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Cosmography in the multifield cosmological model

This paper analyzes a cosmological model containing the fermion field, scalar field and vector field with Yu-
kawa interaction. Such a model allows one to research the contribution of various types of matter to the dy-
namics of the universe. In flat, homogeneous, and isotropic space-time, this coupling can provide the accgler-
ation expansion of the universe. Cosmological reconstruction of dynamical equations is obtained using hybrid
solution. This solution is researched by cosmography and energy condition. In the model undeg, studys,a zeto
energy condition, a strong energy condition, and a dominant energy condition are satisfied,and a@fweak efier~
gy condition, which is not mandatory, is not satisfied. It is shown how the cosmographic parametersi the pa3
rameters of deceleration q, jerk j, and snap s — can be related to the hybrid value of the scale fagtor. The re¢
sulting analysis makes it possible to relate the model-independent results obtained from gdsmogtaphy to theo-
retically substantiated assumptions of gravity. The total density and pressure of the energysofthe|gravitational
field are found in the form of the sum of contributions, which are associated with th@bosoniggférmionic, vec-
tor fields, as well as the Yukawa type potential. In the model under study, in the early epoch, the bosonic field
is responsible for the accelerated regime. Fermionic and vector fields havefa pesitive‘pressure value, and
therefore slow down the accelerated expansion of the universe. At a lateg timeg'a transition to a slow mode
occurs, as the total pressure tends to zero.

Keywords: scalar field, fermionic field, Yukawa-type interaction, vector field, cosmography, deceleration pa-
rameter.

Introductien

The accelerated expansion of the universe wagydiscoyered in 1998 based on an SN Ia type brightness
curve and its luminosity at maximum. This phenomenemnsis supported by data of other cosmological observa-
tions, such as measurements of the temperatute anisotropy of the CMB and the polarization of the cosmic
microwave background and large-scale strlieturéjin the [1-4]. There are a large of number theoretical models
capable of explaining the accelerationg€Xpansion and the most popular model assumes that a considerable
part of the universe is in the form of dark energy or dark matter [5—17]. An unusual property of dark energy
is that it exerts negative pressure"on spaee. Understanding the nature and origin of dark energy is an im-
portant question and still an unsélyed problem of modern cosmology.

The Standard Model js @ succ€ssful model of the Big Bang theory. His predictions were confirmed by
observations of [18—28], in partiewdar by the expansion of the universe and the existence of relic radiation. Its
success is associated with thesexplanation of the synthesis of light elements and the model of the early uni-
verse. The standard moedeliis homogeneous and isotropic at large scales, as evidenced by observations.

The secaich for the'responsible elements for accelerated periods in the evolution of the universe is fun-
damentalin cosmology. Several candidates have been proposed describing both the inflationary period and
the modern,accelerated epoch: scalar fields, exotic equations of state, and the cosmological constant.

Anothegyway 1s to consider the fermion field as a gravity sourse in expansion of the universe [24-26]. In
[27-33], gravitation models were researched using multiple sources. The result includes exact solutions, ani-
sotropy to isotropy transition scenarios, and cyclic cosmology.

At considering the fermion field as responsible for acceleration expansion of the universe then different
regimes arise. The fermion field rapidly increases and matter is created until it begins to dominate, and as a
result, the initial accelerated expansion slows down. When the universe enters the area of dominance of mat-
ter, then the fermion field again prevails, which leads to an era of accelerated growth rates of the scale factor.
In this case, the fermion field is responsible for inflation in the early Universe and dark energy for the late
Universe, without the need for a cosmological study of the constant terms or the scalar field. In the late Uni-
verse, energy begins to dominate again and a gradual transition to dark energy occurs, the so-called
fermionic energy period, in which the accelerated regime begins and continues in the modern era.

Thus, the purpose of our work is to study the influence of scalar, fermion and massive vector fields and
their interaction on the dynamics and evolution of cosmological regimes in a homogeneous and isotropic
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spatially flat universe. To achieve the goal and for the selected action, we will perform the following tasks
we will find the equations of motion and then construct a solution to these equations using a hybrid scaling
factor.

