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Abstract

The theory that gravitons lose energy thru gravitational redshift while travel-
ing in a gravitational field is applied to the universe. It is proposed that a
co-moving volume element is required for the luminosity distance relation
because the gravitational field acts simultaneously in three dimensions rather
than just along a geodesic curve. With only a relatively small baryonic mass
density the curve fit of the novel luminosity distance relation to Type Ia su-
pernovae distance data is of the same quality as for the standard Lambda Cold
Dark Matter model.
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1. Introduction

This paper describes a theory of gravitons acting in the expansion of the universe
from the paper [1]. We will explore in more detail the ways the graviton gravita-
tional redshift affects the properties of the universe.

We assume that gravitons have both wave and particle properties. Here we
treat gravitons as particles which travel at constant speed ¢ in vacuum, where ¢
equals the speed of light. Gravitons travelling in a gravitational field of a source
mass M, modeled by the equivalence principle as an accelerating system, should
experience an average energy loss of 6 due to motion in that field, over a
short time period &t =8r/c, where the acceleration a at a point rin the field is

givenby a=-GM / r? . The energy loss is expressed differentially as

5§=—(pmgcz)%=—( pmgc)aétz—[%]ér, (1)

DOI: 10.4236/jhepgc.2022.83041

Jul. 14, 2022

579 Journal of High Energy Physics, Gravitation and Cosmology


https://www.scirp.org/journal/jhepgc
https://doi.org/10.4236/jhepgc.2022.83041
https://www.scirp.org/
https://orcid.org/0000-0002-4305-8945
https://doi.org/10.4236/jhepgc.2022.83041
http://creativecommons.org/licenses/by-nc/4.0/

F. J. Oliveira

where p is the probability of transmission of the graviton, m, =m/n is the av-
erage relativistic graviton mass, n is the number of gravitons, m is the test mass,
ou is the change in velocity of the system observed from an inertial reference
frame, G is Newton’s gravitational constant, M is the baryonic mass of the field
source, ris the distance between the center of the source and the location of the
moving gravitons, ot is the short travel time of the gravitons at speed ¢ over
distance oOr. The energy change is a loss (negative) because ou is in the same
direction as the motion of the gravitons, so that for an inertial observer moving
with velocity ou, the energy of the graviton is redshifted. The graviton trans-
mission probability p=p (I’) is defined as a logic function

0(6)= o0 ()2} (1) o, = L2, o
where V(r)=—-GM/r is the gravitational potential, U (r)=—CHr is defined
as the graviton induced potential from (12), H, is Hubble’s constant and «
is a dimensionless parameter which is galaxy dependent. Then the probability
g= q(r) that the graviton will be reflected at location r toward a position less

than ris defined by
q(r)=1-p(r). (3)

Outside of galaxies and clusters of galaxies, where the distance ris far from the
center of mass M, the graviton transmission probability p=1.

Gravitons travel in a gravitational field, which is an accelerating system. As-
sume that the total graviton energy for a system of two masses is expressed by
_ GMm

r

[1]

, (4)

where m=nm, is the total graviton mass associated with the test mass m,
where m; is the average graviton mass and 7 is the number of gravitons. The
total graviton energy decrease S= due to its freefall in the gravitational field of

mass M, when viewed from an inertial system, is expressed by

GMnm
52 =—p5@=—(uy—”, (5)

c r C

where pis the probability of transmission of the graviton and ou is the velocity
increase in the accelerated reference frame equivalent, according to the principle
of equivalence, to the gravitational field of mass A at the position r. Multiplying

(1) by the number of gravitons 1 and equating the result to (5) gives,

GMnm GMnm
5E:n5§:—(p—29’j5r=—(u]ﬂ, (6)
r c
which simplifies to,

—=— )

