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Abstract: Dark Energy, a form of repulsive gravity, is causing an accelerated expansion of the Uni-

verse. Recent astrophysical measurements have confirmed this accelerated expansion where the 

CDM model provides a quantitative description of this expansion rate. As is well known there are 

a number of free parameters of unknown origin in the CDM model. In particular, the cosmological 

constant  (or Dark Energy (DE)) forms one of these free parameters. In this contribution we de-

scribe a recent model that attributes DE to the Born self-energy contained within the electric field 

which surrounds a finite-sized electron within the WHIM (Warm-Hot Intergalactic Medium). Upon 

using readily available literature values for the intergalactic (IG) baryon density, IG hydrogen ioni-

zation fraction, the best estimate for the electron radius, as well as, Hubble parameter data many 

properties associated with DE can be quantitatively explained. In particular, our model provides an 

explanation for (i) the magnitude of DE today, (ii) the DE to ordinary matter mass ratio 

today, (iii) has an equation of state of w = -1, as expected for DE, and (iv) exhibits a decel-

eration-acceleration transition at a redshift of z ~ 0.8 in agreement with Hubble parameter 

observations. (v) Finally, the model provides a viable candidate for Dark Matter; the CDM 

in the CDM model.Further details regarding this DE model can be found in Astrophys. 

Space Sci 2020, 365, 64. 
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1. Introduction 

The cosmological CDM model provides a remarkable description of many diverse 

astrophysical phenomena including the cosmic microwave background (CMB) anisot-

ropy [1], the relative proportions of the light elements [1], and the cosmic expansion rate 

as measured from galactic supernova explosions in the distant past [2-3]. Despite the tre-

mendous success of the CDM model there are a number of adjustable parameters in this 

model whose physical origin is an enduring mystery. Specifically, the cosmological con-

stant  or, more generically, Dark Energy is thought to arise from the Casimir effect or 

quantum fluctuations in intergalactic space, however, the energy density estimated for 

this effect 
2 3/Pl PlM c L  (where PlM  is the Planck mass, PlL  is the Planck length, and 

c  is the speed of light) is a factor of 
12010  larger than astrophysical measurements [4]. 

Thus, in the CDM model the magnitude of Dark Energy and corresponding properties 

attributed to Dark Energy are not understood and currently there is no plausible expla-

nation for these properties. In a similar manner the origin of Cold Dark Matter, the CDM 

in the CDM model, is of unknown origin. Thus, this quantity is also an adjustable pa-

rameter.  

The purpose of this contribution is to describe a recently published theory [5] which 

quantitatively explains Dark Energy and attributes this repulsive gravity to the Born self-

energy contained within the electric field which surrounds high temperature (
5 710 10 K ) free electrons in the Warm-Hot-Intergalactic-Medium (WHIM) [6-7]. This 

theory also includes a phenomenon which would naturally give rise to Dark Matter, spe-

cifically, the Born self-energy associated with cold electrons in intergalactic space.  
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2. Results 

If the CMB, at a redshift 1100z  . is fitted using the CDM model and this model 

is extrapolated to the current epoch (i.e. to today at 0z  ) then the CDM parameters 

listed in Table 1 arise from this fitting. Similar values for the mass fractions and energy 

densities, given in Table 1, also arise if the CDM model is fitting to other types of astro-

physical data [1] (p. 19).  

Table 1. Average composition of the Universe today. 

 
Mass fraction 

 

Volume per 

Baryon (m3) 

Energy density 

 (J/m3) 

Dark Energy 0.6889 0.0056   
10(5.33 0.12) 10   

Dark Matter 0.2607 0.0020   
10(2.02 0.04) 10   

Ordinary Matter (Intergalac-

tic diffuse gas/plasma) 
0.04898 0.00031  3.97 0.08  

11(3.79 0.08) 10   

Planck collaboration: CDM model, from the last column in Table 2 in [8]. 

Any successful theory for DE, therefore, would need to account for the following four 

facts: 

1. The magnitude of the DE listed in Table 1, specifically, 

10 3(5.33 0.12) 10 /DE
Pl J m   

 
(1)

where subscript Pl  is to denote that this quantity arises from the Planck collabora-

tion. 

