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Our goal is to study the eledts of the UV radiation from the first
stars, quasars and decays of the hypothetical Super Heavy Dark Matter
(SHDM) particles on the formation of primordial bound objects in the Uni-
verse. We trace the evolution of a spherically symmetric density perturba-
tion in the Lambda Cold Dark Matter (LCDM) and MOND models, solv-
ing the frequency-dependent radiative transfer equation, non-equilibrium
chemistry, and one-dimensional gas hydrodynamics. We concentrate on
the destruction and formation processes of the H, molecule, which is the
main coolant in the primordial objects.

PACS numbers: 95.30.Lz, 95.30.5f, 98.35.Mp, 98.80.Bp

1. Introduction

Formation of primordial objects such as young galaxies and Igbular
clusters in the early Universe is a fundamental problem in tlke modern cos-
mology. There was a rapid progress of observations in the lagears. It gave
theoreticians invaluable possibility to compare their theories with the obser-
vations. One can say that a consistent scenario of the struatre formation
is established. However, there are still many unanswered gstions, espe-
cially regarding the in uence of the background radiation eld from the rst
objects on the star formation rate. In our work we address thé problem.
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The formation of the rst objects is a direct consequence of lhe growth
of the primordial density uctuations. At the beginning, th ere are linear
density perturbations which expand with the overall Hubble ow. Subse-
quently, these perturbations can grow and form primordial douds. Clouds
with enough density contrast decouple from this ow and stat to collapse.
The kinetic energy of the infalling gas is dissipated throuy shocks and the
cloud becomes pressure supported. The further evolution dhe cloud is de-
termined by its ability to cool su ciently fast. Clouds whic h could not cool
fast enough will stay in a pressure-supported stage and wikot form any
stars. The existence of the e cient cooling mechanism is negssary to ensure
the collapse of the cloud, its subsequent fragmentation andtar formation.

In our work we are interested in the rst generation of stars, called pop-
ulation Il stars, which are still forming in the low mass clouds when rst
luminous objects already exist. These objects are made frorthe primor-
dial gas so they are metal-free. It is simply because the rsstars did not
have much time to produce any metals. These objects could beradiated
by the UV and X-rays radiation produced by the rst stars, quasars and
hypothetical SHDM particles decays [1, 2].

In the absence of metals, the most important cooling mechasm for low-
mass primordial clouds is so called "k cooling', i.e. cooling by radiation of
excited rotational and vibrational states of H, molecule. We can look at
this mechanism as the collisional excitation of the H molecule, subsequent
spontaneous de-excitation and photon emission. Emitted pbtons can fur-
ther escape from the cloud and take away kinetic energy of theollapsing
cloud. The presence of initial mass fraction of the moleculahydrogen Hy
as small as1078 is enough to trigger the nal collapse of low mass clouds.

Molecular hydrogen is fragile and can easily be photodiss@ted by pho-
tons with energies of 11.26 13.6 eV (Lyman and Werner bands|3] through
the following reaction:

Ho+hv! HS 2H.

Destruction of the H, molecules would stop the collapse of the low mass
clouds and would decrease star formation rate.

In primordial gas cloud, H, molecules can form mainly through the cou-
pled reactions

e +H! H +hv,
H +H! Hy+e,

in which the electrons act only as a catalyst. X-rays radiaton can increase
production of H, by enhancement of free electron fraction.
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From the above we see that the UV and X-ray radiation backgroad
alters the growth rate of cosmic structures. It regulates sar formation rate
so it has important implications for the re-ionization history of the Universe
[4]. In addition, photoionization by UV photons can be regaded as the
process which leads to the inhibition of the low mass galaxgeformation, so
it could explain the so called “low-mass galaxies overprodtion problem' in
the hierarchical bottom-up theory of galaxy formation. Itis therefore crucial
to determine quantitatively the consequences of radiationfeedback on the
formation of early generation objects.

Feedback of the UV background to the collapse of the spheritig sym-
metric primordial gas cloud in CDM model was studied by many athors
[59]. However, their calculations were simplied. They have been using
self-shielding function [10] instead of solving the full tansfer equation. Our
approach includes solving the frequency-dependent radisfe transfer equa-
tion in the “exact' way. We are trying to follow the evolution of the collapsing
cloud in the LCDM and MOND maodels.

2. Basic equations

In Cold Dark Matter models and in case of spherical symmetry,the
collapse may be described by the following equations:

dM
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wherer is the radius of a sphere of masM, u is the internal energy per unit
mass, p is pressure andis mass density. Here, Eq. (1) is the continuity
equation, (2) and (3) give acceleration and (4) accounts foenergy conser-
vation. The last term in Eq. (4) describes gas cooling/heatng, where is
energy absorption (emission) rate per unit volume.

consists of two parts, that is, the chemical cooling rate ¢hem, and the
radiative cooling rate |aq:

(= chem(r)+ raa(r). ©))
The chemical cooling rate, chem, Can be written as

chem = r—%% (6)

ot
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where [gdem is the chemical binding energy per unit mass. The radiative
cooling rate 44 (r) is obtained by solving the radiative transfer equation.
We use the equation of state of perfect gas

p=( 1 (7)

wherey = 5/3, as the primordial baryonic matter after recombination is
assumed to be composed mainly of monoatomic hydrogen and heh, with
the fraction of molecular hydrogen H always less than10~3.

