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Abstract: The second law of thermodynamics appears to be a universal law of physics. This universality suggests that entropy and with it
information theory is part of the foundations of physics.

In this talk | take the opposite (probably more conservative) approach: | assume that the dynamics of relational degrees of freedom form the
foundation of physics. Physical information is an emergent phenomenon. This approach has an interesting consequence: Typical (initial) data for a
gravitationally dominated universe leads to the spontaneous emergence of a gravitational arrow of time for the universe as a whole. This primary
gravitational arrow of time generates secondary thermodynamic arrows of time in sufficiently isolated subsystems of the universe, which coincide
with the gravitational arrow of time. This coincidence explains the universality of the second law of thermodynamics.

| conclude the talk with a speculation about the emergence of quantum information: | assume (1) that the purpose of a physical law is the prediction
of future properties of the universe based on the knowledge of records and (2) that gravity generates physical records (as in the classical part of the
talk). This suggests a scenario in which stable quantum information is spontaneously generated.

Collaborators for the classical part of the talk where Julian Barbour and Flavio Mercati
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Thermodynamic arrow. of time

Second Taw crtropy nevel decreases” (1na F cnough svstem)
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‘Records of the pa.st (will becoma gravitational arrow of time)

ldea: We remember the past hecanse there are local records

B fosslls histor hiotks, recordecd mensurements on wrel drive. state of our brain
. arrow of time as direction ol generation of complexity

mplexity npPprox  moensure for ameunt of local recor 18

(1 will argue that this 1s the (undamental arrow of time. )
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Opposing uses of [nformation

Thermodynamic arrow of time

§ — Iy (number of microstates compatible with macrostate)
el evolution from max. info about microstate to decreasing info
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recuires past hypothesis:
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arrow of time not explained, only |
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TRecords of the past approach

lution from no (few) local mio ahout past to increasing o
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does not require past livpothesis
» has potential to solve fine-tuning problem
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‘Common objection:

relational ves

|l'|l| l;l\' |n-\1l.'lil‘> i']l“'l".“"“ s events m sp wetime not evolution

Shape dynamics description of Einstein gravity

e implements relational principles for Irame incl scale
o doscribes gravity as evolution of spatial contorm u geomets
e local scale and duration are "experienced quantities

(1.e., wenk matter fluctuations prowlde clocks and rocds that experience scale &t

» spacetime 1s an offective description of weak fluctuations

importantly: SD disentangles phvsical from gange d.of
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Framework: Physics is evolution ol relational d.o.f.

Common objection:

relational ves,

bhut GR teaches physices is events m spacetime not evolution...”

Shape dynamics description of Einstein gravity

o Lmplements relational principles for frame and scale
e cleseribes ocravity as evolution of spatial conformal geometry
e local scale and duration are “1."‘.]'1'[]('[]0.‘!‘\'1 l{!l.mlilll'w'

(1o, wonk mnatter fluctuations provi le clocks and rods that experience scale ane durationd
s spacetime s an effective description of weak fluctuations

‘tantly: SD disentangles physical from gange d.ol
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Common cbjection:

relational ves

but GR teaches h-h\hira 1s events m .~.|n.n'v'['Hle not evolution

Shape dynamics description of Einstein gravity

e implements relatienal principles for frame and scale
o doscribes oravity as evolution of spatial conformal geormetr
e local scale and duration are "experienced qu mtities”

{l.e. wenk mntier fluctuations provicde clocks and reds that exporiehct & ale and
» spacetime 1s an effective description of weak fluctuations

importantly: SD disentangles physical from gauge d.ot

 Gravitation
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Tov model: Newtonian N-body problem

Relational prerequisite: No background structure

No coordinate origin, no frame, 1o seale and no duration
P=0J=0and E=0

l‘”f"\ N”..f. M 18 ,'“,'lrju"l! J‘! -"“ ,f'(-.,rlr;L.‘.‘u;ﬁ, |r1'r internal retatior

Pxample; Newtonian a-body problem

[
® e
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Toy model: Newtonian N-body problem (s Newtonian 1mit of sp)

Relational prerequisite: No background structure

No coordinate origin, no frame. no scale and no duration:
fa )
= P=0.J=0and E =0.

(this system is completely describable by internal relations)

Example: Newtonian 3-body problem

.

