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A beginning of parallel journeys
... amongst brane world pioneers

Volume 159B, number 1

PHYSICS LETTERS

12 September 1985

AN EXOTIC CLASS OF KALUZA-KLEIN MODELS

Matt VISSER

Physics Department, University of Southern California, Los Angeles, CA 90080-0484, USA

Received 22 Apnl 1985

We discuss an exotic class of Kaluza-Klein models in which the internal space is neither compact nor even of finite volume.
Rather than using the usual compact internal space we consider the case where particles are gravitationally trapped near a
four-dimensional submanifold of the higher-dimensional spacetume. A specific model exhibiting this phenomenon is con-

structed in five dimensions.

Introduction. In Kaluza—Klein theories of the
ordinary type spacetime is assumed to be of the form
M4 X K; My a fourdimensional manifold and K a
compact manifold of “internal™ coordinates, Classi-
cally particles are free to move around on K, thus K
must be assumed to be very small. The alternative we
wish to begin to explore in this note is to somehow
arrange for an absence of translational invariance in
the extra “‘internal® directions, and then use gravity

to trap particles near a four-dimensional submanifold.

Suggestions along similar lines (without gravity) have

tors and, therefore, four constants of the motion for
particles following geodesics

E=— (P, afar)
= _pAgAB(a/a,)B =ple2¢
p' =(P, d/ox")

=PAg,p@/ax"yB =P (i=1,2,3).

A particle having a definite rest mass in the five-
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Nuclear Physics B287 (1987) 717-742
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SPACETIME AS A MEMBRANE IN HIGHER DIMENSIONS

G.W. GIBBONS and D.L. WILTSHIRE

Department of Applied Mathematics and Theoretical Physics, University of Cambridge,
Silver Street, Cambridge CB3 9EW, England

Received 29 September 1986
(Revised S December 1986)

By means of a simple model we investigate the possibility that spacetime is a membrane
embedded in higher dimensions. We present cosmological solutions of d-dimensional Einstein-
Maxwell theory which compactify to two dimensions. These solutions are analytically continued
to obtain dual solutions in which a (4 — 2)-dimensional Einstein spacetime “membrane™ is
embedded in d dimensions. The membrane solutions generalise Melvin’s 4-dimensional flux tube
solution. The flat membrane is shown to be classically stable. It is shown that there are zero mode
solutions of the d-dimensional Dirac equation which are confined to a neighbourhood of the
membrane and move within it like massless chiral (d — 2)-dimensional fermions. An investigation
of the spectrum of scalar perturbations shows that a well-defined mass gap between the zero
modes and massive modes can be obtained if there is a positive cosmological term in (d - 2)
dimensions or a negative cosmological term in d dimensions.



Two 20t century paradigm revolutions in one line each:

* Relativity: Space and Time are a relational structure between Things

® Quantum Mechanics: But what are Things?

* When in doubt about observations pointing to some Thing,

assume an invisible fluid with phenomenological properties
leading to new experiments and its eventual detection. E.g.:
Plumb pudding atoms - Rutherford scattering - Nuclear atom
Genetic material - X-ray crystallography - DNA

Or otherwise. E.g.: Phlogiston, Ether
*? Dark Matter, Dark Energy
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Stable gravastars—an alternative to black holes? P, N 0O

Matt Visser' and David L Wiltshire’

! School of Mathematical and Computing Sciences, Victoria University of Wellington,
New Zealand

2 Department of Physics and Astronomy, University of Canterbury, Private Bag 4800,
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Published 22 January 2004
Online at stacks.iop.org/CQG/21/1135 (DOI: 10.1088/0264-9381/21/4/027)

Abstract

The “gravastar’ picture developed by Mazur and Mottola is one of a very small
number of serious challenges to our usual conception of a ‘black hole’. In the
gravastar picture there is effectively a phase transition at/near where the event
horizon would have been expected to form, and the interior of what would
have been the black hole is replaced by a segment of de Sitter space. While
Mazur and Mottola were able to argue for the thermodynamic stability of their
configuration, the question of dynamic stability against spherically symmetric
perturbations of the matter or gravity fields remains somewhat obscure. In this
paper we construct a model that shares the key features of the Mazur—Mottola
scenario, and which is sufficiently simple for a full dynamical analysis. We find
that there are some physically reasonable equations of state for the transition
layer that lead to stability.
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Abstract D= l—[l+@]:+ l+q“+ﬂ—"£ 72
Taylor expanding the cosmological equation of state around the current epoch Hy 2 2 6

2
P = po+xo(p — po) + % 3—3 (p = po)* + OL(p — po)’, 3 » § 4 L. 5 . so| ; 4
P~ lo =:| L3 E(IO( 1 +qo) + gd0 = 5J0 = 39000 = 54 |2 + (")
is the simplest model one can consider that does not make any a priori - -
restrictions on the nature of the cosmological fluid. Most popular cosmological
models attempt to be ‘predictive’, in the sense that once some a priori equation
of state is chosen the Friedmann equations are used to determine the evolution of
the FRW scale factor a(r). In contrast, a ‘retrodictive” approach might usefully
take observational data concerning the scale factor, and use the Friedmann 7
equations to infer an observed cosmological equation of state. In particular, the d 1.(Z) = :
value and derivatives of the scale factor determined at the current epoch place 0
constraints on the value and derivatives of the cosmological equation of state at
the current epoch. Determining the first three Taylor coefficients of the equation A 3 . ) 2kc? (1+ 3(]0)
of state at the current epoch requires a measurement of the deceleration, jerk — 15([6 — ]5(]6 + 5./() + ]0([9 Jo +85p+ >—5
and snap—the second, third and fourth derivatives of the scale factor with ]“[(‘)'(16
respect to time. Higher-order Taylor coefficients in the equation of state are
related to higher-order time derivatives of the scale factor. Since the jerk and
snap are rather difficult to measure, being related to the third and fourth terms
in the Taylor series expansion of the Hubble law, it becomes clear why direct
observational constraints on the cosmological equation of state are so relatively
weak, and are likely to remain weak for the foreseeable future.

