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Abstract: | will highlight cosmological consequences of models inspired from string theory or non-perturbative approaches to QG. In particular, |
will address the initial singularity, inflation and the late-time accelerated expansion. | will then briefly discuss how recent gravitational waves data
can provide atest for some QG models.
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Motivation:

Can QG theories leave a signal in astrophysical/cosmological observations and GW detections?

f

support/disfavor a QG theory
explain early/late Universe
(AdS/CFT, asymptotically safe gravity, causal
sets, dynamical triangulations, GFT, (initial singularity, inflation, dark energy,
LQG/spin foams, matrix/tensor models, dark matter, ACDM)
NCG, string theory)
test alternative gravity models
QG motivated cosmological model
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String/Brane theory: Extra dimensions b,V W]
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by (electrically neutral) matter open strings = . 15 G

Lorentz invariance locally broken, leading to emergence of vector-like excitations that can lead to an era
of inflation and contribute to large scale structure (enhancing DM component) and galaxy formation
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String/Brane theory: Extra dimensions

Sigma model describing propagation of open strings in a FLRW background punctured by populations
of fluctuating D-particles
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The vector field Aﬂ. denotes the recoil velocity excitation during the string-matter/D-particle interactions
and has field strength F, =0,A, —0,A,
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String/Brane theory: Extra dimensions

For late eras, consider populations of D-particles with fluctuating recoil velocities, which are assumed to
be gaussian stochastic ===m) macroscopically Lorentz invariance is maintained

(u™u™)) = og(t) 6™" , (u™) =0, oalt)=a(t) ™8 .

—

Find the magnitude of the statistical variance of the recoil velocity |8| needed for the D-particle
defects to play the role of dark matter candidates

. ] B (/T2 y2+22) .. (/22 +y2422) - ; : ;
gapdzdz” _ _ b (Va2 +ri+e?) de? + (VT ) a®(t)(dz? + dy? + dz?)

deflection o 1 2 —1/3 graviton eq: [ ]
7 ¢ C(r)—v(r) "0 " - |
of light Ap =2 / P (f'“ )=wir) b_l—’ — 1) dr — = E——— 18] < 10 92

M ~ 10% GeV
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String/Brane theory: Extra dimensions

For late eras, consider populations of D-particles with fluctuating recoil velocities, which are assumed to
be gaussian stochastic === macroscopically Lorentz invariance is maintained

(@mu™) = a3()5™, (@) =0,  od(t)=a(t)|B|.

Find the magnitude of the statistical variance of the recoil velocity |8| needed for the D-particle
defects to play the role of dark matter candidates and providers of large-scale structure

- dr o v(+y/T*4+ys422 2 fx24y?+2z2 9o 5 i 9 2,
Gap dz?dz®: _ _ v(Varie+2) g2 | L(VEH42) 024342 1 dy? + de?)
deflection l"] 12 —1/2 graviton eq: |
] ¢ C(r)—v(r) "0 " _ |
of light A-,-:zl/; (:- (r)=v ’b—,z—l) dr — 7 ————— || < 10 92
My~ 100GV ]
There is a minimum |B| , i.e. a minimum density of D-particles, 10 95 < |ﬁ| v 4
that guarantees a growing mode ‘ ] c esatmctsime %
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String/Brane theory: Extra dimensions

DE contribution

Neutrinos appear as dark matter candidates that could be “captured” by D-particles

After the capture by the D-particle defect, the emerging stringy matter excitation could have a different
flavor than what it had initially

L=

mmmm)  D-particle populations in galaxies act as a “medium” inducing flavor oscillations v, — v,

mmmm) Significant contribution to vacuum energy density from oscillations

compute the average of the neutrino stress tensor w.r.t. flavor vacuum  f '-‘3:(-'] T;u.» EUPf

extra time-dependent o
dark energy contribution | §2,"""% ~ 0.24
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String/Brane theory: Extra dimensions

D-particles may induce inflation through condensation of their (large) recoil velocity

|

dance nanttliatinne in vhe £ it A TR P .
dense populations in the EU, but dilute today

_‘[c <\'Ei H[ ™~ 10_;’ ﬂ[}‘-’{ <‘E'i _ﬁfp}

g a A Planck 2013
) * B Fianck TT4lowP
pr ‘\ B Fisnck TT,TE EE lowf
i, (o] H
For Ng = 0960 we get f\' o STT 35 ! A S
4 ':\\“ =
|

_— e~56-107°<1, np~-17-102«1, £~30-10%«1

and we fix the value of the flux field condensate that induces the de Sitter phase
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String theory: String Swampland

