arXiv:hep-ph/0104160 17 Apr 2001

YITP-01-28 hep-ph/0104160 April 2001

Electroweak Domain Wall by Hawking Radiation:

Baryogenesis and Dark Matter

from Several Hundred kg Black Holes

Yukinori Nagatani^∗

Yukawa Institute for Theoretical Physics, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan

Abstract

We show that a spherical electroweak domain wall is formed around a small black hole and this is a general property of the Hawking radiation in the vacuum of the Standard Model. The wall appears not only for the first order phase transition in the electroweak theory but also for the second order one because the black hole heats up its neighborhood locally by the Hawking radiation in any case. We propose a model for unifying the origin of the baryon number and the cold dark matter in our universe by using properties of the primordial black hole with a mass of several hundred kilograms. The interaction between our wall and the Hawking-radiated-particles can create a baryon number which is proportional to the mass of the black hole as well as the CP broken phase in the extension of the Standard Model. Our model can explain both the baryonentropy ratio B/S ¸ 10^{−10} and the energy density of the dark matter, provided that the following three conditions are satisfied: (i) the primordial black holes dominate in the early universe, (ii) the CP broken phase in the wall is in the order of one and (iii) any black hole leaves a stable remnant with a Planck mass after its evaporation. Our model also predicts a cosmological graviton background with a peak-energy 120 ¸ 280 eV in the present universe.

�e-mail: nagatani@yukawa.kyoto-u.ac.jp

1 INTRODUCTION

A particle radiation from a black hole as a quantum effect was predicted by Hawking in 1975 [1]. The radiation has a thermal spectrum and its temperature is known as the Hawking temperature. In the case of a Schwarzschild black hole with a mass m_{BH}, the Hawking temperature is proportional to m^{−1}_{BH} and the luminosity of the radiation is proportional to m^{−2}_{BH}, then a very small black hole has very violent radiation into the very small region. For example, the luminosity of a black hole with a mass of seven tons is comparable to the solar luminosity 1.60 × 10^{12} GeV^2, however, the Schwarzschild radius as a size of the shining region is only 10^{−21} cm which is 10^{−7} of the proton’s radius. Therefore, a neighborhood of the small black hole provides a very interesting laboratory for the particle physics and the field theory. From this point of view, Cline et.al. discussed a formation of a QCD fireball around the black hole [2]. Heckler discussed a formation of a photosphere near the black hole by QED interaction [3].

Then it is very interesting to consider the Hawking radiation of the black hole within the framework of the Standard Model (SM), especially in the physics of the electroweak theory. When we put a small black hole into the electroweak broken phase vacuum, we can easily imagine that the black hole heats up its neighborhood by the Hawking radiation and it restores the electroweak symmetry in the near region around the black hole. Therefore we expect a formation of the spherical electroweak domain wall surrounding the black hole, which separates the broken phase region and the symmetric phase region (see Figure 1). We have discussed such a subject by considering a thermalization of the SM-particles radiated from the black hole by the interactions of the SM [4]. Consequently we have shown an appearance of the domain wall as a general property of the black hole in the SM background when the condition 76 kg <∼ m_{BH} <∼ 200 tons is satisfied. It is an important point that the formation of our domain wall does not require the first order phase transition of the electroweak theory. In the ordinary situation of a phase transition with second order, any domain wall which separates the ordered and disordered phase regions does not appear, however, the Hawking radiation can heat up the neighborhood locally, therefore we can find the wall even in the second order case. In the Figure 1, we have shown the resultant domain wall in the case of the second order phase transition.

Formation mechanisms of the small black holes in the early universe have been considered by the density fluctuations [5, 6], fluctuations from the inflations [7, 8, 9, 10], and the first order phase transitions [11]. These black holes created in early universe are called “primordial black holes”. As a cosmological consequence the primordial black holes may contribute to the nucleosynthesis [12], the dark matter [8], the baryogenesis [13] and so on. Barrow et al. proposed a baryogenesis scenario by the primordial black holes based on the grand unified theory (GUT) [13]. They consider that the primordial black holes with T_{BH} > 10^{14} GeV radiate GUT-bosons and their decay creates a baryon number. Their scenario is a kind of the GUT-baryogenesis scenario [14], then these theory cannot avoid the washout problem by the sphaleron process [15]. To avoid this problem, Majumdar et al. consider the GUTbaryogenesis by black holes survived in the symmetric phase vacuum [16]. A natural solution for the problem may be the “electroweak baryogenesis” proposed by Cohen, Kaplan and Nelson [17, 18], their scenario is frequently called CKN model. They applied the sphaleron process not to wash out bat to create the baryon number. In the CKN model, the first order phase transition of the electroweak theory is assumed and the formation and the running of

Figure 1: Structure of the spherical electroweak domain wall around a black hole. A black hole with a mass 76 kg ∼ 200 tons can heat up its neighborhood by the Hawking radiation and restores the electroweak symmetry in the neighborhood spherically. The absolute value of the Higgs VEV | ⟨ϕ⟩ | is depending on the distance from the black hole r. The shaded (magenta) region, where the Higgs VEV is varying, is a spherical electroweak domain wall surrounding the black hole. In this figure, we have assumed that the electroweak phase transition is the second order. The radius of wall r_{DW} and the width of wall d_{DW} is almost same, however, the Schwarzschild radius r_{BH} is much smaller than those values. The concrete values of the parameters are shown in Figure 3.

the electroweak domain wall in the universe at the critical temperature plays a crucial role.

Here, we can ask if the domain wall by the Hawking radiation can create baryon number by using a mechanism in the electroweak baryogenesis scenario. We have discussed such a subject by a rough estimation [20] and more precise analysis [4]. We have shown that a system consisting of a black hole and our domain wall satisfies the Sakharov’s three criteria [21] and have concluded that the interaction between the wall and the Hawking radiated particles create baryon number when the wall have a CP broken phase. The total created baryon number B by a evaporation of a black hole with a mass m_{BH} is given by very simple relation:

B = 10^{−9} × Δθ_{CP} m_{BH} T_W , where Δθ_{CP} is the CP broken phase in the wall and T_W ≃ 100 GeV is the critical temperature of the electroweak phase transition. As well as the CKN model, we should assume the CP broken phase in the wall and this requires an extension of the SM, because the CP broken phase in the yukawa sector of the SM (the Kobayashi Maskawa phase) [22] is too small and not suitable for our purpose. Therefore we need an extension of the SM. In the CKN model the SM with two Higgs doublet extension (2HSM) is assumed as a simplest model for the additional CP broken phase. We also assume the 2HSM as a back ground field theory of the black hole.

Now, we know that an evaporation of a small black hole can create a baryon number, then one would like to apply the phenomena to the cosmology, i.e., a electroweak baryogenesis scenario by the primordial black holes. We find out that the origin of the baryon number in the universe can be explained by assuming (i) the very early universe earlier than the age t_{univ} ∼ 10^{−10} sec is dominated by primordial black holes with a mass of several hundred kilograms:

m_{BH} ≃ 1 20 (m_{pl} T_W

)_2/_3

m_{pl}

and (ii) the CP broken phase in the wall Δθ_{CP} is order one. Namely, our scenario results the baryon-entropy ratio B/S ∼ 10^{−10} which is required from the observation and prediction from the big-bang nucleosynthesis (BBN) theory [23]. The merit of the scenario is that the scenario does not require the assumption of the first order phase transition. However, the scenario require the assumption of the black hole dominated universe. Our scenario is summarized in Figure 2.

