2. This has the combined advantage to increase the sensitivity, and to reduce the
source confusion, since there should be little contamination from cluster galax-
ies (Blain, 1997). A large number of sources were found, all at large redshifts
(z > 1), extrapolated to 2000 sources per square degree (above 4 mJy), revealing
a large positive evolution with redshift, i.e., an increase of starbursting galaxies.
Searches toward the Hubble Deep Field-North (Hugheset al., 1998), and towards
the Lockman hole and SSA13 (Bargeret al., 1998), have also found a few sources,
allowing to derive a similar density of sources: 800 per square degree, above 3 mJy
at 850µm. This already can account for 50% of the cosmic infra-red background
(CIRB), that has been estimated by Pugetet al. (1996) and Hauseret al. (1998)
from COBE data. The photometric redshifts of these sources range between 1 and
3. Their identification with optical objects might be uncertain (Richards, 1999).
However, Hugheset al. (1998) claim that the star formation rate derived from the
far-infrared might be in some cases 10 times higher than derived from the optical,
due to the high extinction.

Ealeset al. (1999) surveyed some of the CFRS fields at 850µm with SCUBA
and found also that the sources can account for a significant fraction of the CIRB
background (∼ 30%). Their interpretation in terms of the star formation history is
however slightly different, in that they do not exclude that the submm luminosity
density could evolve in the same way as the UV one. Deep galaxy surveys at 7 and
15µm with ISOCAM also see an evolution with redshift of star-forming galaxies:
heavily extincted starbursts represent less than 1% of all galaxies, but 18% of the
star formation rate out toz = 1 (Floreset al., 1999).

Now that a few dozens of submm sources have been catalogued (Bargeret al.,
1999a; Smailet al., 1999), the count rates are confirmed, i.e.,∼ 1000 source per
square degree, above 3 mJy, at 850µm, and even 8000 above 1 mJy, from the
gravitationally amplified cluster fields (Blainet al., 1999a). The cumulative count
rate can be fitted by a power-law, above 2 mJy, with a slope of –2.2. The main
difficulty appears to be the identification of the submm sources with optical or
radio counterparts: the spatial resolution of the submm surveys are several arcsecs,
with sometimes systematic uncertainties, and some of the previous claimed identi-
fications have been reconsidered (e.g., Bargeret al., 1999b; Downeset al., 1999b).
Follow-up in the radio (CO lines) or near-infrared, or optical to find redshifts, are
much slower than the surveys themselves. At least 20% of the sources reveal an
AGN activity, and the bulk of the sources are at relatively low redshift 1< z < 3
(Bargeret al., 1999a).
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3.2. EXTREMELY RED OBJECTS, EROS

To search for primeval galaxies, already Elstonet al. (1988) had identified ex-
tremely red objects that are conspicuous only in the near-infrared, and haveR−K
colors larger than 5. The ERO class could include several categories of objects: es-
sentially old stellar populations at high redshift, or high-z dust-reddened starbursts
(Hu and Ridgway, 1994; Cowieet al., 1996). Maybe 10% of the submm sources
could be EROs (Smailet al., 1999). A proto-typical ERO atz = 1.44 (Deyet al.,
1999) has been detected in submm continuum (Cimattiet al., 1998), and has been
found to be an ultraluminous starburst shrouded by dust, with a star formation rate
of 200− 500M� per yr. The surface density of such EROs atK < 20 and color
R−K > 6 is about 500 per square degree, and forR−K > 7, about 50 per square
degree (which is comparable to the number of QSO withB < 21.5, Andreaniet
al., 1999). At least for the few objects known, the AGN cannot be the source of the
huge luminosity, given the FIR/radio ratio.

