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Abstract: Loop quantum gravity has suggested modifications of the dynamics of cosmological models that could lead to a bounce at large curvature.
However, the same modifications may alter the gauge structure of the theory, which is related to the structure of space-time. In a large class of
examples the space-time structure has been derived and shown to imply signature change just in the bounce region. The picture of a cyclic universe
with a deterministic bounce then has to be replaced by the scenario of a non-singular beginning some finite time ago.

Pirsa: 17060102 Page 1/29



“‘I'

Space(-time) structure 1n models of loop quantum gravity

Martin Bojowald

The Pennsylvania State University
Institute for Gravitation anti the Cosmos
University Park, PA

Pirsa: 17060102 Page 2/29




Pirsa: 17060102 Page 3/29




PENNSTATE

/%
Facts vs. Alternative Facts

“There is a huge body of work in Loop
Quantum Cosmology comprising of
several thousand journal articles.”

[from an abstract at this workshop]
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Space-time structure

Easy to avoid divergences by introducing discreteness/bounded
functions, in particular in minisuperspace models.

— Consistent with covariance? If not, how can one avoid
low-energy problems? [J Polchinski: arXiv:1106.6346]

— How exactly are singularity theorems evaded?
Example: “Bounce” in some models of loop quantum
cosmology without violating energy conditions.

Many open questions at different levels in loop quantum
cosmology. Related to covariance:

— Choice of (internal) time.
— Averaging volume in minisuperspace truncation.
— Space(-time) structure.
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Minisuperspace deparameterization
Quantum constraint of the form C' = p2 — H?.

If H does not depend on ¢, can write constraint equation
Cp = 0 for states as “evolution” equation

) L oY ‘
—potp = th— = x|H |y

aoQ
— Choice of ¢ as time affects quantum corrections.
[with T Halnon: arXiv:1612.00353]
— How do we choose initial states for ¢-“evolution™?

— Classical constraint strongly restricted by reduction from
covariant theory.

Restrictions on quantum corrections in minisuperspace
model?
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Minisuperspace deparameterization

Quantum constraint of the form C' = p2 — H?.

If H does not depend on ¢, can write constraint equation
C = 0 for states as “evolution” equation

ﬂ O \
— Do /i}__— i'f['l‘

ogqQ
— Choice of ¢ as time affects quantum corrections.
[with T Halnon: arXiv:1612.00353]
— How do we choose initial states for ¢-“evolution”?

— Classical constraint strongly restricted by reduction from
covariant theory.

Restrictions on quantum corrections in minisuperspace
model?
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Model minisuperspace model

i,

Lagrangian L _[(pj'(ém” 3|Vl

I Vo [ 142
mini / @B
mini 0 2"

with Vp = [ d°z, ¢ spatially constant.

Momentum p = 9Ly /00 = Voo.
Hamiltonian

| p?
mini — 2 \U

H

quantized to

[with S Brahma: arXiv:1509.00640]

Ilwrn)reducedto

n'(m)>

4= \u”((})

[ynnini = 3—, 1 1?)”(())
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Minisuperspace deparameterization

Quantum constraint of the form C' = p2 — H?.

If H does not depend on ¢, can write constraint equation
C = 0 for states as “evolution” equation

_‘ L OY x
~Ppo) = th— = £|H|y

ao
— Choice of ¢ as time affects quantum corrections.
[with T Halnon: arXiv:1612.00353]
— How do we choose initial states for ¢-“evolution™?

— Classical constraint strongly restricted by reduction from
covariant theory.

Restrictions on quantum corrections in minisuperspace
model?
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Model minisuperspace model

[with S Brahma: arXiv:1509.00640]

Lagrangian L _Ikl“.;-(hfﬁ‘ 1|V H'[o)) reduced to

I
Lini Vo (.)”ﬁ 4! (('J))

with Vp = [ d’z, ¢ spatially constant.

Momentum p = 9Ly /00 = Voo

Hamiltonian
Hmini = ii + VoW (9)
2 Vo
quantized to
H,“mi = ii + H)H'((;))
2 Vo |
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Effective potentials

Minisuperspace:

S0 1
W () = W () + ‘)‘,h\/n'”(f,))
< V()

Coleman—-Weinberg potential: [S Coleman, E Weinberg: PRD 7 (1973) 1888]

Wea(6) = W(g) + =F / LR Ll
T TJ i) — o
iy LT o | o e TR

After k'-integration (or canonical derivation):

(\/|Af|2 F () |A-’|)

[with S Brahma: arXiv:1411.3636]

d>k

27)3

| R G
W (o) = W () 4 _)h/ (
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Comparison

Minisuperspace potential W (¢) + 5-h\/W" () as
infrared-contribution from quantum field theory: Integrate

l " dCk
: / (me” |A|)

over |l’_‘| S A'mnx = 27!'/‘;: 2

Wt (9) = W(9) + 75 k3 AW (p) = W(o) 4 h\/n ()

— Minisuperspace truncation can capture some quantum
effects of full theory, as long as V) /A oc.

