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Abstract: New techniques for obtaining the complete set of analytic solutions of the usual cosmological equations continue to shed new light on
various aspects of cosmology. This approach, which was developed with a locally Weyl invariant formulation of gravity in 3+1 dimensions, was
inspired by the 2T-physics formulation of all physicsin 4+2 dimensions. | will first give areview of the general aspects of the analytic cosmological
solutions, including recent work with Shi-Hung Chen, Paul Steinhardt and Neil Turok, on geodesic completeness through the singularity and the
nature of the Big Crunch/Big Bang transition. Then | will include the full Standard Model, and discuss how the instability of the Higgs potential and
the conditions for the electroweak phase transition develop slowly during cosmological evolution of the universe, thus understanding that the
electroweak phase transition is not "spontaneous’ and the Standard Model is not decoupled from gravity or cosmology. This scenario, which is
currently being developed further, is the natural cosmological consequence of coupling the Standard Model to Gravity by imposing Weyl symmetry,
afeature that is required if 2T-physics in 4+2 dimensions is considered as the starting point. There are no dimensionful parameters, not even the
Newton constant. Emergent dimensionful scales are dynamical during the evolution of the universe.
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Outline

e Gravity coupled to a scalar field. Complete set of analytic
solutions of cosmological equations. (including curvature & radiation)

— Tricks with conformal symmetry.

— Several models solved exactly (i.e. several V(o)’s)
— No restrictions on values of parameters in V(o) or boundary conditions.

Pirsa: 12050077 Page 4/82



Outline

e Gravity coupled to a scalar field. Complete set of analytic
solutions of cosmological equations. (including curvature & radiation)

— Tricks with conformal symmetry.

— Several models solved exactly (i.e. several V(o)’s)
— No restrictions on values of parameters in V(o) or boundary conditions.
e Geodesic completion of cosmological space

— Role of conformal symmetry.
— Bounces at zero size and finite sizes.

Pirsa: 12050077 Page 5/82



Outline

e Gravity coupled to a scalar field. Complete set of analytic
solutions of cosmological equations. (including curvature & radiation)

— Tricks with conformal symmetry.

— Several models solved exactly (i.e. several V(o)’s)

— No restrictions on values of parameters in V(o) or boundary conditions.
e Geodesic completion of cosmological space

— Role of conformal symmetry.

— Bounces at zero size and finite sizes.
* Goingtrough the cosmological singularity

— Model independentunique attractor solution (important role of anisotropy)
— Big Crunch / Big Bang transition and antigravity

Pirsa: 12050077 Page 6/82



Outline

e Gravity coupled to a scalar field. Complete set of analytic
solutions of cosmological equations. (including curvature & radiation)

— Tricks with conformal symmetry.

— Several models solved exactly (i.e. several V(o)’s)
— No restrictions on values of parameters in V(o) or boundary conditions.

e Geodesic completion of cosmological space
— Role of conformal symmetry.
— Bounces at zero size and finite sizes.

* Goingtrough the cosmological singularity
— Model independentunique attractor solution (important role of anisotropy)
— Big Crunch / Big Bang transition and antigravity

 Cosmological evolution to a hierarchy of energy scales
(e.g. electroweak/Planck, in Standard Model + Gravity, role of dark energy)
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e
Cosmology with a scalar coupled to gravity

Could be low energy string

theory dilaton gravity. ()r- not. 1 ) 1 oy . . InciL_Jd.m_g
' 1 52 K ( q ) 5 Y (),-: (T()I,(T \ (o ) relativistic

S = d*a \/ (9 - - matter,

Fradiation + matter curvature,
anisotropy.
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e
Cosmology with a scalar coupled to gravity

Could be low energy string

theory dilaton gravity. Or not. Including

, i 3:‘.._., R (g) .é!_’j[”l(.,)/,ﬂ'(.)‘,,(j' V' (o) relativistic
S = (/ J\/ (¥} matter,
\ Fradiation + matter curvature,
anisotropy.
(/.‘-;.}3,; dt? 4 u-',z,’. (1) (/.‘-;E'i a? (7) ( dr? 4 (/.-;_:'i) X At a(T)dr
FRW R dr? , R , R N -
dsz e (dO7 + sin® 0do®) 1 k O. 4+ 1. = r2
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Cosmology with a scalar coupled to gravity

Including

Could be low energy string
theory dilaton gravity. Or not. 1 B 1 ] ) .
. ) A ) 5.0 R (g) > {j/”’(,)/,(T(,),,(T V(o) relativistic
S = d*a \/—.(/ s - matter,
+radiation + matter SUVatULe.
anisotropy.
(/.‘-;";,‘. dt> | u"},’. (1) (/.‘-;2'% a? (7) ( dr? } (/.-;_:‘i) . clt a (7)) dr
FRW Y dr? , R R . N '
dsf = —— szt (d6? + sin? Od®) 1 k — 0, +1. T2
cr2 /12
Friedmann equations @ _ R 97 (o) I Po | 6parameters
) ) ) (1'[‘,. 3 '_’u"l'), (!f u'},. 4=b,c,K,po
Analytically solved with this V i ' 2 ’_',_, 2 )' 2=(4-2) initial
found ALL solutions = £ : [ ~ \ (ﬁ)] £ 2 values
(also V (o) = Ae™27 4 (o™, V (a) = Ae2k7) CE “E 3 aE g
o Lo - ' | |\ |
5 +2——%— + V' (o) 0 v/ |
il 7 l E . '.'.’ | \
. \/(5 4 O . 4 o
V(o) b cosh . I csinh
r V6 V6

Page 10/82

Pirsa: 12050077



Cosmology with a scalar coupled to gravity

Could be low energy string

theory dilaton gravity. Or not. 1 1 y ) _ Including
_ - =R (g) sg9H" O, 00, c V(o) relativistic
S = d*a \/—_('/ s - matter,
+radiation + matter EUIMBELES.
anisotropy.
(/.‘-;";,’. dt? 4 H.';,’- (1) (/.‘-;z'i a? (7) ( dr? 4 (/.-;_:‘i) . clt a (7)) dr
FRW - dr? o 5 o - 15N :
dsy l fer2 /r2 < (dO~ sin® @do®) 1 k 0, 41 b re
er2 /12
Friedmann equations 7 A g Vi) I pPo | 6 parameters
) ) ) (1[‘ 3 '_’u‘/')- (17’ u'},. 4=b,c,K,pq
Analytically solved with this V i ;2 ’ 2 2 )' 2=(4-2) initial
found ALL solutions = £ _ [ S V (n)] _,/ S values
(also V (&) Ae™27 Lo,V (o) Ae2ka ) CE “E 3 aE aE
(.7.' [ .! E (T -7 \\ 'E,' i:'| /
“» + - 3 l' ‘ ( a ) l} . | V |':'I II:'. |:’I
AF (g ]}-\ 'I.::" '.:1 A |
4 “'\._\7___ //"’" \ VA Y
V6 4 o . 4 RO
V(o) b cosh - I e¢sinh .
IS Vv 6 V6

Generic solution in Einstein gravity is geodesically incomplete at the Big Bang.
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1
Cosmology with a scalar coupled to gravity

V(o)

Could be low energy string
theory dilaton gravity. Or not. ] )
- ’ 4 -_31.'.?1_1) (f/) -_lzf//” (—)/:(T()I’(—T
S = [ dixv/—g
+radiation + matter EUIMBELES.
anisotropy.
(/.s:;,’. dt? | H.'; (1) ([.‘-;;'% a? (7) ( dr? } (/.-;_:‘i) . clt a(7T)dr
- ) o
FRW - dr? o 5 o - 15N
dsz3 5 + r° (dO* sin® @do®) 1 k O, 1. b re
: | kr2/r§
Friedmann equations 7 anil BNy (o) I pPo | 6 parameters
) ) ) (1[‘ 3 '_’u"/'), uf u'},. 4=b,c,K,pq
Analytically solved with this V . . p ' 2=(4-2) initial
e ar (@ T o~ 2
found ALL solutions = £ . V" (o) ro values
. . u‘;‘. ”'1‘-' 3 ay wf'},
(also V (o) = Ae™27 4 eV, V () Ae2ha ) - ) ) - . )
o LT . \ [ | |
> +2—=- + V7 (o) = 0. \ v/ |\ £
L5 ct \ A f
= ) T\“{//"’ ?"-\‘ / \\\_j,:f:'
V6 4 o . 4 RO
V(o) b cosh . - csinh .
IS Vv 6 V6

relativistic
matter,

Generic solution in Einstein gravity is geodesically incomplete at the Big Bang.

