The science of the multiverse:
Exploring some key parameters.

(An un-philosophical talk for
philosophers)

Martin Rees




the challenges that motivate
cosmologists (uncontroversial!)

What is out there? Cosmic exploration.
Interpreting phenomena in terms of known (and
perhaps ‘new’) physics.

How, from a ‘simple beginning’, described by a
few parameters, did our Universe evolve into its
present complexity (stars, planets, people)?

Why do the key parameters have their actual
values?

Can we understand, at a deeper level, why our
Universe is the way it is?




Gallaxy collision movie from the Hawaii Research web site. The red indicates the dark matter making up 80% of the mass.
It simulates the formation of the antennae galaxy collision.
Looks like Antennae half way through

Spanning about 1000 million years



NGC4676 from HST. Galaxies undergoing collision about 160M years after closest approach.
Distnace 420Mly
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5 WAYS TO REFUTE "HOT BIG BANG"

Object with <<23% helium

Millimetre-wave background below prediction

Stable neutrino with mass 100 —10° eV

Too much deuterium to match baryon density

AT/T too small to account for present structure




Recollapse Deceleration Acceleration




Evidence for ‘flatness’
and vacuum energy
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Angular scale of
"Doppler peak"
(implying flat universe)

Q2 dark matter = 0.3

—

70% of mass-energy
in uniform component
with p < —1/3 pc?

v
ACCELERATION

)

Hubble diagrams
for supernovae




-

Parti Recombination
First Galaxies

Nucleosynthesis

L]

w

P

v
=

=

. o
= 3
2 °
o2 v
=

» 5
s 3
' (=]
(-]

“

=

©

]

o

Y

1032 Sec. 1 Second 300,000 Years 1 Billion Years 12-15 Billion Years
Age of the Universe

nonlinear simulations




How extensive is the “physical
reality” that’s within the remit

of science?




HOW MUCH LIES BEYOND OUR HORIZON (10'° 1.y distant)?
Cannot be sure of anything beyond present causal horizon.

Moreover, topology could be complex or 'kaleidoscopic'.

But lack of discernible gradients (in CMB or galaxy counts) across
Hubble scale suggest that our universe extends for > 101> Ly

and space could extend > 1019 1y

or even >>>>>>
(replicas!)

Moreover, this immensity could be the aftermath of just

one big bang out of many (eternal inflation, braneworlds, etc)
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Braneworlds. ..




Galaxies
unobservable
now in principle

Speed-of-light
Horizon
Technrical
Harizon

it expansion decelerates,
wisible in remote future
BUT
if expansion accelerates,
neEver visible
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Why these particular values? ‘

Nature of dark matter? ‘

Nature of dark energy? ‘

[\

Nature of early Universe? ‘







What part of parameter space
allows interesting complexity?

(An exercise 1in ‘counterfactual
history’ -- interesting irrespective of
‘philosophical’ preconceptions. No
need to introduce the A-word)




Prerequisites for complex cosmos

e Gravity -- but the weaker the better (At least one
very large number in physics)
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Prerequisites for complex cosmos

e Gravity -- but weaker the better (at least one very
large number in physics)

» Departures from thermodynamic equilibrium




Prerequisites for complex cosmos

e Gravity -- but weaker the better (at least one very
large number in physics)

» Departures from thermodynamic equilibrium

* Matter/antimatter asymmetry




Prerequisites for complex cosmos

Gravity -- but weaker the better (at least one very
large number in physics)

Departures from thermodynamic equilibrium
Matter/antimatter asymmetry

Non-trivial chemistry (‘tuning’ between nuclear
and e-m forces)
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Obviously, at the present time we have more than enough to do in
order to understand how the world works the way we find it. But I
think one must have at least a modicum of curiosity about the
strange dimensionless numbers that appear in physics.

There seem to be two lines of attack on questions such as these, the
first to demonstrate that the precise numerical values of the
dimensionless numbers are all entirely necessary to the logical
consistency of physics. The second point of view is that some, if
not all, of the numbers in question are fluctuations; that in other
places of the universe their values would be different. My
inclination is to favour this second point of view. On this second
basis the curious placing of the levels in C and 0" need no
longer have the appearance of astonishing accidents. 1t could
simply be that since creatures like ourselves depend on a balance
between carbon and oxygen, we can exist only in the portions of the
universe where these levels happen to be correctly placed. In other
places the level in O'¢ might be a little higher, so that the addition
of a-particles to C'? was highly resonant. In such a place oxygen
would be overwhelmingly more abundant than carbon, and
creatures like ourselves could not exist.

Hoyle “Galaxies, Nuclei & Quasars” 1968




Prerequisites for complex cosmos

Gravity -- but weaker the better (at least one very
large number in physics)

Departures from thermodynamic equilibrium
Matter/antimatter asymmetry

Non-trivial chemistry (‘tuning’ between nuclear
and e-m forces)
At least one star (and ‘2nd generation’ stars?)




