CONSTRUCTING THE UNIVERSE

.

None of us. can understand why. there,ls\a Un/verse at all,
why anythmg should ex:st that’s the. ultimate question.
But while, we cannot amsWer this quest/on we can at
least make progressxwfth the next s:mpler one of
what the Unlverse as a Whole is like.

b‘)

Dennis Sciama (1978)
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IN THE PTOLEMIC/ARISTOTLEAN STANDARD COSMOLOGY (350 BC> 1600 AD)
THE UNIVERSE WAS STATI/C AND FINITE AND CENTRED ON THE EARTH
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This was a simple model and fitted all the observational data
. but the underlying principle was unphysical



TODAY WE HAVE A ‘STANDARD ACDM MODEL’ OF THE UNIVERSE ...
DOMINATED BY DARK ENERGY AND UNDERGOING ACCELERATED EXPANSION

= .atel
Accelerati}\\ -

expansion

Time
(~15 billion years)

expansion LB ‘What The Universe Is Made Of

Expanding universe

It too is ‘simple’ (if we count A as just one parameter) and fits
all the observational data ... but lacks a physical foundation



THE UNIVERSE APPEARS COMPLEX & STRUCTURED ON MANY SCALES ...

How can we possibly describe it by a simple mathematical model?



ALTHOUGH THE UNIVERSE IS LUMPY, IT SEEMS TO BECOME SMOOTHER
AND SMOOTHER WHEN AVERAGED OVER LARGER AND LARGER SCALES
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“Data from the Planck satellite show the universe to be highly isotropic” (Wikipedia)
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We observe a statistically isotropic Gaussian random field of small temperature

fluctuations (fully quantified by the

2-point correlations

angular power spectrum)



ISOTROPY DOES . UNLESS
NOT .;I-I:'-.'-I-I THERE IS
SN
NECESSARILY \\\<”L\‘\§g ISOTROPY
IMPLY AROUND EVERY
HOMOGENEITY = = T~—— S” POINT IN SPACE
Homogeneous [sotropic
Not isotropic Not homogeneous

BUT ALL WE CAN EVER LEARN ABOUT THE UNIVERSE
IS CONTAINED WITHIN OUR PAST LIGHT CONE

our galaxy _
worldline ~_ ’ distant
=
We cannot move worldline
over cosmological i .
distances and check \ SOht ere are II(m/l“s
H . w=const
if the universe looks tOIW at.we cz?m nc’)w
the same from ‘over (‘cosmic variance’)
there’ as it does u
from here ... \ ;
y=const
I




the Universe must appear to be the same to all observers wherever they are
This ‘cosmological principle’ ...
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Edward Arthur Milne (1896-1950)

Rouse Ball Professor of Mathematics & Fellow of Wadham College, Oxford, 1928-



UNTIL ABOUT A HUNDRED YEARS AGO ALL WE SAW IN THE SKY WAS OUR MILKY WAY
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Diameter of the Earth’s orbit is ~1000 light-seconds. so if the ‘parallax’ of a star is 1”,
then its distance is 1 parsec = ~3.3 light-years

First measured in 1838 by Wilhelm Bessel for 61 Cygni (0.3”)



TO MEASURE DISTANCES IN THE UNIVERSE WE NEED ‘STANDARD CANDLES’
— ASTRONOMICAL SOURCES WHOSE ABSOLUTE LUMINOSITY IS KNOWN
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E.g. pulsation period in the case of Cepheid variable stars
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Three Steps to Measuring the Expansion Rate of the Universe
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... and thus we build up the ‘cosmic distance ladder’ to the furthest galaxies



IN 1923 EDWIN HUBBLE USED THE 100” MT WILSON TELESCOPE TO
DETERMINE THE DISTANCE TO THE ANDROMEDA NEBULA

He was searching for ‘novae’ ... instead he found
a ‘Cepheid variable’, which Henrietta Leavitt
had shown (in 1912) to be a distance indicator

Hubble discovered that Andromeda (M31) is not
a cloud of stars and gas in our Milky Way, but a
galaxy similar to our own at a very substantial

distance ... 2.5 million light years (= 0.8 Mpc)!

