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“Multiple universe” ... an oxymoron?

Before the many, define the one ...
What is “the universe”?
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Universe

From Wikipedia, the free encyclopedia

For other uses, see Universe (disambiguation).

The Universe is commonly defined as the totality of existence,'*¥ jncduding planets, stars, galaxies, the contents of intergalactic
space, and all matter and energy. "™ Similar terms include the cosmos, the world and nature.

The observable universe is about 46 billion light years in radius " Scientific observation of the Universe has led to inferences of its earlier

ctanes Thase nhearvatinne ennnact that tha | Inivarea has hean anvarnad b tha cama nhezical laws and cronstante thronohoed mnst nf

pictionary.com i

noun
1. the totality of known or supposed objects and phenomena throughout space; the cosmos;

Macrocosm.
2. the whole world, especially with reference to humanity: a truth known throughout the universe.

3. a world or sphere in which something exists or prevails: his private universe.



The universe (my working definition):

Everything that exists or could ever exist, in
principle, in our experience. (“Our
experience” includes things inferred by
instrumentation.)

Everything to which we are causally
connected, now or in the future.




Fecund multiverse

Beyond-the-
horizon
multiverse

Computational
multiverse

Cyelic big bang
multiverse

Scientific
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Bubble multiverse
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Cyelic
patch
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Multiverse of wishful
thinking

Based on science, but
reputable experts argue
over the degree to which

the multiverse hypothosis

is testable

Figure 1.1: Relative degrees to which different

multiverse concepts are scientific.



Many worlds-multiverse
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Figure 1.2: Relative degree of quantum versus cosmological

character for different multiverse concepts.



Representation of Copemicus'
Cosmos taken from Johannes
Hevelws' Selenographia.







Edwin Hubble (1889-1953) and Milton
Humason (1891-1972) at Mount Wilson
Observatory combine Hubble’s distance

measurements (Cephied variable stars) with
Slipher’s reshift information and discover ...

Galaxies that are further away are moving
away from us faster

Hubble’s Law V=Hd
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Welcome to the
“expanding universe”!!

extrapolate back in time
find the age of the
universe - 13.7 billion
years.
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Type la SNe from Riess, Press and Kirshner (1996)

Light travels 1 Mpc in 3 million years
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Spectral lines (atomic absorption) can provide classification information
for the type of supernova and allow for recession velocity determination
using the relativistic Doppler effect (frequency shift of the light)
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OF COURSE 1T TAKES
ME LONGER TO GEY TO
WORK EVERY DAY ——
HAVEN'T You EVER
HEARD OF "HE
Beasts - EXPANDING UNIVERSE?
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Recombination

T~1eV ~3000K

From http://ned.ipac.caltech.edu/level5/Sept02/Kinney/Kinney3.html



Wavelength [mm]
2 1 0.67

FIRAS data
2.725 K Blackbody

Intensity [MJy/sr]

Penzias and Wilson and the antenna
used to first detect the CMB
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From http://aether.lbl.gov/cmb.html

From http://www.astro.ucla.edu/~wright/CMB.html



ll
| "
'—Harizon

From http://aether.lbl.gov/cmb.html



Big bang nucleosynthesis
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Origin of elements
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» Expansion of space

Velacity [km/sec]

100 200 300

» Cosmic microwave background D stance e

Wavelength [mm]
1 0.67

Penzias and Wilson, 1964

FIRAS data with 400G errorbars
2.725 K Blackbody

Intensity [MJy/sr]

» Nucleosynthesis
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Flatness problem k = 41 The hot b|g ba ng?
. ‘\, From J.M. Overduin & PS. What utter nonsense!

L o T Wesson, Dark Sky, Dark Matter
\w (%] 24 ‘j .‘ (Institute of Physics Press, 2003)]

Magnetic monopole problem

»»*
Singularity problem
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Geometry of the universe is ~ flat


http://www.youtube.com/watch?v=x8pupNMn5nI
http://www.youtube.com/watch?v=x8pupNMn5nI
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Flatness problem ko= 4
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Average distances between galaxies
relative to today's distances

Dark energy

Piot courtesy of the Supernova Cosmology Project at LBNL
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1f data had been in gold region, the
[ universe would eventually collapse.
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“The total energy — matter plus gravitational — remains
constant and very small, and could even be exactly zero. ...
If inflation is right, everything can be created from nothing,

or at least from very little. If inflation is right, the universe
can properly be called the ultimate free lunch.”