THE BIG BANG
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Prerequisites for complex cosmos

Gravity -- but weaker the better (at least one very
large number in physics)

Departures from thermodynamic equilibrium
Matter/antimatter asymmetry

Non-trivial chemistry (‘tuning’ between nuclear
and e-m forces)
At least one star (and ‘2nd generation’ stars?)

“Tuned’ cosmic expansion rate




Tests of inflation

e ‘flatness’

e Curvature fluctuations close to scale-
independent (amplitude Q), but with ‘tilt’

towards large scales

e Tensor/scalar ratio of fluctuation amplitudes
non-zero, and a diagnostic of physics in the
inflationary era




‘Fine tuning’ of lambda

(also ‘fine tuning’ of curvature, but
inflation can explain that)




Prerequisites for complex cosmos

Gravity -- but weaker the better (at least one very
large number in physics)

Departures from thermodynamic equilibrium
Matter/antimatter asymmetry

Non-trivial chemistry (‘tuning’ between nuclear
and e-m forces)

At least one star (and ‘2nd generation’ stars?)
“Tuned’ cosmic expansion rate
Non-zero fluctuations in early universe




Page et al; 2003
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FLUCTUATION AMPLITUDE

AT
I )
Bound Systems* with Gravitational
Binding Energy OMc*
(Virial Velocity Q%c)

0=10"~

Max Non-:Linear Scale

Q2 x (Hubble Radius).

*Formation of Bound System Requires Expansion
Factor of >~ Q! After System Enters Horizon.




AN ANAEMIC UNIVERSE (Q =10%)

Small loosely-bound galaxies form later than in our
universe; star formation is still possible, but
processed material is likely to be expelled from
shallow potential wells. There may be no second-
generation stars containing heavy elements, and so
no planetary systems at all.

If O were significantly lower than 10, then gas
would be unable to cool with a Hubble time.*

In a A-dominated universe, isolated clumps could survive for an
infinite time without merging into a larger scale of hierarchy. So
eventually, for any Q > 107, a ‘star’ could form — but by that time
there would be merely one minihalo within the entire event horizon!




UNIVERSE WITH Q > 103

Monster overdensities (up to 10'® M) condense out

early enough that they trap the CMB radiation, and
collapse as radiation-pressure-dominated hypermassive
objects unable to fragment*. This leads to universe of
vast holes, clustered on scales up to several percent of
Hubble radius (and probably pervaded by intense
‘hard’ radiation).

It isn’t obvious that much baryonic material would ever
go into stars. (If so they would be in very compact
highly bound systems.)

*This does not require pre-combination collapse. Collapse at (say)
107 years would lead to sufficient partial reionization (via strong
shocks) to recouple the baryons and CMB.




POSSIBLE UNIVERSE WITH Q=10+

*perhaps more interesting than ours!

Masses >~ 104 M condense at 3.108 yrs into huge disc

galaxies with orbital velocity ~2000 km/sec (gas would
cool efficiently via Compton cooling, leading probably
to efficient star formation).

These would, after 10'° yrs, be in clusters of
> 1016 M,

There would be a larger range of non-linear scales than
in our actual universe. Only possible ‘disfavouring’
feature 1s that stellar systems may be too packed
together to permit unperturbed planetary orbits.
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Another fundamental(?) number;
dark matter mass per photon

» Affects growth factor and present-day mass
spectrum of CDM fluctuations for given Q

» Affects baryon/dark matter density ratio in
halos

* (If dark matter is axions, the prior
distribution of this number is known).
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~ Black hole trouble
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HOW MANY BIG BANGS?

I
|

variety in the
physical laws /constants

|

no role for "bylaws" governing our
anthropic universe should be typical of
explanations anthropically allowed subset
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THE FUNDAMENTAL THEORY
—// \\\\SSSS==—

i

determine all allow universes with several
parameters uniquely --- or even an infinity of ---
values for some parameters,
dependent on the outcome

of symmetry-breaking,
compactification, etc.

no role for
anthropic reasoning

the parameters in our "universe" should be
typical of the anthropically allowed subset,
weighted by the (theory generated) prior
probability distribution




T.u.m Il.orBIvMPLANE TARVM DIMENSIONES, ET ms-rm‘rms PER GVINGVE
M:GVLAKJA CORPORA GEOMET lILA{xHL'BE

ILLvsmm“ PR.INCIPL, AC DNO, DNO.FR IDER 1CO, DVCI iR
: TENBERGICO,ET TELGIO) COMITT MONTIS BILGARVM. ETC. CONSECRATA




Planetary orbits

Perfect circles "Typical" life-
Simple ratios (Kepler) supporting orbit

Big bang parameters

Simplest model "Typical" anthropically
Q=1,A=0 allowed model
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Recollapse Deceleration Acceleration




Velocity v, /c
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Brief History of t!
Universe
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(Graphics from Gary Hinshaw/WMAP team)
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Cosmological

H(z), P(k,z), C;T,CX,CF,CB,...

data T @ = | 4
Cosmological
functions | PA(®) GK), P(K), Pk) e

Clues about
« Dark matter /

* Dark energy

« Inflation

Non-constant density?
Is w-parameter useful?

