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Summary. — The advent of Atacama Large Millimeter-submillimeter Array
(ALMA), with its unprecedented sensitivity, makes it possible the detection of far-
infrared (FIR) metal cooling and molecular lines from the first galaxies that formed
after the Big Bang. These lines represent a powerful tool to shed light on the phys-
ical properties of the interstellar medium (ISM) in high-redshift sources. In what
follows we show the potential of a physically motivated theoretical approach that
we developed to predict the ISM properties of high redshift galaxies. The model
allows to infer, as a function of the metallicity, the luminosities of various FIR lines
observable with ALMA. Tt is based on high resolution cosmological simulations of
star-forming galaxies at the end of the Epoch of Reionization (z ~ 6), further im-
plemented with sub-grid physics describing the cooling and the heating processes
that take place in the neutral diffuse ISM. Finally we show how a different approach
based on semi-analytical calculations can allow to predict the CO flux function at
z > 6.

PACS 98.54Kt — Primordial galaxies.
PACS 98.58Bz — Atomic, molecular, chemical, and grain processes.
PACS 98.58Db — Molecular clouds.

1. — Introduction

Starting from the *90s of the XXth century, the number of high redshift observations
has known a vigorous growth thanks to the usage of increasingly sensitive telescopes and
sophisticated selection techniques [1].

The high sensitivity of state-of-the-art instruments such as the Hubble Space Tele-
scope (HST), the Very Large Telescope (VLT), the Keck and Subaru telescopes combined
with observational strategies such as the Lyman Break (e.g. [2-5]) and Lyman Alpha se-
lection (e.g. [6-9]), allows to discover thousands of galaxies at z > 5 named Lyman Break
Galaxies (LBGs), and Lyman Alpha Emitters (LAEs), respectively.

However, even though the Lyman Break and Ly« selection methods have been proved
to be very successful techniques in finding high-z galaxies, they have also several draw-
backs. For instance, approaching z ~ 7, the detections of LAEs via narrow-band imaging
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become increasingly difficult due to the declining sensitivity of the detectors at &~ 1 um
combined with the larger neutral hydrogen fraction in the intergalactic medium that
causes an increase in the resonant scattering of the Lya photons. Moreover, the char-
acterization of fundamental galaxy properties (such as the star formation rate and the
stellar mass) with the sole detection of the redshifted Ly« line and/or FUV continuum is
extremely hard because they are strongly affected by dust extinction. Without a proper
correction, the Lya (or the UV continuum) can provide only lower limits on the SFR [10].
Hence, the detection of other lines beside the Ly« is a fundamental step toward the con-
straining of the ISM properties, the SFR, and the mass of the dust in high-z galaxies.

The far-infrared (FIR) atomic and molecular lines, and the dust continuum emission
are the most suitable tracers to achieve this goal. From high-z, they are redshifted within
the sub-millimeter /millimeter bands of the Atacama Large Millmeter/submillimeter Ar-
ray (ALMA), the most powerful sub-millimeter interferometer on the Earth. The FIR
atomic lines (mainly fine structure transition of C, N, O) trace the neutral/ionized gas and
provide information about the thermodynamical and chemical properties of the gas. The
strongest one is the P35 —? Py /5 transition of the ionized carbon ([CII]) at 158 ym [11].
[CII] is the dominant coolant of the interstellar medium arising various environments such
as the neutral diffuse gas in the ISM and the Photo Dissociation Regions. Nitrogen and
oxygen lines ([NII], [OI] and [OIII]), despite their lower luminosity, are fundamental to
constrain the metallicity and the strength of the radiation field within the galaxies and
have been detected in several sources at z > 4 (e.g. [12-16]). Moreover, molecular FIR
lines such as the CO rotational transitions are unique tracers of the cold gas that fuels
the star formation. Finally, FIR lines, being completely unaffected by the dust extinction
or resonant scattering such as the Lya, are superb redshift estimators.

Before the ALMA advent, atomic/molecular lines and continuum from high-z have
been studied using the Plateau de Bure Interferometer or the CARMA observatory.
Despite the great capabilities of these interferometers, only extreme sources such as
quasar hosts or sub-millimeter galaxies, characterized by star formation rates of the
order of ~ 1000 Mg yr~! have been detected at z > 4 through metal cooling lines or
dust continuum emission: [17-21]. ALMA makes it possible to carry out the search
also in normal (i.e. SFR < 100) galaxies around the Epoch of Reionization. At the
date of this publication, a handful of galaxies at z ~ 4-5 with modest star formation
rates (50 — 300 Mg yr~!) have been detected in [CII] or in continuum [22-25] but any
observation has been reported yet in normal galaxy at z ~ 7 [26-28].

