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Wave function of the Universe

J. B. Hartle
Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637
and Institute for Theoretical Physics, University of California, Santa Barbara, California 93106

S. W. Hawking
Department of Applied Mathematics and Theoretical Physics, Silver Street, Cambridge, England
and Institute for Theoretical Physics, University of California, Santa Barbara, California 93106
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The quantum state of a spatially closed universe can be described by a wave function which is a
functional on the geometries of compact three-manifolds and on the values of the matter fields on
these manifolds. The wave function obeys the Wheeler-DeWitt second-order functional differential
equation. We put forward a proposal for the wave function of the “ground state” or state of
minimum excitation: the ground-state amplitude for a three-geometry is given by a path integral
over all compact positive-definite four-geometries which have the three-geometry as a boundary.
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no-boundary wave function

Semi-classically: \If[gg, ¢] ~ A eXp(iS)

When |VA| < |VS‘ — boundary configuration (°g, ¢)

Then, WDW eq implies Pq

Phist X A2

evolves classically

V,S

GXp(—2IR/h)
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no-boundary wave function

Semi-classically: \If[gg, ¢] ~ A eXp(iS)

[Halliwell, Hawking, Hartle,
TH, Laflamme, Louko, Luttrell,
Lyons, Moss, Shellard, ...]
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no-boundary wave function

Semi-classically: \If[gg, ¢] ~ A eXp(iS)

v
\q5:1;| e «—— C(lassical/Lorentzian
. \ — [nflation
Regularity leaves ;| free:

ensemble of inflationary universes I Quantum/Euclidean

 with fluctuations initially in BD
» leading to a physical arrow of time FLUCTS
\/ANISH
© Hartle



no-boundary wave function

Semi-classically: \If[gg, ¢] ~ A eXp(iS)
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The big puzzle ... Hartle, Hawking, TH 2011:
Maldacena 2403.10510

|2 ~ et/ V9D



Comment 1: no-boundary wave function + KSW ?
[TH, Janssen, Karlsson, 2023]

Kontsevich- Segal: complex metrics qualify as backgrounds
for physically meaningful QFTs if

Re (/g g™t - g Fy . Fyyo) >0

Witten: elevate this to a selection principle of saddles of
gravitational path integrals.

Some evidence: KSW criterion eliminates pathological
wormholes, but it allows e.g. complexified black hole solutions.



no-boundary wave function + KSW ?
[TH, Janssen, Karlsson, 2023]

Kontsevich- Segal: complex metrics qualify as backgrounds
for physically meaningful QFTs if

Re (/g g™t - g Fy . Fyyo) >0

Witten: elevate this to a selection principle of saddles of
gravitational path integrals.

Some evidence: KSW criterion eliminates pathological
wormholes, but it allows e.g. complexified black hole solutions.

Do the fuzzy no-boundary instantons that describe
the origin of inflation satisfy the KSW criterion?



KSW selection

What can go wrong?

Consider e.g. the p=0 criterion:

Re /detg(x) >0

In diagonal form this implies
D

Z larg Ay (x)| < 7
u=1

where  guu(x) = Au(x)dp

FLucTS
\/ANISH




KSW selection

# V/A allowable disallowable
@D 1+ cos(o/f) 2,6.09) 6.09, 10]

® 1 — ¢2/'u2 :101/2’ 104]

@ 1—¢*/u’ 107,107

@ 1 — exp(—qo) 10°,107]

® 1—p?/¢ 107°,107]

® 1+ alogg 102, 10]

@ [1—exp (—v2¢/v3a)]" [1071,93.9) [93.9,10"]
o 1/2,1.05) [1.05,4]
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-> stronger theoretical prior



KSW selection

# V/A allowable disallowable
@ 1+ cos(¢/f) 2,6.09)  [6.09,10]
® 1 — ¢2/'u2 :101/2’104]

@ 1—¢*/u’ 107,107

@ 1 — exp(—gqo) 107°,107]

® 1—p?/¢* 1077, 10°]

® 1+ alogg 102, 10]

@ [1—exp (—v2¢/v3a)]" [1071,93.9) [93.9,10%]
¢” 1/2,1.05) [1.05,4]

The KSW criterion selects those no-boundary saddles in which the
universe emerges on a concave patch of the scalar slow-roll potential
-> stronger theoretical prior
Comment 2: - add also swampland constraints? | don’t think so ...



Observational implications”?

TH, O. Janssen, J. Karlsson, 2023;

"; Maldacena 2024: Janssen 2024
0.15 +
8
Nr<8. or r<—~0.13
0.1+ N
v/ X V/
A(dx,X) = [ [do| 75 <1
Vi Jo, V'(9)
0.05 +
0 > 7

0.94
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: Maldacena 2024: Janssen 2024
0.15 +
8
Nr<8. or r<—~0.13
0.1+ N
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Vi Jo, V'(9)
0.05 +
0 > 7
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Comment 3: more tuning gets you out ...
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The big puzzle ...