| | = kc? 3
L+ =1 =4olz— = |1 =@ =3+t ot —==|2°+ =5 |2 —2
5 | qol 6 qo qdo + Jo 2,2 Y qo

2 +0(
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Buchert coarse-graining and the classical energy conditions

Matt Visser
School of Mathematics and Statistics, Victoria University of Wellington,
Wellington 6140, New Zealand
E-mail: matt.visser@msor. vuw.ac.nz
http://www.victoria.ac.nz/sms

So-called “Buchert averaging” is actually a coarse-graining procedure, where fine detail
is “smeared out” due to limited spatio-temporal resolution. For technical reasons, (to be
explained herein), “averaging” is not really an appropriate term. and I shall consistently
describe the process as a “coarse-graining”. Because Einstein gravity is nonlinear the
coarse-grained Einstein tensor is typically not equal to the Einstein tensor of the coarse-
grained spacetime geometry. The discrepancy can be viewed as an “effective” stress-
energy, and this “effective” stress-energy often violates the classical energy conditions. To
keep otherwise messy technical issues firmly under control, I shall work with conformal-
FLRW (CFLRW) cosmologies. These CFLRW-based models are particularly tractable,
and are also particularly attractive observationally: the CMB is not distorted. In this
CFLRW context one can prove some rigorous theorems regarding the interplay between
Buchert coarse-graining, tracelessness of the effective stress-energy, and the classical
energy conditions.

Keywords: Buchert averaging; coarse-graining; smearing; FLRW cosmology; CFLRW
cosmology.

1. Introduction

The cosmological back-reaction problem continues to generate considerable (and

sometimes heated) debate.! !

There is significant disagreement as to just how
one should split the universe into “smooth background” plus “local perturbations”,
and yet more disagreement as to whether or not these perturbations remain small.
I shall work within the framework of conformally-FLRW (CFLRW) cosmologies, '
where the mathematics and physics are both firmly under control. '* T hese CFLRW
cosmologies are simply generic FLRW spacetimes distorted by a (possibly non-
perturbatively large) conformal tactor. Cosmographically *= this 1s the unique non-
perturbative distortion that can be applied to FLRW cosmologies without grossly
moditying the CNB. " In counterpoint, when working in this CFLRW framework,
Buchert’s coarse-graining procedure simplifies tremendously. The contribution to
the effective stress-energy due to coarse graining can be explicitly calculated. This
coarse-graining contribution to the effective stress-energy need not be traceless,
nor need it satisfy any of the classical energy conditions. (Further details are in
preparation. '4)
Classitication: Public
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Back to first principles: questions to answer

* What is the origin of scale?
* Where is infinity? (i0 i- i+ ...)?

* Why is there an average isotropic expansion law on (empirical)
scales > 100/h Mpc when the Universe is lumpy
(inhomogeneous) and anisotropic on smaller scales?

* Why is there a transition to “homogeneity” (empirically)
around 70 — 120/h Mpc ?....

* History, 20th century: assume FLRW average on any scale
* Making history, 21st century: physics can explain surely?
* The time is now: we just needed data, a revolution is coming?!
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1. Timescape cosmology: key concepts,
Status summary

Falsifiable predictions with answers by 2030:
FLRW model - Clarkson-Bassett-Lu test > ACDM

Or
non-FLRW - Clarkson-Bassett-Lu test - Timescape

Classification: Public



Takeaway moral: Gradients of kinetic energy
of expansion in full GR are non-FLRW!

S




What is a cosmological “particle” (“dust™)?
# In FLRW one takes observers “comoving with the dust”

# Traditionally galaxies were regarded as dust. However,

s (Galaxies, clusters not homogeneously distributed
today

s Dust particles should have (on average) invariant
masses over the timescale of the problem

#® Must coarse-grain over expanding fluid elements larger
than the largest typical structures [voids of diameter

30 h~'Mpc with §, ~ —0.95 are > 40% of z = 0 universe]

stellar galaxy cluster wall
g/u/ — g,uz/ —* g;u/ — g/u/

universe

—¥ G

void
v



Effective

cosmological
fluids

 When coarse-graining over
the largest typical structures
(30/h Mpc diameter voids)
we average over non-linear
general relativistic matter
and energy:

e why is there a simple
answer?

e Claim: Cosmological
Equivalence Principle!



Cosmological Equivalence Principle

Local Inertial Frame

-

Cosmological geometry

Classification: Public

Conceptual picture

Hubble parameter, involving
first derivatives of the
(statistical) metric, is to some
extent a gauge parameter for
connection of a (statistical)
coarse grained geometry



Averaging and backreaction

Fitting problem (Ellis 1984):
On what scale are Einstein’s field equations valid?

