On black holes,
cosmologies, superstrings,
and dynamical systems
describing them

Remarks on history and
brief summary of present
status



Dark energy, dark matter, inflation, multiverse, black holes
and some other mysterious and things are touched
up here. We must be cautious while thinking about them!

As I was going up the stair,

I met a man who wasn’t there.
He wasn’t there again today,

I wish, I wish he’d stay away.

Hughes Mearns “Antigonish” (1899)

Epigraph to: S.Weinberg, The cosmological
constant problem, Rev. Mod. Phys. 61 (1988)



De Sitter and Einstein
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Alexander Friedmann
1888-1925 Georges Lemaitre, 1894-1966
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Edwin Hubble, 1889-1953 George Gamow, 1904-1968




Zur Herleitung der Feldgleichungen
in der allgemeinen Relativititstheorie.
| (Erste Hitteﬂnng;)‘
Von Heinrich Mandel in Petersburg.
(Eingegangen am 12. Juli 1926.)

Ahnlich wie die nichteuclidische Mafbestimmung in einer zweidimensionalen Fliche
durch ihre Beschaffenheit in einem hoheren (2 4 1 dimensionalen) eaclidischen
Raum induziert wird, versuchen wir die nichteuclidische Mafibestimmung der vier-
dimensionalen Raum-Zeit-Welt, so weit sie aus der Erfahrung bekannt ist, dadurch
za erkliren, daB man sich die Welt als eine vierdimensionale Hyperfldche in einem
hoheren (4 -} k dimensionalen) euclidischen Raume vorstellt. Der Materie-Energie-
Tensor steht dann in enger Verbindung mit dem zweiten Fundamentaltensor dieser
Hyperfliche. Die Weltlinien der Materie sind Kriimmungslinien der Welt. Eine
fiinfdimensionale Betrachtungsweise scheint fir das Verstindnis der elektro-
" magnetischen Eigenschaften der Materie wesentlich zu sein?). -

1) Anmerkung bei der Korrektur: Dies ist schon von Th. Kalusa im
Jahre 1921 bemerkt worden und in derselben Weise entwickelt (Th. Kalusa,
Zum Unititsproblem der Physik, Berl. Ber. 1921, S.966), was mir erst aus einem
Hinweis von 0. Klein in seiner Arbeit (ZS. f. Phys. 87, 895, 1926) bekannt wurde.



New age
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Great observations that completely changed the status of cosmology



Integrable models of black holes and of cosmologies
78 Integradle models of -
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Group theoretical analysis of integrability and practical methods
for solving integrable equations in gauge and other theories with
symmetries (A. Leznov and M. Saveliev, ....)



String investigation started
around the end of sixties.

Quantum strings —in the

beginning of 70 (in relation
to the dual resonance model
of hadrons).  Scherk and
Schwartz boldly proposed
fundamental strings in 1974

Joel Scherk
1946 - 1980

‘70 — ‘84 String Theory development : Veneziano, Nambu, Goto
(an earlier work by Barbashov and Chernikov ‘66), Gervais, Neveu,
Sakita, Virasoro, Mandelstam, Scherk, Schwartz, Green, Kaku,
Kikkawa,GSO, Ramond — Neveu-Schwartz , Polyakov,...

SUSY and SUGRA: Yu. Golfand, D.Volkov, Wess, Zumino, Deser,
Witten, Ferrara, Stelle, Howe, Cremmer, V.Ogievetsky, ...

1984 - “revolution’ and intensive development of Superstring
Theory: Green, Schwartz-Witten, Gross, Harvey, Martinec,Rohm, ...
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dream or mirage?

String theory arose in the late 1960s in an attempt to understand the strong
nuclear force. This is the force that is responsible for holding protons and
neutrons together inside the nucleus of an atom as well as quarks together
inside the protons and neutrons. A theory based on fundamental one-
dimensional extended objects, called strings, rather than point-like particles,
can account qualitatively for various features of the strong nuclear force and
the strongly interacting particles (or hadrons).

The basic idea in the string description of the strong interactions is that
specific particles correspond to specific oscillation modes (or quantum states)
of the string. This proposal gives a very satisfying unified picture in that it
postulates a single fundamental object (namely, the string) to explain the
myriad of different observed hadrons, as indicated in Fig. 1.1.



