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Quantum Cosmology
A Fundamental Description of the Universe

The universe, ultimately, is to be described by quantum theory. Quantum aspects ofall
there is, including space and time, may not be significant for many purposes, but are
crucial for some time. And so a quantum description of cosmology is required for a
complete and consistent worldview. Consequences of quantum gravity on grander scales
are expected to be enormous. In Quantum Cosmology, A Fundamental Description of
the Universe, Martin Bojowald discusses his theory to see how black holes behave and
where our universe came from. Applications like loop quantum gravity and cosmology
have by now shed much light on cosmic evolution of a universe in a fundamental,
microscopic description. Modern techniques demonstrate how the universe may have
come from a non-singular phase before the Big Bang, how equations for the evolution
of structure can be derived, how observations could be used to test these claims, but
also what fundamental limitations remain to our knowledge of the universe before the
Big Bang.

Physics

ISBN 978. 1. 4419.8275-9

»springer.com



Contents

(I N 0B o Yo HUN oA § Lo} o U U TTORRRTRRRR

Part I Quantizing the Whole Universe

2 Cosmology and Quantum TheOrY ...ccieiiieiiie e
2.1 SCAIING e s
2.2  Wheeler-DeWitt Quantization.........cccceeveeveeiiieiic e
2.3 EVOIULION oo
2.4  Bohmian VIEWPOINt......cco oo
2.5 WKB APProXimation......cccoceiiieieiiieieeiesiesesse e seeeeesee e
2.6 General Problems ...
T =T €=T Yo - ST

3 Kinematics: Spatial ATOM S ...t
31 Quantized PartiClesS ...
3.2 Quantized SPaCE-TIME ..o s

321 SCAlING s
3.2.2  Canonical Gravity ...
3.2.3  1SOtropiC MOAelS...cccoiiieiicieceee e
R 1T €= (Yo SRR SRPRN

4 Dynamics: Changing Atomsof Space-Time......cocoiniiininiieieniciennen,
4.1 Refinement and Internal TimMe. ..o
4.2 Constructions in the Full Theory. ...

4.2.1  Gravitational ConsStraint.........cccccovevevienienieere e
4.2.2  Matter Hamiltonian........cccooevieiininnieese e
4.2.3 Problem of DYNamiCS.....cccoooiiiiiininiiiiiee e
4.3 1SOLrOPIC UNIVEISES .iiiiiii it see sttt ste et
431 SYMMELIY oo
4.3.2 MOUEIS e
4.3.3 Quantum-Geometry COrreCtionS.....cccocvvvvviveresieenieenesinnnnn,

17
17
22
23
24
33
45

47
47
49
49
52
54
54
95
56
58



Vi Contents
4.4 The Role of an Underlying State.........cccvviiiiiiiiniieneeicce e 60
441 Refinement ModelS. ..., 60
4.4.2  INtErPretationS. ... cieiieiie et 62
4.4.3 Refinement from ReducCtion........ccccvvniiiiiiiiii e, 64
4.5 Basic Singularity Removal: Quantum Hyperbolicity................... 66
R BT BN CES it 68
Part Il Effective Descriptions
5 Effective EqQUATIONS ..ot 73
51 Quantum Effects in Separation........cccccevieiiinnieniie e, 73
5.2 Wave-Function DYNAMICS........ccoverieiiieiieiieesieesieesee e see e 76
5.3 Solvable Models for Cosmology.....ccccccviiiiiiiiinieneee e 77
53.1 Wheeler-DeWitt Quantization.........ccccceevvvevieeeiineiineeene 77
5.3.2 Lo0op QUANLIZALION......cccuiiiieiiieriie st 82
5.4 Isotropic Perturbation Theory: Spatial Curvature, a Cosmological
Constant, and Interacting Matter..........ccccooeeieiie v, 84
541  Free Matter . 84
5.4.2 Scalar Potential...........ccoooviiniiiiiii 95
RTINS i 96
6 Harmonic Cosmology:The Universe Before the BigBang and
How Much We Can Know ADbOUt Tt ... 99
B.1 REAINTY oo 99
6.2 UNCEIAINTY ..o 101
6.3 Repulsive Forces and Bouncing Cosmologies........cccccevvvvevinennnenn 102
6.4 Quantum Big Bang ..o 106
6.5 Dynamical Coherent States........ccccooviiiiiiiiiiiii e 110
6.6 Lessons for Effective ACHIONS......ccccvvviiiiiniiiieeece e 116
RTINS . 117
7 What Does It Meanfor aSingularity to beResolved?.........c.cccccne... 119
7.1 Density BOUNGS......ccccioiiiiiiiec e 119
A = Yo 11 ] o] 3 T PR PRTOURROPRTPS 120
7.3 Quantum CoSMOIOQY ...ccveiiiiiieie e 124
7.3.1 Interpretational ISSUES......ccciiviiiiiiriiieee e 125
7.3.2  EXAMPIES...oiiiiieiice ettt 125
7.3.3 Dependence on AMbDIQUILIES........cceviiiiiiiiniiniee e, 126
7.4  Negative AtItUAE ..o 127