The Universe had suddenly became a /ot bigger ... and thus began modern cosmology



THE HUBBLE SPACE TELESCOPE
(1990-) CAN RESOLVE CEPHEIDS IN
GALAXIES MUCH FURTHER AWAY

i

|Cephe|d Variable in M100
T HST WFPC2

*,

M100 is a galaxy in the Virgo
cluster at a distance of 54
million light years (16.4 Mpc)




CEPHEIDS CAN BE USED TO ‘CALIBRATE’ OTHER SOURCES SUCH AS SUPERNOVAE
— EXPLODING STARS WHICH ARE BRIGHT ENOUGH TO BE SEEN EVEN FURTHER AWAY

Supernova 1998ba
Supernova Cosmology Project
(Perimutter, ef al, 1998)
SN 2006X

3 Weeks
Before

Supernova

Discovery |.
]

{as seen from
Hubble Space
Telescope)

c e/ “ (as seen from
M100 Spiral Galaxy R , T telescopes

on Earth)
© 2006 John Chumack

Difference

... using supernovae we can now measure distances of billions of light-years




LOOKING FAR AWAY IS THE SAME AS LOOKING BACK INTO OUR PAST

We see the
Sun as it was
8 minutes ago

We see the nearest star
Proxima Centauri,
as it was 4 years ago

We see the Galactic
centre as it was
30,000 years ago

We see our nearest
galaxy Andromeda as
it was 2.5 million
years ago

We see the Virgo
cluster as it was
54 million years ago

We see galaxies in
the Hubble Ultra
Deep Field

as they were - up to
12 billion years ago




BUT THERE IS SOMETHING ODD ABOUT THE SPECTRA OF DISTANT GALAXIES
... they are shifted towards the red (longer wavelengths)

as if they are travelling away from us - Doppler effect?
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“Every time | see Edwin Hubble, he
is moving rapidly away from me!”



THE ‘EXPANSION’ OF THE UNIVERSE

. Hubble (1931) to De Sitter:
— /:{/ “The interpretation, we feel,
o AS should be left to you and the
soor 3 j.;/’/ very few others who are
5 _~ oo ” : competent to discuss the
A s : matter with authority”.
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THE REDSHIFT OF DISTANT GALAXIES IS NOT A DOPPLER EFFECT
.. it occurs because the wavelength of light is apparently increased
by the stretching of space-time (aka ‘expansion of the universe’)

)\observed/}\emitted =1+z= robserved/remitted

Cosmological Expansion

R cession / ‘% Expansion
Velocit / Redshift

Courtesey: Wayne Hu

This picture also makes it clear that the expansion has no ‘centre’



THE VIEW BACK, NOW AND LATER
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THE GRAVITY OF MATTER SHOULD BE SLOWI/NG DOWN THE EXPANSION RATE

Relative brightness

... HOWEVER IT WAS CLAIMED IN1998 THAT DISTANT SNIA APPEAR FAINTER

THAN EXPECTED FOR “STANDARD CANDLES’ IN A DECELERATING UNIVERSE
THIS WAS INTERPRETED AS — ACCELERATED EXPANSION BELOW Z ~ 0.5
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The observations are made at one instant

(the redshift is taken as a proxy for time)

so this is not a direct measurement of

acceleration, nevertheless it is presently

more direct than all other such ‘evidence’
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STANDARD COSMOLOGICAL MODEL
The universe is isotropic + homogeneous (when averaged on ‘large’ scales)
= Maximally-symmetric space-time + ideal fluid energy-momentum tensor

ds? = Guvdxtdx”
= a*(n) [dn* — dz°]
a’(n)dn® = dt*

Robertson-Walker

1
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So the Friedmann-Lemaitre equation = ‘cosmic sum rule’: Qm+Qk+@= 1

We observe: 0.8Qm - 0.6QA = -0.2 (Supernovae), Qk = 0.0 (CMB), Q. ~ 0.3 (Clusters)
infer universe is dominated by dark energy:@: 1-Q. -, ~0.7=>

To drive accelerated expansion requires negative pressure (P < -p/3) so this is
interpreted as vacuum energy: (p,)Y* = (Ho?/8nGy) Y4 ~ 1012 GeV << G2~ 102 GeV

This makes no physical sense ... exacerbates the (old) Cosmological Constant problem!