In the early 1970s another theory of the strong nuclear force — called
quantum chromodynamics (or QCD) — was developed. As a result of this,
as well as various technical problems in the string theory approach, string

theory fell out of favor. The current viewpoint is that this program made
cood sense, and so 1t has again become an active area of research. The
concrete string theory that describes the strong interaction is still not known,
though one now has a much better understanding of how to approach the
problem.

String theory turned out to be well suited for an even more ambitious
purpose: the construction of a quantum theory that unifies the description
of gravity and the other fundamental forces of nature. In principle, it has
the potential to provide a complete understanding of particle physics and of
cosmology. Even though this is still a distant dream, it is clear that in this
fascinating theory surprises arise over and over.,

STRING THEORY AND M-THEORY

KATRIN BECKER.,
MELANIE BECKER,

JOHN H. SCHWARZ
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Is LHC the last super-high-energy accelerator in our lifetime?



Grand DUALITY: Particle (String) Physics €-> Cosmology

A chance for String theory to be tested?
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Dark

Neutrinos
10 % Matter
63%
Photons
15%

Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)



t pl/4 Event

107%2 s 10'% GeV Inflation begins?

1073246 g 101343 GeV Inflation ends, Cold Big Bang begins?
10-18%6 5 105%3 GeV Hot Big Bang begins?

10710 ¢ 100 GeV Electroweak phase transition?

1074 s 100 MeV Quark-hadron phase transition?

102 < 10 MeV v, v, €, €, n, and p in thermal equilibrium
ls 1 MeV v decoupling, ee annihilation.

100 s 0.1 MeV Nucleosynthesis (BBN)

104 yr 1eV Matter-radiation equality

10° yr 0.1 eV Atom formation, photon decoupling (CMB)
~10° yr 1073 eV First bound structures form

Now 10=* eV (2.73 K) The present.
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We have Unified theory of Strong Electromagnetic and Weak interactions
(SM).
It is supported by experiment. It should be somewhat extended (neutrino
masses and mixing). The so called "Higgs particle’ (first introduced by Englert
and Brout and soon, independently, by Higgs and by GHK)
IS not yet discovered (waiting for LHC experiments).

SM has many parameters (masses and coupling constants)
not defined by the theory. Non-perturbative QCD is also left to future.

Cosmological data (esp., DM, baryon asymmetry) apparently

require further extending SM (e.g., GUT, SUSY, ...).
We all hope to find some effects of these extensions at LHC.

Gravity remains separated in all these extensions.
A serious unification of gravity with SM might be expected in
Superstring theory. In addition to superparticles,
SST predicts extra dimensions of space.
If, somewhat miraculously, the extra dimensions are large
enough, we could expect to find their effects in LHC experiments.



What Is superstring theory? Who ordered 1t?

A theoretical support for SST recently came from a new
Interpretation of BH thermodynamics and information paradox.

SST theory does not solve directly DE and inflation problems
but it certainly shed new light on these deep problems.

A bold idea to convert an apparent failure of the present SST into
a potential success with the help of fantastic multiverse ideology
became rather popular in literature and cinema but it is far from
being formulated with a minimal scientific precision and probably
will not be discussed at this school in detall.

| think it will be wise to concentrate on physics and mathematics
of BH and Cosmology occasionally using SST as a dope for our
Imagination...( yet, | confess to be a long time addict of the SST...)



LECTURE 1

About new models based on ideas
of Weyl, Eddington and Einstein
1919 -1923



H.Wey| A.Eddington

Einstein in Berlin



AFFINE GENERALIZATIONS OF GRAVITY
IN THE LIGHT OF MODERN COSMOLOGY

A.T. Filippov *
t Joint Institute for Nuclear Research, Dubna, Moscow Region RU-141980

arxiv:1008.2333 vl (hep-th) and TMF;
arxiv:1003.0782v3 (hep-th) and TMF,;
arxiv:0812.2616v2 (gr-gc) and TMF.



1 Summary

A new interpretation and a higher-dimensional generalization

of the Weyl - Eddington - Einstein affine theory of gravity is proposed.

In addition to the standard GR it predicts:
dark energy (the cosmological constant, in the first approximation),
neutral massive vector field (a dark matter candidate),

massive scalar fields (inflatons and/or dark matter candidates).