2. The DE to Ordinary Matter (OM) mass ratio given in Table 1. Specifically, 

/ 14.1 0.6
DE

DE OM Pl
Pl OM

Pl

R


  


. (2)

3. The equation of state for DE is expected to be [9] 

1
DE

p
w   


 (3)

where p is the pressure. The 1  in Eq. (3) implies that DE is a form of repulsive 

gravity which causes the Universe to expand at an accelerating rate. This is most readily 

seen using the Friedmann acceleration equation [10] 

 2
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a c

G

c





   

 





  (4)

where a  is the scale factor, a is the acceleration of the scale factor, and G  is New-

ton’s gravitational constant. The second line in Eq. (4) arises from Eq. (3) with the assump-

tion that DE is the dominant contribution to the scale factor acceleration. Normally gravity 

is thought of as an attractive force when applied to ordinary matter and, under such cir-

cumstances, the expansion of the Universe should be decelerating ( 0a  ). This leads to 

the fourth observation that a theory for DE must be able to account for. 

4. There must be a transition from a decelerating to an accelerating Universe. This 

transition is readily observed in Figure 1 which consists of “WM456” binned data 

taken from [11]. In this figure ( ) / (1 )a H z z  , the velocity scale factor, which 

arises from Hubble’s law, ( ) /H z a a  , together with  1/ (1 )a z  . When 
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the CDM model is fitted to such binned data a deceleration-acceleration transi-

tion is found at a redshift of [11] 

0.84 0.03.daz    (5)

 

Figure 1. Binned “WM456” Hubble parameter data ( )H z  plotted as ( ) / (1 )H z z  versus z  

(symbols). Various theoretical fits to this binned data (lines). Taken from [11]. © AAS. Reproduced 

with permission. 

3. Discussion 

3.1. Born Self-energy for the Electron 

In 2013 the author was listening to an invited talk given by Professor Alan Guth on 

“Inflationary Cosmology: Is our Universe part of a multiverse?” at Kansas State Univer-

sity. In this talk Professor Guth mentioned that the cosmological constant   was 

thought to arise from the Casimir effect, due to vacuum fluctuations in empty space, ex-

cept that such a calculation produced an answer which was a factor of 
12010  times larger 

than astrophysical measurements. This statement intrigued the author who had previ-

ously published numerous papers on the surface Casimir effect within thin films for real 

systems [12-13] and had recently determined how to calculate the Casimir self-energy for 

a dielectric spherical ball (with the objective to see if the Casimir self-energy could explain 

the monodispersity of nanoparticles). On a very crude level a hydrogen atom in interga-

lactic space is a dielectric spherical ball. For dielectric systems the dielectric constant ap-

proaches one at ultra violet frequencies, hence, this provides a physical cut-off for the 

Casimir effect. Could this uv cut-off to the Casimir effect provide an explanation for the 

factor of 
12010 ? This was the thought process that lead the author to investigate the en-

ergy densities arising from electric field contributions, for hydrogen and ionized hydro-

gen, in intergalactic space. 

According to Table 1 intergalactic space consists of one hydrogen atom in a box of 

volume 
3(1.6 )V m . This hydrogen atom is either ionized (into a proton and an elec-

tron) or unionized where the ionization (un-ionization) fraction is e  (1 e ). A hydro-

gen atom has a Casimir self-energy associated with it [14] (p. 103) given by 

4
13.6 .Casimir

HU eV


  (6)

The proton and electron have a Born self-energy, due to the energy contained within 

the electric field which surrounds these particles [15] (p. 8-12), [16] (p. 61), given by 



1st Electronic Conference on Gravitation, Cosmology, Field Theory, High Energy Physics, and Astronomy(Universe2021),22–28 February 2021 

4 
 

2

/
8

Born
e p

o

q
U

R
  (7)

where q  and R  are, respectively, the charge and radius of the particle. Therefore, 

according to this model, the total electric field energy density for intergalactic space is 

3 3

1.9 10 3
1.2

(1 ) / (1.6 ) / (1.6 )

6.4 10 /

electric Casimir Born Born Born
e H e p e e e ev U v U v U m v U m

J m 


       

 
. 

(8)

In Eq. (8) 
electric  is dominated by the Born self-energy due to the electron because 

the electron radius, estimated from electron-positron collisions [17-18] 

0.30 20
0.521.92 10 ,eR m 

   (9)

is so small. The ionization fraction, 

0.4 0.5,e    (10)

arises from X-ray absorption measurements in intergalactic space [19]. The electric 

field energy density 
electric  (Eq. (8)) quantitatively agrees, within error bars, with the 

magnitude of the DE energy density
DE
Pl  given in Eq. (1). 