Ty = — (! )belds gt = A =X+ 87GN{(p)felds

Interpreting A as vacuum energy also raises the ‘coincidence problem’:

Why is Q= Qm today?

An evolving ultralight scalar field (‘quintessence’) can display ‘tracking’ behaviour:

this requires ! (") ~ 1012 GeV but Vd2! /d"2 ~ #,~10-42 GeV to ensure slow-roll ...
i.e. just as much fine-tuning as a bare cosmological constant

A similar comment applies to models (e.g. ‘DGP brane-world’) wherein gravity is
modified on the scale of the present Hubble radius 1/# , so as to mimic vacuum
energy ... this scale is absent in a fundamental theory and must be put in by hand

(there is similar fine-tuning in every proposal — massive gravity, chameleon fields, ...)

The only natural option is if A ~#2 always, but this is just a renormalisation of $ !
(recall: #2= 8n$ /3 + A/3) — ruled out by Big Bang nucleosynthesis which requires

$ \ to be within 5% of lab value ... in any case this will not yield accelerated expansion
Thus there can be !" physical explanation for the coincidence problem

Do we infer A ~ H,? from observations simply because H, (~10-*2GeV) is the only
energy scale in the F-R-L-W model and this is the value imposed on A by construction?



EVEN THE DEFINITIVE REVIEW OF PARTICLE PHYSICS HAS AN ENTRY ON DARK ENERGY

dark energy density of the Universe
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27. Dark Energy

Revised September 2017 by D. H. Weinberg (OSU) and M. White (UCB, LBL)

27.1. Repulsive Gravity and Cosmic Acceleration

In the first modern cosmological model, Einstein [1] modified his field equation of
General Relativity (GR), introducing a “cosmological term” that enabled a solution with
time-independent, spatially homogeneous matter density py, and constant positive space
curvature. Although Einstein did not frame it this way, one can view the “cosmological
constant” A as representing a constant energy density of the vacuum [2], whose repulsive
gravitational effect balances the attractive gravity of matter and thereby allows a static
solution. After the development of dynamic cosmological models [3,4] and the discovery
of cosmic expansion [5], the cosmological term appeared unnecessary, and Einstein and
de Sitter [6] advocated adopting an expanding, homogeneous and isotropic, spatially flat,
matter-dominated universe as the default cosmology until observations dictated otherwise.
Such a model has matter density equal to the critical density, Qm = pm/pc = 1, and
negligible contribution from other energy components [7].

By the mid-1990s, the Einstein-de Sitter model was showing numerous cracks,
under the combined onslaught of data from the cosmic microwave background (CMB),
large-scale galaxy clustering, and direct estimates of the matter density, the expansion
rate (Hp), and the age of the Universe. As noted in a number of papers from this
time, introducing a cosmological constant offered a potential resolution of many of these
tensions, yielding the most empirically successful version of the inflationary cold dark
matter scenario. In the late 1990s, supernova surveys by two independent teams provided
direct evidence for accelerating cosmic expansion [8,9], establishing the cosmological
constant model (with Qy, ~ 0.3, Q) ~ 0.7) as the preferred alternative to the Oy, =1
“scenario. Shortly thereafter, CMB evidence for a spatially Hat umverse [10,11],  and
thus for Q¢ >~ 1, cemented the case for cosmic acceleration by firmly eliminating the
free-expansion alternative with Q, < 1 and Q5 = 0. Today, the accelerating universe is
well established by multiple lines of independent evidence from a tight web of precise
cosmological measurements.