The mass terms are generated geometrically

as the new part of the symmetric connection Yik -

There are many problems: the parameters are not defined by the theory,
non-integrabitlity even of static and cosmological reductions, ...



GEOMETRY OF SYMMETRIC CONNECTIONS
B i
i = Dhilg] + aly
i Loy
iklgl = 59" (9ijk + g — Gjnt)
1 ) ) m ) ) m
Fikl = —YVikd T Ymk Y5l T Vitk — YmiVjk

NONSYMMETRIC RICCI CURVATURE

) ) ) m
Fik — f)/jk,i + f)/mk’f}/jz T /7]?, ko f)/mif)/jk



Symmetric part of the Ricci curvature
sij = 5(rij +754)

Anti-symmetric part of the Ricci curvature

1
i3 — 5(7%' g4 ) — _(/-Yjﬂ’ib i Wﬁﬂljj)
Wij. k ~+ AjLk. T+ Qi = 0
VECTON:  «; =a?
a; =~ — 1T =~ — 0;Iny/|g
1 1



EDDINGTON’S SCALAR DENSITY

L = \/— det(?'@j) = T

Tl l
=~V + 5(V

m 1ij

;,.\j_l_v ) MMM n

( TniTmy T Vij"

Expressing in terms of the “metric’ and using notation V; = V;

) i'n, i'n n T
el = Vmag; (V a;+ V;a;)+aa,,; —aan,

g mj 1

1
;; = —5((1.@-_’3- — a;,;) depends only on the vecton



‘GEODESICS’ (PATHS)
i+ f‘*j,i il #* =0

TRANSFORMATIONS PRESERVING PATHS

"

;)\/jk — ')/;'k —+ 5; Al + 52 &j
GEO-RIEMANNIAN CONNECTIONS

e

Yo = Dlplg] + 6% ag, + 6), a;



af - CONNECTION

-

f}/;'k — ;k[g] T Oé((); ap + 5}; a;) — (o —28)g o
Weyl: B =0
geo-Riemannian: a=208

Einstein a=—[3 = %



LINEAR TERMS in s;; — R;;(9g)

(a+ B)(Via; + Vja;) + (a—20) gi; Vipa™

QUADRATIC TERMS in s;; — R;;(g)

i [(o — 28)° — 302+ 2 gi;0° (o — 28) (a + )

In addition to this dependence on the vecton,
the generalized Einstein equations will depend on it
through dynamics specified by the chosenLagrangian



FROM GEOMETRY TO DYNAMICS

REQUIREMENTS TO LAGRANGIAN DENSITIES

1. I'T' IS INDEPENDENT OF DIMENSIONAL CONSTANTS.
2. I'TS INTEGRAL OVER SPACE-TIME IS DIMENSIONLESS.

3. I'T" CAN DEPEND ON TENSOR VARIABLES HAVING
a DIRECT GEOMETRIC MEANING and
a NATURAL PHYSICAL INTERPRETATION.

4. THE RESULTING GENERALIZED THEORY MUST AGREE
WITH ALL ESTABLISHED EXPERIMENTAL CONSEQUENCES
OF EINSTEIN'S THEORY.

rij, Sij, @i, and ap = a;, satisfy requirement 3.

Einstein’s choice is L = E(Sij? a-.g_j)



A simple nontrivial choice of a geometric Lagrangian density
generalizing the Eddington — Einstein Lagrangian ,

L= \/— det(r;;) = V/—r ,

Is the following, depending on one dimensionless parameter:

L = [:(S@'j -+ I/a@'j) = \/— det(S@'j + Va»ij)

det(s;;) < 0

When Vag; — 0 it will give Einstein’s gravity with
the cosmological constant.



