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ABSTRACT

Context. Clouds containing molecular dark matter in quantities relevant for star formation may exist in minihaloes of the type of cold
dark matter included in many cosmological simulations or in the regions of some galaxies extending far beyond their currently known
boundaries.

Aims. We have systematically explored parameter space to identify conditions under which plane-parallel clouds contain sufficient
column densities of molecular dark matter that they could be reservoirs for future star formation. Such clouds would be undetected or
at least appear by current observational criteria to be uninteresting from the perspective of star formation.

Methods. We use a time-dependent photon-dominated region code to produce theoretical models of the chemistry and emission
arising in clouds for our chosen region of parameter space. We then select a subset of model clouds with levels of emission that are
low enough to be undetectable or at least overlooked by current surveys.

Results. The existence of significant column densities of cold molecular dark matter requires that the background radiation field be
several or more orders of magnitude weaker than that in the solar neighbourhood. Lower turbulent velocities and cosmic ray induced
ionization rates than typically associated with molecular material within a kiloparsec of the Sun are also required for the molecular
matter to be dark.

Conclusions. We find that there is a large region within the parameter space that results in clouds that might contain a significant mass
of molecular gas whilst remaining effectively undetectable or at least not particularly noticeable in surveys. We note briefly conditions

under which molecular dark matter may contain a dynamically interesting mass.
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1. Introduction

The mapping of external galaxies in the 21cm HI (e.g.
Noordermeer et al. 2005; Walter et al. 2005) and the
2.6mm CO (e.g. Helfer et al. 2003; Lundgren et al. 2004)
lines provides information about the distributions of atomic and
molecular gas in those galaxies. Many studies of these distri-
butions are undertaken in the context of star formation. For ex-
ample, one commonly addressed question concerns whether a
column density of gas in excess of a local critical value leads to
star formation (Kennicutt 1989).

Observations of far infrared fine structure lines indicate that
in metal-poor regions, like those found in some dwarf galaxies,
2.6mm CO observations alone lead to a significant underesti-
mate of the mass in molecular gas (Madden et al. 1997; Madden
2002). This is consistent with the results of multiline CO stud-
ies showing that the 2.6 mm integrated antenna temperature to
molecular hydrogen conversion factor in such regions is much
larger than is appropriate for Galactic giant molecular clouds,
and also with the known difficulty in detecting CO emissions
in some dwarf and compact galaxies compared to large spiral
galaxies (e.g. Israel 2005). The possibility that molecular gas
may be present in large quantities in such regions has been pos-
tulated (see, e.g., Pfenniger et al. 1994; Combes 2000; Kalberla
et al. 2000, and references therein). Previous authors have con-
centrated on clumps with extents of the order of 10 AU and
masses very much smaller than a solar mass each. Such clumps
would have a covering factor (or beam filling factor) that is much
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smaller than unity. Their existence might have a range of ob-
servational consequences. For instance, they may be responsible
for “extreme scattering events”, causing large variations in radio
signals from more distant sources (Walker & Wardle 1998). We
focus on lower density, larger objects having a covering factor
near unity.

Of course, no survey will lead to the detection of all neutral
atomic or molecular gas in a galaxy. Sensitivity limits lead to
mapped distributions having boundaries, even though the real
gas distributions may be more extended. The purpose of the
present investigation is the determination of parameters char-
acterizing the gas and environment that could result in signifi-
cant hidden quantities of gas, with column densities compara-
ble to those often found by surveys to be associated with star
formation. Such gas could provide a reservoir for eventual star
formation which would in turn create conditions leading to the
gas being more easily detected. In many cases, the observed re-
gions will be sufficiently distant that individual clouds are not
observed. We have assumed, in effect, that all clouds have the
same total column density and that, on average, any line of sight
will pass through one cloud.

Therefore, we consider the possible existence of molecular
clouds that contain a significant column density of H, whilst
producing sufficiently little emission that they are undetectable
or at least ignored by those conducting most surveys. We pro-
duce theoretical models of the chemistry and emission arising in
molecular clouds and conduct a parameter space search for phys-
ical conditions that might give rise to undetectable quantities of
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Table 1. Elemental abundances used in the reduced chemical network
(relative to the hydrogen nuclei number density, ny).