In this model the electron Born to Ordinary Matter mass ratio is given by 

2
/ /

19 6
Born

Born OM e e

p e

U c
R

m m


  


 

(11)

where em  ( pm ) is the rest mass for the electron (proton). Eq. (11) quantitatively 

agrees with Eq. (2). 

A standard method for calculating the pressure of a gas, contained within a box, is to 

examine the kinematics of molecules being reflected by the wall of this box [20]. Similarly, 

for the current situation, the pressure can be determined by examining an electron reflect-

ing from a perfectly conducting wall. If an electron of charge q  is at a distance x  to 

the right of the wall, the correct electrostatic boundary conditions on the wall can be re-

produced by considering an image charge with charge q  at a distance x  to the left of 

the wall [21] (p. 110). It is then possible to dispense with the wall and just consider the 

interaction of the charge with its image charge. Simple algebra, outlined in [5], demon-

strates that the equation of state 1w    for this situation, which agrees with Eq. (3) for 

DE. 

The fourth and last point raised in Section 2 is “Can this DE model explain the decel-

eration-acceleration transition at a redshift of 0.8daz  ?”. The first Friedmann equation 

is given by [10] 

2 2 2
2

2 2

8

3 3

a G c c
H

a c a

   
     
 


  (12)

where, in our model, the cosmological constant is unnecessary ( 0  ) and the spa-

tial curvature   is zero while the energy density 

3/ .OM DM Born
e eN U a        (13)

In Eq. (13) 
OM  (

DM ) is the energy density for Ordinary Matter (Dark Matter) 

while 1/N V  is the baryon number density given in Table 1. Eqs. (12) and (13) are 
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readily rearranged to express the ionization fraction e  as a function of the Hubble pa-

rameter ( )H z  and redshift z , specifically, 

2 2

3

1 3
( )

(1 ) 8
OM DM

e Born
e

H c
z

NU z G




 
   

  . 

(14)

Eq. (14) has been used to determine a log-log plot of the fractional ionization e  as 

a function of redshift z  or time t  (Figure 2, black inverted triangles) using the W456 

Hubble parameter data [11] together with the Hubble constant from [22]. e  versus t  is 

the most illuminating. If we assume a time variation for the fractional ionization of 

( ) ~ s
e t t  (15)

then the exponent s determines whether the Universe is accelerating or decelerat-

ing. From Eqs. (12), (13), and (15) 

2

3

sa t

a a

 
 
 


   (16)

which has solution 

(2 ) 3( ) ~ .sa t t 
 (17)

Thus, an accelerating Universe ( ( ) 0a t  ) implies that 1s  . In Figure 2 the solid 

red line corresponds to a slope of 1; therefore, a redshift of 0.8z   delineates the tran-

sition point between deceleration and acceleration for the W456 data (black inverted tri-

angles) in approximate agreement with Eq. (5). The time variation of ( )e t  arises from 

hydrogen gas, in low density voids in intergalactic space, falling into and becoming ion-

ized by collisions with the high density filamentary network at temperatures of
5 710 10T K , namely, the WHIM. The variation in ( )e t  with time t  exhibited Fig-

ure 2 (black inverted triangles) is a prediction that arises from this theory; it would be 

useful if this prediction could be check via other astrophysical measurements. For exam-

ple, perhaps the kinematic Sunyaev-Zel’dovich effect could provide a measure of the free 

electron distribution in intergalactic space [23]. (The green squares in Figure 2 represent 

e  determined in the WHIM from computer simulations [7] and are discussed in [5].) 
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Figure 2. Fractional ionization e  plotted on a log-log graph as a function of redshift z  and 

time t . Black inverted triangles: calculated using Eq. (14); green squares: from computer simula-

tions [7]. Reprinted by permission from RightsLink: Springer Nature, Law, B. M., Astrophys Space 

Sci 365, 64, [COPYRIGHT] (2020). 

