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Over abundance of magnetic monopoles predicted by the Grand Unification

Theories is inconsistence with current astronomical observation. The inflation-

ary hypotheses with a vacuum energy deriving the exponential expansion can

explain the two long-standing problems, flatness and horizon of the universe;

and somehow suppress the abundance of monopoles. However, the dynami-

cal scalar field has considerable uncertainties, which even leads to inflationary

models separating from particle physics. This paper makes a small change, the

early universe undergoes free expansion rather than an adiabatic one widely

adopted, In such a case, the annihilation of abundant magnetic monopoles is

just required in driving the inflation, so that the three long-term problems are

automatically solved. On the other hand, the relic mass of failed annihilation

of monopoles is responsible for the dark matter at present epoch. And ongoing

annihilation on stars and compact objects corresponds to the dark energy. As

monopole relics may exist in the form of monopole anti-monopole pairs, a new

strategy of direct search is proposed.
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Introduction

The order-disorder transition around the critical temperature occurs in ferromagnets. Similar

effect is expected in the early universe. According to Grand Unification Theories (GUTs), a

spontaneous symmetry breaking of a higher symmetry, such as SU(5), to a subgroup leaves

an unbroken U(1) of lower symmetry. With such symmetry breaking, it is possible to have

non-trivial topologies for the gauge orientation of the vacuum expectation value of the Higgs

field. One such an example of a non-trivial topology corresponds to a magnetic monopole

(MM) (1, 2). The course of a phase transition and the dynamics of the phase transition is thus

intimately related to the rate of MM production.

However, GUTs predict a number density of the superheavy MMs of nm which is of the

order, or greater than the number density of baryons, nb. This corresponds to a total mass of

MMs of 16 order of magnitude greater than that of baryons, which is intolerably large.

The first inflationary model by Guth (3), so called old inflation, is based on a scalar field

theory undergoing a first order phase transition. The scalar field was initially trapped in a local

minimum of some potential, and then leaked through the potential barrier and rolled towards a

true minimum of the potential. The transition from initial “false vacuum” phase to the lower

energy “true vacuum” phase, so called the super-cooling, corresponds to a difference in energy

density which drive the exponential expansion of the universe.

The process cannot be simultaneous everywhere, small bubbles of true vacuum are in-

evitable, which would be carried apart by the expanding phase too quickly for them to coa-

lesce and produce a large bubble. The resultant universe would be highly inhomogeneous and

anisotropic, oppositing to what is observed in cosmic microwave background.

The successor to the old inflation was new inflation (4, 5). This is again a theory based on

a scalar field. The field is originally in the false vacuum state, but as the temperature lowers
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it begins to roll down into one of the two degenerate minima. There is no potential barrier, so

the phase transition is the second order. Problem of such inflationary models is that they suffer

from severe fine-tuning problem and requires very specific field, φ. One of the most popular

inflationary models is the chaotic inflation (6), which is based on a scalar field, but it does not

require any phase transition. In such cases, the cosmology is in fact separated from the standard

model of particle physics.

However, there are still considerable uncertainties in these models, including axion of much

light mass comparing with MM (7, 8). To drive the exponential expansion of the universe,

the energy discrepancy between “false vacuum” phase and “true vacuum” phase must satisfy a

number of specific assumptions on the scalar field and effective potential.

If the scalar field is only responsible for the generation of MMs, then it is much simpler

and easier to achieve. This paper shows that once the annihilation of MMs is under the free

expansion rather than adiabatic one widely used, the annihilation of MMs becomes so efficient

that the rapid expansion at early universe can be driven by it.

The free expansion prevents the universe from energy exchange with surroundings, a prob-

lem existing in the scenario of adiabatic expansion. Such an annihilation naturally solve the

puzzle of over abundant MMs and other two long-term problems. Moreover, it sheds new light

on the dark matter (DM), dark energy (DE), and the ultra-high cosmic rays (UHECRs).

All these can be accomplished by changing of polytropic index from the adiabatic one of

γ = 1.333, to the free expansion one of γ = 1.156. As a result, the inflation required in

cosmology can still be understood in the context of the standard model of particle physics.