Define the following densities of the weight two

do = 4! det(s;;) = €” kl,s.i_?.,z.sjn SprSig€ Y = €.5-5-5-5-
di=¢€¢-s-s-s-a-e€, do =€-5-5-a-a-¢

dy=¢€-a-a-a-a-e€

where a denotes the matrix a;a;

1 e
det(s.@j + Va-.?:_j) — E (do + 61/2dg + L/4d4)

A more general Lagrangian

L = ap \/\ do + a1dy + aads + aydy)



Now we define (following Einstein) the metric and
field densities by a Legendre-like transformation
oL . oL .. oL’ OL*

— E‘} :flj Qe =
~— =87, S—= Sij = Aog7 s
an_j ()C{U J @gaj

ajj = -

2V gM = 5LV, (g + ) - 5F VT, (g™ 4 £
v; ﬁz _ 03 Plbf L Hm fmf + A frm ]ahm o om gkl

fam

V flb? — C’H‘[”* — ak. v’}g?’k — D—I_lé_k

for any dimension D



Defining the Riemann metric

tensor g;; by the equations
dIN=g=2g", g;¢" =6
Vigin =0, V;¢'" =0 a* =a"/\/=g
’“};k = F;k[g] T ap [5§ ag + 0, a5 — (D —1) gjp @'
ap=[(D-1)(D -2, Bp=-—[2(D-1)]"

We thus have derived the connection using a rather general dynamics!



Using a simple dimensional reduction to the dimension 1+1
(similar to spherical or cylindrical reductions in the metric case)
we can prove the relation between the conjugate Lagrangians:

I
. —1 _ . T
L — 2\/\det(s+)\ a)l = —2A/| det(g + Af)| = £

A having the dimension L2

. L oL* oL*
Using the above definitions, Sij = A7 Ajj = =
. ogh of"
we can then write the
generalized Einstein egs.

In dimension D we can similarly derive the relation

L* = \/— det(sij + L/@ij) ~ \/jg [det((‘)‘f -+ )\fg)]l/(D_2)




With the simplest dimensional reduction to D = 4,
the components of the vector field a; with k£ > 4
become real massive scalar fields.

Thus we naturally derive a theory of gravity
with dark energy, vector dark matter,
and massive scalar fields (inflatons?)

The main parameters (mass, cosmological constant)
cannot be predicted and can be made arbitrary.

This is not bad in the context of MULTIVERSE ideology!



The generalized Einstein —Eddington Weyl model in dimension D
Loir=+/—g | —2A[det(8] + NV P2 L R o 97 a;a;
eff = V=9 det(d; + Af;)] + R(g) + ca g7 aia;

Restoring the dimensions and expanding the root term
up to the second order in the vector and scalar fields

1 . L
‘Ceff = \/—_g [R[g] — 2A — K(§F@'jF®] + ,uQA@-A% + g”c‘?@-@’; 8]'?,/) —+ T)’LQ?,/JQ)]

A; ~ a;, Fij ~ fij, k =G/

NB: d@@{’ Is proportional to F?J' for i<4, j=4






LECTURE 2

About approximate cosmological
models



Einstein — Weyl motivated model

L=+\/—gs[Ri—V(¢)— (V) —
_FkEFﬁcI - _,LEEA;EAE]
Py = Agg — Agy

Pure Einstein — Weyl model:

AN

L = vV — g [R — 2\ — FMFM — mzAkAk]



Spherical symmetry

ds2 = e**dr? + e*Pd0?(0, ) — €2V dt? + 2e*° drdt

e N (Ay — AR)? — e V(Y 4 2 A3) +
eV (p* + p®Ag) — eV (V + 2A)] + Ly,

Lor = e *T2PT(287 4 48'") —
e T28=7(23% + 48¢) + 2ke™ ™




Reduction to cosmological or static solutions
. . _ : 1 .
' =BF +af Y = Sy + Aol
a=ay(l) +ai(r), B=7H()+ pilr),

&¢=p, =0

Cosmological Lagrangian

6ketY — 2P [e®TV(V + 20) — 77 (26 + 4Bi — )]



Notation

p=3(a+28), o=(8-a),

1
3

Ay = e 2P (A% £ 2 A%), V=V (y) +2A

Lagrangian

e’V (W — 6% + 65%) + € VA — ¥V (1)

The energy constraint

p? —6p°> +662+A_+eV =0



Equations of motion
A+ (p+46 —3)A+e®u?A=0,

. : . : 1 - -
4p+692—4m—652—|—EA_—I—TpZ—EZTV:O,

) 1
6 +30p—dy— A =0.