There is a subset of geodesically complete solutions only with conditions on initial values and parameters of the model.
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Cosmology with a scalar coupled to gravity

Could be low energy string
theory dilaton gravity. Or not.

1 1 s & “ >
& 4 5.5 (g) 591" 0,000 V(o)
S = AN/ —qg
N +radiation + matter
([.*-;'f,‘. At? rf.}z.’- () (Z.«;Q‘i a? (7) ( dr? + (/.s‘é‘i) , ct
FRW - dr? ‘ 5 ) ) I\
dsi = - 773 r? (dO? + sin? 0do?) : k= 0, +1. )
o2 /2 _
Friedmann equations g 2 v (o) I\ 0
) ) ) ay 3 2a7. az ay-
Analytically solved with this V . o = .y '
- “N -‘- Il. (T- .
found ALL solutions =& “E , V(o) o
a? a? 3 a2 3ad
(also V (o) A¢ T CeTVL OV (o) Ae2ho ) £ l . . E ’ E
- +22E7 L Vv (o) =0 \
“y — « (T
Near Big Bang, very important, ay n';,

Including
relativistic
matter,
curvature,
anisotropy.

a (7)) dr

Lo

"0

6 parameters
4=b,c,K,po
2=(4-2) initial

must include anisotropic metrics :

Kasner (flat), Bianchi IX, VIl (curved)
Two more fields in metric.

IO

|:1) ('UHll'l

_ I esinh?
\/('5>

eI

a

Generic solution in Einstein gravity is geodesically incomplete at the Big Bang.

There is a subset of geodesically complete solutions only with conditions on initial values and parameters of the model.
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For geodesic completeness: aslight extension of Einstein gravity (with gauge degrees of freedom)

Local scaling symmetry (Weyl): allows conformally coupled scalars (generalization possible)
(Plus gauge bosons, fermions , more conformal scalars, in complete Weyl invariant theory.)

((|>,S) 9((l:’ws)e‘?\(x), g;w9 Buve ghx)

. | ; ] ) | , . _ =
S /(/'l.r\/ g _)y’” DD, .)g"” s, s 5 ((,)'3 .s-“)) R (qg) (,)4_/ (“))

- no ghosts -

gravitational parameter
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For geodesic completeness: aslight extension of Einstein gravity (with gauge degrees of freedom)

Local scaling symmetry (Weyl): allows conformally coupled scalars (generalization possible)
(Plus gauge bosons, fermions , more conformal scalars, in complete Weyl invariant theory.)

(d,s)=>(d,s)er™ g g, e

v ) y l L1/ & . l /& g l : : ’ ’ d
S / d*x/— g __)y’ Y DO, D .,.‘lw s s |2 (‘*’-3 “"—)) R (g) @ ((.)))

no ghosts -

gravitational parameter

A prediction of 2T-gravity in 4+2 dims. Also motivated by colliding branes scenario.
Fundamental approach: Gauge symmetry in phase space Khury + Seiberg +Steinhardt + Turok
Relation to 1T-physics: only extra gauge degrees of freedom McFadden + Turok 0409122

2T-gravity: 1.B. 0804.1585, I.B.+Chen 0811.2510

Weyl gauge
symmetry is
leftover from
general coordinate
transformations in
extra 1+1 dims.
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For geodesic completeness: aslight extension of Einstein gravity (with gauge degrees of freedom)

Local scaling symmetry (Weyl): allows conformally coupled scalars (generalization possible)
(Plus gauge bosons, fermions , more conformal scalars, in complete Weyl invariant theory.)

($.s)>(d,s)er™)
’ 1 i | ,
a%i / ([-l.l-\/ ‘(} .).(/Ill' (.),‘(,)(.),,(,‘) ‘)‘(j/l-f

no ghosts -
A prediction of 2T-gravity in 4+2 dims.

Fundamental approach:
Relation to 1T-physics: only extra gauge degrees of freedom
2T-gravity: 1.B. 0804.1585, |L.B.+Chen 0811.2510

Gauge symmetry in phase space

Weyl syvimmetry can

Weyl gauge [instein gauge
symmetry is 12
leftover from
general coordinate
transformations in
extra 1+1 dims.
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()!,,s'(),,.s' }

2A(x)

((,)2 52) R (g)

gravitational parameter

guv%guve

Also motivated by colliding branes scenario.

Khury + Seiberg +Steinhardt + Turok
McFadden + Turok 0409122

be gauge fixed 1n several forms.
- " I 1.
((,)7)._- 57)) D2 Op (v) . se () g% ()

;n(;) v6 . wo ()
| e ((r—-\ll ) e sinh

' l
S / d*axN/—g _
. ' 2K=

Vv 6

R(gr)

l .
)_r/""’(')ﬂﬂr’),,ﬂ \ (n‘)}
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For geodesic completeness: aslight extension of Einstein gravity (with gauge degrees of freedom)

Local scaling symmetry (Weyl): allows conformally coupled scalars (generalization possible)
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($.s)>(d,s)er™)
’ 1 i | ,
a%i / ([-l.l-\/ ‘(} .).(/Ill' (.),‘(,)(.),,(,‘) ‘)‘(j/l-f

no ghosts -
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()!,,s'(),,.s' }

2A(x)

((,)2 52) R (g)

gravitational parameter

guv%guve

Also motivated by colliding branes scenario.
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For geodesic completeness: aslight extension of Einstein gravity (with gauge degrees of freedom)

Local scaling symmetry (Weyl): allows conformally coupled scalars (generalization possible)
(Plus gauge bosons, fermions , more conformal scalars, in complete Weyl invariant theory.)

(d,s)=>(d,s)er™ g g, e

. ] ; ] ) ] , . _ =
S / ([-l.’_\/ g <.).(/IH (..)“(,)(.),,(;) -).(/;” (')“.‘5'(.),,-%' .: B ((‘)_’. -‘3'_)') R ((/) (‘)-1-/ ( ) )
* - no ghosts = - (€0

gravitational parameter

A prediction of 2T-gravity in 4+2 dims. Also motivated by colliding branes scenario.
Fundamental approach: Gauge symmetry in phase space Khury + Seiberg +Steinhardt + Turok
Relation to 1T-physics: only extra gauge degrees of freedom McFadden + Turok 0409122

2T-gravity: 1.B. 0804.1585, I.B.+Chen 0811.2510

Weyv]l syvimmetry can be gauge fixed in several forms.

2 b I L
Weyl gauge [instein gauge (“'7-_- S%) - @p(x).sp (@), gg" ()
symmetry is L2 212
leftover from () I : o () () v6 } o ()
: e L0 COs . S |\ S1110
general coordinate 2 \/(J 2 P \/“

transformations in

extra 1+1 dims. . | l | ‘
/ ‘o993 5 sR9e)- 59" 00,0 — V (o)

— I —

This is not the whole story: Einstein gauge is valid only in a patch of spacetime, where
the gauge invariant quantity \ = (—.(/) 1 (f})z — .‘-.‘2) iIs positive in any gauge.
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For geodesic completeness: aslight extension of Einstein gravity (with gauge degrees of freedom)

Local scaling symmetry (Weyl): allows conformally coupled scalars (generalization possible)
(Plus gauge bosons, fermions , more conformal scalars, in complete Weyl invariant theory.)