The annihilation of MMs

The rate of annihilation of MMs (9) was derived by assuming an adiabatic expansion. A simple

modification can make it applicable to the free expansion, containing only two free parameters,
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the polytropic index and the number of MMs, which can satisfy the requirements of cosmology

evolution from the early universe to current epoch.

The annihilation of MMs can be investigated by the Boltzmann equation, in which the rate

of change in the abundance of a given particle is the difference between the rates for producing

and eliminating that species. The annihilation of MMs varies the density, n (with M and M̄

densities are assumed equal), and relates with the scale factor of the universe, a,

dn/dt = −Dn2 − (3ȧ/a)n (1)

where D is the velocity averaged product of the cross-section and the velocity. In the case

of adiabatic expansion (corresponding to β = 1 in the relationship of, Taβ = const, with T

denoting the temperature), the expansion rate of the universe is read (9)

βȧ/a = −Ṫ /T = T 2/(CmP ) (2)

where mP = 1.2 × 1019GeV is the Planck mass, and C = 0.6N−1/2, where N is the effective

number of spin degree of freedom due to particles light compared with the temperature. In fact,

Equation (2) can be applied to other polytropic process which corresponds to the parameter, β,

differing from 1, which will be shown later.

If the process of annihilation can be performed in the case of thermodynamic equilibrium

(it does in the case of free expansion as shown later), then D relates with the temperature by a

power law, and thus Equation (1) and Equation (2) can be integrated,

r(T ) =
1

Bh̄2 [
4π

h̄2 ]2
m

(βCmp)
=

n

T 3
(3)

whereB = 3
4π2 ζ(3)

∑
i(
h̄qi
4π

)2, with ζ(3) = 1.202 is the Riemann zeta function. Equation (3) can

be rewritten as n = r(T )T 3. The annihilation cross section is of 〈σv〉 = h̄2/(BT 2) ∝ T−2 (9).

Together with the number density of MMs given by Equation (3), the energy release of such an
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annihilation can be given

|Ėm| = Mmn
2〈σv〉 = Mm(

m

Cmp

)2 (4π)13π3

33ζ(3)3

σT 4

h̄cq6β2
= 4× 1045T

4

β2
(ergs−1cm−3), (4)

where Mm is the mass of a single MM and q2 = 137πµ0h̄c is the square of the magnetic charge.

Notice that in Equation (4), the number density of MMs and the temperature decrease with time,

so that Ėm < 0.

The radiation of the annihilation as shown in Equation (4) in unit of ergs−1cm−3, can be

integrated over time and volume, under the relationship of scale factor, time and temperature of

the universe(subscript P denotes Planck value) of,

a

aP
=

t

tP
= (

TP
T

)ω (5)

the validity of this relationship will be discussed in the last section. The Planck tempera-

ture, time, and scale factor, are TP = 1032K, TP = 10−43s and aP = 10−32cm respec-

tively. By Equation (5), the elements of volume and time can be written, dV = 3a2da and

dt = −ωT ωP TPT−ω−1dT respectively, so that the resultant integration of Equation (4) yields,

Em = −4× 1045

β2

∫ af

ai

∫ tf

ti

T 4dtdV =
4× 1045

β3

tPa
3
P

(4− ω)
T 4
f (
TP
Tf

)4ω (6)

The Em is the overall energy release of annihilation of MMs during the inflation, which cor-

responds to an energy density of, ρ = Em/V ≈ Em (with the final volume of the inflation

of ∼ 1cm3). How large should Em be ? The flatness problem is avoided if the inflation

stretches the curvature (by enlarging the scale factor) tremendously, which corresponds to the

lower bound of the number of e−foldings of scale factor, af/ai to be (with h = 0.7) (10)

eN >
[ρ]1/4

0.037heV
. (7)

This demands an energy density of order of, ρ = (2 × 1016GeV )4 = 4 × 10103erg/cm−3. In

such a case, the value of eN would have to be at least 8× 1026, so that N > 62.
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By Equation (6), Em depends on two values, the temperature at the final state of inflation,

Tf , and the index ω. These two parameters are constrained by three factors. The first is the

equivalence between Em/V of Equation (6) and the energy density, ρ, of Equation (7). The

second is that the e−foldings of scale factor (af/ai ∼ eN ) of Equation (7) shall satisfy the

condition of free expansion TV 1/3ω = const (where V = a3). Finally, the temperature and

volume are subjected to the relationship of Equation (5).