. 1

b+ (30— ) + 5€7 Vy =0,



Anisotropic scalar cosmology

W2 —6p° +65% +e27V =0,

4p+ 602 —4py — 662 + 42 — eV =0,
G+36p—0y=0,

) R
Y+ (36— )+ 5e7Vy =0,



Standard gauge choice

v=20-: CET:C(]B_S‘G,
Y2 — 6p° +6C2e P +V =0,
4p 4+ 6p°2 —6C2e % + 2 —V =0,

. . 1 —



Unusual gauge choice
(good for constructing integrable models)

")/:3p: 5’:0, (3':01,

% — 6p° + 6C? + 5V =0,

1« - 1
4;5—566«01/:0? ¢+§eﬁpv¢=o.



Approximate (model) Lagrangian
for the E-W cosmology

= —6(515283&_7 _ QAEEEH-T + AZEH—T - MQAQE&_'_T

ONLY MODEL!
Not giving exact solution for D=4



Vecton dark matter can be produced

in strong gravitational fields only.
Quantum gravity Is necessary!

Effects of nonlinear Lagrangians
must be studied (like in 'B-l cosmology’)

Anyway, Inflation and dark matter
are crucial things to study and test
the "Wedein’ cosmological models



THE

END









WE DISCUSS NEW MODELS OF AN ‘AFFINE’ THEORY OF GRAVITY IN MULTI-
DIMENSIONAL SPACE-TIMES WITH SYMMETRIC CONNECTIONS. WE USE
AND DEVELOP IDEAS OF WEYL, EDDINGTON, AND EINSTEIN, IN PARTICULAR,
EINSTEIN’S PROPOSAL TO SPECIFY THE SPACE - TIME GEOMETRY BY USE OF THE
HAMILTON PRINCIPLE. MORE SPECIFICALLY, THE CONNECTION COEFFICIENTS
ARE DETERMINED USING A ‘GEOMETRIC’ LAGRANGIAN THAT IS AN ARBITRARY
FUNCTION OF THE GENERALIZED (NON-SYMMETRIC) RICCI CURVATURE TENSOR
(AND, POSSIBLY, OF OTHER FUNDAMENTAL TENSORS) EXPRESSED IN TERMS OF
THE CONNECTION COEFFICIENTS REGARDED AS INDEPENDENT VARIABLES.

SUCH A THEORY SUPPLEMENTS THE STANDARD EINSTEIN GRAVITY WITH
DARK ENERGY (THE COSMOLOGICAL CONSTANT, IN THE FIRST APPROXIMA-
TION), A NEUTRAL MASSIVE (OR TACHYONIC) VECTOR FIELD, AND MAS-
SIVE (OR TACHYONIC) SCALAR FIELDS. THESE FIELDS COUPLE ONLY TO
GRAVITY AND CAN GENERATE DARK MATTER AND/OR INFLATION. THE NEW
FIELD MASSES (REAL OR IMAGINARY) HAVE A GEOMETRIC ORIGIN AND MUST
APPEAR IN ANY CONCRETE MODEL.

THE CONCRETE CHOICE OF THE GEOMETRIC LAGRANGIAN DETERMINES FUR-
THER DETAILS OF THE THEORY, FOR EXAMPLE, THE NATURE OF THE VECTOR
AND SCALAR FIELDS THAT CAN DESCRIBE MASSIVE PARTICLES, TACHYONS, OR
EVEN ‘PHANTOMS’. IN ‘NATURAL’ GEOMETRIC THEORIES, WHICH ARE DISCUSSED
HERE, DARK ENERGY MUST ALSO ARISE. WE MAINLY FOCUS ON INTRICATE RE-
LATIONS BETWEEN GEOMETRY AND DYNAMICS WHILE ONLY VERY BRIEFLY CON-
SIDERING APPROXIMATE COSMOLOGICAL MODELS INSPIRED BY THE GEOMET-
RIC APPROACH.



If the D-dimensional Lagrangian depends only on
the symmetric and antisymmetric parts (s;;, a;;)
of the curvature tensor r;;. the connection is

1
m l—m( )+§ [(D—l)(D—z)] 1[ EE{I Jrém a;t—(D—l) m}

with an arbitrary symmetric tensor ¢,,, and a vector ay

sij = Rij(g) + (D = 1)(D — 2)] " asay,

_ ayv1—1 _
ai; = [(D = 1)(D = 2] (as; — a;)
where R;; is the standard Ricci curvature.

If we specify a concrete Lagrangian these relations give
equations of motion (for s;;, a;; written in terms gmn , ar).



