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Abstract: | will explain how dark energy in cosmology could arise from the

noisy diffusion of energy from the low energy degrees of freedom of matter (described in terms of QFT)

to the fundamental Planckian granularity (expected from quantum gravity). This

perspective leads to a natural model resolving the fine tuning problem associated to the small

value of the cosmological constant. However, recent observations suggest that the dark energy

component in our universe might not be constant and shoul d& nbsp; instead have grown from the recombination time to the present.

| will present new ideas suggesting a possible explanation within the same framework.
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Mathematical description of fluids Mathematical description of gravity
(Navier-Stokes) General Relativity

Continuous fluid description breaks The continuum spacetime description
down at molecular scales. breaks down at the Planck scale.

Effective violation of energy
conservation!
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The cosmological constant problem

|
l{,,.f. Py _fj,_.;,l{ N 'l‘,,), .\fj“l,
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Aohs = 1.19 10772 m~?
How does the vacuum gravitate?

':rrlil 1 If::l =
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PA,,, = 10 12"r.r.-‘]l_ ~ (10 2¢V)?

Pirsa: 19110051 Page 4/50



Pirsa: 19110051

Three related ideas by Einstein on gravity

1) General Relativity
(1916)

l
Ra — S9a0R

2) The cosmological constant VT, = 0
(1917)

Ry

3) Unimodular Gravity
(1919) Weinbery 1987

<'r1\ \ '\ va
\ ll’,\:' - ' .‘,u},
R8s

l l : . e,
Rap — J9aR = 87 (T”f' ]ffur,T) with . V*T,, =0 €= The vacuum does not
) gravitate in UG
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'Unimodular Gravity:|

Conservation of Energy:
Equivalent to General Relativity: symmetries of HAEEREApAcE
with a cosmological constant as a
constant of integration’! 7

A,

i &l \ *
"ll i.‘l — - (L J;
\ 10 ?\}T(" J0

The vacuum does not
gravitate in UG

I

Traceless Einstein’s Equations:

| | |
I{uh _llqau'rl{ — {\7 ('1141h _.‘qu-rl‘) T”'I‘”f, — ”
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Input: ~ DVI- 1820x1080p@E0Hz
Output: DI - 1820x 1080i@60Hz

Conservation of Energy: fails if spacetime is not
smooth at the Planck scale

Unimodular Gravity

UG is a natural
generalization of GR as an
open system

Ingredient 1 Ingredient 2

1
R.. _I'q”hl{ = BT7 (T,,;,
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Violations of energy conservation in the effective smooth semiclassical
description are to be expected

Vb Tab = ()

Local Poincare
invariance is lost at the
Planck scale
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Unimodular Gravity without
energy conservation Trace free et

1's ¢quations

Rob — {Rgab = 87 (Tap — ;1 Tas)

1 .
Rap — S Rgas + (R + T)gay = 87T,

v

1
2

G,

VL (R +87T) = 87V"T,,

Need to satsty the
integrability condition

Jy, = 87V T, dJ =0

| .
R, ;R_q“;, = 87T, [v\lﬂl t /l‘ Gab
& 40
\-—v——-./
Dark Enecrgv A
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Can we predict J from QG considerations?

» Only depends on fundamental
constants.

Does not require one to
arbitrarily set an initial time for
diftusion.

T. Josset. AP. D. Sudarsky
PRL LIS (2017)

AL’ D. Sudarsky. J.D. Bjorken

Int.J. Mod.Phys. D27 (2018

AP and D, Sudarsky,

PRL (2019) to appea:

(

[™

vou have a model

violation of energy

conscrvaton

8TV T

l
Eli.y..!,

= :“:T’_l‘“!, {-\IJ + /J] ”uh

\d_\w_n/
Dark Energy A
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Radiative corrections make Lorentz violation percolate to low energies

) ]
9 my o )
{(da)” o + Lvinyto
‘) ‘)

L — Mo + godpuy.

if{|p|/A)
NEpL - g+ Alpl/A) 4 e’

if( pl/A)
p* Mz 4 Allpl/A)

[(p) = A+ p*B + p'p" W, W, £ + D (2 4

WAY OUT: Observables in QG are relational,
discreteness must be relational
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Discreteness and Lorentz invariance

Discreteness could manifest
itself in regions of non

trivial curvature
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Discreteness manifest itself via interactions with the matter that probes it.

To probe Planck scale

we need a breaking of [

scale invariance
(neced a ruler!)

