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It’s remarkable that the 2nd law and the arrow of
time have anything to do with cosmology!
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0 bits

Minimum:

Maximum: 10122 pits
Observed: 108° bits

My talk will have two parts.
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What’s the entropy of our universe?

Maximum: 10122 pits

Observed: 1089 bits

Minimum: O bits

1) Why is the entropy so low?
2) Why s the entropy so high?




Why Is the
entropy so

low?




What | mean by entropy:

* |’ll use the microscopic definition
o I’ll measure it in bits (kg=1)

 I’ll use it loosely to refer to algorithmic complexity

(We have severe problems to even define entropy in cosmology)

“Nobody knows what entropy really is, so in a debate
you will always have the advantage.”

John von Neumann (1949)




How did our solar system end up so far from thermal equilibrium?

e

(Cf. Dick Bedeau’s talk)




2nd law without gravity:

clumpy => uniform:

E'H/kT (as per Dick Bedeau)

uniform => clumpy:

(formation movies: universe, galaxy, star)




Q: Why did It start out so uniform?
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A: It didn’t! Inflation!
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Angular wavelength (degrees)
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Why Is the
entropy so

high?




What’s the entropy of our universe?

Maximum: 10122 pits

Observed: 1089 bits

Minimum: O bits

1) Why is the entropy so low?
2) Why s the entropy so high?




102 bits



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

Very little
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(Charles Bennett just discussed quantum mechanics)

Quantum random number generator
based on Stern-Gerlach apparatus:

Classscal
F'I'E'dl'.‘-'l'.".."l"l What wias
Vﬁﬂ“ll? cnnaewed;“ﬁ aloms
% Fumace
N
Inhamogansous
||:1:',I.-'._:ir'|[51i:: field

(Just our address in Hilbert space - not specified on T-shirt)

Generic outcome: 101100100011001001110...



So what does go

on the T-shirt?

MT,
Aguirre,
Rees &
Wilczek
2005

ICS

le phys

4

Partic

% ~7

Standard model parameters

Cosmology

Parameter

Meaning

Measured value

g Weak coupling constant at m 0.6520 4+ 0.0001
(IR Weinberg angle 0.48290 =4 0.00005
gs Strong coupling constant at my 1.221 4+ 0,022

;12 Quadratic Higgs coefficient o — 107

A Quartic Higgs coefficient ~ 17

G, Electron Yukawa coupling 294 x 107"

G, Muon Yukawa coupling 0.000607

G, Tauon Yukawa coupling 0.0102156233

Gu Up quark Yukawa coupling 0.000016 4 0.000007
Gy Down quark Yukawa coupling 0.00003 4 0.00002
Ge Charm quark Yukawa coupling 0.0072 4+ 0.0006

Gy Strange quark Yukawa coupling 0.0006 4 0.0002

(& Top quark Yukawa coupling 1.002 £+ 0,029

Gy, Bottom quark Yukawa coupling 0.026 4+ 0.003

sin @2 Quark CKM matrix angle 0.2243 &£ 0.0016

sin Gag Quark CKM matrix angle 0.0413 £ 0.0015

sin @5 Quark CKM matrix angle 0.0037 £ 0.0005
813 Quark CKM matrix phase 1.05 £ 0.24

0 CP-violating QCD vacuum phase < 10

G,. Electron neutrino Yukawa coupling < 1.7T= 1071

Gu, Muon neutrino Yukawa coupling < 1.1 x107°

G, Tau neutrino Yukawa coupling < 0.10

sin @, Neutrino MNS matrix angle 0.55 4 0.06

sin 20/, Neutrino MNS matrix angle > 0.94

sin @, Neutrino MNS matrix angle < 0.22

83 Neutrino MNS matrix phase 7

PA Dark energy density (1.25 £0.25) » 107123
£ Baryon mass per photon py,/n-, (0.50 £ 0.03) » 1028
Ec Cold dark matter mass per photon g /n- (2.54+£0.2) x 1072
& Neutrino mass per photon py/n- = ﬁ Yomy, < 0.9:x 1079F

o) Scalar fluctuation amplitude 8;; on horizon (2.0 4+ 0.2) % 1077
™ Scalar spectral index 0.98 £+ 0.02




So what does go

on the T-shirt?

