Title: Physical records and emergence of information in the gravitationally dominated universe
Date: May 13, 2015 09:00 AM
URL: http://pirsa.org/15050085

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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['Wo 1‘1"'1”'“‘”]-‘ [ arrow ol tine

Thermodynamic arrow. of time

Second e CnLropy Nnevel le I't'.i‘-{"". (10 a large "IL"H‘_‘_]l gvstem)

5('1'1-111| [ Of |lLt'lIHLIL|‘\I|.I]11|l- appears [0 he
nereasimg entrops

unrversadly valid

. arrow of time as the direc tion of 1

Recorda of the past (will becoma gravitational arrow of time)

Idea: We remember the past hecanse there are local records

E o fossils histor books, recorded mensure ments on Lard drive, stute f our braln
s arrow of tune as direction ol generatlon of complexity

amplexity Wpprox  moensure for amount of local recor la

(1 will argue that this 18 the fundamental arrow ol tine.)
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Opposing uses of [nformation

Thermodynamic arrow: of time

§ — In (number of microstates compatible with macrostate)

o, evolution from max. info aboat microstate to decreasing into
recuires past hypothesis: ‘vory special initial state of the universe”
arrow of thme not |-\'|-.|.|m|-‘i,.

2 nitial cond, lor universe is extremely fine-tuned

:~l\[(|||1t'j'|1,\'], i ]ur:-‘IIti.|||'|{

Records of the past approach

evolution from no (lew) local mnfo about past to INcreasing inio
past hypothesis

does not require
fine-tuning problem

. hias potential to solve

| " Gravitationnl areow of time
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Common objection:

relational ves

but GR teaches physics is events i spacetime not evolution

Shape dynamics description of Einstein gravity

e implements relational principles lor frame and scale
e cdescribes cravity as evolution of spatial contorm U geomet
e local scale and duration are “experienced quantities

(1.e. wonk matier fluctuations provice locks and rods that experience 8¢ e and durationd
» spacetime 1s an effective description ol weak fluctuations
importantly: SD disentangles physical from gauge d.ot

ianal [ nrrow of time
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Common objection:

relational ves,
but GR teaches physics is events m spacetime not evolution..
Shape dynamics description of Einstein gravity

o 1mplements relational principles for frame and scale
o clescribes gravity as evolution of spatial conformal geometrs
e local scale and duration are "experienced quantities

(1.e., wenk matter fluctuations provide clocks and rods that experience 8¢ e and duration)
y spacetime 1s an effective description of weak fluctuations

‘tantly: SD disentangles physical from gauge .ol

tlan=tiarraw of time.
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Common objection:

relational Ves

but GR teaches hl]l\_‘\l]l"- s events m ,-.|.‘|l-,-['\m.. not evolution

Shape dynamics description of Einstein gravity

e implements relational principles for frame and scale
o describes gravity as evolution of spatial conformal geometr
e local scale and duration are Yexperienced qu mtities”

(1.e. wonk matter fluctuations previde clocks andl rotls that experience scale anc durat
» spacetime 1s an effective description of weak fluctuations

importantly: SD disentangles physical from gauge d.o.t

‘valhﬁmﬂrmtwvt.safntmu
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Tov model: Newtonian N-body problem

Relational prerequisite: No background structure

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

i”?"" gl 1 18 .“t,'”!u'l; i :"” ,f'[ -,.',r\',r“;!ul"- .rw_\ Int rral relations

Fxample: Newtonian a-hody problem

[
o "

®
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Toy model: Newtonian N-body problem s newtonian timit of sp)

Relational prerequisite: No background structure

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

(this system is completely describable by internal relations)

Example: Newtonian 3-body problem

7oA
\

T T\’ Po,Pd +A2
change generated by: H = In ’1({:(’0"3)) .