By making use of a zoomed cosmological simulation and of a sub-grid model describing
the thermodynamical equilibrium of the neutral diffuse gas, we present detailed predic-
tions for the intensity of several FIR emission lines ([CII] 158 ym, [OI] 63 ym) arising
from th ISM a z = 6.6 galaxy. Moreover we show how we estimate the Hy mass and the
CO (6-5) line luminosity in a sample of z &~ (5.7, 6.6) simulated LAEs.

2. — Numerical simulations

In what follows, we briefly introduce the numerical simulation and the sub-grid model
developed to describe the thermal equilibrium of the neutral gas in the ISM. However,
we defer the interested reader to [29] for an extended discussion about these arguments.
We run cosmological SPH hydrodynamic simulations using GADGET-2 [30]. We simulate
a (10h=! Mpc)? comoving volume with 2 x 5123 baryonic+dark matter particles, giving a
mass resolution of 1.32 (6.68) x 105 M, for baryons (dark matter). We select a snapshot at
redshift z = 6.6, and we identify the most massive halo (total mass Mj;, = 1.17x 10 M)
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by using a Friend-of-Friend algorithm. We select a (0.625h~! Mpc)? comoving volume
around the center of the halo, and post-processed UV radiative transfer (RT) using
LICORICE [31]. We interpolate all gas physical properties around the halo center on a
fixed 5123 grid using the SPH kernel and smoothing length, within a (0.156 h~"' Mpc)?
comoving volume. We then implement on top of the simulation a sub-grid model which
takes into account the cooling and heating processes that set the thermal equilibrium of
the neutral ISM [32,33]. According to this model, neutral gas in the ISM is constituted
by a two-phase medium in which the cold neutral medium (CNM) and the warm neu-
tral medium (WNM) are in pressure equilibrium. The relative abundance of these two
components depends on the gas metallicity, which determine the abundance of coolants,
and on the flux of the Far-Ultraviolet (FUV) dissociating field in the Habing (6-13.6eV)
band (Gjp), that controls the rates of photoelectric heating produced by dust grains. The
value of GGy in each computational cell is calculated:
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where n, is the number of sources, 7 is the positions, [, ; is the monochromatic luminosity
per source. We compute [, ; by using STARBURST99 template, assuming continuos star
formation, an age 10 Myr for the stellar population and setting the metallicity accordingly
to the cell value. The WNM distribution closely traces regions of high (Ng a~ 10?2 cm~2)
total hydrogen column density that are sufficiently far from the central star forming region
in order not to become ionized; cold gas lies instead only in small (D < 2kpc) overdense
clumps at the periphery of the galaxy.

3. — Atomic emission lines

For each simulated cell we calculate the line luminosities L; = &;V..;, where the
emissivity of the i-th atomic species (in this case carbon and oxygen) &; = ¢;(ny,T)
depends on the density (ny) and the temperature (7') of the WNM/CNM. The C and
O abundances are assumed to scale linearly with the metallicity Z.

In fig. 1 we show the predicted [CII] 158 ym, and [OI] 63 pm emission for the spectral
resolution of our simulations (1.0kms™ '), a beam resolution of 0.1 arcsec and Z = Z,
along with the maps obtained by integrating the spectra over the full velocity range
—200 < v < 300kms "

The [CII] spectrum contains considerable structure due to the presence of several
emitting CNM clumps distributed over the entire galaxy’s body (~ 20kpc). The individ-
ual sizes of the clumps are however much smaller (< 3kpc). The peak of the spectrum
reaches ~ 2.5 mJy and it is displaced from the center of the galaxy by about 100 kms ™.
The FWHM of the main peak is ~ 50 km s~ ', consistent with the marginal detection of
[CII] in high-z LAEs [34].

The displacement of the main peak is due to the fact that the gas within the central
kpc of our Galaxy is highly ionized by the massive stars that form there. However we
point out that the sub-grid model presented here does not include molecular clouds and
hence emission from dense photodissociation regions that are expected to be close to the
sites of star formation. Hence, the spectra in fig. 1 have to be considered as a lower limits
on the total emission.
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Fig. 1. — Left column: The total (CNM+WNM) and WNM only (dark gray) spectrum of [CII],
and [OT] binned in 1.0kms™" channels. Right column: [CIT], and [OI] maps in mJy km s™" with
resolution of 0.1 arcsec and integrated over the entire spectral velocity range. The contribution
of clump A to the [CII] spectrum is plotted in light gray.

