arXiv:0705.4541v1 [astro-ph] 31 May 2007

Mon. Not. R. Astron. Sod00,[IHI5 (2006) Printed 16 October 2007

Cosmicraysand the primordial gas

Jens Jasche Benedetta Ciardi, Torsten A.

(MNHEX style file v2.2)

EnRlirt

1 Max-Planck-Institut fur Astrophysik , Karl-SchwarzddhBtrasse 1, D-85748 Garching, Germany

Submitted to MNRAS 03-Mar-2007

ABSTRACT
One of the most outstanding p

roblems in the gravitationdpse scenario of early structure

formation is the cooling of primordial gas to allow for smiadass objects to form. As the neu-
tral primordial gas is a poor radiator at temperatires 10* K, molecular hydrogenis needed

for further cooling down to tem
catalyzed by the presence of f
an early population of cosmic r

peraturés~ 100 K. The formation of molecular hydrogen is
ree electrons, which coulddéged by the ionization due to
ays. In order to investighte possibility we developed a code

to study the #ects of ionizing cosmic rays on the thermal and chemicalugian of primor-
dial gas. We found that cosmic rays can provide enough fegrehs needed for the forma-
tion of molecular hydrogen, and therefore can increasedbérg ability of such primordial

gas under following conditions
initial temperature of the gas

: A dissociating photon fluxwF < 10718 erg cnm?Hz 1s™?,
10° K, total gas number densities > 1 cnT3, Cosmic ray

sources withecg > 10732 ergcnri s

Key words. cosmic rays — astrochemistry.

1 INTRODUCTION

In the commonly adopted theory for structure formationpyani-
dial density perturbations grow through gravitationaln¥ansta-
bility and eventually form halos in whose potential wellg thb-
servable baryonic matter gathers. During contraction g de-
velops shocks and gets reheated to a temperature at whissupee
support can prevent further collapse. Once the gas hadizéda
in the potential wells of pre-existing dark matter halosjiidnal
cooling is then required to further collapse the gas and flomi-
nous objects.

Line cooling, in which the radiative de-excitation of atoms
leads to the emission of photons, is the most important cool-
ing mechanism for a primordial gas (predominantly made of
hydrogen and helium) at temperatur@s > 10* K. At lower
temperatures though, primordial gas is a very poor radiator
(Shapiro & Kang 1987) and in the absence of elements withdowe
excitation energies, such as metals, line cooling becomegec-
tive (Galli & Pallal 1998). In the standard cosmological hrehi-
cal scenario for structure formation the objects which fdirst
are predicted to have masses corresponding to virial teahpes
Tvir < 10* K (for a review see _Ciardi & Ferrara 2005). Thus these
objects, once virialized, cannot cool and further collapgaeatomic
line cooling.

The most éicient coolant for a primordial gas at such temper-
atures is molecular hydrogen, because it has additionatioogl
and vibrational degrees of freedom and therefore is abledbthe
gas down to temperatur@s ~ 100 K. For this reason molecular
hydrogen is believed to play an important role in the foromif
stars or small-mass galaxies from a metal-free gas.
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Therefore, itis of great interest to get a firm picture of thie p
mordial chemistry and of all theffects that might lead to formation
or destruction of molecular hydrogen in metal-free gas efishifts
z < 110 molecular hydrogen is predominantly formed by the gas
phase reactions

H+e
H +H — H;+e

- H +v

in which electrons act as a catalyst (Dalgarno & llepp 198RusT
the formation of molecular hydrogen requires free elecranbe
abundant at relatively low temperaturd@s< 10* K).

In a post recombination universe the gas is mainly neutridl wi
a residual fraction of free electrons which give rise to thafation
of traces of molecular hydrogen (Galli & Pélla 1998). Nekietess,
this primordial abundance is not enough to trigger strictarma-
tion (Hirata & Padmanabhan 2006; Abel el al. 1997; Tegmasi|/et
1997;| Haiman & Loeh 1997). Partial ionization of hydrogerd an
helium increases the abundance of free electrons and pesrtioa
formation of molecular hydrogen. While UV photons can fudg-
ize such species and, in the absence of neutral hydrogemtée
formation of H;, x-rays only produce a partial ionization and pro-
mote molecular hydrogen formation. In the past, severdiast
have investigated the influence of x-rays on thecHemistry (e.g.
Glover & Brand [(2003); Haiman et al. (2000)).

Recently much work has been published on tfieat on pri-
mordial chemistry of high energetic cosmic rays arisingrfrthe
decay of massive dark matter particles (e.g. Shchekinov éllies
2004; |Ripamonti et al.| 2006)| Shchekinov & Vasiliev_(2004)
pointed out that ultra high energetic cosmic rays (UHECRE-a
ing from decaying super heavy dark matter particles withseas
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My > 10'2 GeV may have a strongfect on the chemical evolu-
tion of the medium. Those high energy cosmic rays are balieve
to be converted into UV photons through electromagneticamdess
which would partially ionize hydrogen and eventually leadhe
formation of molecular hydrogen. The authors showed thaén

d
presence of UHECR the early luminous objects are an order of d—r: = Z

magnitude less massive and form earlier in comparison tpre
dictions of the standard recombination history.
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of the gas. The chemical evolution of a gas is governed bystiel
collisions that change the number densities of interacipagies by
creating or destroying chemical compounds. The equatioichwh
governs the number density evolution is most generallyrgase

> ak Mnine+ > ain - n 4V N
k |

- dt
i

Here the subscriptsj,k andl denote the dferent particle species,

Cosmic rays (CR) themselves can be an alternative source ofand the quantitiet), (T) and 4| are the rates for the chemical re-

partial ionization. Unlike photons, cosmic ray particlesidonize

actions that create or destroy particles of tyfereference to the

neutral atoms many times as they move through the medium. In ysed rates is given in Appendi¥ By. andg' are the stoichiometric

addition, in each ionizing collision the cosmic ray pagglim-
part only a small fraction of their overall kinetic energy ttee
ejected electron_(Mannheim & Schlickeiser 1994; Spitzercts

codiicients that account for the number of particles of typeat
are created or destroyed in each reaction. The last termua-eq
tion (1) describes the change in particle number densitytaltiee

1969). Therefore cosmic rays are expected to heat the mediumeyolution of the volumey.

much less than photons with comparable energies. Thereeare s
eral suggestions about possible cosmic ray sources in tie ea
universe. Decaying primordial black holes, topologicdkedts, the
very early supernovae, super massive particles or steiébuma-
tion shocks are some of these (Biermann &ISigl 2001 ; Stanex:;20
Pfrommer et &l. 2006).

