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Q: Is there more that exists than we can see?

Cosmology suggests yes!




Outline:

» The most interesting question isn’t whether parallel
universes exist, but whether the multiverse has 1, 2,
3 or 4 levels

 Evidence for parallel universes

» Reasons to like/dislike multiverses
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What do we mean

by our universe?







>
N
—
O
2
-
=
=
=)
o

967 20€0/4yd-onse ‘uol[Iuey 29 €1SO)-LIIDAI[Q P ewda] woyy dew JVINA POUBd[O-punoI3alo,g







N N
Tegmark
Physics, MIT
k@mit.edu

rizons Cruise
31,2010

®
[
O
-
:
5=
)
7]
&
L
s
c
)
L
@)
)
.§
7]
c
o
s
et
o
=
Q
o

Eratosthenes measures

size of Earth

How big is our space?

Distance to Saturn

+ estimated

CMB limit on —
curvture of space

Hubble —>»
measures
! 1st galaxy
';;,.}ﬁ distances

-

Stellar
parallax
limits

Size of solar
system corrected —>
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Multiverse level I: other Hubble volumes

beyond our cosmic horizon

Giordano Bruno (executed 1600)
Ellis & Brundrit 1979, Q.J.R. Astr. Soc. 20, 37
Garriga & Vilenkin 2001, Phys.Rev. D64, 043511

Features:

*Same (effective) laws of physics

eDifferent initial conditions

For our flat “concordance” cosmological model:

*Size of our Hubble volume ~ 10%°m,

C

osest copy of you ~ 101"m

Closest 100 lightyear bubble like ours ~ 1019 m

osest Hubble volume like ours ~ 1010"°m



Evidence




a Spherical space PP

b Flat space =0
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Hyperbolical space P =P
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(Figure from Boomerang team)
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Why these values?

MT,
Aguirre,
Rees &
Wilczek
2005

1CS

phys

4

Particle

Standard model parameters
gy

Cosmolo
I'4

Parameter

Meaning

Measured value

~7

g Weak coupling constant at my 0.6520 4 0.0001
(e Weinberg angle 0.48290 &4 0.00005
gs Strong coupling constant at m 1.221 £ 0.022
;12 Quadratic Higgs coefficient ro —10758
A Quartic Higgs coefficient ~ 17
G. Electron Yukawa coupling 2.94 x 107°
G Muon Yukawa coupling 0.000607
G, Tauvon Yukawa coupling 0.0102156233
Gu Up quark Yukawa coupling 0.000016 &£ 0.000007
Gy Down quark Yukawa coupling 0.00003 &£ 0.00002
Ge Charm quark Yukawa coupling 0.0072 £+ 0.0006
Gy Strange quark Yukawa coupling 0.0006 4 0.0002
G Top quark Yukawa coupling 1.002 4+ 0.029
Gy Bottom quark Yukawa coupling 0.026 4+ 0.003
sin 012 Quark CKM matrix angle 0.2243 £ 0.0016
sin Bag Quark CKM matrix angle 0.0413 &= 0.0015
sin @5 Quark CKM matrix angle 0.0037 & 0.0005
d1s Quark CKM matrix phase 1.05 4 0.24
L) CP-violating QCD vacuum phase < 107
G,.. Electron neutrino Yukawa coupling < 1.Tx 1011
Gu, Muon neutrino Yukawa coupling < 1.1x107°
Gu, Tau neutrino Yukawa coupling < 0.10
sin 6; " Neutrino MNS matrix angle 0.55 4+ 0.06
sin 20/, Neutrino MNS matrix angle > 0.94
sin @, Neutrino MNS matrix angle < 0.22
A3 Neutrino MNS matrix phase 7
PA Dark energy density (1.25 £0.25) = 101258
&y Baryon mass per photon py,/n-, (0.50 £ 0.03) » 10—2¢
Ec Cold dark matter mass per photon p-/n- (2.54+0.2) x 1028
Ev Neutrino mass per photon py/n- = ]'3—] Y omy, <0.9x 10728
Q Scalar fluctuation amplitude &;; on horizon (2.04£0.2) x 1077
N Scalar spectral index 0.98 £ 0.02
an Running of spectral index dn. /d1nk la| 5 0.01
r Tensor-to-scalar ratio (Q./Q)? < 0.36




Multiverse level 2: other post-inflationary regions

(Pics from Andrei Linde)

Keatures:
mm ° Perhaps different effective laws of physics

I (physical constants, particles, symmetrics, dimensionality)
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Multiverse level 3: Everett’s many worlds

(r
THE
COLLAPSE
OF THE
WAYE
FUNCTION

1}







Meanwhile, in a

I__galaxy far, far away...

