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The cosmological constant problem
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How does the vacuum gravitate?
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Three related 1ideas by Einstein on gravity

1) General Relativity

(1916)
Rab — %gabR = 81 Ly
2) The cosmological constant VT, —
(1917)
Rab — 1gabI{ — 87TTa,b — Agab '\/S}g“\
2 Y
Y\
3) Unimodular Gravity
(1919) Weinbeli 1987
<Tab> — 87;05 Jab

1 1 . .
Ray — ZgabR = 8m | Tap — ZgabT with VT, =0 <> The vacuum does not
gravitate in UG




Unimodular Gravity:

Conservation of Energy:

Equivalent to General Relativity: symmetries of tangent Sl?fe

with a cosmological constant as a (it
constant of integration! — P N e
T _ vac b \'j ~ 21| ‘
(Tat) 3G e | X NE
The vacuum does not N
gravitate in UG
Traceless Einstein’s Equations: Granted by field quations -\
the tangent space.
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Conservation of Energy: fails if spacetime 1s not
smooth at the Planck scale

Unimodular Gravity
- AN
UG 1s a natural \§
, - N
generalization of GR as an ‘ N |
open system
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Conservation of Energy: fails if spacetime 1s not
smooth at the Planck scale

-« &
re et
P 7‘ S, . P
o @7 =7 @
"V"(-r' -8 » é i
< 7 e ‘
ep ! 4 (/ ¢ ) ¢ \
: .( i e \.\"‘ 1
“.
> e PN N ’ - ‘“’» » 2
at — P rg \\\n ‘
B rem X
| tr e
% i °
o () p 1% AL _ =
‘\ i o i - s
nimoaquiar urayv lty 1 .. <t ; P
’ A Ly - , .'..-' ~ 5 z - -
3 - = . - v - - _. '
i 8 ™ > ¢ " ’.R - A
:l A - asr "’co-‘/ e

‘I;

generalization of GR as an
open system

—

Ingredient 1

1

1
Rab — ZgabR — 3 Tab — ZgabT

Tuesday 23 October 18




Conservation of Energy: fails if spacetime 1s not
smooth at the Planck scale

Unimodular Gravity
- AN
UG 1s a natural \g
o o } N
generalization of GR as an | N |
open system
‘;:;{\5‘3-
Ingredient 1
1 1
Rab o ZgabR — & Tab — ZgabT

Tuesday 23 October 18



Conservation of Energy: fails if spacetime 1s not
smooth at the Planck scale

Unimodular Gravity
- AN
UG 1s a natural \g
o o } N
generalization of GR as an | N |
open system
‘;:;{\5‘3-
Ingredient 1
1 1
Rab o ZgabR — & Tab — ZgabT

Tuesday 23 October 18



Violations of energy conservation in the effective smooth semiclassical
description are to be expected

L.ocal Poincare
invariance is lost at the
Planck scale




Unimodular Gravity without
energy conservation Trace free Einstein’s equations

Rap — iRgab = 3T (Tab — iTgab)

1
Rap — §Rgab +iRgab = 3T (Tab — iTgab)

N —  —
Gab

ivb (R +87T) = 871V*T

Need to satisty the
integrability condition

Jp = 8V Ty dJ = 0
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Need a phenomenological model which: -~

* Only depends on fundamental b
constants. l§ '
. Does not require one to ;
arbitrarily set an initial time for K
diffusion. If you have a model

.5 for the violation of energy
- conservation
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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
(need 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




A mesoscopic model for Planckian friction:

The effect on a test
p article particle mass
, mR
a’ = Uavaub — — Slgﬂ(S ‘ f) 5 5" Scalar Curvature
My R = —87GT = —87G(p — 3P)

dimensionless I

particle spin

constant




A mesoscopic model for Planckian friction:

O OOt . . .
e 3757 | Relational nature of Scale invariant matter
1% AT | discreteness in quantum —> does not sutfer nor
Pl gravity sources friction force
) vl
, mR
0’ = u*Vau’ = asign(s - £) s°

2
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X = —vX +£(¢)
Langevin-like equation )
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Other similar looking equations

R
0’ = u*Vau’ = asign(s - f)m s°
m2
v 1 vV Qpo
U VVP — 2 Ruypo'u S

Papapetrou-Dixon
equation: motion of a
spinning body in curved
spacetimes

Achille Papapetrou, Proc. Roy.
Soc. Lond.,A209:248-258, 1951.