Several authors considered what is left after the completion of a black hole’s evaporation [24, 25], which is referred as the remnant or the relic of a black hole. The simple assumption is that no remnant is left, however, the issue should be considered by the theory of quantum gravity which does not have been understood. For example, Zel’dovich discussed that any black hole leaves a stable remnant with a mass of the Planck scale ≃ 20 μg (Planck remnant) because of the uncertainty principle for the mass of the black hole and the Schwarzschild radius [24]. If primordial black holes leave remnants, they should constitute one of the cold dark matters [26, 27]. In our model, we have assumed the domination of the black holes with a mass of several hundred kilograms to create baryon numbers, therefore, the assumption for the Planck remnants implies that they exist in the present universe and have a energy density. We have estimated that the energy density of the remnants is about ten times as large as

Figure 2: History of the energy densities in the universe from the end of inflation to now in our model. Both axes are logarithmic. The thick (cyan) curve describes the energy density dominating the right hand side of the Einstein equation. The primordial black holes, the remnants of the black holes and the baryon numbers are dust like matters, and their densities obey R^{−3} to the scale of the universe R. Any radiations including the gravitons and the photons obey R^{−4}. The baryon number, the dark matter as the black hole remnants, the graviton background and ordinary radiation consisting of the SM particles are created by the evaporation of the black holes at t ≃ 10^{−10} sec. In our model, the universe after the inflation develops four eras; the radiation dominant era reheated at the end of the inflation, the black hole dominant era, the (ordinary) radiation dominant era reheated by the black holes and the (ordinary) matter dominant era. The history after the evaporation of the black holes in our model is the same as the history of the standard cosmology.

the density of the baryonic matter, namely, the energy density of the remnants is close to the critical density of the universe. Therefore, we can consider that the remnants of the black holes in our model are main contents of the cold dark matter.

The Hawking radiation contains particles of all species in the SM and also contains the gravitons because the gravitational interaction is universal. The assumed primordial black holes should radiate the gravitons with the thermal spectrum, however, the radiated gravitons in the universe are not thermalized because the interaction of the gravitons is especially small. The Hawking temperature continues to rise until the evaporation ends, therefore the energy spectrum of the graviton in the universe should not be thermal. We have evaluated the spectrum and the energy density. In the present universe, the spectrum of the gravitons has a peak at 120 ∼ 280 eV, and the energy density is about 1/82 of the cosmological microwave background (CMB) with 2.75 K. This gravitons should be called the cosmological graviton background (CGB). The standard cosmology with considering the graviton decoupling at the Planck scale predicts the CGB with thermal spectrum of 0.91 K, whose energy density is about 1/82 of the CMB and whose spectrum has peak at 0.079 meV [23]. The energy density of CGB in our scenario equals that in the standard cosmology, however, the peak energy of the CGB spectrum in our scenario is much different from that in the standard cosmology.

In this paper, we consider the Hawking radiation from the Schwarzschild black hole only which is parameterized by a parameter. We note relations among the mass m_{BH}, the Hawking temperature T_{BH}, the Schwarzschild radius r_{BH} and the lifetime τ_{BH}:

T_{BH} = 1 8π m^2_{pl} m_{BH}

, (1)

r_{BH} = 2 m_{BH} m^2_{pl} = 1 4π 1 T_{BH}

, (2)

τ_{BH} ≃

10240 g_∗ m^3_{BH} m^4_{pl} = 20 π^2g_∗ m^2_{pl} T^3_{BH}

, (3)

where g_∗ is the freedom of the massless particles that the black hole can decay into at its temperature. We display these relations with our results in Figure 3. We will parameterize black holes by either the mass m_{BH} or the Hawking temperature T_{BH} which allows us more simple description.

The paper is organized as follows; In Section 2 the thermalization of the SM particles radiated from a black hole by the SM interactions is discussed and the formation of a spherical domain wall is shown. In section 3 we discuss the Sakharov’s three criteria for the baryonnumber-creation in the domain-wall-system around the black hole and we obtain a description for how much baryon number is created by a black hole. In section 4 we provide a model for baryogenesis by the primordial black holes. In section 5 we evaluate the energy density of the remnants of the black holes for our baryogenesis scenario and we discuss that we can regard the remnants as a cold dark matter in the present universe. In section 6 we calculate the energy spectrum of the graviton back ground (CGB) in the present universe which is producted by the evaporation of the black holes. In section 7 we discuss the requirement to the inflation model for formating the primordial black holes in our model. In section 8 we provide a conclusion and discussions.

Figure 3: The relations among parameters for the Schwarzschild black hole, the formated electroweak domain wall and the universe in our model. In the parameter region marked with “Thermalized Wall”, the stationary thermalized wall appears and its width is given by the inverse of the number straight line “Domain Wall Width^{−1}”. The bottom number straight line describes the temperature of the universe reheated by the black holes just after the evaporation in our model. The parameter region marked with “Cosmologically Allowed” is allowed parameter region cosmologically, namely, the reheating temperature should be lower than the electroweak critical temperature to create a wall, and the Hawking radiation should not prevent the mechanism of the Big-Bang Nucleosynthesis.

2 Formation of Spherical Domain Wall

In general, a local thermalization is realized when a local part of the system has interactions enough. More precisely, a local thermalization is realized when a mean free path for particle λ is smaller than the length scale of the local system. When we can make sure the local thermalization, we can define local temperature T (x) approximately which depends on the position x. This is a local thermal equilibrium (LTE) approximation. To confirm a local thermalization near a black hole by the Hawking radiation and to obtain a local temperature distribution by the matter transfer phenomenon within the framework of the Standard Model (SM), we should consider the mean free paths for the SM-particles by the interactions of the SM. A mean free path for a particle f is given by

λ_f = [ ∑ F n_F σ_{F,f} ]_{−1} , (4)

where f and F denote a species of the particles and ∑ F is a summation all over the particle species in the Standard Model. We will consider a (local) thermal equilibrium of the electroweak symmetric plasma with a temperature T > T_W. A number-density of the particle F is given by the thermodynamical formula: n_F ≡ ζ(3) π^2 g_{∗F} T^3, (5)

where a constant g_{∗F} means a massless freedom for particle F . A cross section between particle f and F is approximately given by σ_{f,F} ≡ α^2_{f,F} T^2 (6) where α_{f,F} means dimensionless coupling constants. By combining these equations, we obtain simple form for the MFPs:

λ_f (T ) = β_f T , (7)

where β_f is a constant depending on the particle species only.

The particles in the plasma with the symmetric phase of the Standard Model are divided into three classes by the value of β_f . First, the quarks and the gluons have a strong interaction α_s and they have the shortest MFP: β_s ≃ 10. Second, the left handed leptons l_L, ν_L and weak bosons W^μ have a SU(2)_W -interaction α_W and do not have the strong interaction, they have a middle MFP β_W ≃ 100. Finally, the right handed leptons l_R and U(1)_Y -gauge bosons have the only interaction of the hypercharge α_Y , therefore they have the longest MFP: β_Y ≃ 1000 Now, we consider a black hole whose Hawking temperature T_{BH} is much greater than the electroweak critical temperature T_W. From the form of the MFP in the equation (7), we can conclude that the closely neighborhood of the black hole is not thermalized because the Schwarzschild radius is much smaller than the shortest MFP in the Hawking temperature T_{BH}:

r_{BH} = 1 4π 1 T_{BH}

≪ λ_{BH} = β_f 1 T_{BH}

, (8) where the shortest MFP is given by β_s ≃ 10 for the quarks and the gluons. The fact of the non-thermalization in the closely neighborhood is important, because the fact ensures that the black hole can freely Hawking-radiate the particles. If the closely neighborhood is thermalized by Hawking radiation, many of the radiation particles return to the black hole, namely, flux of the Hawking radiation does not obey the Stefan-Boltzmann’s law.