Cold (free) electrons will also exist in intergalactic space, for example, left over from 

the re-ionization phase at redshifts of ~ 6 15z   [24]. These cold electrons will also have 

an associated 
Born
eU  which would be evident via their gravitational interaction with 

other matter. These cold electrons could be the source for Dark Matter. If they are the sole 

source for Dark Matter then, in analogy with Eqs. (2) and (11), the DM ionization fraction 

would be determined by 

2( )

0.127

p eDM DM
e Born

e OM

m m c

U


 






  (18)

where the second line of Eq. (18) arises from the  values in Table 1. The total electron 

ionization fraction in intergalactic space would then be 

( )tot DM
e e e t     (19)

where the first term on the right gives rise to DM while the second term on the right, 

( ) s
e t t  , gives rise to DE when 1s  . 

3.2. The Electron: a Revised View 

The electron has played a key role in ascertaining and probing the quantum mechan-

ical nature of matter. Quantum Electrodynamics (QED), which describes the interaction 

between electrons and photons, forms part of the Standard Model of Particle Physics. In 

QED the electron is assumed to be a point particle of zero radius ( 0eR  ); unfortunately, 

this assumption leads to divergences in the mass and in the charge which must be renor-

malized away [25-26]. Upon renormalizing these divergences QED provides exquisite 

agreement between theory and experiment to many significant figures in, for example, 

the Lamb shift [27] and the electron magnetic moment [27-28]. The current theory amounts 

to a reorganization of the mass renormalized components of QED while leaving the other 

6

8
0.01

2

4

6

8
0.1

2

4

6
8

1

e

1
2 3 4 5 6 7 8 9

10 t (Gyr)

(b)

za 0123
z

Slope = 1



1st Electronic Conference on Gravitation, Cosmology, Field Theory, High Energy Physics, and Astronomy(Universe2021),22–28 February 2021 

7 
 

components of QED (used in the calculation of the Lamb shift and the electron magnetic 

moment) unchanged. 

In QED mass renormalization corresponds to [25] (p. 164) 

ln( / )b C e em A R m   (20)

where the unmeasureable terms to the left of the arrow (which appear in the theory) 

are replaced by the measured electron rest mass, to the right of the arrow. In this equation 

/C eh m c   is the Compton wavelength, bm  is the bare mass (that occurs in the Dirac 

equation), while the ln term is the quantum mechanical self-energy due to virtual particles 

“dressing” the bare mass (i.e. corrections arising from an electron emitting and reabsorb-

ing virtual photons, or other virtual particles, due to underlying quantum fluctuations) 

[27]. The positively divergent ln term is compensated by a negatively divergent bare mass 

so that the difference is given by the finite measured electron rest mass em  [29]. The Born 

self-energy 
Born
eU  is assumed to be subsumed within em  in QED and is therefore not 

explicitly considered. Namely, em  is assumed to be composed of both an inertial mass 

as well as an electromagnetic mass due to the electric field which surrounds the electron 

[30-31]. It was thought (in the 1950s) that there is no physical effect that could distinguish 

between em  and 
Born
eU , hence, both terms were therefore combined together within 

em  [31] (p. 31). Both Dirac [29] and Feynman [32] expressed reservations about this renor-

malization process because the difference between two infinitely diverging terms is re-

placed by a finite quantity; however, renormalization now forms an accepted component 

of QED. 

An issue with the renormalization process, as represented by Eq. (20), is that the total 

energy is not conserved [15] (p. 8-12). This is most readily apparent upon considering an 

electron-positron pair. On the point of annihilation the electron has energy 
2

em c  but 

also, according to the current picture, a free electron also has energy 
2

em c . However, one 

must do work in separating the electron from the positron in order to create a free electron. 

Energy conservation therefore implies that a free electron must have a greater energy (due 

to the work done in this separation process) than an electron which is on the point of 

annihilation.  

Our theory separates out the Born mass 
2/Born Born

e em U c  from em  and, as will 

become apparent below, restores energy conservation. It is illuminating to consider the 

total energy of a quasi-static electron-positron pair at a separation distance r  where all 

energy terms are explicitly considered 

2 2
2 2( ) 2 ln( / ) .