Experimental
Let us consider the general action in the form of
R, 1 1 i _
S= .N—gd 4X{E + 56”@3/@—5 m o’ + 5[1/71"“ Dy~ (Dﬂl//)lww] _
—V(c?w)—ﬂv?cow%mfAuA“ —% F,F“}.

Here sourses of gravity are the fermion field and its potential V ()
I _ _
L =2 o - v]-vaw. (M)

where ¥ and y = l//+}/0 represent the spinor field and its adjoint, respectively. The cOyariantderivatives in
(1) _
Dy =0,y—-Qy+idAy,
D7 = 0,7 + 72, —iqA,.
Here ( is a constant which couples the fermion field with the yector'field A . Moreover, Q  is the

spin connection
Q _— ollr”,—e°(@ eb)]F5F”
u 4 gp Ho Hoo >

where T"Y, is the Christoffel symbols.

The Lagrangian density of a massive scalar field ¢ without self-interaction potential
1 1
—_ a,u & m2 2 ,
Ly =5 09045 Mg
where M, is mass of the scalar field.

The Lagrangian density of the massivéyector field A,
o 1 2 H 1 Hv
| Em\, A A 2 F.FY
where M, is mass of the vectordieldand F, =6, A -0 A, .

The Lagrangian“density corresponds to the Yukawa interaction between the fermionic and the scalar

fields
L, =—-Ai7gy,

where Adis the eeupling constant of the Yukawa potential.
In order to study the evolution of a homogeneous and isotropic spatially flat universe, we use the
Friedmann-Robeftson-Walker metric

ds® = —dt* +a(t)*(dx* +dy* +dz*), )

where a(t) is scale factor of the universe, and the Ricci scalar is expressed as

.. %)
R=6(E+a—2}
a a

Here we consider the case of time-like vector field, namely
A, =(A(1),0,0,0).
This case is the only possible ansatz compatible with a homogeneous and isotropic space-time. We as-
sume that the self-interaction potential of the fermion field is V (U) = &U", where ¢ and n are constants and
U=y is biliner function. Then the corresponding point-like Lagrangian has the form of
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L=3a8” —a’ (7 iy "y + 2i0A 77 "w) +
3 1 i 1 1 @)
U @7+ Mgt + Ay o MUA
From the Euler-Lagrange equations and energy-momentum tensor, the complete system of equations of
motion corresponding to the Lagrangian (3) take the form

3H?=p, 4
2H +3H?*=—p, (5)
¢ +3Hp+Au+mig=0, (6)
— 0
AOZQ%, A ™)
L. ) 0\
W+5Ht//—lw[qu+n§U“ Y+ gy )=, \ ®)

S Hy +ilna 'y ran, + 2l =0, 6 ©)

p+3H(p+p)=0, (10)

where @
1., 1 N 01}.& ?

p:§¢2+5m§¢2+§u +ﬂ,y/¢§y4\ }r/n;//) . (11)
— 0 \2

@}_< a8 )

(9) ar ac equations; the equation (10) is the conservation
e, respectively.

y density of the gravitational field as the sum
P=p,+ 0 +0, + 0, 18 associate@he osonic, fermionic fields, as well as the Yukawa potential

and the vector field, respectively.{Fhe

equation (7) is the vector field equation; (8) a
law; (11), (12) are the energy density and pres

ssions are of the form

1 12 1 242
=—¢ +—myo°, 13
@ P 5 ¢ > N 13)
pr=4u’, (14)
L2 @r'w)
=_ ) 15
Py =Ayy. (16)
Total ¢ of the gravitational field in the form as p = p,+ p, + p, is associated with bosonic,

fermionic and vecton fields, respectively. The pressure of a Yukawa type potential is zero. Their expressions
are of the form

