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1. Introduction

Standard Model of Cosmology (A\CDM model)
Supposed that:

@ General Relativity (GR) is classical theory of gravitation at all
scales from the Solar system to the universe as a whole:
R.. — %F.’g,“, =8rGT,,(DE + DM + OM).

@ At the current cosmic time the universe consists of 68 % of dark
energy (DE), 27 % of dark matter (DM) and only 5 % of ordinary
matter (OM).

@ DE = A, DM = CDM, ordinary matter = visible matter.

@ DE causes accelerated expansion of the universe (1998), DM is
responsible for galaxy dynamics (1930th).

Ordinary matter
Dark energy 4.9%
68.5%

Dark matter

26.6%
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1. Introduction

Standard Model of Cosmology

Problems:

@ DE and DM are not yet discovered in any experiment.

@ GRis not confirmed on galaxy and larger cosmic scales without
assumption of DE and DM. GR — singularities, problems with
quantization.

Possible solution:
@ There is a sense to look for a modified (extended GR) gravity.

R — %R G + ... = 87G T, (OM)

@ There is no theoretical principle that could tell us in what direction
to make modification of GR. Hence, many attempts!
@ There are many directions to modify GR.
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2. Nonlocal de Sitter gravity

@ Einstein equation and Einstein-Hilbert action

R l,—lFt'gW:87rG o

S= /d4 V=9 R+/d4x\ﬁ£(matter)

@ What does mean modification of GR?

R — f(Ra/\a R/U/7 351,7 D, ), 0O = V“vu — au\/jgguyay

1
V0
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2. Nonlocal de Sitter gravity

@ f(R) modified gravity

S_ /d4x1\éjgf(g)+/d4x\/fg£(matter) J

@ nonlocal modified gravity

S= /d“ 1V6 GfR/\DD i ..)+/d4x —g L(matter) J
Y5

@ Here we consider nonlocal approach to modification of GR.
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2. Nonlocal de Sitter gravity

@ Our nonlocal de Sitter gravity model

S:ﬁ/(ﬂ—z/wm;(m) VR—21)y=g d'x

]
:%/\/R—zl\ F(O) \/R—z/\)\/fgd“x

+00
where F(0O) = Z (0" + f_,0°"), F(O) = 1+ F(0) and A is cosmological

n=1
constant. Motivation: string theory (ordinary and p-adic), mimics od DE and DM.
@ Simple and natural construction of nonlocal term:

R—-2A=+vR—-2AVR—2A—vR—2A F(O) VR - 2A

@ Invariance: vR —2A — —vR — 2A

@ F(0O) is dimensionless nonlocal operator. Only one parameter, A.

@ We consider nonlocal modification without matter sector, but we obtain effect of
dark matter and dark energy at the cosmological scale. Also rotation curves of
spiral galaxies.
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2. Nonlocal de Sitter gravity

Action for a class of models:

S= %/M (R—2A+P(R)f(m)o(ﬁ))¢?gd4x ’

where P(R) and Q(R) are some differentiable functions of scalar
curvature R.
Equations of motion (EoM):

1
G + N — 59w P(R)F(B)Q(R) + (Ruy — Kuy)

1 [eS) n—1
B il —1—¢
Jrégfn;(guug 0,0 P(F,’)E)BIZI” Q(R)

~29,0°P(R)3,0" '*Q(R) + g,,OP(R) D" *Q(R)) = 0,

where K,, = V,V, — 9,0, ® = P(R)F(0)Q(R)+ Q(R)F(D)P(R),
and ’ denotes derivative on R.
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2. Nonlocal de Sitter gravity

A way to solve EoM
@ P(R)=Q(R)=vR-2A
e 0VR-2A=qvR-2\, O 'VR—-2A=qg 'VR—-2N, q+#0
F(O)vR—-2N=F(q) VR —2A

@ Very simple form of EoM

(Guw +Agu) (1 -+ (@) + 5 F(0)Suu (VA — 2R, VA= 27) =0

where
Sy (P, P) = 9, (V*P V,P+POP) -2V,PV,P, P=+vR-2A

@ Equations of motion are satisfied with conditions:
F(@) =-1 and F'(q)=0.
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3. Exact cosmological solutions

@ The universe is homogeneous and isotropic space at cosmic scale
with FLRW metric

ds?> = —dt? + a (t)( + r2d6? + rPsin® 0 d¢?)

k2

k=0 (flat space), k= +1 (closed space), k=-1 (open space)
@ We have to solve equation: OvR —2A = gvR — 2A

82 9 a
DZiﬁjsH(_)at H(t):é,
R(t)=6(g+(g)2+§), ke {0,+1,—1}.