(d,s)=>(d,s)er™ g g, e

. 1 ) I ; I . . [ s
;S' / ([-l.l'\/ g <.).(/f!l' (..)"(,)(.),,(;) .),(IIL’ (')!I»S'(.),,-S' } l.) ((‘)..). .‘3_)') ]‘) ((j) (.)-1./ ( ) )
h = no ghosts . — )

gravitational parameter

A prediction of 2T-gravity in 4+2 dims. Also motivated by colliding branes scenario.
Fundamental approach: Gauge symmetry in phase space Khury + Seiberg +Steinhardt + Turok
Relation to 1T-physics: only extra gauge degrees of freedom McFadden + Turok 0409122

2T-gravity: 1.B. 0804.1585, I.B.+Chen 0811.2510

Weyv]l syvimmetry can be gauge fixed in several forms.

2 b I L
Weyl gauge [instein gauge (“'7-_- S%) - @p(x).sp (@), gg" ()
symmetry is L2 212
leftover from () I : o () () v6 } o ()
: e L0 COs . S |\ S1110
general coordinate 2 \/(J 2 P \/“

transformations in

extra 1+1 dims. . 1 l | ‘
/ ‘o —g 5 s (9r)- 59" 0,00, 0 V(o)

_— —

This is not the whole story: Einstein gauge is valld only in a patch of spacetime, where
the gauge invariant quantity N = (—.(/) (( > — .'2) iIs positive in any gauge.

‘ Can dynamics push this factor to negative values? ANTIGRAVITY in some regions of spacetime?
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y-gauge bryy 5yy GV

A~ = 1

Conformal factor of metric =1 for any metric. = For all t,x dependence.
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Y-gauge by Sopy GV
A~ = 1

Conformal factor of metric =1 for any metric. = For all t,x dependence.

case of only time dependent fields

) > 7[' '2 > ] by, . 2 2
('!.s-:: = —d7T° + B (/:7‘2/7‘3 —+ r< ((/(9“ + sin”~ 6’(/(_--‘)“) FRW,
R(g.) — 6K, with K = . k — 0, +1
r2
1 T o .0 AN > > 4 S
[ — -y ( D, A s:) 7 ( @, s:) (_)1j (U)

Plus the energy constraint: H=0 This is equivalent to the 00 Einstein eq. G,,=T,o
which compensates for the ghost.
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Y-gauge by Sopy GV
A~ = 1

Conformal factor of metric =1 for any metric. = For all t,x dependence.

case of only time dependent fields

) > 7[' '2 > ] by, . 2 2
('!.s-:: = —d7T° + B (/:7‘2/7‘3 —+ r< ((/(9“ + sin”~ 6’(/(_--‘)“) FRW,
R(g.) — 6K, with K = . k — 0, +1
r2
1 T o .0 AN > > 4 S
[ — -y ( D, A s:) 7 ( @, s:) (_)1j (U)
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which compensates for the ghost.
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r-gauge Dy S~ s ghY
A~ = 1
Conformal factor of metric =1 for any metric. = For all t,x dependence.

case of only time dependent fields

o o 1r2 5 o o, o
('Z.s-; — —dT° + B (lc]r'-’/rg -+ r=< (('1(9“ + sin” (9(':’(_.-‘)“) FRW,

5
R(gy) = 06K, with W\ = —. &£ = 0, 1.

5
70

1 - . N . .
 — 5 ( (_.-')f | sf) T; ( (,.-‘)j? } sf) (_)"1f (:))

Plus the energy constraint: H=0 This is equivalent to the 00 Einstein eq. G,,=T,o

which compensates for the ghost.

connection between the j-gauge and the Einstein gauge
BCRT transform o .
Bars Chen 2 N (( 2 __ q-_z) \,f 61 | DL, + S4 POS‘ItIVE
Steinhardt Turok Up = e T~ o i< 7 11 b region
L et -t -,
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r-gauge Dy S~ s ghY
1

A~ —

Conformal factor of metric =1 for any metric. = For all t,x dependence.

case of only time dependent fields

-) -) 7[. ‘2 -)
('ZS; = —d7T° + T (/:r"-’/rg —+ 7~ ((!(9 + sin? Odo? ) FRW,
. _ i 15
R(gy) = 6K, with I = —= s e — 0. +1.
0 Nothing

1 D) .o AN 2 sin
_ /= . < , — f gular in
& ( ey b"‘) 2 (=5 +53) — & (U) y-gauge

T -) Y
This is equivalent to the 00 Einstein eq. G,,=T,o

Plus the energy constraint: H=0

which compensates for the ghost.
connection between the y-gauge and the Einstein gauge

BCRT transform 5 > .

Bars Chen 2 A ( );3 - q-_z ) \,@ 1 l (60 -+ S POS‘ltlve

Steinhardt Turok Up = G . N o 5 1l : region
I e (.-)-‘ - S

BB singularity at ag=0 in E-gauge : gauge invariant factor vanishes in y-gauge, or any gauge!!

I.'-‘E 1 2 2 - 3 - 1
\ “( ) (e s7) ]
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Analytic solutions — all of them/!!

(()12 -+ ‘wf) — 1.\- (—()) + s ) — o f ( )

Special case: /() — bt + cs?
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Analytic solutions — all of them!!

1 T2 > 1\' > > S
2 . 2 2 2 A4 4 <
L p— ; ( — (;"),:' - 3_..‘ ) — —) ( — (.-")..! —+ S.? ) — (2 f ;

Special case: O f(s/d) = bt + cs?

. 3 - Completely decoupled equations,
BCST wranstorm U P —.lf)c_)_’ A Py except for the zero energy condition.
EFriedmann 0 Solutions are Jacobi elliptic functions,
equations o with various boundary conditions.

b : 1 -2 | RPN 1l .5 | B
ecome O s (2(_)4_ bod 4 2[\ (_)‘j_) } (2.5;‘: Fesd 4 2[\ ,q:) - o

.;J-v " 4(&} . /\'Hq_.
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Analytic solutions — all of them!!

: N S
2 .2 2 2 . <
" ! 2 Y ’ ()]
Special case: OVf(s/p) = bod? + cs?
. 3 - Completely decoupled equations,
U=o 160, + Ko, except for the zero energy condition
BCST transform p gy )
Friedmann | ( — 5 4 1053 4+ s, Sc_oILrJ]tlon_s areblacozl elllptlzfgnctlons,
equations : - with various boundary conditions.
become : | ) 1 |
U = — O bot + =K o2 — &7 cs. + —INsT = Lo
2 ' 2 i ‘ 2 '
First
. .2 L e 1l .4 o . " . .
integral i‘_," — b3 + (\ ot = FE,. 7_;-‘;‘,' - (HJ ~+ --:—;-.:»-_ — . E, E, E, E' + pq
2 2 = = .Rddidli()l‘l('l”lTl;l.’-,.’-,l('.‘-,‘; particles) in dust approximation
Particle in a potential . w . _ 1 s 4
problem, intuitively H(¢) = 307 + () V(o) 5 N o© b(.r‘)
solved by looking at the _
plot of the potential. H(s) = 252 4+ V (s) Vi(s) = —[\ () —+ Ccs
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Analytic solutions — all of them!!

1 - o ) I 2 2 1 r °
— 5 ((_-')_? -+ 8-\,.) G (7(‘:)‘:- -+ S‘?) —o ;

Special case: H3 ¥ (,9/(;)) — bt + cs?
0 — o 1oy } 2 Completely decoupled equations,
BCST cranet = @, — 200, + Ko, except for the zero energy condition.