1.42x 1074
5.12x107¢

He 7.50x102 C
0O 3.19x10% Mg

Table 2. Species included in the reduced chemical network.

H, H', H,, H}, H], He, He"

C,C*, CH, CH", CH,, CH;], CH;3,

CHj, CH,, CH;, CHZ, CO, CO*, HCO*

0, 0%, OH, OH', H,0, H,0", H;0*, 0,, O3
Mg, Mg*, e”

molecular gas. In Sect. 2 we describe the photon-dominated re-
gion (PDR) code used to calculate the chemical and emission
properties of model clouds and outline the range of parameter
space examined. In Sect. 3 we review the sensitivity limits of
current telescopes appropriate to the detection of emission (in
the IR/sub-mm/mm/radio) from molecular clouds and specify
the constraints we impose for a cloud to be considered unde-
tectable. The results of our parameter space search are presented
in Sect. 4 and we summarize our findings in Sect. 5.

2. Cloud model

We use the UCL_PDR time-dependent PDR code (see Bell et al.
2006, for a detailed description) to calculate the chemistry, ther-
mal balance and emission strength of fine structure and molec-
ular lines within a model cloud, for a given set of physical
parameters.

A PDR is modelled as a one-dimensional semi-infinite slab,
illuminated from one side by the standard Draine radiation field
(Draine 1978) scaled by a factor y. The chemistry and ther-
mal balance are calculated self-consistently at each depth point
into the slab and at each time-step, producing chemical abun-
dances, emission line strengths and gas temperatures as func-
tions of depth and time. Constant thermal pressure is assumed,
and the density is calculated self-consistently with the tempera-
ture at each depth- and time-step. The turbulent contribution to
the pressure is neglected. Usually the temperature varies by at
most a factor of a few in most models, and the assumption of a
constant density would lead to similar results. Self-gravity may
be important in real clouds, and lead to some density variation.
However, magnetic forces may also be important and counteract
the gravity to a large extent. Given the uncertainities in the real
density distributions, we consider that we are justified in making
the isobaric assumption.

We adopt a reduced chemical network containing 32 species
and over 300 reactions, including ion-molecule, photoioniza-
tion and photodissociation reactions. Freeze-out of atoms and
molecules onto grains is neglected. The gas-phase elemental
abundances adopted are listed in Table 1 and are assumed to
scale linearly with metallicity, Z (see below). The species in-
cluded in the network are listed in Table 2. All fractional abun-
dances in this paper are quoted relative to the hydrogen nu-
clei number density [ngy = n(H) + 2n(H,)]. The reaction rates
contained in the UMIST99 database (Le Teuff et al. 2000) are
adopted, with some modifications introduced as part of a recent
PDR benchmarking effort (Rollig et al. 2006).

Variation in the metallicity (Z/Zy) is taken into account
through the assumption that the dust and PAH number densi-
ties, their photoelectric heating rates, the formation rate of H,
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on grains and the elemental metal abundances all scale linearly
with Z.

The UCL_PDR code calculates the integrated intensities of
the [O1] 63um and 146 um, [CI] 610um and 370 um, and
[C11] 158 um fine structure lines and all CO rotational lines up to
J = 11 — 10. Theoretical antenna temperatures are calculated
on the assumption that emission from the surface of the cloud is
distributed equally over one hemisphere (27 steradians) and are
integrated over the linewidth to give integrated line intensities
(in Kkms™).

2.1. Model parameter space

Two sets of initial conditions are assumed for the chemical abun-
dances in the models: purely atomic (all hydrogen in H® and all
carbon in C°), or purely molecular (all hydrogen in H, and all
carbon in CO). These represent the two extremes for the ini-
tial state of the cloud, forming either from tenuous material or
from dense cores that have subsequently relaxed to a diffuse
state, therefore bracketing the range of possible starting condi-
tions. We envisage that the clouds that are initially molecular
have originated from much denser material. Consequently, the
outer layers of atomic hydrogen around them are narrow. Our
PDR model computes the H/H, transition accurately as these
objects evolve. The abundances, temperature and emission prop-
erties are calculated at each time-step for a total period of 1 Gyr
in each cloud model. Models are calculated for the entire region
of parameter space with both sets of initial abundances.