The non-thermalization in the closely neighborhood does not mean that there are no thermalized regions. When the local thermalization by the Hawking radiation is realized, the local temperature distribution T (r) should be a function of distance from the center of the black hole r because of its spherical symmetry. The Hawking radiation initially should thermalize a sphere with the radius

r_s = λ_s(T (r_s)) (9)

to the temperature T_s = T (r_s). We call the radius r_s a minimal thermalized radius and we call the temperature T_s a initial temperature. Later we determine this radius r_s and the temperature T_s. For every sphere greater than the minimal thermalized radius, we can make sure of the thermalization of such a sphere by the temperature distribution T (r).

To determine the temperature distribution T (r), we discuss the transfer equation of the energy. The energy diffusion current for the particle species f in the LTE approximation is

J_{f,i}(T (x)) = −D_f (T (x)) ∂_iρ_f (T (x)), (10)

where

D_f (T (x)) = 1 3 λ_f (T (x)) = 1 3 β_f T (x) , (11)

is diffusion parameter. The energy density for particle species f is

ρ_f (T (x)) = π^2 30 g_{∗f} T^4(x) (12)

The total energy density and total diffusion current are given by sum of energy density for all particle species in the Standard Model: ρ = ∑ f ρ_f = π^2 30 g_{∗SM}T^4(x), (13)

J_i = ∑ f J_{f,i} = − π^2 90 g_{∗SM} β_{SM} T (x) ∂_iT^4(x), (14)

where we have defined g_{∗SM} ≡ ∑ f g_{∗f} = 106.75 as a massless freedom for all particles in the Standard Model and have defined

β_{SM} ≡ 1 g_{∗SM} ∑ f β_f g_{∗f} ≃ 100 (15)

as a effective β-constant for the MFP. The definition of the energy transfer equation is only a equation for the energy preservation: ∂ ∂t ρ = −∇_iJ^i, (16) this treatment is referred to as the diffusion approximation of photon transfer at the deep light-depth region [28]. We can easily obtain a stationary spherical-symmetric solution for the transfer equation:

T (r) = [ T^3_{bg} + (T^3_s − T^3_{bg}) r_s r ]_1/_3

, (17)

where T_{bg} = T (r → ∞) is the background temperature. Here, we approximate that the freedom of the massless particles g_∗ is constant. The solution T (r) is a decreasing function of r and its slope is essentially T (r) ∝ r^{−1/3}. When the Hawking radiated particles have no interactions, we expect a density distribution ρ ∝ r^{−2}. However, that of our solution is ρ ∝ T^4 ∝ r^{−4/3}. The interactions in the radiated particles have an effect of keeping their heat from escaping, therefore the density slope of our solution is gentler than that in the case of no interactions.

Now, we can determine the minimal thermalized radius r_s and the initial temperature T_s by a boundary condition: the total energy flux of the Hawking radiation F_{BH} must equal to the total flux of out-going diffusion energy F. Our stationary solution has total out-going energy flux

F = 4πr^2 × J_r =

8π^3 135 β_sβ_{SM}c_sg_{∗SM}T^2_s (18)

which is, of course, r-independent. We have defined c_s = 1 − (T_{bg}/T_s)^3 as a factor of the background correction. The total flux by the Hawking radiation is given by Stefan-Boltzmann law:

F_{BH} = 4πr^2_{BH} × π^2 120 g_{∗SM}T^4_{BH}. (19)

The boundary condition F_{BH} = F leads us to the radius and the temperature of the minimum thermalized sphere:

r_s =

64π^2 3 √ β^3_s β_{SM}c_s r_{BH} ≃ 6.6 × 10^4r_{BH}, (20)

T_s = 3 16π 1 √ β_sβ_{SM}c_s

T_{BH} ≃ T_{BH}/530, (21)

where we have used a relation c_s ≃ 1 as a presupposition for later discussion. Finally we obtain the spherical thermal distribution surrounding the black hole:

T (r) = [ T^3_{bg} + 9 256π^2 1 β_{SM}

T^2_{BH} r ]_1/_3

(22)

for r > r_s. We also obtain a mean velocity of the out-going diffusing particles at radius r, namely, a velocity for the out-going plasma flow: v(r) ≃ J_r(r) ρ(r) = (32π 9 )_2

β^2_{SM} 1 − ( T_{bg} T (r) )_3 2 ( T (r) T_{BH}

)_2

(23)

The existence of the temperature distribution T (r) and the plasma flow v(r) is obvious evidence that the system surrounding the black hole is departure from the thermal equilibrium.

Let us next discuss formation of the domain wall surrounding a black hole. The local temperature T (r) is a decreasing function of r. When there exist a region such that T (r) > T_W, the local temperature configuration allows us a nontrivial phase structure of the symmetry breaking depending on the space, i.e., the vacuum expectation value (VEV) of Higgs doublet(s) depends on the distance from the center of the black hole r. More concretely, the neighborhood of the black hole is symmetric phase because of the heating-up by the black hole, however, the region distant from the black hole is still broken phase. Therefore, we should find a electroweak domain wall surrounding the black hole. Our conclusion that the wall surrounding the black hole exists does not depend on the details of the phase transition such as a order of the phase transition.

By the LTE approximation, the space dependence of the Higgs doublets may take the form

⟨ϕ_i(r)⟩ = ⟨ϕ_i⟩_{T =T (r)}. (24)

For simplicity, we assume that the electroweak phase transition is the second order and assume the simplest form of the Higgs VEV as ( |⟨ϕ⟩_T | v )_2 + ( T T_W

)_2

= 1. (25)

Then the Higgs VEV should be be written as |⟨ϕ(r)⟩| = vf(r), (26) where f(r) = 0 (r ≤ r_{DW}) √ 1 − (T_(r_)

T_W

)_2

(r > r_{DW})

, (27)

is a form-function of the wall and has a value from zero to one (see Figure 1). In this configuration of the Higgs VEV, the width of our domain wall d_{DW} is approximately equal to the radius of the symmetric region r_{DW}. By T (r_{DW}) = T_W, we find

d_{DW} ≃ r_{DW} = 9 256π^2 1 β_{SM}c_W

T^2_{BH} T^3_W

, (28)

where c_W = 1 − (T_{bg}/T_W)^3 is other background correction. We see that the electroweak phase structure is determined by the thermal structure of the black hole. We illustrate its width with other parameters in Figure 3.

We will discuss the validity condition for the domain wall. Our stationary LTE approximation for the wall is valid when the size of the wall is greater than the MFP and when lifetime of the black-hole is large enough to keep the stationary electroweak domain wall. The first condition is

1 ≪ d_{DW}/λ(T_W) = ( 3 16π 1 √ β_sβ_{SM}c_W

T_{BH} T_W

)_2

, (29) and hence we have T_{BH} >∼ 5.3 × 10^4 GeV. The equivalent condition is m_{BH} <∼ 2.0 × 10^5 kg. Because the time to construct the stationary electroweak domain wall is

τ_{DW} ≃ r_{DW}/v_{DW} = 729 262144π^4 1 β^3_{SM}c^3_W

T^4_{BH} T^5_W

, (30)

the second condition leads us to

1 ≪ τ_{BH}/τ_{DW} ≃

5242880π^2 729 β^3_{SM}c^3_W g_∗ m^2_{pl}T^5_W T^7_{BH}

. (31)

If we consider the black hole in the vacuum, namely, when T_{bg} ≪ T_W and c_W = 1, we obtain the stationary-wall condition for the Hawking temperature as T_{BH} <∼ 1.4 × 10^8 GeV. The equivalent condition is m_{BH} >∼ 76 kg.

In the case of the primordial black hole in the early universe which will be discussed in the later section, we should consider the temperature of the background universe T_{bg} and a non-trivial value of c_W because the universe is reheated up by the primordial black holes and the universe containing the black holes is not cold. For the primordial black holes, we obtain the stationary-wall-conditions as T_{BH} <∼ 3.85 × 10^7 GeV. The equivalent condition is m_{BH} >∼ 275 kg. To obtain this restriction, we have used the later relation between the Hawking temperature and the universe temperature. We note that we have T_{bg} ≃ 98 GeV, when T_{BH} = 3.85 × 10^7 GeV.

