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Abstract: Not only general relativity but also quantum theory plays important roles in current cosmology. Quantum fluctuations of matter fields are
supposed to have provided the initial seeds of all the structure of the current universe, and quantum gravity is assumed to have been essentia in the
earliest stages. Both issues are not fully understood, although several heuristic effects have been discussed. In this talk, implications of an effective
framework taking into account the coupling of matter and gravity are discussed. This touches on interpretational issues of quantum mechanics,
cosmological observations and properties of quantum gravity.
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PENNSIATE

Inflationary structure formation

Current universe highly complex with structure on many different
scales, to emerge out of simple initial state.
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Current universe highly complex with structure on many different
scales, to emerge out of simple initial state.

Early universe assumed nearly homogeneous, only disturbed by
quantum fluctuations of matter fields providing initial seeds for
structure which subsequently grows by gravitational attraction.
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Inflationary structure formation

Current universe highly complex with structure on many different
scales, to emerge out of simple initial state.

Early universe assumed nearly homogeneous, only disturbed by
quantum fluctuations of matter fields providing initial seeds for
structure which subsequently grows by gravitational attraction.
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Problems

— How do quantum fluctuations become classical
perturbations, and what is the precise relation?
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Problems

— How do quantum fluctuations become classical

perturbations, and what is the precise relation?
{05

Inflation assumes classical modes ¢, = V (¢7) for non-zero

wave numbers k (in a state where (¢) = 0).
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Problems

— How do quantum fluctuations become classical
perturbations, and what is the precise relation?

Inflation assumes classical modes ¢, = \ {mf) for non-zero

wave numbers k (in a state where (¢g) = 0).

But no conceptual justification provided.

— Really in agreement with ob-
servations?

Resulting amplitude of anisotropies
too large by orders of magnitude.
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ﬁ Problems

— How do quantum fluctuations become classical
perturbations, and what is the precise relation?

Inflation assumes classical modes ¢ = \/<of) for non-zero
wave numbers k (in a state where (¢,) = 0).

But no conceptual justification provided.

— Really in agreement with ob-
servations?

Resulting amplitude of anisotropies
too large by orders of magnitude.
Suppression of power at large scales,
most strongly for odd modes.
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Problems

— How do quantum fluctuations become classical
perturbations, and what is the precise relation?

Inflation assumes classical modes ¢, = \ <of; for non-zero
wave numbers k (in a state where (¢g) = 0).

But no conceptual justification provided.

— Really in agreement with ob-
servations?

Resulting amplitude of anisotropies
too large by orders of magnitude.
Suppression of power at large scales,
most strongly for odd modes.
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~ 90° Angular Scale

— Models start from singular initial states in general relativity;
quantum gravity corrections expected.
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&, Matter fields and gravity

Two main implications of scalar Hamiltonian

H, :,/(-FLEN (Sq 31 Epcg.‘z + 5(}3;2?@' Vqﬂ—%g'}’QT (fp})

coupling scalar ¢ to metric components ¢ and N ; interacting field

theory even for “free” scalar with V(¢) = %?n:qiiz,
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FS{ Matter fields and gravity

Two main implications of scalar Hamiltonian

o Bl G | [ e
Hy= / d’zN (aq—zquéz + 5@*‘%*!2?@' Vo + qs-‘sz- ({p))

—

coupling scalar ¢ to metric components g and N ; interacting field
theory even for “free” scalar with V(¢) = sm?¢?.

— Coupling between matter and metric when quantized:
fluctuations automatically occur in expectation value

P

(8%) = ()2 +A¢” # (9’

Multiply metric and thus enter perturbation equations.
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Matter fields and gravity

Two main implications of scalar Hamiltonian

o | 2 _
Hi— / d*zN (513_3*’;2;}@;2 - §q3-*’Ech' Vo +q3f’2r(@))

coupling scalar ¢ to metric components ¢ and N ; interacting field
theory even for “free” scalar with V (¢) = %mzoJ

— Coupling between matter and metric when quantized:
fluctuations automatically occur in expectation value

Fat

(@) = (&) + A9 # (4)°
Multiply metric and thus enter perturbation equations.

