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Abstract We discuss observations of the first galaxies,
within cosmic reionization, at centimeter and millimeter
wavelengths. We present a summary of current observations
of the host galaxies of the most distant QSOs (z ~ 6). These
observations reveal the gas, dust, and star formation in the
host galaxies on kpc-scales. These data imply an enriched
ISM in the QSO host galaxies within 1 Gyr of the big bang,
and are consistent with models of coeval supermassive black
hole and spheroidal galaxy formation in major mergers at
high redshift. Current instruments are limited to studying
truly pathologic objects at these redshifts, meaning hyper-
luminous infrared galaxies (Lpg ~ 1013L@). ALMA will
provide the one to two orders of magnitude improvement in
millimeter astronomy required to study normal star forming
galaxies (i.e. Ly-o emitters) at z ~ 6. ALMA will reveal,
at sub-kpc spatial resolution, the thermal gas and dust—the
fundamental fuel for star formation—in galaxies into cos-
mic reionization.
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1 Introduction: Cosmic reionization and the first
galaxies

Observations of the first generation of galaxies and super-
massive black holes (SMBH) provide the greatest leverage
into theories of cosmic structure formation, and are a prin-
ciple science driver for all future large area telescopes, from
meter to X-ray wavelengths. The recent discovery of the
Gunn-Peterson effect, i.e. Ly-o absorption by a partially
neutral intergalactic medium (IGM), toward the most distant
(z ~ 6) QSOs indicates that we have finally probed into the
near-edge of cosmic reionization (Fan et al. 2006a). Reion-
ization sets a fundamental benchmark in cosmic structure
formation, indicating the formation of the first luminous ob-
jects which act to reionize the IGM. Detection of large scale
polarization of the CMB, corresponding to Thomson scat-
tering of the CMB by the IGM during reionization, sug-
gests a significant ionization fraction extending to z ~ 1143
(Page et al. 2006). Overall, current data indicate that cosmic
reionization is a complex process, with significant variance
in space and time (Fan et al. 2006b). The on-set of Gunn-
Peterson absorption at z > 6 implies that the IGM becomes
opaque at observed wavelengths <1 um, such that observa-
tions of the first luminous objects will be limited to radio
through near IR wavelengths.

In this contribution we will discuss the current status
of centimeter and millimeter observations of the most dis-
tant objects. We will then discuss the revolution afforded
by ALMA in this area of research, taking the field from the
current study of truly pathologic, rare objects, to the study of
the first generation of normal star forming galaxies. In this
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Fig. 1 The logarithm of the FIR luminosity versus redshift for dif-
ferent QSO samples observed at (sub)mm wavelengths (Wang et al.
2007). The open symbols with arrows denote upper limits. The dashed
and dotted lines represent the typical 3o detection limits of MAMBO
at 250 GHz and SCUBA at 350 GHz, namely S>50 = 2.4 mJy, and
S350 = 8.5 mly, respectively

contribution we concentrate on molecular line and dust con-
tinuum emission. Walter and Carilli (this volume) discuss
the exciting prospects for studying the fine structure PDR
cooling lines, such as [C(II)], from the first galaxies.

2 Current centimeter and millimeter observations of
Z ~ 6 objects

2.1 The host galaxies of z ~ 6 SDSS QSOs

Given the sensitivities of current instruments, observations
of sources at z ~ 6 are restricted to Hyper Luminous In-
frared galaxies (i.e. LFr > 1013L@). At these extreme red-
shifts, the samples remain limited to the host galaxies of op-
tically luminous QSOs selected from the SDSS. The study
of such systems has become paramount since the discovery
of the bulge mass — black hole mass correlation in nearby
galaxies, a result which suggests a fundamental relationship
between black hole and spheroidal galaxy formation (Geb-
hardt et al. 2000). Our millimeter surveys of the z ~ 6 QSOs
show that roughly 1/3 of optically selected QSOs are also
hyper-luminous infrared galaxies (Lrjg > 1013L@), emit-
ting copious thermal radiation from warm dust (Fig. 1; Wang
et al. 2007). This corresponds to roughly 10% of the bolo-
metric luminosity of the QSO (which is dominated by the
AGN ‘big blue bump’), and the question remains open as to
the dominant dust heating mechanism: star formation or the
AGN?