Gravitational arrow of time
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Relation of descriptions

left: Newtonian description of a-partic le trajectories

if'll'lr.'!. Hil.l]’t\ .*-]hll‘l' \\'illi Illt.‘ Solne :~~'llllll'1|
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Relation of descriptions

ewtonjan description of o-parti l¢ trajectorle

with the same solution

Shape space
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Description ol general N-bodv solution msmmine

Generic late time behavior

e svatemn [ragments mto subsysterns

conters of masses separate asymptotically linearly

stbsvatem 1"~.|I-Lllrilnl1 I lounded I._\ [’\-“I o]

e <ihsvstems will consist of clusters
clusters remain bounded by (for all 1)

is true for very early times

the time-reverse
| expansion (midpoint)

generic state at moment of mimma
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Generic late time beh

e svatomn (raoments mto subsysters

|lv linear!

centers of masses separate asymptotica

subsvstem expansion is bounded by ¢

e <iihsvstems will consist of clusters

clusters remain bounded by (1or all 1)

e the time-reverse 1s v or very early times
e peneric state at gt ol minimal expansion (micpoint)
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Subsvstems provide phvs. clo ks. rods and records

Generic subsystem for ¢ — oo

COTISE ‘.r‘l! |l|1 mmtities

[ ] 11r'\'1'lupn asy l]l["|l‘1 1eally
E(t) = E® + 0=%/%), J(t) = J*

(At «/d

A (I

number of hits (Ey. J1.Ch that remain unchanged
[ (1) crows monotomnically
s o measure of locally stored miormation

. deduce arrow ol time from growth of [(t)

Problem: [(7) 1s teleological (not useful)

mﬁuﬁﬂmm'amlmm
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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® +0(t~%3), J(t) = J® + O(t~%/3) and
X(t)/t=C>®+ 0@~/

Dynamically stored information /(t)

I(t) :=number of bits (E..J;.C4....) that remain unchanged
1,71, O o

e /(t) grows monotonically

e is a measure of locally stored information

= deduce arrow of time from growth of /()

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

Gravitational arrow of time
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Fxample: Kepler pair

9-body clusters = Kepler pairs

e are abundantly generated by genere mitial condition

e IKepler's third law hecomes mereasingly accurate

- orhital period 7' hecomes stable

w emercent local units ol time

(] :|1*111'|IU!| distance 1 l| hecomes mnereas
. emergent local unit ol length

| define increasingly stable local trame

HI'_'_{'\' ‘-I.Ilv[w

e asyiptotic J and

hecome Increasmgly compatible

local nits
fixed)

(1.e. their ratios become asymptotically

e of Newtonian spacetime

= spontaneotls clnergend
weribe global Newtonian spacetine)

(i.e. local units can cle¢
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Fxample: Iepler pan

9-body clusters = Kepl

e are abundantiy genet ited by genet
e Kepler's third law hecomes Inereasin
orbital [w'l‘.wi [ becoines stable
W oormnercent local untts of Tl
o aphelion distance | {| becomes 1
ernereent local unit ol length
e asvInptoti J and A define reasing|

local units become mereasmgly comp bl

1l f=! their ratios hecome .n--‘.l|l|-[wf.- v fxed

reence ol Newtonlan spacetinle

clobal Newton

sfontancous enie

(1.e. local units can describe
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Complexity as an estimate o stored mformation

We want a simple estimate for abundance ot local Intormation

Complexity on N-body shape space Cah = —Vah = lrms/In

(ol f

ol = M2 (S, 0y ma

EL]lvmllmll‘ﬂ hy short distances)

Properties of Can

o measures number subsysten
@ space (relational quantity)

s/ clusters and thei 1solation

e is defined on shap

. Gravitational arrow of time = dir. of growing complexity

alcoslowski
| Gra.viuuunﬂmtm-feuf'uma
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Midpoint rather than initial condition

One past - two futures scenario

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

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

Generic solution on shape space

e altractors Ol *-llnli'l‘ space distort discussion of cenericity

= ceneric state on shape space only at ndpomt
. midpoint data s mitial data tor the two tutures

JAonul arrow of time
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Midpoint rather than initial condition

One pasti - two futures scenario

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

e future points towards attractors on shape space with high
complexity (a lot ol locally stored miormation)

Generic solution on shape space

e altractors Ol h!miu.' space chistort clhiscussion ol cenericity
s generic state on shape space only at miiclpoint
. midpoint data 1s mitial data tor the two tutures

; '"Grﬁ‘ltﬂﬂunnldtmmm!ma
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Description of general N-bodyv solution esmine

(Generic late time behavior

e svstom fracments info subsystems
fers O masses H']ldlulfl' A ]ll}'ll\lii‘.l]l'\ linearly

)
A

Cen

subsvetem expansion is hounded by O
anhsvstems will consist of clusters

clusters remain bounded by (for all ¢)
e is true for very early times

the tine-revel
{ mninimal expansion (midpoint)

peneric state at moment o
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