LEVEL 1

LEVEL3
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Q: What’s the entropy of our universe?
A: About 10%° bits

What does all that information really tell us?




103 bits



How much of this information needs to go on the T-shirt?

Very little




How much of this information needs to go on the T-shirt?

Very little




Quantum random number generator
based on Stern-Gerlach apparatus:

Classical
prediction What was

Vactwliy observed7 atoms
"\ Fumace

Inhomogeneous
magnetic field

ark (Just our address in Hilbert space - not specified on T-shirt)
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Generic outcome: 101100100011001001110...



So what does go

on the T-shirt?

MT,
Aguirre,
Rees &
Wilczek
2005

1CS

phys

4

Particle

gy

~7

Standard model parameters

Cosmolo
I'4

Parameter

Meaning

Measured value

g Weak coupling constant at my 0.6520 4 0.0001
(e Weinberg angle 0.48290 &4 0.00005
gs Strong coupling constant at m 1.221 £ 0.022
;12 Quadratic Higgs coefficient ro —10758
A Quartic Higgs coefficient ~ 17
G. Electron Yukawa coupling 2.94 x 107°
G Muon Yukawa coupling 0.000607
G, Tauvon Yukawa coupling 0.0102156233
Gu Up quark Yukawa coupling 0.000016 &£ 0.000007
Gy Down quark Yukawa coupling 0.00003 &£ 0.00002
Ge Charm quark Yukawa coupling 0.0072 £+ 0.0006
Gy Strange quark Yukawa coupling 0.0006 4 0.0002
G Top quark Yukawa coupling 1.002 4+ 0.029
Gy Bottom quark Yukawa coupling 0.026 4+ 0.003
sin 012 Quark CKM matrix angle 0.2243 £ 0.0016
sin Bag Quark CKM matrix angle 0.0413 &= 0.0015
sin @5 Quark CKM matrix angle 0.0037 & 0.0005
d1s Quark CKM matrix phase 1.05 4 0.24
L) CP-violating QCD vacuum phase < 107
G,.. Electron neutrino Yukawa coupling < 1.Tx 1011
Gu, Muon neutrino Yukawa coupling < 1.1x107°
Gu, Tau neutrino Yukawa coupling < 0.10
sin 6; " Neutrino MNS matrix angle 0.55 4+ 0.06
sin 20/, Neutrino MNS matrix angle > 0.94
sin @, Neutrino MNS matrix angle < 0.22
A3 Neutrino MNS matrix phase 7
PA Dark energy density (1.25 £0.25) = 101258
&y Baryon mass per photon py,/n-, (0.50 £ 0.03) » 10—2¢
Ec Cold dark matter mass per photon p-/n- (2.54+0.2) x 1028
Ev Neutrino mass per photon py/n- = ]'3—] Y omy, <0.9x 10728
Q Scalar fluctuation amplitude &;; on horizon (2.04£0.2) x 1077
N Scalar spectral index 0.98 £ 0.02
an Running of spectral index dn. /d1nk la| 5 0.01
r Tensor-to-scalar ratio (Q./Q)? < 0.36
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So what does go

on the T-shirt?

The Standard Model Lagrangian z

(From T.D. Gutierrez)

