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A B S T R A C T 

In this paper we investigate an appealing scenario where the 
universe is filled with light radiatively unstable particles. 
Depending on their lifetime the thermal history of the universe 
since the hydrogen recombination may be drastically changed. In 
particular for plausible lifetime T > I02'*s) the intergalactic 
medium is fully ionised. This in turn lowers the level of detec
table temperature fluctuation of the 3°K fossil radiation a case 
in favour of galaxy formation in the presence of warm dark matter. 
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1. IHTRODDCTION 

The hot Big-Bang model is so commonly accepced by physicists that it has been 
called the standard model. This theory lies only on two observational facts : 
first the abundance of light elements (He, 0, L.) in the universe cannot be 
explained by nucleosynthesis inside stars but is well understood as the product of 
the primordial cooking of the elements. The second evidence is the existence of a 
cosmic background radiation of photons at a temperature of i 3*K. This radiation 
allows us to probe the universe up to very high redahifts, z t> 10 3, since the 
photons we observe today had their last scattering at this epoch. Indeed at a 
temperature of ^ 4000'K and an age of 10 s years electrons and protons combined 
into neutral hydrogen. The universe became then optically thin against Thomson 
scattering, and the photons we observe now originate from this crucial period called 
the recombination era. This era is of great importance and its careful study is 
relevant: 

(i) The spatial inhomogeneities of the matter distribution have been frozen since 
recombination into the small angular scale inhooogeneities AT/T of the 
cosmic background radiation. 

(ii) The formation of neutral hydrogen is catalysed by free electrons and protons, 
and then crucially depends on the relic ionization fraction of matter. 

(iii) The intergalactic medium may well be ionized and the features of recombination 
are fairly relevant to this item. 

Therefore the thermal history of the universe during recombination and the 
following period (between z 1 10 3 and z 1 10) is of crucial importance and is 
worth being investigated. Actually, several authors have already concentrated on 
this period . 

Dark Matter . 

Another prominent problem of modern astrophysics is the so-called dark matter 
puzzle. Primordial nucleosynthesis sets a constraint on the present cosoological 
abundance of baryons in the universe: 

n B < 0.14 

where fl. is the ratio Pj. r_ 0 1 1/< î 10" 2 ,h 2g.cm" 3) (h is the present value of the 
Hubble expansion parameter U expressed in units of 100 ka/a/tfpc). On the other 
hand the observations of flat rotation curves for galaxies suggest that a large 
fraction of their mass is invisible. Moreover, the study of the dynamics of 
galactic clusters already gives the density: 



V a n i c a l * 0-3-0.4 (1.1) 

Therefore, even admitting that all matter is accessible through f L _ . , a non 
baryonic ingredient for the mass in the universe is necessary. Finally, if one 
believes into inflation, a theory which arises naturally from the grand unified 
models of particle physics, ^ , - I. 

What is the nature of this non-baryonic dark matter? Particle physics provides 
us today with a host of plausible candidates like massive neutrinos (m i 10-100 eV), 
axions and all the particles that belong to the eupersysnetric zoo such es the 
photino, the zino, the higgsino etc.... In general, these candidates interact 
weakly or superveakly with matter. As they do not radiate electromagnetic energy, 
they are invisible. We have therefore a full variety of solutions to the problem of 
dark matter. These natural candidates are very welcome since they help to fill the 
gap between n_ and n

t o t . j " '> the magic value strongly favoured by the scenario 
of inflation. Therefore, a promising situation - inflation - helps solving long 
standing problems like those of horizou, flatness and of the density of monopoles, 
and particle physics promotes models which can indeed lead to an inflationary 
universe and contain new particles with the required properties to be the needed 
dark matter. However, despite an intensive study, a completely satisfactory solution 
has not yet emerged and this field of research ia still very active. 

Stable Dark Matter and the Big-Bang 

Dark matter may affect the enfancy of the universe at least in two different 
ways. For simplicity sake, we only focuee at this stage on stable candidates to 
the missing mass. 
(i) As ft-.-.i i> increased by the non-baryonic contribution to the overell mass 
density, the expansion of space is speeded up. As recombination is very sensitive 
to the temperature to time profile, the faster the expansion, the larger the residual 
ionisation fraction x of matter, x is increased by an order of magnitude from 
its standard value in the pure baryonic models (3 10~ 5 < x < 3 10~") and may reach 
values as large as 2 10"1 

(ii) Galaxies and large scale structures originate from a spectrum of primordial 
density fluctuations 6o/p (k). This spectrum has been growing since the Big-Bang. 
When fluctuations overreache the threshold value of 1, their growth which pre
viously was linear becomes non-linear, and therefore, galaxies and structures may 
form. As pure baryonic models suffer from insuperable difficulties - AT/T exceeds 
the observational limit scenarios of galaxy formation incorporate now non-
baryonic matter. Candidates for the dark matter fall into two large classes : 



- Cold dark matter (CDM) scenarios. Photino* CM- £ 1 GeV), gravitinos, 

axions and more generally weak interacting massive particles (WIMPs) are good 

examples of cold dark matter. During the early stages of Big-Bang, these particles 

thermally decouple from their surroundings when already non relativistic. Their 

velocity dispersion has always been small since this epoch- Then, these particles 

are unable to wash out density fluctuations, even on the very small scales just 

above stellar mass scales. In this scenario, the spectrum of density fluctuations 

flattens from 

6 M a k n / 2 to k n / 2 " 2 (1.2) 

(The Zeldovich spectrum corresponds to n • 4). The magnitude of the fluctuations 

- the only free parameter of the theory - must be adjusted* From large scale surveys, 

the galaxy-galaxy correlation function has been found to be unity on a length scale 

of 5 Mpc. This translates into 6 M " t on the B Mpc scale. 

Cold dark matter scenarios are in good agreement with observations on scales 

larger than ^ 10 Mpc. In particular, the model fairly reproduces the filaments, 

the pancakes and the voids recently discovered . Moreover, the temperature fluc

tuations AT/T of the cosmic background radiation are compatible with the limits 

from Uson and Wilkinson if ' * 

"total > °- 2 h " 4 / 3 < l- 3> 

On the other hand, acalea smaller than ^ 10 Mpc become non-linear at the 

same time - z = 3. Therefore, all the galaxies form at the same epoch. Because 

of the spectrum, the model predicts too many small (10' M ) galaxies. This over-

abundancy of small galaxies is a difficulty for CDM scenarios. Finally, ft . 

must be equal to ft~^ i c in view of the vanishing of the free streaming length. 

In order to obtain ft , • 1, one has to appeal to biased scenarios in which 

fluctuations below some scale dissipate. The nature of this cut-off scale and the 

physical mechanism responsible for dissipation are by now unknown. 