Some correlation between the radiation field and the cosmic
ray ionization rate would be expected for extragalactic obser-
vations where a beam samples the average interstellar UV field
and cosmic ray flux incident on a cloud, as the high-mass stars
that emit the bulk of the far ultraviolet radiation also become
supernovae that create remnants in which cosmic rays are accel-
erated. Therefore, the cosmic ray ionization rate per hydrogen
molecule ({) is assumed to scale linearly with the incident radi-
ation field strength (y Draine) as:

=13%x10""y [s7']. (1)

We choose a large region of parameter space but restrict atten-
tion to low radiation intensities (<1073 Draine). A lower limit to
the radiation field is given by the metagalactic radiation field,
which has been considered extensively recently by Sternberg
et al. (2002). The spectral shapes of the standard Draine (1978)
and the metagalactic radiation fields differ, but a comparison
at 100nm implies that the metagalactic field is the weaker by
four orders of magnitude. Of course, that field varies from point
to point depending on the distances to the nearest bright galax-
ies. We consider a range of four orders of magnitude in metallic-
ity and gas pressure. Table 3 lists the individual parameter val-
ues considered. Since regions where the radiation background
is low compared to the solar neighbourhood are far from stars
which provide energy to stir their environments, such regions
are likely to be fairly quiescent. The level of turbulence in the
clouds considered here is expected to be significantly lower than
is typically found in standard nearby Galactic giant molecular
clouds (Williams et al. 1995). We therefore include models with
microturbulent velocities in the range 0.05—0.5kms~!. The as-
sumed value of this velocity is important for the heating and
cooling of the clouds. It is also important in our considerations
of detectability. We note that an ensemble of clouds possessing
a cloud-cloud velocity dispersion would produce emission lines
that are broader than those from the individual clouds; Wolfire
et al. (1993) included such a cloud-cloud velocity dispersion in
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Table 3. The range of values covered in the parameter space.

Parameter ~ Values taken for each parameter
t 10',10%,...,10%,10° yr

V4 10°,1071, 102,103 Z,

P/k 10!, 102, 103, 10* cm K
X 103,104, 1073 Draine
Uturb 0.05,0.1,0.3,0.5 kms™!

their models. We have not, in part because regions where few su-
pernovae occur will have small cloud-cloud velocity dispersions,
and also in part to restrict the range of parameter space to a man-
ageable level. Our neglect of a cloud-cloud velocity dispersion
leads to a more restricted region of parameter space correspond-
ing to molecular dark matter that is difficult to detect.

In total, we constructed 384 time-dependent cloud models to
cover the specified parameter space. The next section contains
the criteria used to determine what part of parameter space is
associated with molecular dark matter.

3. Emission constraints

The distributions of neutral atomic and molecular clouds are
studied predominantly with H1 21 cm, [O1], [C1] and [C11] fine
structure and CO rotational lines, as well as dust continuum radi-
ation. 21 cm surveys can lead to the six sigma detection of neu-
tral atomic hydrogen column densities of 1.6 x 10'® cm=2 for a
velocity dispersion of 10 km s~! and a comparable velocity reso-
lution (e.g. Giovanelli et al. 2005). However, published column
density distributions of HI in other galaxies usually do not go to
such low column densities. For instance, Walter et al. (2005) take
a column density of 10?° cm™2 for the lowest contour in figures,
and the lowest column density shown in figures by Noordermeer
et al. (2005) is roughly 10" cm=2. We shall use 10" cm™2 as
the minimum column density of neutral hydrogen to be consid-
ered of observational significance. Though we have cited obser-
vations that were sensitive to HI column densities roughly as
low as 10! cm~2, we realize that this is a rather small value. We
have chosen to define such a low limiting value for the HT col-
umn density because the small velocity dispersions that we have
assumed would make H I more readily detectable.

Ground-based observations of the lower CO rotational emis-
sion lines have a typical rms noise limit of ~1 mK; we therefore
adopt a minimum level for the detectable integrated line intensity
of 0.01 Kkms™' (assuming a velocity resolution of 10kms™!),
suitable for deep searches (e.g. Wilson & Combes 1998; Smoker
et al. 2000). The noise limits on [C1] 610 um ground-based ob-
servations are higher, but for convenience we also impose a con-
straint of 0.01 Kkms™! for the minimum detectable integrated
line intensity.