P, =%¢52—%m§¢2, (17)
p; =&(n—Du", (18)
Pa :%&%, (19)
p, =0. 20)
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Results
The system of equations (4)—(12) has the following solution in the form of a hybrid function
a=ae”t”, (21)
where @,, o and f are constants and @ > 0. By solving equations (11) and (12) together and taking into
account the hybrid dependence on the scale factor, we can find the form of the scalar field function

AC 6, 6oty — oty fir— 12af 2B3A-1
—W+\//12c2a06e U —4m (E(2-n)c"(a,e™t”) " -6’ — - (tzﬁ ))
0

¢:

2m;
From equation (7), we obtain a solution for the vector field
Ag C
m’aje’t*’

where we have previously derived the relation simplifying further calculations from thg,Dirac equations (8),
9wy w = —, T is constant.
a

For the fermionic field, we will search for a solution in the form

v =E. e k=013 22)
Expanding the Dirac equations (8), (9) in component terms and substitutifig in them the general form of

the fermion field field (22), we find the exact value of the coefficiénts
3

E.,=E.a %

3 3

3,0 3 3
qz‘c32ﬂ e 2mt‘w(ozt)zﬁ —WhittakerM (—;ﬂ,—§ﬂ+;,3at)

FE = —
“ m2a a(—1+386)
¢ (n=1)FD AT B WhittakerM (1-38(n—1),3a(n—1)t))
né:( ag(n_l) )_
_ 351, 38
Acdd 33"2)3 “ N Feo +Ith,
2a,m, 34 ~-1)
where E,, and F,, are integration ¢onstants, F, =—F_, (k=0,1; m=2,3) and we introduced the notation
\/ﬂzczag"’e“"“‘t“’ﬂ —4m; (£(2—n)c"(a,e”t’) " —6a’ — 12ap _ 2ﬂ(32ﬁ_1))
N = . t t
2m;

From the form of the self-interaction potential of the fermion field chosen above, taking into account
the form ofithe scale factor, we find its dependence on time t

V=&( 3 3att3/3)

The total energy density and pressure of the model under study from the Friedman equations (4) and (5)
are equal to
By 2B

=3(a+5) +
( t) t?

p=3(a+€ ?

The component-wise contributions of each of the fields to the total density (13)—(16), respectively, are
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Figure 1. Energy density O depends on time t, at
=10°,£=5,c=1,n=2,3,=1,a=0.2,4=2,c'=10,4=2,1=2

Figure 1'shows the total energy density O (solid line), fermionic field density p, (dotted line), vector

field density p, (dash line), scalar field density p, (dash-dotted line), potential density Yukawa type 0

(open line). The component-wise contributions of each of the fields to the total pressure (17)—(20), respec-
tively, are

Ac g3ty ! o 12at 28(3p -1
WWCZ%W” -4} (€2 - e (et —6a” - 2% - 2L
0

=_ +
Po 4m?
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Figure 2. Pressure& gy density 0 component contributions versus time t,

at m=107° n=2a,=1,a=02,q=2,c'=10,¢p=2,1=2
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Figure 2 shows the total ure of the model p (solid line), pressure of the fermionic field p, (dotted

line), pressure of the eld P, (dash line) pressure of the scalar field P, (dash-dotted line).

In the onsideration, the scalar and fermion fields have negative pressure, while the mas-
ight positive pressure. The Yukawa field does not contribute. In the early epoch, the
ponsible for the accelerated regime, but in later time, a transition to the slow regime oc-
al pressure tends to zero.