— Metric components ¢ to be quantized as well as scalar field.
Quantum gravity required, may modify coefficients. page 1269
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FE{ Effective theory

Difficult to quantize gravity, but many issues can be analyzed in
effective theory. Well known from low energy effective actions
(perturbations around vacuum state), but need to be generalized
for matter fields on dynamical geomeiry.
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Matter fields and gravity

Two main implications of scalar Hamiltonian

Hm = / ('i'jlff\" (Sq—._afzpdlz g §q3f2vg ] T'E}’J 5 g,_;_fET_ (@1)

coupling scalar ¢ to metric components ¢ and N ; interacting field
theory even for “free” scalar with V (¢) = %nga

— Coupling between matter and metric when quantized:
fluctuations automatically occur in expectation value

Pt

(8%) = (9)* + Ag? # (9
Multiply metric and thus enter perturbation equations.

— Metric components g to be quantized as well as scalar field.
Quantum gravity required, may modify coefficients. page 15/69
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Effective theory

Difficult to quantize gravity, but many issues can be analyzed in
effective theory. Well known from low energy effective actions
(perturbations around vacuum state), but need o be generalized
for matter fields on dynamical geometry.
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P Effective theory

Difficult to quantize gravity, but many issues can be analyzed in
effective theory. Well known from low energy effective actions
(perturbations around vacuum state), but need to be generalized
for matter fields on dynamical geomeiry.

Generalization available from geometrical formulation of
guantum mechanics: View Hilbert space of qguantum system as
Infinite-dimensional phase space, Poisson brackets given by
imaginary part of inner product.
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Effective theory

Difficult to quantize gravity, but many issues can be analyzed in
effective theory. Well known from low energy effective actions
(perturbations around vacuum state), but need o be generalized
for matter fields on dynamical geomeiry.

Generalization available from geometrical formulation of
guantum mechanics: View Hilbert space of quantum system as
Infinite-dimensional phase space, Poisson brackets given by
imaginary part of inner product.

Choose expansion coefficients in [¢) = » . ¢;|1;) as coordinates
on phase space, then

1

{RGC_.}', ImC';;} —— ﬁ ik
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& Quantum Hamiltonian

Schrédinger equation for |¢) equivalent to Hamiltonian

equations of motion from quantum Hamiltonian Hg(c;) = :ij ) for
expectation value taken in state with expansion coefficients c;:

choose eigenbasis |i;) of H, then Hg(c;) = > Ej c;|* and

d E;

ERGCJ- = {Ree;. Hgl = }; Ime;

d B

EIH]C_?' = Jdme;;Hagl —=— }; Rec;
which implies ¢; = —ih™ ' E,c;.
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Quantum Hamiltonian

Schrédinger equation for

) equivalent to Hamiltonian

equations of motion from quantum Hamiltonian Hg(c;) = ( = ) for
expectation value taken in state with expansion coefficients c;:
choose eigenbasis |;) of H, then Hg(c =3 Ejle;|” and
| E.

:i Rec; = {Rec; Hgl= ?;’]Imcj

d E;

EImcj = Jime; Hal =— > LRec;
which implies ¢; = —ih~ ' Ec;.

Quantum mechanics formally much closer to classical

mechanics, relation through effective equations becomes
possible in suitable approximations, including a truncation to
finitely many variables.
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Fﬁ Quantum variables

More useful set of coordinates: classical variables ¢ = (¢) and
p = (p) and quantum variables (n > 2,a=0,....n)

G”“” -— ((f — '::(}'Aﬁn_ﬁ(;ﬁ - {ﬁ>)ﬂ}‘-¢"u‘r{—:}-‘l

e [MB, A. Skirzewski: math-ph/0511043, hep-th/0606232] Page 21/69
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Quantum variables

More useful set of coordinates: classical variables ¢ = (¢) and
p = (p) and quantum variables (n > 2, a =0, ...,n)