- In the hot dark matter (HDM) scheme, the prototype candidate is a massive 

neutrino with mass of the order 10-100 eV - m t< 30 cV was once suggested by ùhe 

experiment of Lyubimov et al. . Density fluctuation» made of particles which 

decouple when still relativistic are subject to strong damping on increasing scales 

as the universe expands until the particles became non-relativistic. The minimum 

surviving scale of fluctuations corresponds to the horizon size at the epoch z 

when the particle velocity is eventually becoming non-relativistic. this is because 

the comoving distance over which a collisionless particle can stream freely increases 

until this epoch and subsequently decreases. Fluctuations are erased as a consequence 
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of the free streaming» For massive neutrinos, the minimum surviving comoving scale 
of fluctuations is 

L v - 1 3 * e {mv) 7 h 2 n to t . i <'-4> 
Therefore, the fluctuation spectrum which increases as 

6 M a k n / 2 (1.5) 

drops abruptly for scales smaller than L . This sharp cut-off leads to a major 
difficulty in HDM scenarios. Indeed, how is it possible to normalize the spectrum 
from the fact that S„ - I on the scale of 8 Mpc if fluctuations on scales 
smaller than 0(10) Mpc have already been dissolved by free streaming? A possible 
answer might be that the spectrum has to be normalized in another way. This cut
off is the source of another problem; galaxy formation follows the top-down 
scenario : the structures, that become first non-linear are pancakes or filaments 
rather than galaxies. These last ones are not primordial objects but the result 
of a subsequent fragmentation process. It seems difficult, in HDM scenarios, to 
reconcile the presence of galaxies with the structures observed on a scale larger 
than ^ 10 Hpc such as pancakes, filaments and voids. Indeed, on one hand, as 
quasars are observed at a redshift as large as z ̂  3, a minimal requirement would 
be that at least L became non-linear at this epoch. This in turn implies that 
even larger scales are now highly non-linear. Therefore, this normalisation, whereas 
fairly reproducing the galaxies, leads to a fatal overabundancy of filaments which 
is not observed. On the other hand, if the spectrum reproduces the large (> 10 Mpc) 
scale structures, it fails to generate galaxies. 

However the above discussion does not imply that the HDM scenario is not viable, 
since the details of the fragmentation process are not well understood. The gene
ration of galaxies takes place in the non-linear regime, a regime which is far from 
being perfectly clear and which severely depends on the computer capability to 
numerically simulate the fate of galaxies. Indeed, A. Helott concludes that there 
is no contradiction between a neutrino dominated universe free of small scale 
neutrino perturbations and the observations. He finds that pancaking of large 
scale neutrino perturbations occurs. Such pancake structures are unstable to frag
mentation when perturbed by clumping baryonic matter. Therefore, galaxies sur
rounded by neutrinos halos form. 

This discussion shows at length that the problem of galaxy formation in HDM 
scenarios is still open. However, this presentation was necessary in order to 
clearly understand the context ot the various models of galaxy formation and to 
develop in section 5 a particular scenario. 
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If dark matter is unstable, the decay products are either weakly interacting 
or strongly interacting charged particles. 

In the first case-, the decay products are invisible. However, in order for 
dark matter to let detectable clues, it must, decay with a lifetime r less than 
the present age (t *\> 5 10 I 7s) of the universe. The effect of dark matter and 
its debries is purely gravitational, the expansion of space being affected. The 
traditional radiation domination is followed at z ̂  40000 by a period of matter 
domination. Moreover, this era in turn ends when dark matter decays. A new period 
where the universe is radiation dominated arises if the decay products are ultra 
relativistic. Turner et al. have studied galaxy formation in this exotic scenario. 
Their model suffers severe difficulties. In particular, the range of possible 
parameters such as th« lifetime and the mass of the dark matter candidate, is 
unlikely small. 

On the other hand, if the decay products are charged or strongly interacting 
particles, their lifetime must be larger or at least comparable to the age t of 
the universe. Otherwise, dark matter would have already been detected as an extra 
background of OV or Y photons or as a spectral distortion of the 3°K cosmic 
background radiation. 

In tbir- paper, we focuse our attention on hot and radiatively unstable dark 
matter particles with a lifetime larger than the age of the universe. Forcefull 
reasons argue in favour of this scenario : 

- The mass of the neutrino, a hot dark matter candidate, might be a few tens 
eV and therefore could provide the closure density. More generally, any weakly 
interacting (-ino-) particle with a mass m in the range 10-100 eV naturally 
provides the bulk ft. of the mass in the universe: 
Y ino 

ino 100 eV 

This naturalness seems to us very attractive. 

- Particle physics promotes models such as supersymactry where a 100 eV 
particle - the photino for instance - decays with a lifetime ranging from 10 z 0s 
to 10 3 0s. The fact that «up«rsymmetry leads to such values for the lifetime of an 
ino-particle is very exciting. 

- In these circumstances, a new and interesting thermal history arises. 
Neutral hydrogen, which is processed during recombination is subsequently reionized. 
In addition, its temperature increases. According to various authors , neutral 
matter is missing in the intcrgalactic medium. This observation is a promising 
clue for our scenario since a possible explanation could be that the intergalactic 
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medium is completely ionized, a situation which ve indeed predict. 

- Finally, according to A. Melott , the correlation in the morphology of 
dwarf galaxies with their distance from large galaxies is possibly explained. The 
HDM candidates, preferentially clumped near large galaxies, decay into ultraviolet 
(h y > 13.6 eV • Ry) ionizing photons which completely destroy HI clouds close 
by large galaxies. This UV flux not only affects the large galaxy but also destroys 
neutral gas in its companions - the dvarf galaxies - therefore preventing star 
formation and giving rise to the morphology difference: less luminous dwarf 
galaxies and galaxies nearer the central one will most likely be spheroidal while 
those with opposite characteristics are more likely to be irregulars with recent 
star formation. The farther the companion, the less perturbed .It is by the UV flux 
which originates from the central galaxy. 