- Alan Guth
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What drives inflation? What is dark energy?

A non-string theorists view of a string theorist’s
view of inflation/dark energy

A viable string theory of reality (if such exists)
will have to be in 10 dimensions

Brane

Flux line

Pointin space

Compactification

Manifold of extra dimensions

Space Fig from Bousso and Polchinski, The String Theory
Landscape, Scientific American, 2004.

Figs from
http.//www.learner.org/courses/physics/unit/text.html?unit=4&secNum=4



Hot big bang + CDM + DE + inflation
Is this crazy?

Clues from the CMB

DMR's Two Year CMB Anisotropy Result

COBE

CMB, from ESA’s Planck mission website



WMAP CMB angular feature size power spectrum —
acoustics in the early universe!
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Temperature fluctuations [ K*]
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Temperature fluctuation 67" (pK)
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Eternal inflation and its implicationsi

Alan H. Guth

hep-th /0702178

Center for Theoretical Physics, Laboratory for Nuclear Science, and Department of

Physics, Massachusetts Institute of Technology, Cambridge, MA 02139

wavelength in degrees

i8p 20 A 2 i 0.5 0.2
T L L L T ¥ v T
i ) Open ]
i Inf_latwn nniverse + WhiADl T
with A

I Inflation
wio A

Clazmie str

o OBl 1
‘/ » ACBAR i

* BOOMERANG

II[lEl—l —"""',J

2 10 40 10D 200

400 @800 800 1000 1200 1400 1600 1800

Multipole £

2007



Astmonemy & Astroph ysics manuscript no. Planck’ inflation’ driver & ESC 2013
March 22, 2013

Planck 2013 results. XXIl. Constraints on inflation

Plazck Collaboration: B AL B Ade™, M. A ghanimr™, . Ammitage - Caplan™, M. Amasd™, M. A shdoen™*, E Atrio-Barendela’™, J. Aumcnt™,
. Haccigalupi®™, A . Banday™'®, B K. Bameire®™, L (1 Bantlet' .| . Bartolo™, . Bazaner™, B Benzhed™™, & Bemcit™,

A Bencit ] vy ™ &5 1P Remard'®, M. }?-:rsamul"’" P Riekewjce ™ 108 J Hd:-ln“ J' J' Hu:l““ A Bonald®_J. K. Bond?, I Rl
E ¥ Benchat@® b Beidaasfis] M Bucherbs 0 Bebsani 3 B0 B2 1 T FeedrenTilsl & 0 7471

ABSTRACT

‘We analyse the implications of the Plandt data for cosmic inflation. The Planck nominal mission emperature anisotropy measuements, combined
with the WMAF large-angle polarization. constrain the scalar spectral index ton, = 009603 + (L0073, ruling out exact scale invariance at over S
Pland: e stablishes an upper bound on the & nsor-to-scalar ratio at r < 0011 (95% CL)L The Pland: data shrink the space of allowed standard inflz-
tionary models, preferring potentials with V' < (0 Exponential pote ntizl models, the simplest hybrid inflationary models, and monomial potential
minidels of deerme n = 7 do nd meowide a0 ooewd fie bo the dsits Planck does nod find stafisticallv sienificant mmmine of the sealar smeckml index

36 Planck Collaboration: Co

f'“‘“ﬂ = —5/4. The constraint 0.98 < rp < 1 then corresponds |
to —1.25 < fy* < —1.21. Taking into account the Planck result

j'“‘“ﬂ = 2.7 £ 5.8 (Planck Collaboration XXIV. 2013), we con-
clude that the Planck data are consistent with the scenario where
the curvaton decays into CDM when it dominates the energy
density of the Universe, and its fluctuations are almost entirely
converted into adiabatic ones.

