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Abstract

In this paper, an approximate solution for the Yang - Mills equation in a spatially flat Friedmann-Robertson-Walker universe is obtained.
For this purpose, the well known method of solution of non-linear differential equations is used, viz. the homotopy perturbations method.
This method has been developed as effective technique for solving different non-linear problems. Here, this method allowed us to obtain
approximate solution for the essentially non-linear equation for the SO3 Yang-Mills fields on the curved space-time background of the
spatially flat Friedmann-Robertson-Walker universe.
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1. Introduction

Numerous attempts to theoretically explain the discovery made twenty years ago, namely the modern accelerated expansion of our Universe
[1]-[3] are well known from the literature (see, for example, [4, 5] and references therein). An abundance of explanations of this phenomenon
is associated both with various modifications of sources of gravity (dark energy), and with modifications of the theory of gravity itself
(see, for example, [6] and references therein). Some dark energy models are based on the conjecture that a vector field can play the role
of the dark energy source. The Yang-Mills fields [7] were also considered as one of the possible sources of gravity in such an aspect [8]
including the works of the author (see, for example, [9, 10, 11, 12]). One of the hardly noticeable but curious fact in our study is that our
exact solutions for the Yang-Mills fields represent non-zero energy densities and pressures of the Yang-Mills field in the spatially curved
Friedmann-Robertson-Walker (FRW) universe (when k = + 1, -1). At the same time, this solution, being non-zero, yields a zero energy
density of the Yang-Mills field in the flat case (k = 0).

It would be interesting to find out if there are any solutions to the Yang-Mills equation providing non-zero energy densities in the flat case,
even if this field is considered only on the gravity background of the flat FRW universe. In the present work, we obtain such a solution using
an approximate method for solving nonlinear equations, namely He’s Homotopy Perturbation Method (HPM) [13, 14, 15]. Recently we
applied this method for analytical computations in the field of cosmology and astrophysics (see, e.g. [16] - [19]. It can be also mentioned
that applications of HPM can be found in the field of astrophysics in different contexts that creates a new research field [20, 21, 22].

In order to apply HPM to the problem of solving the Yang-Mills equation on the gravity background of the flat FRW universe, we use the
Wu-Yang ansatz, and reduce the Yang-Mills system of equations in the flat FRW universe to a single radial equation for the radial function.
After a certain type of replacement of the radial variable, we reduce the radial equation to a form suitable for solving by the HPM. Applying
HPM, we find approximate solution for the components of the Yang-Mills field and graphically illustrate the non-zero character of the
components of the energy-momentum tensor of this field in the flat FRW universe.

2. The Yang-Mills fields in FRW cosmology

As it is well known, the Lagrangian density of SO3; YM field [7] is as follows
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is the stress tensor of YM fields W
The variation of Lagrangian (1) with respect to YM fields W yields the following YM equation

D; <\/ng¢”'1<> = ai<\/ngaik) +/gettewp Feik — o, 3)

where D; stands for the covariant derivative.
The energy-momentum tensor (EMT) of matter can be derived from the Lagrangian of matter. Therefore, the EMT of the YM fields is
followed from the variation of YM Lagrangian (1) with respect to the metric of space-time. One can readily obtain the following EMT of
YM fields
1 ; 1

k k k
L =-u i‘}Faj+ﬁ5i o ()]
The Friedmann-Robertson-Walker (FRW) line element can be represented as
ds? = di* — d®(t)[dr? + E2(r)dQ?], 5)

where a(r) is a scale factor of the Universe, and

sin(r), k=+1,
é(}’) = I k=0, (6)
sinh(r), k=-—1.

in accordance with the sign of the spatial curvature k.
The generalized Wu-Yang ansatz for the SO3 YM fields can be written down as [11]
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where u = 1,2,3. The example of exact solution for the YM equation (2) in metric (4) has been obtained in [11] with the help of the

following substitution
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, K=G(r)cosa(t), S=G(r)sina(t), (3)

where o(¢) is an arbitrary function of time.
As a result of simple calculation on the base of (2), (7) and (8), we have the following expressions for the YM tensor components
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where n = (sin@cos ¢,sinOsing,cos6), I = (cos O cos¢,cosOsing, —sinf), m = (—sin@,cos,0) are the orthonormalized isoframe

vectors. As it is noted in [11], the YM fields (9) have only magnetic components.
Taking into account the YM tensor components (9), one can obtain the following components of EMT (4) for the YM field
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and TO1 =0, where the prime means a derivative with respect to r
3. Problem description
The set of equations for the YM fields (3) can be written down with the help of ansatz (7) as follows