Then we have Tf = 1017K and ω = 2.138 in Equation (6), which corresponds to a poly-

tropic index of γ = 1.156 (with the relationship ω = 1
3(γ−1)

). Furthermore, β = 1/ω in Equation

(2)-Equation (4) can be obtained.

The energy release of Em ∼ 4× 10103(erg) required in solving the flatness problem corre-

sponds to a total number of annihilation of MMs of Nm ∼ 4 × 1088 during the inflation (with

each MM of mass of Mm ∼ 1× 1016GeV ).

The free expansion of the early universe

How the universe expand ? The ideal process is the free expansion, an irreversible process

without work done and free of heat exchange with the surroundings. Because the universe

expansion is actually an expansion of space-time carrying matter and energy; there is nothing

outside the universe except the universe itself. With the heat reservoir by the energy release of

the annihilation of MMs, the universe undergoes an asymptotic isothermal expansion, which is

infinitely close to the free expansion.

Normally the entropy of such a free expansion can be calculated as if work done in a re-

versible, isothermal process, AB, or an adiabatic expansion, AC, plus a constant volume pro-

cess, CB, between the same end points, as shown in the pressure-volume (p-V) diagram of Fig1.

For the process ofACB, the work done to the surroundings during the adiabatic expansion from
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A to C is given,

W = CV TA[1− (
VA
VC

)γ−1] (8)

where CV is the heat capacity, pk and Vk are pressure and volume at certain state respectively.

Apparently, the work done W is at expense of internal energy U (dropping of temperature), so

that ∆U = W .

In the second part of process ACB, heat flowing into the internal energy by a process of

constant volume from C to B,

Q = CV [TB − TC ] = CV TB[1− (
VA
VC

)γ−1] (9)

With TA = TB as shown in Fig1, the work done in Equation (8) equals heat absorption of

Equation (9), which results in, Q = W = ∆U . In other words, the process of constant volume

from C to B gets the system reheated, so that the loss of internal energy in the process AC is

compensated.

In the case of the free expansion of the early universe, the work done required in volume

change given by W of Equation (8) equals the heat absorption, Q, of Equation (9). In practice,

the heat absorption is supplied by the annihilation of MMs, so that Q ∼ Em ≈ 4 × 10103erg.

And the work done from A to B in Fig1 is given by,

W =
1

γ − 1
(pAVA − pCVC) ≈ pAVA

γ − 1
=

1

γ − 1
g?NmkBTi ≈ 2× 10103, (10)

where the effective number of degrees of freedom is estimated, g? = 100, and the initial tem-

perature of inflation is estimated of Ti = 1028K. Therefore, even in such a simple estimation,

the magnitude of work done required in powering a rapid expansion of the universe, W , is well

consistent with the supply energy, Q, from the annihilation of MMs.

The ratio between the initial temperature of Equation (10),Ti = 1028K; and the final tem-

perature of inflation of Equation (6), Tf = 1017K(104GeV ) is of, Ti/Tf ∼ 1011, which
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corresponds to the ratio of scale factor of af/ai ∼ 1024−25 under the temperature and vol-

ume relationship of TV γ−1 = const. Such a ratio is about one order of magnitude less than

af/ai ∼ 1026 (10). Considering these are simple estimations, the energy release of MMs,Q; the

work done, W , required in a rapid expansion of a system of a number of Nm = 1088 MMs; as

well as the temperature and volume change (Ti/Tf and ai/af respectively) during the expansion

are basically consistent with each other.

As Ti/Tf ≈ 10−64Vf/Vi, the temperature variation during the inflation is negligible com-

pared with the volume change. Thus the polytropic process of AB′ is infinitively close to the

ideal isothermal process, AB, representing the irreversible process of free expansion, so that

the temperature can be safely treated as unchanged during the inflation. On the other hand, the

situation of energy exchange with surroundings of the universe is avoided.