In this paper we will investigate whether an early populatio
of cosmic rays can trigger molecular hydrogen formation emmt
tribute to the process of small scale structure formatidnis Will
be done by coupling in a self-consistent way the spectrduéoo
of a cosmic ray population with the chemical evolution of & pr
mordial gas. In Sectidil 2 afidl 3 we describe the chemical eolu
of the gas and the evolution of the cosmic ray spectrum respec
tively. In Section# and]5 we describe how cosmic rays interac
with the ambient matter and by which reactions they influghee
primordial chemistry. The method and the code developethgur
this work will be described in Sectidn 6. Finally, Sectidndhtains
a discussion on the results which will be summarized in 8ai

2 PRIMORDIAL CHEMISTRY

As discussed in the Introduction the basic idea of this wertoi
study the &ect of cosmic rays on a gas consisting dfelient pri-
mordial chemical species. Among others, we want to investithe
relevance of cosmic rays for early structure formation,cihiakes
place in an almost metal free universe between redshift0 and

z ~ 10. We therefore consider only the chemistry of primordial e
ements, hydrogen, H, helium, He and deuterium, D. These thre
species interact via a complicated network of chemicaltieas,
which changes the overall chemical state of the gas.

According to_Spitzerl (1978) the velocity distributions bt
gas particles in the density regime considered in this warko(
10* cm ) are always close to a Maxwellian equilibrium distri-
bution. This allows to describe the thermal state of thistmul
component gas with just one single kinetic temperafurfer all
particles.

Although the velocity distributions of the particle specare
close to that in thermal equilibrium, the level populatidrite dif-
ferent species does not correspond to thermal equilibrlarthe
density regime considered here though, the coronal linniteaap-
plied. This allows to treat all particle species, includinglecular
hydrogen, in their ground states as long as only moderate &Jafi
with fluxes up to~ 107'% ergcnt?s ™t Hz* are present (Abel et al.
1997; Shull 1978).

Given the above approximations, a simplified approach can be

used to describe numerically the chemical and thermal &wvolu

Whereas the temperature evolution of the gas is described by
dT 2C-A) 2dInV 2
@ ke 3 dt @)
wheren = Y n; is the total number density addand A are the
heating and cooling functions respectively (Apperdix ApeTirst
term on the right hand side of equatidh (2) describes theheetrial
heat input to the medium, while the second term describesdhie
done by compression or expansion of the gas. Note that heaswe
sume that the gas behaves as an ideal mono-atomic_gas (Spitze
1978). Hfects of thermal conduction are neglected in equalibn (2),
which is appropriate for the density and temperature rangsid-
ered here (Spitzer 1978).

3 COSMIC RAY SPECTRAL EVOLUTION

It is well known that radiation like cosmic rays can ionizeautral
atoms and deeply influence the chemical evolution of a medium
Since protons are the dominant cosmic ray species at leastrin
Galaxy (Pfrommer et al. 2006), here we will only considerctbs-
mic ray protons. This is a fair assumption as nucleosynshes-
dicts ~ 93% of all baryon particles in the universe to be protons.
Therefore the dominant species emitted by some early casyic
accelerator should also be protons. However, a small fnaaif
helium might be present in the early cosmic radiation. These
particles can simply be treated as four protons and hencé-be a
sorbed in the proton spectrum (EnBlin et al. 2006).

Since the ionization cross section of hydrogen has a maximum
at proton impact energies 25.0 keV, it is necessary to find an
adequate representation of the cosmic rays at those logieaein
addition, their original spectrum will be modified due to #rergy
losses which cosmic rays experience in the frequent irtierec
with particles of the ambient medium. As no measurementwf lo
energetic cosmic rays is available and the cosmic ray itiniza
rate depends on the spectrum, we need to model the low energy
spectrum and its time evolution theoretically.

In the following we will define some variables useful for our
calculations. It is convenient to introduce the dimensisalmo-
mentum:

Pcr

mec’

(©)

wherepcr is the momentum of the cosmic ray proton anglis the
proton mass. In addition, we can express the kinetic enes@s:

To(p) = (V1+ P2 - 1) (M) @)

and the dimensionless velocjfyas:
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p
R

wherev is the particle velocity.
With this notation the spectral evolution equation of the-co
mic ray proton number density p,t) can be written as follows:

an(p, t) . ap(p,Hn(p,1) _ n(p.t)
ot ap (p,t)’

where the dot denotes the derivative with respect to ti@{e, t) is
a source function for the cosmic ray protons afpl t) is a typical
loss time for cosmic ray particles from the volume under @ars
ation.

Under the assumption that the injected spectrum obeys a
power law with some spectral indexin momentum space, the
source function can be written as:

Q(p.t)

B

®)

Cc

= Q( p, t)

(6)

p~°0(p - Po) » (7)

= R

MpC? &(S, Po)
whereecr is the change of total cosmic ray energy density with re-
spect to timek(s, po) is a normalization depending on the spectral
index s, O(X) is the Heaviside function ang, is a lower momen-
tum cutdf of the injected spectrum. The value (s, po) can be
calculated as (EnRlin etlal. 2006):

5 o

«(s. Po) = ST]-:L (p%‘s(\/rr%— 1)+

whereB,(a, b) denotes the incomplete Beta-function, and 2 is
assumed.

1
-B_1

2 1+ poz

s-2 3-s
27 2

4 INTERACTION BETWEEN COSMIC RAYSAND

MATTER
4.1 Coulomb losses

Here we are interested in the problem of the energy loss ahicos
rays in the interstellar and intergalactic gas. The basallaflec-
tromagnetic interactions is the Coulomb scattering betvebectric
charges, which allows for transfer of kinetic energy as thaqn
moves through a free electron gas. According to Gould (1,9%2)
total energy loss of a proton by Coulomb losses in a plasmigésg

o) s o)

Here,wy = +/4n€’n./me is the plasma frequency amd is the
number density of free electrons. The result is independgtite
massm, of the incident proton as long as the recoil of the proton
can be neglected, i.emc <« myc, with y = 1/4/1 -2 Thus
equation[(D) is valid foy < m,/me. In a partially ionized medium
the total loss of kinetic energy can simply be calculated diirag
the losses due to excitation or ionization to the Coulombdesas
calculated here (Gould 1972).

dTy(p)
dt

2m.c’Bp
ha)p|

ﬁZ
2

9)

4.2 lonisation losses

lonization energy losses are important for all chargedigas,

and for particles other than electrons and positrons theyi-do
nate over radiation energy losses at all but the highestgmaser
These ionization losses are governed by the Bethe-Blocatiequ
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(Groom & Klein|2000), which for moderately relativistic aigad
particles assumes the form:

dT,(p) Anet
(T52), - AL

dt
o2 e
mﬁc;m['”( b)) P

where nz is the number density of atomic species with elec-
tron numberZ, |7 is the ionization potential, and, is called
the stopping number| (Ziegler 1999). The quantitfy)
y/1+ 2yme/m, + (me/mp)? is a correction factor that accounts for
the maximum kinetic energy that can be imparted to a fredrelec

in a single collision|(Groom & Klein 2000).