Go™ - (g — {é}_':;n'_a (p — iﬁ»ﬂ }’Wa—“}-'l

Poisson relations related to commutators: {¢.p} = 1,
{Q: Gaﬁﬂ-} =) = {P Ga.-n,'}! {Gn.._n_ G{b.m} =

L [MB, A. Skirzewski: math-ph/0511043, hep-th/0606232] Page 22/69
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Quantum variables

More useful set of coordinates: classical variables ¢ = (¢) and

p = (p) and quantum variables (n > 2,a =0, ..., n)

G:Ln o <(é . {q«ﬁn—a (lﬁ — {:I:}>)LI>W?F}’1

Poisson relations related to commutators: {¢.p} =1,
{Q: Gaﬁﬂ-} — () = {p_ Ga.n}! {Gu.._n_ G'b.m} —

Quantum variables dynamical just as classical variables: change
In time if wave packet spreads and deforms; back-reacts on
classical variables which determine peak position of wave
packet.

[MB, A. Skirzewski: math-ph/0511043, hep-th/0606232] Page 23/69
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Quantum variables

More useful set of coordinates: classical variables ¢ = (¢) and
p = (p) and quantum variables (n > 2,a =0,...,n)

G{I..'n — <({§ - <q~>:}n—a (?j - {ﬁ))a>ﬁﬁu?p}rl

Poisson relations related to commutators: {¢.p} = 1,
{q,G*"} =0 = {p,G*""}, {G*",G>™} = - ...

Quantum variables dynamical just as classical variables: change
in time if wave packet spreads and deforms; back-reacts on
classical variables which determine peak position of wave
packet.

Exact behavior determined by Schrodinger equation, or by
guantum Hamiltonian which couples classical and quantum
variables.

[MB, A. Skirzewski: math-ph/0511043, hep-th/0606232] Page 24169
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i3 Quantum Hamiltonian

Consider an- harmonio oscillator with classical Hamiltonian
H = 5=p* + smw?q* + U(q); introduce dimensionless

}TTI

(?Ln ::5.’“'(fnan”f“_“C?L”.
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&3 Quantum Hamiltonian

Consider an-harmonic oscillator with classical Hamiltonian
H = 5—p? + +mw?¢* + U(q); introduce dimensionless

 2m

o e S ' __
Ga,n — FE ”"'“('.?ﬂ-i.d)n'f" C.\:Gﬂ.._?l:

Quantum Hamiltonian with coupling terms

Ho = (H(§.p))=(H(g+(¢d—q),p+(D—p))
1 1 o : fiw , ~ —
— ot F O (E &)
2m 2 2

1 h 5 U{n.} GD.H
# Z n! \ mw (9)
n>2
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Quantum Hamiltonian

Consider an-harmonic oscillator with classical Hamiltonian
H = 5—p* + smw?q* + U(q); introduce dimensionless

5

2m
~a.n —n /2 An/2—apa.n
- ke :}_? ! ('.??E'-;.U) / ‘G' z

Quantum Hamiltonian with coupling terms

Hg = (H(¢.p)=(H(g+(G—q),p+ (B—p))
1 S o :
= o9’ + 5w’ +U(g) + 5(G% + &)
2m 2 2
LY L (L) pmgeen
- “ n! \'mw q

[half-integer powers > 3/2 of k in correction terms]
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& Equations of motion

Hg generates Hamiltonian equations of motion f= {f:Hg}:
. p
g = —
m
g} — —ﬂ]wgq . L‘.":"(q) - Z 1 ﬁ, TI._;(E [.._t‘ﬂ'—l:] ({I)éﬂ-.ﬂ.
| = n! \ mw
C:'Twz.n _ —{I.wéﬂ'_l'n' e (n - ﬂ)wéa—l—lﬂ - U”(Q) éﬂ—l 1
' mw
.ﬁ;ﬂ-[)ﬁr”f . s h{][;r”” L Ll
—i—\/_ (f) Ga—l.ﬂ.—lGﬂJ £ — ({:‘;) Ga—l.n—lGﬂﬁ
2(muw)= 3l(mw)=
4 \/EU;H(Q) éﬂ-—l -1 ﬁ['}r””({.z) éa'—}_ n-+2 I
— = !
2 (mw)= 3(mw)*
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ocly many coupled equations for ocly many variables.