When these two conditions are satisfied, we can easily check the thermalization of the domain wall in the meaning of the time scale. We illustrate these conditions by the mark with “Thermalized Wall” in Figure 3. Finally, we conclude that the electroweak domain wall surrounding a black hole exists, when mass of the black hole satisfies 76 kg <∼ m_{BH} <∼ 2.0 × 10^5 kg, as a general property of a black hole and the Standard Model.

At the end of this section, we will compare our domain wall and a domain wall in the ordinary electroweak baryogenesis scenarios (the CKN model) [17]. In the CKN model, the structure of the domain wall should be determined by the dynamics of the electroweak phase transition and the form function of the wall is assumed f(z) = 1 2 [tanh (z/δ) + 1], (32)

where z is a perpendicular direction to the wall and δ is a width of the wall. On the other hand, the structure of our domain wall is determined by the thermal structure of the black hole and the form-function of our wall is derived in the equation (27). In the CKN model, a moving domain wall with a velocity v during the phase transition process of the universe was considered and the moving of the wall in the stationary plasma produced a non-equilibrium effect. In our model, the wall keeps his position, however, the plasma radiated from the black hole is flowing from the symmetric region to the broken one with velocity at the wall:

v_{DW} = v(r_{DW}) ≃

1024π^2 81 β^2_{SM}c^2_W ( T_W T_{BH}

)_2

. (33)

In both cases, the plasma and domain wall moves relatively. Therefore, at the co-moving frame of the plasma, we cannot distinguish the situations in the models.

3 Baryon Number Creation by a Black Hole

We will discuss a mechanism for the baryon number creation by the Hawking radiation as a application of the electroweak domain wall which we have found. We consider the Standard Model with two Higgs extension (2HSM) for a origin of a CP-broken phase as following the electroweak baryogenesis scenarios proposed by Cohen, Kaplan and Nelson (CKN model) [17]. In the 2HSM, the electroweak domain wall can have a CP broken phase and it is described by a un-erasable phase of the Higgs VEV. Following the CKN model, the CP-phased neutral Higgs VEV may be written as

⟨ϕ^0_1(r)⟩ = v_1f(r) e^{−iΔθCP(1−f (r))}, (34)

where f(r) is the form function given by equation (27) and Δθ_{CP} is a CP-broken phase in the wall. The difference between the wall in the CKN model and our wall is only a difference of the form functions in the equations (27) and (32).

Here, we clarify how to satisfy the Sakharov’s three criteria for the baryon number creation [21] by our model with comparing the CKN model.

1. The baryon number violation: In the case of both the CKN model and our model, the sphaleron process [15] takes place in the symmetric phase region and the near symmetric phase region in the domain wall.

2. The C-asymmetry: In the both model, the (extended) SM is the chiral theory.

The CP-asymmetry: In the both model, an extension of the Higgs sector in the SM is assumed, since the domain wall has CP breaking phase. The simplest assumption is assuming the 2HSM.

3. Out of equilibrium: In the CKN model, the interaction between the moving domain wall and the stationary plasma is a non-equilibrium process. In our model, the interaction between the stationary spherical domain wall and the out-going plasma flowing through the wall is a non-equilibrium process.

The difference of the models is essentially how to make a out of equilibrium. In the CKN model, the first order phase transition of electroweak theory is assumed since the moving domain wall in the universe at the critical temperature plays a crucial role. In our model, the first order phase transition is not necessary to create the domain wall, however, the existence of the black hole is required.

The width of our domain wall d_{DW} is greater than the MFP of the quarks λ_s(T_W), therefore, our domain wall belongs to a kind of “thick wall” which was defined by Cohen-Kaplan-Nelson [17]. We can consider a variant of spontaneous baryogenesis scenario [17], which we call the “thick-wall black-hole baryogenesis”.

The CP-asymmetry takes place in the domain wall as the space-dependent physical CP phase which is described in equation (34). The sphaleron process, which violates the baryon number, effectively works on the region where the Higgs VEV is small, then the baryonnumber-violating process occurs not only in the symmetric region but also in the domain wall near the symmetric region. In the theory of baryon number creation with thick wall, the baryon number is creating at the region where all of the Sakharov’s criteria are satisfied, then the region creating the baryon number is the spherical layer near the symmetric region in the wall (see figure 4).

Figure 4: Baryon Number Creating region in the domain wall. The region is a spherical thin layer which is a intersection of the sphaleron working region and the domain wall with a CP broken phase. The sphaleron working region is given by the condition: |⟨ϕ(r)⟩|/v_1 < ϵ ≃ 1/100.

Now, we calculate how much baryon number is created by the black hole as a function of the mass of the black hole m_{BH} and the CP broken phase in the wall Δθ_{CP}. The sphaleron transition rate at the temperature T , which is first obtained by Kuzmin, Rubakov and Shaposhnikov [15] and which is improved by Arnold, Son and Yaffe [30], is

Γ_{sph} = κα^5_WT^4_We^{−Esph/TW} , (35) (36)

where κ ∼ O(30) is a numerical constant [31] and

E_{sph}(T ) =

2M_W (T ) b α_W ≃ |⟨ϕ⟩|_T v_1

× 10 TeV, (37)

is the energy of the sphaleron potential. When |⟨ϕ(r)⟩|/v_1 < ϵ ≃ 1/100, namely, E_{sph} < T_W, the sphaleron transition is not suppressed by the exponential factor. Therefore the sphaleron working region is given by f(r) < ϵ with the equation (26).

To calculate the baryon number creation rate, we need to consider the sphaleron process only in the neighborhood of the symmetric region in the domain wall. We define the width of this region d_{sph} by f(r_{DW} + d_{sph}) = ϵ because of the form of the Higgs VEV. The volume integral for the baryon-number-creating-region is given by

V = 4πr^2_{DW} ×

∫ r_{DW+}d_{sph}

r_{DW} dr. (38) In the region, we have a space-dependent CP phase θ(r) and diffusing particles have an outgoing mean velocity v_{DW}. Then at the co-moving frame of this plasma-flow, these particles feel the time-dependence of the CP phase:

θ̇ ≃ v_{DW} d dr θ. (39)

In the ordinary spontaneous baryogenesis scenario, the plasma containing top quarks is at rest but the domain wall is moving, while in our scenario, the domain wall is rest but the plasma is flowing though the domain wall. The relation between the baryon-number chemical potential and the time-dependent CP phase is

μ_B = N θ̇, (40)

where N ∼ O(1) is a model-dependent constant [17]. Finally, we can write down by the detailed-balance relation the rate of the baryon number creation per black hole:

Ḃ = −V Γ^{sph} T_W μ_B = −4πN κα^5_WT^3_W r^2_{DW} v_{DW}

∫ r_{DW+}d_{sph}

r_{DW} dr d dr θ(r) = − 1 16π N κα^5_W ϵΔθ_{CP}

T^2_{BH} T_W

, (41)

where we have used the relation

∫ r_{DW+}d_{sph}

r_{DW} dr d dr θ(r) = ϵΔθ_{CP}. (42)

The total baryon number created by a black hole with a mass m_{BH} is given by integrating the rate in equation (41) over the lifetime of the black hole. The time evolution of the Hawking temperature is

T (t) = ( g_∗π^2 20 )_1/_3

m^{2/3}_{pl} (τ_{BH} − t)^{1/3}

, (43)

where τ_{BH} is a lifetime of the black hole with temperature T_{BH} and which is parameterized such that T (0) = T_{BH} and the time t = τ_{BH} is the end of the evaporation. Finally, we obtain the total baryon number created by a black hole in his lifetime: B = ∫ τ_{BH} 0 dt Ḃ(T (t)) = − 30 π^2g_∗

N κα^5_W ϵΔθ_{CP} m_{BH} T_W

≃ 10^{−9} × Δθ_{CP} m_{BH} T_W

. (44)

This result almost does not depend on the form function of the wall f(r) because the volume integral in equation (38) is replaced with the surface value by the equation (42). Indeed, the result has no parameters like β and T_{bg}. The result essentially depends on the CP-broken phase Δθ_{CP} and the mass of the black hole m_{BH}. We can understand that the contribution from the phase transition dynamics is condensed to the value of the CP-broken phase and the contribution from the black hole dynamics is condensed to the mass of the black hole.

