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Abstract: I'll review a new, simpler explanation for the large scale geometry of spacetime, presented recently by Latham Boyle and
arXiv:2201.07279. The basic ingredients are elementary and well-known, namely Einstein's theory of gravity and Hawking's method of com
gravitational entropy. The new twist is provided by the boundary conditions we proposed for big bang-type singularities, respecting CPT syn
and analyticity at the bang with finite Weyl curvature. These boundary conditions allow gravitational instantons for universes with positive Lar
massless (conformal) radiation and positive or negative space curvature. Using these new instantons, we are able to infer the gravitational
for a complete set of quasi-realistic, four-dimensional cosmologies. If the total entropy in radiation exceeds that of Einstein's static univer:
gravitational entropy exceeds the de Sitter entropy. As the total entropy in radiation is increased further, the most probable large-scale geon
the universe becomes increasingly flat, homogeneous and isotropic. I'll also briefly summarize recent progress towards elaborating this pictul
fully predictive cosmological theory.

Zoom Link: https://pitp.zoom.us/j/95474226765?pwd=cINSUHBNSTFiISVAzMOp3dEdDMzV2Zz09
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Gravitational entropy and the large
scale geometry of spacetime

Neil Turok, University of Edinburgh + PlI

with L. Boyle, see recent preprints 2109.06204, 2110.06258, 2201.07279

Boyle, Finn, NT Phys. Rev. Lett. 121 (2018) no.25, 251301
Annals of Physics, 438 (2022) 168767
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LCDM: a remarkably economical fit
just 5 parameters

energy content
* ng/n,

* Pom/PB

* Pa

comoving curvature

k2R ~ A k¢
Ap rms~7.0x107>
e~0.017

many quantities
consistent with zero
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. Forces \
Gravit\é

SU3xSU2xU1

w///aln‘ded neutrinos




seesaw mechanism and neutrino masses

(H) (H)
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: . &
our goal: explain nature’s observed (and surprisin; *%

Neil Turok

simplicity with simple and predictive principles

E=

gauge fields

Higgs

~ LF? + Yilbyp - NHP+ | DHI* - V(H))
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our goal: explain nature’s observed (and surprisinf, 7

Neil Turok |

Higgs

/ %/( | _}}M%W—AHWHDHF— V(H))
e

P =

e - - particles

gravity

Do (real-time) path integrals exist? Feldbrugge and NT forthcoming preprint
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Consider a radiation plus lambda cosmology:

T A
P=pPrtpn  Pr=ams PAT Ly, = 816

R® = 6k

ds? = a(nt)?(—n?dt? + yl]dxidx])

dimensions
Friedmann equation > = (r 3ka2+/1a4) [a] =L, [r] = L2 [1] =

_ 72 - - .y
Goo = LpiToo Q=255 U= Qp =25) q = lda
ndt

Jacobi elliptic function

: _ . m__ _Ar  __|r@+m) ,_ | k
solution a(nt) =asn(fnt,m); s =Gor o= A= (@

has remarkable analytical properties

(In this talk, | shall generally assume a compact topology: for k > 0, a sphere and for k < 0, a 3d “tile” of H3)
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simple pole

a(t)

simple zero t*

a(t) is single-valued in the complex t-plane (or n-plane since it is a function of nt),
In fact, it is a Jacobi elliptic function: its only singularities are simple poles and it is

doubly-periodic in the complex plane of its argument L. Boyle and NT, hep-th/2109.06204
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CPT symmetric universe

L =L

conformal zero

one of the three massive RH neutrinos can be stable
and comprise the dark matter
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—
solar~7x10 3¢ V?