. ' B . ) Solutions are Jacobi elliptic functions
Friedmann | ( — 5 + 4es? + Ns, . with various boundary conditions |
equations ' Y )
become : 0 l -2 bt 1[_ > | . a 1[_ 5

— — (D _ 2D _ — I\ C_ — ST - S — I\ ST )
2 Tohhes ) e e F oS ) e

First .

. .92 o, 1 .. I o . , . ,

integral it_,_" — b3 + ks o = FE.,. 3“—-"—2 + cs3 + %,5: = FE, E, E, E, E' + pq

2 2 = = .Rddidli()l‘l(d” massless particles) in dust approximation
Particle in a potential _ 1 o . _ 1 -, 4
problem, intuitively H (@) = 2¢ T V(o) V(o) = o N o — bo™.
solved by looking at the _ 1- - o 1
plot of the potential. H(s) = 152 + V (s) \ (‘s ) — > N o© + cs

Analytic expressions given
in 25 different regions.

Generic solution has 6 parameters (0. ¢c. I\ po. E. <& (70))
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Analytic solutions — all of them!!

1 - o ) I 2 2 1 r °
— 5 ((_-')_? -+ 8-\,.) G (7(‘:)‘:- -+ S‘?) —o ;

Special case: H3 ¥ (,9/(;)) — bt + cs?
0 — o 1oy } 2 Completely decoupled equations,
BCST cranet = @, — 200, + Ko, except for the zero energy condition.

. ' B . ) Solutions are Jacobi elliptic functions
Friedmann | ( — 5 + 4es? + Ns, . with various boundary conditions |
equations ' Y )
become : 0 l -2 bt 1[_ > | . a 1[_ 5

— — (D _ 2D _ — I\ C_ — ST - S — I\ ST )
2 Tohhes ) e e F oS ) e

First .

. .92 o, 1 .. I o . , . ,

integral it_,_" — b3 + ks o = FE.,. 3“—-"—2 + cs3 + %,5: = FE, E, E, E, E' + pq

2 2 = = .Rddidli()l‘l(d” massless particles) in dust approximation
Particle in a potential _ 1 o . _ 1 -, 4
problem, intuitively H (@) = 2¢ T V(o) V(o) = o N o — bo™.
solved by looking at the _ 1- - o 1
plot of the potential. H(s) = 152 + V (s) \ (‘s ) — > N o© + cs

Analytic expressions given
in 25 different regions.

Generic solution has 6 parameters (0. ¢c. I\ po. E. <& (70))

Pirsa: 12050077 Page 30/82



Example,
K=0 case.
Pure quartic
potentials

¢(t) , s (T)

Jacobi elliptic functions

Pirsa: 12050077

Vi(s)

Vigh) for b=0

I{(b) E .ip>‘| (s) |

Vi) =

b=

E(s)=E>0

N2 — b,

Vi(s)

Vigh for b=0

T/ T

Vigh) for b0

Vigh) tor b0

¢(t),s (t) perform independent oscillations
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Example,
K=0 case.
Pure quartic
potentials

¢(t) . s (1)

Jacobi elliptic functions

Pirsa: 12050077

1 2 .
S5 IN O + cs

Vi(s)

Vigh) for b=0

Vi) = :

b=

l{(b) E ip >l(5) |

E(s)=E>0

N H2

b (.) 4 .

\'t«-).‘

Vigh for b=0

Vigh) for b0

T/ T

Vigh) tor b0

¢(t),s (t) perform independent oscillations

There are special solutions that are geodesically complete in the
restricted Einstein frame. Bounces at zero-size ag, or finite-size ag.

But must constrain parameter space and/or initial conditions.
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Example,
K=0 case.
Pure quartic
potentials

¢(t) . s (1)

Jacobi elliptic functions

Example with
K=0 and p=0 and b,c>0
b=4c/n? , n=1,2,3 ...
Zero-size bounce
¢(t),s (t) vanish together

s sn (2
VASeT dn (

S~ (T)

IRE.
VASCT 1 A
fu':_)

o (02 = s?)

ag(t) always positive
Cyclic universe.

Dy (T)

2
(1’,,‘

Pirsa: 12050077

V(o)

E(dp)=E+p > E(s)
Vi(s)

E(s)=E>0

Vigh) for b=0

Vigh) for b=0

T/ T

Vigh for b0

Vigh) tor b0

¢(t),s (t) perform independent oscillations

There are special solutions that are geodesically complete in the
restricted Einstein frame. Bounces at zero-size ag, or finite-size ag.

But must constrain parameter space and/or initial conditions.
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Example, V' (s)

K=0 case.
Pure quartic \
potentials ~ T T AT T T T T T@emrew | T |
G(t) , s (1) N Ty
Jacobi elliptic functions _ \ Eis)=E>0

_lx'r;')"z + cs° Vi(d) = 2K P2 — bop?.

[

Example with - . ) )
K=0 and p=0 and b,c>0 (@) for b=0 Vigh for b=0
b=4c/n? , n=1,2,3 ... -
r r r f I
Zero-size bounce
¢(t),s (t) vanish together

I ST (,

VASCT dn (

oy ot sn (Grls)
D (T o
VASCT I + en (__‘;} _l,)
2 - ¢(t),s (t) perform independent oscillations
2 = (02 — s2)
U , + 2 -y
I() i There are special solutions that are geodesically complete in the
?:;(;gcauv:iavv:r:gm ve restricted Einstein frame. Bounces at zero-size ag, or finite-size ag.
’ But must constrain parameter space and/or initial conditions.

S~ (7) Vigh) for b0

N+ N5

13)
12)

= =

Vigh) tor b0

However, for generic initial conditions, the signh of ({?-s?)(t) changes over time.

Generic solution is geodesically incomplete in the Einstein gauge.
Becomes geodesically complete with the natural extensionin ¢,s space.

Pirsa: 12050077 Page 34/82



Geodesically complete larger space: ¢,,s, plane

Generic solution

¢(T), s (1)

parametric plot

(eliminate t) is a
smooth curve that
spans all quadrants

Analytic expressions
given in 25 different
regions of parameter
space without
restricting parameters
or boundary
conditions.
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Geodesically complete larger space: ¢,,s, plane

Generic solution
Recall Kruskal-Szekeres versus
(1), s (1) Schwarzchild; now in field space.

parametric plot

(eliminate t) is a
smooth curve that
spans all quadrants

Analytic expressions
given in 25 different
regions of parameter
space without
restricting parameters
or boundary
conditions.

No signature change in metric o —~ )
) ,l.‘- -_) ) ﬁ 1 (-)-._ + '5 -
Az = | x | X = — (0 — Si) . O = — In
() ¥ ¥ -

I~ 2 b, — Sao

BCST

Eragng;; e V6 IO Vv 6 ) IO
y-gauge ., — - I ‘,| cosh - . Sa, = - | > | sinh -
oY V6 oV /6
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Analytic solutions — all of them!!

: N S
2 .2 2 2 . <
" ! 2 Y ’ ()]
Special case: OVf(s/p) = bod? + cs?
. 3 - Completely decoupled equations,
U=o 160, + Ko, except for the zero energy condition
BCST transform p gy )
Friedmann | ( — 5 4 1053 4+ s, Sc_oILrJ]tlon_s areblacozl elllptlzfgnctlons,
equations : - with various boundary conditions.
become : | ) 1 |
U = — O bot + =K o2 — &7 cs. + —INsT = Lo
2 ' 2 i ‘ 2 '
First
. .2 L e 1l .4 o . " . .
integral i‘_," — b3 + (\ ot = FE,. 7_;-‘;‘,' - (HJ ~+ --:—;-.:»-_ — . E, E, E, E' + pq
2 2 = = .Rddidli()l‘l('l”lTl;l.’-,.’-,l('.‘-,‘; particles) in dust approximation
Particle in a potential . w . _ 1 s 4
problem, intuitively H(¢) = 307 + () V(o) 5 N o© b(.r‘)
solved by looking at the _
plot of the potential. H(s) = 252 4+ V (s) Vi(s) = —[\ () —+ Ccs

Pirsa: 12050077
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Analytic solutions — all of them!!