4 Cosmology by Black Holes and Baryogenesis

In the previous section, we have discussed that a black hole can create a baryon number and the producted baryon number is proportional to the mass of the black hole. In this section, we apply this phenomena to the early universe, i.e., we will construct a baryogenesis scenario by the primordial black holes. We will consider a scenario of the following three steps (see Figure 2): First, in the very early universe, most of the matter existed as the primordial black holes with its mass m_{BH}, i.e., the universe was black-hole-dominant. Second, the black holes evaporated through creating baryons in our processes. Finally, after evaporation of these black holes, the universe became radiation dominant at the temperature T_{reh} by the Hawking radiation from these black holes, i.e., the universe was reheated by the black holes. The essence of our assumption is the existence of black-holes-dominant in early universe, we will discuss the possibility of the assumption later. We have assumed the monochrome massspectrum of black holes in our scenario, this is only for simplicity of calculation. We show the procedure for the calculations given in this section by Figure 5 schematically.

Figure 5: Calculation steps from the mass of the primordial black holes and the CP broken phase in the wall to the resultant baryon-entropy ratio.

The scenario implies that age of the universe t_{reh}, when the universe was reheated by the primordial black holes with creating the baryon number, equals to lifetime of the black holes:

t_{reh} ≃ τ_{BH}. (45)

Further more, it implies the energy density of the black holes in the black-hole-dominant-universe ρ_{BH} is transfered to one of the radiation in the radiation-dominant-universe:

ρ_{reh} ≃ ρ_{BH} (46)

by the reheating process with the Hawking radiation at the time t_{reh}.

To calculate the energy density of the black-hole-dominant-universe, we can use the Einstein equation for flat universe with a matter dominant:

ρ_{BH} = ρ_{matterdom.}(t_{reh}) ≡ 1 6π m^2_{pl} t^2_{reh}

≃ π^3g^2_∗ 2400

T^6_{BH} m^2_{pl}

(47)

because the universe after inflation is flat and the Einstein equation for the black-hole-dominant-universe is same as the one of the matter-dominant-universe [13][16][23]. In the last equation, we have used the equation (45) and the expression of τ_{BH}.

By using the thermodynamical relation between the density and the temperature for the radiation: ρ =^{π2}_{30} g_∗T^4 and equations (47)(46), we have a relation between the reheating temperature and the Hawking temperature of the black holes:

g_{∗reh}T^4_{reh} ≃ πg^2_{∗BH} 80 T^6_{BH} m^2_{pl}

, (48)

In our scenario, the evaporation of the black holes in the broken phase vacuum is essential to create the baryon number and to conserve the created baryon number, then the reheating temperature of universe must be lower than the electroweak critical temperature T_W. By the relation (48), this restriction gives us an upper bound for the black-hole temperature and an equivalent condition for the mass of black hole as a lower bound:

T_{BH} < T_{cBH}, m_{BH} > m_{cBH}, (49)

where we have defined a critical temperature and mass for black hole:

T_{cBH} ≡ ( 80 π g_{∗W} g^2_{∗cBH}

)_1/_6

T^{2/3}_W m^{1/3}_{pl} ≃ 3.9 × 10^7 GeV, (50)

m_{cBH} ≡ 1 8π ( π 80 g^2_{∗cBH} g_{∗W} )_1/_6

m^{5/3}_{pl} T^{2/3}_W ≃ 1 20. (m_{pl} T_W

)_2/_3

m_{pl} ≃ 270 kg, (51)

as the temperature of the reheated universe T_{reh}(m_{cBH}) equals to the critical temperature of the electroweak theory T_W. We have another cosmological restriction; The evaporation of the black holes should not affect the very successful big-bang-nucleosynthesis (BBN) theory [23]. Therefore the reheating temperature T_{reh} must be higher than the temperature for the BBN working T_{BBN} ≃ 10 MeV ∼ 0.1 MeV, namely, we have a lower bound for the black-hole temperature T_{BH} >∼ 5.9 × 10^4 GeV (see Figure 3).

When the black holes evaporate, the number-density of black holes is given by

n_{BH} = ρ_{BH} m_{BH} = π^4g^2_{∗BH} 300 T^7_{BH} m^4_{pl}

, (52)

because we have assumed the monochrome mass-spectrum of the black holes. We already have known how much baryon number is created by a black hole as a function of its mass or temperature and the CP broken phase, hence the baryon number density created by our mechanism is

b = B n_{BH}. (53)

At the same time, the entropy density in the universe reheated by the black holes is given by the thermodynamical relation: s = 2π^2 45 g_{∗reh}T^3_{reh}. (54)

By using relation (48), we have the baryon-entropy ratios in the universe: b s ≃ 45 2π^2g_∗

N κα^5_WϵΔθ_{CP}

T_{reh} T_W . ≃ 7 × 10^{−10} ×

Δθ_{CP} π T_{reh} T_W

, (55)

when 3.9 × 10^7 GeV >∼ T_{BH} >∼ 5.9 × 10^4 GeV. We display this result in Figure 6.

Figure 6: The resultant baryon-entropy ratio by our scenario when Δθ_{CP}/π = 1, 0.1, 0.01. The shaded region satisfies the BBN requirement.

Finally, if the domain wall has a CP broken phase: Δθ_{CP} = π, as the most optimistic estimation, the baryon-entropy ratio in our scenario satisfies the BBN requirement: B/S ∼ 10^{−10} [23] when 3.9 × 10^7 GeV >∼ T_{BH} >∼ 7.4 × 10^6 GeV, namely 270 kg <∼ m_{BH} <∼ 1400 kg (see the BBN-allowed region in Figure 6). The typical mass of the black hole in the scenario is the critical mass m_{cBH} which is defined in the equation (51). By introducing a new parameterization of black hole mass:

m_{BH} = ξm_{cBH}, (56) the allowed region for the parameter is 1.0 < ξ <∼ 5.2 and the baryon-entropy ratio in equation (55) is represented by b/s ≃ 7 × 10^{−10} × Δθ_{CP} π ξ^{−3/2}, (57)

where we have used that the degree of freedom g_{∗BH}(T_{BH}) can be regarded as a constant in the arrowed region. In conclusion, we have proposed a new scenario of the baryogenesis which does not need the first order phase transition but does require the primordial black holes.