Integrating (7) from r, to r, where
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r1=r/eXp(rHo/C)’ (8)
and r<c/H,,where H; is Hubble’s constant, we obtain,
rﬂ:ln(i} DY, (9)
noy n c °c ¢

where we used the fact that In(r/r)= In(r/(r/exp(rHO/c))) =rH,/c. Since
exp(rH,/c)>1, then r, <r . Simplifying (9) we get
u=H,r, (10)

which we recognize as the form of Hubble’s law [2], where in this case u is the
instantaneous free fall speed in the source gravitational field and ris the distance
of the graviton from the source. To be clear, in (10), u is the velocity of free fall
relative to the equivalent accelerating reference frame, and not the peculiar ve-
locity of the mass m relative to mass M. Considering two galaxies in free fall, se-
parated by distance r, when an observer in one of the galaxies measures the light
from a molecular substance in the other galaxy, the observer will find a redshift-
ing of the molecular spectrum due to the effect of the free fall velocity u=H,r
between the galaxies. In this way, we realize that Hubble’s law operates within
galaxies and between galaxies.

Differentiating (10) with respect to time #we obtain the acceleration ay»

ag:d—u:Hoﬂcho, (11)

dt dt
where the graviton speed is dr/dt = c. The acceleration a, is not the accelera-
tion due to the source mass A, but is instead the rate of change of the free fall
velocity field u relative to the traveling gravitons. The acceleration a; acting
over a distance r is a potential function U (r) which we call the graviton in-

duced potential, defined by integrating (11) over distance r,

U(r):—jorcHodrz—cHOr. (12)

2. Gravitons Acting as Dark Matter and Dark Energy

Consider the universe as a sphere of interior mass A with a thin spherical shell
of mass m. The masses M and m are constants. The thin shell has a radius r (t)
at time £ Only the mass interior to the shell has an effect on the shell. The total
graviton energy E(t) within the shell at time ¢is given by (4), where = r(t).
Assume a uniform baryonic mass density of p,. Then the mass M (r) at ra-
dius ris given by,

3
M (f)=—4“§br - (13)

2.1. Graviton Energy Loss as Apparent Dark Matter

Gravitons lose energy due to gravitational redshift as they travel in the gravita-

tional field between masses. This energy loss &¢ is given by
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_[(6v) —-GMm(GM ot
C r cr (14)
~16m? or 167 ( mG2plr?
-—5 (mGZpber)(czrsj: 3 [ czb or,

where St=4r/c is the time traveled by the gravitons in freefall in the gravita-
tional field and we substituted for A/ from (13). Integrating (14) gives the energy

loss as if from an apparent dark matter,

r—167% [ mG? pZr® —4n? [ mG?plr?

9 c? 9 c?

2.2. Graviton Energy Loss Due to an Expanding Universe

Gravitons traveling at speed cin the vacuum of the expanding universe undergo
cosmological redshift in three dimensions on the way to interaction with the
masses. We express this redshift by applying the 3-D velocity differental

(é‘vxé'vy5vZ / ¢ ) to the total graviton energy = from (4), given in the form,

GM [5VX5vy§vZ]

r c

o = (16)
where the negative sign is applied because the motion of the gravitons is in the
same direction as the freefall in the field. We can convert the 3-D velocity diffe-

rential to a ratio of 3-D volume differentials by the construction,

OV OV, OV, (Sx ) Sy |[ 6z | SxSysz (17)
¢’ cot, )\ cat, Jlest, ) cPotst o,
where x, y and z are Cartesian co-ordinates, t,, t, and t, are independent

times and where v, =Jx/dt, , 6v, =6y/6t, and oV, =67/5t, . Further
more, we convert the volume differential in Cartesian co-ordinates to radial

co-ordinates, in the form
SX5Yyo1 = 4nr?sr. (18)

Now, applying the transformations (17) and (18) to (16), while also moving
the volume differential Csétxé'tyé"[Z to the left hand side of the equation we get,

SE(c*st,ot,ot, ) = —GTM(47tr25r). (19)