Other similar looking equations

R
a’ = uV,u’ = asign(s - f)m s”

2
mp

1 ~

vigQpro 2 J. Audretsch, Phys. Rev.,
QR“V"GU (877) + O(n7) D24:1470-1477, 1981.

u’Vy(muy,) =

WKB trajectories: fermions
in curved spacetimes with
torsion




Other similar looking equations
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Langevin Equation
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From simple relativistic Kinetic theory

Top quark
approximation
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of the standard
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If you have a model
., for the violation of energy
1 1 R conservation
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Results are In suggesting agreement with observations

TODAY
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Figure 1: Left: The value of the phenomenological parameter « that fits the observe
Aops as a function of the EW transition scale 7T,y in GeV. We see that for 7., =~ 100G

Right: The time dependence of A expressed in terms of the inverse redshift factor 1/z.
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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 they satisty suitable integrability conditions they can be described
in terms of unimodular gravity and they feed a dark energy compo-
nent.

In absence of a fundamental theory a phenomenological approach is jus-
tified. The constraints from low energy Lorentz invariance determined
an essentially unique leading contribution to the nosy diffusion on
standard model particles (analogy with Brownian motion).

The effects are tiny in laboratory experiments. They are also tiny
(when maximal) in cosmology: they affect the cosmological dynamics in
a negligible way.

Such tiny effect produces the cosmological constant during the elec-

troweak transition. It becomes dominant today once the universe has
sufficiently diluted.

If all this is correct, the cosmological constant would be the
first observable manifestation of Planckian discreteness expected
from quantum gravity.
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Possible independent signals:
radiative corrections mn QFT




Radiative corrections make Lorentz violation percolate to low energies

2

1 _ _
L= 5(09) = 220 + (i7" 0, — Mo}t + godie
i | if (Ipl/A)
YED, — mo + i€ yHp, — mo + A(|p|/A) + i€’
2 \ if(|p|/A)

p2 — ME+ie  p2— M2+ A(|p|/A) + i€

Collins, AP, Sudarsky, Urrutia, Vusetich;
Phys. Rev. Letters. 93 (2004).

(p) = A+ p°B + plp" W, W, & + I (p?) + O(p* /A?)

WAY OUT: Observables in QG are relational,
discreteness must be relational
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Leading operators dimensionally allowed

O1 =\ &'V, 6R = A\ ¢R
Oz = Ao 5“15w¢%

Constraints from present experiments and
observations

V. Alan Kostelecky and
) Neil Russell. Data Tables
T = % > 10GeV™ ~ 10_2T6w for Lorentz and CPT
Violation. Rev. Mod. Phys.,
2011.
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Leading operators dimensionally allowed

Lack of energy
conservation has a
negligible effect on the
dynamics of the
background

2.7 K TODAY
' accelerated expansion
41K matter dorminafion
026 eV recombination

matter dominafion
radiation dominaton

oL T T T AL
primordial nucleosynthesis

NPPIPAN S 1 S S I D SR Y

2.5 MeV neufrino decoupiing 0.1s

200 MeV QCD phase transition 10 s

Electroweak phase transiion 0.1 ns

100 GeV

hot Universe
S A S Y O 0 O R

rehealing

Tuesday 23 October 18



Leading operators dimensionally allowed
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Leading operators dimensionally allowed

Lack of energy
conservation has a
negligible effect on the
dynamics of the
background

2.7 K TODAY

accelerated expansion
matter dorminahon

recombination

matter domination
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Can 1t leave an
observable imprint
in perturbations?
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Other formal implications




Entropy production in FLRW cosmology:

VT, = Jy/(87G)

p+3%(p+ P) = d(pa®) + Pd(a®) =




Other formal implications
Unitarity loss 1in the QFT effective description

decoherence with the
environment




Entropy production in general: decoherence 1n a
Planckian discrete environment

R
o’ = u'Vau’ = asign(s - f)m : s°
m2
Hongguang Liu, work in
progress P B o 4
thy" 0¥ (z) —m¥(z) = | d'yD(z,y)¥(y)

Bei-Lok Hu, Esteban
Calzetta, Nonequilibrium
OFT.

ihy"0,¥(z) — m¥(z) = F(z)¥(x)




Black Holes:
Their thermal properties suggest micro-structure

T=
27

o =T0S —PoV
~~

Heat: Energy in molecular chaos

Event Horizon

1st law: 6M — Si(sa 18T + DSQ
U

heat?