Clustering details?
Make at LHC?
Detect directly? Indirectly?,

Non-scale invariance?
Gravitational waves?
Non-Gaussianity?
Isocurvature modes?
Non-flatness?




1 Gpe/h

' Hubble-Volume Simulation
1.000.000.000 particles




WMAP: Wilkinson
Microwave Anisotropy Probe

Images courtesy of NASA/WMAF Science Team




The Formation of a Stellar Cluster

Bonnell, Bate & Vine (2003)

Ian Bonnell, St Andrews. Simulation of 1000 solar mass cloud 0.5 parsec in diameter, collapsing under gravity. It forms 419 stars varying in mass from 0.1 to 30 solar
mass

Takes place in 500 000 years.
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Just six numbers

Six constants of nature whose values must lie in an ‘anthropic’ range for life to emerge

1. D=3 The number of spatial dimensions

2. G/E =103 The ratio of gravitational to electrostatic force

3. S=0.007 A measure of the strong force that binds nuclei

4. Q=1 The density of matter/energy in space

5. Q=0.00001 The scale of fluctuations in the microwave
background

6. Q,=07 Omega lambda, a measure of the vacuum

energy of the universe

» Coincidence?

* Consequence?
* Multiverse?




1 Gpe/h

' Hubble-Volume Simulation
1.000.000.000 particles




AL Gpoth

Milternium Simidations :
10.077.696:000:particles -
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The 95% CL bounds on the abundances (see text) are shown. The vertical band
delimits the range of  consistent with the observations.
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the challenge

* How, from a ‘beginning’ described by a few
parameters, did our Universe evolve into its
present complexity?

* Can we understand, at a deeper level, why
our Universe is the way it is?




Fraction of critical density

0.05

T T

—

4He Mass fraction

5
|x|.L T

y

e
Q
8
(]
5
ﬂ
¢ 1078
-t
2
g
=~
z

1 L s 1 L
1 2 8
Baryon density (107! g em™3)




GALAXY

SURVEYS DISTANT
SUPERNOVAE

THE &
COSMIC

BIG BANG

GRAVITATIONAL

LENSING SMGRGASBORD NUCLEOSYNTHESIS

GALAXY LYMAN ALPHA
CLUSTERS FOREST




= 1000
Boom ‘

Z200m




SGY,

"s@x,




“ sax







Primordial sound

Million Light
Years across.

wave, now 500

2
3
>
=
=
=
=
2
2
E
]
Lard







Abundance relative to Si = 10

10°

10
10
10
10

16

10°

10

Atomic Number (Z2)

H Solar element Abundances
1GE
S
B
1 -%"* Fe
| l{:‘ lt ‘{4—.'1:-!!‘@1 CAPIL (¢ ——
11 ig_u fmt
L
—F
¢
\ B ﬁa
g : ¥ ?:ﬁ,?%':{ .t
$ 1 A
Be ?‘W & )
=SS! Tusion- 2
0 20 40 GVO 8'0 100




THE BIG BANG

Inter Stellar
Clouds

H He (Li)y
H He

CrMn Fe
Co Ni Au

H He
CNO
(SrBaZr)

Stellar
Supernovae Wind

STARS
Main Sequence
High Mass

Sun

Supergiants

A
AN

Red Giants
Planets
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THE COSMIC ASH HEAP

Some low mass
Double Stars







expanding
photosphere

photosphere
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hydrogen- =
burning core ping shell

main-sequence star expanding subgiant

Copyright © Addison Wasley




the challenges

e What is out there? Cosmic exploration.

* Interpreting phenomena in terms of known
(and perhaps ‘new’) physics.

e How, from a ‘simple beginning’, did our
Universe evolve into its present complexity
(stars, planets, people)?

* Can we understand, at a deeper level, why
our Universe is the way it is?













FLUCTUATION AMPLITUDE

~10-5(~AT)

Bound Systems* with Gravitational
Binding Energy OMc?
(Virial Velocity Q%c)

Max Non-:Linear Scale

Q"2 x (Hubble Radius).

*Formation of Bound System Requires Expansion
Factor of >~ Q! After System Enters Horizon.
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Just six numbers

Six constants of nature whose values must lie in an ‘anthropic’ range for life to emerge

1. D=3 The number of spatial dimensions

2. G/E =103 The ratio of gravitational to electrostatic force

3. S=0.007 A measure of the strong force that binds nuclei

4. Q=1 The density of matter/energy in space

5. Q=0.00001 The scale of fluctuations in the microwave
background

6. Q,=07 Omega lambda, a measure of the vacuum

energy of the universe

» Coincidence?

* Consequence?
* Multiverse?




Planetary orbits

Perfect circles "Typical" life-
Simple ratios (Kepler) supporting orbit

Big bang parameters

Simplest model "Typical" anthropically
Q=1,A=0 allowed model
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