String Theory
Energy scale (Quantum Gravity)
— . String Theory
{Quantum Gravity)

Set of consistent low- Energy scale
energy effective
Quantum Field Theories

ASwamp T

|S wampland

Landscape

Energy Scale

Pirsa: 20070013 Page 11/31



String theory: String Swampland

Swampland distance conjecture (upper bound on the range traversed by scalar fields)

|A¢)| < A ~ 0(1) in reduced Planck units

de Sitter conjecture (lower bound on the derivatives of a scalar potential wrt scalar fields)

‘VqﬁV‘/V > C O(]_) in reduced Planck units

V>0

Trans-Planckian censorship conjecture

g 2
|V¢V|/V — \/(d—l)(d—Z)
‘ ¢, A unknown but close to 1: cosmological implications?
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String theory: String Swampland

Slow-roll single-field Inflation

6o Q2

(14+w)=

o] Qo

€=

()~
p € :
[Ag] < A ~ O(1)

Ap ~ N2 ~ \/17\701_&/2 even fine-tuned “plateau models” are in tension with distance conjecture

A =9 in reduced Planck units

B-mode polarization: r ~ 16e < 0.07 e < 0.0044 : 5 VsV < 0.09

fine-tuned “plateau models” |V4V|/V S 0.02  even more in tension with de Sitter conjecture

\7¢,V|/V > ¢~

Problem: almost all inflationary models include plateau in which |V 4,V|/V — 0 at one or more points in field space

Are Swampland conjectures wrong ? Is infiation wrong?
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String theory: String Swampland

Dark energy (current accelerated expansion)

Dark energy equation of state varies with time

- Ao) = |VgV|/V Alp) = ¢ ~ O(1)

| e ri T {
N . V(¢) = Voe?
i _ -0.90 4
| ¢ | o '
Cosmological Constant Dynamical Dark Energy )
' |
) ) o constant
de Sitter conjecture or. trans- e
Planckian conjecture: cannot _
be a minimum where VV = 0 e.g., quintessence c [ < Of)
-1.00 - o |
0.0 0.2 0.4 0.6 0.8 1.0
Palti (2019) z

incompatible with € ™~ O (1)
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String theory: String Swampland

Dark energy (current accelerated expansion)

Vig)

Cosmolbgical Constant Dynamical Dark Energy

de Sitter conjecture or. trans-
Planckian conjecture: cannot

be a minimum where VV' = 0 e.g., quintessence

Palti (2019)

Dark energy equation of state varies with time

Ag) = [Vav/v [A@) = c~ o)

~0.851

Vig) = Voet?

_. -0.90 f
o - '
| 66 constant
— i ' .
— c< 0.6
-1.00 - e |
0.0 0.2 0.4 0.6 0.8 1.0

incompatible with € 7~ O (1)

Challenge: construct model with ¢ f& 0.6 consistent with QG and not in the Swampland
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Group Field Theory (GFT):

spacetime and geometry should be emergent, as an effective description of the collective behaviour of
different pre-geometric fundamental degrees of freedom

GFT models support the idea of a phase transition separating a symmetric from a broken/condensate phase,

as the “mass” parameter changes its sign to negative values in the IR limit of the theory

Group Field theory Quantum Cosmology (GFC):

goal: model homogeneous continuum 3-geomeftries and their cosmological evolution by means of
GFT condensate states and their effective dynamics

conjecture: a phase transition in a GFT system gives rise to a condensate phase

Suitable to model spatially homogeneous geometries, whose metric is the same at every
point of the space emerging from the condensate
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Group Field Cosmology

= |ocal gauge group of gravity: SU(2)

= the elementary building block of 3dim space is a (quantum) tetrahedron

= specify theory by the choice of a type of field - complex scalar field - and a corresponding action — a kinetic
quadratic term and a sum of interaction polynomials weighted by coupling constants - encoding the dynamics

) o : complex scalar field representing the configuration of the condensate of
= /dﬁi’ (A |0pa|® + V(")) GFT quanta as a function of relational time ¢ (massless scalar field)

( ) o P.igj 2Ny +1 p : modulus of the component of o corresponding
ay ¢) = P3¢ ] € 9 to the spin-j representation of SU(2)
V. ~ 03 73/2 . o .
i~ LpJ elementary volume determined by the chosen SU(2)-representation isotropic condensate state

GFT condensates dynamically reach a low spin phase of many quanta of geometry which are almost
entirely characterised by only one spin j
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Group Field Cosmology: resolution of the initial singularity (a bounce solution)