— Covariance in minisuperspace models?
Fixed infrared scale breaks local Poincaré transformations.
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Models of loop quantum gravity

Isotropic connection A}, = i}, E} = pd? with ¢ = va, |p| = a?
Friedmann equation (flat space)
- S7G
v?|pl AP

modified by using “holonomies”

5 , o
o sin(fc | 1=
c? s (¢c/+/Ipl)

p| {<

Taken in isolation, holonomy modifications imply a “bounce” of
isotropic models:

sing{('/\/ Ip|)* : 87?(:/)

f}_‘i[‘i 3
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Models of loop quantum gravity

Isotropic connection A, = i}, E} = pd? with ¢ = va, |p| = a?
Friedmann equation (flat space)

¢*  8rG

el T 3 :

modified by using “holonomies”

p) ~ )
l sin(fe il )=
c? s (bc/+/Ip])

p| £<

Taken in isolation, holonomy modifications imply a “bounce” of
iIsotropic models:

sin(lec/+/ |p|_)'“) : (SWG'[)

209 ‘
,-.}_._‘;._ '3
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Models of loop quantum gravity

Isotropic connection A}, = ¢d},, E? = pd? with ¢
Friedmann equation (flat space)
‘)

- | 81l
Vel 3

p =10
modified by using “holonomies”

i {c AN
( . sin( (/\/|p|)

p| £

Taken in isolation, holonomy modifications imply a “bounce” of

iIsotropic models:

sin(fe/+/|p|)* 8nG

A P
7_2(.-2 3

Pirsa: 17060102




Pirsa: 17060102

PENNSTATE__ -

Higher-curvature contributions?

If unknown, should not trust full function sin?(¢c/+/|p|)/¢? but
expand:

sin(fe/+/|p))? ¢ 1 1{._3 o |
| 3

4 p p|
If ¢ ~ ¢p, leading corrections (3¢?/|p| ~ p/pp.

Same order as expected for higher-curvature terms.

Higher-derivative terms general feature in effective equations of
quantum mechanics, state dependent.

— Not clear whether “bounce” is generic if higher-derivative
terms uncontrolled.

— More controlled than specific dynamics:
Space-time structure.
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Space(-time) structure

» Lagrangian density and measure in

|
l {) ;T(r‘ a

Slgl = / d*z /| det g ( gl +--)

may be subject to quantum corrections.

— Quantum-field theory on curved space-time different from
guantum gravity.

— Covariance in canonical quantum gravity:
Quantum version of Dirac’s hypersurface deformations.
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QFT vs. QG A
Perturbative inhomogeneity A(z) = A + §A(x), h[A] := A(x)>.

Modified background dynamics: A — ¢~ !sin(¢A).
» Classical: h[A,dA] = A% +2A8A(x) + 6A(x)

o7 )

— QFT on modified space-time:

/a?‘?['-'l.|."l.d;1| ¢~2sin(¢A)* + 2A0A(x) + 0A(x)*

[Martin-Benito, Garay, Mena Marugan; Ashtekar, Lewandowski, Kaminski; Dapor,
Lewandowski, Puchta; Agulld, Ashtekar, Nelson]

Effective quantum gravity:

h2C[A,6A] = £72sin(CA)? + Fy(A)SA(z) + Ge(A)dA(x)? with
limy_,o Fp(A) = 2A and limy_,g G¢(A) = 1.

Subject to covariance conditions.

F,/A and G, comparable to (¢A) 2 sin(¢A)?.
[MB, Hossain, Kagan, Shankaranarayanan; Barrau, Cailleteau, Grain, Mielczarek;

Wilson—-Ewing]
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Covariance: Hypersurface deformations

Generators D[N“] (tangential deformations along N“(x))
and H|[N] (normal deformations by N(z)) obey

[DIN®],D[M®]] = —DI[LppNY
[H[N],D[M®]] = —H[LppN]
[H[N1], H[Ns]] = D|q®®(N18sNa — N2OpNy )]

with induced metric ¢,;, on spatial slice. (Lie algebroid.)
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Covariance in canonical quantum gravity

Anomaly-free epresentation of brackets by operators D, H, §
(or effective constraints) with

{D[N?],D[M®]} = —D[Lp+N]
{H[N],D[M®)} = —H[Lpp»N]
{H[N1],H[N2]} = DI[q*®(N10sN2 — N2OyN1)]

in classical limit.

“Off-shell” property.
Stronger than anomaly-free reformulated system.