: _—
atmospheric

~2x107%eV? b
atmospheric

2x103eV?
solar~7x10-3eV?2
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seesaw mechanism and neutrino masses

(H) (H)
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— -
solar~7x10 ¢ V2

- _—
atmospheric

~2x107%eV?
atmospheric
~2x10-%eV?
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Pl & | e LSST
Cosmology measures 11 2 mv

# S ; o - x S4 Lensing

é‘g.; Vl?ra, C RUb1 n' -Obsér'\_)at'_;jr'y | | B

100 200 300
o(M,) [meV]

Power Spec
Bi spec

Prediction: lightest neutrino is massless

Normal hierarchy: M, = va = 60 meV

Inverted hierarchy: M, = 100 meV
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CPT symmetric Universe is double-sheeted

hep-th/2109.06204

©AHGO®
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w/L. Boyle
hep-th/2109.06204

analytic mirror
cf Hawking bcs for AdS.

resonates with
“Weyl curvature hypothesis”
Penrose and Tod

See also
A.D. Sakharov, JETP Lett.5, 24 (1967);
Sov. Phys. JETP 52, 349 (1980).
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fundamental
domain is
rectangular

Periodicity in imaginary time implies a Hawking temperature
©AEGE L. Boyle and NT, hep-th/2109.06204
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_Neﬂ Turok

the puzzling large-scale geometry of spacetin’ic

" = - " -

o et 2SNt 4002

13t & W
o

Penrose
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flatness closer to home...
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one explanation

Pirsa: 22040112 Page 20/50




a better explanation

* the earthis large
(~10°° atoms)
e gravity, dissipation
 thermodynamics
(entropy)
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de Sitter Thawking = 27
A 242 M
Sqs = —hor = ” L (= Spu(M = Zppu3))
(= 3.26%x10%2 for measured p, )

Entropy calculated using Euclidean path integral
54

Ricci scalar trace of Einstein

2

MP

2as4

Vol — _a4 — M
PA

i5 = [ GMER = pa) = pa Vol =

(this derivation hides a VERY important sign!)

24n2M§.‘
PA
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Neil Turok

1) The real cosmos is far from equilibrium: radiation temp T, » Tys ~ 1073°T} ¢y

2) For spatially compact spacetimes, the Hamiltonian is zero on all states

3) Nevertheless, one can still define a statistical ensemble

4) The expansion rate H~T;?/Mp < T,; for T, < Mp the expansion is adiabatic
5) The radiation is in local thermal equilibrium. It is an excellent approximation

to integrate out the microscopic degrees of freedom (fermions, gauge bosons...)
and treat the radiation as a perfect fluid.
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Path Integrals: amplitudes and partition functions

1) Transition amplitudes: pure states to pure states: N [ dx e's
Picard-Lefschetz theorem:

for any relevant saddle, |[e®S|< 1 = Re[iS] < 0. Semiclassical exponents cannot be positive

(series of papers by Feldbrugge+Lehners+NT, disproving Hartle-Hawking no boundary proposal

and Vilenkin/Linde tunneling proposal)

2) Statistical physics: Z = Tr(e PH) = eS7E/T
For geometrical ensembles (polymers, strings, membranes) S is exponentially large
For cosmology, H annihilates physical states so Z = number of physical states

Z=e5>1=S5>0. Semiclassical exponents must be positive
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Trace over radiation Z = Tr([ dne~%"); H = H, + H; .
Treat radiation as conformal-invariant matter at temperature T = 7 1: H,. independent of a
Hence Trr(e‘ﬁH?‘) = ¢Sr—BUr, S, is the (adiabatically conserved) total entropy in radiation,

and U,.(S;) is the associated internal energy in the conformally static frame.
Continue via # = in, to obtain

Z = e5r Tr, (f dn e—i(H9+UT)n)

This yields a path integral for cosmology with

) 3 V dz 2 4 .
A ILT dt n(—3; + 3ka® —Aa* —r) Note: odd inn
i

where we have set U, = rV/L%;; L%, = 8nG
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Cosmology with Lambda, radiation, space curvature

R(3) = 6K
Conformal time  ds? = a?(nt)(—n?dt? +y;;dx'dx))