In the next section, we study the thermal history of the universe between 
z ^ 10 and z % 1000. We show that the universe is completely reionized provided 
that the lifetime of the unstable ino is less than 10 2 5 seconds. In this case, 
the matter temperature sharply increases up to 10**- 10 5 8K. More generally, we 
find that the respective evolutions of the matter temperature T and of the 

m 
ionized fraction x cannot be disentangled. Section 3 is devoted to a review of 
the various candidates to hot dark matter. We mainly present three models in which 
the lifetime against radiative decay ranges from 10 2 0 to 10 J O seconds, and we 
analyze the bounds that astrophysics sets on this lifetime. In section 4, we pay 
particular attention to the effect induced by the reionization of matter on the 
optical depth of the universe. Our main purpose is to delineate the lifetimes 
which make the universe optically thick to Thomson scattering. This circumstance 
can significantly alter the level of observable fluctuations in the cosmic back
ground radiation (CBR). We show that a strong reheating and reionization by UV 
photons in a recent past may lower dramatically the level of the temperature fluc
tuations AT/T transmitted from the recombination era. Essentially these primordial 
fluctuations are shadowed by the hot plasma. Finally, we conclude in section 5, 
sketching out a plausible and attractive scenario starring a hot-warm particle. 
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2. ANALYSIS OF THE THERMAL EVOLUTION 

In this section wè investigate the thermal hiatory of the universe between 

z = 10 3 and z "v 10. We start with the discussion of the evolution in cime of the 

ionized fraction of matter: 

xe - V " B <2-!> 

where n and TL are respectively the number densities of free electrons and 

baryons. For simplicity, ve assume that the number of free protons n is equal 

Co n - in other words, baryonic matter only consists of hydrogen. For clarity 

sake, we recall here the main features of standard recombination as they were 

worked out by J. Peebles in hia pioneering work of 1968 . Peebles found that 

recombination occurs through two distinct mechanisms: 

- Direct recombination to the ground state IS 

In order to understand this process, we must consider the fate of the ultra

violet (h > Ry) ionizing photons. Their density n- may be increased by recom

binations of electron-proton pairs with the rate <* l sn
2 where cc is the recom

bination factor to the Is level. Conversely. UV photons may be: 

- swallowed by neutral hydrogen with a large cross-section of ionisation -

0 . - 7 ]0""cjBa at its maximum; 

- diluted since space expanda; 

- or eventually red-shifted below the Rydberg energy (Ry « 13.6 eV). 

This leads to a decrease of n T with the respective rates a Tcn n T P 3Hn. and §£- . Hn T. 
1 1 IS 1 X Kl(Q 1 

n l s is the density of neutral IS hydrogen and ia vary close to n_ • n - n 

since almost all the atoms are in their ground *tata, T is the matter temperature. 

Therefore, the evolution in time of n_ is given by: 

g l - a l anj - ^ c n , , ^ - SHn, - g - -Hn, (2.2) 
*• m 

This equation may mora conveniently be written as: 

5 T * [ a i c n > . + ( 3 + R y ' k T m ) H ] n i - a » . < ( 2 - 3 > 

The term inside th* bracket» ia underatood aa tha relaxation rate of n. toward its 

equilibrium value n. which ia obtained by setting dn./dt » 0 : 

_2 

1

 0 l c n l f • (3 • Ry/H n)H 
(2.4) 



As long as this rate is much larger than the expanaion rate H, therefore as long as: 

a.cn^ » H (2.5) 

we can safely approximate n. by n°. Now, we are ready to work out the equation 

which drives direct recombination to the ground state: 

2 O 
dx- n e °"ïcni i nT 

. _ i ( ë p * H ) - a — - z (2.6) 
dt 1 S " n B n B 

Replacing relation (2.4) into (2.6) leads to: 

dx„ 1 

" It _i(Sp*H ) — «n* (2.7) 

1 + H(3 + Ry/krm) 

where the first term in the right hand side ia very small since condition (2.5) holds. 

Therefore, direct recombination toward the ground state is completely inhibited. 

Physically, if recombination nevertheless had to occur in this way, the UV radiation 

background would grow so largely that - due to an increase of ionization - the pro

cess would be rapidly stopped and inversed. 

- Recombination via the excited states 

Naively, we should expect in this case that the equation which governs the 

evolution of x is simply given by: 

_ _ - t a p . H - . H j - a c -± - 6 c — e ^ (2.8) 

Ty is the temperature of the radiation which fills up the universe, a is the 

recombination factor of free electron-proton pairs toward the excited n > 2 states 

of hydrogen, while B stands for the photodissociation factor of these states by 

the thermal radiation background. Feeblas approximated a by: 

o c - 2.84 10~ 1 3 cm3 •"' • (ÎO^K/T.)' 7 2 (2.9) 

This expression shows clearly that the larger the matter temperature, the weaker 

the recombination. When thermal equilibrium is achieved between matter and radiation, 

6 is related to _, through: c c • 

S c . i_ ( 2 ™ e k T Y )
3 / 2 - ." S y / 4 k T Y . a c (2.10) 

http://__-tap.H-.Hj


It turns out that the multiplicative factor: 

1 + A, Kn 
c . iH«-25 (2.H) 

1 + " n..< Bc + A,.2S> 

where 

(2.12) 

must be incorporated into equation (2.8) in order to deal with the three choices 
the n-2 state has to evolve: 

(i) I stands for the Lyman cc transition from 2p toward 15. The wavelength 
of the emitted photon is A . 

(ii) Kn A corresponds to the two-photon transition 2S -»• IS which occurs 
with the rate A [ s 2 a « 8.227 s"'. 

(iii) Finally, Kn, 6 describes the ionization of the atom. isc 

The limiting value of C is I since, as the universe expands, 8 goes to 0. 
The conclusion of this analysis is that standard recombination must proceed via a 
bottle-neck : the n-2 state, direct recombination toward the ground state being 
negligible. 

The radiative dtcay of a few tens eV particle makes havoc of recombination. 
The evolution of x gets severely upset by the UV flux generated by the decaying 
dark matter. Two main modifications to the standard model must be considered; 

- A new and efficient source of ionizing photons is provided by the above mentioned 
unstable particlas. If T is their lifetime and N- their density: 

dn T Nç 
— - (decay of particles) - -i (2.13) 
dt T 

At this stage, we must point out a possible problem which arises from the mere 
fact that X nay reach I. Relation (2.5) might no longer be satisfied. The 
universe becomes transparent to UV photons since matter is completely ionized 
(<J- « a.). Moreover approximating iu by its equilibrium value n. is no 
longer safe. In addition, the hypothesis that the UV photons are in thermal 
equilibrium with matter turns out to be irrelevant sine* this thermal contact -
which is merely established through the continuous captures and emissions of 
ionizing photons by neutral hydrogen - is disrupted. However, it is worth 
noticing that the ionization rate a Tcn compares to the expansion rate H 
only if: 

(I - x e) = 6 I0- I J. S5^[ m l . «g'h- 1. (I0"K/T Y)' / 2 (2.14) 
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This implies rbat our simplified treatment of recombination and tbe subsequent 
reionization is valid for almost all the accessible values of x , except a 
really small fringe close to I. In this last case, our question - what is x 7 -
finds its answer. 