The left hand side of (19) is a quadruple differential whilst the right hand side
is a single differential. Integrating both sides of (19) yields,

(e Lo = 0 e
O

(20)
o ~16n'mGp,rt o ~16n'mGp,rt

3 15

where time T = ﬁ/ ¥/, where @ is the present radius of the universe and o
is a dimensionless constant and where we substituted for A from (13). Rear-

ranging (20) we get the graviton energy loss due to the expansion of the universe
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as if from an apparent dark energy,
-167°omG p,r°

15a° 2D

AE 4 =

3. Equation of the Expanding Universe

The total energy of the shell of baryonic mass m, having kinetic energy, gravita-
tional potential energy, apparent dark matter energy loss (15) and the cosmo-

logical graviton energy loss (21) due to the expansion, is expressed by

GM,m
%vz— rb +AZ, +AZ,,
GM 4n*mG? pZr®  16n°omGp,r®
:lmvz_ pM _ 4m'm 2,obl’ B namgpbr (22)
2 r 9c 15a
:—lmczkaz,
2

where the term on the far right is the total energy, where kis a constant (curva-
ture) with dimensionality [length], @ is the present radius of the universe
and M, is the total mass (baryonic) of the universe. The baryon mass density
at the present epoch of time t, is given by
_3M,
4na®’

Po (23)

where at the present epoch r(to) =a . Similarly, the interior mass M, (baryon,
non-relativistic mass) is given by

M, =(4m3 (t)]pm (1), (24)

3

where p, (t) is the mass density. Since the mass M, is constant, this implies
that p, (t) cr® (t) . Substituting (23) for p, and (24) for M, and multiply-
ing (22) by 2/ mr? and simplifying, we get the expression for the expansion of
the shell,

ﬁ _81Gp, N 8n°G’ pir? . 321’cGp,r’ B kc*a®

25
r? 3 9c? 153° r? (25)

We remark that for this anaysis, the shell mass m is an arbitrarily negligible
fraction of the universe total mass M,.
Define the distance rby
r =aa, (26)

where the time varying scale factor a is dimensionless with 0 <a <1. Using (26),
the velocity vtakes the form

dr _da
=—=2

Vv=—=a—. 27
dt dt @7)
Substituting (27) into (25) our expansion equation takes the form,
1da) 8xG
(L8] 5 @) @ @), 9
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where
pu(a)=2% 29)
a
is the baryonic mass density,
nG pla’a’
pun(3) = =252 (30)
is the dark matter mass density ,
4no
() = L QY
5
is the dark energy mass density and
—3ke?
A (8)= e (2
is the curvature mass density.
Define the Hubble parameter H (t) by
ldr
H(t)==—, 33
(1) r dt 33
where, by (26), r =aa. Equation (33) can also be written as
dr
:E:H(t)r(t), (34)

which is identical to (10) where H, =H (t;) where t, is the present epoch of
cosmic time. Thus, H (t) defined by (33) is the general form of Hubble’s law.
Substituting H(t) for da/adt in (28), with some manipulation, we get

o (t)=3H2(t)

87G = P (1) + P (t)+pde (t)+pk (t)' (35)
where p, (t) is called the critical mass density at time ¢ Dividing (35) by

P, (t) yields the parametric equation

t
X ):QC:1:Qm(t)+Qdm(t)+Qde(t)+Qk (1), (36)
p: (1)
where Q = pm t)/p.( pc ; = Pan (1)/ 2. (1) = P (1)/ (1
and Q / ,0c At the present epoch t;, the mass den51ty parameter
Q,(t)=Q,, (37)

where € is the baryon mass density parameter, and assuming that the un-
iverse radius & is the Hubble length @=c/H,, then the dark matter mass
density parameter is given by

QZ

Qun (t)) = ?b (38)

the dark energy mass density parameter is given by

0, (to) _ AnoQ,

(39)
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and the curvature density parameter is given by

kc?