Assume interactions between GFT quanta as sub-dominant

LASESS S
Liae e
v \? <
: . . 4 ; ? . 9 ' T & D)
Effective Friedmann equation in the semi-classical limit: H-— — H*™ — _q- =
<, | "4 0
- energy density
i 1 &
Grag = 3— q- Effective gravitational constant from the collective behaviour of spacetime quanta
O
4t L g
— — A \ : e
e — ~max & rey
\-\ g e ——— -/ R!'! | \\‘1 e 21 bounce
\'\ x/ I‘ . ;
okt | y Vi, (\ E? +121GQ° - E)
I"-,II l s " i- bounce = 6nCe
l'-, D4l ."l ! L .!
s f E <0 0djy - E: GFT energy
A/ s e g T , [ Q: conserved U(1) charge
(;) = (I). (j) o (I) E; =~ (;;}}“! 4 p?(f;‘})z - :fn:?p?

Q; = p} 0,
A bounce replacing the classical singularity
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Group Field Cosmology: early phase of accelerated expansion in the absence of an inflan field with fined tuned potential

2
e LF!’ e 1" ol
) /
a > LA | il
Vv ~3\V
classical condition for accelerated valid also in the absence of classical spacetime
expansion within std cosmology and absence of proper time
. ' i
4 2F 20 2 Can one get sufficiently e-folds? [N > 60
m? 4+ — > EY g
p? . 9 9
| | / iy O S .
l'._ 3 ,'I / = .';; =~y
| : Pbounce
near bounce: positive Zero It depends on type of interactions

between building blocks
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Group Field Cosmology: early phase of accelerated expansion in the absence of an inflan field with fined tuned potential

CEf - PPN L e o gl T e Ll ol e T s Aancate
Effective action for an Isotropic Gr| condensate

Non-interacting case :

0.119 < N < 0.186

-
et

o 2 2 ’
V(o) = Blo(¢) £ i o|" + —fu"\cr|”
T Tl
w 5 e 3 .
= < 0ODand n =2 5 (n' > n)

sz/johqmﬂ9+vwn

GFT cosmology in the absence of interactions
between building blocks cannot replace the
standard inflationary scenario

GFT cosmology can lead to an inflation-like
era for certain types of interactions between
quanta of geometry
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Noncommutative Spectral Geometry

Bottom-up approach to QG: guess small scale structure of spacetime from knowledge of EW scales

To construct a QG theory coupled to matter, gravity-matter interactions is the most important ingredient
for dynamics

ST: product of a 4dim smooth compact Riemannian manifold M and a finite noncommutative space JF

M x F given by the spectral triple (Aj ’H? D)

2 /A2
spectral action functional Tr(f(Da/A7)) evaluate the trace using heat kernel techniques

~ 2farao(Da?) +2f20%3(Da?) + . J0 aa(Da%) + O(A™Y)
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Noncommutative Spectral Geometry

Bottom-up approach to QG: guess small scale structure of spacetime from knowledge of EW scales

To construct a QG theory coupled to matter, gravity-matter interactions is the most important ingredient
for dynamics

ST: product of a 4dim smooth compact Riemannian manifold M and a finite noncommutative space JF

M x F given by the spectral triple (A, IH? D)

2 /A2
spectral action functional Tr(f(Da/A7)) evaluate the trace using heat kernel techniques

Te(f(D3/A%) ~ 2f1h ag(D3) + 2f2A%a2(D3) + |, fo aa(DE) + O(A?)
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Noncommutative Spectral Geometry

Linear perturbations around Minkowski background

. s 5 2G 3 '1-—%|1"| dt’ ) ) P P
T_he spatial Fomgoqents of h ik (r,t) ~ - ! v I{.-jn\/(:,.z (t— ) —|r]2 ) D* (')
in the far-field limit € Jeo \/(:2 (t — )% — |r|2
ik 3 k00
Dt (1) = _2 dr 2txFT (r, 1) quadrupole moment
5
2
Energy loss to gravitational radiation by orbiting binaries _ dg - |I-|2h2 h’ij
it~ G

Geodesic and frame dragging effects of GR (Gravity Probe B and Laser Relativity Satellite)
Modifications to Newtonian potentials similar to those induced by a 5t force (torsion balance)

Pirsa: 20070013 Page 23/31



Brane/String theory: Extra dimensions

Constraints on the number of spacetime dimensions from GWs

e | ] | 't i

U td Akl RitLpd ) yL | O

: F'.‘_I!In]ll.i‘r.‘JII]“IgL._.._J I.I,I.tl.._d_a.ll. it o4 ':"T"""
| ! |

3 { | i
= i 3 il ke (B PR i
= 2 '"I'h‘-'llL\"I!J:i,"l:lj"'::\|JiIji"-\l, it 1 :"l'hi_r;ul?