The density correction factér, accounts for the screening ef-
fect of a medium which becomes polarized as highly relatwis
particles move through it (Martin & Shaw 2003). In this cake t
electromagnetic field of the ions may not be at the assumed fre
space value, but is reduced by the dielectric constant afirgium
(Ziegler 1990). The density correction factris usually negligi-
ble for gasesl| (Groom & Klelih 2000), but is given here for com-
pleteness:

9z
2

] (10)

2y - Dz Yz <y)

67 = 2y — Dz + az((y1z - y)/In10)2 (Yoz <y < y1d1)
0 Y < Yoz)

Here,y = In(p), Dz = 1 - 2In(iwp/lz) and Yoz, Y1z, az,

k; are empirical constants which characterize the atomiciepec
(Sternheimer 1952) and are given in tdfle 1 together withdhees
for the ionization potentials; of molecular hydrogen and helium.
All hydrogen measurements were done with molecular hydroge
but not much dierence is expected when these values are adopted
for atomic hydrogen.
As already pointed out earlier, the energy range of cosmic

ray protons most important for the primordial chemistry oo
der keV. The Bethe-Bloch equation in the forim](10) is notdali
at these low energies, and a correction term must be addée to t
square brackets of equatidn{10). The so called Bloch ctioreis
important for slow particles (Mannheim & Schlickeiser 19%hd
for protons it can be written as:

ia
+ =

i)

Lo = 5 (¥(1) - Re 1 (12)
where¥(X) is the digamma function, the logarithmic derivative of
the gamma function, and = 1/137 is the fine structure constant
(Ziegler1999).

With this corrections the Bethe-Bloch equation can be used f
particles with velocities greater than the characterigtiocity of
the medium’s electrons, which is the orbital velocity in teshell
of the atomi(Mannheim & Schlickeiser 1994). For atomic hyno
the orbital velocity can be derived from the Bohr atomic meohel
yields:

&
ﬁorbn = h_C ~ 0.0073. (13)
For protons with velocities larger thgB.mit the Bethe-Bloch
equation is in excellent agreement with the experimentalesa
(Mannheim & Schlickeiser 1994).

At even lower particle velocities Ginzburg and Sy-
rovatskii provide a useful ionization loss rate for slow son
(Ginzburg & Syrovatskii 1964), which for protons can be wenit
as:
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Element Z Iz[eV] Yoz Y1z az kz
He 2 246 20In10 30In10 Q98 411
Hay 1 136 176In10 30In10 Q34 501

Table 1. Atomic data of He and Kas given by Sternheimer (1952). The
hydrogen measurements were done with molecular hydrogénptsignif-
icant changes for atomic hydrogen are expected within tberacy needed
for our purpose (Enf3lin et al. 2006).

|

For proton velocities lower thay,i this agrees well with the ex-
perimental data of Whaling (1958). Then the total ionizatoergy
loss formula is given by:

dTy(p)
dt

eV

s

=211x102%8% ) nZ 14
)| B3 (14)

_ (dTp(p)) { 4,7%1 ZZ an [I—O + I—Bloch] (ﬁ > ﬂorbit)ls)
dt 211x 1082y, 2 & (B < Borit) -

Note that the derivation of the cosmic ray energy losses due
to ionization neglects the details of the atomic shell stmes In
order to obtain accurate energy losses, the particle etectolli-
sions should be considered with detailed treatment of eacfet
electron’s orbital bonding, and as the particle slows doavahell
correction term should be added to equation (10) (Zieqgl&919
All the atoms considered in this work though, on average aill
ways be in the ground state and thus no detailed study of dineiat
shell corrections is needed. The correction would be at ®#st
in the energy range 4 100 MeV (Ziegler 1999). Therefore, shell
correction can be safely neglected, and equalioh (15) ibescad-
equately the ionization losses of cosmic ray particles.

4.3 Hadronic losses

The known cosmic ray spectrum extends over energies from a

few hundred MeV to 3 10?° eV (Biermann & Sigl 2001). Such
high relativistic energies allow cosmic ray protons to ceane the
Coulomb barrier and interact hadronically with the nuclette
ambient matter. The fundamental theory underlying highrggne
collisions of hadrons is generally referred to as Quantunro@lo
Dynamics (QCD)l(Stangv 2004). As QCD predicts the creatfon o
massive particles in collisions between hadrons if thedieist par-
ticle possesses enough kinetic energy (Peskin & Schroé®s),1
these interactions, especially pion creation, are an itapbenergy
loss mechanism for cosmic ray protons at high energies.ighe |
est known mesons are pions, with massgsc®? = 13957 MeV
for charged pions anano.c?> = 13498 MeV for neutral pions
(Martin & Shaw! 2003). For positive and neutral pion prodoiati
the lightest final states which conserve baryon number sraréd
charge are created by the processes

P+P->P+N+7x" (16)
and
P+P—P+P+7° (17)

yielding a threshold energg2, ~ 1.22 GeV, with a corresponding
momentum thresholgymyc? ~ 0.79 GeV (Martin & Shaw 2003).

The neutron produced in reactién{16) will decay into a pnoto
after a mean lifetime of 886 s, so we basically end up with pion
and two protons. This assures that the cosmic ray proton eumb
density is conserved in these reactions. In subsequerggses the
pions will decay via the channels

o W+ VeV o € 4 ve/Vet ViV (18)
and
-2y (19)

with mean lifetimes for charged pions a6X 108 s and for neutral
pions of 84 x 107" s (Martin & Shaw 2003). However, the subse-
guent decay products are not considered further in this work

The average kinetic energy loss of cosmic ray protons due to
pion production has been calculated by Mannheim & Schiggei
(1994) and can be written in the form

) (dTp(p)

dt
where ncei iS the number density of the target nucleon in the
medium andop, = 3 x 1072 cn?? is the cross section for pion
production in proton collisions.

) = 0-65crhuclei0-ppr®(p - pth) , (20)
had

5 COUPLING BETWEEN COSMIC RAY PROTONSAND
PRIMORDIAL GASCHEMISTRY

In this Section we describe the method used and the apprtgimsa
adopted to couple cosmic ray protons to the chemical ewlwdf
a primordial gas.

5.1 lonization rates

As a cosmic ray proton travels through matter it leaves lehin
a trail of ions. In accelerator experiments it is possiblertea-
sure the mean energy needed to create one electron-ioMpair
along the track, which clearly depends on the target materia
(Bakker & Segré 1951). According to Heitler (1954) this age
energy loss is representative for the average primary abioiz of
the cosmic ray proton.

Both the fractional number of cases in which a collision with
an atom results in ionization rather than excitation to aréi®
level and the average energy transferred to the ionizedretec
are almost independent of the incident energy of the cosayic r
proton (Mannheim & Schlickeiser 1994). With these emplrata
servations and equatiof_{15), the primary ionization ratetlfie
chemical elements can be calculated as:

.EI (pmin)
W nz ’

wheree (pmin) is the change of ionization energy density per time
given as:

& (i) = fp m

Here pmin is defined by the minimum energy necessary to ionize
the atomic species (in the case of atomic hydrogen it i§ &9)
andW; is the mean energy expended per ion pair created by a pro-
ton. The values of\, were measured hy Bakker & Segré (1951)
and| Weiss & Bernstein (1956) for several elements, and asngi
in table[2 for molecular hydrogen and helium. The hydrogea-me
surements were done with molecular hydrogen, but no sigmific
changes for atomic hydrogen are expected within the acgueac
quired here.