- The matter temperature sharply increases for T < 10 a 5s. Therefore, collisional 
ionization cannot any longer be neglected. For a Maxwellian distribution of 
electrons, the collisional ionization cross-section satisfies the relation : 

Ôv (collisional ionization) - 7.2 a 2 (kl^/ii^)1'2 e" R v / k T m (2.15) 

a is the Bohr radius and m stands for the mass of Che electron, o e 
The final equation which drives the evolution of x is rather involved since 

it incorporates the various mechanisms which we have just reviewed. 

dt l c B e c e > (L H<3 + Ry/kT n)J 

(• CTTc(l-x ) N- \1 I 1 

a,n,xl - — • -1 )}- a..V.ILX <l-x >} (2.16) 
. l s ^ e H(3 • Ry/kTm) T ) \ \ " ^ e e J 

Relations (2.7), ("2.9) and (2.15) exhibit the crucial rôle played by the matter 
and the radiation temperatures during recombination. Hie careful investigation of 
the thermal behaviour of matter is of paramount importance. That is why ue concen
trate now on this item. Ue first notice that the thermal contact between free 
electrons, free protons and atoms is always established. Defining a common tempe
rature T for the whole of the baryons is therefore relevant. Thermalisation 

m 
among these three species is basically achieved through collisions. For instance, 
thermalisation of the electron gas occurs with a rate: 

4Tre"n / kT_ 

e n * e 

Furthermore, in order to deal with the energy transfer among protons (T ) on 
one hand and from electrons to protons (f ) on the other hand, this rate has to 

*> /> ep be multiplied respectively by (m/m ) and (m /m ). Finally, the thermali-
aation of neutral hydrogen with the plasma is induced by both collisions and the 
incessant ionization and recombination of neutral hydrogen. Its rate is appro
ximated by: 

plasma-n ~ c^î (2.18) 
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where 

°c * ™„ (2-19) 

He have numerically checked that these rates ore aluays much larger than the expan
sion parameter H. Consequently, the various species which compose the bsryonic 
matter hava the same temperature T . In addition, this temperature varies according 
to the first lav of thermodynamics: 

dU - 6W + 6Q. n - 0 Q o u t (2.20) 

where 0 i s the k ine t i c energy of the broyons: 

U » | k T B V (n + n e . + rijj) (2.21) 

We need to know all possible sources of heating and cooling of matter. Therefore, 
we have to identify the various therual mechanisms which bring or take out energy 
from the system with the three terms of equation (2.20). 

1) The influence of pressure : 6U 

In the lack of any heat transfer, matter cools down just because the universe 
expands. A.s the volume V increases, pressure drives energy away according to: 

<SW - - pdV (2.22) 

where p denotes the pressure: 

P - V 1 + x
e > k T

m
 ( 2 , 2 3 ) 

This process - which is called adiabatic cooling * is so efficient that T 
decreases as; 

T a V " 2 / 3 (2.24) 
m 

We briefly recall here that according to the same mechanism, the cosmic background 
cools down as: 

I T « f ' ' ' (2.23) 

provided it is blackbody. Hence, the mstter and radiation temperatures are related 
in this regime through: 

T a T z 

m Y 
(2.26) 
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and matter cools down more violently than radiation. Previous studies did not take 
into account adiabatic cooling although this process does affect the thermal history 
as we shall see while discussing the results. 

2) The decaying-inos : 5Q. 

In the volume V and time interval dt, dark matter candidates release the 
energy: 

i l 
"Y " T "Y 

SQ- - N C V ^ E „ (2.27) 

The UV photon» of energy Ey which are processed in the decays are instantaneously 
captured by neutral hydrogen - provided that relation (2.5) holds which is almost 
always the case. They are subsequently released after an energy E -Ry was trans
ferred to matter. Consequently, £Q. is simply related to SQ. : 

«Q i n - K- V |£- <E Y - Ry) (2.28) 

3) The cooling mechanisms : SQ 

Various processes are responsible for the heat losses: 
(i) Compton cooling 

The photons from the radiation background Compton scatter off free electrons, 
therefore transferring energy. Conversely, electrons experience Thomson friction 
on radiation. The density of the energy flow which streams from baryons to photons 
is given by: 

ow <«•»"»> - 4 - $ 7 ^ r • «TY k < W ( 2 - 2 9 ) 

where u- stands for the Thomson cross-section (a- * 6.65 I0~ 2 scm 2) and a is 
the black-body constant. 

(ii) Free-free cooling 
Energy may also be withdrawn from the plasma when electrons scatter off protons 

while emitting photons. Brensstrahlung and its reverse process contribute to the 
thermal contact between matter and radiation. The power density twined by radiation 
may be written as: 

d 2 0 2 '"* ' / 2 * W V V / J , -1/2 
2 - 2 - (free-free) I 1 n 2 * ' I ( « (2.30) d t d V 3m_c> U m e W 

where • i« the ratio T_/T v. !(•) is a rather intricate integral over photon 
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frequencies and incorporate» Che free-free Gaunt factor g f f(v): ff* 

«•) - I*" g £ f(M) [ e ^ * - ' ~
 e" X /*] dx (2.31) 

the variable of integration x is defined as 

x - hv/W (2.32) 

Approximating gffCv) by 1.2 leads to 

1(0) = 1.2 J(*) (2.33) 

where the integral J(0) nay be computed using the expansion: 

n-2 4 n~' 
(2.34) 

When the plasma becomes very hot, in the limiting case $ + +«>, J($) is well 

approximated by <fc. Conversely, if 4> is close to 1, J(0) may be expanded as 

0(1). (*-l). 

(iii) Recombinative cooling 

The radiative recombination on the excited ..Lates of hydrogen leads to the 

emission of a photon which is definitely lost to the plasma, contrarily to the 

direct recombination on the ground state. Therefore, the kinetic energy of the 

recombining electron is removed from matter, inducing an additional cooling. The 

power density which consequently streams out of the plasma is given by: 

4-S- (free-bound) - t- o n 2 (2.35) 

dtav c e 

e is the average kinetic energy of the recombining electron 

e - y k T (2.36) 
i. m 

and oc is the recombination factor of electron-proton pairs toward the excited 

states of neutral hydrogen. Instead of using Peeble's approximation (2.9) we 

prefer the more accurate expression: 

\ - M i f b °em »o ' - ^ [-0- 0 7 1 2 + î *« fe) + °""9 {wj'[ (2.37) 

a is the fine structure constant. «,. is th* free-bound gaunt factor averaged 
em tt 
on the electron energies 



(iv) Collisional excitation cooling 

Electrons which possibly hit neutral hydrogens excite these atoms. Their sub

sequent radiative desexcitation to the IS level l?ads again to the loss of the 

plasma energy. 

e~ H "* e Y (2.38) 
L-•• H + Y lost 

The expression of the power density lost by matter is borrowed from Black 

4 ^ - (collisional excitation) - (7.510"'»erg cn"3s"') a IL e" 1 1 8 3 4 8 ° K / T m 
cooling ( 2 3 9 . 

la order to compute the evolution in time o£ the matter temperature T , we 

should in principle integrate equation (2.20). However, as already pointed out by 

Stebbins and Silk, the universe is heated by the decays of a primordial remnant 

particle, therefore by a source which does not vary in time since the decay rate 

1/T is constant. If matter was a static uniform gas, it would approach a situation 

of kinetic equilibrium T m, the energy losses being exactly compensated by heating. 