11. Conclusions

This paper establishes the status of cosmic inflation in the con-
text of the first release of the Planck cosmological results, which
includes the temperature data from the first 2.6 sky surveys.
CMB polarization as measured by Planck will be the subject
ol a tuture release. We find that standard slow-roll single held
inflation i1s compatible with the Planck data. This result is con-
firmed by other papers of this series. Planck in combination
with WMA P Q-vear laree anenlar scale nolanzanon (WP vields <

o b e Em s S o B = PR Em R
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Cosmic inflation: "Spectacular’ discovery
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Inflation
Generates
Two Types of 4
Waves

Quantum
Fluctuations
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Polarization is the orientation of the
electric field in an electromagnetic wave

electric
field

magnetic

field
%

Vertical polarization 45° polarization

Horizontal polarization







Reflecting ground shigd Flexibie boat

Objective lens

Nylon filter

Optics tube
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Bicep2 I: DETECTION OF B-mode POLARIZATION AT DEGREE ANGULAR SCALES

BICEP2 COLLABORATION - P. A. R. ADE', R. W. AII{INI, D. HARE;ATS{ S. 1. BENTON', C. A. BISCHOR, 1. J. BOCK™®,
1. A.BRHlK- I. Buner’, E. BUIIDCK .C. D DoweLL?, L. Dusanp®, I. P FiL IPPINI‘ 5. FLIESCHER". . R. GOLWALA®,
M. Harrern'®, M. HASS[—; LEIELD'Y, S. R. HILDEBRANDT®®, G. C. HIiLTON'!, V. V. Hristov’ K D. [rwin'>131 K8, KARKARF .
1P KAUI-MAN .B.G. KEATING'*. S. A. K}RNAsmsxwl- J. M. Kovac>', C. L. Kuo'2" E. M. L[—-ITCI—[S M. LUFK[—-R‘
P. MasoN?, C. B. NETTERFIELD™'®, H. T. NGUYI—N . R. O’BRIENT®, R. W. OGBURN IV 13 .A. OrLANDD' _C PrYKE™
C.D. REINTS[—-MA“,S RICHTER®. R. Scuwarz’, C. D. SHEEHY™", Z. K. STANISZEWSKI™®, R. V. SUDIWALA' .G, P. TePLY",
1.E. ToLan', A. D. TURNER®. A. G. VIEREGG® ", C. L. WONG", AND K. W. Yoon'>13

1o be submirted 1o a journal TRD

ABSTRACT

We report results from the BICEP2 experiment, a Cosmic Microwave Background (CMB) polarnimeter specif-
ically designed to search for the signal of inflationary gravitational waves in the B-mode power spectrum around
f ~ 80. The telescope comprised a 26 cm aperture all-cold refracting optical system equipped with a focal plane
of 312 antenna coupled transition edge sensor (TES) 150 GHz bolometers each with temperature sensitivity of
== 300 uK,,,.+/s. BICEP2 observed from the South Pole for three seasons from 2010 to 2012. A low-foreground
region of sky with an effective area of 380 square degrees was observed to a depth of 87 nK-degrees in Stokes
() and U. In this paper we describe the observations, data reduction, maps, simulations and results. We find
an excess of B-mode power over the base lensed-ACDM expectation in the range 30 < £ < 150, inconsistent
with the null hypothesis at a significance of = 5. Through jackknife tests and simulations based on detailed
calibration measurements we show that systematic contamination 1s much smaller than the observed excess.
We also estimate potential foreground signals and find that available models predict these to be considerably
smaller than the observed signal. These foreground models possess no significant cross-correlation with our
maps. Additionally, cross-correlating BICEP2 against 100 GHz maps from the BICEP1 experniment, the excess
signal 1s confirmed with 37 significance and its spectral index 1s found to be consistent with that of the CMB,
disfavoring synchrotron or dust at 2.3 and 2.2¢, respectively. The observed B- mode power spectrum 1s well-
fit by a lensed-ACDM + tensor theoretical model with tensor/scalar ratio r= 0.2 Dﬂ: with r= 0 disfavored at
7.0a. Subtracting the best available estimate for foreground dust modifies the likelihood slightly so that r=0
is disfavored at 5.90.

Subject headings: cosmic background radiation — cosmology: observations — gravitational waves — infla-
tion — polarization



darnaga 1997; Peins et al. 2003, and references above). Al-
though highly successful, the IIlﬂElT.IﬂIlELI'}" paradlgm represents
a vast extrapolation from well-tested regimes in physics. It in-
vokes quantum effects in highly curved spacetime at energies

near 10'® GeV and timescales less than 107 s. A definitive
test of this paradigm would be of fundamental importance.