@ Then F(O)vR —2A = F(q)vR - 2A.
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3. Exact cosmological solutions

@ Equations of motion

(Guw +Agw) (1 + F(q)) + %f’(Q)SW(\/H -2\, VR-2N\) =0 ’

have solutions if F(q)=-1, F'(q)=0.
@ An example of nonlocal operator

O [u]
f(D):e(aae(*?Mb%e(*%’), G=CA#0, a+b=—1

where ( is dimensionless parameter depending of a concrete
cosmological solution.
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3. Exact cosmological solutions

o ai(t)=Ats et (k= 0/\#0)
o at)=Aes® (k=0, A#0)
e a3(t)=A cosh3 ( t), (k=0, A>0)

oa4(t)=Asinh%( t), (k=0,A>0)

€] ||

wl=

(k=0, A<0)

-%9)"
oas(t):A(1—sm \/T?’\t)% (k=0, A<0)
i k=0, A<0)
Oag(t):ACOSS( 3@/\l‘) (k=0, AN<O0)

(]
QD
Ay
—~
~
~
I
>
«
=)
win
w
3
~
~—
—

oag(t):Aei\f', (k=41, A>0)
® ai(t) = A coshz (/3 1), (k==+1, A>0)

o ay(t)=Asinhz (/3 1), (k=+1,A>0)
@ + some anisotropic cosmological solutions. arXiv:2307.00621 [gr-qc].

|
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4. Dark energy and dark matter:
ai(t) = A t5 ent’

The Planck 2018 data for the ACDM universe are:
@ Hy = (67.40 + 0.50) km/s/Mpc — Hubble parameter;
Qm = 0.315 4+ 0.007 — matter density parameter;
Qp = 0.685 — A density parameter;
fy = (13.801 4+ 0.024) - 10° yr — age of the universe;
wp = —1.03 £ 0.03 — ratio of pressure to energy density.
A =3H2Qp =0.98 1035572,

Solution ay(t) = A t5 efal® , (k=0,AN#0)
e mimics dark matter {5 and dark energy ewAA £
o Ay =1.05-10"%0 572 from Ho = 24, + IAk.

® 7i(to) = 8WG(H2 &) =226x10% &
plio) = 536 (HE — §) =268 x 1079 &
pe = gogH?(t) =851 x 10730 I,

Qn, =M~ 0734, Q= f}i =0.685, AQ\ =), — Q= 0.049

pll) _ 0.315, Qp, = ”‘p(tf’) =0.266, AQp=Qm— Qm = 0.049.
P
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4. Dark energy and dark matter: Case

ai(t) = A t5 ent’

Effective energy density and pressure:

224 N3N A (3p2
© i="—%g ", P=—sgGN 1)

° W:%—>—1 when t— oo

@t—=0: p—o00, P— s

@ One can also compute time (f) when the Hubble
parameter has minimum value Hp,, i.e. tn, =21.1-10°% yr
and Hy, = 61.72 km/s/Mpc.

@ Beginning of the universe expansion acceleration was at
to = 7.84-10° yr, or in other words at 5.96 billion years ago.
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5. Rotation curves for spiral galaxies

@ Dark matter ?

expected
from
_ luminous disk

R (kpo)

M33 rotation curve
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5. Rotation curves for spiral galaxies

ds? = —A(r)df? + B(r)dr? + r?d6® + r?sin® 0dy?,  (c=1).

Equation that should be solved

au) = gis (800 + 5 (52 - 2D) ) = qun. - u(n) = VA=A
2 1 /2 28(r) AR 2B(r) A(NB(r) A”(r)>
T _W(* AN 2A(N2  B(r)  2A(NB(r) T Al
19,0, # 20
~or"or) ~ ot ror
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5. Rotation curves for spiral galaxies

Figure: We consider the Schwarzschild-de Sitter metric of nonlocal v/ dS gravity at the
distances far from a spherically symmetric massive body.
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5. Rotation curves for spiral galaxies

After linearization (weak field approximation):

GM  Ar? 0 2 1 1 3 2
—e 22 AL 9 (542 4 S \evar
V() C\/czr 3 +\/ar(\/c7r 2) 6(2+2\/6r+qr2>e
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5. Rotation curves for spiral galaxies
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Figure: Rotation curve for the galaxy M33. Red points are measured
observational values and blue line is computed v(r) by our Formula,
where § =5.7 x 1076, ¢ =3.62 x 109, A= 10"°2 m~2, and
M=15x103M,, .
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5. Rotation curves for spiral galaxies
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Figure: Rotation curve for the Milky Way galaxy. Red points are
measured observational values and blue line is computed v(r) by our
Formula, where 6 = 1.9 x 107°,( =4.4 x 109, A=10"%m~2, and
M = 4.28 x 10°M,.
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5. Conclusion

@ We introduced and analyzed nonlocal de Sitter gravity model v dS

S:?éﬁi@(R—2A+JR—ZAI@H%R—Z@VCEdH

as very simple and interesting model in several aspects.
@ Model set up and EoM are relatively very simple.
@ We found 11 exact cosmological (flat, closed and open) solutions.
Some of them are nonsingular bounce, and also cyclic.
@ All solutions are new and do not exist in the local de Sitter case.
@ The most interesting is exact vacuum cosmological solution

alt)=Atien AN£0, k=0

which mimics dark matter and dark energy. Computed cosmological
parameters are in good agreement with observations.
@ We also get description of galaxy rotation curves without dark matter.

@ The next step is testing this model at other space-time scales and
phenomena.
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