Notice that Equation (2)-Equation (4), corresponding to the annihilation of MMs are derived

in the case of adiabatic expansion with γ = 1.333 (9), which can be applied to the case of free

expansion with a polytropic index of γ = 1.156, by simply changing the parameter, β from

β = 1 to β = 0.468 in Equation (2)-Equation (4).

Vacuum energy or radiation of annihilation of MMs

As shown in the last section, the annihilation of MMs can be so powerful that the resultant

free expansion of the early universe is sufficient to account for the flatness problem. Moreover,

the asymptotic isothermal process automatically solves the causality (horizon) problem. Here

physical property of free expansion is further compared with that of vacuum field.

Firstly, can the energy release of the annihilation corresponds to a negative pressure as the

vacuum field predicted by the inflationary theories do? The expansion of de Sitter universe can

be written,

(
ä

a
) = −4

3
πG(ρ+ 3p− 2ρΛ) (11)
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As shown in Equation (11), a negative energy density (e.g., the vacuum energy), ρΛ counters

the gravity of the universe and resulting in an accelerated expansion ä > 0 of the universe; in

contrast, a positive energy and pressure of perfect fluid, ρ and p in Equation (11) behaviors in

the opposite ways.

Then the question becomes: does the energy release of MM annihilation counter the grav-

ity ? Yes, the interaction of the annihilation induced photons with MMs results in a force or

pressure resisting the gravity, which is analogy to the case of Eddington limit in astrophysics,

obtained by the balance between the inward gravitational attraction and the outward pressure of

radiation. The collision of photons with charge particles in the derivation of Eddington limit is

equivalent to the collision of photons with magnetic charge of MMs.

The equivalence between the heat required in the free expansion and the energy release of

annihilation, Q = Em, can be rewritten as, TdS = dEm (where S is the entropy of the system

of idea gas) in the case of constant temperature. As the process AB′ satisfying T ≈ const, the

corresponding variation of Helmholtz free energy is of (defined F ≡ U − TS)

dF = dU − TdS = dW − dEm = 0 (12)

Equation (12) corresponds to the condition for equilibrium in a system in thermal contact with

a reservoir while free of energy exchange with surroundings.

The free energy satisfying Equation (12) corresponds to the minimum of free energy, F =

0. In such a case the system undergoes free expansion powered by the energy release of the

annihilation of MMs. In the context of inflationary models, the universe is endowed with an

enormous vacuum energy during the evolution from φ evolve to φ0 (where φ0 is the order

parameter when F is at the true minimum).

In contrast, the scenario of annihilation of MMs induced inflation occurs at the true min-

imum, F = 0. As the temperature of the universe dropped below the critical temperature,
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Tc, occurs the spontaneous symmetry breaking and MMs are generated and distributed in the

bubbles. The universe experiences the first order phase transition which leaks the “false vac-

uum” phase to the lower energy “true vacuum” phase. Once the free energy reached the true

minimum at F (φ0) = 0, the temperature equals that of the isothermal curve, AB′, as shown

in Fig1. In such a case, the universe is powered by the radiation due to the annihilation of

MMs, ρΛ = Em/V , resulting in a rapid expansion of the universe along the curve AB′. As the

annihilation of MMs is the result of the symmetric breaking of GUTs, it can be seen as latent

heat.