0061

P
m

e Tl 1 h 7 rin+1) 0.n
—mw g — U'(q) — ; 2 (mw) L (q)G

- 8 | U” i |
_.aleﬂ-—l.n- £ (n - ﬂ)u!Gﬂ—l—l..?l - ( )Ga—l!n
(32799

T\/ﬁaU”’(q) Fa—1,n—150,2 anU””( )G“ Lo 1503

2(mw)= 3'(rr1wj
e \/ELTFFF( )Ga T bl g ﬁ[T””(Q) Ga—i.n—i—? S

2 (mw)z 3(mw)?
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B Low energy effective action

Consistent truncations to finitely many variables possible in,
e.g., adiabatic approximation: solve approximately for leading
G*" and insert into equations of motion for ¢ and p.
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Low energy effective action

Consistent truncations to finitely many variables possible in,
e.g., adiabatic approximation: solve approximately for leading
G*" and insert into equations of motion for ¢ and p.

To first order in A and second in adiabatic approximation:

FL[,T”! (q) 2

m + _ q
ot (1.4 29)

[ [

Tt

128m3w7 (1 % M)_

i

EDTFH(Q)
Admw (1 + U”iq})

=

ﬁq‘g (4?nw2U:‘H(QJLﬂHI(q) (1 4 [_m(g}) - 55’!?#((})3)

|
-+

+mw?q+ U'(g) + =),

[ =
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i Effective systems

Agrees with result from low energy effective action, but more
generally applicable beyond adiabatic approximation. For
instance, some quantum variables can be kept independent.
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Effective systems

Agrees with result from low energy effective action, but more
generally applicable beyond adiabatic approximation. For
instance, some quantum variables can be kept independent.

Cosmology: Quantum Hamiltonian

: _ ]_ ‘ 1 oy e -~ ~ 9 je _ g

couples metric modes to quantum fluctuations of matter modes;
to be expanded in quantum variables.

[Cancnically, only the spatial metric components g are quantized, not N ]
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Effective systems

Agrees with result from low energy effective action, but more
generally applicable beyond adiabatic approximation. For
instance, some quantum variables can be kept independent.

Cosmology: Quantum Hamiltonian

o y 1 _— 1 [ ~ rlx NC YL

couples metric modes to quantum fluctuations of matter modes;
to be expanded in quantum variables.
[Cancnically, only the spatial metric components g are quantized, not N ]

Generates equations of motion which can be linearized and
modify classical perturbation equations by fluctuation terms.
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Fluctuation-metric coupling

For instance, kinetic term in Fourier modes:

1 | e )
qHein = 3 ZPMP@?—k i Z 39—tk — 2N_j—k )P kDo R

k'

Z a2 Z .
e q ;L 1, ;'!1:_]_ \ -In fc"

* ok - kk!
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Fluctuation-metric coupling

For instance, kinetic term in Fourier modes:

Hen = — E Po.kPd,—k — Z{SQ—.&—F{“ == Qi\v—h—k’}ﬁdnkprpfﬁ:f
ﬁc..k“’
_1 E q_k 1,6——'&: _]I_ E 1\‘ .Ih ;'g-" JI., pILJI
k.k! k k!