We can safely assume that such an equilibrium is effectively achieved as long as the 

relaxation time of T toward T° is much less than the typical expansion time 

H" 1. We have numerically checked that this condition holds indeed between i ^ 10 

and z ^ 10 3, approximating the relaxation time by the cooling time. Therefore, 

the thermal evolution of Che plasma obeys the equation: 

6W + 6Q. n - 6 Q o u t - 0 (2.40) 

The physical processes which govern the thermal evolution of the plasma have 

been reviewed with some detail. We now investigate the results. The evolution of 

the ionization fraction x as a function of the redshift 1+z is displayed in 

figures l-a and 1-b. The matter-temperature evolution is in turn plotted against 

the redshift in figures 2-a and 2-b. We have scrutinized a 30eV dark matter can

didate with a hubble constant h • 0.5 and then a lOOeV particle associated to 

h » 1. In both cases, the baryon abundancy fi_ was set equal to 0.14. In 

addition we have assumed that these particles behave as neutrinos and that they 

decoupled relativistically when T = 0(1) HeV. Therefore: 

N.(today) - 110 em _ î (2.4I) 

The overall density of the universe is consequently near its closure value 

SL * , = 1• ?his implies that «pace curvature is negligibl 
total 
temperature is obviously related to the redshift through : 

SL * , = 1- Ibis implies that «pace curvature is negligible. Finally, the radiation 
total 
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T /T* 
Y y - 0+Z> (2.42) 

and evolves in time according t o : 

- y i Y - (M p J ' (2.43) 

where the whole of baryons, dark matter and radiation contribute to the mass 
density p. We have numerically integrated equations (2.16) and (2.40). The 
evolution of x proceeds into two successive stages: 

1) The first step is a substantial recombination which occurs between z - 1000 
and z - 500. Even in the extreme case T * 10 2 Q sec exhibited in fig. 1-a, the 
ionized fraction falls down to 152. In addition, the matter temperature is always 
smaller than the radiation temperature. During this period, recombinative cooling 
is indeed a powerful mechanism. The energy which it streams out of matter is 
exactly compensated by Compton heating» provided that the plasma is cooler than the 
radiation. 

2) Depending on the lifetime, a possible reionization occurs subsequently» and 
matter is heated up to 10"- 10 s *K. 

(i) T <S 10 2* sec. 

In this regime the plasma is reionized and several features may be sketched out: 

- x is fairly well approximated by its kinetic equilibrium value x which is 
obtained by setting dxe/dt « 0 in equation (2.16). We have checked that the 
relative difference between x and x° is always less than 10%. Indeed, the 
relaxation time of x toward x is much smaller than the expansion time - for 
iO z 0 sec (Fig. I-a), relaxation occurs in 15 hours, a very small value when com
pared to the Hubble time of 2.6 million years! Moreover, as the numerical inte
gration of (2.16) turns out to be impossible in the limiting case x •* 1, we 
have replaced x by x whenever ionization reached saturation. 

- Figure 2-b shows that T blows up for 10 z a and 10 2 2 sec This puzzling 
behaviour occurs precisely when x reaches 1. As long as neutral hydrogen is 
substantially abundant, the energy from the decays is drained off by collisions. 
Equation (2.39) exhibits the dependence of collisional cooling on n„. When 
ionization turns out to be complete, this cooling mechanism stops since n_ goes 
to 0. In order for Compton cooling to take over, the matter temperature sharply 
increases, leading Co * new thermal equilibrium. 

- We have not been able to fully determine the evolution in time of T . As soon 
' m 

as complete ionization is reached, relation (2.5) is no longer satisfied. However, 
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in this case, we do not need to know the thermal history of matter in order to 
determine the ionization level, x sticks to the limiting value '. Any 
additional increase of x would lead to the free propagation of decay photons, 
to the cooling of matter through the slowing down of heating and consequently 
;o a decrease of ionization. The aame reasoning may be applied to the reverse 
situation. Therefore, ionization reaches a stable equilibrium, close to satu
ration. We think sensible to point out that the main results or this paper -
the visibility function and the probability of last scattering are discussed in 
section 4 - only depend on the history «f ionization. 

(ii) T > IP 2" sec. 

Matter is in this case poorly heated by the decays. Adiabatic cooling turns 
out to be the dominant thermal process. As long as Compton heating occurs at a 
rate larger than the expansion rate, it makes up for the energy loss. When this 
mechanism decouples (T - 400-500'K), T decreases in time according to (2.26). 

Y m 
Figures 1-a and 1-b show that x goes through a maximum. Ionization dominates 
over recombination as long as the matter temperature is large. Since this last 
one drops, the situation is soon reversed and ionization starts to decrease. 



3. PARTICLE PHYSICS CANDIDATES 

In the previous section we have sketched out the effects of a decaying 

remnant from the Big-Bang, on the thermal history of the universe since the 

recombination period. Our dark matter candidate must be light - m ^ 10-500 eV -

and long lived against radiative decay - T ̂  10 2 0 to I03° s. In this section, we 

explore some examples provided by particle physics. 

The analysis of section 2 cannot apply in general to a hypothetic heavy 

neutrino because the rate of its radiative decay 

V . v y * Vlight + T » • » 

is strongly suppressed by GIM factors. In the range of mass which we consider 

here, the radiative lifetime would be as large as 10 3 3 s t excluding any possible 
14) 

reionization. However, the Zee model ' by an unatural choice of a suitable Higgs 

sector, predicts lifetimes between 1 0 2 0 and 1 0 3 0 s. 