R B B BN C S oottt e e e e, 128



Contents vii

Part 111  Beyond Isotropic Models

8

10

ANTSOIITOPY ittt bbb 133
8.1 Constructing Models.......cccviieiiiiiece e 133
8.2 Bianchi CoSMOIOQY.....cciiuiiiiiiieiiie st 136
8.2.1 Bianchi DYNamiCs........ccccccveiieiiiiiiieiie e 136
8.2.2 Connection Variables and Holonomies..........cccccovvvenee. 138
8.2.3 Dynamics and Refinement.........cccccccevvevievi v, 143
8.2.4 Reduction from Anisotropy to I1SOtropy......cceceeevveveennen, 146
8.3 Black Hole Models Insidethe HOrzon.......ccccceviiiviiniiicie 157
8.3.1 Canonical Formulation............ccecoveviienienniie e 158
8.3.2  Lo0op QUANIZALION.......cccceveeireeciieecee e 159
8.3.3 Tree-Level EQUAtIONS.....ccceeiiieiieiie e 162
8.3.4 Lattice Refinement.......cccevveviiiiie i 162
8.3.5  SINQUIAIILY....cooviiieieecc e 164
RETEIENCES. .ot 164
Midisuperspace Models: Black HoleCollapse.......cccoccvvviiieiiirinnnne 167
9.1  Spherical SYMMELrY.....ccooiiiiiii e 167
9.1.1 Canonical Transformation.........cccoccevvvereniiesiniiene e, 170
0.1.2  SHALES i 172
9.1.3 Basic Representation from the Full Theory.......cccceene. 175
9.1.4 Hamiltonian Constraint........ccccocevieiiinniiiie e 178
9.1.5 Lemaitre-Tolman-Bondi Models and Gravitational
COllAPSE. ..ot 180
9.1.6 Further Applications of Spherical Symmetry.................. 182
9.2 Models with Local Degreesof Freedom.........ccccccvvveviveiiveviecinnennn, 186
021 MOAEIS . 187
9.2.2 Connection Formulation...........cccccevviinininnn e 188
9.2.3  Hybrid Quantization...........cccoccvevieiieeviie e 190
0.3 PrOPEITIES. ..uei ettt 191
9.3.1 Non-Singular BeRavior.......ccooiiiiiiiiiieie e 191
9.3.2 Lattice Refinement and Anomaly Freedom..................... 193
RETEIEINCES. ..ottt e 194
Perturbative INNOMOQENEITIES.....c.eeiiiiiiiiie e 197
101 FOrmaliSmM ... 197
10.1.1 Linear Modes in Cosmological Perturbations.................. 197
10.1.2 BaSIC OPeratOrS....ccccveiieeiiieiieeiiesieeieeseeeiee e sieesnee e 199
10.1.3 Composite OPEratorsS........cccccveeiveeieeiieeiieeseeesieesee e e 206
10.1.4 Quantum COrreCtioNS........ccccveeiiieeiiiie e s 209