Gravitational waves generated by inflation have the poten-
tial to provide such a defimtive test. Inflation predicts that
the quantization of the gravitational field coupled to exponen-
tial ex pansion produces a primordial background of stochastic
gravitational waves with a characteristic spectral shape (Gr-
ishchuk 1975; Starobinsky 1979; Rubakov et al. 1982; Fab-
br1 & Pollock 1983; Abbott & Wise 1984: also see Krauss
& Wilczek 2013). Though unlikely to be directly detectable
in modern instruments, these gravitational waves would have
imprinted a unique signature upon the CMB. Gravitational
waves induce local quadrupole anisotropies in the radiation
field within the last-scattering surface, inducing polarization
in the scattered light (Polnarev 1983). This polanzation pat-
tern will include a “curl” or B-mode component at degree an-
gular scales that cannot be generated primordially by density
perturbations. The amplitude of this signal depends upon the
tensor-to-scalar ratio, r, which itself 15 a function of the en-
ergy scale of inflation. The detection of B-mode polarization
of the CMB at large angular scales would provide a unique
confirmation of inflation and a probe of its energy scale (Sel-
jak 1997 Kamionkowski et al. 1997; Seljak & Zaldarriaga
1997).



BICEP2 B-mode signal
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Degree of curl-ness in the polarization on the size scale chosen is the
signal. No known way to induce that other than the effect of

primordial gravity waves on the CMB.

What is seen is a large signal, even larger than expected ... perhaps an
indication of a surprise to come? Other experiments working to make

similar observations. Stay tuned.



If inflation ... welcome to the multiverse!

‘ The greater reality

which is outside and

will always be outside
our experience

ou are here

Our cosmic event
horizon

SM “beyond-the-
horizon” multiverse

Tegmark’s Type |
multiverse

http://www.scientificamerican.com/article.cfm?id=multiverse-the-case-for-parallel-universe



How big is this reality? How big does it need to be?
How long did inflation last?

Elvis lives)

You are here’

Oops ... you are here ... too

Garriga and Vilenkin, Phys. Rev. D64, 2001, 043511,

These regions share our
physics ... have the same
spacetime
characteristics.

But each has a different
initial condition.

Some serious estimates
say there are countless
regions of “our universe”
size.

All possible initial
conditions explored.
Anything that could
happen does happen.

Tegmark, Parallel Universes in Science and Ultimate Reality: quantum theory, cosmology and complexity,

Ids. Barrow, Davies, Harmper, Cambridge Univ. Press, 2004.




Recall mechanism for inflation ...

Energy density
in inflaton field

Brane

Flux line

Point in space

Magnitude of inflaton field

Manifold of extra dimensions

re here



The Cosmic Landscape

Some 10°°° minima?

So much for the TOE.

The ultimate “Copernican
revolution”!



The Cosmic Landscape

Parameter 2 Initial state
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Eternal inflation

. > v

Other bubbles

You are here

Elvis is here

\

Your “bubble” is here

Eternally inflating
spacetime

A. Vilenkin, Many Worlds in One, Hill and Wang, 2006.

There is an eternally
inflating “matrix”.

Here and there a fluctuation
in the structure of the
spacetime causes inflation
to stop/change locally and a
“bubble universe” might
form.

The local minima in the
spacetime parameter
phasespace number ~10°%,
So all parameters explored.

The physics in each bubble
is different.

SM “bubble”
multiverse

Tegmark’s Type Il
multiverse




Is our universe special? Intelligent design

» Our existence is possible due to the “fine-
tuning” of the constants of nature

= |f weak force stronger: All n decay and
universe is all hydrogen

= |f weak force weaker: Universe is all “*He
= |f cosmological constant larger: universe
expands too fast to form stars

= |f cosmological constant negative:
universe collapses before stars form carbon
= |[f gravity stronger, stars burn faster and
less time for live to evolve

» The probability of this fine-tuning to be
accidental is infinitesimal.
» It must be by design, i.e., God did it.

The study of patterns in nature
that are best explained as the
result of intelligence



TooAY, CLAss, WE ARE GOING
TO DISQUSS THE SUENTIFIC
THEORY OF INTELLIGENT
DESIGN..
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“I think you should be more explicit here in step two.”