The [OT1] and [C1] fine structure lines are only observ-
able from space or the upper atmosphere. Taking typical rms
noise limits for spectra obtained with the Long Wavelength
Spectrometer (LWS) on the Infrared Space Observatory (ISO), a
minimum integrated flux of ~10~'7 W m~2 is reasonable (assum-
ing a resolution of 0.29 um for the [O1] 63 um line and 0.6 um
for the [C11] 158 um line). This corresponds to a surface bright-
ness of ~1077 ergs™' cm™2sr™! (assuming Q, ~ 1077 sr for the
LWS; Lloyd 2003). We adopt this as the detection limit for the
two dominant fine structure lines.

Since the dust in these clouds is cold (typically <5K) and
depleted at the lower metallicities, its emission will be faint and
therefore unlikely to be detected above the background level.
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Table 4. Molecular models with vy, = 0.05kms™' that satisfy the
criteria of undetectable emission and Ny, > 10*' cm™. The value
of Ny, listed for each model is the peak H, column density, reached
at time fygn. The period of time during which Ny, > 10*' cm™ in each
model is defined by fn;, and #x.

A X P/k NHZ thigh min Tmax
(Zo) (Draine) (em>K) (em™®) () () (G
10 107 10° 2.9x102 7x10° 0x10° 1x10°
10 107 104 2.9x10% 3x107 0x10° 1x10°
107" 107 10" 24x10% 1x107 6x10° 1x10’
107 107 10> 22x10% 4x107 7x10° 1x10°
107" 10 10 2.3x10*" 6x10° 8x107 8x10°
107" 107 10" 6.0x10*" 3x107 0x10° 1x10°
107" 107 10> 6.3x10* 4x10° 0x10° 1x10°
107" 107 10° 1.2x10%2 1x10° 0x10° 1x10°
107" 107 10 2.8x10% 4x107 0x10° 1x10°
102 107 100 53x10*" 9x10° 3x10° 1x10’
10> 107 10> 47x10*" 8x10° 4x10° 1x107
102 107 10° 1.6x10*' 5x107 2x107 1x10°
102 107 10" 55%10%" 9x107 0x10° 1x10°
102 107 10> 28x10*" 5x10° 0x10° 1x10°
102 10 10° L1x10* 1x10° 0x10° 1x10°
102 107 104 1.4x10% 5x10° 0x10° 1x10’
102 107 10" 2.6x102 0x10° 0x10° 1x10°
102 107 10> 24x102 3x10° 0x10° 1x10°
102 107 10° 28x102 0x10° 0x10° 1x10°
102 107 104 12x10* 0x10° 0x10° 1x10°
107 107 10" 1.2x10%2 9x10° 2x10° 1x10’
107 107 10> 9.1x10*" 1x107 2x10° 1x10’
107 107 10° 7.9x10*" 9x10° 3x10° 1x10’
107 107 104 3.5x10* 2x107 3x10° 7x10’
102 107 10" 1.0x102 8x10” 0x10° 1x10°
107 10 10> 1.0x102 9x107 0x10° 1x10°
107 10 10° 9.1x10* 2x10° 0x10° 9x10°
102 107 104 33x10% 1x10° 0x10° 1x10°
102107 10" 2.1x102 9x10% 0x10° 1x10°
102107 10> 2.0x102 9x10* 0x10° 1x10°
102107 100 2.0x102 2x10* 0x10° 1x10°
102 107 104 32x102 2x10° 0x10° 1x10°

To summarize, the limits for non-detection that we im-
pose on the cloud models are: Ny; < 10 cm™2, Weo <
0.01 Kkms™! in all rotational lines, W < 0.01 Kkms~! for the
[C1] 610um line, I < 1077 ergs™' ecm™2sr~! for the [O1] 63 um
and [C1] 158 um lines. Any cloud model with emission below
all these limits simultaneously is considered to be effectively un-
detectable with current technology. We now describe the results
of our parameter space search, presenting models that meet these
criteria.