8 4
tot

b C e

o e o

q q
E r m c Ac R

R r


 

 
    

 
 (21)

The last term on the right corresponds to the Coulomb attraction between the posi-

tron and electron. Upon e e 
 annihilation ( er R ), with the emission of two photons 

to conserve both energy and momentum, the electric field terms in Eq. (21) disappear and  

 2 2 2( ) 2 ln( / ) 2 .tot
e b C e eE r R m c Ac R m c     (22)

Eq. (22) reproduces the mass renormalization in Eq. (20); thus, mass renormalization 

is required and is the result of energy conservation in the annihilation process 

2e e    . Eq. (21) additionally allows one to determine the energy of a free electron, 

specifically, 
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2
2( ) 2

8
tot

e

o e

q
E r m c

R

 
    

 
 (23)

and therefore 
Born
eU , that appears in Eq. (23), arises from the work done against the 

Coulomb interaction in separating the electron-positron pair (and is a necessary compo-

nent in order that energy be conserved). 

 Ninham and Boström [33] have pointed out that the Casimir self-energy for the elec-

tron has been omitted from considerations in this theory. This term, which was first cal-

culated by Boyer [34], takes the form 

0.09
.

2
Casimir
e

e

c
U

R


  (24)

In order to leave QED unchanged and to retain energy conservation, 
Casimir
eU  must 

either be renormalized away or, alternatively, absorbed within the definition of em  in 

the considerations above. 

 In this theory the electron possesses two masses, the conventional rest mass em , 

which arises from the coupling between the electron’s charge q  and applied (external) 

electric E  and magnetic B  fields, as described by the Lorentz equation 

( ).em r q E v B  
 

  (25)

The electron has a second and much larger gravitational mass given by 

Born
g e em m m   (26)

where the Born mass is disconcertingly large, 

1.9 26
1.12

7.0 10 ,
Born

Born e
e

U
m kg

c
 
    (27)

which is ~ 80,000  times larger than em  and ~ 40  times larger than pm . In this 

theory it is the large magnitude for 
Born
em , as well as, the equation of state (Eq. (3)) that 

gives rise to Dark Energy and a Dark Matter candidate. The gravitational mass gm  arises 

because, in the Friedmann equation (Eq. (12)), gravity couples to all energy sources. Note 

that if indeed 
Born
em  is the origin for Dark Matter then this term would only be evident 

via its gravitational interaction and could not be measured directly via a Dark Matter 

search as, for example, 
Born
em  does not enter into Eq. (25). 

4. Conclusions 

This publication describes and expands upon a recently published model for Dark 

Energy [5]. In this model, DE is attributed to the Born self-energy 
Born
eU  contained within 

the electric field which surrounds a finite-sized free electron (of radius eR ) within the 

Warm-Hot Intergalactic Medium at temperatures of
5 710 10T K . The hydrogen ion-

ization e  within WHIM varies with time t  or, correspondingly, redshift z  where 

( ) [ ~ ]se t t  or ( )e z  determined in this theory is depicted in Figure 2 (black inverted 

triangles). A transition from a decelerating ( 1)s   to an accelerating ( 1)s   Universe 

occurs at a transition redshift of ~ 0.8daz . Upon combining the hydrogen ionization in 

the current epoch ( ( 0) 0.4 0.5)e z    with 
Born
eU  and the known baryon number 
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density then this model provides an explanation for both the magnitude of the DE energy 

density (Eqs. (1) and (8)), as well as, the DE to OM mass ratio (Eqs. (2) and (11)) today. 

This model also naturally gives rise to a Dark Matter candidate, namely, the Born self-

energy associated with cold free electrons at temperatures 
510T K  in intergalactic 

space. 

QED assume that the electron is a point particle of zero radius ( 0)eR  . This point 

particle assumption leads to divergences in the mass and in the charge that must be renor-

malized away. QED provides exquisite agreement with experimental measurements for 

both the Lamb shift and the electron magnetic moment, therefore, in our finite-sized elec-

tron model for DE it is necessary to ensure that QED remains unchanged. Our model and 

its relationship to QED is discussed in detail in Section 3.2 where it is argued that, by a 

suitable rearrangement of terms, both mass renormalization as well as 
Born
eU  arise natu-

rally out of energy conservation considerations while leaving QED unchanged. This is an 

improvement on QED where mass renormalization is an ad hoc assumption. 
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The following abbreviations are used in this manuscript: 

CMB: Cosmic Microwave Background 

DE: Dark Energy 

DM: Dark Matter 

OM: Ordinary Matter 

QED: Quantum Electrodynamics 

WHIM: Warm-Hot Intergalactic Medium 
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