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1. Introduction: General relativity

Einstein Theory of Gravity (1915)

2yu a B
Ryw _% gyv = 872-4G T;lv _Ag;lv d X2 +r§ﬂ dX dX =
5 dr dr dr
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1. Introduction: General relativity

@ General Relativity (GR) is Einstein theory of gravity, which
is current theory of gravity

@ Nice theoretical properties and remarkable
phenomenological achievements

@ Perfectly describes dynamics of Solar System

@ Many significant predictions: deflection of light by the Sun,
gravitational redshift of light, gravitational waves,
gravitational lensing, black holes, Dark Energy (DE) and
Dark Matter (DM), ...

@ GR still serves as a starting point in understanding all
gravitational phenomena.

@ Modern cosmology is based on GR and started in 1917.
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1. Introduction: Some problems

@ There is no Quantum General Relativity: it is a
non-renormalizabile quantum field theory.

@ |t predicts Dark Energy and Dark Matter which are mysterious
and still without laboratory evidence.

@ General Relativity has not been tested and confirmed at very
large cosmic scales, hence its application to the Universe as a
whole should be taken with caution.

@ Cosmological solutions of GR mainly contain Big Bang
singularity.

@ It seems unnatural that Einstein GR is theory of gravity at all
(spatial) scales: from Planck scale to the universe as a whole.
(Physical theories differ at scales and complexity of systems.)

@ There is a sense to search generalization of Einstein theory of
gravity.

@ There are many attempts to modify GR motivated by theoretical
and phenomenological reasons.

@ Here we consider some modifications of GR with respect to
cosmology.
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2. Modified Gravity: Cosmological motivations

Einstein equations: R, + 3Rg,, = 871G Tp,.

FRW metric for homogeneous and isotropic space-time
ds? = —df? + &(t) (1% + r2d6? + r2sin g d¢?) and
energy-momentum tensor T,,,, = diag(p, pg11, Pge2, Pga3)-
Friedmann equations

2 ~ =3 (p+3p)

a\2 5 8rG a 47TG
2 3" a 3

If 2>0 = p+3p<0: Dark Energy. 68%
Big velocities in spiral galaxies: Dark matter. 27%

Standard cosmological model: 95% ACDM. Only 5% visible
matter.

There is no experimental evidence of DE and DM
General rel. has not been verified for the whole universe.
Initial (Big Bang) singularity.
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2. Modified Gravity: Kinds of modification

@ First modifications: Einstein 1917, ..., many modifications
after 1998

Einstein-Hilbert action

S= /d"’x vV_9 R+/d4x\/—g£(matter)
167G

modification

1

R — f(R,N\,Ru, =9

gﬂWD"“)v g :v#vﬂ =

duv/—99"" 0,
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2. Modified Gravity: Kinds of modification

@ f(R) modified gravity

S= /d"’

@ nonlocal modified gravity

S= /d4 Ff /d"’x\ﬁﬁ(matter) J

/ d*x\/—g L(matter) ’
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3. Nonlocal Modified Gravity: Kinds of nonlocal

gravity

@ Nonlocal modified gravity with O~":

_ 1 4
S—M/\/TQ(R‘FLNL)C{X?

with two typical examples:
1) L =Rf(O'R),

2) Ly, =—-$mPRO2R.
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3. Nonlocal Modified Gravity: Kinds of nonlocal

gravity

The exact tree-level Lagrangian for effective scalar field ¢ which

describes open p-adic string tachyon is

_my P
g5 p—1

1 2
Lp —50p TP+ aal |

pr17

where p is any prime number, O = —9? + V2 is the
D-dimensional d’Alembertian and metric with signature
(— + ... 4).
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3. Nonlocal Modified Gravity: Analytic approach

Action for a class of models:

82161%6/ (R_2A+P(R)f(m)o(ﬁ))\ﬁgd4x, J

where F(O Z f,0", P(R) and Q(R) are some differentiable
functions of R, /\ |s cosmological constant.

For simplicity, we consider nonlocal modification without matter.
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3. Nonlocal Modified Gravity: Analytic approach

Equations of motion:

]
G + Nguv = 59w P(R)F(B)Q(R) + (R ® — K. ®)
2

1 ) n—1
af / ==
* 2;fn,§ (99" 00 P(R)9;0™ T Q(R)
~20,0/P(R)9,0™'~'Q(R) + g, 0'P(R)D"'Q(R)) = 0,

where K, =V,V, — 9,0,
¢ = P(R)F(0)Q(R) + Q(R)F(O)P(R),
and ' denotes derivative on R.
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3. Nonlocal Modified Gravity: Analytic approach

In homogeneous and isotropic spaces (FLRW metric) there are
only two linearly independent equations of motion (Trace and

00-component):
4N — R — 2P( )F(D)Q(R) + (R® + 300)
+ anz (8,0'P(R)*0™'~'Q(R) + 20'P(R)D™'Q(R)) = 0

n=1 /=0

1
Goo + Agoo — 5900 P(R)F(O)Q(R) + (Roo® — Koo®)
2

1 00 n—1
af / —1—/
+ 2; f,,lz:; (900g°%9.0' P(R)950" 1~ Q(R)
—2900'P(R)2,0™"~'Q(R) + gooD' P(R)E"'Q(R)) = 0
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4. Cosmological solutions

@ Some cosmological solutions when P=Q = (R+ Ry)™,
in action

S= 16;G/M(R2/\+P(R)Jf(m)o(ﬂ))\/Tg d*x, ’

where Ry is a constant and m € Q,
@ with an Ansatz

i m (8. (32, K
O(R+ Ro)™ = p(R+ Ry)™, Ff_6(a+(a) +a2)’

where p is a constant and O = —92 — 3H0; is the d’Alembert
operator in FLRW metric