In the case of modi ed gravity [11], equation (3) changes:

dv > dp GM(r) on
—_— f i
Hoa aor2 ag (8)
here f(Xx) is some function, asymptotically equal tox for x  ag and to
apx for x  ap, while g4 may be expressed as

1
9H=§Ho2 Z+1)° p+2 @+1)*, r. )

Here, Hg is the current value of the Hubble parameter, ,,  and are
the current fractions of baryons, radiation and dark energyin terms of the
critical density of the Universe, andz is the redshift. We have made similar
assumption like in [12] and we apply MOND to net acceleratiorover Hubble
ow only.

3. Radiative transfer equation in spherical symmetry

The time-independent, non-relativistic equation for radiation transport
in spherical geometry can be written in the form:

ol 1 p?al _
Hw"' r W—m] rp x Mg, (10)
wherel =1 (r,p) is the intensity of radiation of frequency v, at radius r

and in the direction p = cos 6, where 8 is the angle between the outward
normal and photon direction. The functionsn (r, ) andx (r) are the total
emissivity and opacity at frequencyv, which can be expressed as:

n (rp) =n" (r)+n°(.p), (11)
X () =k (r)+ao (r). (12)

Here nt, n®, k and o are thermal emissivity, scattering emissivity, true
absorption coe cient and scattering coe cient at frequency v, respectively.
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Following Hummer and Rybicki [13], we introduce a more conveient
system of coordinateq(r, p) rather than (r, ) de ned by the transformation
formula

p
rwW! rp=r 1 p2 for 1 p 1 (13)

For a given radius r the ‘impact' parameter p can vary between 0 andr.
Because the parametep cannot distinguish betweenp > 0 and p < 0, the
radiation intensity 1 have to be separated into outwardl* and inward 1~
directed intensity:

I* =1 (r,p) no0, (14)
I~ =1 (rp) u<o0. (15)

In the new system of coordinates, Eq. (10) can be written as tew separate
equations,

arr N
pS—= 1T S (np) (16)
1= _
po— = 1T S @) (17)

q__
wherep = 1 r9§ 0andS (r,p) =n (r,p)/x (r) is the source func-
tion.

Let us introduce new functions [14]:

jmp =317 @Ep+17(rp) (18)
h(rp) =3 17(p) 17(rp) . (19)
Egs. (16) and (17) obtain then the form
AR = mn ). (20)
oh (r, .
B LI NGORCRGITE 21)

To solve these equations we need also a boundary condition. 8&¢onsider
a spherical envelope with an inner boundary at radiug = rpj, and an outer
boundary r = rax. The cloud is immersed in an external time dependent,
isotropic radiation eld. We obtain the following boundary condition

h (rmin,p) = a (p,t) 0O p TInin,
h (p,p) =0 Fmin P Imax,
J (rmax,P) h (rmax,p) = B (p,1) 0<p<rmax, (22)
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wherea and 3 describe the changes of the radiation at frequency im-
pinging upon the inner and the outer boundary with the time t.

By the standard procedure one obtains from Eq. (10) the zerotland the
rst moment equations [15]

o(f (r)J (r)) " 3fF (r) 1
or r
oH (r) . 2H (r)
or r
where f (r) = K (r)/J3 (r) is the Eddington factor. J , H , K are the
zeroth, rst and second moment of the radiation eld at frequency v:

J (N+DJdH (r) =0, (23)

+KJ (r) M =0, (24)

Z1
J ()= ]du, (25)
0
Z1
H (r) = h pdy, (26)
0
Z1
K (r) = jpdu. (27)

0

We can cast Eq. (23) into a more convenient form, by introduang a
sphericality factor q , de ned in the following way:
7r

0
q (r)=exp4 3 . drg

oy o

le
wherer. is the core radius, that is, the inner boundary of the medium.Using

this factor and making some simpli cation we can rewrite Eqs (23) and (24)
as

off (Nq (NJ () _
or
o H (nr?
or
The corresponding boundary conditions for the moment equabns (29)
and (30) can be written as follows [16]:
Z1
H (rmin) = a pdy, (31)

px a4 (NH (), (29)

=r’pnt kJ(r) . (30)
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Z z
J (rmax) = B du+ h (rmax,p)du. (32)
0 0

We see that these boundary conditions can be determined onlgfter
Egs. (20) and (21) have been solved fof and h .

In the following sections we shall refer to Egs. (20) and (21with the
boundary conditions (22) as system | equations. The momentauations (29)
and (30) with the boundary condition (31), (32) will hencefath be referred
to as system Il equations.