Neil Turok

Einstein static universe
; a A 2
Friedmann 3ad% +3ka? —Aa* =r; Pr = a%‘?ﬁ; PA= LTPI; fork > 0, rESU=Z—';
Verr(a) (no horizon, zero gravitational entropy)

1 A i) Lorentzian SlEn of e

ii) Wick rotation 1 A iii) Conformal+Wick rotation

+
— W,

« Li CWa,

%53 ESU L CW;” ESU
k>0 k<0

A
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Two ways to go Euclidean
ds? = a?(nt)(—n2dt? +y;;dx"dx))

—iN, N real

= —iN, N real

a(nt) — —lb(Nt) b (t) real (“conformal rotation” C;
Gibbons+Hawking+Perry)

Whereas W only yields instantons fork > 0,7 < 1g5y
CW yields instantons for all values of k,A > 0,7 > 0

. .oFar CPT symmetric cosmology, since a(nt) is odd, use CW
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Cosmology with Lambda, radiation, space curvature

R(3) = 6K
Conformal time  ds? = a?(nt)(—n?dt? +y;;dx'dx/)

Neil Turok

Einstein static universe
i . r A 2
Friedmann 3 a? + 3ka® — ,110,4 =T, Pr=—z PA=T2 fork > 0, rESU=1—';
Pl i
(no horizon, zero gravitational entropy)

7 A\ i) Lorentzian _ signof k

+ ii) Wick rotation 7 A iii) Conformal+Wick rotation
L CWa;

< > CWr+>rS
k>0 k<0 N
> CWres,
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Two ways to go Euclidean
ds? = a?(nt)(—n2dt? +y;;dx"dx))

—iN, N real

= —iN, N real

a(nt) — —lb(Nt) b (t) real (“conformal rotation” C;
Gibbons+Hawking+Perry)

Whereas W only yields instantons fork > 0,7 < 1g5y
CW yields instantons for all valuesof k,A > 0,7 > 0

. .oFar CPT symmetric cosmology, since a(nt) is odd, use CW
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Two ways to go Euclidean
ds? = a?(nt)(—n2dt? +y;;dx"dx))

—iN, N real

= —iN, N real

a(nt) — —lb(Nt) b (t) real (“conformal rotation” C;
Gibbons+Hawking+Perry)

Whereas W only yields instantons for k > 0,7 < 155y
CW yields instantons for all values of k,A > 0,7 > 0

. .oFar CPT symmetric cosmology, since a(nt) is odd, use CW
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Trace over radiation Z = Tr([ dne~%"); H = H, + H; .
Treat radiation as conformal-invariant matter at temperature T = 7 1: H,. independent of a
Hence Trr(e‘ﬁH?‘) = ¢Sr—BUr, S, is the (adiabatically conserved) total entropy in radiation,

and U,.(S;) is the associated internal energy in the conformally static frame.
Continue via § = in, to obtain

Z = e5r Tr, (f dn e—i(H9+UT)n)

This yields a path integral for cosmology with

) 3 V dz 2 4 .
A ILT dt n(—3; + 3ka® —Aa” —r) Note: odd inn
i

_ 2. 72 =
© A moe Where we have set U, = rV/Ly; L% = 8nG
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CW rotation follows from boundary conditions which allow

a(nt) odd, analyticatt = 0

(Conformal matter does not feel the conformal rotation)

Fork > 0,7 < rggy, a positive semiclassical exponent requires N > 0
BUT fork > 0,7 > rggy or k < 0, a positive exponent requires N < 0

Hence, we require two Euclidean descriptions:

usual Wick rotation to integrate out the matter but N < 0 for gravity

©AEOE
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Trace over radiation Z = Tr([ dne~%"); H = H, + H; -
Treat radiation as conformal-invariant matter at temperature T = 7 1: H,. independent of a
Hence Trr(e‘ﬁH?‘) = ¢Sr—BUr, S, is the (adiabatically conserved) total entropy in radiation,

and U,.(S;) is the associated internal energy in the conformally static frame.
Continue via # = in, to obtain