Cosmography

Cosmography ensures to test cosmological models that do not contradict the cosmological principle
[34]. The components of the dark energy introduced by us into the model change the equations of motion,
but do not affect the relationship between the kinematic characteristics. The expansion of the scale factor in a

Taylor series in the vicinity of the current time instant {, leads to an expression that depends only on the
metric (2) and is completely independent of the model [35, 36].

a(t)=a, +a(t,) +21!a(t0)(t _t,)? %a'(to)(t —t,)’ +4i!é'<to)<t —t,)", 23)
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where 0 means the current value of the quantity and terms above the fifth order have been omitted. Func-
tions in terms of derivatives of the scale factor and their values at the hybrid law scale factor (21) are Hubble
parameter

H(t)=ld—a=a+£.
a dt t

Deceleration parameter
1d’a(1da)” 2
a dt” \a dt at +p
Jerk parameter
- 1dlaf1da)’ . 3ap(at+p)
IO=——5| 7| “I+—5——5
at' +p
Snap parameter

a dt’ \adt \
The parameters of deceleration, jerk, and snap are dimensionless. Using them, onesan rewrite the equa-
tion (23) as

1d%a(1da)’ . op4a’t +6ap +3am +45°)
sO=-—517 =1+ 404 4
at"+p

1 1 . 1
a(t) = a-0|:1+ Ho(t_to)_EqOHoz(t_to)2 +§ Jng(t_to)3 +E50Hg(t_to)4:|-

An accelerated increase in the scale factor occurs at ( < @, Anwageelerated increase in the expansion
rate, H >0, corresponds to q < —1.

Energy conditions

In general, relativity and modified theories ofjgravity, the distribution of mass, momentum and angular
momentum must have values for any field and are degcribéd by the energy momentum tensor or matter ten-
sor. However, Einstein’s field equation does fiot impose restrictions on the types of state of matter or non-
gravitational regions admissible in the space-time model. This is a strong point, since general relativity
should be as independent as possible frem anyaassumptions of non-gravitational physics. The weak point is
that the Einstein equation admits solufions By properties that most cosmologists regard as non-physical, i.e.,
too unusual to fit in the real [34] universe.

The energy conditions are sucheriteria. They describe the properties characteristic of all states of matter
and all non-gravitational argas that are studied in physics. Energy conditions can eliminate many non-
physical solutions of the gEinstein £quations. In cosmology, these four energy conditions are of great im-
portance.

Null Energy Condition (NEC)

p+p=0.
Weak Energy Cendition (WEC)
=20, p+p=0.
Strong Bnergy Condition (SEC)
p+3p=0, p+p=0.
Dominant Energy Condition (DEC)
=20, —p<p=zp.
For hybrid solution (21), the energy-momentum components are read as follows
NEC

27 >0 (24)
WEC
3(a +€)2 >0, 2/t >0. (25)
SEC
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Figure 3. Energy Condition

Figure 3a shows NEC ( o+ P is a solid line); the curve p+ P does not cross the abscissa axis, that is,
over the entire time interval p+ p = 0. Figure 3b shows WEC (0 is a solid line, p+ P is a dotted line);
curves O+ Pand p are above the abscissa axis throughout the entire time interval, that is, conditions
£ =0 and p+ p =0 are satisfied throughout the entire time interval. Figure 3¢ shows the SEC (o +3p is
a dotted line, p+ P is a solid line); the p+3p curve is located below the abscissa axis, that is, the
£ +3p =0 condition is violated and the SEC is not fulfilled. Figure 3d shows DEC ( p is a dash line, — p
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is a solid line, P is a dotted line); the curve p is located above the abscissa axis and curve P lies between
curves — 0 and P, that is, the condition p >0 and —p < p < p is satisfied throughout the entire time in-

terval. These conditions impose simple and model-independent constraints on behavior of the energy density
and pressure. For our model, the zero energy condition, the strong energy condition, the dominant energy
condition are satisfied, and the weak energy condition, which is not mandatory, is not satisfied.