4. Model results

The column density through the cloud is restricted in each model
such that the total emission in each line is below the corre-
sponding limit given above. For each set of physical parameters,
the resulting cloud model therefore represents the maximum
amount of molecular gas that can be hidden under those condi-
tions. We then select cloud models that contain significant quan-
tities of Hy, specifically Ny, > 10*' cm™2, at some point dur-
ing their 1 Gyr evolution. Such a column density is of the same
order of magnitude as the hydrogen nuclei column densities as-
sociated with parts of large spiral galaxies in which stars form
(e.g. Noordermeer et al. 2005). This subset of models defines
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Table 5. Molecular models with vy = 0.1kms™! that satisfy the cri-
teria of undetectable emission and Ny, > 10*' cm™. The value of
Ny, listed for each model is the peak H, column density, reached at
time fye,. The period of time during which Ny, > 10*' cm™ in each
model is defined by f;, and #y,y.

Z X P/k NHZ thigh Tmin Tmax
(Zo) (Draine) (cm™K) (em™@)  (yn) () (¥
10° 1073 10* 29x10% 2x10° 0x10° 1x10°
10" 1073 10! 1.4x10* 9x10° 8x10° 1x10’
107! 1073 10? 2.6x10%" 4x107 1x10" 1x10?
10! 10™ 10! 2.5x10%" 5x10% 1x10% 1x10°
10" 107° 10! 2.7x10%" 6x10° 0x10° 1x10°
10" 107° 10? 2.7x 10" 0x10° 0x10° 1x10°
107! 107 10° 3.1x10%" 2x10° 0x10° 1x10°
107! 107 10* 7.0x 10 5x10° 0x10° 1x10°
1072 1073 10! 5.0x10%" 9x10° 4x10° 1x 107
1072 1073 10? 4.0x10* 8x10° 4x10° 1x107
102 1073 103 1.7x10* 7x107 2x107 9x10’
102 10 10! 45x10*" 8x107 4x107 1x108
1072 10™ 10? 3.0x 107" 4x10% 6x107 1x10°
102 10™ 103 1.0x10*" 9x10% 8x10% 9x 108
102 1073 10! 3.0x10%" 9x10° 0x10° 1x10°
102 1073 10? 29x10" 0x10° 0x10° 1x10°
102 1073 103 3.1x10%" 2x10° 0x10° 1x10°
102 107° 10* 4.6x10" 7x10° 0x10° 1x10°
102 107 100 1.2x102 1x107 5x10* 1x 107
102 107 100 L1x102 1x107 2x10° 1x 107
0% 1073 103 6.8x10%" 9x10% 3x10° 1x107
0% 1073 10* 4.0x10* 3x107 5%x10° 8x 10’
10 10™ 10! 1.1x102% 1x10% 2x10° 1x108
10  10™ 10? 1.0x 102 9x107 8x10° 1x108
1073 10™ 103 7.8x10%" 2x10% 2x107 1x10°
1073 10™ 10* 3.0x107" 9x10% 5x107 1x10°
1073 107 10! 1.Ix10%% 9x10% 0x10° 1x10°
1073 107 10? 8.1x107" 1x10° 0x10° 1x10°
1073 107 103 3.1x107" 1x10° 0x10° 1x10°
1073 107 10* 1.7x10?" 4x10° 0x10° 1x10°

the region of our parameter space where significant amounts of
molecular gas can reside without being detected in emission.
Tables 4—7 list the subset of cloud models with initially molecu-
lar gas that meet our criteria for non-detectable emission whilst
containing a significant amount of H,. Table 8 lists the subset
of initially atomic cloud models that meet the same conditions.
The tables also show the period of time for which this is the
case in each model, starting at 7,;, and ending at f;,ax, as well
as the time, fygn, at which the peak value of Ny, is reached.
In total, 111 of the 384 model clouds obtain H, column den-
sities >10?! cm™2 for some period of their evolution. The trends
describing the change in total H, column density with parameter
variation are discussed in the next two sections.

4.1. Initially molecular clouds

For models for which the gas is initially molecular, the peak
H, column density (>10**cm™2) occurs in the cloud with the
lowest turbulent velocity, subject to the lowest incident radiation
field strength, with low metallicity and with the highest pres-
sure (0.05 km s~!. 1073 Draine, 1072 Zo, 10* cm ™3 K; see Table 4
and Fig. 1). For the lowest radiation field strength, in the models
with low turbulent velocities (0.05 or 0.1kms™"), the H, col-
umn density increases as the pressure rises and it is the inter-
mediate metallicities (107'=1072 Z) that produce the highest
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Table 6. Molecular models with vy, = 0.3kms™! that satisfy the
criteria of undetectable emission and Ny, > 10*' cm™. The value
of Ny, listed for each model is the peak H, column density, reached
at time fyg,. The period of time during which Ny, > 10*' cm™ in each
model is defined by iy and #,x.

