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Abstract: According to hidden-variables theories, quantum physics is a specia 'equilibrium’ case of a much wider 'nonequilibrium’ physics. We
describe the search for that wider physicsin a cosmological context. The hypothesis that the universe began in a state of quantum nonequilibrium is
shown to have observable consequences. In de Broglie-Bohm theory on expanding space, relaxation to quantum equilibrium is shown to be
suppressed for field modes whose quantum time evolution satisfies a certain inequality, resulting in a 'freezing' of early nonequilibrium for these
particular modes. For an early radiation-dominated expansion, the inequality implies a corresponding physical wavelength that is larger than the
(instantaneous) Hubble radius. These results make it possible, for the first time, to make quantitative predictions for deviations from quantum
theory. We consider, in particular, corrections to inflationary predictions for the cosmic microwave background, and the possibility of finding relic
cosmological particles that violate the laws of quantum mechanics. (Reference: De Broglie-Bohm Prediction of Quantum Violations for
Cosmologica Super-Hubble Modes, http://arxiv.org/abs/0804.4656.)
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Relaxation in the short-wavelength limit

Roughly: short-wavelength limit. Appys << H ™.
l (strictly, Aphys << Any - H™')
Minkowski

the timescale Af x Appys Over which vy = vk(qgki1- gko-1t)

evolves will be much smaller than the expansion timescale H™' = a/¢

Obtain usual efficient relaxation

/ o




Freezing of the Wave Function for Super-Hubble Modes
long-wavelength limit. Appys >> Any - H™'. At = 1/AEx >> H™

sudden perturbation.

Uk 1s approximately static — or ‘frozen” — over timescales H ™!
- . .
= . Oy o ( 2. % 2 .
Continuity equation - +—= (;:,-k; qkl) + - ( Uk | qu) —
ot ‘—)qkl (_)qu

expect that the trajectories (qx;(?).qr2(?)) will also be frozen ove

timescales H ™1



Suggests we search for nonequilibrium at long wavelengths

But limited treatment:
* free, decoupled mode in a pure quantum state
* have not proved that trajectories are frozen

e H 1 _0Qast— 0.

freezing over the timescale H ! does not tell us very much

Will now derive a rigorous condition for nonequilibrium freezing:

* arbitrary time interval [t;.t]
* any quantum state (entangled, mixed)

. nteracting fields



Inequality for the freezing of quantum nonequilibrium
(Valentini 2008)

examine the behaviour of the trajectories themselves

First: general (entangled) pure quantum state of a free field
(Generalise later to mixed, interacting.)

collection of non-interacting one-dimensional harmonic oscillators

- ﬁ : e 1
Ze == kr ] -3 -2 ~2
=Y _1H with B — 9g3 T 5% W Gkr
arbitrary wave functional ¥|gy,. 1.
dqyr 1 9S8
de Broglie velocity field is given by

a”

evolution of an arbitrarv ensemble distribution P[qk,_. h

JdP ) S
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2

Initial nonequilibrium distribution Plqk,.t:| # |V qkr. 1]
Can relax (in general, on a coarse-grained level)

only if the trajectories move far enough
(Cf. gas molecules in a box)

- t =
Final displacement 0qy,(ff) = fhf dt qer(t)

Simple condition for “freezing”: |dqy,(ff) << Agy,(tf)

(magnitude of final displacement smaller than width of wave packet)

Too strong. Take weaker condition {|0qir(? f)l)eq < Aqyr(ty)
(equilibrium mean smaller than width of wave packet)

Implies that most of the ensemble cannot move
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If ([0qur(tf)])eq < Aair(ty)

relaxation will in general be suppressed (for the mode kr)

2 s
Now: ([0gur(tf)l)eq < </ dt f}kr(f)> =/ dt (|gur(t)|)eq -
t: eq t,

(where (|dicr(t)])oq = / dq |%[q. 1]l (2. )] )

t
Or - : . . |
(0qKr(tr) = < / dt J<qkr(f)2>
ti ca

We have dS|q. 1]
5 (lg = 2 — — r[ ( 5
a <.Ik > <(qur) > q |Vlq.t ( ks
/ J|¥ q.t||
dffkr
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Thus. since (9|¥|/dqe,)? > 0. we have

and so

Since (¢g,.) > 0. we also have

<ﬁir> < 2a’ <Hk,-> :

: | Ly 1 :
(5 (t1))eq < [t ”_3‘/%3 (Bi) .