Conclusions

We have investigated the scalar, fermion, and massive vector fields’ influence and their interactions on
the dynamics and evolution of cosmological regimes under conditions of a homogeneous and isotropic spa-
tially flat universe. Observing the behavior of pressure of the scalar field with respect to the fermion and vec-
tor fields, we can infer that it is this field, to a greater extent, that is responsible for the accelerated regime in
the early universe. An extended set of parameters was found to describe the kinematics of cosmological ex-
pansion: the deceleration parameter (, the jerk parameter j, and the snap parameter s. All the resulting

parameters satisfy the latest observational data for & > 1. Pressure in the model under cofisideration is nega-
tive and tends to zero at a later time. Therefore, at a later time, there is a transition to a Slew mode.
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MyabTuepicsi KOEMOJIOTHAIBIK MO/IejbAeri kocmorpadgus

ABTopnap GepMEOHIBIK 6PICTI, CKATAPIBIK opicti xxone FOkaBa acepiiecyi 6ap BEKTOPIIBIK OPICTI KAMTHTBIH
KOCMOJIOTHSUIBIK MOTENBNI TanjaraH. byl Mopmens MaTepusHBIH OpPTYpIi THNTI Typiepi OneMHIH
JTMHAMHUKAChIHARKOCKAH YJIeCiH 3epTTeyre MYMKiHAIK Oepeni. JKa3bIKTBIKTA, OIPTEKTi XXOHE HM30TPOINTHI
KEHICTIK4YaKbITTa WOy OaiiaHbic OJNEMHIH YIEMENi VJIFAIObIH KaMTaMachl3 eTe anaibl. J(MHaMHKaJIbIK
TeHIeYI1ep IKOCMOJIOTHSIIBIK PEKOHCTPYKIMsUIayAa THOPUATI TeH ey Iep MIeIiMHIH KOMeriMeH Kopamaiaamn
TBIHAABI BT mremiM  kocMorpadust koHE SHEPreTHKAIBIK KYH apKbUIBl 3€PTTENiNl KapacThIPBUIIHL.
3epTreneTiH Oy MOJENb/e HONAIK SHEPIUs MAapTh, KYIITI SHEPTHs MApThl, 6achIM SHEPTeTUKAJBIK IIAPThI
KaHAEaTIAHIBIPBLIABI, a1 MIHJETTI eMec 9JICi3 SHEprus MapThl KaHaFaTTaHABIpbUIMai bl KocMorpadusisik
napaMerpiepain — ( Oasynary mapamerTpi, j cepmiay mapameTpi jkoHe S 6acy mapameTpliepiHiH MaciTad
k02 urreHTIHIH THOPHITI MOHIHE Kalail 0aliTaHBICTHI OOTYBI aHBIKTAIBII KOPCETUITeH. AJIBIHFaH Talayia
KocMorpadUsiIaH JKoHe albIHFaH MOJECIBACH TAYeJICi3 HOTHIKeIep/Ii TPaBUTALUSHBIH TEOPUSUIBIK HETi3/1eIreH
GomkamaapbIMeH OaiaHBICTHIpYFa MYMKIHIAIK Oepeni. ['paBUTalUSIIBIK ©pIC SHEPTUSCHIHBIH JKaJIIbI
TBIFBI3JIBIFBI MCH JKaJIIbl KBICBIMBI OO30HIBIK Opic, (epMHOHABIK OpiC, BEKTOPJIBIK OpPICTEPMEH, COHIai-aK
FOxaBa THMiHIH OTEHIHATBIMEH GaliIaHBICTHI YIecTep KOCBIHIBICH TYpiH/e OOJIbIN TaObUIa bl. 3epTTeNeTiH
MoJieJIb/Ie epTe J1oyipae O030HIBIK Opic KeAeNIeTIIreH PeXKUMIe XKayarTbl O0JIbIT TaOblIaabl. PepMHOHIBIK
epic ’koHE BEKTOPIBIK epicTep OH KBICBIM MOHIHE He, COHABIKTaH OJEMHIH YAEMeNi YIFAlObIH OasyaaTasl.
Ketiinipek Oasy pexxuMre Koury sKypei, TKeH1 sKallbl KbICHIM HOITE YMTBUIA/IBL.