When a cosmic ray proton ionizes an atom, energy is trans-
ferred to the ejected electron as kinetic energy. Some tthérgy
will go into further ionization or excitation of atoms, folved by
radiation, while some of the energy will go directly into tiag

prim _
/lCR -

(21)

(22)

5

n(p)dp.
|
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the medium|(Spitzer & Scatt 1969). Therefore, this first gatien
electrons give rise to additional ionization and more frieeteons
as long as their kinetic energy is above the ionization tiokeken-
ergy.

According ta Spitzer & Scott (1969) all secondary and higher
generation ionization can be accounted for multiplyingghimary
ionization rate[(211) by a factet = 5/3. This holds up to an ion-
ization fraction off = ne/ny ~ 1072, while for higher ionization
fractions secondary electrons loose their energy to Caoliorner-
actions with the free electron gas rather than to ionizatioaddi-
tional atoms|(Spitzer & Scott 1969). As cosmic rays can rtise
ionization fraction considerably, especially for low digngases,
one should be aware of the errors that are introduced by @sing
constanté. However, at this stage of research we are mainly in-
terested in finding an overalfffect and therefore we tredtas a
parameter. Comparison of calculations with= 5/3 and¢ = 1
showed that not much flerence arises from theftérent treatment
of secondary electrons in the cases studied here (JascBg 200

With all the above simplifications the total ionization rate
cluding primary and higher generation ionizations, can bi¢ten
as:

Ak = AR

(23)

5.2 Cosmicray input on the chemical network

The most important reactions by which cosmic ray protonsiinfl
ence the primordial chemical network are the following:

(l) Pcr+H — Pcr+ Hf + &
(ll) Pcr+ He — Pcr+ Het + €
(lll) Pcr+D —» P+ D™ + €
(lV) Pcr+ Hy —» Pcr+ H; + €
(V) Pcr+H > Pcr+H+ e

where the electron detachment reaction (v) turned out toelgé-n
gible (Jasche 2006).

All these reactions conserve the cosmic ray proton number
density, and therefore no exchange of particles betweanicoays
and medium needs to be considered. The ionization ratefidor t
reactions can be calculated with equatibn] (23) and the dient
from tableddl anfll2. Unfortunately, no experimental datadéar-
terium targets is available, and therefore we use the sales/as
for hydrogen, which should be a safe assumption for the acyur
required in this work. As 97% of cosmic ray;liinpacts lead to the
formation of Hj via reaction (iv) no other destruction mechanism
for molecular hydrogen by cosmic ray protons will be consde
here in agreement with the literature (Hartquist & Willia@#96).
However, inclusion of additional cosmic ray,Heactions lead to
the formation of additional K Such reactions and also the influ-
ence of cosmic rays on other molecules like HD will be disedss
in detail in forthcoming publications.

Whenever there is helium present in the medium, it will not
only be ionized by the cosmic ray protons, but will also emit a

2123 eV photon, as the remaining electron relaxes to a new shell

configuration|(Spitzer & Scott 1969). In principle this pbiots ca-
pable of ionizing further atomic hydrogen. But since we édeisa
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Element Z Wz [eV]
He 2 403+08
Hz 1 363+07

Table 2. Experimental values ofW; for molecular hydrogen
(Bakker & Seqrié 1951) and helium (Weiss & Bernsiein 1956).

5.3 Heatingrates

Cosmic rays can be arffigient heat source especially for a low
density gas, and therefore their heat input to the mediunt beis
considered. When the cosmic ray proton ionizes an atongristr
fers a certain amount of kinetic energy to the electron, tvhsc
either used for further excitation and ionization of atoorsis dis-
tributed by elastic collisions to other species of the mediln the
latter case the overall kinetic temperature is raised.

The dfect of heating by cosmic ray ionization and secondary
electrons is not well described in the literature. The pabat
mention heating by cosmic ray ionization are not very detbind
show some discrepancies (€.9g. Mannheim & Schlickeiser4(t99
Spitzer & Scolt|(1969)). Here we will provide a reasonablearm
limit to the heat input.

Let EZ, be the ionization threshold energy of an atom of
atomic chargeZ (for hydrogenEL, = 136 eV). Then the mean
kinetic energyEyi, imparted to the primary electron in a single col-
lision can be calculated as

- E%n) .

In subsequent collisions the primary electron will on ager&n-

ize ¢ — 1 atoms and therefore loose the additional kinetic en-
ergy ¢ — 1)EZ,. Thus every primary ionization by a cosmic ray
particle finally yields a temperature gain equivalent to aargy
Eneat = (Wz - g—‘Eﬁm). Hence we can write the heating rate for cos-
mic ray ionization as

Ein = (WZ (24)

) - W
T8 = (W; — €E5,) 18R, = (—Z - Eén) Agkn; (25)

&

which, for & = 5/3, means a heat input &.,; =~ 8.18 eV for
every ionization of hydrogen in a neutral medium. This heat i
put is an overestimation as the electron could have alse&fesgy
to excitation which was not accounted for here. Thus, in draéu
medium less than/% of the energy transferred from the cosmic ray
proton is finally deposited as heat. Again, it should be nttet
decreases with increasing ionization fractibrand thus the heat
input by cosmic rays will increase with As soon as a large frac-
tion of the medium is ionized, the cosmic ray proton looseg#c
energy mainly due to Coulomb interactions with the free tetes
of the medium, and all the kinetic energy imparted to the &lee-
trons is equivalent to the heating eneiy,.

The heating rate due to Coulomb interactions can be calcu-
lated by using equatiofi](9):

o | (dT,
rgg":j(; ( (P

dt
The fact that the energy lost by cosmic ray protons in Coulamb
teractions is directly transferred to heat of the mediurhésreason

(26)

)C|n(p)dp.

very rarefied medium and the flux of these photons is assumed towhy cosmic rays are arflecient heat source. Thus, once the gas is

be low, they are expected to contribute insignificantly edkerall
ionization rate.
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ionized to stiiciently high degrees the future fate of the medium
will be defined by Coulomb heating solely.
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6 METHOD

Here we will describe and discuss the numerical methods tased
study the influence of early cosmic rays on primordial gasrter

to estimate the féects of cosmic ray protons on the chemistry of
primordial gas, it is necessary to follow the chemical arefrtial
evolution of such gas along with the cosmic ray spectraligiant.
Therefore we simulate a homogeneous and isotropic mediam an
follow the evolution of 13 species (H,*HHH~, HJ, H,, He, He,
He'*, HeH", D, D*, HD and €) self-consistently together with the
spectral evolution of the cosmic ray protons. The code tatles
the chemical evolution of primordial gas by taking into amb
27 collisional rates ( Appendix]B ), 17 radiative rates inithg
CMB interactions ( AppendiXB ) and 4 additional rates agsin
from the coupling of cosmic ray protons to the chemical nekwo
as mentioned earlier.