@ and scale factor of the form
alt)y=Ate’,

where A and « are some constants.
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4. Cosmological solutions

For the above Ansatz, scalar curvature R, k = 0, and
a(t) = A t"e* we get the following six equations:
1) 72m(1 4+ 2m —3n)n?(—1 +2n)2 =0,
2) 36n(—1+2n)(—np + 2n°p + mRy — mnRy + 12my
+48mny — 72mn?y) = 0,
3) 12n(—1+2n)(pRo + 12py + 48npy — 6MRyy
+312my? — 192m?+2 — 288mn~?) = 0,
4) pR2 + 24pRyy + 96npRyy + 144py2 + 576npy2
+ 3456°py? 4+ 96 MRy~ + 288mnRy~?
+ 1152m~® + 8064mn~® + 13824mrP~°® = 0,
5) 96+72(pRy + 12py + 48npy + 6mRyy
+24mn? + 96mP~? + 432mny?) = 0,
6) 2304+*(p+12my) = 0.
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4. Cosmological solutions

The above system of equations has 5 solutions:
Q@ p=-12my,n=0,Ry=-12y,m=1}
Q p=-12my,n=20" Ry =28y, m=}
Q@ p=-12my,n=0,Ry= -4y, m=1
Q p=-12my,n=1% Ry=—-16y,m=1
Q@ p=-12my,n=1} Ry=-36y, m=—]
Ansatz solutions (1-4) also satisfy the corresponding equations
of motion.
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4. Cosmological solutions: 1) Model with nonlocal

term vR — 2A F(O) VR — 2A

- 16er/ (R—2A+mf(m)\/m)\/fgd4x,

where F(O Z g

@ Cosmological solution: a(t) = A st
(p=—-6v,n=0, Ry = —12y = —2A, m—é)
R—2AN = —-AVvR—-2A
F(-N)=-1, F(-A)=0, A#O.
@ Cosmological solutlon ait)=A tsefat”
(p= Gv,n_ 3, Ry=-28y=-2A, m= E)
OvVR—2A = -3AVR - 2A

/

F(-3AN) =1, F(-3A) =0, A#O.
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4. Cosmological solutions: 1) Model with nonlocal

term vR — 2A F(O) VR — 2A

@ Cosmological solution: a(t) = A ei\/Xt
A>0, k==+1, R(1) ‘2W+2/\
R—2AN=2VR—- 2
F@) =1, 7 -o

=%e
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4. Cosmological solutions: 1) Model with nonlocal

term vR — 2A F(O) VR — 2A

@ Cosmological solutions for R =4A > 0
Equations of motion are satisfied without conditions on
function F(O), because 0v' R — 2A = 0.

(i) Solution a(t) = A etV3t
k = 0. One has H(t) = i\/g.

(if) Solution a(t) = \/3 cosh /% t

k = +1. Now H(t) = \/étanh 2t
(ii) Solution a(t) = \/2
k = —1. Here H(t) = \@coth 2t
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4. Cosmological solutions: 1) Model with nonlocal

term vR — 2A F(O) VR — 2A

@ Cosmological solutions with R — 0, k=0
The Minkowski space can be obtained from the previous
de Sitter case a(t) = Aei\/gt, k = 0 in the limit A — 0.
@ Cosmological solutions for R = 4A < 0
The corresponding solution has the form

alt)y=/-3% ‘cos \/ -5 t’, where A is negative

cosmological constant. In this case

H(t) = —Htan \/T%t, and k = —1.
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4. Cosmological solutions: 2) Model with nonlocal

term (R — 2A) F(O) (R — 2A)

S= 1617TG/M(R—2A+(R—2/\)f(m)(ﬁ—2/\))\/fgd4x

@ Cosmological solution: a(t) = A e2?
O(R —2A) = —6A(R — 2A)
F(=3N) =—gx, F(-3N) =0, A#£0.
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4. Cosmological solutions: 3) Model with nonlocal

term (R — 2A) F(O) (R — 2A)

1
167G

/ (R —2A+ (R—2N) F(@) (R — 2/\)) V=g d*x
M

@ Cosmological solution: a(t) = A Viest
O(R —2A) = —3A(R - 2N)
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4. Cosmological solutions: 4) Model with nonlocal

term RF(O)R

_ 1 — 4
S_M/A”(R—zA+Rf(D)R),ﬁgdx ’

® F(B) =2 hio fD"
@ Linear Ansatz: OR=rR+ s
@ a(t) = aycosh <\/§t> for k = 0.
(Biswas, Koivisto, Mazumdar and Siegel)
@ a(t) = aoe%\/gt2 for k = 0.
(Koshelev and Vernov)

@ a(t) = ap(ceM + re ) for k = 0,£1.
(Dimitrijevic, B.D., Grujic, Rakic)
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5. Concluding Remarks: Discussion

1
167G

S= /M(R—z/w\/m.r(m)\/m)md“x

@ Nonsingular bounce solutions. a(t) = A est

@ An imitation of dark matter and dark energy.
a(t) = Atsemnt

@ Late time acceleration: % = R A

BUCHAREST - 2018 B. Dragovich Cosmology of Nonlocal Gravity



5. Concluding Remarks: Conclusion

@ We have presented a few nonlocal gravity models with
some cosmological solutions.

@ In particular nonlocal gravity model

S= 1617TG/M (R—2A+\/R—2A]-'(D)\/R—2/\)\/TQ d*x

attracts further investigations.

@ In future? Add matter to the action and investigate
phenomenological aspects of this nonlocal gravity model.
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