—500930,95 — 9:f*0u909,.95 — 9. F 7 f* gL gt a09s +
3ig? (q, 'y"q" )gp; + G'“O’G’“ +9.f m0p0°G° - WaW, —
MWWy = 30,200, 20 — 5= M* 2028 - 10 A,,a A, - 50 Ha H-
—th? au¢+au¢- — Mg+ — a,;¢°a#¢° o M3°4° — B[22 +
WH 4 3(H? + ¢°6° + 261 67)] + Uay, — zgcw[a,,z"(W W, —
WiWr) = ZUAW,a,W; — Wi d,W;) + Z8(W,o,W; —
W0, W] = igsal0 Ay (WW, = WIWD) = A, (W, W, —
W, W+) + A Wa,W, - W, 9 W+)] - —fW;W;W,,*W,,— =
LW IWW W + PE(ZWZ0W 2 22w W) +
g’s’(A WiAW; — A AW, )+ g5 ucel A, Z°(W W -
WiW; )= 24, Z°W+W 1= galH® + H'4® + 2H¢+¢7] —
—fa:.[H‘+(¢°)“+4(¢+¢ V(P ot o+ AH G 6 +2(6° P HY -
MWW, H — 5g;—Z°Z°H— 2ig[WH(4%0u6™ — ¢79,8%) —
W, (¢00p¢+ ¢+0,‘¢°)]+ $9WHHOG™ — ¢~ 0 H) =W, (Ho 6" —
¢+0pH)]+ L92(Z0(HOu4" - 4°0,H) —igteM Z°(W+¢‘—W é*)+
zgstA,L(W+¢‘ W, ¢+) - g_—2’°2‘3°(¢+3p¢_ - ¢79,9") +
1.‘7310 p(¢ 0p¢ ¢ 3p¢+) - 4—g2W+W [H-2 + (¢0)2 +2¢+¢ ] -
19 ZZ0Z0H? + (6% +2(26% - 1)2¢+¢-1 L5700 (Wiem +
W.é%) — -192-“Z°H (W+¢‘ Woot)+3 9’8«; W' (Wio™ +
W, ¢+) e 21928wA H (W+¢" ¢+) - 9“",‘(203, —1)Z)A,6 ¢ —
gt AA G e = (73+m2)e" - 17'\781/"—1‘4]- (Y0 +md)ud —d(vd+
m)d} +igsuAu[—(Eye?) +§ (udyud) — H(dd)] + £ Z (A (1+
I + (45, — 1 - 7’5)6*)+ @y (555 — 1= )u}) +
("L - 355 — )P + 5 W*[(V*‘r“(l +‘f‘) A) + (u*‘r“(l is
7)Cd)] + Wy [(e’\*r“(l + 7)) + (@ECLA* (1 + )] +
SHIE [t (P (L= P)eY) + 67 (N1 + ¥V — § 55 [H () +
t¢°(e'\’)’5€‘\)] + g dt [=mf(E} O (L — 1¥)df) + m (@O (1 +
75)d"] i ¢‘[m¢(d*CL(1 +7")u") m (d*CL(l =7 )uf] -
me H(w} U*) — DL H (DY) + 21560 (W) — RO DAd) +
X+(<‘:>2 M2)X++X (&® - W)X + X%o* — )X°+Y02Y+
ige, W, (0, X°X~ — 3, Xt X% + ;gs.,,W*(O,LYX - XYy +
tgc,,W (0, XX - X°X+)+tgs,,,W (XY -9, YXH)+
igch"i(apX' Xt - O_u)? X))+ igswA,‘(é‘,J_( Xt-9,X"X7)—
LoM[X*XtH + X~X~H + £ X°X°H] + 1% igM[X+X 4" -
X-X7]+ igM[X°X~¢+ — ROX+47] + igM s, [XOX ¢+ —
X°X+¢—] + LigM[X+X+¢® — X-X—¢°]
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Multiverse level 4: other mathematical structures




Tegmark 1997, gr-qc/9704009, Ann. Phys, 270, 151
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Q: Is all we observe all there 1s?
Our high entropy suggests no!




If what we observe... ...requires more bits to ...a complete
describe than... mathematical description

of the world...

10%°
bits?

So if you 're looking
for a simple
mathematical TOE,
you re looking for a
multiverse theory.




Which are the 4 multiverse levels?

1) Different Hubble volumes

2) Daifferent post-inflationary
regions |

3) Difterent decohered
branches of the quantum
wavefunction

=
I 4) Different mathematical

mark
ics, MIT

mit edu structures
ns Cruise

2010




Where are the parallel universes?

1) Far away in space

2) Infinitely far away in space ] ,

3) Elsewhere in Hilbert space

I 4) Elsewhere in “math space”
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)

2)

3)

4)

What are the 4 multiverse levels like?

Same effective laws of physics,
different initial conditions

Same fundamental laws of physics,
different effective laws (“bylaws”)

Nothing qualitatively new

Different fundamental laws of
physics




Evidence




PHYSICS OR PHILOSOPHY?

Q: Are theories which predict the existence of unobservable
parallel universes untestable?
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PHYSICS OR PHILOSOPHY?

Q: Are theories which predict the existence of unobservable
parallel universes untestable?

A: No, as long as they also make predictions for things we can
observe.

Parallel universes are not a theory, but the prediction of certain theories.

gmark : :
ysics, MIT §
@mit.edu g




How to test/falsify a multiverse theory:

Not necessary that rest of ensemble be observable
Example: the theory that there s no dark matter




Sound too

crazy?




We’'re
not
taking
this guy
seriously
enough

egmark




The strongest form of the anthropic principle:

"-

“The Universe must be such that we like it.”’




The strongest form of the anthropic principle:

“The Universe must be such that we like it.”