8rG
(34

In general <G/L1/(goz,8)> 7é G#V(<ga[3>>

Weak backreaction. Assume global average is an exact
solution of Einstein’s equations on large scale

Strong backreaction: Fully nonlinear; assume
alternative solution for homogeneity at last scattering

s Einstein’s equations are causal; no need for them on
scales larger than light has time to propagate

s Inflation becomes more a quantum geometry
phenomenon, impact in present spacetime structure

G = T



Statistical Homogeneity Scale (SHS) average cell

# Need to consider relative position of observers over
scales of tens of Mpc over which ép/p~ —1.

# Gradients in spatial curvature and gravitational energy
can lead to calibration differences between rulers &

lllllllllllllllllllll



Statistical Copernican Principle

Retain Copernican Principle - we are at an average
position for observers in a galaxy

Observers in bound systems are not at a volume
average position in freely expanding space

By Copernican principle other average observers
should see an isotropic CMB

BUT nothing in theory, principle nor observation
demands that such observers measure the same mean
CMB temperature nor the same angular scales in the
CMB anisotropies

Average mass environment (galaxy) can differ
significantly from volume—average environment (void)

Classification: Public



Cosmological Equivalence Principle

In cosmological averages it is always possible to
choose a suitably defined spacetime region, the
cosmological inertial region, on whose boundary
average motions (timelike and null) can be described by
geodesics in a geometry which is Minkowski up to
some time-dependent conformal transformation,

ds? = a*(n) [—dn® + dr® + r2dQ°]

“CIR

-
/

Defines Cosmological Inertial Region (CIR) in which
regionally isotropic volume expansion is equivalent to a
velocity in special relativity

Integrate on a bounding 2-sphere to define “kinetic
energy of expansion”. globally it has gradients

Classification: Public



Finite infinity

Expanding
60

Finite infinity  <8>=0

# Define finite infinity, “fi” as boundary to connected
region within which average expansion vanishes () = 0
and expansion is positive outside.

# Shape of fi boundary irrelevant (minimal surface
generally): could typically contain a galaxy cluster.

Classification: Public



Timescape: Physical interpretation (2007)

# Interpret solution of Buchert equations by radial null
cone average

ds? = —dt? + a(t) di® + A(7q, t) dQ2,

where [ dij A(n,t) = a*(t)V(71,,)/ (47).
® LTB metric but NOT an LTB solution



Timescape: Physical interpretation (2007)

® Conformally match radial null geodesics of spherical
Buchert geometry to those of finite infinity geometry
with uniform quasilocal Hubble flow condition
dt = adp and dr,, = a,dn,. But dt = 7dr, and

a,= fui Y3 (1 — f.,)a. Hence on radial null geodesics

Define n,, by integral of above on radial null-geodesics.
» Extend spatially flat wall geometry to dressed geometry

ds? = —d72 + a®(7.) [dﬁ2 + 72(7, Tw) dQQ]

\\\\\\\\\\\\\\\\\\\\



Timescape: Physical interpretation (2007)

#® N.B. The extension is NOT an isometry
N.B. ds; = —dri+a.(7) [dn] + n5dQ7]
—ds* = —dr]+a® [A7° + ) (7, 7) AD°]

# Extended metric is an effective “spherical Buchert
geometry” adapted to wall rulers and clocks.

# Since di = dt/a = ydr,/a = dr,/a, this leads to dressed
parameters which do not sumto 1, e.g.,

_ 73C
Qpp =78,
#® Dressed average Hubble parameter

lde lda 1dj

adr, adr, #~dr,

\\\\\\\\\\\\\\\\\\\\

H =



Timescape: Physical interpretation (2007)

# H is greater than wall Hubble rate; smaller than void
Hubble rate measured by wall (or any one set of) clocks

_ l1da 1da, 1 da, 1 da,
A==~ g O

adt a,dr, a,dr, a,dr,

» For tracker solution H = (41,2 + f, +4)/6t
# Dressed average deceleration parameter

=l d%a
17 H22 dr?
Can have ¢ < 0 even though ¢ = H;{2 ‘jft? > 0; difference
a

of clocks important.
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Earth (Megaparsecs)

Distance from

Cosmic coincidence problem

|

T T T
Comeoving futuce visidifty dmit

Hig Barg

z=20
b =10
T =6
[_2=4
z=2
z=
T 2=05
o
QL
o
z=0.1
o
O -

First slars

L Unreachodle
)3

=169

’ Decelercting

Accalerating
‘ 1=0.76

SDSS quaosars

Zone of avoidonce

SDSS goloxies

{ CfAZ Greot Wall

Cosmic microwove bockground

SOF 7= 578 galaxy

50SS 6,42 0SD. 7

-
G50 09574561

1C!I

10%

The timescape
cosmology has
always offered a
solution to the:
apparent cosmic
cosmic coincidence
problem acceleration
starts when voids
overtake filaments
and walls in
dominating volume
averages



Cosmic coincidence? No problem

# \Volume average observer sees no apparent cosmic

acceleration | |
2(1—f )2 Physical Review Letters

1= 99, 251101 (2007)

Ast— oo, f,—1land g — 0.

