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Rej = collisional CMB: baryon collisionless
10to 10° l fluid mechanics  oscillations l fluid
or turbulence? mechanics
plasma plasma
protogalaxies fragment as Jeans scale of inviscid plasma
turbulent fluid particles of density p, exceeds Hubble scale ct, cold dark
in boundary layers of spinning matter Jeans scale is assumed < ct
supersupercluster voids triggered so CDM may fragment and
by fossil big bang turbulence vortex lines hierarchically cluster into halos that
fe collect the plasma gravitationally
1010 10? i l
gas gas
earth-mass planets fragment and form stars form slowly within CDM halos
stars and supernovae at about 30 Kyr by beginning about 300 Myr after the
binary mergers of dark matter gas planets big bang, followed by the first planets.
within p, density prota-globular-cluster Only a handful of planets form per star
clumps of a trillion planets. Instead of with a tiny amount of water produced
a2 plan ets per star there are 30,000,000, b}u’ radiation pressures of massive stars
each of which is a water factory. Supernova weighing hundreds or thousands of
oxides are reduced by the hydrogen of the solar masses, as described by Bialy et al
planets, forming deep oceans on iron, (2015). Such large stars may not exist.
nickel, and rocky cores. The largest stars Gas planets are impossible. Loeb (2014]
weigh 1.44 to 1.3 solar masses. fails to make enough water for life,
water > 1094 kg water < 1087 kg
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JWater formation early in the universe is critical to the formation of life,
but it cannot be formed from LCDMHC cosmology as the authors
attempt to do. Hydrogen dark matter planets are water factories when
T X wvie et S s s@€ded with oxides of supernovae from the first stars formed soon

after the plasma to gas transition at 330 Kyr, from HGD cosmology
(Not 300 Myr). No massive Poplll stars ever existed. CHG
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ABSTRACT

We demonstrate that high abundances of water vapor could have existed in extremely low metallicity (10
solar) partially shielded gas, during the epoch of first metal enrichment of the interstellar medium of galaxies
at high redshifts. S?
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1. INTRODUCTION such as CO, becomes inefficient and the gas remains warm.

Could the enhanced rate ob8 formation via the neutral-
neutral sequence in such warm gas, compensate for the low
oxygen abundance at low metallicities?

Water is an essential ingredient for life as we know it
(Kasting2010). In the interstellar medium (ISM) of the
Milky-Way and also in external galaxies, water has been ob- . k .
served in the gas phase and as grain surface ice in a wide vari- Omukal etal.|(2005) studied the thermal and chemical evo-
ety of environments. These environments include diffuse and!Ution of collapsing gas clumps at low metallicities. Ihey
dense molecular clouds, photon dominated regions (PDRs)found that for models with gas metallicities of T0-10%,
shocked gas, protostellar envelopes, and disks (see review b,0 may reach 108, but only if the density of the gas ap-
van Dishoeck et al. 2013). proaches 1®cm—3. Photodissociation of molecules by far-

In diffuse and translucent clouds, 8 is formed ultraviolet (FUV) radiation was not included in their study.
mainly in gas phase reactions via ion-molecule sequences While at solar metallicity dust-grains shield the interior of
(Herbst & Klemperer 1973). The ion-molecule reaction net- gas clouds from the FUV radiation, at low metallicities pho-
work is driven by cosmic-ray or X-ray ionizationof HangH  todissociation by FUV becomes a major removal process for
that leads to the formation of Hand rg ions. These inter-  H,0. H,O photodissociation produces OH, which is then it-
act with atomic oxygen and form OH A series of abstrac- ~ self photodissociated into atomic oxygen.
tions then lead to the formation ofs@*, which makes OH Hollenbach et &l.| (2012) developed a theoretical model to
and KO through dissociative recombination. This formation study the abundances of various molecules, includis@,Hh
mechanism is generally not very efficient, and only a small PDRs. Their model included many important physical pro-
fraction of the oxygen is converted into water, the rest remainscesses, such as freezeout of gas species, grain surface chem-
in atomic form, or freezes out as water ice (Hollenbachlet al. istry, and also photodissociation by FUV photons. However
2009). they focused on solar metallicity.