Examples: {H + D, H + D} = 0 [Gambini, Pullin]
{H,H} = {D', D'} [Tomlin, Varadarajan]
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Model

Scalar field ¢(xz), momentum p(x), one spatial dimension.

H[N]| = /(l.f'_-\" (,I'(/)) - il(ru’)“) - })uu”) . Diw] = /(l.f'“'(',)])f

Spatial diffeomorphisms:

dw® = {¢, Dw|} (wp) ,  bwp = {p, D[w]} wp'

H -bracket:

{H[N],H[M]} = D[B(p)(N'M — NM")]

with 3(p) = %(12_['/(“)2.

Lorentzian-type hypersurface deformations for f(p) = p.
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Signature change

“Holonomy” modifications, f(p) = pgsin®(p/po)

; ] G B .
Blp)= ‘)(l“,/ /dp* = cos(2p/po)

can be negative. At maximum of f(p):

{H[N], HIM]} = D[-(N'M — NM'")]

Euclidean signature:

— Linear N and M give boosts for 3(p) = 1: Az = vAt.
Rotation if 3(p) = —1: Az = —0Ay if y transversal to
hypersurfaces.

— Opposite sign if hypersurface-deformation brackets derived
for Euclidean gravity.

— Elliptic field equations if 3(p) < 0.
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Covariance

{H|N|, D|w|} does not close in the scalar model,
but does so in several gravity versions: spherical symmetry and
cosmological perturbations.  [Reyes; Barrau, Cailleteau, Grain, Mielczarek]

Replacing K* — f(K) modifies bracket
{H[N,], H[N>]} L)if’ﬁq“h(ﬁ'l Oy N2 — NoOyN1)|

with

| e 9 i
Bl K= __)(i“j([\)/(l]\“ - cos(2(K)

—

for f(K) = ¢ ?sin?(/K).

Signature change: 3(K) < 0 around maximum of f(K).

“Bounce” indeterministic.
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Properties

> Not undone by quantum back-reaction or higher time

derivatives. Distinct from higher-curvature corrections.

No effective line element on standard space-time:
dz® In

)

2 ~ {
ds2y = Gapdada®

do not transform by changes dual to deformed gauge
transformations {q.;,, H[N] + D[w]}.

Field redefinition to standard ¢,; possible as long as [ does
not change sign.

With signature change: New model of non-classical
space-time. [with Brahma, Buyukcam, D'Ambrosio: arXiv:1610.08355]

Evaluate theory using canonical observables of deformed
gauge theory.

Space(-time) structure = p, 19
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Tricomi problem A
[with Mielczarek: arXiv:1503.09154]

Well-posed : _‘f + 8(H)Au = 0: Data on characteristic C, arc A.
P
: ==
\‘R-\\

— Need future data: No deterministic evolution.
— Poles generic: Cosmic boom.
— Non-singular beginning.

Space(-time) structure — p. 20
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Information loss

Non-singular black-hole model:
Evolve through classical singularity by
guantum evolution of homogeneous interior.

No event horizon. [Ashtekar, MB 2006]

Quantum space-time structure:

High-curvature region Euclidean.

Arbitrary boundary values affect
future space-time.

Event horizon ‘H and Cauchy horizon C.

f |

J

[

[arXiv:1409.3157]

.5

Space(-time) structure — p, 21
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Structure functions
Systems with several constraints C;: [Cr,Cy] = K Ck.

— Effective constraints: C; = (C';) and “fluctuation constraints”
AC; expanded in terms of (-) and A(-) for basic operators -.

— Poisson bracket for (-) and A(-).

— No quantum corrections in structure functions: [arXiv:1407.4444]

{C1,Cs} = fI5(()Cxk + - --

Consistent with higher-curvature effective actions in gravity.

Holonomy modifications in C; change /X .
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Related results (real connections)

* Closely related behavior in spherically symmetric models
and cosmological perturbations.
[with Barrau, Calcagni, Grain, Kagan: arXiv:1404.1018]

— QOperator version in spherical symmetry. [Brahma: arXiv:1411.3661]

— Different operator versions in 2 + 1 dimensional models,
based on reformulations of constraint algebra.
[Perez, Pranzetti; Henderson, Laddha, Tomlin, Varadarajan]

— Partially Abelianized constraints: [Gambini, Pullin]
After holonomy modifications, can reconstruct
hypersurface-deformation brackets only if deformed.
[with Brahma, Reyes: arXiv:1507.00329]

— Qbstructions to anomaly freedom in models with local
physical degrees of freedom. [with Brahma: arXiv:1507.00679]

Not much is known about dynamics of loop quantum gravity.
Modified space-time structures generic.

Spaca(-time) structure — p, 23
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