# A wall observer registers apparent cosmic acceleration

—(1—f.) (8f.° +39f,> — 12f, — 8)
4+ f. +4£2)°

)

Effective deceleration parameter starts at ¢ ~ 3, for
small f,; changes sign when f, = 0.5867..., and
approaches ¢ — 0~ at late times.
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First principles: redshift

1 4+ 2obs

—Uem -k /\obs Eem

— Uobs -k )\em Eobs

2
C+U21+2+O(%)
C—v C C

Ugs -k Ugp-k U;-k

’

/J.
g U [
MY~ ] X1 (1+Zpec,l)

(1 + Zpec,0)
gaBU(()lkB lX()

Adapted to ideal observers at rest dz* = 0, define

(1)

|

(1 & B Zcos)

gMUUfk”
9o sUGKP

QttUltkt
N gttUékt|

X1 X1

X0



First principles: redshift

For models with average isotropic expansion \

(14 2e0s) =(1+250) 1+ 2) 1+ 251)

Interpret 1+ 2450 = 1/(—gaU}) } =1/v/—gu(x
1+ Zp1 = ( guU 1 ‘ \/ gtt Xl
1+ 2 = (Xl)/k (Xo)

as “gravitational redshifts” versus “background expansion”

Notes s FLRW: 1+ z = a(ty)/a(ty)
s Standard cosmology: 240, 2.1~ 107°
s A-Szekeres: 26,05 21 ™ 1673
s Timescape: Null cone conformal frame degeneracy
L s Bondi-Metzner-Sachs group relevant generally

Hobart, 28 November 2023 - p. 4/5



First principles: distances

Observational definition d, =

4 F

D d
Etheri lati = = —L
therington relation d 4 1Tz T+2P
¢ d, based on Euclidean F = £/(4rd, ?)

s When non-Euclidean relation to null geodesics differs

s d; = (1+ z)%d, quite general, applies here.

s FLRW b= c |Sinn (\/m /1 dy )

Hy /1€ 1/(1+42) V2Ro + ol + Qugy? + Ly o9
sinn(z) = {sinh(z), Qo > 0; z, Qg =0; sin(z), Q) g < 0}

‘ = it 2dt’
¢ Timescape pD=c(+ z)tw/t 2+ fv(t't))(t')Q/3

= ¢} .y B3 (t1/34p1/3)2 pl/3 —1 (2t1/3_p1/3
Tt = 2¢ g . In <t2/3—b1/3t1/3+b2/3 + 7 tan S

. 2(1 _fv())(2+fv()) 2(2+fv())H()

b= — ,  bare Hy = >
9fvoHo (4fvo° + fvo +4)

=c(1+2)t*/3(T(t,) — T ()




Average expansion: H(z)/H,

{ o] H/H, (i i
] 1

o 1 2 3 z4 5 6
H(z)/H, for fyo = 0.762 (solid line) is compared to three spatially flat ACDM models: (i)
(10> Pao) = (0-249,0.751); (i) (Qpp0r R4) = (0.279,0.721) (il

# Function H(z)/H, displays quite different characteristics

® For0<z< 1.7, H(2)/H, is larger for TS model, but
L value of H, assumed also affects H(z) numerical value _J



Dressed ‘‘comoving distance” D(z)

—

| HyDle ) ,fi-);::;(ii)
. i)
1.5-
T ’/",/'/ 1
Ly y 1:51
P |
< 1
0.5 !
0:57
0 %
0"y "2 3 4 5 6 0" 200 400 600 800 1000

Z
TS model, with f.o = 0.695, (black) compared to 3 spatially
flat ACDM models (blue): (i) £2,,, = 0.3175 (best-fit ACDM

model to Planck); (i) €2, = 0.35; (iii) €2,,. = 0.388.

MO MO



Effective “dark energy” equation of state

1.0

10‘ w ]
W ] \\ 0.5‘:
0.5 :
gt B e 0
- ) —1 .9 0.5
—0.5 7 dD d“D -
: §(1+2)($> =z T1
~1.0 W, = =40 1
| Y (1+ z)3H?2 (d—D)2—1 |
(i) —2.0- (ii) —2.0-

A formal “dark energy equation of state” w (z) for the TS model, with f,g = 0.695,
calculated directly from 7, (2): (i) Qypg = 0-41; (i) 2y 1 = 0.3175.

Description by a “dark energy equation of state” makes no fundamental sense
when there’s no physics behind it; but average value w =~ —1 for z < 0.7 makes

empirical sense.
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Effective evolving “dark energy”

1 2
_ ---- DESI BAO
Prioy DESI BAO + CMB
o 11 BB DESI BAO + PantheonPlus
\ DESI BAO + Union3
DESI BAO + DESY5
O_ ,,,,, \‘ g o -t Rt S
ol S
_l E
Al |
[Inign —t— .k‘. ) 9.
4 Constitution —— . . L
¥ 0.2 4 05 0.8 1
z -3
Physical Review D 80, 123512 “o
(2009), Figure 4 DESI 2024 results, now further tightened
V4

DESI BAOs find evidence for “dark energy” evolving in a manner consistent with
timescape — defining a precision test will require recalibration of the sound speed
in the primordial plasma, the dark matter/baryonic matter ratio
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Timescape Planck CMB Constrained Sum Rule

Qu + Qr + Q¢ + Qp =1

0.167 + ~107°> 4+ 0.862 — 0.0293 =1

Classical & Quantum Gravity
Review D 30, 175006 (2013)
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The role of non-rigid spatial curvature

z+1

10" 10° 107 10% 19‘ 107 NOT FLRW

-

QO # —k/(a*H?)