6.1 Codetesting

The accuracy of the numerical scheme for the cosmic ray igect
evolution is checked by comparing the numerical resultstlier
cosmic ray spectral evolution with the analytic equililnisolution

of equation[(B) where we neglect the escape term. The dewiefi
the numerical results from the analytic ones is measured by

r-‘analytic( p) - nnumerica( p)
nanalytic( p)

on(p) = (27

Jens Jasche Benedetta Ciardé- Torsten A. Enf3lin

Finally as chemical reactions conserve the mass of therayste
we checked that the mass remains constant throughout thdasal
tions.

6.2 Thesimulation

The gas in the simulations consists of the primordial elameéh
D and He with the mass fractiorfg = 0.76, f4e = 0.24 andfp =
1.8 x 1075 fy (Smith et all 1993).

The parameters that determine the cosmic ray spectral-evolu
tion are set as follows. We set the boundaries for the intiegra
region in momentum space afin = 102 and pmax = 104 and
assume the momentum ctitgyq in equation[(¥) to coincide with
Pmin- The spectral indeg of the injected power-law spectrum is as-
sumed to bes = 2.2, as expected for Fermi-acceleration at shocks
(Mannheim & Schlickeiser 1994). This givets, pmin) = 4.95. The
upper boundanpmax is much higher than the range of momentum
expected to be important for the chemical network, and fbeze
boundary &ects arising from the numerical integration of the cos-
mic ray spectrum will not interfere with the calculations tbe
chemical network. In order to restrict the number of pararst
the escape of cosmic ray particles from the medium underig¢ons
eration is assumed to be negligible and therefore theipestme
is set tor = co. This implies that either the gas occupies an infinite
volume, or magnetic fields capable of confining the cosmis fay
the region of interest are present. As already discusseedtidh
51 in the following we will usually adopt = 5/3 and a mean heat
input per ionization oEe, = 8.18 eV for hydrogen and.@ eV for

Here we do not consider any chemical evolution and assume ahelijum.

gas consisting of atomic hydrogen with a number density=

10 cm3. The cosmic ray spectrum is integrated from the lower
boundarypmin = 1073 to the upper boundarpn.x = 10° with a
spectral indexs = 2.2 and a cosmic ray energy density injection
rateecg = 10726 ergcne sec?.

As not much about primordial cosmic ray sources and the re-
gions in which cosmic rays might be present in the early usive
is known, the code was used to run a large number of simukation
in order to explore a wide range of tlagr x n parameter space.
Tests with an additional UV photon background field, as it

The asymptotic steady state solutions are then compared formight arise from the very first stars, showed that in the prese

two scenarios. In the first scenario we consider that the mosm
rays interact with a totally neutral medium, while in the @ed
we choose a totally ionized gas. The results are plotted imefd.
The numerical solutions are nearly identical to the analgties.

At the highest momenta the boundaryeets lead to some devia-
tions, which are still within the accuracy needed for thiskvén
any case these will nofi@ct the calculations considered here since
those high momenta are far beyond the region of interesoEme
ray ionization. Therefore the calculations done in thiskweill not
sufer from accuracy losses due to numeridétets.

Testing the chemical network is moreffttult as no analytic
solution exists. For this reason, we have chosen to checkahe
havior of the code against results present in the literaitverun
a simulation to follow the chemical evolution of the inteliayzic
medium from redshift 10to 0 and compare the results with those
of|Galli & Palla (1993).

For our calculations we adopt/&CDM cosmological model
with Q4 = 0.73,Q, = 0.27 andH, = 71 kmsec!Mpc™. As
initial conditions we assume a completely ionized gas witism
fractionsfy = 0.76, fye = 0.24 andfy = 1.8x 107 fy, as predicted
by nucleosynthesis (Smith et al. 1993). The result is piteskim
figure[2. From a comparison between the results obtainedisn th
work and those of Galli and Palla, it is clear that the mairuess
of the chemical evolution are very well reproduced by theegod

of ionizing photons the influence of cosmic rays is usuallig-su
dominant. We therefore consider only regions that are dbdkl
from ionizing photon radiation, but the treatment of Hissoci-
ating photons with energies in the range of the Lyman and &ern
transitions (112-136 eV) is included/(Thieleris 2005). As only this
small range of photon energy is of interest, we may assuma-a co
stant photon flux=. In the following we will refer to these dis-
sociating photons as soft ultraviolet (SUV) radiation. Mdiative
transfer of photons is considered in this work, and theeetbe
dissociating background flux must be understood as a mean flux
of photons in the gas. In reality, the molecules in the owdgians

of the gas cloud absorb some of the dissociating photondtiresu
in a decrease of the dissociating radiation toward the iregions
(Thielens 2005). This self-shielding mechanism is cleadpen-
dent on the gas density and distribution and therefore ttanrfiex

of photons in the medium will in general depend on the totahnu
ber densityn and the sources that produce it.

7 RESULTS

In this Section we will discuss theffects of CR protons on the
chemistry of a primordial gas as derived by our simulations.
It should be noted that cosmic rays are not able to destroy an

although some minor fferences are present. These arise because initially available population of molecular hydrogen. Atetelec-
of the slightly diferent sets of chemical rates used and because tron detachment from Hby cosmic rays is negligible the only pos-

Galli and Palla included more chemical species.

sible destruction mechanism for molecular hydrogenjsddiza-
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Figure 1. Upper panels: cosmic ray spectrum after interaction witkwtnal (left panel) and an ionized (right panel) gas. Théddgsolid) lines indicate the
analytic (numerical) results. Lower paneadsy p) for a neutral (left panel) and an ionized (right panel) gas.

tion. Nevertheless, as soon as cosmic rays are strong eriough
suficiently ionize molecular hydrogen, they also provide erfoug
free electrons by ionizing the atomic species, resultirgriet pro-
duction of H (Jasche 2006). Therefore, cosmic rays do not inter-
fere with any other chemical process that leads to the foomatf
molecular hydrogen. This suggests that the final abundaihkkl o
can be written as:

N, & NG, + ANy, (28)
Whereng2 is the initial number density of molecular hydrogen, and
Any, is the number density produced by cosmic rays in a purely
atomic gas of the same total number density.