© Wheeler

Brief burst
of inflation

[Hartle, Hawking, TH 2008;
Maldacena 2403.10510]

“Observer”

v
P(N|Dz!, W)

e

|2 ~ et/ V9D



P(N|D=',¥)

Strong burst
of inflation



Strong burst
of inflation



no-boundary measure 2.0 / \\If|2

P(N|DZ!) ~ (1= [1 = py (D) ™) exp[3/m?N]
\\I’ﬁ &

« Simple observer D - low N saddle dominates -> ‘Boltzmann Brain’ in de Sitter
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no-boundary measure 2.0 / \\11\2

P(N|DZ!) ~ (1= [1 = py (D) ™) exp[3/m?N]
\‘I’ﬂ\g

« Simple observer D - low N saddle dominates -> ‘Boltzmann Brain’ in de Sitter

 Refined observer D - large N saddle can dominate -> inflationary seeds of structure

Distribution exhibits a Page-like transition:




Comment 1: Transition occurs always at the threshold of eternal inflation:
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Comment 1: Transition occurs always at the threshold of eternal inflation:

[o° P(N|D=!, W)

=

* Nefoid
Nefoiss Vv -1

Comment 2: Replication of D regulates observer-weighting

Upshot: In some models, wave function predicts that our universe emerged
from a long period of inflation.



More comments ...

Comment 3: For an ‘anthropic’ observer D this amounts to anthropic reasoning,
but without the fatal ambiguities of an anthropic principle external to the theory.
Here this is merely quantum mechanics of closed systems... and the data D
specifying the ‘observer’ can have nothing to do with life.



More comments ...

Comment 3: For an ‘anthropic’ observer D this amounts to anthropic reasoning,
but without the fatal ambiguities of an anthropic principle external to the theory.
Here this is merely quantum mechanics of closed systems... and the data D
specifying the ‘observer’ can have nothing to do with life.

Comment 4: Maldacena lukewarm [2403.10510]



More comments ...

Comment 3: For an ‘anthropic’ observer D this amounts to anthropic reasoning,
but without the fatal ambiguities of an anthropic principle external to the theory.
Here this is merely quantum mechanics of closed systems... and the data D
specifying the ‘observer’ can have nothing to do with life.

Comment 4: Maldacena lukewarm [2403.10510]
 GPIlill-defined?

« Hartle-Hawking -> thermal state

* Not in Hartle-Hawking state?

* Tunneling wavefunction?

* Quantum corrections?



More comments ...

Comment 3: For an ‘anthropic’ observer D this amounts to anthropic reasoning,
but without the fatal ambiguities of an anthropic principle external to the theory.
Here this is merely quantum mechanics of closed systems... and the data D
specifying the ‘observer’ can have nothing to do with life.

Comment 4: Maldacena lukewarm [2403.10510]
 GPIlill-defined?

« Hartle-Hawking -> thermal state

* Not in Hartle-Hawking state?

* Tunneling wavefunction?

* Quantum corrections?

~ e/ VI(9il)

2
Comment 5: Perhaps there are exceptions to ‘ \Ij ‘



What about k-inflation”? ... et al 1999

R Creminelli et al. 2006
S = /d4a:\/g (2 +P(¢3,X)) - /d3y\/EK,
M

oM >

81

U|* ~ exp ( ) .

X = (06)° ol H?

P(¢,X) = K(¢)X + L((,b)XZ 4 O(XB) as X — 0 TH, O. Janssen, E. Pajer, to appear
N
A8 /
==t
>




Resolving the measure problem
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Resolving the measure problem ?

P(N|D21, )

observer

QUANTUM

I\
YOV

()
A

CLASSICAL




Resolving the measure problem ?

P(N|D>!, ®) 1\
coarse-graining l '

observer _~— (&)
A

‘ CLASSICAL

QUANTUM



The no boundary density matrix V. Ivo, Y-Z. Li, J. Maldacena,
2409.14218;

Hartle, TH 2016,
One Bubble to Rule them All

e Zin Yout

b2

: e ln

Trace-out
boundary
conditions

in’ in?

PIBL (@), ()] = [ DOt W07, Dot WD, Do) x V(8,05 V[, B3,

Full coarse-graining -> usual no-boundary saddle points



week ending

PRL 106, 141302 (2011) PHYSICAL REVIEW LETTERS 8 APRIL 2011

Local Observation in Eternal Inflation

James Hartle,1 S.W. Hawking,2 and Thomas Hf:rtog3
'Department of Physics, University of California, Santa Barbara, California 93106, USA
DAMTP, CMS, Wilberforce Road, CB3 OWA Cambridge, United Kingdom
SAPC, UMR 7164 (CNRS, Université Paris 7), 10 rue A. Domon et L. Duquet, 75205 Paris, France

and International Solvay Institutes, Boulevard du Triomphe, ULB - C.P. 231, 1050 Brussels, Belgium
(Received 24 September 2010; published 8 April 2011)