Superaymmetry seems more promising. It predicts a host of new particles : 

the superpartners of the ordinary species. In particular, neutrino-like particles 

naturally arise in this scheme. These are the spin ̂  supersymmetric partners 

of the neutral gauge bosons and Higgs bosons, with a possible mixing among these 

two categories. Most supersymnetric theories admit a multiplicatively conserved 

quantum number (the R -parity) which may be defined as: 

R - (-i) 2 5* 1- 4- 3 8 (3.2) 
P 

where s, L and B stand respectively for the spin, the lepton and the baryon number 

of the particles. The conventional particles carry an even R -number. On the 
V [5) 

contrarv, the SUSY particles are associated to an odd R -number . R -conservation 
' P P 

implies the stability of the lightest supersymmetric particle (LSP). This one is 

most frequently considered to be the photino y, the neutral spin -s- fermion 

associated to the photon. However different situations may be considered. In 

particular, in theories in which the supersymmetric breaking scale Sd is not too 

large, the spin 3/2 gravitino is relatively light: 

Œ s. 2 - Kd with K - 1.6 x 10"" GeV - 1 (3.3) 

Consequently, the photino can decay and generate a photon and a gravitino, with a 

l i f e t i m e 1 6 5 : 

Y » 8 3 / 2 n ^100 GeVJ ^m- J . 1.65 I0»..e. I T T ^ W ) l ^ - l (3-« 
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Particle physics seta the constraint: 

•T > 1L0 GeV (3.5) 

Indeed, if Jd was relatively smell - leas than the previous value - the gravitino 
would have sizeable effects. The processes « +e~ •* y + gravitino + stable photino 
or, alternately, e +e~ -*• gravitino + unstable photino would lead to the production 
of single photons in e*e" annihilation which have not been observed yet . Limit 
(3,5) tells us that Jà may sit near the value of the Weinberg-Salam breaking scale. 
Jâ « 1 TeV leads to the photino lifetime: 

8 3 / 2 ^ f^) 1.65 I0-"sec. " (3.6) 

a quite exciting value as mentioned in section I. 

There are also alternate scenarios in which R is broken, either explicitly 
or spontaneously. However this always necessitates a breaking of baryon and/or 
lepton number conservation, and usually leads to unwanted B and/or I. violating 
processes, unless some sort of fine tuning of the parameters is performed. 

(i) Explicit breaking of Rp 

The flat limit of gauge models coupled to spontaneously broken supergravity 
is characterized by residual soft superaymmetry bre'.kSng terms in the effective 
Lagrangian . Ue focus on the so-called "minimal broken supergravity models". 
The scalar potential which triggers the spontaneous breaking of the electroweak 
gauge invariance is induced by the superpotentisl: 

f 0 - mHG + X 0GQU • XgHQD + XjHLE (3.7) 

where the Higgs (H,G), quark (U,D,Q), and lepton (E,L) chiral superfields 
have their usual quantum numbers. Such a superpotential gives the usual Yukawa 
couplings of quarks and leptons to Higgs scalers, and the scalar potential of the 
conventional Weinberg-Salam model. The explicit introduction in the superpotential 
of the lepton non conserving interactions f, leads to the explicit breaking of 
R (we discard B-violacing terms in order to avoid too a fast decaying proton) 

f L - rn^LG * X ^ L L E • X ^ L Q D (3.8) 

The m, c term may be reabsorbed in the last two by a field redefinition. Such 
couplings are not forbidden by any (gauge) symmetry, «id are generally suppressed 
by hand to avoid processes violating lepton number conservation. Actually, such 
processes are not strongly excluded by experiment, and the upper bounds on the 
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Yukawa couplings X, and X that can be obtained are not very stringent. 
Rare decaya set the limits: 

v* * e + ? = * Xedd * l0~" 

K + * e +Y = » X e s d < 1 0 - ( 3 > 9 ) 

K + - v+v =>, X y 9 d < 5 10-' 

The neutrino-less double beta decay gives in turn the bounds: 

X v v < 10"3 and X < 5 10"3 (3.10) 
e&D eTT 

Experimental constraints are indeed rather mild and the most stringent limit 
which is provided by observations is of the order of 10-" for a lepton number 
violating Yukawa coupling. The photino can decay into a photon and a neutrino 
through a one loop process. The lifetime is in this case given by: 

Y*Y+V " - •W" (!*»)• te^y 
M f is the mass of the supersymmetric scalar partners of the fermions and 
are exchanged in the loop . 

(ii) Spontaneous breaking of R-

Such a breaking could be generated by a non-vanishing vacuum expectation 
value - denoted by N - of Che superpartner of the T-neutrino field, for example. 
This scenario is hard Co achieve in Che minimal supersjmmeCric theory. However, 
it may possibly occur, leading to an interesting phenomenology. In particular 
this spontaneous violation of L leads to the presence of a massless goldstone 
boson somewhat similar to the axion. The coupling of this particle - denoted by 
H. - to Che fermions, such as the electron, is proportional Co N. The super
cooling of the core inside red-giants stars through the dissipative reaction: 

(3.12) 

leada Co scrong constraints on the parameter N. In order to avoid the premature 
death of red-giants, N must be leas than 9 keV . Moreover, the photino 
couples to Che T-ncucrino leading Co Che mass relacions: 

m. .EL. = 0<N Z) (3.13) 
Y ^ T 

In chit scheme Che T-neutrino is heavier than the photino. However, as pointed out 
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by S. Dawson, the photino may radiatively decay into \> - and also v if this 
particle is lighter than the photino - through a one loop process with the lifetime: 

T- - l"2>,cc. f'° fcev)VM»fer.»ion\'/l00 eV \' 

This brief review shows that particle physics provides us with models for which 
the photino is unstable against radiative decay. Moreover, according to relations 
(3.6), (3.11) and (3.14), the lifetime lies in the interesting range 10 2 0-l0 3°sec., 
therefore leading to sizeable thermal effects on the primordial plasma. 

Astrophysics sets constraints on the lifetime of our dark matter candidate : 
21) 

- Kimble, Bowyer and Jakobsen have computed the integrated redshift-smeared 
UV photon background which originates from the decays. Using upper limits to astro
nomical photon backgrounds, they have derived limits on the radiative lifetime of 
the particles. The analysis is complicated by the severe attenuation of the flux 
of the extragalactic ionizing decay photons by the interstellar medium within the 
galaxy. Therefore, comparison between predictions and observations is only possible 
for the redshifted part of the radiation which is below 13.6 eV. The limits on 
the lifetime T turn out to be: 

T > 10"- I0 2 3sec for Hy < E < 40 eV 
and r 

T > 1 0 z t - 10 2 1sec for 40 eV < E < 50 eV 
Y 

where E is obviously the energy of the decay photons. No limit was set for 
particles heavier than 100 eV. 

22) 
- A. Melott and Sciama ' improved the preceding constraint by requiring that 

the photoionization of the high-velocity clouds (HVC) of neutral hydrogen near our 
galaxy does not exceed observational limits. They found that the radiative decay 
lifetime for ionizing photon production by -inos must exceed 102i* sec, a fairly 
large value. They assumed that the HVC's are pure HI objects shielded by an HII 
(ionized hydrogen) region and argued that if the decay photons flux were large 
enough so that ionization greatly exceeded recombination in the clouds, the observed 
cold, dense cores could not exist for long and would rapidly evaporate. A crucial 
point of this analysis is the determination of the HVC'a temperature which in turn 
sets the magnitude of the recombination of neutral hydrogen inside the clouds. The 
authors assumed that the observed linewidths of radiation which originates from 
the HI regions are purely thermal. However, a possible objection - which makes 
the limit of 10 2* sec. less firm than the previous one - lies in the "raisin 
pudding" model of gelactic HI clouds. Some clouds in the disk are said to be 
composed of cold, dense cloudlets. The observed linewidths then correspond to 



2! 

turbulence racher Chan thermal motion, leading to a HI temperature significantly 
less Chan Che value of 10"*K used by Melocc and Sciana. An underestimate of 
recombination and consequencly an overestimate of the evaporation of the HVC's 
inside a UV flux is therefore possible and may weaken their resulc. 