Introducing the number operator rn,.

and so

(=

tf 1
(10qucr(t£)])eq <:f dt —/2k((fer) + 1/2) .
t

Fliemean (|c’)];ﬂ,.,,,.(a'ff)|)ml at time £ is to be compared with the width A, (¢



Using uncertainty relation Aqu, Amy, = - L and Amy, < ':::"r'ﬁr>.

we have

1/Aqgrr < 2\/2f:3< > — )u\/ k((ng,) +1/2).

Combine with previous ) .
HOqer(tf)|) e <
t

1 : _
dt —_)\/Qk({uk,—} +1/2).

a~

Have upper bound for the ratio

(|0qur(ts)l)
Aqir(ty)

(where ay = a(ty). and so on). Note that (nyg,) Is in general a function of tim

ty 1
- < 4kaf‘/(nk,-) P12 | dt 5/ le) +1/2
t;

True for arbitrary entangled state W.

..... «mE@ezing inequality”: right-hand side is less than onerwss.



Freezing inequality

1 = P

]

“Frozen” nonequilibrium will exist at later times tr > &

for modes satisfying the inequality

Mixed states:
* Statistical mixture of physically-real pilot waves
* Consider freezing inequality for each pure subensemble separately

* Might hold for some subensembles and not for others
(or for all of them, or none)

Interacting fields:

* Finite models with a cutoff (ignore divergences)
* Scalar ¢ interacts with other fields
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General implication of the freezing inequality

1 : =1
E = 4af\/(nk,-)f+1/2/ dt —\/(nkr) -+ 1/2
t;

Satisfied? Depends on history of expansion,
and on time evolution of guantum state

For a radiation-dominated expansion on [¢;.#¢]. with a(t) = as(t/t;)'/2.
the physical wavelength Aphys(tf) = ag(27/k) at time ¢
must be larger than
the Hubble radius H}'l at time #
Since (ny,) > 0.

Ly 9

1 _ 1 2t ¢ 1
—>2ay | dt —="LIn(ts/t:), or Aps(ty) > 2rH ;" In(tg/t;)
k ¢, ( af ’
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Freezing inequality

1 : =g =
E > 4af\/(nkr)f =5 1/2/ dt ‘a—z\/<nkr> + 1/2 -

]

“Frozen” nonequilibrium will exist at later times tr > ti
for modes satisfying the inequality

Mixed states:
* Statistical mixture of physically-real pilot waves
* Consider freezing inequality for each pure subensemble separately
* Might hold for some subensembles and not for others
(or for all of them, or none)

Interacting fields:
* Finite models with a cutoff (ignore divergences)
* Scalar o interacts with other fields
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General implication of the freezing inequality

% > 4af¢(ﬁkr>f+1/2LIdt i\/(’”kr> +1/2.

Satisfied? Depends on history of expansion,
and on time evolution of quantum state

For a radiation-dominated expansion on [t;,#¢]. with a(t) = as(t/t;)'/2.
the physical wavelength Appys(tf) = ayp(27/k) at time #;
must be larger than
the Hubble radius H}”l at time #
Since (ny,) > 0.

1 Ly 1 )f
- ; f g - _1
e f = E‘““N i) - OF Apnys(ty) > 27H " In(ty/t;)
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General implication of the freezing inequality

1 : o1
E - 4af\/(nk,.)f+ 1/2/ dt —\/(nk,.) = 1/2
t;

Satisfied? Depends on history of expansion,
and on time evolution of quantum state

For a radiation-dominated expansion on [t;.#7]. with a(t) = as(t/t;)'/2.
the physical wavelength Apnys(tf) = ag(27/k) at time g
must be larger than

the Hubble radius H}'l at time #
Since (ny,) > 0.

1 " 1 2ty / 1
= > 2ay dt —_—— In(ty/t;) . or Aphyslty) > Q’IH- In(ts/t;)
ts

(1 ﬂf
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Possible consequences of early nonequilibrium freezing

Write Aphys(ts) > 27H; ' In(ty/t;) as Apnys(ty) > 4xH; ' In(Ti/Ty) .

(A necessary but not sufficient condition.)

Points to where nonequilibrium could be found.