5 Remnants as Cold Dark Matter

In this section, we will discuss that the cold dark matter in our universe can be regarded as remnants of the black holes which have created our baryon number. We will use a assumption that any black hole leaves a remnant after evaporation with a mass of the Planck mass scale. Let m_{DM} = ζ m_{pl} (58)

be a mass of the remnant, where ζ is constant with order one. On the other hand, the baryonic matter created by a black hole is given by

M_B = B m_{nucl} = 10^{−11} × Δθ_{CP} m_{BH}, (59)

because any baryon number in the present universe stays in a nucleon with a mass m_{nucl} ≃ 1 GeV. In the last equation, we have used the result of baryon number created by a black hole B in the equation (44). Mass of the black hole is restricted from our baryogenesis scenario and the scale of mass is essentially given by the critical mass in equation (51). Therefor, we can evaluate the density ratio between the baryonic matter and the dark matter in the universe: ρ_{DM} ρ_B = m_{DM} M_B ≃ 10^{11} × ζ Δθ_{CP} m_{pl} m_{BH}

(60)

which is invariant to the expansion of universe because there are no sources for the remnants and the baryon numbers after the reheating by the evaporation of the black holes. By using the ξ-parameterization for the black hole mass, we obtain

ρ_{DM} ρ_B ≃ 10^{11} × 20ζ ξΔθ_{CP} ( T_W m_{pl}

)_2/_3

≃ 10 ζ ξΔθ_{CP}

. (61)

In the last equation, we found an accidental cancelation for large numbers between 10^{11}, which is determined by the mechanism of the baryon number creation, and the value of (T_W/m_{pl})^{2/3} ≃ 0.5 × 10^{−11}. The constants ζ, ξ and Δθ_{CP} are order one, then we find

Ω_{DM}/Ω_B = ρ_{DM}/ρ_B ∼ O(10). (62)

More directly, we can discuss that a black hole with a mass of 300 kg left a remnants with a mass of m_{pl} ≃ 20 μg and it created a baryonic matter whose amount of the mass is

3 μg. The resultant value of Ω_{DM}/Ω_B is consistent to the observation; The baryon density Ω_B ≃ 0.02 ∼ 0.05 is given by the BBN prediction or CMB observations, and the dark matter density Ω_{DM} ≃ 0.3 is expected by a combination of the cosmological constant from the type Ia supernovae observation [32] and the flatness of the universe from the BOOMERanG experiment [33]. Then we can imply that most of the dark matter consists of the black-hole-remnants with a mass of Planck mass scale, i.e. few tens microgram.

Next we will evaluate the number density of the remnants in the present universe and will estimate the number flux of the remnants on the earth. The number density of dark matter is given by

n_{DM} = ρ_{DM} m_{DM} = Ω_{DM} ζ ρ_{crit} m_{pl} = 3 8π Ω_{DM} ζ H^2_0 m_{pl}

= 0.86 h^2Ω_{DM} ζ ( 1 1000 km

)_3

. (63)

When we use typical values of the parameters as Ω_{DM} = 0.3, h = 0.7 and ζ = 1, the number density is n_{DM} ≃ (2000 km)^{−3}, therefore, there exists a remnant per a cube with side few thousands kilometer long. We can estimate the number flux of the remnants on the earth as

F_{DM} = n_{DM} × v_{DM}, (64)

where v_{DM} is a mean velocity of the remnants in the earth. The order of v_{DM} can be considered to be given by an orbital velocity of the sun in the galaxy, therefore, we use v_{DM} ≃ 300 km/ sec . Then we have an estimated value for the flux of the remnants: F_{DM} ≃ 1 /km^2/year. Their kinetic energy is E =^1_2 m_{DM} v^2_{DM} ≃ 10^{13} GeV. A detectability for the flux of the remnants is depending on the properties of the remnants, such that the electric charge, the magnetic charge and QCD charges, etc. These properties should be determined by the quantum gravity. If they have no charges, we cannot detect them directly, however, the existence of them is consistent with any known restrictions.

6 Cosmological Graviton Background from Black Holes

Any black hole radiates any kind of particles with his Hawking temperature, because the gravitation is a universal interaction. Then the black holes in our model should radiate graviton also. Because the gravitational interaction is very small, the gravitons radiated from the black holes have no chance of the interaction to other particles and they are preserved in the universe, except for the red shift effect due to the expansion of universe. We will discuss properties of the cosmological graviton background (CGB) whose origin is the Hawking radiation of our black holes. When temperature of a black hole is much greater than the scale of the Standard Model, the total energy of each radiated particle proportions to his degree of freedom g_∗. Then, just after the evaporation of black holes, the energy density ratio between the graviton and particles in the Standard Model is given by ρ_{grav} ρ_{SM} = g_{∗grav} g_{∗SM} , (65)

where g_{∗grav} = 2 is degree of freedom of graviton and g_{∗SM} = 106.75 is that of particles in the Standard Model. The radiation energy of the Standard Model particles is transfered to that of the photons ρ_γ and that of the neutrinos ρ_ν. By considering the effect of freeze out and decoupling of particles, or by using a preservation of the entropy in a co-moving volume, we can obtain the ratio of energy density of graviton (CGB) to that of the photon with 2.75 K (CMB) in the present universe:

ρ_{grav} ρ_γ = g_{∗grav} g_{∗SM} ( g_{∗νeγ} g_{∗SM} )_1/_3 g_{∗νeγ} g_{∗eγ} ( g_{∗γ} g_{∗eγ} )_1/_3 = ( g_{∗s} g_{∗SM} )_4/_3 = 1 82.2

, (66)

where g_{∗νeγ} ≡ g_{∗ν} + g_{∗e} + g_{∗γ}, g_{∗eγ} ≡ g_{∗e} + g_{∗γ} , g_{∗ν} = 7/8 · 3 · 2, g_{∗e} = 7/8 · 2 · 2 and g_{∗γ} = 2 are degrees of the freedom of the each particles. This result is equal to the energy-density of the CGB with 0.91 K by the model of graviton decoupling from the thermal equilibrium at the Planck time [23]. However, the spectrum of our CGB is much different from the thermal one. A small black hole radiates the high energy free gravitons, however, the high energy SM-particles radiated from the black hole are thermalized and their temperature should be lower than the electroweak critical temperature T_W. Therefore the energy of the each graviton is much greater than one of CMB.

An energy spectrum of the graviton flux from a black hole with temperature T (t) at a time t is given by dJ(t) = 1 4 dρ(t) × S_{BH}(t) = g_{∗grav} 32π^3 k^3 T (t)^2 dk e^{k/T (t)} − 1 , (67)

where k is a absolute value of the graviton momentum, namely a energy of graviton, and S_{BH}(t) is a surface area of the black hole horizon. The spectrum of graviton in the universe just after the evaporation of the black hole is given by a superposition of the spectrum of the graviton flux in equation (67) with varying temperature: dE = ∫ τ_{BH} 0 dtdJ(t) = g_{∗grav} 32π^3 k^3dk ∫ τ_{BH} 0 dt 1 T^2(t) 1 e^{k/T (t)} − 1 (68)

By using the time evolution of the Hawking temperature given in equation (43), we have dE = 15 π^4 g_{∗grav} g_∗ m_{BH} k^3dk T^4_{BH} K ( k T_{BH} ) , (69)

where we have defined a function K(x) ≡ ∫_∞ 1 ds s^6 1 e^{x/s} − 1 , (70)

which has a property for the normalization: 15 π^4 ∫_∞ 0 dx x^3K(x) = 1 (71)

The form of the spectrum is shown in Figure 7. The resultant spectrum is different from the Planck’s spectrum; The peak of the Planck’s spectrum is given by k_{peak} = 2.82×T_{BH} as known as the Wien’s displacement law. The peak of the graviton spectrum is a little bigger than

Figure 7: Energy spectrum of the gravitons just after the evaporation of the black holes with initial Hawking temperature T_{BH}. E ≡ ∫_∞ 0 dE dk dk = m_{BH}^{g�grav}_{g�} is a toral energy of radiated gravitons. Our resultant graviton spectrum is described by the thick (blue) curve. To compare the ordinary Planck spectrum with temperature T_{BH}, we put it as the thin (red) curve. The peak of the Planck spectrum is given by Wien’s formula: k_{peak} = 2.82 × T_{BH}, however, the peak of our spectrum is numerically evaluated as k_{peak} = 3.93 × T_{BH}. In the present universe, the peak-energy of the gravitons arises at 120 ∼ 280 eV by considering the red-shift effect from the expansion of the universe and their energy-density is (g_{∗s}/g_{∗SM})^{4/3} ≃ 82.2 of the CMB-energy-density.

