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Introduction

Motivation: search for selection rule restricting landscape
of stringy vacua === quantum cosmology and Euclidean
quantum gravity

Lerentzian spacetime

- ¢ 37
Wy ~ exp(—Sg) = exp (2({“> — 00, A—0

Cosmology debate: no-boundary vs tunneling

Uy T ~ exp(FSe)

1

Wheeler-DeWitt equation
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Wheeler-DeWitt equation
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This is how cosmological landscape comes out of
Nothing, if some really like it hot
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From the pure Hartle-Hawking state to the statistical
ensemble — density matrix:
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From the pure Hartle-Hawking state to the statistical
ensemble — density matrix:
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Main effect

~.
Back reaction of quantum m destroys HH instanton b
an (classical effect) and
} conformal anomaly contribution (quantum effect)
This prevents half-instantons from closure and maintains
the thermal nature of the physical state




Effect of radiation

ds® = N2(7) dr? + a*(7) d293),

f o i . H? 1 i
a? a? a?

=) -
L= UA

gL = -—--1—1, 1+ [‘:1 4{*;{2}1-?
i v2H "’

4H?C <1




Calculation of partition function — toroidal instanton
with periodically identified Euclidean time
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-
=5
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Sootstrap: back reaction of radiation supports instanton
background on top of which this radiation exists
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Effect of radiation

ds® = N2(v)dr* + a*(7) rfEQES},

e B
ar = ——y/1 4+ (1 —4CH2)L/2
V2H

4H2C < 1




Calculation of partition function — toroidal instanton
with periodically identified Euclidean time

b2t z
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Bootstrap: back reaction of radiation supports instanton
background on top of which this radiation exists
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Outline

Density matrix vs pure Hartle-Hawking state
Back reaction of hot (radiation-ike) quantum matter

Confoermal anomaly and ghost-avoidance
renormalization

Effective (modified Friedmann) and bootstrap
equations

Elimination of infrared catastrophe of small A

Bounded cosmological landscape of instanton
gariands --- new gquantum scale

Limiting the landscape of stringy vacua?
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Density matrix

e I’ / D[g, o] exp ( — Sgel g, c:‘-']]

g. 0y s =(p")

trp=1 =—> effective action:

E;'_fr-z / D[E;,@]EKD(—EE[Q.Q“

9:0ly =9.0|xr

integration over periodic fields on & torus
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Back reaction: nature of approximation

lg.2] = [90(7), &() ]

= ‘\1
aqr = [l ._jf N{ _:' -'JPI(.:':I — IiT_':__..l‘}. T r'} .1;,f.r'}. k :;f.a'}. J
mimsUperspace quantum “matter” —
ackeroun cosmological perturbations
= R L - 3
e " = [ Dgo(7) exp(— I'lgo(7)])
J "

e—Tlga) — / D®(x) exp (— Sel g0, 2(x) ])

I'lgo] = Selgol + I'n_10oplgo] )
> nature of approximation

oI gol
20! — ¢ Effective equation of motion




Conformal anomaly and ghosts

snformally invariant quantum matter
C:nnfcrlmai t| ansfolm to static Einstein universe

ds? = {:j{;r;:l {:Ir;j - f:’zﬂﬁ’}] I:} d52 = rf}}'?' + d2Q(3)

e
conformal time Weyl tensor
5f1—100p 1
g = J allR + ﬁL + 9 C" , }
(17 G 4(4T)2 ( pre3

I _joopl9] = N_i00pl 31 +AT9.3], guw(z) = " guu(z)

o Bl = 1 ' =2 [ L] =0 s 2=a\]
Allg.g] = 2(an)2 / f-?‘-"'l-fﬂl {2 | 7 Clvag T f[f- - 3 -—h}J 7
j'(*—) + = ff(n )2 }
l (8 ) j 4 -:I e e
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O X A — ghosts (BAD})

e i d Coefficient in the conformal anomaly



Finite ghost-av

sidance renormalization:

Conformal anomaly contribution:

=

Arlg.3] = I'rlg]l — Irlg] = m? B] d
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ler density coefficient in the
conformal anomaly

For low spins:
1 —1 2 scalar
a=—x3i—-3, B=—x<¢ 11 Weyl s
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Effective action on a static Einstein instanton

I’ _io0pl 3] = m% Egno + F (o)

my j,- Eg== E sl
2
F(ng) : Z In (1 T e ““”5)
r
—L ghost avoidance renormalization
~
I'plgl = m;; Cong + F(no)
3 3
T.'I%‘v Cg = m2 s e S
1 6 meﬁicient of " |[{ inanomaly
~ o i I e UV rencrma | vacuum {Casimir)
mplEyg = —— x {17 &nen]y fulﬁcalarﬁ. spinors and
960 133 vectors (positive for all statistics)

Important universality
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Finite ghost-avoidance renormalization:

¥y —ap=~0
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Conformal anomaly contribution:
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Effective action on a static Einstein instanton

-rl—FCIDD[.‘E] = m% Egno + F(ﬁ'{)}

win
mp Eqg = x E =
Tt 2
F(ng) = —-_—,X In (l T € “”q’:’)
rt
1 ghost avoidance renormalization

I'rlg] = ”?;r “ono + F(no)

: 3
m2 Pl = m? BEg T —o

1 6 T S
coefficient of | /{ in anomaly

=2 1 I = UV rencrmalized vacuum {Casimir
mp by = —— x {17 eneltjyfurﬁcalars spinors and
i 188 vectors (positive for all statistics)

Important universality
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Finite ghost-avoidance renormalization:

o —Fr g — 0

1 5!