1 - o ) I 2 2 1 r °
— 5 ((_-')_? -+ 8-\,.) G (7(‘:)‘:- -+ S‘?) —o ;

Special case: H3 ¥ (,9/(;)) — bt + cs?
0 — o 1oy } 2 Completely decoupled equations,
BCST cranet = @, — 200, + Ko, except for the zero energy condition.

. ' B . ) Solutions are Jacobi elliptic functions
Friedmann | ( — 5 + 4es? + Ns, . with various boundary conditions |
equations ' Y )
become : 0 l -2 bt 1[_ > | . a 1[_ 5

— — (D _ 2D _ — I\ C_ — ST - S — I\ ST )
2 Tohhes ) e e F oS ) e

First .

. .92 o, 1 .. I o . , . ,

integral it_,_" — b3 + ks o = FE.,. 3“—-"—2 + cs3 + %,5: = FE, E, E, E, E' + pq

2 2 = = .Rddidli()l‘l(d” massless particles) in dust approximation
Particle in a potential _ 1 o . _ 1 -, 4
problem, intuitively H (@) = 2¢ T V(o) V(o) = o N o — bo™.
solved by looking at the _ 1- - o 1
plot of the potential. H(s) = 152 + V (s) \ (‘s ) — > N o© + cs

Analytic expressions given
in 25 different regions.

Generic solution has 6 parameters (0. ¢c. I\ po. E. <& (70))
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Example,
K=0 case.
Pure quartic
potentials

¢(t) , s (T)

Jacobi elliptic functions

Pirsa: 12050077

Vi(s)

Vigh) for b=0

I{(b) E .ip>‘| (s) |

Vi) =

b=

E(s)=E>0

N2 — b,

Vi(s)

Vigh for b=0

T/ T

Vigh) for b0

Vigh) tor b0

¢(t),s (t) perform independent oscillations
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Geodesically complete larger space: ¢,,s, plane

Generic solution

¢(T), s (1)

parametric plot

(eliminate t) is a
smooth curve that
spans all quadrants

Analytic expressions
given in 25 different
regions of parameter
space without
restricting parameters
or boundary
conditions.
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Geodesically complete larger space: ¢,,s, plane

Generic solution
Recall Kruskal-Szekeres versus
(1), s (1) Schwarzchild; now in field space.

parametric plot

(eliminate t) is a
smooth curve that
spans all quadrants

Analytic expressions
given in 25 different
regions of parameter
space without
restricting parameters
or boundary
conditions.

No signature change in metric o —~ )
) ,l.‘- -_) ) ﬁ 1 (-)-._ + '5 -
Az = | x | X = — (0 — Si) . O = — In
() ¥ ¥ -

I~ 2 b, — Sao

BCST

Eragng;; e V6 IO Vv 6 ) IO
y-gauge ., — - I ‘,| cosh - . Sa, = - | > | sinh -
oY V6 oV /6
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Geodesically complete larger space: ¢,,s, plane

Generic solution
Recall Kruskal-Szekeres versus
(1), s (1) Schwarzchild; now in field space.

parametric plot

(eliminate t) is a
smooth curve that
spans all quadrants

big bangs or big crunches
in spacetime €< —> at the
lightcone in ¢,s field space.

Analytic expressions
given in 25 different
regions of parameter
space without
restricting parameters
or boundary
conditions.

No signature change in metric o —~ )
1< . o V6 1 @, + S,
- i 9

(li—: | x | X = — ((,):—.5'_
BCST 6

ETZZTE; e V6 e V6 ] IO
s s e O = + \/|=z| cosh : . 8., = =+ /| = | sinh 7
. \@

/<
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Geodesically complete larger space: ¢,,s, plane

Generic solution
Recall Kruskal-Szekeres versus
(1), s (1) Schwarzchild; now in field space.

parametric plot

(eliminate t) is a
smooth curve that
spans all quadrants

big bangs or big crunches
in spacetime €< —> at the
lightcone in ¢,s field space.

Generic solutionis a
cyclic universe with
antigravity stuck
between crunch and

Analytic expressions
given in 25 different
regions of parameter
space without
restricting parameters

or boundary bang! Probably true
conditions. for all V(o)
No signature change in metric o =~
- /= > o \E 1 (€3N —+- S
A = |X| X = — ((,)__ - .S'j_) . O = — In
§) ~ 2 D, — S,

BCST

Eepatrats V6 o V6 , o
y-gauge ., = =+ \/|=z| cosh , , 8. = = V|| sinh 7
/< ﬂ

/<
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Geodesically complete solutions
in the Einstein gauge, without antigravity

Conditions on 6 parameter space:
(1) Synchronized initial values

b<0 $(0)=s (0)=0
(2) Relative quantization of periods

Example n=5 -2 5 nodes in picture P(b(s parameters)=N PS(S parameters)

(I)(‘L‘) = 10 a["(‘c) Cyclic

universe
s(T)

turn
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Geodesically complete solutions
in the Einstein gauge, without antigravity

”
\
N - , “ - Conditions on 6 parameter space:
| - |’/"’ ¢ (1) Synchronized initial values
\ . ” ’ o |
b Y 228 % |\\ VB $p(0)=s (0)=0
7/ N (2) Relative quantization of periods

Example n=5 -2 5 nodes in picture P(b(s parameters)=N PS(5 parameters)

(I)(‘L‘) = 10 a[,,(T) Cyclic

universe
s(T)

turmn
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Geodesically complete solutions
in the Einstein gauge, without antigravity

”
~
N . - p Conditions on 6 parameter space:
N s /{ n=> (I) . T
h \\J/ '_ (1) Synchronized initial values
) ) o= ; & !
b<O \J » A 7 |\ X $(0)=s (0)=0
7/ N (2) Relative quantization of periods

Example n=5 -2 5 nodes in picture P(b(s parameters)=N PS(5 parameters)

n=: o Cyclic
(I)( T) I a L( t) universe
s(T)
RN NN 7 - I, N I, e
: 10 B ban B 10 ( 10 bang r'\: [ T
turn crunch o crunch
a3 ’: (? >) » o(T)
~ 7/
~ 7
—— S -
- § —
> X i 11
b>0 —— T /w < ——

P S

-
Universe expands to infinite size, turnaround at infinite size

Pirsa: 12050077 Page 46/82



.|
nev:rrzl'::;:::I::Itv A N i SOt Fro py

K=>0 K<O
. o > > If K#O, (ds:)?=BianchilX or VIII,
ds® —=a“ (1) (—(/7‘ -} (/.5'3) dorn o . (dss)
If 2 2 1 2/ 3o (7 p 2an 7 : 3aol(7 : dan 7 p
K=>0 ((/s;‘;)h_!““ ) 20 () +2VBaa(7) 7,.2 L g2 (7) 23 .,(J)([UZ L e—4e1(7) .2
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]
e Anisotropy

K=>0 K<O
, 5 > > If K#zO, (ds-)?2=BianchilX or VIII,
(/'82 — (T) (_(/T -+ (.[53) (/(T_;'.H~: ( 3)
If 2 2 r : oo (7 p 2an r)—. 3aol(7 : dan 7 p
s ((/H;)K”H“ = (—,—f‘-ll(')*-)\/--{-‘-\.?(4)(/.'.—) L e2a(7) 23 .,(J)([UZ 4 e 4e1(7) 4.2