We should search for nonequilibrium above a
specific critical wavelength

Two main areas of research (in progress)

Corrections to Inflationary Predictions for the CMB

Relic Nonequilibrium Particles
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Corrections to Inflationary Predictions for the CM

inflaton perturbation o > curvature perturbation Ry
curvature perturbation Ry > temperature anisotropy amm

| H

Rk —_ = 'r_f"}k
“0 t=t. (k)

{'I
3 .V, (L
AUm = 55 d°k T (k. l)RxYim(k)

AT{H ) i Y H{m}}m(H-G-}

[=2 m=-1
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Corrections to Inflationary Predictions for the CM

inflaton perturbation o > curvature perturbation Ry
curvature perturbation Ry >  temperature anisotropy aim
_ H
Rk —_— = .—t’:}k
“o t=t. (k)

Gim = 5 /!’ISR T(A'.I)'Rk}}m{f(}
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Possible consequences of early nonequilibrium freezing

Write Aphys(tf) > 27H; ' In(ts/t;) as Apnys(tr) > 4wH; ' In(Ti/Ty) .

(A necessary but not sufficient condition.)

Points to where nonequilibrium could be found.

We should search for nonequilibrium above a
specific critical wavelength

Two main areas of research (in progress)

Corrections to Inflationary Predictions for the CMB

Relic Nonequilibrium Particles
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Corrections to Inflationary Predictions for the CM

inflaton perturbation o > curvature perturbation Ry
curvature perturbation Ry > temperature anisotropy apm

| H

Rk - — .F—f,}k
“o t=t. (k)

{'I
3 S
T " /ff k7T(k.l))RYim(k)

- . —i
6. c
AT{T ) = E E At Yim (6. O)

[ —2 m=-— [
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Angular power spectrum (7, = <?‘Hfmi2> %000

L ’H'
1 [ dk | = F o\ :
Ci=-— [ = T*k.l)Pr(k) % :- * |
272 k E_3000 F .
4 g : 5 i ;}{
éﬂ- _ -‘.’i - I'!
-l':TA'a 2 R .,-*} {
. 2 E— ' Z 3%
Pr(k) = T <7'2k > e =
Muitipcle moment |
Quantum equilibrium
V H? _1.3 2
2 i QT Tk . 2 H
O - 7 = ' —_— —

Quantum nonequilibrium (no relaxation during inflation; product state)
(lowl*) = (lowl*)qr &(K) Pr(k) = PR (k)E(k)

Can set empirical limits on £(k) (Valentini 2007, 2008)

But can we predict something about £(k) ?



Can we predict something about &(k) ?
(Work in progress)
One possible strategy:

* Consider a pre-inflationary (radiation-dominated) era

* Derive constraints on relic nonequilibrium from that era

A Matter
a(t) dominated |
== Aphvs T AT ¢ =
Radiation g f; 3
dominated el
- 172
"I'ph}‘s xaxl

™
-

H_I'x! //"J—_._

Inflation
iph}.sxaerr
-1 ~ .
photons — T
Pre-inflation | decouple
S fﬁi,
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Plausible scenario:

* Pre-inflation: nonequilibrium at super-Hubble wavelengths
(all A\pnys > H ' atsufficiently early times)

* Some nonequilibrium modes enter the Hubble radius,
and do not completely relax by the time inflation begins

* Larger wavelengths enter later, less likely to relax
before inflation begins

* Nonequilibrium possible only for A larger than
infra-red cutoff )\

* Try to predict \. (depends on cosmology)

There is some (weak) evidence for an infra-red cutoff
In the primordial power spectrum
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Relic Nonequilibrium Particles
(to be detected today)

(Work in progress: rough scenario only)

Lower bound

Aphys(tf) > 27H ;' In(ts/t;) of Aphys(ts) > 4xH; ' In(T;/Ty) .

To maximise our chances, minimise the right-hand-side

Want £y assmall as possible (subject to the constraint
that further relaxation can be neglected)

Take ty to betime f4ec of decoupling

Nonequilibrium present at t4ec might persist until much later

Then have lower bound  Aphys(tdec) > 47 H oo In(kBT:/kBTgec

Pirsa: 091001



Rough estimates using the lower bound
Aphys(tdec) > 4mH 3 L In(kgT;/kBTdec)

’\ph}'ﬁ{ tdec) = QdecA. Where agec = TD/Tdﬁ- (with Tp >~ 2.7T K

Hf-l_ﬂi — Etd'ﬂ'ﬂ‘ “'h@re rdE‘C ma}' h'f_‘ ; (1 ] (1 :\Ie\')g
i S

expressed in terms of Tgec using kgl

1 MeV 1 MeV kpT;
)\ = BWI’ l = l
e ’(A-BTM) ( *aTo ) . (A-Brdec)

1 MeV kpT;
b 3.3><1021c111( )m( )
= 4 T A o W

or

Lower bound on wavelength today,
at which nonequilibrium could be found.
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Relic Nonequilibrium Particles
(to be detected today)

(Work in progress: rough scenario only)

Lower bound

Aphys(tf) > 27H ;' In(ts/t;) of Aphys(ts) > 4xH; ' In(T;/Ty) .