3.3. AGN OR STARBURSTS

For a long time, the highest redshift objects known were quasars, although now,
with higher sensitivities, the situation is reversed (e.g., Huet al., 1998). Surveys
have therefore been done in the millimeter continuum and lines for high-z quasars
(McMahonet al., 1994; Isaaket al., 1994; Omontet al., 1996a, 1996b; Guilloteau
et al., 1999). Results have shown that the far-infrared luminosities of many of
them are due to dust heated by a starburst, although the AGN activity is simul-
taneously present. But since the manifestations of the two nuclear activities (star-
burst or AGN) are in many cases similar, and are most of the time associated, it
has become a controversial question to disentangle the two interpretations. Ultra-
luminous starbursts take place over the few central 100 pc (Solomonet al., 1997),
and even pure AGN activities can be mimicked by radio supernovae (Boyle and
Terlevich, 1998). Genzelet al. (1998) from ISO mid-infrared diagrams concluded
that the ultra-luminous galaxies are powered at 30% from AGN and 70% from
star formation; a similar conclusion is suggested by Cooray and Haiman (1999)
for submm catalogued sources. McMahonet al. (1999) however suggest that a
much more significant fraction of submm sources, between 15 to 100%, could
be AGN-powered. Note that distinction criteria are hard to find (cf. Stein, 1995),
and even symbiotic starburst-black hole models are likely (Williamset al., 1999).
Discriminating between the two possibilities can have important consequences on
the star formation history of the Universe.

3.4. STAR FORMATION RATE

One of the breakthrough due to recent progress on faint galaxies has been the
inventory of the amount of star formation at every epoch (e.g., Madauet al., 1996).
The comoving star formation rate is increasing like(1+ z)4 from z = 0 to z = 1,
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and then decreases again to the same present value down toz = 5. But this relies on
the optical studies, i.e., on the UV-determined star forming rates in the rest-frame.
If early starbursts are dusty, this decrease could be changed into a plateau (Guider-
doni et al., 1997, 1998; Blainet al., 1999b). Since the AGN-starbursts nature of
the submm sources is still an open question, Trenthamet al. (1999) consider two
extreme possibilities: either the submm faint galaxies are all dusty starbursts, but
even then, they do not dominate the star formation rate in the Madau plot at any
redshift; or they are dusty AGN, and again they cannot represent more than a few
percents of the present density of dark objects, as inferred by Magorrianet al.
(1998).

4. Perspectives with Future mm Instruments

If progenitors of quasars or protogalaxies form at high redshifts (larger than 10),
then the millimeter domain is the best place to detect them (Loeb, 1993; Braine,
1995). Both continuum and line emission could be detected, provided enough sens-
itivity, with about 10 times more collecting surface as present ones (either with a
single dish, as the GBT-100m of NRAO, or with the ALMA interferometer). As
was clear in the previous sections, the detection of the submm continuum emission
from actively star-forming objects at high redshifts is much easier than the CO line
detection. The line emission does not have such a negativeK-correction, since in
the low frequency domain, the flux of the successive lines increases roughly as
ν2 (optically thick domain), instead ofν4 for the continuum. Nevertheless the line
emission is essential to study the nature of the object (the AGN-starburst connec-
tion for instance), and deduce more physics (kinematics, abundances, excitation,
etc.). Given the gas and dust temperatures, the maximum flux is always reached
at much lower frequencies than in the continuum, since the lines always reflect
the energy difference between two levels; this is an advantage, given the largest
atmospheric opacity at high frequencies.

4.1. PREDICTED LINE AND CONTINUUM FLUXES

The best tracer of molecular gas at large-scale is the CO molecule, the most abund-
ant after H2. All other molecules will give weaker signals. The fine-structure C II
line at 158µm, formed in PDR at the border of molecular clouds, is also thought to
be a useful tool for proto-galaxies or proto-quasars (Loeb, 1993), but it has revealed
disapointing in starbursts, or compact objects, due to optical thickness or ineffi-
ciency of gas heating (e.g., Malhotraet al., 1997): the LC II/LFIR ratio decreases as
LFIR/LB increases.