P al—Feligl=1T5%_ g ——
1-toopl 9] = Trlg] = N—opls57 =5 15

/' d*z g% R*(g)

Conformal anomaly contribution:
. =2 = A
= . 1l a
ArIlg.g]l = I'rlg]l — I'rl3] = mp B/ drf————
: a 6 a )
3
:rn% B=—03
4
Euler density coefficient in the

conformal anomaly

For low spins:
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point-separation regularizations
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Effective action on a static Einstein instanton

-rl—ir:lop[:‘j] = 7”% Egng + F(mng)
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m ?-; Eqg =

‘ ghost avoidance renormalizatio

I'rlg]l = m% Cong + F(ng)
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Important universality
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Effective Friedmann and bootstrap equations

lapse function

+ dr N(7) ~
a(T)

conformal time g = 2 / |

Total effective action

NMalr). N(r) ] =

T+ un
Zm% / a7 (— — Na—+ N ngs | classical

X N
I &%)
+21'_{ﬂ? J,[:t Ei"' — — f-ri ) an ::1-,“,
Na 6 N 3a
% d~ N
+H”!P / Vacuum =nsrgy
: a s
T4 dr N . _
F 2] thermal
+ ( i 1 )
"

i nonlocality (polylocality)
breezing of instanton in t-direction




Effective Friedmann equation (via variation of N(t))

\  anomaly
contribution

m % C'= m% & + dF (o) Bootstrap equation
2 dng
/"
1
. 2/ (T
= a(r)
On-shell action:
f ’
— F(no) .. UDM thermal part
dng

I

35 .2
+ 41 % / e (f;i' e BTQ) geometric

( part

a=

i Lo L |
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Effect of anomaly and bootstrap:
beginning of landscape

The same two turning points (I-:t provided ﬂ.% > B

e 4CH? < 1
C > B— B°H?
1
BH? <
=5
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I'os = F(ng) —no

Effective Friedmann equation (via variation of N{z))

=2 -4 . T
a 1 a a 1 {
Z e ——4——4)_—2—1’{2——&
a 2a @ a =i
% anomaly
contribution
B dF _
m % = m% -+ ﬂ Bootstrap equation
2 dng
T+ dr /
g = 2/
» Jr— a(7r)
On-shell action:
f__‘f.F(ﬂg) thermal part

dng

(I

“daa [ Ba?2) :
+41n J% / (.#:;‘J = = —J o

a 3 part

[ S5




Effect of anomaly and bootstrap:
beginning of landscape

The same two turning points (I-i provided (1.2_ > B

Il

i

. 4CH? <1
C > B — B°H?

k=1 A 1
\ BH? <
=
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Elimination of infrared catastrophe

Below the straight line boundary the turning
point a_ disappears and the instanton closes

at a=1(0
&
" da
g = | ——
J aa

F(ng) ~ F'(ng) — 0

T B -
oskelEap wmpp =5 = &+ 1, 650

This is exact deSitter HH instanton with the ef-

fective Hubble constant Hy = (1 + (1 — 2BH2)Y2) /2B
(Euclidean version of the Starobinsky solution

in R2-inflation)

Effective action of the HH instanton [ = gy

F dai Ba?

T aaa | Da”

Ty = 4m% / B-—a — =} —+ g
g @ 3

exp(—Izy) =0

HH vacuum instanton is dynamically ruled out by the
conformal anomaly

o |
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Effect of anomaly and bootstrap:
beginning of landscape

The same two turning points a-:t provided ﬂ.% > B

= 4CH? <1
C > B— B°H?
I
BH? <
2




Elimination of infrared catastrophe

Below the straight line boundary the turning

point a_ disappears and the instanton closes

at a=10
s

" da
o = / = Ok
J aa

F(ng) ~ F'(ng) — 0

. = Fr . B ;
bootstrap = ( — 5 a—1 a—0

This is exact deSitter HH instanton with the ef-

fective Hubble constant Hy = (1 + (1 — 2BH2)Y/2) /2B
(Euclidean version of the Starobinsky solution

in R2-inflation)

Effective action of the HH instanton [Ig = Iyy

"1+f _ 52
o 3 aaa ( _ ) pa*” _
I = 4mp [ " (u —a” — — ) —+ o0
0
exp( —f; erJi':'.- 0

HH vacuum instanton is dynamically ruled out by the
conformal anomaly
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Lower bound on the cosmological
constant range