The simplest ‘geometrical’ Lagrangian is
Eddington’s scalar density (our generalization is
the sum of three independent scalar densities):

L(”};R) — \/_ det ['?'”-mn (7;,&)] '

In this case, the effective Lagrangian contains
the Einstein - Hilbert term, the vecton mass term

and the nonlinear term (f;; ~ a;; —a;;. fj = g% fr;)

ALesp = /—g[det(d + )]/ P72,

The physical interpretation is simplified by expanding
the effective Lagrangian in powers of f;; up to f-terms).

The approximate D-dimensional Lagrangian describes
the standard gravity with the cosmological term
plus a real massive vector field.



Geometry and dynamics of the affine theory

1 : \ . Oy 1M
i = ) 519" (Gnkg + Ging — Grin) + (0 ar + 07" ag) — (o — 23)gr a™|

ifhjif;’jk = 0’

J
1 I i 1 mn
Teim — —Vkl.m + Inl fﬁ;m + 1 fhm I — Tnm Tk
L m m . m m _n
Tkl = —Ykl.m + 1 'nl fﬁ.,m + 1 Vel — Tnm Tk
The starting point for Einstein L = L(ng_,ﬂ.gj).

1
3( ij + 7ji) Qij =

5 (rig = 7ji)

o | —

ng



1 1
k K i =k -k

ey

1 1
Sij — RU —|— Eﬂ.iﬂ.j . {I_.ij- — E(ﬂij S {]_j'_.i)

1/6 to 1/(D-1)(D-2): 1/2 to 1/(d-2)

L= \/— det(?‘ij) L = 4\/— det(giﬁ -+ fij) = ‘l\/_ dEt(g’ij + fij)

| I
Lepr = —23&\/— det(gij + fij) + \/— det(gi;) [R(Q) ~ &9 ‘}ﬂaﬂj]



1
) _ 11kl _mnrs
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The above Lagrangian define the vecton mass
proportional to the cosmological constant. Let
Us try to deform it by introducing num. constant:

— =7 1 1 : 1
\/‘ det(gij + Mfij)| = V=9 \/det((’lj- +AfY) = V=g (1 + iAzf-ijfj + )
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INFLATION hypothesis

d (H <0 = @>O =
dt \ « dt?

First realized by 0+ 3P <0

Starobinsky;
Guth; Linde;

1 /1.
2 _ | = 2
The simplest scalar H= = 3 (2(26 ™ V(QZ))>
model of inflation in

Friedmann universe Cb + 3[—_]@5 + X/qu — 0.



Scalar inflation

, om (1l
- = 3 (2¢ + V(sa))



Simple example: V = Sm*p?

. . 12
¢+ 127(¢9* + m?¢?) " g+ m’p =0

dp  N2r(@? +m*0?)" g+ m’p
dy 7

m
V127

[nflationary solution Datr ~



Many, nany questions:
What was before the Big Bang?

We do not know yet

Why is our universe so homogeneous?
Why is it not exactly homogeneous?
Why is it isotropic (same in all directions)?
Why all of its parts started expanding simultaneously?
Why is it flat (2 = 1)?
Why is it so large?
Where are monopoles and other unwanted relics?

Answered by inflation
Why vacuum (dark) energy is so small but not zero?
Why there is 5 times more dark matter than normal matter?
Why there is about 4 times more dark energy than dark matter?
Why w = -17?

Possible answers are given by a combination of particle
physics, string theory and eternal inflation



Why multiverse ?

Uniformity of our world is explained by inflation:
Exponential stretching of the nhew-born universe
makes It almost exactly uniform.

However, inflationary fluctuations eternally produce
new parts of the universe with different properties.

Inflationary Uhiverse becomes a multiverse




Inflationary universe may consist of many parts with different
properties depending on the local values of the scalar fields,
compactification, fluxes, etc.

TIME




How many different universes
are in the multiverse

There are perhaps ~1 0500 vacua in string theory

landscape

If these vacua appear as a result of bubble formation which
Is not followed by slow roll inflation, then each of these
vacua is equally unimportant, because nobody can live
there. Thus one could think that the number of possibilities
is much smaller than 10°%°. However, the number of
different universes which may emerge as a result of eternal
slow roll inflation is much greater than 10°%.
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