Scalar curvature is the natural “order parameter”

R = 8nGT = 8nG(p — 3P)

This notion encodes in a MEAN FIELD manner the interaction of the
matter degrees of freedom with fundamental discreteness
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A mesoscopic model for Planckian friction:
’—'{‘( 747}? Relational nature of Scale invariant matter
e = ‘%& r | discreteness in quantum = does not suffer nor
O s

ﬁfﬁij/

. 7 gravity sources friction force

b a b C ey mR -,
@ =u Vau =asign(s:-§)—; s
. nes
L}

*t‘

j{. S —““Y —‘—f\((f)

Langevin-like equation [ .,
. . w m- [ v

E = -mu"'V ,(u",) = _Q‘nﬂl(b.ﬂ'n ~ mu'u"V &,
P I

Pirsa: 19110051 Page 15/50



Pirsa: 19110051

On the tensor structure of the force

Langevin-Papapetrou like , N . _.mR ,
equation; noisy diffusion @ =u Vau = asign(s-{) S
due to discreteness.

=
ms

Massless spinning
excitations = 3d
¢« Massive spinning probes
¢xcutatons =
genuine 4d
probes

Tensor structure of the RHS

f"lll' 3 i IJJ‘ ] [.uﬂ

fo xmF,, u"

Scalar excitations
= 1d probes
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Other similar looking equations

b mR

€1 ( - F§
a =u"V,u = asign(s-§) —~ 5

12
m?

Langevin Equation

Page 17/50



N

) tor the violation of energy

It vou have a model

conscrvanuon

1 _ 1 ) -
R, 1 gar R = 87 (T,,g. 1 ;;,,.-.'1‘) J, =87V T,

Ny 4

1 .
l{rnfu ;l{yu). — ‘\-‘w\"l‘m’. [v\l'_l t /.l‘ .r}'uf.
& J 4
\ﬂ_\/—l—-/
Dark Energv A

Pirsa: 19110051 Page 18/50



Pirsa: 19110051

Other similar looking equations

b mR

€1 ( - F§
a =u"V,u = asign(s-§) —~ 5

12
m?

Langevin Equation
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) mR
b a 0 ) / ) )
a =u Vyu = asignls - §) 8
ms
¥

From simple relativistic kinetic theory

ﬂ T ()= /p;,p,, f'(x, p, s, )DpDs,

Jiv

~

8aV*T,, = —drwah f{“ l?\;l(.' \_ﬂ ].a'"i'l‘,J £p

Sum over species

of the standard
maodel

2rah! l{ &

ms Y
i

Top quark
approximation
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Results are in suggesting agreement with observations

f

. ')'T ’ -. X
A= /.1,,(;_r" Ll /'1'1{-&:
. Hl;l X
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N

) tor the violation of energy

It vou have a model

conscrvanuon

1 _ 1 ) -
R, 1 gar R = 87 (T,,g. 1 ;;,,.-.'1‘) J, = 87V T,

N\ 4

1 .
l{'”fl ;l{‘qu). — E\;‘,’l‘”}' [v\l'_l + /'l‘ .r]'uf;
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From simple relativistic Kinetic theory T (a

Ji

/] 0 b - P ”{R b
I u"V,u asign(s-&)—- s

e,

From probability VAT, I m;F, f*(x,p, s, )DpDs,
distribution T ”‘,';e I f (z, p, s, )DpDs,.

evolution

m2 I f'(z.p,s,)DpDs,

fi

(8

C 2 i . . 2
l_\”'[rulj_\ mnth / l‘q““)_\;r . rl)| '3| / | (T(]h(o)_ ."t“l(”)f{() —
o gl

spin distribution

[ | 2Rl £ (p)Dp

m

I m
Thermal average : = 47|s 14+ € |()r( )
Thermal average [ fr(p)Dp [ I~ [ ( g7

) =

’ | {". ‘,'.! ‘ f‘ (-"-!’- '”‘1')[)1’")5"
m; R 8 ,

m

”12

'I“’!

Tp|s|
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)

Page 23/50



Results are in suggesting agreement with observations

Figure 1: Left: The value of the phenomenological parameter a that fits the observed value of
Aoys as a function of the EW transition scale T, in GeV. We see that for T, =~ 100GeV a =~ 1.

Right: The time dependence of A expressed in terms of the inverse redshift factor 1/z.
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Results are in suggesting agreement with observations

f

. ')'T ’ -. X
A= /.1,,(;_r" Ll /'1'1{-&:
. Hl;l X
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Energy lost in a Hubble time

[Ap.l;nw.m =10 ',1] Dynamical effect of the

P) diffusion 1s negligible.

Entropy production in FLRW cosmology:

. P From the first law
From diffusion J, = 87V“T,, i
(thermal equilibrium)

3 , . . .
Joa dt Td(sa®) = d(pa®) + l)ff(”';) pd(na®)

STT(; .
FA'“ 19 '
~ 10

d(pa®) + Pd(a’) =
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Results are in suggesting agreement with observations

Figure 1: Left: The value of the phenomenological parameter a that fits the observed value of
Aops as a function of the EW transition scale Tiy, in GeV. We see that for T = 100GeV a = 1.