GRB 170817A and GW170817
GW event 1.7 s before y-ray observation =~ BNS merger at 40 Mpc
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Brane/String theory: Extra dimensions

/ Constraints on the number of spacetime dimensions from GWs
;-:--h/ Damping of the waveform due to gravitational leakage into extra dim
\\f\ff” Deviation depends on the number of dimensions D and would result to a systematic
/ overestimation of the source dEM inferred from GW data
V ] 1 dEI\'I nq —(D—4)/(2n)
oo T s h o o _ 1+
BB & it s R R
e : Strain measured in a Luminosity distance measured for the
s P TV Y AT Vb i GW interferometer optical counterpart of the standard siren
R i b P R

= Consistency with GR in D=4 dim
= Some models (e.g. the Dvali-Gabadadze-Porrati (DGP) model) are ruled out

GRB 170817A and GW170817
GW event 1.7 s before y-ray observation =~ BNS merger at 40 Mpc
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Propagation of GWs in the context of QG

Long-range nonperturbative mechanism found in most QG candidates:
Dimensional flow (change of spacetime dimensionality)

S = . /dg\/ —g© [huW KR + O(h xw) jpwh,uu}

2;2?

”*k

%

scaling parameter

characteristic scale of geometry generic source term
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Propagation of GWs in the context of QG

Long-range nonperturbative mechanism found in most QG candidates:
Dimensional flow (change of spacetime dimensionality)

S = l f(ZQV _g (0) [hpy}Chiﬂf_{_ ()( ;Ju) jﬂyhﬁﬂ"}

2020

h o< f doJ G

t h(t,7) ~ fa(t,r) (€./r)"

e e . o oo S - & - g T iy s
in radial coordinates, and in the local wave zone
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Propagation of GWs in the context of QG

QG corrections
are important

Pirsa: 20070013

b
AV \
| | J"lrl.'\.' “'.}-rlnv-m :i 1 |
GFT/SF/LQG I,"[ 300 I.':' ves |
Causal dynamical triangulation II 2/3 | \
d (!J) dﬁ.; (!) r-Minkowski (other) [—1/2,1] |
Ccaline narameter HA\4 HiN= Stelle gravity 0
,}\,;.]I.lt‘ pdirameLer ]_—‘({}) B 5 ‘ |
i 7 String theory (low-energy limit) 0 l
g g 2% J
Gl Asymptotic safety I 2 |
Hotava-Lifshitz gravity ', o |
” | \ i
s-Minkowski hicross-product ¥* '|| 3/2 | yes |
i-Minkowski relative-locality V2 Y 2 ves /|
\ I\
Padmanabhan nonlocal model _ LY vy
By P

Contributions to GR
small but non-negligible
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Propagation of GWs in the context of QG

The strain measured in The luminosity distance measured for the
a GW interferometer I optical counterpart of the standard siren

(T _1\ dEM =]
GW __ JEM ’ f,
Ih,'OCl dfi‘w dL —dL 1"‘5 p* ) ) ’}#0
e=%£(y-1)
If there is only one fundamental scale, £, = O({p)), the equation is exactand 7 = L'uv

If E* 'is a mesoscopic scale, then the equation is valid only near the IRregime and v = ' 1es0 &= 1
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Propagation of GWs in the context of QG

When v = I'yv we cannot constrain the deep UV limit of QG, since £, = O(¢p)).
(deviations from classical geometry occur at microscopic scales unobservable in astrophysics)

The only theories that can be constrained in this way are those with = > 1 > T'yy

0 < Do — 1= 042

Only GFT, SF or LQG could generate a signal detectable with standard sirens

Look for realistic guantum states of
geometry giving rise to such a signal
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Conclusions o
e
AN

VRS
e

=
A )

Cosmological models built on quantum gravity theories

M {‘Ih‘ ; ,Il |;-'
h i

Neutrinos: 9.1% - 5%

. CMB: 0.01%

Raryons: 4 £1%

Cold Dark Matter:
V4%

Dark Energy: 67 2 6%

Astrophysical observations and gravitational wave detections offer tests to support or
disfavor quantum gravity theories and, in some cases, assist in model building.
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