that of the Planck spectrum because the Hawking temperature becomes higher according to the time. We can obtain numerically the peak energy of the graviton spectrum just after the evaporation of the black hole with the initial Hawking temperature T_{BH}:

k_{peak,evap} = 3.93 × T_{BH}. (72)

To obtain the present spectrum of the CGB, we should consider the red-shift effect by the expansion of the universe. The red-shift factor is given by the ratio of the scale factor of the universe, and ratio of the scale factor is given by the co-moving entropy preservation: s_{reh}R^3_{reh} = s_{νγ} R^3_0, where s_{reh} =^{2π2}_{45} g_{∗SM}T^3_{reh} and s_0 =^{2π2}_{45} g_{∗s}T^3_γ . The red-shift factor for the reheating time is

Z_{reh} =

R_0 R_{reh} = ( g_{∗reh} g_{∗s} )_1/_3

T_{reh} T_γ ≃ ( g_{∗W} g_{∗s} )_1/_3

T_W T_γ ξ^{−3/2}. (73)

We can evaluate the peak energy of the CGB in the present universe by the equations (72) and (73):

k_{peak,0} = k_{peak,evap}

Z_{reh}

= 3.93 × ( g_{∗s} g_{∗W} )_1/_3 T_{cBH} T_W ξ^{1/2}T_γ (74)

= 3.93 × ( g_{∗s} g_{∗W} )_1/_3 20. 8π (m_{pl} T_W

)_1/_3

ξ^{1/2}T_γ. = 122 ξ^{1/2} eV. (75)

Finally, our model implies the existence of a cosmological graviton background (CGB), which has a characteristic energy spectrum and its peak should be 120 ∼ 280 eV, and whose energy density is 1/82.2 of CMB’s.

7 Restrictions from Formation of the Black Holes

In this section, we discuss conditions for the inflation model to realize the black hole dominant universe with a mass of several hundred kilograms. The formation of primordial black holes by a fluctuation from the inflation era is discussed by Carr [6, 7]. During the inflation era, a density fluctuation is creating as a quantum fluctuation and whose strength is a function of the time when the fluctuation is created. For example, the fluctuation in the simplest model for the inflation is given by δ(t) ≃ 1 m^3_{pl}

V^{3/2} V^′ | | | ϕ=ϕ(t) , (76)

where V (ϕ) is a inflaton potential. The created fluctuation has once gone out to the outside of the horizon at the inflation era, namely, the fluctuation has frozen. After the end of the inflation, the fluctuation reenter to the horizon. Therefore, we can consider that the fluctuation is a function of the time when the fluctuation reenters. Here, we regard the strength of the fluctuation δ as a function of the reenter time t_{ren}. When the fluctuation reenter to the horizon, the fluctuation can grow into the black hole. The formation probability for the black holes is

β(δ(t_{ren})) ≃ δ(t_{ren}) exp ( − 1 18δ^2(t_{ren}) ) (77) and the mass of the black holes is given by the horizon mass of the universe:

M_{HOR}(t_{ren}) ≡ 4π 3 t^3_{ren} × ρ(t_{ren}) = 1 8 m^2_{pl} t_{ren}. (78)

Our model requires black holes with a mass

m_{BH} = ξ 20. (m_{pl} T_W

)_2/_3

m_{pl}, (79)

where 1.0 < ξ <∼ 5.2, then the black holes should be created at the time t_{form} such that m_{BH} = M_{HOR}(t_{form}). Here we conclude the age of universe when black holes are created is

t_{form} = 2 5 ξ (m_{pl} T_W

)_2/_3 1

m_{pl}

≃ 5.3 ξ × 10^{−33} sec, (80)

and the fluctuation δ(t) should have a sharp peak at t = t_{form}. The temperature of the universe when the black holes are formated is calculated from the description of ρ(τ_{form}):

T_{form} = 0.27 1 √ ξ ( T_W T_{pl}

)_1/_3

m_{pl} ≃ 6.6 1 √ ξ × 10^{12} GeV, (81)

consequently the reheating at the end of inflation should heat up the universe more highly than T_{form}.

Our model also requires black hole dominate when the black holes evaporate and reheat the universe. By the relation in equation (45), the age of the reheating universe is

t_{reh} = ξ^3 28. (m_{pl} T_W

)_2 1

m_{pl}

≃ 2.9 ξ^3 × 10^{−11} sec . (82)

We require the black hole domination at t_{reh}, not at t_{form}. In the expanding universe with a scale factor R, the behavior of the density of the black holes: ρ_{BH} ∝ R^{−3} is different from that of the radiation created by the end of the inflation: ρ_{rad} ∝ R^{−4} (see Figure 2). Even if few black holes is created at t_{form}, the black hole dominated universe can be realized before t_{reh}. The requirement for β(t_{form}) is

β(t_{form}) >

R(t_{form}) R(t_{reh}) > (t_{form}

t_{reh}

)_1/_2

≃ 10^{−11}, (83)

and the same condition for δ from the equation (77) is

δ(t_{form}) >∼ 0.05. (84)

8 CONCLUSION AND DISCUSSIONS

In this paper, we have shown a formation of the spherical electroweak domain wall around a small black hole, as a general property of the Hawking radiation in the standard model (SM), and a creation of a baryon number in the wall as an application of the wall. The total baryon number created by a black hole is proportional both to the mass of the black hole and to the

CP broken phase in the wall. The property of the black hole is applicable to the cosmology. We have proposed a model which can explain both the origin of the baryon number and the origin of the cold dark matter in the universe by the primordial black holes with a mass of several hundred kilograms and their remnants with a Planck mass. The model also predicts the existence of the cosmological graviton background whose energy spectrum is non-thermal and has a peak at the energy 120 ∼ 280 eV.

The formation of the electroweak domain wall is a general property of the black hole, however, the other results are depending on some assumptions. Our cosmological scenario for the baryogenesis and the dark matter requires the following three conditions; (i) the early universe has been dominated by the primordial black holes with a mass of several hundred kilograms, (ii) the electroweak domain wall has a CP broken phase with the order of one and (iii) any black hole leaves a remnant with a Planck mass.

In order to create the primordial black holes with a mass of several hundred kilograms, we have considered a density-fluctuation whose spectrum has a sharply peak. The simplest models of the inflation with one scalar field (inflaton) predict almost scale invariant densityfluctuations, then the simplest inflation models are not suitable for our purpose. Yokoyama has discussed that the density-fluctuation with a sharply peaked spectrum can be created by the inflation model with multiple inflatons and the primordial black holes with a sharply peaked mass-spectrum are formated by the fluctuation [34]. Kawasaki et al. have discussed the formation of the primordial black holes with a specific mass by the double inflation model [35]. Their purpose is the explanation for the massive compact halo objects (MACHOs) by the primordial black holes with a solar mass scale. Their models may be applicable to our purpose by choosing the parameters in their models.

Carr et al. have discussed the constraints for the mass and the density of the primordial black holes by all the results from the observations and the possible theories [9]. Since our primordial black holes create the baryon number, the “entropy constraint” does not arise. This fact allows us to find a parameter window for the black-hole-dominant-universe between the “relics (remnants) constraint” and the “BBN constraint”. The parameter window seems to be the uniquely allowed and possible region. The primordial black holes in our model possess the parameter window.

For we needs an additional CP broken phase to create a baryon number in the wall, we have assumed the SM with two Higgs doublets extension (2HSM) as a simplest extension of the SM according to the CKN model [17]. After the CKN model was proposed, many variants of the CKN model with the minimal supersymmetric standard model (MSSM) [19, 36, 37], with heavy neutrinos [38], with vector-like quarks [39] and so on, had been proposed. These models employ the electroweak domain wall with the first order phase transition. The origins of the CP broken phase in these models may be applied to create the baryon number in our wall and the requirement of the first order phase transition in these models becomes unnecessary because our domain wall is also created even in the case of the second order phase transition. We may also apply the diffusion enhancement effect [18, 19] to our model.