SBH =

=~ &
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New perspective on the information paradox

> INFORMATION

R=TRIEVED
IN PLANC KON

D.o.F.

AP, Class. Quant. Grav.
32, 2015.

“““_Planckian co'i.'relations,“"' a

. are deconfined ,' : / -~

HAWKING
RADIATION

extremely-late-observer

Event Horizon

CPT violation in the smooth QFT
effective description!

BH region

Wald 1980,

Collapsing Matter
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New perspective on the information paradox

INFORMATION

R=TRIEVED
IN PLANC KON

D.o.F.

AP, Class. Quant. Grav.
32, 2015.

. Planckian correlations.

HAWKING

~
- RADIATION

4
_are deconfined | . / -
\ﬁik f( = - g\ P\

extremely-late-observer

Event Horizon

Decoherence with discrete micro-structure
imply violations of energy conservation
in the smooth effective description!

BH region

Banks, Peskin, Susskind (1984) - Unruh, Wald (1995)

Collapsing Matter
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Outlook: Lambda, okay. But what else?

. Violations of energy conservation in local experiments (too tiny!)
. Violations of the equivalence principle in local experiments (too tiny)

. Violations of Lorentz invariance of the week type we propose (too tiny)

. Violations of unitarity: nice perspective for the information paradox.

5. Barly cosmology is the natural arena where to test additional effects
(baryogengesis, leptogenesis, structure formation, etc)




NGC 4526 with SN 1994D
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Outlook

Conditions for Baryogenesis: A.D.Sakharov 1967

1. Baryon number is not conserved.

2. P violation

3. Out of equilibrium process (thermal equilibrium makes C'PT symmetry
undo what was built by (1) and (2)).

N . . .. . . .
ew possible mechanism The EW transition triggers CP violation

1. Baryon number is not conserved as well as the QG ettect presented here!

2. P violation

3. C'PT is violated by QG discreteness. :
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Modeling the diffusion from low energy field theory
degrees of freedom to Planckian microstructure

We relax diff-invariance to

GR Symmetry: accommodate violations of energy UG Symmetry:
General Ditteo. (—)mnservaﬁon Volume preserving
gﬁgab _ zv(agb) Diffeo.
0 V=0 <= 0=0
V(abb) = Zgab T Oab Broken Diffeos
The same as Weyl

transformations on shell

gab %(1 | Z)gab

Order parameter for
discreteness probes:
scalar curvature

R=87T #0




Modeling the diffusion from low energy field theory
degrees of freedom to Planckian microstructure

GR Symmetry:
General Diffeo.

ZeGab = 2V (4Ep)

0

v(agb) — Zgab + Oab

Order parameter for
discreteness probes:
scalar curvature

R=87T #0

D ST I EEEE—

dJ =0
trivially true in FLRW

Broken Diffeos

The same as Weyl
transformations on shell

Jab — (1

i)gab

UG Symmetry:

Volume preserving
Diffeo.

V=0 <= 0=0

Vacuum fluctuations do not
gravitate. S.Weinberg 1989




Modeling the diffusion from low energy field theory
degrees of freedom to Planckian microstructure

GR Symmetry: UG Symmetry:
General Ditfeo. Volume preserving

LeGab = 2V (&) \ / Diffeo.
0 va,g b= 0 «<— 6 =0

Viabt) = ab + at
. The same as Weyl
| transformations on shell |

g > (L+ Dgar |

BB
~ .

Order parameter for
discreteness probes:
scalar curvature

R=87T #0




Modeling the diffusion from low energy field theory
degrees of freedom to Planckian microstructure

GR Symmetry: UG Symmetry:

General Ditfeo. Volume preserving

o%,ggab — QV(afb) Difteo.
0 vaf =0 <<= 0=0
V(akt) = 79ab T Oal (™ Broken Diffeos )
The same as Weyl |
transformations on shell |

| gop > (14 D)9

Order parameter for /
discreteness probes:

scalar curvature

R=87T #0

BB
~ .




Modeling the diffusion from low energy field theory
degrees of freedom to Planckian microstructure

GR Symmetry:
General Diffeo.

ZeGab = 2V (4Ep)

0

v(agb) — Zgab + Oab

Order parameter for
discreteness probes:
scalar curvature

R=87T #0

Broken Diffeos
The same as Weyl
transformations on shell

gab %(1 | Z)gab

Both R the preferred volume structure
are natural ingredients of the Planckian
phenomenology we are exploring

UG Symmetry:

Volume preserving
Diffeo.

V=0 <= 0=0