The best studied of the z ~ 6 QSOs is the most dis-
tant QSO known, J1148+5251, at z = 6.419. This galaxy
been detected in thermal dust, non-thermal radio contin-
uum, and CO line emission (Walter et al. 2003; Bertoldi et
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Fig. 2 The velocity integrated CO 3-2 emission from J1148+5251 im-
aged by the VLA at 0.4” resolution (Walter et al. 2004). The total flux
is 0.15 Jy km s~! and the source is clearly resolved, with a full extend
of about 1”. The figure is about 3” on a side

al. 2003; Carilli et al. 2004), with an implied dust mass of
7 x 108 M, and a molecular gas mass of 2 x 10'9M. The
molecular gas is extended over ~1”, or ~5.5 kpc (Fig. 2).
High resolution VLA imaging of the molecular gas dis-
tribution in J1148+5251 provides the only direct measure
of the host galaxy dynamical mass, resulting in a value of
~4 % 10'9 M, within 3 kpc of the galaxy center (Walter et al.
2004; Walter and Carilli, this volume). This mass is compa-
rable to the gas mass, suggesting a baryon-dominated poten-
tial for the inner few kpc of the galaxy (Lintott et al. 2006),
as is true in nearby spheroidal galaxies, and for ULIRGs
(Downes and Solomon 1998). The dynamical mass is also
more than an order of magnitude lower than expected based
on the bulge mass—black hole mass correlation, suggesting
a departure from this fundamental relationship at the high-
est redshifts, with the SMBH forming prior to the spheroidal
galaxy (Walter et al. 2004).

The radio through near-IR SED of J1148+5251 is shown
in Fig. 3 (Beelen et al. 2006). The Spitzer bands are consis-
tent with the standard QSO optical through mid-IR SED,
including a hot dust component (~1000 K), presumably
heated by the AGN. However, the observed (sub)mm data
reveal a clear rest-frame FIR excess. The rest frame FIR
through radio SED is reasonably fit by a template that fol-
lows the radio through FIR correlation for star forming
galaxies (Yun et al. 2000), with a dust temperature of 55 K.
The implied star formation rate is of order 3000M¢, year™!
(Bertoldi et al. 2003). Most recently, IRAM 30 m obser-
vations of J1148+5251 have yielded the first detection of
the fine structure line of [C(II)] at cosmologically signifi-
cant redshifts (Maiolino et al. 2005). This line is thought to
dominate ISM cooling in photon-dominated regions, i.e. the
interface regions between giant molecular clouds and H(II)
regions.
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Fig. 3 The SED of J1148+5251 from the rest frame near-IR to the ra-
dio (Jiang et al. 2006; Wang et al. 2007; Beelen et al. 2006). The mod-
els at rest frame frequencies, v > 10'3 Hz are two standard QSO SEDs
including emission from hot (~1000 K) dust. The rest-frame far-IR
through radio model entails a 55 K modified black body, plus syn-
chrotron radio emission that follows the radio-FIR correlation for star
forming galaxies (Beelen et al. 2006; Wang et al. 2007). The dashed
lines indicate the range defined by star forming galaxies (Yun et al.
2000)

These observations of J1148+5251 demonstrate that
large reservoirs of dust and metal enriched atomic and mole-
cular gas can exist in the most distant galaxies, within
870 Myr of the big bang. The molecular gas and [C(II)]
emission suggest a substantially enriched ISM on kpc-
scales. The molecular gas represents the requisite fuel for
star formation.

The mere existence of such a large dust mass so early
in the universe raises the interesting question: how does a
galaxy form so much dust so early in the universe? The
standard mechanism of dust formation in the cool winds
from low mass (AGB) stars takes a factor two or so too
long. Maiolino et al. (2004) and Strata et al. (2007) suggest
dust formation associated with massive stars in these distant
galaxies. They show that the reddening toward the most dis-
tant objects is consistent with different dust properties (i.e.
silicates and amorphous carbon grains), as expected for dust
formed in type-II SNe (although cf. Venkatesan et al. 2006).