Contains fluctuations G’A L which are non-zero for k = k' thanks
to uncertainty relations
5
Gﬂ QGH'_ > % + (Gl.ﬁ)ﬂ

contributing terms such as f\fT_g;;G:i_
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Fluctuation-metric coupling

For instance, kinetic term in Fourier modes:

1 1 .
quin — E ;p@akﬂqﬂh—k T 1 ;(3{}_;;_;3 0 Q‘F\—k—ﬁ")pii,kp@,ﬁc’

3 - M - 29
4 Z Ik Gl + 5 Z Nt Gyps + -+

kR "k
. s A .
Contains fluctuations G’fj_‘;;, which are non-zero for k = £’ thanks

to uncertainty relations

GG*QGQE = hg eyl 232
' | _I—f_((; )

i E T 2.2
contributing terms such as N_2G -

Energy density modes given by p;. o« dH/ON_;, contain term

1.) = 5
G‘;;f,} k)2 which must be non-zero; source metric modes ;..
=, Page 37/69
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“~  Perturbation equations

When added to gravitational Hamiltonian, perturbation equations
are generated:

< — 0,2 3 V2
—k> Lﬂ_q—Lj_a_ﬁ‘L.{.—ﬂE]l“':_ bGF”‘“ — ??1 CTL‘ 0 % hGi

? = 2,2 2 0,
(&) r -3 =P *=+a 6GM —m G —l—éa °G; =_.—%-T?1."Gi‘i

—U,Ii_—.?)_i 'E —2

a : 1.2
a,:L - —H., = T/{la{ﬁ leﬂ
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Fluctuation-metric coupling

For instance, kinetic term in Fourier modes:

qHyin = —Zp@u}u L_—Z 3q¢—k—k — 2ZN_k—& ) Dy kDo K
k&
__Zg k— FL‘G_J.;L;_]— Z\' kG ﬁh‘
k.k

Contains fluctuations Ga L which are non-zero for k£ = k' thanks

to uncer tamry relations
n 52 e
GH6 =G

contributing terms such as N_g;;G‘E

P""Nﬁl

Energy density modes given by p;, o« dH/JN_;, contain term
' which must be non-zero; source metric modes .

Page 39/69
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Effective systems

Agrees with result from low energy effective action, but more
generally applicable beyond adiabatic approximation. For
instance, some quantum variables can be kept independent.

Cosmology: Quantum Hamiltonian

: 3 ‘ e m—, o

couples metric modes to quantum fluctuations of matter modes;
to be expanded in quantum variables.
[Canonically, only the spatial metric components ¢ are quantized, not N ]

Generates equations of motion which can be linearized and
modify classical perturbation equations by fluctuation terms.

Page 40/69




PENNSIATE

! A
5, 7
L

Fluctuation-metric coupling

For instance, kinetic term in Fourier modes:

1 [ - ey
Hin = 3 ;p@?;{p@a?_k - E{Scz—a—a-f — 2N_k— 1/ )Py kD I

22 _
——Zi} kGl + 5 Z\ -G Hlf
k.k! = kk
Contains fluctuations G,; L which are non-zero for k = k'’ thanks

to uncertainty relations

0.2 7322 ﬁg Va2 BPAT
S g SR ag

— = 2.2
contributing terms such as N kG-
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Fluctuation-metric coupling

For instance, kinetic term in Fourier modes:

qHywin = —ZPOLPU —L_—Z 3q¢—k—k — 2N_k—k )Py kDo K
kb

22 .
1> ek Gk +3 Z‘* kG

k.E'
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Fluctuation-metric coupling

For instance, kinetic term in Fourier modes:

- _
gHyin = 5;;:1?@?&3)@?—&——% (3q—k—k — 2N _k—k' )Pb kDo K

_ézq R—R“Gmgr—‘_ Z\* k— ﬁr’ &Fx’ ==

k. k!
Contains fluctuations Ca L which are non-zero for k& = k' thanks
to uncertainty relations

contributing terms such as NT_Q,I;G:;;;
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G Fluctuation-metric coupling

For instance, kinetic term in Fourier modes:

1 .
qHyin = 52?@7;:1)@ — ——Z 3q—k—k — 2N_p—1' )Dg kD K
.. ;Lk.f

__Zq}u&@_y_‘_ ZTLI«:’ ;”[LI"

k. k! = kK
Contains fluctuations Ga L which are non-zero for k& = &k’ thanks

o Uﬂcerfafﬂfy relations
L, L ﬁg - d ¥
GD?Q(-:;lQ % I + (GI.E)E

contributing terms such as N_ ﬁhG

P’“‘Iu
?"N?