Solution of the radiative energy transfer equations gives s information
about the luminosity function L (r):

L (r) = 16m%r?H (r), (33)
where Zo
H(r)= H (r)dv. (34)
0

With the given luminosity we can calculate radiative part of cooling

function 4q:
_ 1 oL (r)
rad (1) = 4mr2  or

It can be used further in the hydrodynamical equations.

(35)

4. Chemical reactions and thermal e ects

In our calculations, we include all the relevant thermal andchemical pro-
cesses in the primordial gas. We take into account nine spess: H, H-, H*,
He, He", He'* , Hy, H; and e~. Their abundance varies with time due to
chemical reactions, ionization and dissociation photoproesses. The chemi-
cal reactions include such processes as ionization of hydgen and helium by
electrons, recombination of ions with electrons, formatia of negative hydro-
gen ions, formation of H molecules,etc. A full list of the relevant chemical
reactions and appropriate formulas are given in [17].

The time evolution of the number density of componentn; is described
by the kinetic equation:

dn; XX X
at = Ami Kim MNm + bji Kj n; . (36)
I=1 m=1 j=1
The rst component on the right-hand side describes the cheneal reactions,

and the other one accounts for photoionization and photodisociation pro-
cesses. Coe cientsk),, are reaction rates, quantitiesk, are photoionization
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or photodissociation rates, andaj, and bjj are numbers equal to 0, 1 or
2 depending on the reaction. All reaction rates, as well as pHoionization
and photodissociation rates are given in [17].

The cooling (or heating) function includes e ects of collisional ion-
ization of H, He and He", recombination to H, He and He , collisional
excitation of H and He" , Bremsstrahlung, Compton cooling and cooling by
de-excitation of H, molecules. The heating/cooling rates are given in [17].

5. Numerical strategy and initial conditions

In the simulations we used the code described in [17], based dhose
presented in [18] and [19]. This is a standard, one-dimensial, second-
order accurate, Lagrangian nite-di erence scheme, sliglly modi ed to our
purposes. Our code supports at and non- at CDM and LCDM models as
well as Milgrom's Modi ed Newtonian Dynamics. In the latter case it was
necessary to do signi cant changes in the initial conditiors. We start our
calculations at the end of the radiation-dominated era insead ofz = 500.
For ,= wm =0.02/h?, Zeq = 485 as given by the formula provided by [20],
Zeq = 2.50 104 h? 2_:?, where .7 =T /2.7 K, assumingh = 0.72 and
T = 2.7277 K. We assume that in MOND, like in the standard cosmology,
initial overdensities may grow only in the matter-dominated era. In both
cases we use our own code to calculate the initial chemical mposition and
initial gas temperature. Initial overdensities may be calalated from the
matter power spectrum which may be obtainede.g. using the CMBFAST
program [21].

We apply the initial density pro les in the form of a single spherical
Fourier mode, also used in [19]

sinkr

lr) = pled 1+0—-—

(37)

where [cdis the critical density of the Universe, [c1= 3H2/8nG, with H
being the value of the Hubble parameter at the initial time.

For this pro le, we can distinguish two radius values, Rg and R, which
correspond to the rst zero and the rst minimum of the functi onsin(kr)/kr,
respectively. Inside the sphere of radiufko = n/k which contains massMg,
the local density contrast is positive. The masdVg and the radius Rg will be
referred to as the cloud mass and the cloud radius, respecély. The local
density contrast is negative forR, > r > Rg, with average density contrast
vanishing for the sphere of radiusR, = 4.49341/k and massM;. The shell
of radius R, will expand together with the Hubble ow, not undergoing any
additional deceleration. This is why this pro le is very convenient in numer-
ical simulations. It eliminates the numerical edge e ects ad the mentioned
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shell simply follows the Hubble expansion of the Universe. fius, it can be
regarded as the perturbation boundary, with massM, referred to as the
bound mass.

It is worth to note that for radii not greater than 3/4Rg this prole is
very similar to the Gaussian pro le

2

()= illl+dexp ——» (38)
2R¢
with Rf = 1/2Ry.
As the initial velocity, we use the Hubble velocity:
v(r) = Hr. (39)

Our numerical procedure to trace the dynamical evolution othe primor-
dial cloud under the UV background is the following:

We solve the hydrodynamic equations of motion along with egations
for energy conservation, ionization, and dissociation of mlecular and
atomic species. From the solution of these equations we camlculate
the properties and distribution of the absorbing componens k (r),
o (r) and the thermal emissivity n* (r). It will give us the initial
value of the source functionS .

With the initial value of S , we solve the system | equations for the
geometrical factorst andq .

We solve the system Il equations ford and H .

The source function is independent of the radiation eld @ ) only
when there is no light scattering. So, in general we have to ufate S
and solve the system | once more.

Iterative procedure between system | and Il is continued unt conver-
gence.

We calculate luminosity L (r) from Eq. (33) and then the cooling func-
tion.

We update abundance of di erent species and number densitieof each
atomic and molecular state.

We repeat all of the above steps.

Detailed results of our simulations will be presented in a gmarate paper,
which is under preparation.
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