What about the rate of expansion in the context of annihilation dominated inflation? Differ-

entiation Equation (8) or Equation (9), we have

Ė =
CV T

V γ−1
A

(1− γ)V γ−2V̇ = 3(1− γ)CV TAH (13)

where H = ȧ/a is the Hubble constant, Ė ≈ Ėma
3 (with Ėm is given by Equation(4)); and the

heat capacity can be obtained by, CV = dEm/dT with Em given by Equation (6). Then Hubble

constant can be obtained from Equation(13),

H =
4× 1045ω3

CV
T 4−3ωT 3ω−1

A VA (14)

Integrate the Hubble constant, H , over the time interval during which the expansion can be

described by a constant index ω,∫ tB

tA

Hdt ≈ ω − 4

ω2(4− 4ω)
(
aA
aP

)3(
TA
TP

)3ω = N (15)

where N ≈ 61 can be obtained in the case of the initial temperature, TA = Ti ∼ 1028.7K, which

is a little higher than the value of Ti ∼ 1028K. This actually gets e-folding of the scale factor,

ln(af/ai) =
∫ tf
ti
Hdt ≈ 61, through the thermal dynamic derived Hubble constant of Equation

(14), which is close to that via energy density of Equation (7).

10

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 March 2020                   



Consequently, once the energy release of MMs is sufficient to that required to solve the

flatness problem, the initial and final temperature, volume, time, the polytropic index, and ex-

pansion rate (denoted by the Hubble constant) are consistent with each other. Thus the inflation

of the universe can have a simple and self-consistent interpretation in the context of a free

expansion of ideal gas.

The annihilation induces collision of bubbles can be affected by two processes. The energy

release of annihilation of MMs in a bubble can lead to a bubble expansion, so that MMs are

transferred initially to the wall of bubbles. This energy can be thermalized only when the

bubble’s wall undergo many collisions, which is similar to Guth’s (3).

The other possibility is that annihilation of MMs is not significant in a bubble before its

collision with other ones. It is the bubble collision that induces major annihilation of MMs at

the collision region between two bubbles, and thus drives the free expansion of the universe.

Both of the two circumstances tend to reproduce walls and strings resembling the result of

merging of galaxies observed in astronomy.

This provides seeds of inhomogeneities of the universe. As such structures are formed in

the case that MMs are annihilated in an asymptotic isothermal environment, inhomogeneity

violating causality as shown in Guth(1980,1981) is automatically avoided.

The clumps generated in the annihilation of MMs can contribute to the growth of primordial

perturbation or leave a texture like signature in the cosmic microwave background (11). As a

result, the gravitational radiation originating in annihilation of MMs induced bubble collision

deserves further investigation. On the other hand, the free expansion of polytropic index of γ =

1.156 in the early universe comes to an end when the number density of MMs is substantially

reduced. Then the universe has to expand at other polytropic index γ at reduced energy reservoir

of expansion. This avoids the problem of no ending and inhomogeneity in Guth’s model (3).
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Association with DM and DE

The MMs generated by phase transition are annihilated significantly during the inflation, the

total number of which can be reduced up to 25 order of magnitude from the original one, ∼

4× 1088 as discussed below. The number of relics MMs at current epoch is constrained by the

observational bound on the total mass of DM. A typical mass of galaxy is of, Eg ∼ 1011M�,

and the mass of the universe at current epoch is estimated, Mu ∼ 1011Mg ≈ 1055g. As a MM

corresponds to a mass ofMm = 2.5×10−8g, the baryon mass of current universe corresponds to

a number of MMs ofN ′m ∼ 1055/(2.5×10−8) ≈ 4×1062. If the MMs is responsible for the DM,

which is five times of the baryons, the required number of MMs is of Nm = 5N ′m ∼ 2× 1063.

In other words, the number of relic MMs cannot exceed Nm ∼ 2× 1063 in order to consist

with the current astronomical observation on DM.This requires a drop of number of MMs for

approximately 25 order of magnitudes from the original number of ∼ 4× 1088 at the beginning

of the inflation.

The number density of MMs at current epoch is of nm ∼ 2 × 1063/(1028×3) = 2 ×

10−21cm−3, which is compatible with the baryon density, nb ∼ 1015nm ∼ 10−6cm−3. Such

a number density of MMs is also consistent with the Parker limit of MM flux, inferred from

coherence size of existing galactic magnetic field (12).

In fact, supermassive particles as a candidate of DM have been investigated extensively

(13–15), reference herein. Many superheavy models of DM (15), supposing new interactions

rather than the standard model of particle physics to interpret DM. On the contrary, remnant

MMs surviving to current epoch automatically corresponds to a mass to account for DM, so that

DM can still be understood in the context of the standard model of particle physics. Moreover,

DM of this paper is closely related with DE.