Sonnentrucker et al. (2010) showed that the abundance of Recently, molecular abundances in the bulk ISM gas as
water vapor within diffuse clouds in the Galaxy is remarkably function of metallicity, were studied by Penteado et al. (2014)
constant, withxy,o ~ 1078, that is~ 0.1% of the available andBialy & Sternberd (2014, hereafter BS14), but these mod-
oxygen. Herew,o is the HO number density relative to the els focused on the low temperature ion-molecule formation
total hydrogen nuclei number density. Towards the Galactic chemistry. .
center this value can be enhanced by up to a factor f In this Letter we present results for the-8® abundance in
(Monje et al[ 201/1; Sonnentrucker ef(al. 2013). low metallicity gas environments, for varying temperatures,

At femperature,% 300 K, H,O may form directly via the ~ FUV intensities and gas densities. We demonstrate the impor-
neutral-neutral reactions, O +H-+ OH + H, followed by OH tance of the onset of the neutral-neutral formation sequence,
+Hy, - H,O +H. This formation route is particu]a”y impor- and explor(_-:' the role of the FUV field. We find that for tem-
tant in shocks, where the gas heats up to high temperaturegleratures in the range 256- 350 K, H,O may be abundant,
and can drive most of the oxygen into,® (Draine et al. comparable to or higher than that found in diffuse Galactic
19837 Kaufman & Neufeld 1996). clouds, provided that the FUV intensity to density ratio is

Temperatures of a few hundreds K are also expected in verysmaller than a critical value. 1g[2 we discuss our physi-
low metallicity gas environments, with elemental oxygen and cal and chemical model. We present our resul3h Finally
carbon abundances of 103 solar (Bromm & Loeli 2003; ~ We summarize and discuss our conclusionidh
Omukai et al! 2005, Glover & Clark 2014), associated with
the epochs of the first enrichment of the ISM with heavy el- 2. MODEL INGREDIENTS
ements, in the first generation of galaxies at high redshifts We calculate the abundance of gas-phas®© Hor low
(Loeb & Furlanettd 2013). At such low metallicities, cooling metallicity gas parcels, that are exposed to external FUV ra-
by fine structure transitions of metal species such as the [ClI]diation and cosmic-ray and/or X-ray fluxes. Given our chemi-
158 um line, and by rotational transitions of heavy molecules cal network we solve the steady state rate equations using our

dedicated Newton-based solver, and obtaisp as function
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Nyo = 6.5x 102 photons cm? is the photon density in the  drogen. We consider two scenarios for fdrmation: (a) pure
interstellar radiation field (ISRF,_Draine 2011), dig is the gas-phase formation; and (b) gas-phase formation plus forma-
“normalized intensity”. Thusyy = 1 correspondsto the FUV  tion on dust grains. In gas-phase, radiative-attachment
intensity in the Draine ISRF. 3

Cosmic-ray and/or X-ray ionization drive the ion-molecule H+te—-H +v 1)
chemical network. We assume an ionization rate per hydro-¢;iowed by associative-detachment
gen nucleor? (s 1). In the Galaxy/ Dalgarnd (2006) and
Indriolo & McCall (2012) showed thaf lies within the rel- H +H — Hy + e (2)
atively narrow range 10— 1016 s~1. We therefore intro-

“ H H H H 1 . 16 ~—1
duce the "normalized ionization rat€” 16 = ({/10 *s™). H, formation on the surface of dust grains is considered

The ionization rate and the FUV intensity are likely corre- - ; : :
lated, as both should scale with the formation rate of massiveto be the dominant formation channel in the Milky way. We