08"

0.6F

TIMESCAPE

Qe x fo* /(a2 H?)

{1

0.4F

L . L . " Classical & Quantum Gravity
& = N e - Review D 30, 175006 (2013)



Other key parameters — fit to Planck CMB data

Age of Universe - Observer dependent Units Gyr
(billion years)

Age of universe: wall/galaxy observer Tio 14.2+0.5
Age of universe: volume average observer t, 17.5+0.6
Age of universe: void centre observer Tv0 21.340.8
Hubble “constant” Units
(km/s/Mpc)

Bare (within filament, galaxy observer) H, 20.1x1.7
Dressed H, 61.7+3.0
Dressed FLRW equivalent Hegno 67.4+1.3

Void as seen by galaxy observer H,, 75.2+2.6

Classification: Public



Fuclid will test
FLRW & timescape

1.0

Euclid BAOs + 1000 Supernovae la

0.5

Y S R e =

Images:
Clarkson-Bassett-Lu test:
projection for Euclid,

D Sapone, E Majerotto, S
Nesseris, Phys Rev D 90
023021 (2014) ~10

b - Timescape
-0.5 = = Tardis

CBL curvature test statistic

0.5 1.0 1.5 2.0
Redshift, z



2. Supernovae evidence for foundational change to
cosmological models, MNRAS Letters 537, 155 (2025);
A Seifert, ZG Lane, M Galoppo, R Ridden-Harper, DLW

+ Cosmological foundations revisited with Pantheon+
MNRAS 536, 1752 (2025);
ZG Lane, A Seifert, R Ridden-Harper, DLW
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Pantheon+ Revisited (MNRAS and MNRAS Letters 2025)

0.2 04 0. 4
Redshift
L YR,

02 04 06 08 1.0 02 04 06 08 10 0

A4 06 08
Redshift Redshift Redshift

' : + Tripp relation is based on empirical
supernova light curve parameters:

*

B

but is related to cosmological models which
predict a bolometric luminosity distance d,:

dy
Mpc |’

u=m-M=m Mg + ax, - Bc,

o= 25 +5]0g10

Observed distance modulus serves as a
correction model

App =(m—M) - (m"‘B - Mp) = ax, — B,

-20. 0 20 40 60 -20 0 20 40 60 -20 0 20 40 60 5

Rest-frame epoch {days) RN S st lme Spaiitend “neseirame 3&(" mgs’ ; B Ut A ( M - M B) d ege nera te W | t h AH 0 !
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Pantheon+ Revisited (arXiv:2311.01438)
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Dam, Heinesen + DLW, JLA sample
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MNRAS 472, 875 (2017)

* 740 Snela

 Workin heliocentric
frame

e Remove data below
minimum zZmin and
refit as zmin varied,
reanalyse

 Assume independent
Gaussians for colour
c, stretch x1

* Marginal preference
for timescape



Hubble tension revisited
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Pantheon+ Revisited (arXiv:2311.01438)
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Hubble tension gone

Following a suggestion of the referee of
arXiv:2311.01438, with new methodology:

it
* Timescape fits better than LCDM with “1»'_1
>99% confidence, In B> 5 = 3

* Parameters agree quantitatively with new

DESI results that disfavour LCOM L

0.42 B

* The parameters agree with Planck CMB = 049

geometric scales, & strong gravitational™ 0361
lensing distance ratio fits 033{

. — TS

oo = 0.737 £ 0.029

s.f. ACDM

* The parameters are consistent with
numerical relativity simulations,
MJ Williams et al, MNRAS 536, 2645
(2025)

New results:
A. Seifert et al
MNRAS Letters
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0.026 A

0.024 1

= 0.022

Power Law

SHS,,

0.020 1 . - ACDM data
o -==- Median
0.018 | - . 5% bounds
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Zmin

Figure 3. The convergence of the ax, light-curve parameter for the spatially
flat ACDM model across various redshift cuts, where x. is the median value
from the distribution. A power-law model has been fit to the data, and the
shaded band represents within 5 percent of the median value within the
range 0.1 < zyin < 0.14 indicating when the model converges. The vertical
dotted line represents the SHS,, found at zyin, = 0.054"

uncertainty is smaller than the plotted line.

88(1); The power-law

MNRAS Letters 537, L55 (2025)

e Product ax1
e Power law fit
—az "+C

Convergence defines empirical
statistical homogeneity scale
SHS o



Full P4+1690 sample

~27 ---- P+580 subsample
........ SI_IS(‘r
—4 -
T T — T
0.00 0.02 0.04 0.06 0.08 0.10

< min

Figure 2. The difference in the Bayes factors for the full P4-1690 sample
and the P+4-580 subsample between Lane et al. (2024) and our results. For
the subsample, the results from the new analysis presented here align very
well with the results by Lane et al. (2024), while for the full sample the new
analysis greatly increases the preference in favour of timescape.
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DES (Camilleri et al, MNRAS 533 (2024) 2615)

Timescape an %0

DES'SNSYRCLH

- : * .04: 0.039
Timescape 0:2921508 L e
Flat-ACDM 0.362+ 0% - * These results use
DES-SN5YR,, + BAO-6, | zmin = 0.33
Timescape 0.446*00% 0,665 300
Flat-ACDM 0.3324000 -