To model high-redshift starburst objects, let us extrapolate the properties of
more local ones: the active region is generally confined to a compact nuclear disk,
sub-kpc in size (Scovilleet al., 1997a; Solomonet al., 1990, 1997). The gas is
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much denser here than in average over a normal galaxy, of the order of 104 cm−3,
with clumps at least of 106 cm−3 to explain the data on high density tracers (HCN,
CS); large gas masses can pile up in the center, due to torques exerted in galaxy
interactions and mergers (e.g., Barnes and Hernquist, 1992, 1996). To schemat-
ize, the ISM maybe modelled by two density and temperature components, at 30
and 90 K (cf. Combeset al., 1999). The total molecular mass considered will be
6 · 1010 M� and the average column density N(H2) of 1024 cm−2, typical of the
Orion cloud center.

Going towards high redshift (z > 9), the temperature of the cosmic background
Tbg becomes of the same order as the interstellar dust temperature, and the excita-
tion of the gas by the background radiation competes with that of gas collisions. It
might then appear easier to detect the lines (Silk and Spaans, 1997), but this is not
the case when every effect is taken into account. To have an idea of the increase of
the dust temperature withz, the simplest assumption is to consider the same heating
power due to the starburst. At a stationary state, the dust must then radiate the same
energy in the far-infrared that it receives from the stars, and this is proportional to
the quantityT 6

dust− T 6
bg, if the dust is optically thin, and its opacity varies inνβ ,

with β = 2. Keeping this quantity constant means that the energy re-radiated by
the dust, proportional toT 6

dust, is always equal to the energy it received from the
cosmic background, proportional toT 6

bg, plus the constant energy flux coming from
the stars. Sinceβ can also be equal to 1 or 1.5, or the dust be optically thick, we
have also considered the possibility of keepingT 4

dust− T 4
bg constant; this does not

change fundamentally the results.
Computing the populations of the CO rotational levels with an LVG code, and

in the case of the two component models described earlier, the predictions of the
line and continuum intensities as a function of redshift and frequencies are plotted
in Figure 4.

When comparing these predictions with the present instrumental sensitivities,
it appears that the continuum is detectable at any redshift already, for an ultra-
luminous source, while the line emission has to await the order of magnitude
increase that will be provided by the next generation in the mm and sub-mm
domains. The recent reported detections (cf. Table I) have been possible because of
gravitational lens magnifications (or maybe for 1–2 cases, an exceptional object).

4.2. SOURCE COUNTS

To predict the number of sources that will become available with the future sens-
itivity, let us adopt a simple model of starburst formation, in the frame of the hier-
archical theory of galaxy formation. The cosmology adopted here is an Einstein-de
Sitter model,� = 1, with no cosmological constant, andH0 = 75 km s−1 Mpc−1,
q0 = 0.5. The number of mergers as a function of redshifts can be easily computed
through the Press-Schechter formalism (Press and Schechter, 1974), assuming self-
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Figure 4.Expected flux for the two-component cloud model, for various redshiftsz = 0.1, 1, 2, 3,
5, 10, 20, 30, andq0 = 0.5. Top are the CO lines, materialised each by a circle (they are joined by
a line only to guide the eye). Bottom is the continuum emission from dust. It has been assumed here
thatT 6

dust− T 6
bg is conserved (from Combeset al., 1999).
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similarity for the probability of dark halos merging (i.e., independent of mass, Blain
and Longair, 1993): the mass spectrum of bound objects is, at any redshiftz:

dN

dMPS

∝ M−2

(
M

M∗

)γ /2
exp

[
−
(
M

M∗

)γ]
whereγ = (3+ n)/3, andn the power-law slope of the primordial fluctuations

(n = −1 here, so thatγ = 2/3). The turn-off massM∗ is increasing with redshift
as:

M∗ ∝ (1+ z)−2/γ

Following Blainet al.(1999c), we also write the merger rate as a function ofM

andz under the form:

d

dt

dN

dMPS

+ φ dN

dMPS

(−2

γ

dz

dt (1+ z)
)

exp

[
(1− α)

(
M

M∗

)γ]
This shape (withφ = 1.7 andα = 1.4) has been chosen so that the merger rate

is the sum of the net evolution of the Press-Schechter distribution at any mass, plus
a specific term, indicating that the merger probability is maximum at equal masses,
and is exponentially vanishing at high mass (cf. Blain and Longair, 1993).