Sidney Harris, November-December 1977




Texas textbook review panel: Put more “creation
science based on Biblical principles’ in biology

books

ghLike = [FJ 2,772 people like this. Sign Up fo see what your friends like. d C\.“ Ye

By Scotx Kaufman
Tuesday, September 10, 20712 11:51 EDT

Published on Tuesday, August 2, 2003 by Knight Ridder Newspapers

Bush Endorses Teaching ‘Intelligent Design’ Theory in Schools
by Ron Hutcheson

WASHINGTON - President Bush waded into the debate over evolution and “intelligent design™ Monday, saying schools should teach both
theories on the creation and complexity of life.

In a wide-ranging question-and-answer session with a small group of reporters, Bush essentially endorsed efforts by
Christian conservatives to give intelligent design equal standing with the theory of evolution in the nation’s schools.

ey
46% Americans Believe In

Creationism According To Latest

Gallup Poll

oot W
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Even if you are strongly against intelligent design as a
scientific conclusion, science abhors accidents and our
universe IS finely tuned.
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With eternal inflation and the cosmic
landscape, all possibilities are :
populated and, of course, we will

find ourselves in a universe where

we can exist.

Parameterd Initial state

Copernicus on steroids!
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The Ekpyrotic universe — no inflation necessary

Cyclic (in time) multiverse
Steinhardt and Turok

. Six tiny dimensions
" curled up into
< Culabi-You shapes

11th dimension

BULK

‘mage.  From  httpyiabyss uoregon edu/~js/qc/qe himl






Cyclic Model

To address some of the limitations and
paradoxes of the Big Bang model, cos-
mologists Paul Steinhardt and Neil Turok
have developed a new cosmology that
views the visible universe as one small
part of a much larger reality, most of which
exists in other dimensions that we can-
not perceive. Our universe exists on a
three-dimensional membrane (repre-
sented by the flat panels at right) that
lies right next to another membrane. Every
trillion years or so, the two membranes
collide, unleashing a firestorm of energy
analogous to the Big Bang. As in the ear-
ier model, the universe cools, gives rise
to galaxies, and eventually expands to
near emptiness. In this version, however,
another collision between membranes
then restarts the whole cyde of creation.
Thus, time and space are both infinite.

Period of expansio
Galaxies for;':n

.....

Modern
universe

M_odem
universe

Period of expansion
Galaxies form




The guantum mechanical multiverse

» r’ V=
Heisenberg and Bohr

Copenhagen
Interpretation of
guantum mechanics
(1920s)

Incident
plane
WavE

Single 51it Diffraction

Max Born

Probability ~ y?
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Relative state formalism (1957)

Usually called the “many worlds”
interpretation of quantum
mechanics (Bryce DeWitt)

Unitary Hilbert space

ﬁ

///,/[///

. ///////

7%

b
/l'{i@

Superpostion states
decohere (not from

Everett, from Zeh, Zurek
and others)
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Many worlds: A continuum

of realities separated by the
dimensions of Hilbert space

Anything that COULD happen, DOES happen
within the universal wave function.

SM “many worlds”
multiverse

Tegmark’s Type Il
multiverse




The Fecund multiverse
— cosmological natural selection

Lee Smolin, The Life of the Cosmos, Fecund: fruitful in offspring
Oxford Univ. Press, 1997

What happens inside a black hole?

Singularity! Beasts dwell here.

Event horizon

Causally disconnected
from our universe



>

Some sort of
guantum gravity
“bounce”

Birth of an expanding universe within the
black hole, causally disconnected from us
Physical characteristics of the “daughter
universe” similar to but not exactly like
the “parent universe”

Quantum gravity
to the rescue!



Cosmological natural selection

Parameters of the universes
naturally gravitate toward
being favorable for
production of black holes

Long stellar lifetimes also
favorable for development
of life

Natural fine-tuning
Falsifiable: is our universe

optimal for black hole
production?