OB stars. We thus sét_16 = Iyyv as our fiducial case but also adopt a standard rate coefficient
consider the cases 16 = 10y andZ_15 = 10lyy. R~ 3x10YTY27 e st 3)
Dust shielding against the FUV radiation becomes inef- 2
fective at low metallicities. However, self absorption in the (Hollenbach et &l. 1971; Jura 1974; Cazaux & Tielens 2002),
H, lines may significantly attenuate the destructive Lyman whereT, = (T /100 K), and theZ’ factor is for a linear scaling
Werner (11.2-13.6 eV) radiation_(Draine & Bertoldi 1996; of the dust grain abundance with metallicity. In scenario (b)
Sternberg et al. 2014). We assume andHielding column  H, formation on dust grains dominates even #r= 103,
of at least 5¢< 10?1 cm~2. For such columns the LW flux is at-  Scenario (a) is the limit at which the gas-phase channel domi-
tenuated by a factor of 1§ and the H photodissociationrate  nates, and may be appropriate for dust-free models or for dust-
is only 29 x 10 19y, s1. Therefore, H photodissociation ~ grain abundances that are superlineat’isee discussion in
by LW photons is negligible, compared to ionizationfyas § ).
long aslyy < 1.7 x 10°¢_1e.
However, even when the Lyman Werner band is fully 2.2. Time scales
blocked, OH and KO are photodissociated because their en-  The timescale for the system to achieve chemical steady

ergy thresholds for photodissociation aré &nd 6 eV, respec-  state is dictated by the relatively long Formation timescale.
tively. For the low metallicities that we consider, photodisso- |n the gas phase (scenario [a]) it is

ciation is generally the dominant removal mechanism fg®H
and OH. We adopt the calculated OH anglHphotodissoci- th, —
ation rates calculated by BS14. Ha ko NXe
We assume thermal and chemical steady states. In the .
Milky Way, the bulk of the ISM gas is considered to be at Wherexe = 2.4 x 107°({_16/n4)Y/2T*8 is the electron frac-
approximate thermal equilibrium, set by cooling and heating tion as set by ionization recombination equilibrium, &ad-
processes. We discuss the relevant chemical and thermal timel.5 x 10-16T2¢7 cm® s~ is the rate coefficient for reaction
scales irff2.2. @.
Given the above mentioned assumptions, the steady state For formation on dust graing)(Z’), the timescale is gener-
solutions for the species abundances depend on only two paally shorter, with
rameters, the temperatufeand the intensity to density ratio 3
luv/Ns. Hereng = (n/10* cm™3) is the total number den- b — L BT Y2t (10 ) r (5)
7 . . R Ho 2 4 ; y
sity of hydrogen nuclei normalized to typical molecular cloud Rn VA
densities.T andlyy/ns form our basic parameter space in . ¢ ¢|oqs with lifetimest tn, will reach chemical steady
our study. State 2
. The relevant timescale for thermal equilibrium is the cool-
2.1. Chemical Model ing timescale. For low metallicity gas witd’ = 1073,

We consider a chemical network of 503 two-body reac- the cooling proceeds mainly via Hotational excitations
tions, between 56 atomic, molecular and ionic species of H, (Glover & Clark2014). If the cooling rate perzHnolecule
He, C, O, S, and Si. We assume cosmological elemental he{in erg s 1) isW(n, T), then the cooling timescale is given by
lium abundance of 0.1 relative to hydrogen (by number). For e T
the metal elemental abundances we adopt the Asplund et al. teool = B )
(2009) photospheric solar abundances, multiplied by a metal- W(n,T)
licity factor Z’ (i.e.,Z’ = 1 is solar metallicity). In our fiducial
model we assumg = 103, but we also explore cases with
Z' =10 2andZ’ = 10 4. Since our focus here is on the very
low metallicity regime, where dust grains play a lesser role,
we neglect any depletion on dust grains, and dust-grain chem
istry (except for H, as discussed further below). Direct and
induced ionizations and dissociations by the cosmic-ray / X-
ray field (J ¢) are included. For the gas phase reactions, we that generallfcoo < tHﬁ' .
adopt the rate coefficients given by the UMIST 2012 database Because the free fall time

(McElroy et al. 2013). 37 \ 12 Vs
The formation of heavy molecules relies on molecular hy- tir = <%) = 5x10° n, / yr, @)

is the dominant K formation route.