The observation of distant supernovae suggests accelerated expansion of the universe (16,
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17). The existence of DE, with a negative pressure repulsive to gravity (similar to the case

of inflation) becomes necessary, which can be represented by the cosmology constant Λ, first

introduced by Einstein (18). The equivalent density of the dark energy is given,

ρΛ = Λc2/8πG (16)

Under the standard model, the observation requires the density of Equation (16) to be, ρΛ =

10−8ergcm−3. Assuming that the dark energy is driven by the annihilation of MMs, with a

negative pressure as discussed in Section(), then energy density in a radius of current epoch of

the universe, Rc ∼ 1028cm, is given,

ρΛ ∼
g?N̄mMm

R3
c

(17)

Satisfying Equation (17) demands, g?N̄m ∼ 2 × 1062. Thus the number of MMs participating

annihilation is between N̄m ∼ 2 × 1060 with g? ∼ 102, and N̄m ∼ 2 × 1061 with g? ∼ 101,

which corresponds to 0.1% to 1% of the total number of MMs allowed by the bound of DM.

Suppose a number of MMs of ∼ 1061 embedded in stars are annihilated at the time interval

of ∼ 107years (life time of a star). Annihilating all of them, ∼ 1063, would take billions of

years.

Consequently, both the inflation and the accelerated expansion of the current universe can

be interpreted by the annihilation of MMs repulsing the gravity of the universe, the former with

a number of∼ 1088 and the latter with a number of∼ 1060−61. The fine tuning problem in those

two processes are naturally avoided.

Discussion and search of MMs

The relationship among scale factor, time and temperature given by Equation (5) corresponds to

a free expansion of the universe, which deviates from the widely used radiation predominated
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case, T ∝ a ∝ t1/2, under the assumption of adiabatic expansion. Interestingly, both the

relations are compatible with that of the standard cosmology.

By Equation (5), the temperature of T = 1012K corresponds to a scale factor of a =

1010.8cm. Evolving to the current epoch of Tc = 100K and ac = 1028, we get, ω = 1.44

and hence polytropic index γ = 1.23 by Equation (5). Such a polytropic index is between that

of the inflation γ = 1.156 (flat) and the adiabatic γ = 1.333 (steep), due to the reduced fuel,

MMs.

On the other hand, the zero-order Einstein can be expressed as (ȧ/a)2 ∝ ρΛ, in which the

energy density can be written as, ρΛ ≈ Ėmdt where Ėm ∝ T 4 as shown in Equation (4), so that

the relationship between time and temperature of current universe can be estimated, t ∝ T−1.33

corresponding a polytropic index of γ = 1.25, which is close to the result, γ = 1.23, inferred

from Equation (5) as discussed above.

Furthermore, with MM numbers of ∼ 1061, scale factor of a ≈ 1010.8 and temperature of

T ≈ 1012K, the dimensionless ratio between the number density and temperature of Equation

(3) is of r = Nma
−3T−3 ∼ 10−10, which is at the criteria of annihilation (9). Such a ratio is

much less than that of the starting of the inflation, r ∼ 1074.

This means that the annihilation of MMs not only undergoes throughout the inflation period

with temperature from T ∼ 1028 to T ∼ 1017 (of polytropic index γ = 1.156); but also extends

from the beginning of leptogenesis of temperature of T ∼ 1017 to the quark-hadron transition of

temperature, T ∼ 1012. Note that the annihilation of MMs at the second stage is much less than

that of the first. Nevertheless, the MMs decoupled before starting of primordial nucleosynthesis

of temperature, T ∼ 1010K.

Interestingly, after the emergence of stars, the annihilation of MMs can continue as long as

the core temperature of a star is sufficient to trigger the annihilation of MMs. Putting the same

a = 1010.8 and T = 1012K into Equation (6), the total energy release of annihilation undergoing
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in all stars is of Em ∼ 1074erg, which corresponds to a number of MMs of Nm ∼ 1061 and a

polytropic index of γ ≈ 1.22. This is again compatible with the free expansion of the current

universe.