As discussed in the Big Bang Cosmology article of this Review (Sec. 21), the scale
factor R(t) of a homogeneous and isotropic universe governed by GR grows at an
accelerating rate if the pressure p < —% p (in ¢ = 1 units). A cosmological constant has
pa = constant and pressure pp = —pp (see Eq. 21.10), so it will drive acceleration if it
dominates the total energy density. However, acceleration could arise from a more general
form of “dark energy” that has negative pressure, typically specified in terms of the
equation-of-state-parameter w = p/p (= —1 for a cosmological constant). Furthermore,
the conclusion that acceleration requires a new energy component beyond matter and
radiation relies on the assumption that GR is the correct description of gravity on
cosmological scales. The title of this article follows the common but inexact usage of
“dark energy” as a catch-all term for the origin of cosmic acceleration, regardless of
whether it arises from a new form of energy or a modification of GR. Our account here
draws on the much longer review of cosmic acceleration by Ref. [12], which provides
background explanation and extensive literature references for most of the points in this
article, but is less up to date in its description of current empirical constraints.

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)
June 5, 2018 19:56




Since 1998 (Riess et al.!, Perlmutter et al.?), surveys of cosmologically distant Type Ia super-
novae (SNe Ia) have indicated an acceleration of the expansion of the Universe, distant SNe Ia
being dimmer that expected in a decelerating Universe. With the assumption that the Uni-

verse can be described on average as isotropic and homogeneous, this acceleration implies either

the existence of a fluid with negative pressure usually called “Dark Energy”, a constant in the
equations of general relativity or modifications of gravity on cosmological scales.
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? 2 cosmological model” with increasing ‘precision’... but
Euclid  surprisingly little work on #$%#&!"(&#%()"™*1+,#&",-(,%%* H& %S



STANDARD MODEL OF STRUCTURE FORMATION

CMB
last scattering

fraction
of a second

years

~200 million
years

13.7 billion
years

The tiny CMB temperature fluctuations are understood as due to scalar density perturbations
with an ~scale-invariant spectrum which were generated during an early de Sitter phase of
inflationary expansion ... these perturbations have subsequently grown into the large-scale
structure of galaxies observed today through gravitational instability in a sea of dark matter




BUT THE CMB SKY IS IN FACT QUITE ANISOTROPIC
There is a ~100 times bigger anisotropy in the form of a dipole with A%%-~ 10-3

Stewart & Sciama 1967, Peebles & Wilkinson 1968

This is interpreted as due to our motion at 370 km/s wrt the frame in which the CMB is
truly isotropic = motion of the Local Group at 620 km/s towards /=271.9°, b=29.6°

This motion is /0$%*.$+ to be due to local inhomogeneity in the matter distribution
Its scale — beyond which we converge to the CMB frame — is supposedly of O(100) Mpc
(Counts of galaxies in the SDSS & WiggleZ surveys are said to scale as & on larger scales)



This is what our universe actually looks like locally (out to ~300 Mpc)
We are moving towards the Shapley supercluster supposedly due to a ‘Great Attractor’
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We are not comoving (‘Copernican’) observers .. as is generally assumed



UNION 2 COMPILATION OF 557 SNE IA

Aitoff-Hammer plbt, Galactic coordinates
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We perform tomography of the Hubble flow by testing if the supernovae are at the S
expected Hubble distances: Residuals = ‘peculiar velocity’ flow in local universe



DIPOLE IN THE SN IA VELOCITY FIELD AL/IGNED WITH THE CMB DIPOLE
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Colin et al, MNRAS 414:264,20

1 Thisis £1c higher than expected for

the standard ACDM model ... and

| extends beyond Shapley (at 260 Mpc)

... consistent with Watkins et a/ (2009)

| who found a bulk flow of 416 78 km/s

towardsb=60 69 /=282 11°
extending up to ~100 h™* Mpc

- No convergence to CMB frame,even
well beyond ‘scale of homogeneity’



OUR RESULT IS CONFIRMED BY THE 6-DEGREE FIELD GALAXY REDSHIFT SURVEY
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According to the ‘Dark Sky’ ACDM Hubble Volume simulations, less than 1% of Milky Way—like
observers should experience a bulk flow as large as is observed, extending out as far as is seen



WHAT ARE TYPE |IA SUPERNOVAE?
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THEY ARE CERTAINLY NOT ‘STANDARD CANDLES’

-20
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-14

M, — 5 log (H,/75)

-12

But they can be ‘standardised’ using the observed correlation between their peak

Hamuy, arXiv:311.5099
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magnitude and light-curve width (NB: this correlation is not understood theoretically)



TYPE IA SUPERNOVAE AS ‘STANDARDISABLE CANDLES’

Hamuy, 1311.5099
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Use a standard template (e.g. SALT 2) to make ‘stretch’ and ‘colour’ corrections ...