Energy density modes given by p;. o« 9H/ON_;,, contain term

Gfﬁ_’fg k/2 which must be non-zero; source metric modes ;.
. Page 44/69
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Perturbation equations

When added to gravitational Hamiltonian, perturbation equations
are generated:

_ 2~0,2 | —6 2,2 2 ~0,2
— k24— 34— 3 r=pia=ta 66% ﬂ+m'(,}k‘“+%a "G +sm G
| ? e — 62,2 u 62,2 1. 202
—x—3Len—2(2) Y34 =P*=ta ﬁGk —m G +2a YGL —5mPGL
. 2
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o Perturbation equations

When added to gravitational Hamiltonian, perturbation equations
are generated:
i _ Tv 0.2 | 1_—62.2 20,2
= 9 2.9 -. 2
—hg—3hep—2( L) gy — 3 =PFe= 1 6(}'2"‘ m- Gﬂ 66%;‘“;:—%??12(}’% =
213 © 313
] a, class 1,2
Vet - =V +Gpg
I
together with equations for quantum variables such as
- 1*2 _.Z ! 2*2 _2 2'~2 2 -1! -' {j*g
Gk?{] = —2a “Y_pGyy — 2a Y2k G g +H4Am a Y, G
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Quantum fluctuations

Complicated system of coupled differential equations, but shows
how guantum fluctuations source classical inhomogeneities:
G212 @ppear on right hand side and must be non-zero by

uncertainty relations.
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Quantum fluctuations

Complicated system of coupled differential equations, but shows
how guantum fluctuations source classical inhomogeneities:
Gy /2.2 @ppear on right hand side and must be non-zero by

uncertainty relations.

Metric modes v, thus grow even if all expectation values of
modes initially zero; with v, also correlations such as Gy ;. grow.
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Perturbation equations

When added to gravitational Hamiltonian, perturbation equations
are generated:

) N Gt ? 41,6022 2 0,2

= 4 - 2 0,2 = 2.2 2 ~0,2
_E_');i—__;%’!r‘h—_}[\ o ) LJ[, —3—'|'f ;.:P h“—'—ﬂ 6CT -x —TI G;‘_ D—'—%ﬂ HG | T _l}T?th:ﬁ

; a =
W+ Etk - Vclaﬁ u (}wr;1 -
together with equations for quantum variables such as
1 1 2 2.2 = 2.2 2 4 0,2
G; —2a~ w_,:;GU;{] — 2a zit,ﬂr_ngk_ﬂ + 4ma VG

k0 —
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@ Quantum fluctuations

Complicated system of coupled differential equations, but shows
how guantum fluctuations source classical inhomogeneities:
Gy /2.1/2 @ppear on right hand side and must be non-zero by

uncertainty relations.

Metric modes ¥, thus grow even if all expectation values of
modes initially zero; with v, also correlations such as Gy ;. grow.
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Quantum fluctuations

Complicated system of coupled differential equations, but shows
how guantum fluctuations source classical inhomogeneities:
Gy /2.1/2 @ppear on right hand side and must be non-zero by

uncertainty relations.

Metric modes v, thus grow even if all expectation values of
modes initially zero; with v, also correlations such as Gy ;. grow.

Coupling of quantum matter to gravity crucial, taken into account
In effective equations. Transition from quantum fluctuation to
classical perturbation by gravity: fluctuation sources metric
modes v, which then are magnified by gravitational attraction.
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Quantum fluctuations

Complicated system of coupled differential equations, but shows
how guantum fluctuations source classical inhomogeneities:
Gy /2,12 @ppear on right hand side and must be non-zero by

uncertainty relations.

Metric modes v, thus grow even if all expectation values of
modes initially zero; with i, also correlations such as G . grow.