~8x 1B, 2T e, (8)

(6)

Herekg is the Boltzmann constant. Far= 10* cm3, and
T =300 K,W ~5x 10-2%(x,/0.1) erg s * (Le Bourlot et al.
1999), and the cooling time is very shest2 x 10%(0.1/xy,)
yr. For densities much smaller than the critical density for
H, cooling,W O n andtcoo O 1/n. In the opposite limitW
saturates antlyo becomes independent of density. We see
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FiG. 1.— The fractional HO abundage x4,0 as a function off andlyy /ng, for Z' = 1073 and{_16/luv = 1, assuming pure gas-phase chemistry (scenario

[a] - left panel), and including Kformation on dust grains (scenario [b] - right panels). In both panels, the solid line indicates thediiour, which is
a characteristic value for the® gas phase abundance in diffuse clouds in the Milky-Way. At high temperatures (duJgw, values) the neutral-neutral
reactions become effective argd,o rises.

is generally much shorter thay,, chemical steady state may smaller than a critical value of
be achieved only in stable, non-collapsing clouds, with life-

! ) (@ _ —2

times> ts+. ObV|(_)ust bothty, andﬁcom must be also shorter (IUV/n4)cri)t =2x10° . ®

than the Hubble time at the redshift of interest. However, when H formation on dust is included (scenario
3. RESULTS [b] - right panel), the hydrogen becomes fully molecular, and

Next we present and discuss our results for the steady stateH20 formation is then more efficient. In this cagg,o may

8
gas-phase pD fractionxy,o = nw,0/n, as function of tem- feach 10° for Iyy /ns smaller than
peratureT, and the FUV |nter-1$|ty to density ratigy /ns. (luv/m)$y = 3x10°% 9)

3.1 X0 asafunctionof T and lyy/na an order of magnitude larger than for the pure-gas phase for-
Figure[1 shows log(x1,0) contours for the two scenar- mation scenario.
ios described ir§ 2.3. In one H forms in pure gas-phase
(scenario [a] - left panel), and in the othep Fbrms also on 3.2. Variationsin Z' and {_1¢/luv

dust-grai/ns (sceglario [b] - right panel). Our fiducial parame- | Figure[2 we investigate the effects of variations in the
ters areZ’ = 10~ andzfleé luv. Atthe upper;lgeft region  value of Z and the normalizatio_16/lyv. The Figure
of the parameter spacy,o is generally lows 107", Inthis  shows the,0 = 108 contours for scenarios (a) (left panels)
regime, RO forms through the ion-molecule sequence, that anq (b) (right panels). As discussed aboveQHs generally
is operative at low temperatures. In the lower right corner, the more abundant in scenario (b) because the hydrogen is fully
neutral-neutral reactions become effective ang fI8€S.  molecular in this case, and therefore the 4@ontours are

In both panels, the solid line highlights txa,o = 10 located at highelyy /n4 values in both right panels.
contour, which resembles the,@ gas phase abundance  The upper panels show the effect of variations in the metal-
in (_J|ffuse and transluc_ent Galactic clouds._ This line also licity value Z/, for our fiducial normalizatio_1 = lyy. In
dellneayes the bord_erlme between the regimes whet® H poth panels, the oxygen abundance rises,xad increases
forms via the “cold” ion-molecule sequence, and the “warm” |, .+ increasingZ’. Thus at higheZ’, the 10°® contours shift
neutral-neutral sequence. The temperature range at whichy |qwerT and highelly /ng and vice versa. An exception is