This gives the number of mergers at each epoch, but the efficiency of mergers
in terms of star-formation must also vary considerably with redshift, with a peak
at z ∼ 2, to agree with the observations (such as in Figure 5). Also, the integration
over all redshifts of the flux of all sources should agree with the cosmic infrared
background detected by COBE (Figure 5). These contribute to reduce the number
of free parameters of the modelling. To fit the source counts, however, another
parameter must be introduced which measures the rate of energy released in a
merger (or the life-time of the event): this rate must increase strongly with redshift
(cf. Blain et al., 1999c). Once the counts are made compatible with the submm
observations, the model indicates what must be the contributions of the various
redshift classes to the present counts (cf. Figure 5). It is interesting to note that the
intermediate redshifts dominate the counts (2< z < 5), if we allow the star form-
ation to begin beforez = 6. At higher dust temperature, the counts are dominated
by the highest redshifts (z > 5). But these contributions depend strongly on the
adopted shape of the star-forming efficiency versusz. Observations of these counts
and their redshift distribution will therefore bring a lot of insight in the physiscs of
early protogalaxies.

It is possible to derive also the source counts for the CO line emission. The
spectral energy distribution is now obtained with a comb-like function, represent-
ing the rotational ladder, convolved with a Planck distribution of temperature equal
to the dust temperature, assuming the lines optically thick. The frequency filling
factor is then proportional to the rotational number, and therefore to the redshift,
for a given observed frequency. The width of the lines have been assumed to be
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Figure 5. Top left:History of the star formation rate, adopted by the hierarchical model used here,
compared with observations. The point atz = 0 is from Gallegoet al. (1995), the 3 following ones
(full circles) from Floreset al. (1999), the empty circle from Yanet al. (1999), and the two high
redshift points (filled squares), from Pettiniet al. (1998).Top right: Predictions of the model for the
far-infrared cosmic background: the observations have been used to constrain the parameters of the
model. The filled triangles with a line joining them symbolise the spectrum derived by Pugetet al.
(1996) from COBE, the filled circles are from Hauseret al. (1998), and the filled square from Dwek
et al. (1998).Bottom left and right:Source counts predicted at 850µm and 2mm respectively: the
solid line is the total. Dash is the lowest redshifts (z < 2); Dot-dash, intermediate (2< z < 5);
Dots are the highest redshifts (z > 5). The emission from the dusty starbursts have been assumed a
grey-body at a temperature of 35 K, and an opacity varying asν2. The empty circles are data from
Blain et al.(2000), and the straight line is a fit to the data derived by Bargeret al.(1999a) at 850µm.

Figure 6. LeftSource counts for the CO lines at an observed frequency of 2 mm, assuming optically
thick gas at Tex = 35 K. Right Same forλ = 5 mm. The meanings of the line styles are as in
Figure 5.
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300 km s−1. The derived source numbers are shown in Figure 6. Note how they are
also dominated by the high redshift sources. It is however not useful to observe at
λ below 1mm for high-z protogalaxies, but instead to shift towardsλ = 1 cm.

5. Conclusion

If there were as many ultra-luminous starbursts atz = 1 than atz = 5, the
present sub-mm continuum surveys should have detected them (there might still
be identification problems, however). A good way to identify them is to search
for molecular lines, but the present instruments are not yet sensitive enough, when
they are not helped by gravitational lenses. With more than an order of magnitude
sensitivity that will be available in the next decade, it will become possible to detect
normal star-forming galaxies at high redshift, and even protogalaxies atz > 5.
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