To maximise our chances, minimise the right-hand-side

Want fy assmall as possible (subject to the constraint
that further relaxation can be neglected)

Take t; to betime fgec of decoupling

Nonequilibrium present at t4ec might persist until much later

Then have lower bound  Aphys(tdec) > 47 Hy o In(kpT;/kBTgec
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standard Friedmann cosmology with no inflationary period

initial conditions at the Planck era AgT; ~ kgTp ~ 101 GeV

(Or: nonequilibrium relics could be produced by inflaton decay.)
Photons decouple from matter at Ag(lgec)y ~ 0.3 eV

Ay, 2 0.7 x 10°° em (Ridiculous)

neutrinos. which decouple at Ag(Tgec)y ~ 1 MeV

A, > 1.7x10% em >~ 5.5 x 10* pe (or ~ 10° light vears) (Hopeless)

Gravitons decouple at a temperature (Igec)qg < Ip (But can’t
L‘B(Tdec)g = .rg(i..'BTp} ~ .I'g(l()lg GeV) &g fs 1 detect relic
gravitons.

Still hopeless)

Xg@f(0.3 cm)(1/xg)In(1/29) Amax(l K) == 0.3 cm



Relic Nonequilibrium Particles
(to be detected today)

(Work in progress: rough scenario only)

Lower bound

Aphys(tf) > 22H ' In(tp/t;) oF Apnys(ty) > 4wHy ' In(T3/Ty) -

To maximise our chances, minimise the right-hand-side

Want £y assmall as possible (subject to the constraint
that further relaxation can be neglected)

Take ty to betime f4ec of decoupling

Nonequilibrium presentat #4ec might persist until much later

Then have lower bound  Aphys(tdec) > ArH . In(kgT;/ kBT dec
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standard Friedmann cosmology with no inflationary period

initial conditions at the Planck era kpT; ~ AgTp ~ 10° GeV

(Or: nonequilibrium relics could be produced by inflaton decay.)
Photons decouple from matter at Ag(lgec)y ~ 0.3 eV

Ay 2 0.7 x 10°° em (Ridiculous)

neutrinos. which decouple at Ag(Tgec)y ~ 1 MeV

Ay 2 1.7 x 10%° em ~ 5.5 x 10* pec (or ~ 10° light vears) (Hopeless)

Gravitons decouple at a temperature (Igec)q < Ip ==
kB(Tdec)g = rq(kTp) ~ 14(10' GeV) 4<1 detect relic
gravitons.

Still hopeless)

Xg2A0.3 cm)(1/xg)In(1/29) Amax(l K)=>~0.3 cm



Relic Nonequilibrium Particles
(to be detected today)

(Work in progress: rough scenario only)

Lower bound

Aphys(tf) > 27H ' In(ts/t;) of Aphys(ts) > 4xH; ' In(T;/Ty) .

To maximise our chances, minimise the right-hand-side

Want fy assmall as possible (subject to the constraint
that further relaxation can be neglected)

Take ty to betime f4ec of decoupling

Nonequilibrium present at t4ec might persist until much later

Then have lower bound  Aphys (tdec) > 47 Hgc In(kpT;/ kBT gec)
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Rough estimates using the lower bound
Aphys(tdec) > 4mH 1. In(kT; / kBT dec)

’\phys(fdec} = GgecA, WHETE Gdec = TD/Tdﬁ- (with TU ~27 K

Hd_e:: == Qtdec- where tdec INAV be g 1 s) (1 :\It‘\')?
~ (1s

expressed in terms of Tgec using kgl

1 NMeV 1 \MeV kpTli
/\ > Sff..' 1 = ].
e )(A-Brdec) ( *eTo ) . (A-Brdec)

1 MeV kT;
x> 3.3><1021cm( )m( )
= A 7 b

or

Lower bound on wavelength today,
at which nonequilibrium could be found.
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standard Friedmann cosmology with no inflationary period

initial conditions at the Planck era AgT; ~ kgTp ~ 10 GeV

(Or: nonequilibrium relics could be produced by inflaton decay.)
Photons decouple from matter at Ag(lgec)y ~ 0.3 eV