Kinm ce3dep: cxamsipisl epic, pepMHOHIBIK opic, KOkaBa THIITI ocepiecy, BEKTOPIBIK opic, kKocMorpadus,
TEXey MmapaMmeTpi.
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Kocmorpadgusi B MyJ1bTHIIOIEBO KOCMOJOTMYECKON MO/Ie/TH

ABTOpaMH NpoaHaIM3UPOBaHa KOCMOJIOTHYECKash MOENb, cofeprkamias (epMUOHHOE TI0JIe, CKaIIPHOE T0JIe
U BEKTOpHOE moje ¢ B3aumopeiicrsueM lOxaBbl. Takas mMozens Mo3BOJSIET UCCIEAOBATh BKIIAJ PA3IHYHBIX
TUIIOB MaTepuy B TUHaMUKYy BceneHHoll. B miockoM, 0JHOPOAHOM U M30TPOIHOM IPOCTPAHCTBE BPEMEHU
3Ta CBSI3b MOXKET 00EeCIeunBaTh yCKOpPEeHHOe pacimpenne Bcenennoil. Kocmomormdeckas peKOHCTPYKITHS
JUHAMHYECKUX YPABHEHUH MONTydeHa ¢ TOMOIIbIO THOPUIHOTO peleHus. OTO pelIeHne UCCIETYeTCsl KOCMO-
rpadueil 1 SHEPreTHYECKUM COCTOSHHEM. B MccieayeMol MoJenn BBINONHIETCS HYJIEBOE SHEPreTHYECcKoe
yCJIOBHE, CHIBHOE PHEPTeTUUECKOE YCIOBUE, JOMUHUPYIOIIEE YHEPIreTHUECKOE YCIOBHE U HE BBIMOIHACTCS
craboe 3HepreTHIecKoe yCIOBHE, KOTOPOe He SABIseTCs 00a3aTenbHbIM. [Ioka3aHo, Kak MOXKHO CBSI3aTh KOC-
Morpaduueckre mapaMeTpsl — HapaMeTphbl 3aMeUICHUS (, PbIBKA j M ILIEMYKa S ¢ THOPHIHBIM 3HAYCHHEM
MacmTabHoro dakropa. [loaydeHHBIH aHamM3 1aeT BO3MOXKHOCTh CBSI3aTh HE3aBHCHUMBIE OT MOJIETH PE3yJIb-
TaThl, MOJy4eHHbIE U3 KOCMOTpadHH, C TEOPETHIECKH OOOCHOBAHHBIMH IIPEIIIOJIOKEHUSIMH TPaBUTAIHU.
Haiinens! nonHasi NI0THOCTH U AaBJIEHUE YHEPTUH IPABUTALUOHHOIO IOJIA B BUAE CYMMBI BKIAHOB AKOTOPBIC
CBsI3aHBI C 6030HHBIM, (DEPMHOHHBIM, BEKTOPHBIM MOJIIMH, @ TaKkKe MOTeHIManoM Tumna Okapbl, B uceie~
JyeMoi MOJETM B PAaHHIOIO 310Xy OO30HHOE IOJIe SBJISETCS] OTBETCTBEHHBIM 3a YCKOpPEHHbIMpeskiM. Dep-
MHOHHOE ¥ BEKTOPHOE II0JI1 UMEIOT MOJI0XKUTEIIbHOE 3HAYCHUE JABJICHHA U, CIIC0BATENIbHO,, 3dMEILTIOT yC-
KOpeHHoe pacuiipenue Beenennoil. B nosaHee BpeMs IPOUCXOIUT NEPEXO] B 3aMeAICHABIN PexKUMy TaK KaK
ob11ee 1aBJIeHHE CTPEMUTCS K HYIIIO.

Knroueswvie cnosa: CKaJIIpHOE II10JIC, Q)epMHOHHOG noJie, B3aUMOJICHCTBUE THMA IOKaBI:I, BEKTOPHOEC II0JIC,
KOCMOl’“pa(bPI?I7 napamMeTp 3aMCIUICHUA.
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