A X P/k NHZ thigh Tmin Tmax
(Zo) (Draine) (cm™®K) (em™)  (y) () (y
107! 1073 10! 20x10%" 5x10° 5x10° 1x107
107! 1073 10? 23x10%" 1x10% 7x10° 1x10%
107! 10~ 10! 34x10%" 9x10% 4x107 1x10°
1072 1073 10! 5.6x 107" 9x10° 3x10° 1x107
1072 1073 10? 44x10*" 9x10° 3x10° 1x10’
1072 1073 103 1.5x10%" 3x107 5x10° 1x10®
102 10 10! 5.1x 10?1 7x107 3x107 1x108
1072 107 10? 55x 107" 2x10% 4x107 1x10°
1072 107 10! 53x10%" 1x10° 4x10% 1x10°
1072 107 10? 1.7x10%" 1x10° 5x10% 1x10°
1072 1073 10! 1.2x 102 9x10° 0x10° 1x10’
102 1073 10? 1.2x102 1x10" 2x10° 1x107
1072 1073 10° 6.0x 107! 9x10° 3x10° 1x107
1073 1073 10* 1.9x 10" 7x10% 5x10° 1x108
1073 107 10! 1.3x102 1x10% 0x10° 1x108
1032 107 10? 9.3x10?! 9x107 2x10° 1x103
103 10 103 3.9x10?" 7x107 3x107 1x10°
102 107 10* 22x 10?1 6x10% 8x107 1x10°
1072 107 10! 1.2x102 1x10° 0x10° 1x10°
1072 107 10? 1.0x 102 1x10° 2x107 1x10°
1072 107 10° 35x 10?1 6x10% 3x10% 1x10°

Table 7. Molecular models with vy, = 0.5kms™! that satisfy the
criteria of undetectable emission and Ny, > 10*' cm™. The value
of Ny, listed for each model is the peak H, column density, reached
at time fygn. The period of time during which Ny, > 10*' cm™ in each
model is defined by iy and #,x.

A X P/k NHZ thigh Tmin Tmax
(Zo) (Draine) (cm™>K) (em™)  (y) () (y
107! 1073 10! 1.5x10* 1x107 9x10° 1x10’
10t 107 10? 2.8x 107! 6x107 8x10° 1x103
107! 10~ 10! 3.9x10?" 6x10%° 9x 107 1x10°
1072 1073 10! 4.0x10%" 1x107 4x10° 1x10’
1072 1073 10? 53x10%" 1x107 4x10° 1x107
1072 1073 103 1.3x10%" 2x107 6x10° 1x108
102 10 10! 3.8x 107! 1x10% 4x107 1x103
102 107 10? 57x 107" 4x10% 5x107 1x10°
1072 107 10! 34x107" 1x10° 4x10% 1x10°
1072 107 10? 22x102" 1x10° 6x10% 1x10°
1072 1073 10! 9.4x10?" 1x107 0x10° 1x107
1072 1073 10? 8.0x10%" 1x10” 2x10° 1x107
1072 1073 10° 51x 10?1 9x10° 3x10° 1x107
102 1073 10* 1.1x10%" 5x10% 5x10° 9x 10’
103 10 10! 1.1x10% 1x10® 0x10° 1x108
103 10 10? 8.4x107" 1x10% 2x10° 1x103
102 107 10° 39x10?" 8x107 2x107 1x10°
1072 107 10! 1.0x 102 1x10° 0x10° 1x10°
103 107 10? 83x10%" 1x10° 8x10° 1x10°
103 107 103 3.3x10%" 9x10% 3x10% 1x10°

column densities of dark material. For models for which the radi-
ation field does not have its lowest value, the H, column density
increases as the pressure and metallicity drop (see Fig. 1).

At the lowest metallicity considered (1073 Z), the H, col-
umn density is >10>'cm™? for almost all combinations of



T. A. Bell et al.: Molecular dark matter in galaxies

Table 8. All atomic models that satisfy the criteria of undetectable emis-
sion and Ny, > 10%' cm™2. The value of Ny, listed for each model is the
peak H, column density, reached at time ty;g,. The period of time during
which Ny, > 10?! cm™ in each model is defined by tyi, and .