Q (to) =
Assuming that the curvature k=0, so that Q, =0, then from (36) we have
for the present epoch,

Qﬁ N 4noQ), .

1=Q, +— 41
vt g c (41)

From (41) we obtain,

5(1-0, —Q2/8
4nQ),

4. The Universe of General Relativity with Graviton
Interaction

The Friedmann-Lemaitre-Robertson-Walker (FLRW) metric [3] [4] [5] [6] in
terms of the scale factor a(t) is given by

2

kr?

ds? = —c%dt? +a? (t)(1 ar L r2d20 ¢ r2sin? (6’)d2¢j, (43)
where the scale factor 0< a(t) <1 and the curvature & has units of [length]™
where k<0, k>0 or k=0. The Einstein equations [7] [8] in trace reverse

form is given by,
1
R,uv = K[T‘uv —ETguvj, (44)

where R, is the Ricci tensor, T

uv

is the energy-momentum tensor, 7 is the
contracted energy-momentum tensor and g, is the metric tensor. Using the

metric (43), the metric tensor g,, in spherical coordinates (Ct,r,d,¢) is giv-

en by,
-1 0 0 0
0 a’/(1—kr? 0 0
g, =| O /) . (45)
Hv 2.2
0 0 a‘r 0
0 0 0 a’r’sin’(0)

With g, defined by (45), the Ricci tensor is given by,

-34/c%a 0 0 0
0 f/(1-kr*) O 0
R#v - /( r ) , (46)
0 0 fr2 0
0 0 0 fr’sin*(9)
where
f =ad+2a% +ke. (47)

Define the energy-momentum tensor T, ofa perfect fluid,
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pcz 0 0 0
V=Op007 43)
“ 0 0 p o
0 00 p

where, referring to (29) to (32) for the mass densities, the total mass density p

is given by
P =Pn T Pim T Pae t Py (49)
where
53
pn =25, (50)
r
G p?r?
Pan = ﬁ (51
Anop,r?
Poe = T:;b’ (52)
-3ka’c’
= —, 53
= anGr? =

and where the current baryon density is given by,
Py = chb ! (5 4)

where p, =3H¢ / 8nG is the critical mass density and €, is the baryon mass
density parameter. We have assumed the equation of state for the relativistic
particles p; = @,pc, where @,, =—5/3 and @, =-2.

Solving the Einstein Equations (44) given the metric tensor (45), the Ricci
tensor (46) and the mass-energy tensor (48), yields the equations,

32 _4nG [ p+3£2j, (55)
a C
and
a (ay .k
—+2(—j +2—2=4nG[p—£2j. (56)
a a a C
The acceleration of the scale factor & can be eliminated between (55) and
(56), yielding,
H _86  k 57)
a 3 7T

Assuming K =0 for no curvature, and the total mass density given by (49)-(54),

the Hubble parameter H (a) is given by,

Q, Qla* 4noQ,a’
H(a)=Hy |—2 42y D7 58
(o) Hy o 287, 2 &
where Qb=87tpr/3H02.Since
da__ ada _ 4-90 (59)
H(a) da/dt c
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where D is the proper distance from the free falling observer to an emitting
source, then integrating (59) from the scale factor of emission a to the present

scale factor a, yields,

» da 1o D
=—| dD=—.
k H(a) c'[O c (€0

5. Fits to Type Ia Supernova Data and Comparison with the
Standard Model

The flux @, from a distant light source at redshift z is defined in terms of the
observed luminosity L, = L/ (1+ Z)2 , where L is the luminosity of the emitting
source,

L

=, (61)
° 4n(1+ z)2 d;

where d, is the proper distance. The luminosity distance, from (61) is given

(1+2)d, = /47; . (62)
0

Using D from (60) for the proper distance in (62), the luminosity distance is

by,

given by,
z dz
D (z)=(1+z)D=c(1+2z)| ———, (63)
(@)= 2)oc g
where we transformed da in (60) in terms of a=1/(1+ Z),where
da:—dz/(1+ z)2 ,
O? AnoQd
H(z)=H, |Q, (1+2) +—2—+ oo (64)
@) O\/ »(1+7) 8(1+z)2 5(1+z)3

and we changed the negative sign to positive by inverting the limits of integra-

tion. Our model for the magnitude is defined, in the standard way,
Mu(z)=5log(D, (2))— g +ay (65)

where pg is the source magnitude and a,, is an offset. Generally, the source
magnitude is combined into a; .