Right: The time dependence of A expressed in terms of the inverse redshift factor 1/z.
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What effects could be observable after the EV era?

Lorentz violating operators in EQFT must be suppressed by the
scalar curvature. The leading operators dimensionally allowed are:

O = M\ "V, 0R = \10R
R

W
nm

Oz = MM

i
P

Constraints from present experiments and observations

V. Alan Kostelecky

Neitl Russell. Data Tables
for Lorentz and CP1
Violauon. Rev. Mod

(H |

> 10787, = 10 GeV
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Estimate of the force in astrophysical objects
(e.g. Neutron stars)

n | X y
a— sign(s-£)R s
m

M m®

YT T T -
A % =i fr far
DEER AL -y
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What effects could be observable after the EW era?

All effects seem extremely tiny as matter densities go down when
the universe grows. Nothing remarkable or interesting seems (o
happen after the EW era.

However, observations strongly suggest an anomalous behavior of

the expansion of rate of the universe near present times (the so-

called HO tension). Dark energy would need to grow from the

CMB tume to today to account for supernova data. Riessetal 2019 find a
4.4 sigma scparation between the value of HO determined from supernovae and the one from the CMB

(Planck 201%)

Could our 1deas say something about that? Maybe, notice there is
a entirely new thing happening after recombination leading to
high densities again: this 1s the formation of structure and the
possibility of gravitational collapse, 1.e., black holes form.
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Generalizing the friction effects to black holes treated as
effective particles

- Model for Model for black holes
fundamental particles

. ‘ n _ Mo . ,
u" VvV, u 0 ssign(s- R s TLAUNTS - sien(s- )RS

(1] Gy
I

M )
anh — sien(s - SR (s - s) o’
”-;"

Black holes are simple systems with the same

‘quantum-numbers’ (mass, spin, gyromagnetic R 2

ratio) as point particles (no-hair theorem).
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Generalizing the friction effects to black holes treated as
effective particles

- Model for Model for black holes
fundamental particles

. ‘ " _ M . ,
u' Vo u o— sieni(s - )R s TLAUSRT, - sien(s - RS

~sien(s - E)R (s 8)u”
3

Rotational invariance 1s might not
be an exact symmetry 1n quantum
gravity. The ground for exact

conservation of spin is lost.
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Generalizing the friction effects to black holes treated as
effective particles (work in progress with D. Sudarsky)

Model for Model for black holes
fundamental particles

o _ Mo P
u'V,u* = a— sign(s- )R s' u"V i sign(s- (R &

114 s T
f p i’l‘_

~sien(s - E)R (s 8)u”
L

For a given mass, spin-less black
holes maximize their Bekenstein
Hawking entropy. This term 1s opening
a channel for ‘thermalization’
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Generalizing the friction effects to black holes treated as
effective particles (work in progress with D. Sudarsky)

Model for Model for black holes
fundamental particles

o _ Mo P
u'V,u* = a— sign(s- )R s' u"V i sign(s- (R &

114 s T
f p i’l‘_

~sien(s - E)R (s 8)u”
L

For a given mass, spin-less black
holes maximize their Bekenstein
Hawking entropy. This term 1s opening
a channel for ‘thermalization’
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Phenomenology of the translational term
M

u'V o u” = ag,,— sign(s - R S
(1] B
b
- M o )
u\ ns X, - s1gn(s OR (s s)u
i

»

MA'R o
) ; 1'||,|,1||"(
o, ) M.

For a macroscopic system like a BH these
coupling need not be order 1. ¢.g.. could be
suppressed the square root of the number of a
suitable number of quanta involved

"Arca quanta’ model ‘Mass quanta’ model
., ' M ] ", | F | MO\ ¢
“I' - - ‘ l’ulll” v i als . > | | < al? 0+ )
bh Ty Fanc bh ( Y2 ) h |.4.\ M | Fane | lagp 10 v

(]'\’II‘ 1I] I -' e ( lr\f ]
Wi J
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Phenomenology of the translational term
M

u"V  u” (apLhL -sign(s - R 8!
f'l}"

But the sign function nceds to a regularization near

\JE.“: zero. This regularization has no effect in the

ultrarelativistic limit where Lambda was calculated.

"Arca quanta’ model ‘Mass quanta’ model

p1 Mp . F < 4a 10¢ = ' p2 [ Mp . o | < a2 10 M )
"M o A A Y - Fiuc| N (‘”
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Phenomenology of the spin friction term

M

e l.:..\.\ Y,

B. P Abbott ¢f al (LIGO Scientific. Virgo). (2018), arXiv: 13

Caveat: in the previous solution we neglected the fact that the mass ot the BH changes as spin 1s slowed

down (a process that we assume, for concreteness, to be "adiabatc’)
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Energy available (rotation dominates)

[Tanslational energy 1n a galactic Rotational energy in a maximally
BH rotating BH

0.3 M.

Galactic BHs are highly non 30% of the initial energy is
relativistic available!
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Energy available (rotation dominates)

A
2

= bh
n

!
> Rop (s-5)

Spin BH friction, if present, could
significantly contribute to the
orowth of dark energy in
cosmology at late times that is
needed to resolve the HO tension.