Computational multiverse

o SfckE  §

1) humanity is likely to become extinct before reaching
the level of technological advancement that we can
simulate universes with Sims;

" 2) there is a fundamental limitation in computing that
keeps advancing civilizations from simulating a
universe with Sims or, for some unknown reason, a
civilization that develops the capability to simulate a
universe with Sims chooses not to do so;
we are almost certainly living in a computer
simulation.
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John Barrow (Cambridge cosmologist): Once this capability to
simulate universes is achieved, fake universes will proliferate and
will soon greatly outnumber the real ones.
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The University of Rochester will spend $50 million to establish itself
as a leader in the evolving field of “big data =" research —
constructing a 50,000-square-foot home for a new Institute for Data
Science and hiring at least 20 new faculty members.

“We intend for the University & of Rochester to be among the
world's leaders in this new discipline,” said UR president Joel
Seligman.

' From the Oct 18, 2013 Democrat and Chronicle
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Level 1: Regions beyond our cosmic horizon Level 4: Other mathematical structures

Features: Same laws of physics, different mitial conditions Features: Different fundamental equations of physics

Assumptions: Infinitc space, engodic matter distribution Assumption: Mathematical existence = physical existence

Evidence: - Microwave background meaurements point to Evidence; - Unreasonable effectiveness of math in physics
flat, infinite space. large-scale smoothness - Answers Wheeler’Hawking question

Max Tegmark’s
multiverse taxonomy
Classified by level of

abstraction/complexity

arXiv: astro-ph/0302131 (Feb. 2003)

Cosmologist at MIT

Level 2: Other post-inflation bubbles Level 3: The Many Worlds of Quantum Physics
Features: Same fundamental equations of physics, but perhaps Same as level 2

different constants, particles and dimensionality / mption: Physics unitary
- Experimental support for unitary physics

- AdS/CFT correspondence suggests that
cven quantum gravity is unitary

Assumption: Chaotic inflation occurred ence:
Evidence: - Inflation theory explains flat space, scale-invariant

fuctuations, solves horizon problem and monopole

problems and can naturally explaim such bubbles Decoherence experimentally venified
Mathematically simplest model

Explains fine-tuned parameters




The ultimate Copernican revolution — The Mathematical Universe

Tegmark’s idea:

»Assume there is an external reality
independent of humans

» There exists a TOE (theory of
everything)

» TOE must be well-defined and
unambiguous (no human language, etc.)
» TOE must be mathematics

» TOE must be a self-contained
mathematical theory

»The TOE must be perfect and must
have parts that correspond to every
aspect of reality ... isomorphic mapping
»The TOE is reality

> If this self-contained, self-consistent
mathematical framework corresponds to
our reality, why not others?

Level 4;: Other mathematical structures

Features:  Different fundumental equations of physics

Assumption: Mathematical existence = physical existence
Evidence; - Unreasonable effectiveness of math in physics
Answers Wheeler'Hawking guestion
"why these equations, not others"

SM “mathematical” multiverse



SM populist taxonomy — classified according to
primary form of separation of the universes

Space-time separated

» Beyond the horizon multiverse (Tegmark’s level 1)

» Fecund multiverse (black holes, smolin)

» Oscillating big bang multiverse (technical and experimental problems)

» Ekpyrotic multiverse (colliding branes, Steinhardt, Turok, Ovrut, Khoury)
» Cyclic patch multiverse (dark energy gone crazy, Frampton , Baum)

» Bubble multiverse (eternal inflation, Tegmark’s level Il)

Dimensionally separated

»Many worlds multiverse (Everett, quantum mechanics, Tegmark’s level lll)
Faith separated

» Multiverse of faith (other planes of existence, heaven, hell, etc.)

» Mathematical multiverse (Tegmark’s level IV)

» Computational multiverse (the matrix)
» Multiverse of wishful thinking (law of attraction, The Secret)



Perhaps the question isn’t “do we live in a multiverse”
but rather “how many types of multiverses are there in
which we live?”

Mathematical

Beyond the horizon

/ \ You are here?
g o s :

Ekpyrotic

-

Many worlds




When asked about whether or not he believed in the multiverse,
Weinberg related that he just read that Martin Rees said he had
enough confidence in the multiverse to bet his dog’s life on it.
Andrei Linde said he had enough confidence to bet his own life ....




“As for me, | have just enough confidence about the multiverse to
bet the lives of both Andrei Linde and Martin Rees’ dog.”
-Stephen Weinberg