DES-SNSYR_ DES-SNSYR.; + BAO-6, |

Flat-ACDM 0.0 0.0 1616 Flat-ACDM 0.0 0.0 1624
Timescape —1.7 -1.72 1612 Timescape 6.3 6.17 1637

 DES BAO does not yet use direct BAO extraction from raw data [cf A Heinesen et al JCAP 03 (2019) 003]
» To fit timescape expansion history, sound speed in early universe must be recalibrated with different dark
matter density (and potential new gravitational physics if “dark matter” is non-particulate)
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New formalism for
cosmological
perturbation

theory without a
global background

Cosmological perturbations on an averaged background

Marco Galoppo'=“* and Pierre Mourier ' =¢

“School of Physical & Chemical Sciences, University of Canterbury,
Private Bag 4800, Christchurch 8140, New Zealand

E-mail: Marco.Galoppo@canterbury.ac.nz, Pierre.Mourier@canterbury.ac.nz

ABSTRACT: In relativistic cosmology, the formation of nonlinear inhomogeneities can induce
non-negligible backreaction on late-time expansion. Among the important consequences for
precision cosmology is the potential impact on the linear growth of large-scale structures.
We address this impact by combining covariant spatial averaging with covariant and gauge-
invariant perturbation theory. We focus on irrotational dust model spacetimes. The effects
of backreaction and nontrivial dynamical curvature on the average cosmological dynamics
are formulated as the addition of an effective perfect fluid with pressure. We then introduce
an effective background driven by both the averaged dust density and the emergent effective
fluid, and derive the general evolution equations for linear perturbations of this system. The
residual freedom in this framework amounts to specifying the properties of the effective-fluid
perturbations as a closure condition. We analyse two physically motivated choices for this
condition. In addition, we clarify the conditions under which the coupling between linear
structure growth and perturbations of the effective fluid can be neglected. Finally, we apply
this formalism to four examples of averaged cosmological models from the literature, three of
which — intended as effective full descriptions of the largest scales — have been shown to
provide a good fit to observational data. Our results highlight the importance of backreaction
effects in shaping linear structure growth in such models. Neglecting these effects may thus
lead to biased predictions for the development of large structures, even when the models
provide a good description of the general background observables.

KEYWORDS: cosmic web, Cosmological perturbation theory in GR and beyond, gravity,

baryon acoustic oscillations

ARXIV EPRINT: 2511.17160
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M Galoppo ..

P Mourier .

JCAP 5|

02(2026)066 -
o5 o.’sa”/aw‘oo.'s e a8 o4 ofsavlaw.oo.'a e iz

Figure 1. The () variables (left panel) and the effective fluid EoS parameter and squared sound
speed (right panel) in the timescape model, as functions of the rescaled volume-average scale factor
ap /a0, with f, 0 =0.737, and Hy = 73.03km/(s - Mpc). The model has no cosmological constant.

* Meszaros approximation using covariant gauge-invariant variables (Ellis & Bruni 1989)

: - (d).
Evolution of dust perturbations A\*/: A 4 g@A(d) B 47er(d)A(d) < ()
3

© = background expansion scalar driven by multi fluid components, and p® (which
reduces to its background value (p)p) evolves according to the full background scale factor.
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Summary thus far: Extraordinary Claims?

* The cosmological constant is effectively

i. acounter term (analogous to QFT) constant balancing the
all sky monopole average expansion of:

ii. the kinetic energy (1, (z,0, @) of negatively curved voids
dominating present epoch

 Essential ingredients (Timescape model)

i. CMB power spectrum consistent initial conditions;

ii. backreaction of inhomogeneities — non-FLRW average
expansion (Einstein equations, better than Friedmann);

iii. quasilocal uniform Hubble expansion condition — also
accounts for Hubble tension
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3. Exact solutions for differentially rotating
qalaxies in general relativity
M. Galobpo & DLW, arXiv:2406.15134

Quasilocal Newtonian limit of general
relativity and galactic dynamics

M. Galoppo,

. Re & DLW, arXiv:2408.00358

Class. Quantum Grav. 42 (2025) 135004
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Quasilocal angular momentum conservation

The observed Universe
* |Isnotempty

* |Isnotglobally rotating

 Quasilocal angular momentum, J, and energy must
be defined & coupled in a consistent manner so that,
J = 0, at afinite distance from isolated rotating
galaxies in the background cosmological model

 Realistic solutions to Einstein’s Field Equations (EFE)
Involve differential rotation and nonrelativistic frame-

dragging

Classification: Public



Non-Euclidean kinematics: analogy

N
tt“[lj][l]l

# Ehrenfest paradox / Born rigidity 1909
s Global Minkowski observer, Cyp = 2R
s Centre disk observer, C;, = 2mvR < Cy

s Rotational kinetic energy “produces” non-Euclidean
geometry even in special relativity

Now replace by concentric differentially rotating disks;
add EFE

Classification: Public



Differential rotation: frame-dragging

As angular momentum increases from centre outward:

* each fluid elementis dragged radially out and in
rotation direction

* as star/gas density drops, angular momentum
drops from its peak, rings dragged radially inward

* |nward dragging flattens rotation curve still where
only gas, but eventually v of diffuse particles rises
as they are swept in, at putative rotosurfacev->c

Classification: Public



@

Non-commutativity of averaging
for weak field perturbations

Assume small metric perturbations, i.e., 1. Write the general metric which respects the
8y = Nuy + hyy/c? with by, /c? K1; symmetries of the system;