We consider landscape models that admit several regions where the conditions for eternal inflation hold.
It is shown that one can use the no-boundary wave function to calculate small departures from homogeneity
within our past light cone despite the possibility of much larger fluctuations on super horizon scales. The
dominant contribution comes from the history exiting eternal inflation at the lowest value of the potential.
In a class of landscape models this predicts a tensor to scalar ratio of about 10%. In this way the no-
boundary wave function defines a measure for the prediction of local cosmological observations.

observer




Eternal inflation without metaphysics
James Hartle, S.W. Hawking, Thomas Hertog

In the usual account of eternal inflation the universe is supposed to be a de Sitter background in which pocket universes nucleate at a steady rate.
However this is metaphysics because there is no way this mosaic structure can be observed. We don't see the whole universe but only a nearly
homogeneous region within our past light cone. We show that we can use the no-boundary wave function to calculate small departures from
homogeneity within our past light cone despite the possibility of much larger fluctuations on super horizon scales. We find that the dominant
contribution comes from the history that exits eternal inflation at the lowest value of the potential and predict, in a certain class of landscape models, a
tensor to scalar ratio of about 10%. In this way the no-boundary wave function defines a measure for the prediction of local cosmological observations.

Comments: 4 pages
Subjects: High Energy Physics - Theory (hep-th); Cosmology and Nongalactic Astrophysics (astro-ph.CO); General Relativity and Quantum Cosmology (gr-qc)

Cite as: arXiv:1009.2525 [hep-th]
(or arXiv:1009.2525v1 [hep-th] for this version)
https://doi.org/10.48550/arXiv.1009.2525 €@

Submission history

From: Thomas Hertog [view email]

[v1l] Mon, 13 Sep 2010 21:14:56 UTC (9 KB)
[v2] Sun, 10 Apr 2011 09:17:20 UTC (10 KB)



Yet another remark

observer

bottom-up cosmology (1983) top-down cosmology (2011)

“creation from nothing” “ past reconstruction”

We now view the no-boundary proposal not as a probability that the universe started in some way, but as
the probability that it ends up looking like it looks at the final surface where we evaluate the wavefunction.
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Holographic no-boundary measure [Hartle, TH “11;
Maldacena ‘02;

Harlow, Stanford ‘11;
Anninos et al. ‘12]

\IJHH — Aspezs

Im|7] (h (b)
Y]
Lorentzian
inflation
Deformed
sphere Be[r]

—7L/2



Holographic no-boundary measure

Uy = Agpe'” log Asp =

Im|T]

(h, 9)

counterterms

Complex EAdS Lorentzian

domain wall inflation
Deformed
sphere Re|T]

—m L /2

[Hartle, TH “11;
Maldacena ‘02;
Harlow, Stanford ‘11;
Anninos et al. “12]

asEAdS




Holographic no-boundary measure

\IJHH — .Asp@zs

Dual QFT
Im|7]
\ counterterms (h, (b)

Complex EAdS Lorentzian
domain wall inflation
Deformed
sphere Re|T]

—7L/2

reg

log Asp = asEAdS

Comment 1: Dual of NB condition?
You simply run out of d.o.f. ..



Comment 2: measure, sphere, de Sitter entropy?
[Bobev, TH, Hong, Karlsson, Reys, ‘23]

. L re
U*WY ~ g~ " EdS Ipqs = —2 IEfds

Dual QFT Dual QFT

\ L

-EAdS

~
\
\
\
\
1
\

]

1
|
I
I
I
I

I

1

!

!
!
1
/
/
-

Re|T]

—7L/2 wlL/2



Comment 2: measure, sphere, de Sitter entropy?
Bobev, TH, Hong,

Karlsson, Reys, 2023

Sas = —Ipas = 215y 45
. AdS/CFT : IR+ =log Zgs
 Conjecture: Sus = —2log ZCFT

Zsiloi) ¢— Zgs " el Zg " [ed]



Comment 2: measure, sphere, de Sitter entropy?
Bobev, TH, Hong,

Karl R 2023
FEAdS, X 87/Zk arlsson, Reys,

Sis = ~Ipas = 2[Ry = —2log Zg ™

[Marino, Putrov; Fuji, Hirano, Moriyama; many others...]

21/ 2k m(k? + 8) 1
Siq = N3/2 _ N2 L Zlog N + O(N°
ds 3 22k 9 g ( )

« Leading term: matches Gibbons-Hawking entropy

« Subleading term: higher-derivative terms in sugra
[Bobev, Charles, Hristov, Reys 21]

+ Log correction: one-loop determinant in 11D Eucl SUGRA on —S* x S /7,
[Bhattacharyya, Grassi, Marino, Sen]



TIME

Y Observer

Thank you

observer




de Sitter entropy: microscopics
Consider 11d Euclidean SUGRA on —S5* X 57/Zk
One-loop determinants generate log corrections to the free energy
Odd dimensions: only zero modes contribute
Massless 11d fields: metric, gravitino and three-form
Ghosts are important!
Metric and gravitino have no zero mode because S* is compact.

Logarithmic correction due to a p-form:

AF =3 (-1 (Bp—j —j—1nj,  logL/lp,  fx=

J

> ASys = 3log L/lp Sqs — —2log Zg‘gBJM

D — 2k
2
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