Ay, 2 0.7 x 10°° em (Ridiculous)

neutrinos. which decouple at Ag(Tgec)y, ~ 1 MeV

A, > 1.7x10% em ~ 5.5 x 10* pe  (or ~ 103 light vears) (Hopeless)

Gravitons decouple at a temperature (Igec)qg < Ip (Butcan't
kB(Tdec)g = xq(kBTP) =~ x4l 1012 GeV) x4 <1 detect relic
gravitons.
Still hopeless)

X 2(0.3 cm)(1/xg)In(1/29) Amax(l K)=>=0.3 cm



Rough estimates using the lower bound
Aphys(tdec) > 4mH 3 L In(kgT;/kBTdec)

’\ph}'s”dec} = ”clec*’\' where (ldec = Tg/Tdec (with Tg ~2TK

Hd_ei = Qtdec- where fdec mav be ; (1 ) (1 }Ie\-)i’

expressed in terms of Tgec using kgl

1 MeV 1 MeV kpT;
X2 8wefl s |
e R, (A-BTM)( *eTo ) “(A-Brdec)

1 NMeV kpT;
52 3.3><1021cm( )m( )
= A e e

or

Lower bound on wavelength today,
at which nonequilibrium could be found.
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standard Friedmann cosmology with no inflationary period

initial conditions at the Planck era AT ~ ApTp ~ 10° GeV

(Or: nonequilibrium relics could be produced by inflaton decay.)
Photons decouple from matter at Ag(lgec)y ~ 0.3 eV

Ay 2 0.7 x 10°° em (Ridiculous)

neutrinos. which decouple at Ag(Tgec)y ~ 1 MeV

A, > 1.7x10% em ~ 5.5 x 10* pe  (or ~ 103 light vears) (Hopeless)

Gravitons decouple at a temperature (Igec)qg < Ip (But can't
L‘B(Tdec)g = .f'g(A’BTp} ~ .rg{ 1(}19 GeV) Lg fs 1 detect relic
gravitons.
Still hopeless)

Xg2A0.3 em)(1/xg)In(1/29) Amax(l K)=>=0.3 cm



Ray of hope: Decouples very early, decay

unstable gravitino G. products (e.g. photons)
might be observable today

= g \M2 mg \2[(1TeV)?
kB(Tgec)a = ra(kpTp) = (1 TeV) (23(]) (1() kf'\') ( Mgl )

g. is the number of spin degrees of freedom
at the temperature (Igec)a mgi 1s the gluino mass
me 1s the oTavitino mass
,\G-. Z (0.3 cm)( l/’rql'c‘;) In ( ].f,f..i'f;)

lllustration: take (;;*,;-"230)1/ 2 ~1and (1 TeV /mg 2~ 1

If. for example. mgs =~ 100 GeV. then rz =~ 1072 and A& 2 140 cm.

“1Ow energies, perhaps accessible (dark matter decay?}




Inflaton decay

‘reheating’ perturbative decay of the inflaton

Require:

particles are created at a temperature below their decoupling temperature

Gravitinos

coplously produced by inflaton decayv

significant component of dark matter ?

Decay photons? Violations of Malus’ law?
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Ray of hope: Decouples very early, decay

unstable gravitino G. products (e.g. photons)
might be observable today

E ) G 1/2 I~ 2 /1 TeV 2
kB(Tgec)i = xa(kpTp) = (1 T"‘”(:}:}()) (1(1 ki\') ( Mgl )

g. 1s the number of spin degrees of freedom
at the temperature (Tgec)a mgi 1s the gluino mass
mg Is the gravitino mass
’\C-; Z (0.3 cm ) l/lf;) In ( l/qi'é)

lllustration: take ( ;;,,;":23())1/ “~ 1land (1 TeV, mg;) ~ 1

( mea )2
T o
- 103 GeV

If. for example. mgs = 100 GeV. then rs =~ 107 2 and AG 2 140 cm.

“TOw energies, perhaps accessible (dark matter decay?}



Inflaton decay

‘Teheating” perturbative decay of the inflaton

Require:

particles are created at a temperature below their decoupling temperature

Gravitinos

coplously produced by inflaton decay

significant component of dark matter ?

Decay photons? Violations of Malus’ law?
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End of shide show, cick to exit.