Uturb Z X P / k N Hy
(kms™") (Z,) (Draine) (cm™ K) (cm™)

tmax

(yr)

Thigh Tmin

(yr)  (yn

0.05 10° 1073 100 1.8x10* 2x10% 2x10% 1x10°
0.05 10° 1073 10 29%x10%2 2x107 2x107 1x10°
0.05 107! 1073 100 2.1x10% 1x10° 9x10% 1x10°
0.05 10! 1073 10 7.4%x10%2 3x10% 2x10% 1x10°
0.05 102 1073 10 1L1x10% 1x10° 1x10° 1x10°
0.1 10 1073 10 29%x10%2 2x107 2x107 1x10°
0.1 10! 1073 100 1.5x10% 1x10° 1x10° 1x10°

turbulent velocity, radiation field strength and pressure (see the
bottom right panel of Fig. 2 for the vy = 0.05 km s7! case). The
only exceptions are the three cloud models with the lowest inci-
dent radiation and highest pressure at turbulent velocities of 0.3
and 0.5 km s~! (see Tables 6 and 7). Overall, increasing turbulent
velocity within the cloud serves to reduce the H, column density
that can be hidden, although some of the low pressure models
show a slight increase in Ny, at higher turbulent velocities.

The period of time for which Ny, > 10*! cm™2 in each model
(i.e. from fyi to fimax) is governed by the restrictions placed on
the CO and HI emission. For cloud models with t,;, > 0, the
2.6mm CO line emission is initially above the limit given in
Sect. 3 and therefore considered detectable, but falls below the
limit once f, is reached. In models with #,,,x < 1 Gyr, the maxi-
mum time considered in the calculations, the 21 cm HI emission
rises above its detection limit at late times, reducing the period
for which the cloud remains undetectable. This is generally the
case for models with higher radiation field strengths.

An analysis of the thermal balance in the models shows that
the dominant cooling processes are emission in the lower rota-
tional transitions of CO and the fine structure lines of neutral
carbon, with some contribution from collisions with the cooler
dust grains in the high pressure models. The heating of the gas
at the cloud surface is dominated by H, formation and photodis-
sociation, whilst turbulence and cosmic ray ionization become
important heating mechanisms deeper into the cloud. In models
with higher radiation field strengths, PAH photoelectric heating
plays a role near the cloud surface. Heating due to turbulent dis-
sipation becomes the dominant heating process at higher turbu-
lent velocities.

4.2. Initially atomic clouds

From Table 8 it can be seen that there are significantly fewer
models for which the gas is initially atomic that can produce ap-
preciable quantities of hidden molecular gas. This is mainly due
to the relatively long time-scales required for molecular hydro-
gen formation under the physical conditions being considered
here. However, despite this limitation, there still exists a well-
defined region of parameter space within which atomic gas can
evolve to form large column densities of molecular gas whilst
remaining undetectable in emission by the usual tracers.

In all the models listed in Table 8, the radiation field strength
is the lowest considered in our parameter space (107> Draine)
and the pressures are among the highest (10 or 10* cm™ K).
There is some spread in metallicity, but there are no clouds with
turbulent velocities above 0.1 km s~! that have >10%' cm™2 of H,.
The peak H; column density is 7.4 x 10?2 cm™2, some 20 times
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Fig. 1. Contour plots of the maximum H, column density produced by
initially molecular cloud models with vy, = 0.05 km s~! that meet the
criteria of undetectable emission (see Sect. 3). Contour levels range
from Ny, < 10! cm™ (white), through 10!, 10?? and 10% cm™, to
Ny, > 10* cm™2 (black). The three plots show the pressure-metallicity
plane of the parameter space considered, for incident radiation field
strengths of 1073, 10~* and 10~ Draine, respectively.

smaller than the largest column density obtained by clouds
evolving from molecular gas. None of the initially atomic clouds
reach Ny, > 10?' cm™ until they have existed for 20 Myr or
longer; several of the cloud models do not obtain significant
H, column densities until 1 Gyr has passed. The heating and
cooling of the gas is governed by the processes discussed in
the previous section, although the heating due to the formation



810
10*
3L
g 10
k=
)
S 10° - 8
10" ‘
10° 10* 10°
% (Draine)
10*
3L
g 10
k=
)
S 10° -
10" ‘
10° 10* 10°
% (Draine)

T. A. Bell et al.: Molecular dark matter in galaxies

10*

10°+

P/k (cm™ K)

10' !
10*
% (Draine)

10°

10*

—_
(]
)

P/k (cm™ K)

10*F

10!