Deduce the Einstein Field Equations; 2. Deduce the EFE;

Find Newton, i.e., i 3. Take the nonrelativistic limit, i.e., expand to

the lowest orderin v/c;

4. Obtain first-order correction to Newton:
Ad + ... =47 (:1'/):\[ + O (.'(vrz/(;zl)

Obtain Newtonian gravity:
AP — A7 (:1'/):\[ + O (.'(,'2/(,.'2)

Conventional approach Our approach

At leading order coincides with Ehlers’ Newton-Cartan limit
* First physically relevant non-conventional example
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Exact solution for differentially rotating disc galaxies

 Building blocks: generalized Lewis—Papapetrou—\Weyl metric & dust + pressure
energy-momentum tensor. Astrophysically hold for timescales of 107 <t < 10° yr

Metric ds? = — 22/ (dt + A(r, 2)do)* + ¢=28(r2)/& [H-"'(’r, z)2 d¢® + e ELr;2) /"2((17'2 + dzz)]
& =
EMT = i/)M('r, z)Hp(r, :)/(:2) URU®) + p(r, z)g""

|

Ura, = (<H(r, z))—l/2 (O + 7, 2) Dy)

|

H = -1+ AQ)? + e 22/ W2 02/
* We can now move on to calculate the EFE !!

and the equations of motion (EOM).
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* We then create a mock rotation curve for a Milky Way-like

galaxy following the Newtonian + DM paradigm and assuming
an isothermal halo, i.e. :

Ppao
R) = :
Pou\B) = T (R/R, 2
To solve the quasilocal equations we define
_ |IVEp|)?
0 S D2 :

We can obtain and solve the equations

Ad

V4L9 . 6LD — 2€7 ro. )| 4+ 2r (02 — 02 ={);
K K B,

Its solution allows us to check the dragging
velocity magnitude: it must be nonrelativistic.

EXACT SOLUTIONS: Having checked the self-consistent
form of H(n) in the low energy limit, now adopt globalansatz H(n) = —1 + 67}2/(b6)2

y %



Exact solution: more details

H = e/ (14+ AQ)% + e 2%/ 0202/ 2

dQ = c*dH/(2n)
Now choose an H(n(r,z)) and a W such that

r* (H'dnp 1 [ H'
P=p4+c’— | =—=—L—= | =—ndn.
¢ 2 H n 2 HT}l T?

which is a solution of the homogeneous Grad-Shafranov equation A=0:

i,

A

1
AW := LP,T?‘ — _'LIJ,?‘ T lIJ,zz =0,
T

General solution
o0

oC
U(r,z) = G + ’I’Z A,11(a,7) cos(anz) +r Z B K1 (b 1) cos( b 2)

n=>0 m=0

sssss ification: Public



Exact solution: more details

dQ = c*dH/(2n). (5)

In view of (5) we call H the differential rotation state
function, since a choice of H fixes €. The norms of the
two Killing vectors, £#0,, = 0; and ("0, = 04, and their
inner product are then respectively given by

N2 2

gug, = —ewie — @ 1e) — Q)
H

2 2 1% —(n/c)?
Cuc - 7,,26—2@/6 o CZA262<I>/C - : (7)
' (—H)
. A2
SMCM _ _CQAGQ@/CZ =7 — (T)/C) r 0. (8)

H
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Exact solution: two classes

n(r,z) = bcctann([)[;;\II_(Z’:Q)C) : (30)
where
(tanh(z), €= +1
tann(x) =} =z, e=lf = (31)
|tan(z), e=-1
Moreover, by it follows that
Q:Qo+e%. (32)

Furthermore, to ensure zero rotation on the symmetry
axis we choose 29 = 0. We thus find

Wi &= e;—( tann( be U(r, 2) ) ; (33)

K 2 "2
2 b2c — er?c

and

: be be U(r, 2z
Ui = B (Le — T) tann( (r, 2) ) . (34)

b2c — er?c

Differential rotation is
crucial mathematically
since the term  er?c
regularizes potential
divergences at infinity. In
particular, we choose
solutions to the
homogeneous Grad-
Shafranov equation which
are regular about the

z-axis and diverge as

Unr* a< 2asr — o



Raychaudhuri equation: geodesic deviation

6 =V,U+
Opv = 1U[H;V]
O = U 3 Oh,.,

reference expansio

vorticity

1
0=U"V,0= —5(—92 +w? —0* - R, U*UY

For stationary, axisymmetric solutions © = (0, ©® = 0,

w? — 0% = 4nG(p )
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Raychaudhuri equation: shear, vorticity, “density”

, €= (2 + %) (n)

Q
|

where Z(r,z) = [®(r,2) — k(r,2)]/c?
R, UFU = 4r Gp

7)?,, + 1 ?Z

W= 4n2r2

[°A%(n) — crie(n)?] e*5

where ¢(n) = H'/H and A(n) = 2 — ni(n),



Rotosurface r — b, at finite z: new finite infinity?!

Killing vector norms diverge like at an horizon BUT pointwise

W™ =0 = R;LV(UBR“VG'* s 1 » (),
8lby — 1|

o— Y7 /(bc?|by—r])

. . » . D ™y
since W is finite and e*= ~ as r — by

* Onrotosurface need to rotate with v > c to have zero angular
momentum

* Rotosurface has characteristic of shock front

* Milky Way model, v, increases beyond 500 kpc, v, ¢ at 700 kpc

* Astrophysical consequence? Synchrotron radiation source
contributing to galactic plane foregrounds, modelled
empirically for CMB anisotropy map construction?