Therefore, parameters inferred from the relation of Equation (5) , the criteria of annihilation

of Equation (3) and the energy release Equation (6) are consistent each other in the context of

the universe driving by the annihilation of MMs.

The annihilation of MMs from universe temperature of T ∼ 1028K to T ∼ 1012K may yield

several by products: a) light particles of number of ∼ 1019; b) photons of number density of

nγ ∼ 1010nm (19)(reference herein); and c) monopolium, a MM̄ bound state confined by their

strong magnetic force thought to be produced at the end of inflation (20, 21).

The structured regions of a monopole predicted by GUTs ranges from the electro-weak

unification region of 10−16cm to fermion-anti-fermion condensation of 10−13cm (22, 23). Co-

incidently, at the separation of r ≈ 10−13cm, the binding energy of a MM̄ pair is of g2/r ∼

0.8GeV , which is compatible with the decoupling energy of MMs, T ∼ 1012K (0.1GeV).

Hence, it is conceivable that most of MMs (1063) surviving to current epoch exist in the form of

monopolium.

Such a MM̄ pair has a lower energy level and is thus more stable than individual ones.

Moreover, once a MM̄ pair is formed, it can anti-aligned with another MM̄ pair, in which

the external magnetic field is further cancelled out comparing with a single MM̄ pair. Such

a monopolium pair is not only stable but also “dark”. Because its external magnetic field is

essentially canceled out except in the very vicinity region, r ≈ 10−13cm, to the core. And due

to monopolium pairs correspond to much lower number density compared with baryons, the

chance of their interacting with particles is extremely rare.

Although such a configuration appears very dark, it can get annihilated when the environ-

ment temperature exceeds their binding energy, e.g., during the supernova explosion.
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A monopolium pair is much heavier than a proton, which is more difficult to get acceler-

ated comparing with electric charged particles. A possible way of detection is that monopolium

samples are fixed and collided with beams of particles, protons or electrons. When the energy

of the collision is sufficient to break the binding of monopoliums of ∼ 1GeV , occurs two con-

sequences. One is the annihilation of monopolium with radiation energy of ∼ 1016GeV , which

can be constrained by its characteristic spectrum; the other is breaking up of monopolium pairs

into individual MMs or monopoliums, which can be captured and further tested by inductive

searches (22, 24).

The existence of relics of MMs in the form of monopolium can provide seed of magnetic

field in stars, compact objects and galaxies, etc. A brief history of early investigation on MM,

as well as the effects of annihilation induced free expansion are shown in Fig2.
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Figure 1: The ideal free expansion from state A to B can be represented by the isothermal
process, AB, which is equivalent to an adiabatic expansion, AC, plus a constant volume process,
CB. The Universe expands along the curve of the polytropic process, AB′, infinitively close to
the ideal isothermal process, AB. At different stages of universe evolution the polytropic index
takes different values
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Seeds	of	structure	formation

Monopole	abundance	puzzle
Asymptotic	isothermal	expansion

Monopole：

Suppress	of	monopoles	 by	annihilation:	Preskill (1979)
Early	investigations

on	monopoles	

Inflation	driven
by	Annihilation	
of	monopoles

Ongoing	 annihilation	 in	universe:	Dark	Energy	

Flatness	problem

Monopole	Relics	
at	current	epoch	

Energy	Release	of	monopole	 annihilation
during	 the	inflation	provides:	
a	heat	reservoir	of		a	free	expansion
a	radiation	field	resisting	gravity Horizon	(causality)	problem

Failed	annihilation:	monopole	 &	anti-monopole	 pair
possible	seeds	of	magnetic	field	in	the	universe	

Quantization	of	Charge	(Dirac	1930)

Total	mass	of	 isolated	and	monopole	 pair: Dark	Matter	

Guts	produced	monopoles：'t	 Hooft &	Polyakov (1974)

Suppress	of	monopoles	 by	inflation:	Guth (1980,1981)

Figure 2: A brief history of early investigation on MM, and a summary of effects of annihilation
induced free expansion.
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