10° 10°

10*
% (Draine)

Fig. 2. Contour plots of the maximum H, column density produced by initially molecular cloud models with vy, = 0.05kms™! that meet the
criteria of undetectable emission (see Sect. 3). Contour levels range from Ny, < 10*! cm™ (white), through 10%!, 10* and Ny, > 10 cm™
(dark-grey). The four plots show the pressure-radiation plane of the parameter space considered, for metallicities of 1, 107!, 1072 and 1073 times

solar (from left to right, top to bottom).

of H; is more significant in these models, since the hydrogen is
initially atomic.

5. Conclusion

We have conducted a large study of the parameter space asso-
ciated with regions where the radiation field is weak relative to
that in the solar vicinity to search for conditions that give rise to
significant quantities of molecular gas with emission strengths
that are comparable to the lower limits considered in standard
surveys. Having explored parameter space to identify the time-
dependent cloud models that satisfy these limits, we selected
those models in which a significant column density of molec-
ular hydrogen, Ny, > 10?! cm™2 was reached.

We find that there is a large region within the parame-
ter space that meets these requirements, resulting in clouds
that might contain a significant mass of molecular gas whilst
remaining effectively undetectable or at least not particularly no-
ticeable in surveys. This region is characterized by low turbulent
velocities (<0.1kms™), low radiation fields (<10~ Draine),
normal to low metallicities (~1-1072 Z;) and intermediate pres-
sures (~10°~10* cm™ K). Clouds forming from molecular gas
under these conditions are capable of maintaining large amounts
of H, without becoming detectable in emission. Initially atomic
gas can also form significant column densities of molecular
material with undetectable emission, but the time-scales required
are much longer (>107 yr).

Sternberg et al. (2002) conducted a study of PDRs in which
they assumed the present metagalactic radiation field to be in-
cident on clouds in work on minihaloes composed of cold dark
matter of the variety considered in many cosmological studies
and on compact high velocity HI clouds. As mentioned above,
the radiation field that they assumed is of comparable strength
at 100nm to fields for which we found large amounts of dark
molecular gas to exist. Hence, there is some overlap between
their work and ours. However, their emphasis is on HTI clouds
detectable in 21 cm emission, whereas ours is on the possible
existence of dark molecular gas with substantial enough column
densities to serve as reservoirs for potential star formation. They
address observations of HI clouds having total hydrogen nuclei
column densities of an order of magnitude and more below those
with which we are concerned. Our interest is in whether regions
of much higher column density may harbour sufficient molecular
gas to become sites of stellar birth while they remain hidden in
current surveys. We also wonder whether molecular dark matter
existing in regions far away from bright stars may lead to future
star formation in some galaxies occurring significantly beyond
the currently detected bounds of those galaxies.

Finally, we note that an H, column density of 10?! cm™
distributed evenly over a disc with a radius of 40kpc would
correspond to a mass of 10'!' M, sufficient to be of dynamical
importance in some galaxies.

2

A means of placing limits on the product of the covering fac-
tor of the type of molecular dark matter we are considering and
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the mean surface area per galaxy over which such dark matter
is distributed would be through millimetre-wave absorption ob-
servations of other galaxies similar to those made by Liszt &
Lucas (1998) to study diffuse clouds in our galaxy. Observations
towards many background sources would almost certainly be re-
quired to set meaningful limits on that product, as a detection
rate of about 4 optical QSO absorption systems per unit redshift
at a redshift of ~1 implies that intervening galaxies must have
radii of almost 100 kpc if they are randomly oriented discs (e.g.
Sargentetal. 1979). Zwaan & Prochaska (2006) have argued that
a redshift interval of Az ~ 100 has been covered in the CORALS
survey of radio-selected quasars (Ellison et al. 2001), whereas a
Az range on the order of 3300 near z = 0 should be required to
discover a high H, column density absorber at the present epoch,
if H, has the sort of distributions in galaxies that are inferred
from the BIMA SONG maps of CO in nearby galaxies (Helfer
et al. 2003).
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