\ \ . \
'. |

% T\] ( 20 P s +)\2
change generated by: H = In ’1{;:(’0'.(;)) :

Gravitational arrow of time
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Relation of descriptions

article trajectories

left: Newtonian description of 5]

rght: Shape space with the same solution
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Relation of descriptions

i o W {C) ctories
ewtonian description of A-particle trajectorie
with the same solution

& Shape space
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'Generic late time behavior

e svalomn fracments mto subsystems

canters of masses separate asymptotically linearly

subsvstemn expansion is bounded by (=)

e <ibsvatems will consist of clusters
clusters remain bounded by ([or all t)
e is true for very carly times

the time-revers
pansion (midpoint)

generic state at mMoment of mintmal ex
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l]"“"'l'-ll‘ill“ll of ceneral N-body solution wwm

‘Generic late time behavior

e svalomn fraoments mmto subsysters

centers of masses separate asvinprot ally linearly

subsvstem expansion s Bonmnced

o ciibhsvstems will consist of clusters
clusters remain bounded by (1ot all 1)

L l]ll' 1ime-reverse 1s clor very carly times
e ceneric state at mghgnt ol minimal expansion (midpoimnt)
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(@eneric subsystem for ¢ — oo

° lir“.'t‘l"}‘rw asy lH[ﬂl*lu'.wl]‘-. conserved (uantities (Te orcls)
() ped ( a3y Tt Jx Ot =) and

A (T

(t)

number of hits (Ey. J1. G that remain unchanged

[(t) crows monotonically
s o measure of locally stored miormation

(t)

. deduce arrow of time from erowth ot [

Problem: (1) 1s teleolozical (not usetul)
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Subsystems provide phys. clocks, rods and records

Generic subsystem for t — oo

e develops asymptotically conserved quantities (records):
E(t) = E® 4+ O(t~%/3), J(t) = J® + O(t~2/3) and
X(t)/t =C®+ Ot 1/3).

Dynamically stored information /(t)

I(t) :=number of bits (Ey..J;,C,...) that remain unchanged
e /(t) grows monotonically
e is a measure of locally stored information

= deduce arrow of time from growth of I(t)

Problem: I(t) is teleological (not useful)

..[.1\':\'. .. ] A% .. \:

Gravitational arrow of time
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Foxample: Kepler pair

9-body clusters = Kepler pairs

e are abundantly generated by genere mitial concition
o INepler s third law becormnes mereasinely accurate
- orbital period 1" hecomes stable
L ernercent local units ol time
o aphelion distance | {| becomes increasgly stable
- ernergent local unit ol length
e asyinptotic 7 and A define increasingly stable local trame

local units becorme inereasingly compatible
(1.e. their ratios become asymptotically fixed)

» :~|'1‘I11;lllt‘l'llh emergelcee of Newtonian spaceline
(1.e. local units can describe global Newtonian spacetite)
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Fxample: lepler pan

9-body clusters = Kepler pai

e are abundantly cendl ited by gener
L 1\"§'\-‘1 < third law becomes
orhital period [ becomes st
woomnereent local umts o t
o aphchon distance | {| hecomes |
prmercent local umt ot lel

e asVvInprofi 7 and A define mereasingl

local units become mereasimgi compatible

(i.e. their ratios become asvImproti Wiy fixed

Aontancous erergence of Newtonian s

(1.0, lo  units can describe _'.1-'1'13 Newton
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( u|1||-,]1'"\|l\' as an estimate o stored imformation

We want a “‘””1""' estimate for abindance of lod 1l Iniormation

'Gomplexity on N-body shape space Can =

(
' ® lrmas
ll|il|:l1l\‘|l|'<J Iy lt[_"l' distances)
..'"ll ‘n;:{:‘ L Mg Ty ":-"]

‘.L]!.rlmlmln'ﬂ by short distances)

‘Properties of Csh

e measures numnbel suhsystems/ clusters and their 1solation

e is defined on shape space (relational quantity)

. Gravitational arrow of time = dir. of growing complexity

" Gravitationil worow ‘af time
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Midpoint rather than initial condition

One pasti - two futures scenario

e oravitational arrow of time pomnt away from the moment of
minimal extension (nidpoint)

e future points towards attractors on shape space with high
complexity (a ot of locallv stored miormation)

‘Generic solution on shape space

e attractors on shape space distort discussion of genericity
— generic state on shape space only at ndpomt
. midpoeint data s imitial data tor the two futures

donnl arraw of e
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Midpoint rather than initial condition

One past - two futures SCENano

e oravitational arrow of time pomt away [rom the moment of
minimal extension (midpomt)

e future points towards attractors on shape space with high
complexity (a ot of locallv stored miormation)

'@eneric solution on shape space

e attractors on shape space distort discussion ol cenericity
. generic state on shape space only at nudpout
. midpoint data 1s mitial data for the two tutures

~ Giravitationil nrraw Caf thme
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Description ol oeneral N-body solution

e svstom fracments into subsystems
conters of masses separate asymptotically linearly
subsvstem expansion is bounded by O(t4%)
anbhsvstems will consist ol clusters
clusters remain bounded by (for all £)
the time-reverse is true for very parly times
seneric state at moment of minimal expansion (midpoint)
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