<§2W/)’+2[(S'_WK)K— (K+wWS)S] =0,
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One can readily verify that the substitution of ansatz (8) into equations (11) yields the only equation for unknown function G(r), namely
EXNG" —(GP—1)G=0. (12)

In our knowledge, the only non-trivial exact solutions for the equation (12) were found by the author (see, for example, [11]) in the following
form

+cos(r), k=+1,
G(r)=+&'(r) = +1, k=0, (13)
+cosh(r), k=-1.
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Considering EMT of the YM gauge field as the EMT of a perfect fluid, that is
Tix = (Pg + Pg)uittk — Pg ik (14)
we can get from (10) and (13) that

_ 3l
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Thus, the effective equation of state of the given YM field is the same one as for the pure radiation, that is p, = pg/3, when k = £1.
As can be seen, the conservation equation for YM field, le =0, for EMT of YM field

Pg+3H(pg+pg) =0, (16)

where H = d/a is the Hubble parameter, is satisfied identically by our solution (15). Simultaneously, the continuity equation in the case of a
spatially flat FRW universe, when k = 0, is nothing more than the equality of p, and p, to zero according to (15). That is why we would like
to obtain such a solution of equation (12) in this case which could be able to give a non-zero energy pg, being even an approximate solution.
For this purpose, equation (12) in the case of k = 0 and, consequently, & (r) = r, that is

G —(G*-1)G=0, (17

can be rewritten for the unknown function G(x) as follows

— - —+4G-G=0, (18)
X
upon the substitution

r=exp(x), x¢& (—oo,+o0). (19)

4. Solution of the YM equation via Homotopy perturbation method

In order to briefly recall the Homotopy Perturbation Method, let us consider the following nonlinear differential equation:
A(u) = f(r), x€Q, (20)

supplied with boundary conditions B(u,du/dn) = 0;x € I', where A is a general differential operator, B is a boundary operator, f(x) is a
known analytic function, I" is the boundary of the domain Q. Suppose the operator A can be divided into two parts: L and N. Therefore, (20)
can be rewritten as follows:

L(u)+N(u) = f(x). (1)
The homotopy v(x, p) : Q x [0, 1] — R constructed as follows [14]

H(v,p) = (1=p)IL() = L(vo)] +P[A(V) = f(¥)] =0, (22)
where x € Q and p € [0, 1] is an embedding parameter, and vy is an initial approximation of (22). Hence, one can see that
H(v,0)=L(v)—L(vo) =0, Hv,1) =A(v) — f(x) =0, (23)

and changing the variation of p from O to 1 is the same as changing H (v, p) from L(v) — L(vg) to A(v) — f(x), which are called homotopic.
In topology, this is called deformation. Due to the fact that 0 < p < 1 can be considered as a small parameter, by applying the perturbation
procedure, one can assume that the solution of (22) can be expressed as a series in p, as follows:

v:v0+pv1+p2v2 +p3V3+.... 24

When we put p — 1, then equation (22) corresponds to (20), and (24) becomes the approximate solution of (20), that is

u(x)=limv=vy+vi+va+v3+... (25)
p—1

It should be noted that the series (24) is convergent for most cases. However, the convergent rate depends upon the nonlinear operator A(v).

Sometimes, even the first approximation is sufficient to obtain the exact solution [13]. As it is emphasized in [14] and [15], the second

derivative of N(v) with respect to v must be small, because the parameter p may be relatively large, i.e. p — 1, and the norm of L™1dN/dv

must be smaller than one, in order that the series converges.
Let us apply the HPM for solving the equation (18). For this end, we suppose the following homotopy

-4 (6-67) =0, pelo], (26)
and assume that the solution of (26) can be expressed as a series in p by

G(x) = Go(x) + p G (x) + p*Ga (x) + ... 27)
The initial condition Go(0) and G{,(0) can be arbitrarily chosen. Here we put

Go(0) =148, G;(0) = B, (28)
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Figure 1: The approximate solution for the radial function G(r) versus r, given by Eq. (36), with 8 = 0.01 (blue solid line), § = —0.01 (blue dashed line)
and B = 0.005 (red solid line), B = —0.005 (red dashed line).