4. EFFECTS OS THE FLUCTUATIONS OF THE CBR 

The 3*K cosmic background radiacion shows to a very good accuracy angular 
isotropy which now is a scringenc conscraint on galaxy formation scenarios. This 
thermal radiacion background carries in icself Che craces of maccer fluctuations 
as it saw Chem for the last time. In order to delineate the effects which our dark 
maccer remnant has on Che chermal inhomogeneicies of Che radiation background, we 
think sensible to concentrate now on Che lasc scactering which photons had with the 
plasma. If matter is ionized, the medium is optically thick since photons Thomson 
scatter off free electrons. The optical depth of the plasma since the *?poch z 
up co now is defined as: 

d(z) - / o Tn e(t)c dc (4.1) 
c(z) 

Therefore, a thermal photon which we observe now has the probability F(z) 

P(z) - 1 - e " d < z > (4.2) 

to have scaccered for Che last time since the epoch z. P(z) is obviously an in
creasing function of the redshifc. Regions for which this probability is unity 
are completely opaque Co us jusc like a landscape hidden by a dense fog. We 
define the visibilicy V(z) as Che derivacive of P(z) wich respect Co Che 
redshifc. The maximum of Chis funccion indicates the surface ou which phocons have 
Che highest chance co lasc scaccer. The resulcs for F<z) and V(z) are respec
tively displayed in figures 3-a,b and 4-a,b. a and b refer Co the same values 
of m - the mass of Che decaying particle - and h ai in section 2. A priori, 
from our previous analysis of the history of x , we expect two peaks in the 
visibility function: one at Che time of the recombination and another one closer 
to us related to tht injection of ionizing UV photoni which makes the e~ population 
increase. However, this depends on Che lifetime of Che decaying dark maccer candi
dates. We therefore distinguish three cases : 
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1) Long lifetimes (T > 1 0 " sec.) 

23) We recover the standard situation : a high peak at z_ *\. 1075 of height 
n ~ 3 . As the peak is quasi maxvellian, the visibility may obviously be 

expanded as: 

V(z) a e i z R 2 (4.3) 

Consequently, looking for the redshifts zi and z 2 such as 
V< " " "> - e - / 2 (4.4) 

VR 

leads to a full width "V 170 through the relation 

iz R - z 2 - Zi (4.5) 

The low ionization peak is almost washed out. 
2) Small lifetimes (T i 1 0 " sec.) 

There is almost no peak at the recombination redshift but a marked one at low 
z \ 0(10,20). This regime is straightforward to analyse and we give here analytical 
expressions. Ionization has reached saturation and since x - 1, the optical 
depth is simply given by: 

o 
d(z) - \ - Ç ^ »l+z) 3 / 2 - 1} (4.6) 

J H o 

Therefore, the visibility may be expressed as: 

v(*> - 7.5 io-' un, /TKT eo-°5hn B<Wi +z) !' 2) ( 4 7 ) 

Using this probability distribution one can easily calculate the average z value 
and the dispersion of this distribution. Indeed given the flatness of this second 
maximum in V(z) we just proceed in analogy with the maxvellian case where 

"I 

and 

a2 

<z> - jr(5/3) (O.OShnj) -^'! - 1 (4.8) 

M"(7/3) - r2(5/3)l (0.05hn B) _ , / J (4.9) 

He obtain respectively for the mean (z_) and full dispersion (Az r » 2o) 

Zj - 37.2 ; 22.7 , iZj - 53.2 ; 33.5 for h - 0.5 ; 1 . 



23 

3) Intermediate lifetime» <10" sec. < T £ 1 0 " see.) 

In this case, the thermal photons which we observe nov originate from two 

distinct regions since the visibility clearly exhibits two separated peî-ka. A 

fraction F R of these photons have last scattered during the recombination period 

z "" 1000 while the remainder F- • 1 - F_ hat been recently processed. This 

situation is indeed a mixture between the standard and pure ionized cases. As T 

increases from 10"sec. up Co 10"sec, F R increases as shown by figs 3-a and 

3-b. The ionization peak vanishes to the benefit of the recombination peak. For 

various lifetimes, Table 1 displays values for the sets of quantities F and F R. 

Table 1 

a) h - 0.5 E„ - 15 eV f!_ - 0.14 
Y o 

lifetime T in sec. F 

1 0 " 1 

1 0 " M 

10" 0.835 

10 " 0.437 

10" 0.107 

10" O.OI 

10" 10— 

10" 0 

b) h - 1 E - 50 eV n, - 0.14 
Y » 

lifetime T in sec. F F R 

1 0 " 1 0 

10" 0.984 0.016 

10 s 3 0.741 0.259 

10 " 0.257 0.743 

10 " 0.02 0.98 

10" 3 I0"3 M 

10" 0 1 

10" 0 1 

24) 
The main motivation for angular anisotropy measurements in the background 

radiation is to look for tracks in the radiation left behind at decoupling by the 

matter perturbation* which led to galaxy and cluster formation. The best limit 

FR 

0 

? 1 0 _ î 

0.165 

0.563 

0.893 

0.99 

1 
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from Uson and Wilkinson who explored the anisotropics in the range 1' to 1° is: 

AT/T < 4.5 10~ 5 (4.10) 

far an angular scale of 4.5'. Moreover, over large angular scales from 10° to 

ISO*, the best upper limits on temperature fluctuations are now of order 0.1 mK 

corresponding to 

ÛT/T < 3 10" s (4.11) 

The small angular scale inhonogeneities are mainly generated by fluctuations of 

scale X induced by Thomson scattering as the hydrogen recombines: 

T LP " J L S 

where all quantities are evaluated on the last scattering surface. In addition -o 

this velocity mode, an adiabatic perturbation gives the contribution: 

Since in the asymptotic regime, <5p/p goes like X" 2 - in the fairly natural case 

of the Zeldovich spectrum * and because the angle 6 linearly depends on the length 

scale A, AT/T decreases as 6'1. In addition, thermal distortions are damped 

at very small angles because of the smearing associated with the finite thickness 

Az_ of che last scattering surface z_. At last scattering, the region in which 

smearing of the temperature fluctuations occurs subtends the angle 6. : 

9 L - D L/d A (A.U) 

where d it the angular distance: 

2c l * \ " / Î 7 Ï L 
A H o (!«,_>» 

«here * L refers to the last scattering, which is either z R . c o m b . or a l o n i z » t i o n 

as the case may be, D T is the distance which subtends the angle 6, : 

D T - /**!- (l+z)" 5 / 2 it (4-16) 
L i_ "o 

where z+ « s- ± A2./2. Since AZ-/z_ « 1 at the recombination peak, one simply 

gets - setting ft • 1 : 
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2(l+zR)(/Ûz~R-l) 
(4.17) 

Therefore, in the standard situation - no «ionization - for which z_ • 1075 and 

Az„ - 170, we expect these angular fluctuations to vanish below the critical angle 

6. * 8.5*. For the ionization peak, the integration must be performed. 