SPECTRAL ADAPTIVE LIGHTCURVE TEMPLATE

(For making ‘stretch’ and 'colour’ corrections to the observed lightcurves)

/J,Bzm};,=M—|—ozX1=,3C

B-band —

SALT 2 parameters Betoule et al., A&A 568:A22,2014
Name Zemb mE Xl C Mslellur ?
03Dlar | 0.002 23.941+0.033 -0.945+0209 0266+0.035 10.1+05 =2
03Dlau | 0.503 23.002+0.088 1.273+0.150 -0.012+0.030 9.5+0.1 ?
03Dlaw | 0.581 23.574+0.090 0974+0.274 -0.025+0.037 9.2 +0.1 k
03Dlax | 0495 22960+0.088 -0.729+0.102 -0.100+0.030 11.6 +0.1 ?
03DIbp | 0.346 22398 +0.087 -1.155+0.113 -0.041+0.027 10.8 +0.1 Z
03DIco | 0.678 24.078 £0.098 0.619+0.404 -0.039+0.067 8.6+0.3 '
03D1dt | 0.611 23.285+0.093 -1.162+1.641 -0.095+0.050 9.7+0.1
03Dlew | 0.866 24354 +0.106 0376+0.348 -0.063 +0.068 8.5 +0.8
03Dl1fc | 0.331 21.861+0.086 0.650+0.119 -0.018+£0.024 10.4 +0.0
03D1fq | 0.799 24510+£0.102 -1.057+0407 -0.056+0.065 10.7 +£0.1
03D3aw | 0450 22.667+0.092 0810+0.232 -0.086+0.038 10.7 +0.0
03D3ay | 0.371 22273+0.091 0570+0.198 -0.054+0.033 10.2 +0.1
03D3ba | 0.292 21961 +£0.093 0.761 +£0.173 0.116 £0.035 10.2 +0.1
03D3bl | 0.356 22927 +0.087 0.056 +0.193 0.205+0.030 10.8 +£0.1

There may well be other variables that the magnitude correlates with ...




COSMOLOGY

uw=25+5 loglo(dL/l\’IpC) where:

Hyd?'
di, = (1+2 \/(Tsmn (\/ / HOCN, ) ;
dg = c¢/Hop, Hp = 100h km s_lMpc |
H = Ho/Q(1 + 2)3 + Qp(1 + 2)2 + Q4

sinn — sinh for 2z > 0 and sinn — sin for Q2 < 0
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—
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e = m — M = —2.5]og

Acceleration is a kinematic quantity so the data can be analysed without assuming any
dynamical model, by expanding the time variation of the scale factor in a Taylor series
g = —(da)/a®  joU (a/a)(@/a)™> (e.g. Visser, CQG 21:2603,2004)

Cz i 1 kc? ‘ ‘
dr(z) = Ho{l t35 11— qo] z — e [L—d— 3¢5 + Jo + TP ] 2%+ 0(33)}
0



CONSTRUCT A MAXIMUM LIKELIHOOD ESTIMATOR

L = probability density(datajmodel)
L = p|(p, &1, ¢)|0]
— [ pllits. 31, )l(M, 21, ), Buoum
pl(M, z1, c)|Osn]|dM dz1de

4

Well-approximated as Gaussian
p[(M, x1,¢)[6] = p(M]0)p(x1|0)p(c|6),

180 | - 2
JLA data 1 M — M,
‘Stretch’ p(M|0) = exp | — ] / 2
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WE REALISED THAT THE PECULIAR VELOCITY CORRECTIONS' APPLIED TO THE JLA CATALOGUE ARE
SUSPECT ... SO UNDID THEM TO RECOVER THE ORIGINAL DATA AND TEST FOR ISOTROPY
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The sky distribution of the 4 sub-samples of tHe JLA catalogue in Galactic coordinates: SDSS (red dots), SNLS (blue dots),
low redshift (green dots) and HST (black dots). Note that the 4 big blue dots are clusters of many individual SNe la. The
directions of the CMB dipole (star), the SMAC bulk flow (triangle) and the 2M++ bulk flow (inverted triangle) are shown.