The simple dependence of the overall behaviongf on its
initial abundance allows to make some more general corssider
tions. Let us assume to have a gas cloud with initiaBHundance
ng, > 01in thermal and chemical equilibrium in the absence of cos-
mic rays. If K line cooling is the main cooling mechanism, this
implies thatl’ = AHz(naZ), wherer includes all heating sources
with exception of cosmic rays. When cosmic rays interach wie
gas cloud, its temperature change can be written as:

3
EnkBAT = F+FCR—AH2

I'+Tcr— [AHz(nE{Z) + AHZ(Aan)]
T'cr— Any(Any,) ,

(29)
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if we assume that all additional heating sources remaintaahs
and equal to the initial Hcooling. Here we have used the fact that
A, in thermal and chemical equilibrium is proportional to thg H
number density. This implies that the temperature changeacied

by the interaction of cosmic rays and a gas with any initiabHun-
dance can be estimated simply from the balance betWegand
the H, cooling of an initially atomic gas. The advantage is that we
can explore a wider physical condition range without knaytime
exact initial abundance of Hand the details of heating sources
other than cosmic rays.

Note that this separation of the chemical network into alpure
atomic part, which is influenced by the cosmic rays, and an un-
changed part with initial molecular hydrogen, must not bdasn
stood as arule. This approximation is only valid under trseiamsp-
tions presented here, and if the number density of atomiodggh
does not change much.

Therefore, we will start our calculations from a neutralgdyr
atomic gas of primordial composition, and all molecular toggn
H, will be understood as the additionally produced molecuiar h
drogenAn, .

7.1 H;and temperature

The behavior of the chemical network under the radiationdst ¢
mic ray protons is not well known. What we expect from the cou-
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Figure 2. Chemical evolution of a primordial gas described in thiskydeft panels) and in Galli & Palla (1998) (right panels).

pling between the primordial chemical network and cosmys iia
an enhancement in the number density of & cosmic rays ion-
ize the atomic species and provide additional free elestrdhis
would eventually result in a net cooling of the gas bylide emis-
sion if:

(i) H, is produced on diiciently short timescales and,Hine
cooling always outweighs cosmic ray heating;

(ii) the gas is ionized only moderately to providefitient
atomic hydrogen allowing for high Hformation rates.

The line cooling functiomy, of molecular hydrogen depends on
the gas temperaturk. As in a low temperature gas the colliding

particles on average do not possess enough kinetic enermgy to
cite the rotational modes of molecular hydrogen, coolingHzy
line emissions becomes more and mordfinent at lower temper-
atures. Therefore we expect a minimum temperature at which n
further cooling by molecular hydrogen is possible and capis
balanced by the heating of cosmic rays.

As Ay, depends omy,, suficient amounts of molecular hy-
drogen must be produced on short timescales to radiate dweay t
heat input to the medium. For the formation of,Hree elec-
trons and atomic hydrogen are needed. As cosmic rays ionéze t
medium they produce additional free electrons, but at theesane
reduce the number of neutral hydrogen atoms. Therefore pecéx

© 2006 RAS, MNRASD00, [THI5
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Figure 3. The left panel shows the final temperature and the right pdisplays the final il number density as a function efg for two different SUV
background fluxes. Eierent curves refer to flierent total number densities:= 1 (solid line), 10 (dashed line), 100 (dotted line) and 10800%(dash-dotted

line). The initial temperature i§y = 300 K.

alower H formation rate once a considerable fraction of the atomic
hydrogen is ionized.

To assess all thesdfects we run simulations with gas of four
different total number densities (1-1000¢jnand cosmic ray en-
ergy injection ratescg ranging from 16% to 102*ergcni®s™,
with different SUV background fluxeB. The evolution of the
chemical network is followed over a time o7 Gyr during which
ecriS assumed to be constant. After this integration time tlsehga
reached nearly thermal and chemical equilibrium, and nattmu
change is observed beyond it.

The final values for the temperatufeand the number density
of molecular hydrogemy, are plotted in figur€]3 and figuré 4 as a
function of écg for simulations with initial temperaturg = 300 K
and 3000 K respectively.

The overall observed®ct is counterintuitive, as the gas cools
with higher energy injection by cosmic rays. As can be seghén
plots, the temperature behavior (left panels) is highlyethelent on
the given environmental conditions, i.e. the total numtmsrsityn,
the initial gas temperatur€,, the cosmic ray source strengir’
and the SUV background flux. As expected from the previous dis
cussions the final temperature is no monotonic function etts-
mic ray energy density injection raégr. Beyond a certain value of
&cr, Which also depends on the total gas number demsitpsmic
rays start heating the gas again instead of inducing futbeling.

© 2006 RAS, MNRAS000, [TH15

In addition we observe that gas with lower density is morelyik
to be heated by cosmic rays than gas of higher density, aphere
duction of molecular hydrogen is easier angdlihe cooling is more
efficient.

The data also show a considerable impact of the SUV back-
ground on the thermal evolution of the medium. A strong dis-
sociating background suppresses the formation of mole¢yla
drogen and thus Hline cooling counterbalances the cosmic
ray heating less fciently. With a dissociating flux ofF =
108 ergcnm?stHz ! the production of molecular hydrogen is
suppressed by a factor of Focompared to the fiducial calculations
with F = 102t ergcm?2 s Hz L, resulting in éectively stronger
heating by cosmic rays.

The choice of the initial temperature is critical for the evo
lution of the gas, as can be seen by a comparison between@gure
and figuré ¥, which immediately shows that tieet of cosmic ray
induced cooling is much mordfient at high initial temperatures.
This is due to severalfects, the most important being the increase
of the H™ formation rate with temperature and the fact thatlide
cooling is more #ficient at higher temperatures. Beside these ef-
fects the slight decrease of the recombination rates offkeias
H, D and He with temperature helps to increase the population
free electrons needed to catalyze the formation of H
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Figure 4. Same as figuilel 3 but for initial temperatdrg = 3000 K.

It is interesting to note that with increasing initial tempe 7.2 Timeevolution of parameter space
ature Tp cosmic rays of lower intensity become more and more
important. While, for example, for a gas wit, = 300K
andn = 10cnt? the first observable coolingffect begins at
&r ~ 10 ergent3 s, the cooling &ect starts already atg ~
10 ergcent3 st for the same gas simulated willy = 3000 K.
This suggests that in the latter case cooling induced by icostys
might be dficient also at number densitiesl cnr3,

So far we have discussed the behavior of primordial gas uheer
influence of cosmic rays comparing only the final results vésd
calculations. It is instructive to study also the temporxalletion of
the gas. Therefore, we display the evolution of ¢gg x n-plane
in time as a sequence of images. To have a satisfactory tiegolu
of the parameter space we have run calculations for f@rdnt
values ofn, in the range 1-10cm 3, and ofecg in the range 16°-
102* ergcnt® s71. Each image of thecg x n-plane then consists of
1600 points, where each point representstiedint simulation.