If any black hole leaves a remnant with a mass of the Planck scale, the energy density of the remnants in the present universe is suitable for that of the cold dark matter. When the remnant has no charge of any kinds except for the mass, the existence of the remnants is not restricted by the observations, however, we may not be able to detect them directly. In general, there are possibilities for the remnant with electric charges, magnetic charges, dipole moments, QCD charges (colors) and weak isospin. The remnants with large positive electric charge have been excluded by the experiments, however, the remnants with a few electric charge and negative electric charge are allowed. Considering the detectability for the remnants with charges of any kinds would be future subject.

ACKNOWLEDGMENTS

We would like to thank M. Nojiri, M. Ninomiya, K. Kohri, T. Sakai and K. Shigetomi for their useful discussions and suggestions. We also appreciate helpful comments and advice of A. I. Sanda, K. Yamawaki, H. Kawai, A. Hosoya, A. Sugamoto, K. Ishikawa and N. Kawamoto. YN is indebted to the Japan Society for the Promotion of Science (JSPS) for its financial support. The work is supported in part by a Grant-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science and Technology (No. 03665).

References

[1] S. W. Hawking, Comm. Math. Phys. 43, 199, (1975); Nature (London) 248, 30 (1974).

[2] D. B. Cline and W. Hong, Astrophys. J. 401, L57 (1992); D. B. Cline, Nucl. Phys. A610, 500C (1996).

[3] A. F. Heckler, Phys. Rev. D 55, 480 (1997).

[4] Y. Nagatani, Phys. Rev. D 59, 041301 (1999).

[5] Ya. B. Zel’dovich and I. Novikov, Sov. Astron. J. 10, 602 (1967); S. W. Hawking, Mon.

Not. Roy. Astron. Soc. 152, 75 (1971).

[6] B. J. Carr, Astrophys. J. 201, 1, (1975);

[7] B. J. Carr and J. E. Lidsey, Phys. Rev. D 48, 543 (1993).

[8] P. Ivanov, P. Naselsky and I. Novikov, Phys. Rev. D 50, 7173 (1994).

[9] B. J. Carr, J. H. Gilbert and J. E. Lidsey, Phys. Rev. D 50, 4853 (1994).

[10] S. D. H. Hsu, Phys. Lett. B 251, 343 (1990).

[11] H. Kodama, M. Sasaki and K. Sato, Prog. Theor. Phys. 68, 1979 (1982); M. Y. Khlopov, R. V. Konoplich, S. G. Rubin and A. S. Sakharov, hep-ph/9807343.

[12] B. V. Vainer and P. D. Nasel’skii, Astron. Zh. 55, 231 (1978) [Sov. Astron. 22, 138 (1978)]; S. Miyama and K. Sato, Prog. Theor. Phys. 55, 1012 (1978); Ya. B. Zel’dovich, A. A. Starobinskii, M. Yu. Khlopov and V. M. Chechëtkin, Pis’ma Astron. Zh. 3, 208 (1977) [Sov. Astron. Lett. 3, 110 (1977)]; B. V. Vainer, O. V. Dryzhakova, and P .D. Nasel’skii, Pis’ma Astron. Zh. 4, (1978) [Sov. Astron. Lett. 4, 185 (1978)]; D. Lindley, Mon. Not. Roy. Astron. Soc. 193, 593 (1980); K. Kohri and J. Yokoyama, Phys. Rev. D 61, 023501 (2000).

[13] J. D. Barrow, Mon. Not. R. astr. Soc. 192, 427, (1980); J. D. Barrow and G. G. Ross, Nucl. Phys. B181, 461 (1981); J. D. Barrow, E. J. Copeland, E. W. Kolb and A. R. Liddle, Phys. Rev. D 43, 984 (1991).

[14] M. Yoshimura, Phys. Rev. Lett. 41, 281 (1978); S. Weinberg, Phys. Rev. Lett. 42, 850 (1979).

[15] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. 155B, 36 (1985). [16] A. S. Majumdar, P. D. Gupta and R. P. Saxena, Int. J. Mod. Phys. D4, 517, (1995). [17] A. G. Cohen, D. B. Kaplan and A. E. Nelson, Phys. Lett. 245B, 561 (1990); Phys. Lett.

B 263, 86 (1991); Nucl. Phys. B349, 723 (1991); Nucl. Phys. B373, 453 (1992); Ann. Rev. Nucl. Part. Sci. 43, 27 (1993).

[18] M. Joyce, T. Prokopec and N. Turok, Phys. Lett. B 339, 312 (1994); A. G. Cohen, D. B. Kaplan and A. E. Nelson, Phys. Lett. B 336, 41 (1994); P. Huet and A. E. Nelson, Phys. Lett. B 355, 229 (1995).

[19] P. Huet and A. E. Nelson, Phys. Rev. D 53, 4578 (1996). [20] Y. Nagatani, hep-ph/9805455.

[21] A. D. Sakharov, JETP Lett. 5, 24, (1967).

[22] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973). [23] E. W. Kolb and M. S. Turner, The Early Universe, (Addison Wesley, California, 1990). [24] Ya. B. Zel’dovich, in Quantum Gravity, Proceedings of the Second Seminar, Moscow, USSR, 1981, edited by M. A. Markov and P. C. West (Plenum, New York, 1984).

[25] M. J. Bowick, S. B. Giddings, J. A. Harvey, G. T. Horowitz and A. Strominger, Phys.

Rev. Lett. 61, 2823 (1988); S. Coleman, J. Preskill and F. Wilczek, Mod. Phys. Lett. A 6, 1631 (1991); G. W. Gibbons and K. Maeda, Nucl. Phys. B298, 741 (1988).

[26] J. H. MacGibbon, Nature (London) 329, 308 (1987).

[27] J. D. Barrow, E. J. Copeland and A. R. Liddle, Phys. Rev. D 46, 645 (1992). [28] D. Mihalas, Stellar Atmospheres, (W. H. Freeman, San Francisco, 1978). [29] J. Beckenstein, Phys. Rev. D 7, 2333 (1973); Phys. Rev. D 9, 3292 (1974). [30] P. Arnold, D. Son and L. G. Yaffe, Phys. Rev. D 55, 6264 (1997); P. Huet and D. T. Son, Phys. Lett. B 393, 94 (1997).

[31] G. D. Moore, C. Hu and B. Muller, Phys. Rev. D 58, 045001 (1998). [32] S. Perlmutter et al., Nature (London) 391, 51 (1998); B. P. Schmidt et al., Astrophys.

J. 507, 46 (1998).

[33] P. de Bernardis et al., Nature (London) 404, 955 (2000); A. E. Lange et al., Phys. Rev.

D 63, 042001 (2001).

[34] J. Yokoyama Astron. Astrophys. 318, 673 (1997) [astro-ph/9509027]; Phys. Rev. D 58, 083510 (1998).

[35] M. Kawasaki, N. Sugiyama and T. Yanagida, Phys. Rev. D 57, 6050 (1998). [36] M. Aoki, N. Oshimo and A. Sugamoto, Prog. Theor. Phys. 98, 1179 (1997). [37] M. Carena, M. Quiros, A. Riotto, I. Vilja and C. E. Wagner, Nucl. Phys. B503, 387 (1997).

[38] A. Yamaguchi and A. Sugamoto, Mod. Phys. Lett. A9, 2599 (1994). [39] T. Uesugi, A. Sugamoto and A. Yamaguhci, Phys. Lett. B 392, 389 (1997); J. McDonald, Phys. Rev. D 53, 645 (1996).