In Friedmann equations, 2 more fields vy (7) . o (7). Just like the o (7)

(v REySIa s S (Vo (Lp:Cvy S
5 + 2 = = 5oy 0 (v, (vy) 0. = + 2 = - — 5 Doy 0 (v, v2) 0
”l',' (’l'.‘ s f’/.’- ffl“- (f,,‘- e ‘1 ]

I ((. AN2/3ra0 L 1028/2/3r00 g2 (\/5”“2)>
L — 4 sigm (V) 4 sign () ¢V 2/3KkM osh (\/Eh‘(l-_;)

0 (cvy. cvy) =
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very important

near the singularity An iSOt ro py K>0 K<O
If KO, (ds;)?=BianchilX or VIII,

do,.

ds? —=a® (7) (—d7> + ds3)

Y, =

If 2 2 7 p 3o (7 y 2 ) —°¢ ‘.fl') . ¢
k>0 (453) jcuiner = e201(M+2v3a2(7) 7.2 | g201(1)—2V3a2(T) gy 2 4

In Friedmann equations, 2 more fields vy (7) . o (7). Just like the o (7)

s 7 2
e A7) -

vy o (L2 vy S (Vo (tpacvy 3.
5 + 2 = = 5oy 0 (v, (vy) 0. = + 2 = - — 5 Doy 0 (v, v2) 0
(fl‘,‘ (’l'.‘ I fl’/ ”I:‘ (f,,‘- ol F

5 ((. AN/2/Bren | 027/2/3r00 ginh?2 (\/5””2)>
L — 4 sigm (V) 4 sign () ¢V 2/3KkM osh (\/Eh‘(\-_;)

0 (cvy. cvy) =

. 1 6 2 , 1,2 .2 , 1 2 :2 , 1_2 :2
B /-_ s | '.3h"-’ i o T 2((1."(3- T -3(1 [,"(\ 1 T 2({]_:(1:3'
.'-~1|'l)l‘|“-~|);l('t' ( J l 6
¢ |(r,\ (o) + pr + 5.5apv (O (1;)]

Pirsa: 12050077 Page 49/82



e Anisotropy

K=>0 K<O
o . ) 2_Ri .
ds? —=a* (7) (—(/7“2 ~+ (-{Sé) If K#O, (ds3)*=BianchilX or VIII,

( /(T_:' WYL=

If : : )+ 3as (T p 2an T)—: 3as (7 : — Ay (7 p
K=>0 ((!.«%5%)[\_””“ L= 21 (M) +2vBa2(7) 4.2 | g2a1(7)—2vBax( Ddy? + e 31 () -2

In Friedmann equations, 2 more fields ¢v1 (7) . cva (7). Just like the o (7)

(\ 1 ‘ & f‘,'r" 1 3 p f.i-_g (i ,r."(.l 2 3 .
5 + 2 = { - 2")n1"(”|-”2) -0, = + 2 = } ey 0 (v, V) 0O
Cp s h=ay D @ YD

5 ((. AN2/Bren | 4027/ 2/3ren g2 (\/5””2)>
L — 4 sign (/) —4 sign () ¢~ V2/35% c6sh (\/Eh'(l-__)‘)

0 (cvy. cvy) =

) .
] ' — A=
. 1 6 -2 1 2 -2 1 2 -2 1 _2 -2 o E“~>
E . . I 5.2 A 1 2((,,3(7 t SA Oy + SRS I B > .
S0 rspace i | (II_-(II.
8 ‘[)ll ])«l(t -l 6 >
€ | a = Pr + 5,5 To = a%cia.

Rewrite equations in terms of momenta.
Near singularity a,=0 kinetic terms dominate like ©?/(a;)?. So neglect all potentials.
The momentamn, , ;, are then conserved while universe is evolving near singularity.
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Transform to y-gauge and solve equations near singularity: Analog of a relativistic particle in
a conformally flat background
' | . . K2 . . . . . :
T H2 - S$2 o (¢ )2 s2 )(.«'1']3 - v3 ) epPr Through the singularity
. 2 ! ! O Y ! = there is conservation of
1) momenta
The solution is unique !!! 2) SO(4,2) conformal Qs

3) and analyticity x(T)
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Analog of a relativistic particle in
a conformally flat background

' I . . 2 . . . . : :
s H2 * 52 4 — ( ,2 <2 )(".‘T) L2 ) ¢y Through the sungu‘larltv
) 2¢ ! ! O ! J = there is conservation of
1) momenta

2) SO(4,2) conformal Q’s
3) and analyticity x(T)

Transform to y-gauge and solve equations near singularity:

The solution is unique !!!

Y

.("‘, -+ "‘"'*‘.) \-/[(/) + e T

: -5 >
p = VP2 + pi+ps
/ T T (p+po)/2p 17 is an integration constant,
D, — .H,) . T = T/ )
\/(s( ‘ \/‘l'lf(/i+mf)‘ j f”’;ﬁ
i Ia) ( ) f’(‘r I ‘ a I
N - L - 2 . - a (T 1
X (7) = 27T(p + pr7T) ”1(')—|\(’)| \/(, 2p | L'(p+ pr7T)
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Transform to y-gauge and solve equations near singularity: Analog of a relativistic particle in
a conformally flat background
' I . . 2 . . . . . :
T —h2 4+ 52 4 (Hp2 — 2 )(".‘T) EA2) ¢y Through the singularity
_ 2 v Y G ! ’ = there is conservation of
1) momenta
The solution is unique !!! 2) SO(4,2) conformal Q’s

3) and analyticity x(T)
(p+pres)/2p

T

\;(s(( )." + .‘-.‘.," ) \,/_[‘(/) + /),.'T") '

T (p + pr7)

— 2 2 2
P = \//_)‘;r —- 1’7 e 25
o= —(p+pa)/2p 1 is an integration constant,
I3y LT 7
: (hp — 84, ) = - — = o e/ :
V6 VI T (p+ prT) : wT /N6
I Do T

o (7 | — —
\/(i ( ) 2/) ”]l(/)—{—-/“.r_)l

S

~ antigravity

o Attractor!!

” For all initial conditions!

Shape of loop
= controlled by

gravity anisotropy,
N kinetic energy
~ and radiation.
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Transform to y-gauge and solve equations near singularity: Analog of a relativistic particle in
a conformally flat background
' I . . 2 . . . . . :
T —h2 4+ 52 4 (Hp2 — 2 )(".‘T) EA2) ¢y Through the singularity
_ 2 v Y G ! ’ = there is conservation of
1) momenta
The solution is unique !!! 2) SO(4,2) conformal Q’s

3) and analyticity x(T)
(p+pres)/2p

T

\;(s(( )." + .‘-.‘.," ) \,/_[‘(/) + /),.'T") '

T (p + pr7)

— 2 2 2
P = \//_)‘;r —- 1’7 e 25
o= —(p+pa)/2p 1 is an integration constant,
I3y LT 7
: (hp — 84, ) = - — = o e/ :
V6 VI T (p+ prT) : wT /N6
I Do T

o (7 | — —
\/(i ( ) 2/) ”]l(/)—{—-/“.r_)l

S

~ antigravity

o Attractor!!

” For all initial conditions!

Shape of loop
= controlled by

gravity anisotropy,
N kinetic energy
~ and radiation.
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Antigravity Loop

(b) sy

-~ . .
“ antigravity

With ANY infinitesimal
amount of anisotropy !!

Without anisotropy

ATTRACTOR MECHANISM !!
if p, orp,is notO :
both ¢,s =0 at the big bang,
or at crunch singularity,
FOR ALL INITIAL CONDITIONS.