Coupling of quantum matter to gravity crucial, taken into account
In effective equations. Transition from quantum fluctuation to
classical perturbation by gravity: fluctuation sources metric
modes ;. which then are magnified by gravitational attraction.

Usual identification ¢ = 4/ (éi) results only if correlations have

the form { (iJ;,:pgb \/ (P2 (oﬁ ) which is incompatible
with uncertainty.
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@, Consequences

— Indirect process from quantum fluctuations to correlations:
perturbations grow more slowly, possibly giving smaller total
amplitude.
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Consequences

— Indirect process from quantum fluctuations to correlations:
perturbations grow more slowly, possibly giving smaller total
amplitude.

— Correlations as necessary consequence,
non-Gaussianities: 1 couples to v through Gy g

Page 54/69




PEN&?%L
- Perturbation equations

When added to gravitational Hamiltonian, perturbation equations
are gentrated:

. 2 LG22 0.2 , 1. 67522 2 0,2

—k2 e —324¢ -3 Pr=pS"=+a 6G kot m- CL{] 1 %a GGE i+%-m. &

= D
S Ap— — 2 0,2 G 2 0,2
— k=32 —2( &) P -3z =P = +a SGM —m GLD—'—%{I Gy —Am G,
=i T

F {.I' I =
Vi + E”f.i--‘k = Vﬂ% * GA 0
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Consequences

— Indirect process from quantum fluctuations to correlations:
perturbations grow more slowly, possibly giving smaller total
amplitude.

— Correlations as necessary consequence,
non-Gaussianities: . couples to v through Gy g

— 1y, sourced by Gy /5 12 Since matter Hamiltonian quadratic.
For compact space, wave vectors & are on a lattice such that

k /2 does not exist for all k.

In particular, odd modes are suppressed (as observed [K. Land,
J. Magueijo: PRD 72 (2005) 101302]) without parity violation.

Complete framework for classical perturbations together with
quantum fluctuations, to be detailed by numerical studies.
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. Perturbation equations

8

When added to gravitational Hamiltonian, perturbation equations
are generajed:

—k2epe—3 &g, —3Eei —pi‘“““'—a_ﬁG’izﬁ + 'm.?(}’gi + %a‘ﬁGii + %m.QG%ﬂ%
— i —3Eah —2( - ')-u'..-k—.:a%ir:_.;.,:P;']ﬂ-*ﬁm_ﬁGi —m G % _6612:—%3*?’120?2%
I+ Ly = Ve 4 G2
together with equations for quantum variables such as
Gy = —2a~2Y_1Ghg — 2a~2p_o G + 4ma*h_1 Gy
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Consequences

— Indirect process from quantum fluctuations to correlations:
perturbations grow more slowly, possibly giving smaller total
amplitude.

— Correlations as necessary conseqguence,
non-Gaussianities: ;. couples to 19 through Gy g

— ¥, sourced by G5 /2 since matter Hamiltonian quadratic.
For compact space, wave vectors k are on a lattice such that

k /2 does not exist for all k.

In particular, odd modes are suppsessed (as observed [K. Land,
J. Magueijo: PRD 72 (2005) 101302]) without parity violation.

Complete framework for classical perturbations together with
quantum fluctuations, to be detailed by numerical studies.
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D Quantum gravity effects

In matter Hamiltonian

o

HFL_I = / {13;3;\_? (EQ_Sﬂpé 1 EQS’QV@ : Tq} i q.}. zv ((J))

also metric component g to be quantized.
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Quantum gravity effects

In matter Hamiltonian

1

Hy = / d*zN (3@_‘3’/ Pot 50 Ve ‘?qswq**'%(@))

=

also metric component g to be quantized.

Inverse required, not existing if ¢ has discrete specirum
containing zero. In this way, spatfial discreteness of quantum
geometry is indeed realized in loop quantum gravity:.
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Quantum gravity effects

In matter Hamiltonian

" 5 1 1
Hy = / N (__)q_mp{? - —q‘a*’ Vo -V + g 285 (m))

i

also metric component g to be quantized.

