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Formation of the first objects in the Universe

The first objects are a direct consequence of the growth of
primordial density fluctuations.

primordial density fluctuations
decoupling of the perturbation from the Hubble flow
subsequent collapse

formation of a wvirialized cloud (cloud in the hydrostatic
equilibrium)

m the successive fragmentation and contraction processes

Primordial star formation can be viewed as the successive
fraomentation and contraction processes of collapsed
cosmological objects.
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Cooling mechanism in the metal-free gas clouds

m [arge primordial clouds (T > 10* K, M > 108 Mq;y)

Emission of the radiation from the excited atomic hydrogen H.

m Small primordial clouds (T < 10* K, M < 108 Mg

Emission of the radiation from the excited rotational and
vibrational states of H, molecules. This mechanism is more
efficient in the temperature of the order 100 K.
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Formation of primordial objects has been
investigated mainly in the following two contexts:

m first luminous objects (first stars, quasars,
globular clusters and proto-galaxies)

m little influences of the external radiation field except
for that of the CMB (the cosmic microwave

background)

m ‘second generation objects’

m largely affected by the external UV radiation
produced by ,,the first luminous objects”
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Sources of the UV radiation

m First stars

® From the detailed 3D simulations of the formation
process of the first stars we can conclude that these
stars were very massive (M ~ 100 Mg ).

B quasars

m The decay of very massive exotic particles
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Spectrum of the ultraviolet background

B quasars

m [irst generation of stars

(black body spectrum)

V3
] ~
" exp(hv/k,T, ) -1

Cracow School of Theoretical Physics 2005 - Jarostaw Stasielak 7/23



Feedback of the UV background on the star
formation

m A key element is molecular hydrogen H,. In order for stars to
form the gas needs to radiate energy efficiently and cool down to
temperatures well below T = 10* K.

m In gas of primordial composition, without metals, cooling
processes at this temperature are almost solely dominated by
rotational-vibrational line excitation of H,.

m Formation and destruction of H,, however, is very sensitive to
the presence of a radiation field.
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H, formation and destruction processes in the

primordial clouds

m Production of H,

e +H—>H +hv H+H —>H, +hv
H +H—->H,+e H,+H->H,+H"

= Photo-dissociation of H, (11,2 < hv < 13,6 eV) (Lyman-Werner bands)

H,+hv— H, —>2H

® Destruction of H~ and H,” (hv < 11,2 eV)
H +hw—>H+e (hv>0,74 eV (Tegmark, et. al. 1997))
H+hv >H+H" (hv > 2,65 eV (Stancil 1994))
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Feedback of the UV background on the star
formation

m  Negative feedback on the star formation (first stars)

= Dissociation of H2 molecule by photons with energies
from the Lyman-Werner bands

= Destruction of A~ and H,”

m  Positive feedback on the star formation (quasars, the decay of
exotic particles)

® enhancement of the ionized fraction.
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Feedback of the UV background on the star
formation

m  In addition, self-shielding which takes place during dynamic
collapse can also aid H, cooling. It means that
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‘Difficulties’ in taking into account the
radiation feedback

® Non Local Thermal Equilibrium

the Boltzmann distribution function is not valid

* SXp| ————
N, g kT

m Presence of thousands of H, lines

B Solving the radiative transfer equation in order to get
correct cooling function
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Evolution of spherically symmetric density contrast
in the Lambda CDM Universe
(Stachniewicz & Kutschera 2001; 2003)

®m FHquations of dynamic evolution of the dark matter and
baryonic gas.

Cloud is divided into the concentric mass-shells. Simulation is
tracing collapse of the individual mass-shells.

dm,

=4xr:p.,
7 B Ps
2 GM (<
d 72‘3 =—47er2 dP 3 (2 rB)’
dt dm, -
dzrdm __GM(< I’dm)
dt’ e .
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Evolution of spherically symmetric density contrast
in the Lambda CDM Universe
(Stachniewicz & Kutschera 2001; 2003)

B Energy equation

du P dp, B A,
dt p, dt Ps

® Equation of state for ideal gas

ks popT 5

P=(y-1)pou="8P" ,_2
(7—1)pyu p— 7=3
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(v',J") 2poB'E;  —— (v",J") 1scX'S} Lyman band
(',.J) 2prCHL, —— (', J") 1s6X'E} Werner band
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Transfer equation for spherically symmetric
case

101, ol, 1—u?dl,

— — o G b )
¢ Ot +#8’r+ r O av il

where

o I, (r,p,t) [szfgzsr] - radiation intensity,
e p - density,

® r,,J, - opacity and emissivity for {requency v,
e 1 =cosf) €[-1,1],

e O - angle between radiation direction and radial direction,

® 7 € |Tmin, Tmaz] - Tadius.



If we define ,,source function”

h2
H"V

than transfer equation will be

la[y aIy 1 _#2 81—1}
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We can define zero, first and second moment of
radiation intensity as follows:

J,(r) = %/Ol(IjJrIu)d,u

H,(r) = %/ﬁl (15— 1) udp

K,(r) = %[01 (Ij—l—[;)pgd,u
L(r) = 167°r°H (r)

Eddington factot:




There are also the zero and first moment equation

8(fu (T) Ju (T)) 4+ Sfu (T) o 1Ju

- D 1)+ prH, (1) =

If we define
r 1 dr’
R R ]
than we get
W@V L D) g () 1, ()
0 (H, (r)r?)

5 = p(jL— KT (r)).



Two systems of equations

System I (solved for f (r) and q,(r))

( +
uoge = —pru {1 = S, }
| 1 = (L, — Si}

L

System II (solved for J, (r) and H,(r))

d {fu {?} u {?) ik {TD
ar
8 (H, (r)r?)
ar

= —pkyq, (r) H, (1)

= (k- 2 ()




The numerical computational procedure to trace the dynamic
evolution of the primordial cloud under the UV background

m We solve the hydrodynamic equations of motion along with
equations for energy conservation, ionization, and dissociation of
molecular and atomic species.

m We solve the system I equations with the initial value of the
source function for f, and for q,,

m We solve the system II equations for J,, and H..
m Update the source function and solve the system I once more.

m [terative procedure between system I and II is continued until
convergence.

m After the convergence of the I and II system we calculate
luminosity L, from the first moment H, and than cooling
function from luminosity.

m We update abundance of different species and number densities
of each atomic and molecular state.
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Conclusions

m There is positive and negative feedback of UV radiation to the
collapse of primordial clouds and star formation.

m [t is by no means trivial in what circumstances the UV radiation
has positive or negative feedback on star formation in the
‘second generation’ objects.

m We need the detailed simulation of the collapse of the primordial
cloud

m Collapse and star formation in the high-density clouds can take
place efficiently even under high intensities of the UV
background.
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