Classification: Public



Vi [km - s71]

Example rotation curves fit to Milky Way
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Rotation velocity
curves for both
differentially
rotating solution
classes fit to
GAIA-DR3 data
sample “ALL" of
Beordo et al.
(2024)
(superposed).
Insets show the
approachr - b-
and r - b+.



Radial effective dust density distributions
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Radial angular momentum density distributions
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Example rotation curves fit to Milky Way

300 ' I ' I ' | ' | ' |
) Rotation velocity
ol R * | T | curves fo.r € =-1
i Wﬁ"""“““*:m Eerrariial 7,70 classes fit to
e O e 1 GAIA-DR3 +
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150 -/ | < Newtonian Milky
Way Classical
- | (MwC) with 3
differentially
— MWC —— BCus | rotating
S0 1 — B # Y. Sofue & M. Kohno (2025) 7| relativistic
e TS ¢  W. Beordo et al. (2025) 1 galaxies.
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Akaike & Bayes Info Criteria Comparisons

Classical (MWC) Thick and thin discs + dark matter bulge: 10 free parameters

.,,2

: 373/2
[1‘2 + (a+ 2) ]

VB (1, 2) = —¥o BC Bonnor Cloud: 3 free parameters
BG Balasin-Grumiller: 5 free parameters
2+ 7o £ 1o 2] . TS Two Scales (for exponential decay of disc

[\// (z+19)? r z—Tp) . . .
oV in r,z directions): 6 free parameters

UpGax(r2) =

Urpg(r,z) = =W [f cos(s12)rKi(si17) + (1 — f) cos(s22)rKi(sar)] .

Model X? AAIC ABIC
MWC 0.30 0.00 0.00

BGaig 0.30 —10.63 —33.40
BCaig 0.31 —8.96 —31.72
TS 0.35 0.68 —15.58

TABLE I. Model-comparison diagnostics for the Milky Way
rotation-curve fits. Here, AAIC and ABIC are computed with
respect to the Newtonian Milky Way benchmark.
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Rotosurface: physics or mathematical science fiction?

Killing vector norms diverge like at an horizon BUT pointwise

2 2 prof (32:\Il2
W =0 = R;wm’fiR = A > Oa
8lby — 1|

. . » . = = 2 .2 —_—
since U is finite and e2= ~ e~ Y /(bc7[b+=T]) a5 » — b,

* However, Komar integrals for mass & angular momentum diverge
* BUT Komar for 2 Killing vectors is adapted to empty

asymptotically flat universe
* Ehrenfest paradox/Born rigidity should be a warning. Can we

define alternative quasilocal integrals?

* MATT: PLEASE HELP!!!
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4. The future: viewpoint on lessons learned
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Conjecture

* There are two essential Ia¥ers of shell-cross singularities
requiring redefinition of etfective regional fluid elements

* 1. Rotational kinetic energy and geometry intertwined:
RC?TO_SU RFACE for galaxies within groups and clusters of
galaxies

* 2. "Thermal” velocity dispersion kinetic energy and
geometry intertwined: TILTSURFACE — Finite Infinity of
Timescape
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in quantum gravity
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CrossMark

Abstract

A number of very different approaches to quantum gravity contain a common
thread, a hint that spacetime at very short distances becomes effectively two
dimensional. I review this evidence, starting with a discussion of the physical
meaning of ‘dimension’ and concluding with some speculative ideas of what
dimensional reduction might mean for physics.

3. Evidence for dimensional reduction

3.1 High temperature string theory

3.2 Causal dynamical triangulations

3.3 Asymptotic safety

3.4 Causal set theory

3.5 Loop quantum gravity

3.6 The short distance Wheeler-DeWitt
equation

3.7 Modified dispersion relations and
noncommutative geometry

3.8 Minimum length

3.9 Modified gravity

3.10 Spacetime foam

3.11 Multifractional geometry



Personal viewpoint of next steps to Quantum Gravity:

* Space-Time Geometry is emergent, coupled directly to
particle genesis

*Very early universe: when the average relationship
between things is Iiﬁhtlike there is no passage of time —
light carries no cloc

- Dimensional reduction to a 2 + 2 phase space encodes
its geometry

- Penrose’s Weyl curvature hypothesis, Conformal Cyclic
Cosmology is almost correct. But “cyclic” is extraneous:
there is no global external time.
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Personal viewpoint of next steps to Quantum Gravity:
* Origin of scale, particle rest mass & spatial dimensions >
2 are entwined

- A geometrical description of the Higgs mechanism is
key to understanding Kaluza-Klein, superstring & brane
phenomenology

- Extra spatial dimensions > 3 represent internal degrees
of freedom of particles with rest-mass m#0:

D=1+3+1, U(1), {ei, uJ—“ Tt
D=1+3+2, SU(2), {(p™,n), (p~,n),...}; ...

* Theoretical Physicists will be busy still for decades
ahead!
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For those of you who have
followed Matt through a
wormhole into the Delta
Quadrant and are looking
for a way back down to
Earth ... there may be a
WE

Exciting decades on the
road to quantum gravity
lie ahead!
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