In figure[B we present some snapshots of a simulation with
To = 2000 K andF = 102 ergcnm?s*Hz L. It can be seen that

A closer comparison of figuild 3 and figurke 4 reveals another molecular hydrogen forms from the very beginning of the samu
interesting feature. At the lowest energy injection ratesgroduc- tion, at times when no change in temperature can be obsested y
tion of molecular hydrogen in gak, = 3000 K is increased by Initially we observe the highestfect in correspondence with high
nearly one order of magnitude compared to the calculatidtts w  values of the energy density injection ragg and total gas number
gas starting fronT, = 300 K. In contrast, at the highest simulated densityn, while the dfect for low values ofcg andn takes time to
values ofecr the results for temperatuiieandny, are identical for build up.
both initial temperatures. In particular the results ofcoédtions
with these two initial temperatures are identical for valwé écr
higher than the energy injection rate at the minima in thepear
ture curves. Therefore beyond this point the chemical aadnhl

. o " 8 DISCUSSION
evolution of the gas does not depend on the initial condstiany

more and all gas starting from whatever initial conditiorcem- The calculations presented in this work give us a better nstaled-
verted to the same final state. Thus the minimum in the tertyrera  ing of the behavior of a primordial gas exposed to radiatioros-
curve defines a characteristic point for each gas. mic rays. In particular the parameter space maps, presenfig
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Figure 5. Time evolution of theecr x n-plane for calculations with a neutral atomic gas at initehperatureély = 2000 K, embedded in a dissociating
flux with F = 1072X ergcnt?2Hz 1 s71. The panels refer to fierent times. The left panels display the temperature @volwthile the right panels show the
corresponding values fary,. The superimposed contour plots join points of same temymerar same binumber density.

© 2006 RAS, MNRASD00, [TH15



12

ure[B, can be used to identify regions of interest in the eamly
verse. Here we want to discuss these results in more detail.

The most interesting conclusion that can be drawn from our
calculations is that cosmic rays do not necessarily heas aqudte
the contrary they might contribute to cooling. Howeversttiend
is non-monotonic, as once the cosmic ray flux becomes langer t
a critical value that depends on the gas initial conditidvesating
dominates. This indicates that, to estimate the correcaieh of
the thermal evolution of a primordial gas under the influeate
cosmic rays, H chemistry should be included self-consistently.

We studied the response of primordial gas to cosmic ray radia
tion in a variety of diferent environmental settings. In particular we
were interested in the influence of the total gas number tiensi
the initial temperaturd,, the SUV background and the cosmic ray
intensity represented hatr. We observed that thefect of cosmic
rays depends strongly on the environment, especially orinihe
tial temperature and the strength of the dissociating gphbsrck-
ground. The results presented here therefore enable ugddycl
define the environmental conditions for which thifeet might be
of interest. The following conditions are necessary fordbeling
induced by cosmic rays to béfieient (although some cooling can
be observed also for lower temperatures and densities):

(i) Adissociating photon flux witlF < 1078 ergcnt? Hz 1 s72.
(ii) Initial temperature of the gas 10° K.

(iii) Total number densities of the gas> 1 cnt3.

(iv) Cosmic ray sources witkgr > 102 ergcnrés,

We can therefore think of a variety of possible astrophysicanar-
ios in which cosmic rays mightficiently influence the chemistry
of a primordial gas. For example, the first two conditions iare
excellent agreement with the environment that can be foutitea
epoch of first structure formation, when objects with < 10* K
collapse. As the cosmic microwave background is alreadyhmuc
too weak to ionize, the only possible source for ionizingtphaa-
diation would be stars that have not formed iffisient amounts at
these times. During the process of structure formationksheated
gas can contribute to the ultraviolet background by thermnaik-
sions. However, these fluxes are expected to be small, edlgeci
for small structures, and in case of the SUV background dexot
ceed values of ~ 102 ergcnt?Hz st (Miniati et all| 2004).
In addition, X-rays can contribute to ionization. Thesehhener-
getic photons arise from free-free interactions of the ted&xs in
the shock heated gas. As soft X-rays do not penetrate degply i
clouds and the flux of hard X-rays is small, the ionizations e
pected to be dominated by cosmic rays in the regimes corsidier
this work (Thielens 2005). It should be noted that, to haveopgr
estimate of the relative importance offdrent ionization sources, a
self-consistent calculation should be done. A more thdnatgdy
on dfects of CR on early structure formation is deferred to future
work.
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treatment of the gas collapse and tlfi@ets of cosmic ray pressure
should be included. This is beyond the scope of this studyand
defer a more thorough investigation to future work.

The conclusions drawn in this paper rely on the presence of
CR protons in the early universe, but our knowledge aboutqri
dial CR is very limited. As already mentioned in the Introtioe
some possible sources of primordial CR are decaying prirabrd
black holes, structure formation shocks or the very firstegup
novae. There is also the possibility that weakly interartirassive
particles (WIMPS) decay into protons and anti-protons (Dét al.
1995). This would be an interesting source for cosmic raygm®
as it is homogeneously distributed in space. Unfortundtedypro-
ton and antiproton fluxes arising from the decaying WIMPS are
expected to be too low to have any interesting impact on tlse ga
cooling (Diehl et al. 1995).

A more promising cosmic ray source in the absence of stars
may be structure formation shocks. Cosmological shock siave
form abundantly in the course of structure formation, batke tb
infalling pristine cosmic gas, which accretes onto filarsgaheets
and halos, as well as due to supersonic flows associated wit-m
ing structures (Pfrommer etlal. 2006). These shocks araablis-
sipate gravitational energy associated with hierarchitadtering
into thermal energy of the gas contained in dark matter h&es
side this, shocks are able to accelerate ions of the higlygnait
of the Maxwellian velocity distribution of a thermal mediuloy
diffusive shock acceleration (Pfrommer €t al. 2006). This accel
ation process produces a cosmic ray population with a ptaver-
distribution of the particle momenta. For this reason stmefor-
mation shocks seem to be plausible cosmic ray sources. A& in a
dition we do not expect strong UV fluxes during early struetur
formation (Miniati et all 2004) our calculations could behgd to
such a configuration. Numerical studies suggest that thexraea
ergy density injection rate of cosmic rays from structunerfation
shocks arz = 10 isécgr = 1028 erg cnt® 571, where this value is av-
eraged over a co-moving volumeof(143 Mpc} (Pfrommer et al.
2006). Thus, the local value efr might be much higher.