Above the straight line boundary:
bootstrap

H? >0 = g—>% = C— B2

e

H?2 5 0

One-parameter family in (H=.C}-plane ¢an only interpolate between the
upper (hyperbolic) and lower (straight} boundaries at H=>0

i T e e = ey S e e = i
constant has a positive lower bounda

g A s 4 Py S

A=3H"> Ayin >0
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Effect of anomaly and bootstrap:
beginning of landscape

The same two turning points a-:t provided (1.2_ > B

Il
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. 4C H‘2 <1
C > B— B°H?
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Elimination of infrared catastrophe

Below the straight line boundary the turning
point a_ disappears and the instanton closes

at a=10
A
" da
J aa

0
F(ng) ~ F'(ng) — 0O

S : A
bootstrap =—= = 5 a— 1, a —0

This is exact deSitter HH instanton with the ef-

fective Hubble constant Hy = (1 + (1 — 2BH2)1/2) /2B
(Euclidean version of the Starobinsky solution

in R2-inflation)

Effective action of the HH instanton g = gy

H.+ _ .
& f daa ( _ » Ba“ o
I}JH — 4??1;: / o (L} — & — 3 -] —* 190
0 -
1
"’e}"i"

exp(—Iyy) =0

HH vacuum instanton is dynamically ruled out by the
conformal anomaly
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Lower bound on the cosmological
constant range

Above the straight line boundary:

H? » 0

One-parameter family in (H2.C}-plane ¢an only interpolate between the
upper (hyperbolic) and lower (straight} boundaries at H=>0

i s a positive lowear boimd
AL fid> O USRIV S POYY T E-.I!"--.- SIRLE

A= 3H? > Amin > 0
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One-parameter family of instantons
(conformal scalar field)

=k 3 = i | =0 e e Hl
H< = 12.968mp, C =~ 0.0193mp’
lh = -—0.0883
C
==
1 )

H? 2 2.997m%, C ~ 0.004mp>,

1
\\- Iy~ —0.1559

H
T
w1 — 2BH?
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k- folded garland, k=2.3....
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k-folded conformal time

k=2 garland

(&)
g

c
k=1
H 61.12 ~ 0.0041
0.0145

HEyy =~ 45.89mp, C(2

2

= —:0113

, & 0.0034 m 52,




1 In? k2 5 1
HZ, = (1 4 ] H2., —
A 28 k27 2]
B | In? k2
Fo s
i) = in= k o e
!I:ll'l Sy —TN llr,'u.lr.';'l —#1:2-;":2 r gamivIty
e 0
(B) = /B Ink2

Increasingly long 1y~ log k2, increasingly static and more and
more cold garlands saturating the upper bound of landscape --

new scale in quantum gravity
3 2 Planck mass
Amax = ) _— 3 mp mp = 35
ficient of the ss-Bonnet tenm

Final bounds of landscape for scalar and vector matter:

la : 3 2
AR = 899 mS, Asae = 360mbp,

ector VECtor
NESEEON o 3 19mS, At —

et L |



1) Lorentzian evelution of the cosmolegical landscape:
expansion, radiation dilution. inflatien. usual structure

formation scenario;
two branches of expansion at late time

- 1 :
et g o= (13411 2BHE%)
alt) ~ ¢ i H{ \

HZ ~ H® — 0 decay of a composite H?

2

H< — — cosmological acceleration at a new scalel

Braneworld mechanism is needed to handle hierarchy
problem B~ mp® — 10%%%m,*

2} Bounded landscape: Amin < A < Amax
f__,--'

{classical} back reaction new quantun scale

vacuum HH instantons ruled out by I’ =+o0o:
boundedness of on-shell gravitational actien in infrared
domain of Euclidean gravity — nonlocal effect of anomaly
and cosmological bootstrap

3) Beyond conformal quantum matter? Instantons are nearly
static. Universality relation can be broken:
C.<BfZ — sequence of garlands becomes hot:
Co~BifZ --sequence of garlands is truncated:
> B — infrared catastrophe develops

'm0

4} No renormalization ambiguity — all UV divergences are absorbed
by renormalized A=3H° and m.“. Logarithmic divergences are

vanishing — their finite remnant is the conformal anomaly




5) Normalizability of partition function — sum over instantons.
Measure and prefactors_. . .
Y (A8~ A& ~ T/ <

Lt

6) Semiclassical validity — scaling behavior with N — number of
fields:c . N¢, B~ NB, F(ng) — NF(ng)

!

H2 — H2/N

7} Climbing up phenomenology energy s<ale and higher spins:
growing B for growing spin and N

—

B>1, H2~1/B, —Ip~mpVB>0

8} Doemination of (underbarrier) Euclidean quantum gravity
configurations over possible Lorentzian stationary phase
peoints for the Wheeler-DeWitt equation:
in view of the negative action [,

f_'-‘_'!_{; P~ E}(D(#IH;JU';_B) =~ 2D il#ilf_} =1

Il

o Lh e L l



This is how cosmological landscape comes out of
Nothing, if some really like it hot