We applied (65) in a fit to 580 Type Ia supernovae (SNe Ia) magnitude data
from the Supernova Cosmology Project Union 2.1 data set [9]. A best fit was
obtained for a value

Q, =0.00841 (66)

for the baryon density parameter and aj =0.78, producing a two parameter
72 =0.9761.
The luminosity distance relation for the Lambda Cold Dark Matter (LCDM)

model is expressed by,

: d
Dpicam = C(1+ Z)j : (67)

0 H/icdm (Z),
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where the Hubble parameter H . (z)=H,/Q, (1+ )’ +Q, . Likewise, the

magnitude is defined in the same way as for the graviton model,
MU, 4 (2) = 5100 (D o4 (2)) — g + @, - With densities €, =0.271,
Q, =0.729 [9] and offset a,,; =0.78, the fit of the LCDM model to the Sne
Ia data set obtained a two parameter y°, =0.9769. The error between the
models

Err = (ﬁj ) (Mu(z) = MU, (2 ))2 ~1.273x10™*, (68)
where N =580. Thus, the fits are vitually identical. Figure 1 shows the fit made
by our graviton model where the LCDM fit would essentially overlay it. The
LCDM fit is shown in Figure 2 along with our graviton model fits for
Q, =0.00841 and O, =0.049.

6. Evidence for , = 0.008

Aside from the fact that the standard model supports a mass of Q_ ~0.3 with 20%
baryonic mass and 80% dark matter and a dark energy mass of Q, ~0.7, the
main issue is with big bang nucleosynthes (BBN) and the baryon to photon number
density ratio 7 =n,/n,, which requires the range 5.8x10™"° <7 <6.6x10™"
[10] to explain the abundances of the light elements H, D, *He, *He and ’Li. This
implies that the baryon mass density parameter takes the range

0.021h2<Q, <0.024h?, where h=H, km-s*-Mpc™/100 km-s™ -Mpc™* .
For our graviton model, assuming H,=70km-s™-Mpc™, we get a value
N, = p, /M, =4.628x10°cm™, where m, is the proton mass. Given the
measured photon density 7, =410 cm™®, we get a value 7=1.129x107",
which is only about 20% of the required amount. A future endeavor would be to
apply graviton energy loss to BBN to see if it improves this result in our favor.

To some extent there is physical evidence which correlates with the results of
our graviton model. Consider results from measurements of the presense of visi-
ble baryons in galaxies and the intergalactic medium, and other forms of matter
by [11] which found that the amount of visible stars in galaxies is estimated to be
O;** ~0.002 and the amount of gas in clusters and groups of galaxies is esti-
mated to be QF ~0.001 for a total Q, ~0.003, which is about 36% of our
fitted value (66) of Q, =0.00841. In another report of [12] the tallied mass for
interstellar plasma, main sequence stars, white dwarfs, neutron stars, black holes,
substellar objects, HI and Hel gas and molecular gas amounts to €, ~0.00525

which is about 62% of our fitted value.

7. Accelerated Expansion and the Transition Redshift

To obtain the acceleration of the expansion, set K =0, take the time derivative

of (28) or (57) and simplify the result to obtain
1d%a 8nG p, ( 4G p,a’a’
= A A 1y [y —

B 3c

+4nca® |. 69
a dt? 6 a i ] (65)
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47 |

Distance Modulus

32 - i " i + [ + I v i i »
0O 015 03 045 06 075 09 105 12 135 15

Redshift

Figure 1. Supernova Cosmology Project Union 2.1 SNe magnitude
vs redshift data points and error bars. The solid line is from the fit
for the graviton gravitational redshift model with  =0.00841.

