
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



Cosmic Evolution -Cartoon

Well-understood nonlinear simulations
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Evidence for ‘flatness’
and vacuum energy
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Using CMB blobs as a standardizable ruler:





Cosmic Evolution -Cartoon

Well-understood nonlinear simulations
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How extensive is the  “physical 
reality” that’s  within  the remit 

of science?



HOW MUCH LIES BEYOND OUR HORIZON (1010 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  > 1015  l.y

and  space could extend   > 10100  l.y

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

Moreover, this immensity  could be the aftermath of just 
one big bang out of many (eternal inflation, braneworlds, etc)





Braneworlds…



      

 



Cosmological 
data

Fundamental 
theory ?

Cosmological 
Parameters

Nature of dark matter?

Nature of dark energy?

Nature of early Universe?

Why these particular values?



BASIC  NUMBERS

Density of  baryons,  dark matter and dark energy
 curvature

Q
Coupling constants, etc 

These numbers seem universal over the part of our universe that we can 
observe.

BUT  IF THIS OBSERVED DOMAIN IS ONLY AN INFINITESIMAL 
FRACTION OF PHYSICAL REALITY MAYBE SOME OF THEM 

ARE -- IN THIS GRANDER CONTEXT -- NOT TRULY 
UNIVERSAL?



What part of parameter space 
allows interesting complexity?

(An exercise in ‘counterfactual 
history’ --  interesting irrespective of 
‘philosophical’ preconceptions. No 

need to introduce the A-word)



Prerequisites for complex cosmos

• Gravity -- but the weaker the better  (At least one 
very large number in physics)
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Semi-empirical mass formula (von Weizsäcker 1935, …): 

How do these numbers depend on (α,ΛQCD,mu,md)?
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Tests of inflation

• ‘flatness’
• Curvature fluctuations close to scale-

independent (amplitude Q), but with ‘tilt’ 
towards large scales

• 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



WMAP CBR SKY

Page et al; 2003







We know the DM power spectrum very well!
Tegmark



A  fundamental(?) number

The amplitude (Q) of fluctuations in the early 
universe.



FLUCTUATION AMPLITUDE

Bound Systems* with Gravitational 
Binding Energy 
(Virial Velocity          )       

Max Non-:Linear Scale

Q1/2 x (Hubble Radius). 
 

*Formation of Bound System Requires Expansion 
  Factor of >~ Q-1 After System Enters Horizon.



AN ANAEMIC UNIVERSE (Q = 10-6)

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 Q were significantly lower than 10-6, then gas 
would be unable to cool with a Hubble time.*

In a Λ-dominated universe, isolated clumps could survive for an 
infinite time without merging into a larger scale of hierarchy. So 
eventually, for any Q > 10-8, a ‘star’ could form – but by that time 
there would be merely one minihalo within the entire event horizon!



UNIVERSE WITH Q > 10-3

Monster overdensities (up to 1018 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 = 10-4

*perhaps more interesting than ours!

Masses >~ 1014 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 1010 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 is that stellar systems may be too packed 
together to permit unperturbed planetary orbits.



Figure 2. This shows in a two-dimensional parameter space Λ and Q. The 
upper and lower limits to Q are discussed by Tegmark and Rees (1998).  The 
upper limit to Λ stems from the requirement that galactic-mass bound systems 
should form before the universe enters its accelerating de Sitter phase. Our 
universe (obviously) lies in the anthropically-allowed domain. But we cannot 
say whether it is at a typical location within that domain without a specific 
model for the probability distributions of Q and Λ in the ensemble.



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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Fluctuation generator

Fluctuation amplifier

(Graphics from Gary Hinshaw/WMAP team)

Hot Dense Smooth
Cool Rarefied 

Clumpy

Brief History of the 
Universe



Cmbgg OmOl



Cmbgg OmOl



Cmbgg OmOl



Cmbgg OmOl



Cosmological 
data

Clues about

• Dark matter

• Dark energy

• Inflation

Cosmological 
functions ρΛ(z), G(z,k), Ps(k), Pt(k)

H(z), P(k,z), Cl
T , Cl

X , Cl
E , Cl

B ,…

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

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

Non-constant density?
Is w-parameter useful?







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.





Carr & Rees 1979



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 = 10-36   The ratio of gravitational to electrostatic force
3. S = 0.007     A measure of the strong force that binds nuclei
4. ΩTotal = 1      The density of matter/energy in space
5. Q= 0.00001  The scale of fluctuations in the microwave
      background
6. ΩΛ= 0.7        Omega lambda, a measure of the vacuum 

     energy of the universe

• Coincidence?
• Consequence? 
• Multiverse?
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Calculations of 
the primal 
“cooking” of the 
chemical 
elements predict

Hydrogen

Helium

Lithium

etc, correctly!







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?
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Big Bang nucleosynthesis as a standardizable clock:



Smorgasbord
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zoom

Using galaxy correlations as a standardizable ruler:

Easiest to understand in real space 
(Bashinsky & Bertschinger, PRL, 87, 1301, 2001; PRD 123008, 2002)

(Eisenstein, Hu & MT 1998; Eisenstein et al 2005; Cole et al 2005)



Cmbgg OmOl

R~ 1/mpαβ

M~ mp

Weisskopf 1975
Carr & Rees 1979







Cmbgg OmOl



Cmbgg OmOl α+ α →8Be
8Be+ α →12C
12C+ α →16O

Carbon & 
oxygen 

production



the challenges

• What is out there? Cosmic exploration.
• Interpreting phenomena in terms of known 

(and perhaps ‘new’) physics.
• 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

Bound Systems* with Gravitational 
Binding Energy 
(Virial Velocity          )       

Max Non-:Linear Scale

Q1/2 x (Hubble Radius). 
 

*Formation of Bound System Requires Expansion 
  Factor of >~ Q-1 After System Enters Horizon.



Fluctuation generator

Fluctuation amplifier

(Graphics from Gary Hinshaw/WMAP team)
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Brief History of the 
Universe
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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 = 10-36   The ratio of gravitational to electrostatic force
3. S = 0.007     A measure of the strong force that binds nuclei
4. ΩTotal = 1      The density of matter/energy in space
5. Q= 0.00001  The scale of fluctuations in the microwave
      background
6. ΩΛ= 0.7        Omega lambda, a measure of the vacuum 
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• Multiverse?