10.2 Quantum Corrections in EffectiveEquations............cccccceevvevvennnen, 220



viii Contents

10.2.1 Holonomy CoOrreCtionS......ccccvvereeiesieesi e e ese e sie e 221

10.2.2 Inverse-Triad COrreCtiONS......cccovveveerieeresieseere e seeee e e 221

10.2.3 Types Of COrreCtiONS.....ccceiiiiiiiiiieeeee e 224

10.3 Anomaly-Freedom of Quantum CoOrrectionsS........ccccecervvrieeneennnne. 225

10.3.1 CONSIStENCY ISSUEBS .ocviiiicieciecieecie e 225

10.3.2 Quantum CoOrreCLIONS......coveecieccreecee ettt 230

10.3.3  SCAlar M OGS ..o 233

10.3.4 VeCtOr MOUES. ..ot 234

10.3.5 Gravitational W aVves.......ccocviniiiiniiieieie e 236

10.3.6 Comparison with Gauge-Fixed Treatments...........cccccvenen, 237

10.4 Cosmological ApPliCatiONS......cceieiiiiiiieee 238

10.4.1 Quantum-to-Classical Transition.........cecceveeveevveccreecieenen, 238

10.4.2 Big-Bang NUCleoSYyNthesiS.......cccovviieieiieiieeie e 239

10.4.3 Super-Inflation ... 239

10.4.4 Scalar M OUES...cciiiiiieece e 240

10.4.5 TeNSOr MOGES.....cciveieiieiieee e enee 241

10.4.6 Indications for Evolution Througha Bounce.........c.ccocee..... 241

R Lo =T a Lol - USROS 243
Part IV Mathematical Issues

11 Difiference EQUATIONS ..o 247

11.1 Singularities and Dynamical Initial Conditions........c.cccccvevvevieennne. 247

N B o o o LT o A= TS PPP PR 251

11,21 StADIIITY . covieicicee e 251

11.2.2 BOUNAEANESS . .ciiieee ettt 260

11.3 Non-Linear Loop Quantum CoSsmology.....ccccovieiinenenicnenininns 262

RTINS i 263

12 Physical HilDert SPacCesS ..t 265

12.1 GroUP AVEIAGING . ceiieteriiitiriieieeieeeeee ettt se et 265

12.2 ODSEIVADIES. ..o 268

12.3 INTErNaAl T HM € oo e 269

12.3.1 Non-Relativistic Parameterized Systems........cccccoeevvenrne. 269

12.3.2 Relativistic Parameterized SYyStemsS......c.cccocveviviievverncnene. 270

12.4 Examples in Quantum CoSmMOIOgY.....cccccvvevieiiiieieiie e 272

R BT N C S it 274

13 General Aspects of Effective DeSCriptioNnS.....cccccovevverviiesieene e 275

13.1 Canonical Effective EQUAtIONS.......cccceiiiiiiiiiieeeee e 275

13.1.1 States and M OMENTS....ccooiiiiiiiereee s 276

13.1.2 Quantum Phase SPaCe......cccccviiiiiiiieiie e 276

13.1.3 RElATIONS .o 277

13.1.4 CasSimir CONAItiONS . ...eeeee oot aeens 280



Contents ix

13.1.5 Equations of M OtioN.....ccccvviieiiiiiiie e 280
13.1.6 General Properties.......cceoiieiiie e 287
13.2 Effective COoNSIraintS.....cccociiiiieiie e 290
13.2.1 Non-Relativistic Constraints.........ccccocveviveviieiie e e 291
13.2.2 RelatiViStiC SYStEM S...uiiiiiiiieciece e 295
13.2.3 Problem of TimMe.....cocoiiiiiee e 295

13.3 Applications of Effective Constraints in Quantum Gravity and
COSMOIOQY .o 297
13.3.1 Problem of TiMe. ..o 298
13.3.2 Anomaly Problem ... 298
R BT BN CS i 299
14 OULIOOK ... 301

Index . 303