The two parameter (Q, and A, ) *=0.9761.

47
45.5
44
42.5

41

39.5 4

Distance Modulus

38
36.5

35

324 ‘ ‘
0 015 03 045 06 075 09 105 12 135 15
Redshift

Figure 2. Supernova Cosmology Project Union 2.1 SNe magni-
tude vs redshift data points without error bars. The solid line is
the fit for the graviton model with Q, =0.00841, with a two pa-
rameter y?=0.9761. The dotted line is the fit for the LCDM
model with Q =0.271 and Q, =0.729 which has a two parame-
ter y?=0.9769 . The dash-dot line (lowest curve) is for the graviton
model with Q, =0.049, which has a two parameter ;(2 =1.4019.
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Figure 3. Plot of acceleration transition function F(a(z))
given by (70) in terms of redshift z For , =0.00841 the

transition from decelerating to acccelerating expansion occurs
at a redshift of z=1.896.

By definition, the scale factor has the range 0<a(t)<1. The scale factor a for
which the expansion transitions from decelerating to accelerating is when (69)

becomes 0, given by the transition function

0 35
F(a)=-1+ bza +4nca® =0. (70)

This is a sixth order polynomial, easily solved iteratively for the zero point
transition. Solving (70) for the transition scale factor at Q, =0.00841 with o
given by (42) gives the value a, =0.345345. The cosmological redshift z, re-
lated to this scale factor is,

7, =————~1=1.896. (71)
0.345345

Figure 3 shows the transition function F (a(z)) . For the standard LCDM model,
with mass density Q, =0.271 and vacuum density Q,, =0.729, the transition
scale factor is given by a=3$Q, /2Q, =0.571 and the transition redshift is
given by 2 =0.752. The transition redshift from SNe Ia observations [13] in the
redshift range 0.2<z<1.6 was z=0.46+0.13. Obviously the LCDM predic-
tion is more than one sigma from the observed transition and our prediction is
outside the range of the study, implying that analyses of SNe Ia at higher red-
shifts are required to resolve this issue.

8. Conclusions

The graviton model is a method to account for the effect of the gravitational field

in free fall, where we have used the concept of gravitons in free fall losing energy
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thru gravitational redshift, without emitting any radiation, to account for the en-
tire gravitational field energy loss thru gravitational redshift. In order to fit the
SNe Ia data, it was necessary to employ a novel form for the luminosity distance
(63). Assuming a mass density of Q, =0.049 with our model D, does not
produce a good fit to the more distant SNe Ia data, with a y* =1.4019, as shown
in Figure 2. However, using a density of Q, =0.00841 fits the data with the least
error of y° =0.9761. We think that this is telling us that the standard model use
of the co-moving distance (63), which is constant in free fall along a geodesic
path, does not take into consideration the loss of field energy in free fall nor of
the three dimensional property of the gravitational field. This may be the reason
that the standard model requires amounts of unknown dark matter and dark
energy to fit the SNe Ia data.

The distance measure we use, (59), can be shown to be proportional to a vo-
lume element, and a co-moving volume element better describes the gravitation-
al field which is responsible for the geometry in three dimensions, not just one
dimension as for the co-moving distance D, =r. Consider the relationship that

the distance element cadt has with the volume element dV defined by,

cadt =a® (C—dtj = 4nAr2dr = AdV, (72)
a

where dr =cdt/a for light traveling in flat space, r =ca/H, and A=HZ/4nc’.
This relationship (also see (20)) may be the reason that the graviton model of

H (Z) reacts well to the luminosity distance defined in (63) and is able to fit the
data very well.
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