This alleviates problem of initial conditions
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Antigravity Loop

(b) sy

-~ . .
“ antigravity

gravity

With ANY infinitesimal
amount of anisotropy !!

Without anisotropy

ATTRACTOR MECHANISM !!
if p, orp,is notO :
both ¢,s =0 at the big bang,

UNAVOIDABLE CONCLUSION
IN CLASSICAL GRAVITY
Generic, unique, model independent behavior:

or at crunch singularity, The universe contracts, passes briefly through
FOR ALL INITIAL CONDITIONS. an antigravity period, then expands starting
This alleviates problem of initial conditions with a big bang.
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Antigravity Loop

(b) sy

-~ . .
“ antigravity

gravity

With ANY infinitesimal
amount of anisotropy !!

Without anisotropy

ATTRACTOR MECHANISM !!
if p, orp,is notO :
both ¢,s =0 at the big bang,

UNAVOIDABLE CONCLUSION
IN CLASSICAL GRAVITY
Generic, unique, model independent behavior:

or at crunch singularity, The universe contracts, passes briefly through
FOR ALL INITIAL CONDITIONS. an antigravity period, then expands starting
This alleviates problem of initial conditions with a big bang.

Similar phenomena should be studied in string theory, including full quantum effects.
For starters, these solutions can be interpreted as solutions for string backgrounds,
with worldsheet conformal conditions (perturbative beta function=0).
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What have we learned so far?

« »  FbBoumaddyeaswlteadimques to solve cosmollogical | emuuattrssaanadyyinadily
Feonddadll soblutionsffon several special potentiiaks W(@H) . (vitbbotbaissttrop
S Sew g b hmodéd | adpsndiznit gemeral results (with amisomapw): gEaatdsidcoompiHetanses s

-

anddchamniatraztwrmeatiami=m to the origin, ¢, s—0), foranwimitiad bedldas:
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What have we learned so far?

. Found new techniques to solve cosmological equations analytically.
Found all solutions for several special potentials V(o). (without anisotropy)
Several model independent general results (with anisotropy) : geodesic completeness
and an attractor mechanism to the origin, ¢,s—=20, for any initial values.

Pirsa: 12050077 Page 59/82



What have we learned so far?

. Found new techniques to solve cosmological equations analytically.
Found all solutions for several special potentials V(o). (without anisotropy)
Several model independent general results (with anisotropy) : geodesic completeness
and an attractor mechanism to the origin, ¢,s—=20, for any initial values.

. Antigravity unavoidable in classical gravity. Anisotropy + radiation + KE of scalar
requires it. (The geodesically complete cases without antigravity have anisotropy=0 and KE=0.)
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What have we learned so far?

. Found new techniques to solve cosmological equations analytically.
Found all solutions for several special potentials V(o). (without anisotropy)
Several model independent general results (with anisotropy) : geodesic completeness

and an attractor mechanism to the origin, ¢,s—=20, for any initial values.

. Antigravity unavoidable in classical gravity. Anisotropy + radiation + KE of scalar
requires it. (The geodesically complete cases without antigravity have anisotropy=0 and KE=0.)

. Same phenomena in typical SUGRA. Kahler potential similar to (¢$“-s?)R term
in ¢ =constant gauge. So, our results hold for generic theory, not an isolated model.

Pirsa: 12050077 Page 61/82



What have we learned so far?

. Found new techniques to solve cosmological equations analytically.
Found all solutions for several special potentials V(o). (without anisotropy)
Several model independent general results (with anisotropy) : geodesic completeness
and an attractor mechanism to the origin, ¢,s—=20, for any initial values.

. Antigravity unavoidable in classical gravity. Anisotropy + radiation + KE of scalar
requires it. (The geodesically complete cases without antigravity have anisotropy=0 and KE=0.)

. Same phenomena in typical SUGRA. Kahler potential similar to (¢$“-s?)R term
in ¢ =constant gauge. So, our results hold for generic theory, not an isolated model.

. Studied Wheeler-deW.itt equation (quantum) for the same system, can solve
some cases exactly, others semi-classically. Same conclusions.
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What have we learned so far?

. Found new techniques to solve cosmological equations analytically.
Found all solutions for several special potentials V(o). (without anisotropy)
Several model independent general results (with anisotropy) : geodesic completeness
and an attractor mechanism to the origin, ¢,s—=20, for any initial values.

. Antigravity unavoidable in classical gravity. Anisotropy + radiation + KE of scalar
requires it. (The geodesically complete cases without antigravity have anisotropy=0 and KE=0.)

. Same phenomena in typical SUGRA. Kahler potential similar to (¢$“-s?)R term
in ¢ =constant gauge. So, our results hold for generic theory, not an isolated model.

. Studied Wheeler-deW.itt equation (quantum) for the same system, can solve
some cases exactly, others semi-classically. Same conclusions.

. Will this new insight survive the effects of a full qgquantum theory ? What is the true
behavior in quantum gravity? Is this an analog of the Klein Paradox with interesting

physical implications?
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What have we learned so far?

. Found new techniques to solve cosmological equations analytically.
Found all solutions for several special potentials V(o). (without anisotropy)
Several model independent general results (with anisotropy) : geodesic completeness
and an attractor mechanism to the origin, ¢,s—=> 0, for any initial values.

. Antigravity unavoidable in classical gravity. Anisotropy + radiation + KE of scalar
requires it. (The geodesically complete cases without antigravity have anisotropy=0 and KE=0.)

« Same phenomena in typical SUGRA. Kahler potential similar to (¢?-s?)R term
in ¢ =constant gauge. So, our results hold for generic theory, not an isolated model.

. Studied Wheeler-deW.itt equation (quantum) for the same system, can solve
some cases exactly, others semi-classically. Same conclusions.

. Will this new insight survive the effects of a full qgquantum theory ? What is the true
behavior in quantum gravity? Is this an analog of the Klein Paradox with interesting
physical implications?

= Open: What are the observational effects today of a past antigravity period? This is an

important project. Study of small fluctuations and fitting to current observations of the
CMB (under investigation).
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Some Puzzles
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Some Puzzles

« The universe is filled uniformly with Dark Energy. It is also filled uniformly
with the Higgs vacuum value. Are these different, or closely related?
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Some Puzzles

« The universe is filled uniformly with Dark Energy. It is also filled uniformly
with the Higgs vacuum value. Are these different, or closely related?

« The Standard Model of particle physics presents the electroweak phase
transition as spontaneous, and completely independent of gravity. Is it
not physically sensible for the entire universe to make the transition
spontaneously. It would be more natural to understand the electroweak
phase transition as part of the cosmological evolution of the universe,
and therefore NOT independent of gravity.
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Some Puzzles

« The universe is filled uniformly with Dark Energy. It is also filled uniformly
with the Higgs vacuum value. Are these different, or closely related?

« The Standard Model of particle physics presents the electroweak phase
transition as spontaneous, and completely independent of gravity. Is it
not physically sensible for the entire universe to make the transition
spontaneously. It would be more natural to understand the electroweak
phase transition as part of the cosmological evolution of the universe,
and therefore NOT independent of gravity.

« How is the hierarchy of electroweak versus Planck scales created
naturally and dynamically?
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Some Puzzles

« The universe is filled uniformly with Dark Energy. It is also filled uniformly
with the Higgs vacuum value. Are these different, or closely related?

« The Standard Model of particle physics presents the electroweak phase
transition as spontaneous, and completely independent of gravity. Is it
not physically sensible for the entire universe to make the transition
spontaneously. It would be more natural to understand the electroweak
phase transition as part of the cosmological evolution of the universe,
and therefore NOT independent of gravity.

« How is the hierarchy of electroweak versus Planck scales created
naturally and dynamically?

I will suggest a ROUGH idea that addresses these questions.
It is based on some general features of our exact solutions.
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e
Standard Model coupled to Gravity in 3+1 dims.