Once the very first stars appear, much more powerful cos-
mic ray sources become available. These early massive(Mars
100My ) form from metal-free gas through molecular hydrogen
cooling (Abel et all 2002) and are likely to end either as supea
or a black holel(Wise & Abzl 2005). Supernovae are believed to
be very dficient particle accelerator (Biermann & Sigl 2001) and
therefore could easily increase the abundance of an easiyico
ray population. This could help to make thieet observed in our
calculations moreféicient and trigger the formation of second gen-
eration stars. Unfortunately primordial stars produce aflJV ra-
diation which might severely hamper the production of molac
hydrogen|(Wise & Abél 2005). Also, as already pointed ouliear
in the presence of ionizing photons théeet of cosmic ray ioniza-
tion is usually sub-dominant, and if the medium is partlyize«l

The main goal of the calculations presented above was to get acosmic rays will rather heat by Coulomb heating than induge H

better understanding of the cosmic ray chemistry dfetes which
affect the B formation. Therefore in all calculations no volume
evolution was considered. This introduces some systeraatics
when we want to apply the results to real cosmological sSitnat
As the gas expands or contracts when it is heated or cooled, th
total number density of the gas particles changes as a resgon
temperature change. Therefore, when the gas starts tatsaaim-
ber density increases leading to a higher formation rate,ofHis
effect might increase the overalbHormation rate for a gas which
experiences cooling induced by cosmic rays. To properlgssss
the impact of the volume evolution on our calculations, aiied

line cooling. One should also note that stars produce metfaiish

are far more fficient coolants than molecular hydrogen. Therefore,
in order to observe thefflects described in this work, cosmic rays
have to extend further into space than the pollution by reetadr
these reasons we do not expect any significeieceof cosmic ray
induced cooling in the vicinity of the sites of the very firsrs and
supernovae.

If, however, cosmic rays would be able to travel further away
than the ionization front and the metal polluted area bupltby
the progenitor, they might contribute to the formation oflecalar
hydrogen in the ambient neutral medium. Anyway, such a s@ena
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would require detailed knowledge about the propagatiopgmtées
of cosmic rays and magnetic fields in the early universe, vhie
presently do not have.

9 CONCLUSION

In this work we studied the influence of an early cosmic rayytep
tion on the chemistry of primordial gas. We developed a cdempu
code to couple self-consistently the chemistry of a gasiofqndial
composition with the spectral evolution of cosmic rays pesting

this medium. The code was then used to study the response of th
gas in a variety of environmental settings. The main residitsese
calculations can be summarized as follows:

(i) Cosmic rays do not necessarily heat, quite the contizey t
can contribute ficiently to the cooling of a medium.

(i) Cosmic rays influence the chemical state of a gas appreci
bly. In particular they catalyze the formation of molecufsdro-
gen.

(iif) The impact of cosmic rays on the gas chemistry depends
highly on the environmental conditions.

However, the detailed processes of cosmic ray productidn an
propagation in the early universe are yet unclear and fuitives-
tigation will be needed to completely understand a potentia-
vance of cosmic rays for early structure formation.
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Cooling rate Reference Reaction Reference

Ajine(H) Cen (1992a) and Black (1981) H+e — H +2e Janev & Langer (1987)
Ajine(He) Cen (1992a) and Black (1981) Ht+e - H+y Abel et al. (1997)
Afine(He") Cen (1992a) and Black (1981) He+e — He' +2e Janev & Langer (1987)

Aion(H) Cen (1992a) and Shapiro & Kang (1987) He' +e - He+vy Cen (1992b) and Aldrovandi & Pequignot (1973)

Aion(He) Cen (1992a) and Shapiro & Kang (1987) He' + & — Hett + 2 AMDIS Database (1989) see Abel et al. (1997)
Ajon(He") Cen (1992a) and Shapiro & Kang (1987) He'* +e - He" +y scaling (e.g. see Osterbrock (1989))

Aijon(He) Cen (1992a) and Shapiro & Kang (1987) H+e - H +vy Abel et al. (1997)

Arec(HY) Black (1981) and Spitzer (1978) H+H - Hy+e Abel et al. (1997), Shapiro & Kang (1987)
Arec(He") Black (1981) and Spitzer (1978) H+H" - H] +y Shapiro & Kang (1987)

AF&(He*) Black (1981) and Spitzer (1978) HY +H — Hy + H* Karpas et al. (1979)

Arec(He™™) Black (1981) and Spitzer (1978) Hy+H" - Hj +H Abel et al. (1997)

Agrems Black (1981)

Acompton Peebles (1971)
Ay-diss Shapiro & Kang (1987)
Ay, formation  Abel etal. (1997)
Shapiro & Kang (1987)
Galli & Palla (1998)

Hr+e — 2H+ e
H, +H — 3H

H +e - H+2e
H +H->2H+e
H™ +H* - 2H

H +H" > Hj +e
H} +e — 2H

H +H™ - Hy+H
D*+e - D+vy
D+H"->D*+H
D*+H->D+H*

Donahue & Shull (1991)
Dove et al. (1986)
Janev & Langer (1987)
Abel et al. (1997)
Dalgarno & Lepp (1987)
Abel et al. (1997)

Abel et al. (1997)
Dalgarno & Lepp (1987)
Galli & Palla (1998)
Galli & Palla (1998)
Galli & Palla (1998)

AHZ diss
AHZ line

Table Al. Cooling rates and the corresponding references.

APPENDIX A: HEATING AND COOLING RATES

The cooling rates used in this work are given in tdblé Al toget

with the corresponding references.

The kinetic energy of particles (i.e. electrons) producgd b
photo-ionization and photo-dissociation will be the heatrses.
According ta_Shapiro & Kang (1937) the heating rate due te¢he

reactions is given by:

0 . oo dv
=n ~fv:h (hv— hv{h) F(v) OJ(V)E’

wheren; and v{h are the density and threshold energy of species
i, respectivelyF(v) andd'(v) are the radiation flux and the cross
section for the reaction, respectively. Note that no rageatansfer

is considered in equati¢n Al.

APPENDIX B: CHEMICAL RATES

The chemical reactions implemented in our code are giveatilet
BT together with the references to the chemical rates.

(A1)

D* + Hy - HD + H*
HD + H* — H, + D*
He+H* —» HeH" +y
HeH* + H — He+ H3
HeH' + e —» He+H
H+y—>H +e
He+y — He' + e
Het +y — He'™ + e
H +y->H+e
Ho+y - H +e

Hy +y—> H+H*

Hi +y - 2H" + &
Ho+y—>H; > H+H
Hy+y—->H+H
H+ycvg —» HT + e
He+ycvws — Het + e~

He' + ycmg — He™ + e

H™ +ycvg > H+ €™
Hz +ycve — Hj + €
H5+')’CMB - H+H"
HE +vycm — 2H" + €
D + ycmB — Dt + e

Smith et al. (1982)
Smith et al. (1982)
Roberge & Dalgarno (1982)
Karpas et al. (1979)
Yousif & Mitchell (1989)
Osterbrock (1974)
Osterbrock (1974)
Osterbrock (1974)

de Jong (1972)

Oneil & Reinhardt (1978)
Osterbrock (1974)
Shapiro & Kang (1987)
Abel et al. (1997)

Abel et al. (1997)

Galli & Palla (1998)
Galli & Palla (1998)
Galli & Palla (1998)
Galli & Palla (1998)
Galli & Palla (1998)
Galli & Palla (1998)
Galli & Palla (1998)
Galli & Palla (1998)

HeH" + ycmg — He+ H*  Galli & Palla (1998)

This paper has been typeset fromgXTIATEX file prepared by the

author. Table B1. Reactions and references for th&elient chemical rates.
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