Overall, we conclude that J1148+5251 is a likely candi-
date for the co-eval formation of a SMBH through Edding-
ton-limited accretion, and a large spheroidal galaxy in a
spectacular starburst, within 1 Gyr of the big bang. This
conclusion is consistent with the general notion of ‘down-
sizing’ in both galaxy and supermassive black hole forma-
tion (Cowie et al. 1996; Heckman et al. 2004), meaning
that the most massive black holes (>10” M) and galaxies
(>10'2Mg) may form at high redshift in extreme, gas rich
mergers/accretion events.

Li et al. (2006) and Robertson et al. (2007) have per-
formed detailed modeling of a system like J1148+5251, in-
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Fig. 4 Correlation of Lgr—Lpe for QSO host galaxies. The (sub)mm
detected z ~ 6 quasars are plotted as black squares with error bars de-
noting 1o r.m.s. The local IR and PG quasars from Hao et al. (2005) are
plotted as red circles and blue diamonds with arrows denoting upper
limits in Lryr. The dashed lines represent the linear regression results
for the two local quasar samples

cluding feedback from the AGN to regulate star formation.
They show that is plausible to form both the galaxy and the
SMBH in rare peaks in the cosmic density field (comoving
density ~1072 Mpc~3), through a series of major mergers
of gas rich galaxies, starting at z ~ 14, resulting in a SMBH
of ~10° M, and a galaxy of total stellar mass ~10'?> M, by
z ~ 6. The system will eventually evolve into a rare, extreme
mass cluster (~10'3 M) today. The ISM abundance in the
inner few kpc will quickly rise to ~ solar, although the dust
formation mechanism remains uncertain.

In support of this conclusion, Fig. 4 shows the relation-
ship between FIR luminosity and bolometric luminosity for
the (sub)mm detected z ~ QSOs, as well as a low red-
shift sample of optically selected QSOs (e.g. PG sample),
and an IRAS selected sample of QSOs (Wang et al. 2007;
Hao et al. 2005). The z ~ 6 sources fall at the extreme lumi-
nosity end of the sample, but interestingly, they also follow
the trend in FIR to bolometric luminosity set by the low red-
shift IRAS QSOs, and as opposed to the trend set by the
optically selected QSOs. The optically selected QSOs typi-
cally have early-type host galaxies, while the IRAS selected
QSOs reside in major mergers, with co-eval starbursts (Hao
et al. 2005).

A final interesting aspect of the molecular line studies of
the most distant QSO host galaxies is the derivation of the
sizes of the cosmic Stromgren spheres (Walter et al. 2003;
Fan et al. 2006a). The size of the ionized region around the
QSO, presumably formed by the radiation from the QSO,
can be derived from the difference between the redshift of
the host galaxy and the redshift of the on-set of the Gunn-
Peterson trough. For J1148+5251, this redshift difference is
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Az ~ 0.1, implying a physical radius for the cosmic Strom-
gren sphere of R = 4.7 Mpc. This radius can be related
to the cosmic neutral fraction using the QSO ionizing lu-
minosity, and the mean baryon density, through the equa-
tion: t, = 10°R® f (HI), where 1, is the QSO lifetime, and
f(HI) is the IGM neutral fraction (White et al. 2005).
For J1148+5251, the implied QSO lifetime is ~107 f(H )
years. A number of authors (Wyithe et al. 2005; Fan et al.
2006a; Kurk et al. 2007) have inverted this equation in order
to derive the IGM neutral fraction. Using the J1148+5251
CO host galaxy redshift, plus the redshifts for other z ~ 6
QSO host galaxies derived from low ionization broad lines
(e.g. Mg(ID)), they derive a mean neutral fraction at z ~ 6.2
of f(HI) > 0.1, assuming a fiducial QSO lifetime >10°
years.

2.2 Limits on normal galaxies: the Cosmos field

J1148+5251 is an extremely rare and pathologically lumi-
nous object, unlike anything seen nearby. For instance, there
are only some 50 or so of these SDSS z ~ 6 QSOs on the en-
tire sky!

We have recently investigated the properties of more nor-
mal star forming galaxies at z ~ 6 using the Ly-o emit-
ting galaxies (LAEs) selected through a wide field, narrow
band search of the Cosmos field (Murayama et al. 2007).
The sensitivity to the Ly-« line is such that one can de-
tect galaxies with star formation rates of ~10M, year™!
into cosmic reionization. These galaxies are numerous, with
roughly 100 deg™? in a narrow redshift search range of
7 =>5.7 £ 0.05. Extrapolation of the luminosity function to
dwarf star forming galaxies could provide enough photons
to reionization the universe (Fan et al. 2006a).