We find that 95% of the total [CII] flux from the diffuse gas originates from the
CNM, and only 5% from the WNM. For the [CII] emission line we obtain a flux of
185 mJy km s ', integrating over ~ 500km s~ .

In fig. 1 we plot in grey the spectrum extracted by integrating over a circular area
of ~ 2kpc radius, centered on the component labeled A in the map. It dominates the
peak of the [CII] spectrum (30% contribution to the total emission), with the remaining
~ 70% coming from less luminous substructures.

The [O]] spectrum has a shape similar to that of [CII] since for both emission lines
we are taking into account the emission arising from the neutral phase of the ISM. In the
case of [OI], 75% of the total flux arises from the CNM and 25% from the WNM. The
maximum value of the [O]] flux is ~ 0.35 mJy.

We have computed FIR line intensities also for a metallicity Z = 0.02 Zg. In this
case, the [CII] and [OI] intensities drop by a factor of ~ 1000 and ~ 300, respectively.
While the WNM emission is o< Z, at very low Z CNM is practically absent, since the
lower metal content makes the CNM phase thermodynamically unfavorable.

These synthetic spectra are exquisite examples of the potential of using cosmological
simulation to i) interpret upcoming data from ALMA observations and ii) to construct
physically motivated observational proposal based on the model predictions.
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Fig. 2. — The number density of LAEs at z ~ 5.7 and 6.6 are shown as a function of the
line integrated CO(6-5) flux using dashed and solid lines respectively; shaded regions show the
poissonian errors. The vertical solid line represent the ALMA sensitivity limits for 50 antennas
assuming a signal to noise ratio, S/N = 5, for an integration time 10 hours.

4. — Molecular emission lines

Whereas for the metal cooling lines we preferred a zoomed cosmological simulation to
achieve a spatial resolution that allows to construct high-resolution spectra (see fig 1),
we have also exploited calculations on large sample of simulated z ~ 6 galaxies to provide
theoretical predictions on the luminosity function of molecular lines.

To do so, we start by using a previously developed LAE sample [35-37] (at z =
5.7-6.6), where the authors combined state-of-the-art cosmological SPH simulations with
a Lya production/transmission model to successfully reproduce a large number of ob-
servational data sets. We couple the sample resulting from their analysis, with a semi-
analytic model that describes the structure of the molecular clouds. The approach,
proposed by [38-40], allows calculate the molecular fraction (fp,) taking into account
its formation on dust grains, its destruction by UV photons, and the shielding by [HI]
in the ISM starting from few inputs: (A) the free space photon number density in the
Lyman Werner band, (B) the dust absorption cross-section per hydrogen nucleus to Ly-
man Werner photons, (C) the number density of gas in the cold atomic medium that
surrounds the molecular part of the cloud, and (D) the rate of Hy formation on the
surface of dust grains.

We defer the interested reader to [41] where we examine in details the correlations of
fu, with the physical properties of the emitters including the SFR, the dust mass, and
the amount of cold neutral gas in the ISM. The main point that we want to discuss here is
that we translate the total molecular mass (Mmu, = fu, Myqs) into the CO(1-0) luminosity
by adopting @ = 0.8 Mg Kkm s~'. Then, by assuming Local Thermal Equilibrium, we
achieve the luminosity of lowest CO rotational line observable with the ALMA arising
from z ~ 5.7-6.6: the CO(6-5).

The main result of our calculation is shown in fig. 2 were we plot the flux function, i.e.
the number density of LAEs as a function of the line-integrated CO flux, Sco(6-5). The
use of 50 ALMA antennas with and integration time of 10 hours would allow the sampling
of the high-luminosity tail of the co flux function at both the redshifts considered.
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5. — Conclusions

In this paper we discussed the potential of developing physically motivated models
that allows to predict the luminosity of several FIR (atomic and molecular) lines that
are observable with ALMA. On the one side, we show the synergy between a zoomed
RT simulation of a z = 6.6 galaxy and a sub-grid model developed to describe the
thermodynamic equilibrium of the diffuse neutral gas whitin the galaxy ISM. This allows
to construct the high resolution spectra of metal cooling lines arising from the cold and
warm neutral diffuse phase of the ISM. We predict that the expected [CII] and [OI] can
be used to constrain the metallicity of such galaxies.

On the other side, we briefly presented a semi-analytical physically motivated calcu-
lation that allows to build the CO(6-5) flux function at z = 5.7 — 6.6 from a sample of
simulated LAEs. We show the capabilities of ALMA in recovering the high-luminosity
tail of the flux function at both redshifts.
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