where f3 is a constant, and

Gi(0) = Gi(0) =0, (29)

when i > 1. Thus, the solution (27) should satisfy the following conditions: G(0) = 1+ 8, G’(0) = . The substitution of (27) into equation
(26) yields the following set of linear equations

P Gi-Gy=0, (30)
Pt G -G +Gy— Gy =0, (3D
Pt GY—GhL+G—3G3G =0, (32)

were the prime stands for the derivative with respect to x. It is noteworthy that we obtain the infinite set of linear equations. The exact
solution for equation (30) with the initial condition given by (28) can be readily obtained as follows

Go(x) =1+ Be". (33)
Substituting this function in equation (31) and taking into account (29), we can get

Gi(x) = % [12+9/3 +2B2 + (IZx— 1218 —3[32) & +9B X + BN (34)
Then, inserting (33) and (34) in equation (32), we can readily solve it by using the Maple software to obtain the next iteration as follows
Gy(x) = — 3% [4320 + 16208 + 1440x + 1080x — 64082 +240x> — 4058> — 368+

- (4320 + 6480 — 2880x 4 720x% +2160x + 162082 + 2880xB2 — 3008> + 720xB> — 135[34) &
+ (4860/3 —2160xB + 216082 — 27083 — 180[34) Xy (100[32 —360xB2 + 5408° + 90/34) X 1653 _op* e5x] . (35)

Thus, with the help of (33)-(35), the approximate solution G ~ Gy + G| + G, of equation (18) can be obtained as the function of the radial
variable r = exp(x) as follows

1 2 1
G(r)=1-p {10+3B +4Inr+3B1Inr— gﬁu gﬁzlnrf %;ﬁ - EB“

- <11 +158 —8Inr+2(Inr)*> +6B1nr 44> + 8B Inr — %ﬁ3+2ﬁ3lnr7 %ﬁ“) r

33

302 1p3) 2 oo (1 3, 1) 3 34 Loas
12-61 —=B —= ——1 = = — - .
+ﬁ< 6lnr+6f3 4[3 2[3 )r +B 5 nr+2ﬁ+4[3 r 72[3 r 4013 r (36)
For some different numerical values of parameter 3, this function is plotted in Fig. 1. In Fig. 2, we show the instant profile of the EMT

components of YM field (10) for &(r) = r in the units of (1/87wg%a*). As it is known, the trace of the energy-momentum tensor for a
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Figure 2: Shows the instant profile of the EMT components (10 ), namely Té) (in black), Tl1 (in red), and Tz2 = T33 (in blue), for the approximate solution (36)
in the units of (1/87wg2a*) with B = 0.005.

massless Yang-Mills field (4) is zero, Tii = 0. It is easy to verify that this equality is identically satisfied by the components of the EMT (10)
and, consequently, by the solution (36), that can be seen in Fig. 2. From this figure, it is also seen that the equality T;! = T22 = T33 is not
satisfied by the solution (36). But this equality follows from the representation of the energy-momentum tensor of the Yang-Mills field as
the EMT of a perfect fluid (14), and it was used in [12] to construct the exact solutions (13) for equation (12). This means that it was the
assumption of inequality T]1 #* T22 = T33 that made it possible to obtain a nontrivial solution of the radial equation. Moreover, this result gives
a hint about the direction in which one could move in order to obtain some new exact solutions to the radial equation (17).

5. Conclusion

Dr. He’s Homotopy Perturbation Method has been used in this article for solving the Yang-Mills equation on the gravity background of
the flat FRW universe as an efficient method for obtaining the most accurate solution of a highly nonlinear differential equation with an
initial condition. For this end, we used the Wu-Yang ansatz that allowed us to reduce the Yang-Mills set of differential equations in the flat
FRW universe to a single radial equation for the radial function. As a result of a appropriate replacement of the radial variable, this radial
equation was reduced to a form suitable for solving by the HPM. Then, applying HPM, we have found an approximate solution for the
components of the Yang-Mills field and graphically illustrate the non-zero character of the components of the energy-momentum tensor
of this field on the gravity background of the flat FRW universe. Obviously besides HPM there are other methods for obtaining accurate
analytical approximations to nonlinear differential equations which can be used in the problem considered in the present paper.
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