Inverse required, not existing if ¢ has discrete specirum
containing zero. In this way, spatial discreteness of quantum
geometry is indeed realized in loop quantum gravity:.

2 Fols o
Leads to characteristic quan- R / -
tum gravitational correction TR
: i —3/2 @ g TONa
terms in Hamilionians: g4 6 7 g
regular and over-shooting. i
Also enters effective pertur- “ 2 .-
bation equations. “0 01 02 o3 o4 o5 06 07 us

3 Page 61/69




PENNSIATE

Fﬁ Conclusions

Coupling of matter to gravity complicated in quantum theory, but
effective framework powerful.
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Conclusions

Coupling of matter to gravity complicated in quantum theory, but
effective framework powerful.

Gives complete theory of structure generation from quantum
fluctuations.
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Conclusions

Coupling of matter to gravity complicated in quantum theory, but
effective framework powerful.

Gives complete theory of structure generation from quantum
fluctuations.

Observable effects include amplitude, non-Gaussianities and
reduction of power of odd modes; sheds light on interpretational
Issues: transition from quantum to classical due to coupling of
classical and quantum variables, no explicit collapse of wave
function required.
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Conclusions

Coupling of matter to gravity complicated in quantum theory, but
effective framework powerful.

Gives complete theory of structure generation from quantum
fluctuations.

Observable effects include amplitude, non-Gaussianities and
reduction of power of odd modes; sheds light on interpretational
Issues: transition from quantum to classical due to coupling of
classical and quantum variables, no explicit collapse of wave
function required.

Effective equations allow inclusion of quantum gravity
corrections for which diverse types exist (modified coeflicients,
higher order, higher derivative). Not all such corrections have
been computed and evaluated yet, but suitable framework is
being developed. page 65169
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Quantum Hamiltonian

Schrédinger equation for |¢) equivalent to Hamiltonian
equations of motion from quantum Hamiltonian Hg(c;) = (H) for
expectation value taken in state with expansion coefficients c;:
choose eigenbasis |;) of H, then Hg(c;) = X E;|c;|* and

- :

: E,
L(}-_tRGCI — {HCCj : H{g} = ?;}-‘[chj
d Ej
EIH]CJ- = {II]]C’_}.', HQ} — ﬁj RCC?‘

which implies ¢; = —ih ' Ec;.
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Effective theory

Difficult to quantize gravity, but many issues can be analyzed in
effective theory. Well known from low energy effective actions
(perturbations around vacuum state), but need to be generalized
for matter fields on dynamical geomeiry.

Generalization available from geometrical formulation of
guantum mechanics: View Hilbert space of qguantum system as
Infinite-dimensional phase space, Poisson brackets given by
imaginary part of inner product.

Choose expansion coefficients in |¢) = ) ; ¢jl¥;) as coordinates
on phase space, then

1

{Reec;, Imep} = ﬁbik
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Fﬁ Quantum variables

More useful set of coordinates: classical variables ¢ = (¢) and
p = (p) and quantum variables (n > 2,a=0,....n)

G = {(d — (@)""*(6 — ()" )weyt

Poisson relations related to commutators: {¢.p} =1,
{Q: Gaﬁﬂ.} — = {P Ga*n}! {Gn.._n_ Grb.-m,} —

Roet [MB. A. Skirzewski: math-ph/0511043, hep-th/0606232] Page 68/69
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& Perturbation equations

When added to gravitational Hamiltonian, perturbation equations
are generated:

S & o = e R —ﬁ 2.2 | 2 0.2
k24— 324 — 34 =pi*+a b(}k 0 +m° G’a 0 Gy ot Gy
o =il = = — 2 ~0.2 — 2 2 ~0.2
_E—I)Fi_*?)%rf.:.&_}{ f_lj Llﬂ_rgif'n' LL:P;]EEE—!—G 6GA 0 GJIL-.D_%{I ﬁGF__ k _%T?l G'i k.

: a . 1,
Wi + EE“’!‘ = I/J{:I.’Z}aﬁﬂ £ G};.;D
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