Z = e5r Tr, (f dn e—i(H9+UT)n)

This yields a path integral for cosmology with

) 3 V dz 2 4 .
A ILT dt n(—3; + 3ka® —Aa* —r) Note: odd inn
i
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CW rotation follows from boundary conditions which allow

a(nt) odd, analyticatt = 0

(Conformal matter does not feel the conformal rotation)

Fork > 0,7 < rggy, a positive semiclassical exponent requires N > 0

BUT fork > 0,7 > rggy or k < 0, a positive exponent requires N < 0

Hence, we require two Euclidean descriptions:

usual Wick rotation to integrate out the matter but N < 0 for gravity
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Neil Turok

Trad. math physics: Euclidean is fundamentdi

|1"NE

Real time

e.g., Kontsevich-Segal 2105.10161
Witten 2111.06514
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cosmological viewpoint:
Lorentzian is fundamental

T

gravity matter
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Neil Turok

Case scale factor a(t) or b(t) N 84/5n m Z

W il [Nt 1—m) Rk (1 —m) 4 GEmEmgnKiom) - e/
CWiy, iy siigenlis/tfzNtym)  +/H22K(1—m) HUEWEComoZaillom) gma gha/d
CWX, i A(Bl’f:n)su(i\/HImNt,m —\/”TTQKH —m AERIEC LRI R g
CW. MSH( 1|:T|n Nt,m) - 1;:!”2]{(’”2-) 2(l+m)E((;2ﬂ:;;la/_2m)K(m) e +ie /4
CWy  \/spmsen(y/dELNt,;m)  —Re ((/5ER2K (m)) Re (2UAmEm-Comi(m)) i 4joFi0/4

Table I: Analytic forms for Euclideap instantons (Fig. 1, ii) and iii)), periodic in ¢ with period unity, from which the
Lorentzian solutions (Fig. 1, i)) are obtained by analytic continuation. Here, sn(z,m), dn(z,m) are Jacobi elliptic
functions and K (m), E(m) are complete elliptic integrals [23]. W denotes Wick rotation and CW combined
conformal and Wick rotations. Superscript + indicates k < 0; m satisfies m/(1 + m)? = Ar/(3k)2. For 0 < r < rg,
m=e ®with0<a<oo,and forr >r,, m=¢€"? with0< 0 <=
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la(nt)]

~ Instanton action

is a topological
invariant

Fundamental
domain is

square for == ////{ S |\== /[ N
i . . (Cauchy+periodicity)
flat universe
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Neil Turok
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Neil Turok

Trad. math physics: Euclidean is fundamentdi

|1 "NE

Real time

e.g., Kontsevich-Segal 2105.10161
Witten 2111.06514
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a better explanation

* the earthis large
(~10°° atoms)
* gravity, dissipation
* thermodynamics
(entropy)
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Consider a radiation plus lambda cosmology:

r A
P=prtpa;  Pr= s PAT s Lp =816 e
Pl

R® = 6k

ds? = a(nt)?(—n?dt? + yl]dxidxf)

dimensions

Friedmann equation aZ — 2 (T—3Ka2+/1a4) lal =L, |r] = LZ, [A] =

. m‘,, - — a4
Goo = lhTon O = m=E) g e
n

Jacobi elliptic function

: . i m_ _ _Ar  __ r@+m) ,_ [ Kk
solution a(nt) = a sn(fnt,m); et = G O B e

has remarkable analytical properties

(In this talk, | shall generally assume a compact topology: for k > 0, a sphere and for k < 0, a 3d “tile” of H3)
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Neil Turok

la(nt)]

. Instanton action
is a topological
~ invariant
" (Cauchy+periodicity)

Fundamental
domain is
square for
flat universe
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