the neutral-neutral sequence kicks-in is relatively narrow . AN ) .
250— 350 K, because the neutral-neutral reactions are IimitedT[he behavior of the’ = 10" curve, for which the metallic-

by energy barriers that introduce an exponential dependencéty |s.already high enough so that reac'ﬂcz)ns W'th metal SPECIES

on temperature. domm_at_e HO removal forluv/n4 <10 <. The increase in
The dependence doy /n4 is introduced because the FUV metallicity tglen results in decrease _of the HLO abundancée,

photons photodissociate OH and® molecules and there- and the 10° contour shifts to the right. Fduy /ns 2 10”

fore increase the removal rate os® and at the same time removal by FUV dominates and the behavior is similar to that

suppress formation via the OH +Heaction. This gives rise  intheZ’ = 10~3andZ’ = 10 * cases. o _

to a critical value foryy /n4 below which HO may become The lower panels show the effects of variations in the ion-

abundant. ization rate normalizatiog_16/lyy for our fiducial metallic-
For pure gas-phase;Hormation (scenario [a] - left panel), ity value ofZ’ = 10-3. First we consider the pure gas phase

the gas remains predominantly atomic, an@Hormation is formation case (scenario [a] - lower left panel). For the two

less efficient. In this casg,o 2 108 only whenlyy /ng is cases]_15/luy =1 and 101, the H,O removal is dominated
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FIG. 2.— Thexy,0 = 108 contour for variations inZ’ (upper panels) and iéi_16/luyv (lower panels), assuming pure gas-phase chemistry (scenario [a] - left

panels), and including Hformation on dust grains (scenario [b] - right panels).

by FUV photodissociation and therefore is independedt.of
As shown by BS14, the $D formation rate is also indepen-
dent of { when the H forms in the gas-phase. Therefore
XH,0 is essentially independent gfand the contours over-
lap. For the high ionization raté_1s/lyy = 10, the proton
abundance becomes high, anglHreactions with H domi-
nate HO removal. In this limitxy,o0 decreases witld and
the 108 contour moves down.

When H forms on dust (scenario [b] - lower right panel),
the H,O formation rate via the ion-molecule sequence is pro-
portional to the H and Hj abundances, which rise with

dance that scales superlinearly wizh For both scenarios
(a) and (b) we have found that the neutral-neutral formation
channel yields,0 2 1078, provided thalyy /ns is smaller
than a critical value. For the first scenario we have found that
this critical value is(luy/Ng)crit = 2 x 10%. For the second
scenarigqlyy /ng)erit = 3 x 1071,

In our analysis we have assumed that the system had
reached a chemical steady state. For initially atomic (or
ionized) gas, this assumption offers the best conditions for
the formation of molecules. However, chemical steady state
might not always be achieved within a cloud lifetime or even

Since the gas is molecular, the proton fraction is low and thewithin the Hubble time. The timescale to achieve chemical

removal is always dominated by FUV photodissociations (in-
dependent of). Therefore, in this cas®,o increases with
{_16/luv and the curves shift up and to the left, toward lower
T and higheiyy /na.

4. SUMMARY AND DISCUSSION

In this Letter we have demonstrated that the®igas phase
abundance may remain high even at very low metallicities of
Z' ~ 1073, The onset of the efficient neutral-neutral formation
sequence af ~ 300 K, may compensate for the low metal-
licity, and form HO in abundance similar to that found in
diffuse clouds in the Milky Way.

We have considered two scenarios forfdrmation, repre-
senting two limiting cases, one in which lis formed in pure
gas phase (scenario [a]), and one in whichfefms both in
gas-phase and on dust grains, assuming that the dust abu
dance scales linearly withd’ (scenario [b]). Recent studies

decrease faster then linearly with decreasthg As shown

by BS14, forZ’ = 103 and dust abundance that scaleZ’4s
with B > 2, H, formation is dominated by the gas phase for-

mation channel. Therefore our scenario (a) is also applicable

for models in which dust grains are present, with an abun-
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