MOREOVER WHEN THE JLA CATALOGUE IS ANALYSED ALLOWING FOR A
DIPOLE, WE FIND THE MLE PREFERS ONE (50 TIMES BIGGER THAN THE
MONOPOLE) IN APPROXIMATELY THE DIRECTION OF THE CMB DIPOLE

Colin, Mohayaee, Rameez, S.S., Astronomy & Astrophysics 631 (2019) L13
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The significance of g, being negative has now decreased to only 1.4

This strongly suggests that cosmic acceleration is simply an artefact of our being
located inside a ‘bulk flow” (which includes ~3/4 of the observed SNe la)



WHAT ABOUT THE EVIDENCE FROM BAO, H(2Z), GROWTH OF STRUCTURE ...?
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The 'independent’ lines of evidence are obtained using ACDM templates!
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Tutusaus, Lamine, Dupays & Blanchard, A&A 602:A73,2017

In fact all data are equally consistent with no acceleration (best fit: a ~ t%2)
.. will need ~5x10° galaxy redshifts to see BAO peak without assuming a model



WHAT ABOUT THE PRECISION DATA ON CMB ANISOTROPIES?

6000__]'""I'!""l""l""I""l""l
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v _
= 3000}
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oL
600 |- 160
= 300 130
g  of | 30
d 3o0f ;
-6005-‘ A T b
2 10 30 500 1000 1500 2000 2500
Parameter [1] Planck TT+lowP [2] Planck TE+lowP |3] Planck EE+lowP [4] Planck TT,TE,EE+lowP
(0 1 R 0.02222 + 0.00023  0.02228 + 0.00025 0. 0240 + 0.001 \  0.02225+0.00016
QR . o cvwi 0.1197 + 0.0022 0.1187 + 0.0021 0+0 *  0.1198 +0.0015
1000mc - <o -vn - 1.04085 + 0.00047  1.04094 + 0.00051 094 1.04077 + 0.00032
- S — 0.078 +0.019 0.053 +0.019 :‘X Og;; 0.079 + 0.017
M(10"%4,) i 3.089 + 0.036 3.031 & 0 3. 066*8% 3.094 + 0.034
T 0.9655 + 0.0062 . ‘gg 0.973 +0.016 0.9645 + 0.0049
Hy ....ooo.... 67’%1i096 7 +092 70.2 +£3.0 67.27 + 0.66
Qo eeeeenn rg o 300 + 0.012 0.286:2021 0.3156 + 0.0091
e T 0.802 + 0.018 0.796 + 0.024 0.831 +0.013
1P e i 1.880'% 0.014 1.865 + 0.019 1.907 + 0.027 1.882 +0.012

There is no direct sensitivity of the CMB to dark energy ...

it is all inferred (in the framework of ACDM model)



Whether the expansion rate is accelerating will be tested directly using a Laser Comb on the
European Extremely Large Telescope - to measure redshift drift of the Lyman-a forest over ~15 yr




A ‘TILTED’ UNIVERSE?

* There is a dipole in the recession velocities of host galaxies of supernovae
= we are in a ‘bulk flow’ stretching out well beyond the scale at which the
universe supposedly becomes statistically homogeneous.

* The inference that the Hubble expansion rate is accelerating may be an
artefact of the local bulk flow ... there is a strong dipole in g, aligned with the

bulk flow, and the monopole drops in significance to be consistent with zero

Could all this be an indication of new horizon-scale physics?

The ‘standard’ assumptions of isotropy and homogeneity are questionable
Forthcoming surveys (Euclid, LSST, SKA ...) will enable definitive tests and
enable us to construct a new cosmological model

Meanwhile the inference that the universe is dominated by
‘dark energy’ is open to question