Weyl is an outcome of 2T-gravity:

’ l 11 1¢ \\-( \_X'.l i] ]\';l,l'i;‘,] ]1‘ 11 ];1‘51‘( T aL(C '[ i( )11 an underlying spacetime of 4+2 dims,

Weyl is part of Diffs in extra 1+1.

i L (¢ —2HTH) R (g)

—

+gt” (59,00, — D, /1"‘/),,_{/)
= _ (b(/)" + 2¢ (HVH — .52(/)2)“)

quarks, leptons ., gauge bosons,

Yukawa couplings to 1

Gy — Q2 2g,,, & — Qp, H — QH,

) 3/2, ~ WL Z.qg 0 v . W, Z.,g
(/’r/.f 52 / (/’q./" A/J '('2 A/!

not rescale x/ or 9, or A, (&)

no dimensionful constants
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Standard Model coupled to Gravity in 3+1 dims.

Weyl is an outcome of 2T-gravity:
an underlying spacetime of 4+2 dims,

T'he Wev] invariant master action _ acet
' Weyl is part of Diffs in extra 1+1.

- L 2HYH) R (g)
/ +gh” (59, PO, — D, HY D, I)
= — (b + 20 (1T H — £29%)7)

quarks, leptons . gauge bosons.

VY

Yukawa couplings to [f{

Gur — SZ_'—)_(/,,,,, H — Qp, H — Q2QH
‘t/,f/./ — 523/21/,([.,’ A;l“ g SZ()/‘;’!'” AN

not rescale x/ or 9, or A, (&)

no dimensionful constants

In the gauge ¢d=constant, $2 = gravitational constant,
b is the cosmological constant in Planck units 10-129,
£2d?is the electroweak vev, v2=(250 GeV)?

-- Also, no ghost, and no massless Goldstone dilaton !
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Weyl is an outcome of 2T-gravity:
an underlying spacetime of 4+2 dims,

T'he Wev] invariant master action _ acet
' Weyl is part of Diffs in extra 1+1.

12

—

+gt” (50,90, — D, H D, H)

L _ _ (+ 2c (H 1 H —)2)

quarks, leptons . gauge bosons.

I L @ 2HYH) R (g)

i Yukawa couplings to £/
Gur — SZ_'—)_(/!,,,, H — Qp, H — 2H
3/2 ~ W, A ¢ 0 v W, Z ¢
“/,r/.l — $2 / 1/’([.13 A/‘J g — €2 A;fr v

not rescale x/ or 9, or A, (&)
no dimensionful constants

In the gauge ¢d=constant, $2 = gravitational constant,
b is the cosmological constant in Planck units 10-129,
£2d?is the electroweak vev, v2=(250 GeV)?

-- Also, no ghost, and no massless Goldstone dilaton !
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Standard Model coupled to Gravity in 3+1 dims.

Weyl is an outcome of 2T-gravity:
in underlying spacetime of 4+2 dims,

T'he Wev] invariant master action an unc acet
' Weyl is part of Diffs in extra 1+1.

-)11"'/1) R ((/)
T /),,11

@ i —>

quarks, leptons . gauge bosons.

—+ L.gn ,
b Yukawa couplings to

Gur — 27 (//,,,, H — Q2p, H — C2QH
, 3 v W, Z, O A~ W, Z,
‘/ qg.l r /2 /q.fﬁ A/: g — €2 A;fr ol
not rescale /' or 9, or A, (@)

no dimensionful constants

In the gauge ¢d=constant, $2 = gravitational constant,
b is the cosmological constant in Planck units 10-129,
£2d?is the electroweak vev, v2=(250 GeV)?

-- Also, no ghost, and no massless Goldstone dilaton !
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Standard Model coupled to Gravity in 3+1 dims.

T'he Weyl invariant master action

—+ 2

—2
Yy (/) ’

’(/"q.f ?

11O

no dimensionful

In the gauge ¢b=constant, ¢2 = gravitational constant,
b is the cosmological constant in Planck units 10-120,

£2d?is the electroweak vev, v2=(250 GeV)?
-- Also, no ghost, and no massless Goldstone dilaton !

e —>

quarks,
Yukawa couplings to £/

rescale axf!

Weyl is an outcome of 2T-gravity:
an underlying spacetime of 4+2 dims,
Weyl is part of Diffs in extra 1+1.

-)111'11) R ((1)
D, 11

leptons . gauge bosons,

Qh, H — QQH
“Z.g SZ()A’ %4 /
or dJ, or A, (x)

constants

So gravity, dark energy, and electroweak scale at
low energies could come from the same origin.
But why are the energy scales so different?
Let’s examine the history of the universe

including the Higgs!
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The effective cosmological action, with only homogenecous Invariant under
. s . _ o . local Weyl
ficlds @ (7).,s(7),a(7), takes the form sauge symm.
| L 4 (42 2\ 712 12 Y - -2 l 0
= | s5a H< — s I? (a 5a — ) S ) =
‘ ['“’ (¢ ) (@) + 3 ( p + )] H () \/z(ls(-r)l
L(T) = 1,4 i W2 2 4 2)\% SU(2) xU(1)
.l( “ ])(.) _+_ ‘ (.H S @ ) nnitary gangoe

— ¢’ [/)1- + If)‘f-(l |."-a'| + %[)”.(12.&‘2]

- ” Yukawa )
“Radiation Coupling of

) . couplings of .
kinetic energy d Higgs to ZW

. Higgs to all
of all particles [’[’_
fermions
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The effective cosmological action, with only homogencous
ficlds ¢ (7),s(7),a (7)., takes the form

-~

i []Lzu," (% — s2?) R (a) + %uﬁz (“—(,-") + HJ)]

I, (7') —] _.—lf(,(l": I:[)q")-l + (H.‘z — 63()3)2]

Invariant under
local Weyl
gauge symm.

1 0
H )= 7 ( s ()]

SU(2) =U(1)

According to our attractor theorem all these fields

must start at O at the Big Bang, and then evolve.
So they must start with comparable energy scales.
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n4 o2 2 2N\2 1, .2
—e (b(!’)‘: + ¢ ("‘-; S (_,.).}) )+ 5 (&5

nnitary gangoe
1 2.2
—e [/),. + prals| + 5p,,a%s ]
“Radiation” thmﬁ: s of Coupling of
kinetic energy ce pling Higgs to ZW
- Higgs to all
of all particles )
fermions
In the v-gauge, the master action reads
I.ﬂ
« D - p P v 3 P
1 VR 22 M ;2 L2 L _'.3 L ,2 (15 [N s
e |: Do, + 855 A4 (P2 s2) (] + 5 ] E= G (o3 )

Scale factor in the
Einstein gauge

We have ALL the analytic solutions. We see
that the late time evolution of ¢ and s is
controlled by the quartic parameters b and c
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Einstein gauge
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that the late time evolution of ¢ and s is
controlled by the quartic parameters b and c
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So, the hierarchy of
b=>0, ¢ >0, electroweak/ Planck scales
seems to be connected to the
- ey N4 s (T ms )y = & 4+ KT2 cosmological evolution of the
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The evolution of the effective potential for
the Higgs, assuming a slowly varying ¢

L . (s, &) at several

b =10.0001 4 fixed values of &
K =0.01 ) 7 o 5 sy 1 S 6
T Vs(s,®) =c|sT—&° c.‘5“'|"+ (K + o) 5™ + pr Abs[s]

“w = V vl : "

of = 1 3+

_ _ L I~ (,‘) = 0

., = 0.001 [ & = 900
3 / r

At late times the Mexican hat develops and the Higgs freezes at its
lowest energy state to a non-zero value. The maximum amplitude
of the Higgs is still imited by the previous argument (DE)
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