Rotational energy in a maximally
rotating BH

0.3 M.

30% of the initial energy is
available!

Page 40/50



Pirsa: 19110051

The HO tension

Ricss et al. 2019 finds a 4.4 sigma scparation between the value of HO
determined from supernovac and the one from the CMB (Planck 2018),

“A new feature in the dark sector of the Universe appears increasingly
necessary to explain the present difference in views of expansion from the

beginning |[CMB times| to the present.”

[t 1s claimed that the problem can be alleviated it w < -1 for the dark energy
component (phantom dark energy). This 1s very problematic because such
cquation of state violates the dominant energy condition (faster than light

cnergy propagation).

Our scheme can accommodate a growing dark energy component without

violating the dominant energy condition. The equation of state of dark energy

Is strictly w = -1,
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The basic idea (work in progress with D. Sudarsky and E.
Wilson-Ewing)

Measured angular scale ['he sound horizon

in the CMB (inferred trom local
\ s physics at the CMB)
A poor-man ’

determination of HO from
Radius of last scattering
= surface (calculated using

observations : _ vz = 1090

the complete analysis uses all data .
from the CMB observations and ) H ,]
b = o) — \ s

a cosmological model for
Hiz)
BAO phvsics to deteguipg HO

Our paradigm
I'he mput 1s a dark-energy component growing with time at
the expenses of energy diffusion from hg matler sector,
A(t)

Pra 1 '{'Hf"“ - Sl

34

1 4+ 2
( dz
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Model A: The sudden jump of dark energy
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Model A: The sudden jump of dark energy

]

model \ £ ACDMy . \ wdel (o \ bt
o — Hy<™ L (" (zenms) — 257" (2emn)
r(rl”Ifl']" 2 }Hr,‘,,p.\('[)\l'l_:(-\_”g!

T

20 level
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Model B: Dark energy growth as a power of the scale factor
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Dark energy growth as a power of the scale factor

ACDM
mno )

sn maodel \ 2 ACDM; . \ nodel f . vy 2
1 (HE" — HY ) ‘ 1 (.r',,, (zemn) = o [‘('.\m.')
2

noy H§" (zcmB)
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Discussion

Violations of energy momentum conservation are natural in an effective
description in terms of smooth fields of a physics that is fundamentally

discrete (quantum gravity).

When thev satisly suitable mtegrability conditions they can be described
m terms of unimodular gravity and they [eed a dark energy compo-
nent.

In absence ol a handamental theory a phenomenological approach is justi-
ficd. The constraints from low energy Lorentz invariance lead to an essen-
tially Illliqll(' leading contribution to the nosy diflusion on standard

model particles.

The effects are tiny in laboratory experiments.  Thev are also tiny
(when maximal) in cosmology: they allect the cosmological dynamics in

a negligible way.

Such tiny effect produces the cosmological constant during the elec-
troweak transition, It becomes dominant ‘.()l].l_‘.’ once the universe has

sufliciently diluted.
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Discussion

Butl observations suggest that dark energy is growing again in the recent

ili‘\]ill'\' ol '.l}l' unmverse,

After the recombination, densities become large again in gravitational
t'u“.l;ut, Black holes might be an ilu[)(:lt.ml part ol the matter mn galaxies.
Black holes “interact” directly with the Planck scale (singularities. non-

locality ol QM) and are simple as point particles in some respects,

Applving our cllective equations for lundamental particles to the case of
black holes a whole and wide range of phenomenological implications opens

up.

In particular., energy loss associated associated to the slowing down of

BHs seem sullicient to alleviate :]M':l‘“lp\ solve (work in Progress)) the Hy

tension.,

This oflers a channel lor thermalisation of BHs to thewr maximum entropy
state which would be compatible with what is so lar scen in gravitational

wave detections
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Written in the stars (last paragraph of the press
release 2011 Nobel Prize in Physics for S.
Perlmutter, B. Schmidt, and A. Riess.)

The acceleration is thought to be driven by dark
energy, but what that dark energy is remains an
enigma — perhaps the greatest in physics today.
What is known is that dark energy constitutes
about three quarters of the Universe. Therefore
the findings of the 2011 Nobel Laureates in

Physics have helped to unveil a Universe that to a
large extent is unknown to science. And
everything is possible again.
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Thank you very much!
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