The Standard Model Lagrangian L —

(From T.D. Gutierrez)

—30,980,9% — 9u S ™ Dpgbab el — Yot [+ gk et gles +
Ligk (@A 0)g8 + GoPG® + g, /0, G°Glg5 — O, W, O, W —
MPWIW, = 30,200, 2} — 5s M* 23 Z) — 30, Ay Ay — 30, HO H —
ymEH? = 0,67 0,67 — M2¢* 6™ - 30,6°0,4° — 5 M6 — B[ +
WA + 3(H? + ¢°6" + 267 67)] + Bl — igeu[0, Z(W W, —
WEWr) = ZYW 0, = W0, W) + ZY(W 0, —
Wy 0, WH)] — igsuldAu(WiW, = WiW) — A, (WH,W, —
Wra,Wi) + AW a,W, — W, 8,W)| - :@WIW_WiWw, +
SOWIW WIW, + @AW W, — ZoZ,W, W) +
T AWITAW, = ALAWIW, ) + i suce[AZAW W, -
WIW,) = 24, Z3WiW, | — go[H® + H$*6° + 2H¢ 6] —

§ o [H +(8°) +4(6% 67 ) +4(¢°Y ot 6~ +4H? 6 6~ +2(¢°) H?] -
MWW H — 3£ Z)Z0H — 3ig[WH(§°0u6™ — 670,8°) —
Wi (8°0u0™ — 6 ud®) + 29[W, (HOud™ — 6~ H) = W (HOu™ —
¢ O H)|+302(ZY(HOu0* — 0, H) —ig = MZA(W = =W 6t) +
igs e MAL(Wio™ — Wy gt) —ig 2Rz 0,67 — 67 0u0™) +
igsuAy($1 0,6~ — $0,61) — LPWIWIH? + (%) +267¢7] —
1P 3 Z0Z0H + (%) +2(265, — 1)%6% 67| — $o? 5= 2060 (W; 6™ +
Wi o*) — $ig? S ZSH(Wiké™ — Wi d) + 2?50 Aud® (W6~ +
Wi 6%)+ tig?s, A HW}~— W ¢%) — g2 (25, — 1) Z0 A, 876 —
912 A, 4,6+ 6= (0-+md)eA = PydnA — T (70 +md)ud— P10+
m)d2 +igseAu[—(@ye?) +E(udyud) — $(dydh)] + £L Z3 (7 (1+
YY) + (k4] — 1 — 7)) + (W (365, — 1 — Y*)u)) +
(@7 (1 = 3% — P)aD] + 3B WAy (1 +7%)ed) + (@ (1 +
IO + W I@ (L + 7)) + (LML + 7)u)] +
SR [—6t (P (1= 1)) + 67 (N1 + )] — $3[H(PeY) +
6% e)] + Gmdt [-mi(u Can(L — *)d5) + m(@Can(L +
Y)d5] + s b [ (BCL(L + 7 )ug) — mi(BCL (1 - v)ug] -
L5FH@N)) - $5RH(D) + $36 @) - 25Dy +
X+ - M)X* + X-(8% - MA)X~ + X%(0* - 1)X° + Yo%) +
igee W, (0,X°X~ — X+ X%) +igs W, (9,7 X~ — 0, X+Y) +
igeyW, (0, X~ X® - 3,X°X ") +igs,W, (9, XY — 9, YX*) +
igewZp (Xt XT - 8, X" X") +igse A, (X T Xt - 8, X" X7) -
LgM[X*X+H + X~X~H + £ X°X°H] + 15%%ig M[X T X %" -
XX+ o igM[XOX ¢ — XOX+¢7] +igMs,[XOX ¢+ —
XOX+¢7] + LigM[X+X+¢* — X-X—¢"]



Q: Is all we observe all there is?

Our high entropy suggests no!




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

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



In cosmology, the the 2nd law gives intriguing hints, both
related to inflation:

Why Is the entropy so low?

Because Inflation happened.

Why Is the entropy so high?

i1 Because we’re in a multiverse.

mnc  (Inflation predicts this too)




Sound too

crazy?




We’'re
not
taking
this gu
Serious
enoug




The strongest form of the anthropic principle:

“

“The Universe must be such that we like 1t.”




The strongest form of the anthropic principle:

“The Universe must be such that we Iike |t.




Conclusion:

Despite its old age, the Second
Law isn’t old and tired!

It’s alive and kicking, continuing
to stimulate research.