We have taken the sample of ~100 LAEs from the Cos-
mos field and searched for radio and millimeter emission
using MAMBO (Bertoldi et al. 2007) and the VLA (Schin-
nerer et al. 2007). We do not detect any individual source
down to 3o limits of ~30 uJy beam™! at 1.4 GHz, nor do
we detect a source in a stacking analysis, to a 2o limit of
2.5 uJybeam™! (Carilli et al. 2007). At 250 GHz we do
not detect any of the 10 LAEs that are located within the
central regions of the COSMOS field covered by MAMBO
(20 x 20") to a typical 20 limit of S>59 < 2 mJy. The radio
data imply that there are no low luminosity radio AGN with
Li4>6x 10%* WHz™! in the LAE sample.

These radio and millimeter observations rule out any
highly obscured, extreme starbursts in the sample, i.e. any
galaxies with massive star formation rates >1500M, year™!
in the full sample (based on the radio data), or 500M, year™!
for the 10% of the LAE sample that fall in the central
MAMBO field. The stacking analysis implies an upper limit

to the mean massive star formation rate of ~100M, year™ .
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Fig.5 Top: Continuum spectrum of an active star forming galaxy with
a star formation rate ~100M¢g year‘l, at z =2, 5, and 8. The curves
show the continuum sensitivities of various telescopes in 12 hours. Bot-
tom: Line spectrum of the same galaxy, but only at z = 5. The line
sensitivities were derived assuming a line width of 300 km s~

While this study represents the most sensitive, widest
field radio and mm study of z ~ 6 LAEs to date, it also ac-
centuates the relatively poor limits that can be reached in
the radio and mm for star forming galaxies at the highest
redshifts, when compared to studies using the Ly-« line.

3 The ALMA revolution

ALMA will be able to detect the thermal emission from
warm dust from a source like J1148+5251 in 1 second.
Moreover, it will detect the more normal galaxy population
(S250 ~ 20 ply for SFR ~10M, year™!), in a few hours.
Figure 5 shows the sensitivity of current and future tele-
scopes from the radio through the near-IR, along with the
spectrum of an active star forming galaxy, like Arp 220
(SFR ~ 100M¢, year™' or Lp ~ 10'2Lg). The EVLA,
and eventually the SKA, will study the non-thermal (and
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Fig. 6 A simulation of an ALMA spectrum of J1148+5251 at
z = 6.42. The spectrum shows the 8 GHz bandpass, with an integra-
tion time of 24 hours, centered around 93 GHz

possibly free-free thermal) emission associated with star for-
mation, and possibly AGN, from these distant galaxies, as
well as the low order transitions from molecular gas. The
JWST will observe the stars, the AGN, and the ionized gas.
ALMA reveals the thermal emission from dust and gas, in-
cluding high order molecular line transitions, and fine struc-
ture ISM cooling lines (Walter and Carilli, this volume),
from the first galaxies—the basic fuel for galaxy formation.
ALMA provides the more than an order of magnitude in-
crease in sensitivity and resolution to both detect, and image
at sub-kpc resolution, the gas and dust in normal star form-
ing galaxies (e.g. Ly-o galaxies, with star formation rates
~10M¢, year™!) back to the first generation of galaxies dur-
ing cosmic reionization.

As an example, Fig. 6 shows the calculated spectrum for
J1148+5251 for the 90 GHz band of ALMA in 24 hours. The
CO lines will be detected with essentially infinite signal-
to-noise, allowing detailed imaging and dynamical studies
on sub-kpc scales. Moreover, in a given 8 GHz bandwidth
for ALMA, we will detect transitions from numerous astro-
chemically interesting molecules, such as the dense, pre-star
forming gas tracers, HCN and HCO™ (Gao et al. 2007).

Galaxy formation is a complex process, and proper stud-
ies require a panchromatic approach. ALMA represents the

more than an order of magnitude increase in sensitivity re-
quired to probe normal galaxies into cosmic reionization.
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