For the above mentioned reasons, the fine scale anisotropy reaches a maximum 

At,„ which precisely corresponds to the cut-off scale 8,. This critical angle 

depends only on the last scattering surface and its thickness. In addicion, the 

magnitude of the thermal distortions - in particular Â .. - is very sensitive 

to the spectrum of primordial density fluctuations and the properties of the dark 

matter candidate. For the scenario we are exploring, &B«ax ^ 5 1 0 ~ 5 ^ h " 0 , 5 ) ' 

Moreover, the model predicts a value for AT/T at 6 - 4.5* vhich is just below 

the bound from Dson and Wilkinson. The radiatively unstable dark matter candidate 

under investigation lowers the level of the small angular scale anisotropy : 

(i) Present photons originate from '.wo separated regions : a fraction F 

arises from the standard recombination period z„. The remainder has last scattered 

during rsionization z . As these sources are uncorrelated, we can safely set: 

AT AT AT 
=~ (total) - T-i.'Y' ( R* c o m b i n«tion) + F T ' ? ^ (Reionization) (4.18) 

The fluctuations at angles A. 10' 

(ii) According to relation (4.14) the critical angle 8 associated to 

ionization photons is ^ 18° for E - 15eV, h - 0.5 and "\. 24° for E - 50eV, 

h - 1. These values are actually crude eKtimates since complete calculations of 

the angular anisotropics of the radiation background would be more accurate. 

Actually, the visibility function exhibits a smoothed peak at reionization and the 

definition of the width becomes in this case fairly fuzzy. Nevertheless, these 

values for 9_ show the general tendancy : recent ionization implies that the 

universe is completely opaque to us for redshifts as recent as Az.. Just as a 

man lost in a dense fog fails to make out his surroundings, we are unable to dis

tinguish the small scale inhomogeneities of the radiation background. 

(iii) The bulk of the fine scale anisotropy is provided by the velocity dis

tortion and varies as 8 . The peak Aj,, is lowered in relation to Ajjw 

by a factor : 

,3/2 

= 0.047 (4.19) \ L '«i J 
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for h « 0.5 or h » 1.0. D R and Dj can be calculated using (4.16). Therefore, 
the level of fluctuations cooing from the ionization will be well below the present 

24) experimental limits given by Wilkinson '. 

These arguments show that the angular anisotropics of the cosmic background 
are severely affected by the «ionization era. The anisotropy is substantially 
lowered. The part of the universe which remains accessible is the recent past 
(z < 30-50), the fringe of our surroundings. 

5. CONCLUSION 

In this paper, we posit that a hot dark matter candidate provides the missing 
mass of the universe and, in addition, decays radiatively. While exploring this 
exotic scenario, we have shown that thiB particle plays havoc of the conventional 
history of the primordial plasma: 

- Atoms form at the epoch z ̂  10 3 of standard recombination and may be subse
quently reionized provided the lifetime of the particle against radiative decay 
is less thsn 10 2 5 sec. 

- The appearance of our surrounding universe, well described by the visibility 
function, is consequently greatly affected by the reionization which the decays 
generate. Most of the photons we detect now as a thermal radiation background 
have last scattered very recently at redahift z "\« 0(20-40) whereas the standard 
value is 1075. 

- The level of the fine scale anisotropy of the radiation background is lowered since 
the opacity of Che medium smears fluctuations helow i 10*. 

For these reasons, we may sketch out a plausible and attractive scenario starring 
a ^ lOOeV neutral lepton - such as the photino - unstable against radiative decay. 
Particle physics predicts in this case interesting and natural values for the life
time ranging from 10 2° to 10 3 0 seconds. This scenario han several advantages: 

1) The free streaming length is "v 4 Hpc. Therefore the spectrum of primordial 
density fluctuations is an hybrid of the hot and cold situations. In particular, 
as the spectrum may now be normalized, the large scale structure can be reproduced 
on scales larger than "\< 10 Hpc, as in the COM simulations. Moreover, the small 
< 10 Mpc scale structure is intermediate between the CDM (too many small galaxies) 
and HDH (to few galaxies) scenarios. 

2) The small angular scale inhomogeneities of the background radiation are 
pushed down. Therefore, the model evades the stringent limit of Uson and Uilkinson 
which has already ruled out the pure-baryonic scheme. 
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3) An ionized and hot medium is naturally predicted and may explain the 
observations . 

However, more observational and theoretical work is needed. In order to go 
further, numerical simulations of galaxy formation and evaluation of the related 
thermal anisotropics of the background radiation are necessary. The thermal 
behaviour of the plasma when complete ionization is reached must be carefully 
investigated. Our understanding of the recent thermal evolution will also improve 
when additional information will be extracted from the IGM. 
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FIGURE CAPTIONS 

Fig. 1-a The ionization fraction x aa a function of the redshift (I+z) for 

different lifetimes ranging from 10 2° to 1 0 3 0 seconds and h - 0.5, 

îîj - 0.14, E - 15 eV. 

a but with h - 1. fi_ - 0.14. _ 

Fig. 2-0. The temperature of matter versus the redahift - same parameters as in 

fig. 1-a. 

Fig. 2-b Same as fig. 2-a with parameters aa in fig. I-b. 

Pig. 3-a The probability of laat scattering Ptz), for parameters as in fig. I-a. 

Fig. 3-b Same as fig. 3-a with parameters as in fig. 1-b. 

Fig. 4-a The visibility function V(z) for parameters as in fig. 1-a. 

Fig. 4-b Same aa fig. 4-a with parameters as in fig. 1-b. 



Xe 

1 

10' •1 _ 

10' •2 -

10 •3 _ 

10" 

i I I 

V if 
— -

-

\ \ ° 1 
-

- \w -\w -

I 1 
103» , 

I 1 
10 102 

103 1>z 

FIG. l - a 



FIG. 1-b 



Tn(°K) 

FIG. 2-a 



T„t6K) 

FIG. 2-b 







Visibility 

S 
* • _ , 



Visibility 

o 


