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cosmologly

EU models tested with

- accurate as’crophgs’wat data (CM®B)

- high energy experiments (LHC)

despite the golden era of cosmology, a number of questions:

" origin of PE/ DM

= search for natural and well-motivated inflationary wmodel
(alternatives...)

are still awaiting for a definite answer




main approaches:
" string theory

" LRC, SF, Wiw/, CDT, CS,...

" noncommutative spectral geometry
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at low enerogies:

gaunge symmetries
diffeomorphism tnvariance local gawge invariance

this difference may be responsible for difficulty in finding a
unified theory of all interactions including gravity




L addition:

why & s U(1) x SU(2) x SU(3)?

why fermions occupy the representations they do ?

why 3 families / why 16 fundamental fermions per each ?

What is the origin of Higgs mechanism and SSB ?

what is the Higgs mass and how are explained all fermionic masses?

to be answered by the ultimate unified theory of all interactions
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" NCG : bottom-up approach

guess small-seale structure of ST from knowledge at W scale

RS nmmp ST Ls 0 Wildly noncommutative manifold at a very high energy

at an intermediate scale (few orders below planck scale) the algebra of coordinates

ts only a mitdt@ati\/e atgebm'of matrix vatu@

SULEADLY chosen vy SM coupled to gravity

" string thggrg : top-dowwn approach

derive SM directly from planck scale physics




SM as a phenomenological model, which dictates geometry of ST,
so that the maxwell-dirac action produces the SM

geometric space defined by the product M X F ofa

continuum compact riemanniaon manifola M and a t’w»g
discrete finite noncommutative space J composed of 2 polnts

geometry: tensor product of an internal (zero-dim,) geometry
for the SM and a continuous geometry for space-tinme




SM as a phenomenological model, which dictates geometry of ST,
so that the maxwell-dirac action produces the SM

geometric space defined by the product M x F
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2-dim ST With an “Lnternal” kaluza-klein space attached to each pamt

the “fifth” dim is a discrete, O-dim space




NCSqG based on 3 ansatz:

at some energy level, ST is the product M X F

real spectral tr’qate
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nvolutive algebra

(nformation carvied by metric)

complex Hilbert space carrying
a representation of the algebra

the axioms of spectral triples
[mplg that the Dirac operator
of the internal space is the
fermionic mass matrix

self—aajb[nt operator

focus on D £ instead of g1
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NCSqG based on 3 ansatz:

L. at some energ Y level, ST is the product M X F

real spectral terLe
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algebra of smooth aaw//acllgx pirac operator om A
valued functions on

H= LM, 90K

YT
space of square integrable
Dirac spinors over A

spectral geometry given by




| [. the finite dimensional algebra AF is (main input):

left-right syymmetric algebra

algebra of quaternions H — M

e I
(0
i - i

however

" moolel should account for massive neutrinos § neutrino oscillations

> cannot be left-right symmetric model

» NC&G lmposes constraints on algebras of operators tn Hilbert space

= avolid fermion doubling




| . the finite dimensional algebra AF is (main input):

algebra of ;
quaternions algebra of complex k x k wmatrices

- the existence of 3 generations s a physical tnput
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Da=Dr+ A+ JAT!

cut-ofF function fixes the energy scale

a positive function that falls to zero at
lﬂl/gf values of tts argument 1y
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action sums up eigenvalues of D4 which ave smaller than A

evaluate trace with heat kernel technigues:

F(D?) = f(Da)




{1 cut-off function nmmmp its taylor expansion at zero vanishes
) the asymptotic expansion of the trace reduces to:

"

' A) ) - Eiiﬁl ag + 2N° faas +: foay

f plays a (ole through tts momenta  Jfo, [2, 4

real parameters related to the coupling constants at unification,
the gravitational constant, and the cosmological constant




the full lagrangian of SM, minimally coupled to gravity in
euclidean form, obtained as the asy mptotic expansion (in tnverse
powers of A) of the spectral action for product ST

chamseddineg connes, marcolli (2007#)

K £eeeeee e :
: the discussion of phenomenological aspects

: relies on a wick rotation to imaginary time
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= full SM lagrangian
" majorana mass terms for right-handeo neutrinos

" gravitational § cosmological terms coupled to matter

> EH action with a cosmological term

> topological term

?the coefficients of the gravitational terms depend wupon
the yukawa parameters of the pavticle physics content




noncomimnutative

geoimnetry

3 E

Clonnes

J

almost Connes oravity

commntative + Yang-Mills-Higps ansatz

geoimetry + constraints
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ST is a parallel universe;
each copy Ls a 4dim manifold

algebra of 4x4 complex matrices,
decomposed into 1x1 and 3x3 matrices |

sl SPLIE Detween Leptons § quarks algebra of 2x2 quatermionic
matrices, broken by chirality

opem’cor to

fermions: Live on both universes

higgs doublet: connects right to left sectors tn gquaternionic universe
mp this joining gives mass to quarks ano Leptons




describe possible choices of Dy

yukawa parameters ano wmajorana terms for VR
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cyitlelsms

" stmple almost commutative space
extend to less trivial noncommutative geometries

" purely classteal model
Lt cannot be used within EU when RC cannot be neglected

" action functional obtained through perturbative approach tn
Lnverse powers of cut-off scale

Lt ceases to be valid at lower energy scales (astrophysics)

" model developed L euclidean stgnature

physical studies must be done in lorentzian signature




the two-sheeted geometryy Ls the construction that cﬂm
lead to the gauge fields required to explain the SM

the NCS&G classical construction carvies in the
Aoubling of the algebra the seeds of quantisation:

sakellariadou, stabile Vitiellp, PRD $£4 (2011) 045026




X-sgstfm: open
max(t) +~z(t) = f(t) Y . ,
L) jrit)y = J(t, (Adissipating) b st vp
S ST canonical
. formalismd
constraint condition at classieal Level tintroduces new coordinate Y '

i o lor-LOgrange eqs:

d OL f L f d oL f OL f R

Ly(z,9,2,y) = may + o (z9 — y&) + fy
dt Jy vy dt Oux O “

{x — g} is a closed
systfm

canonical formalism for dissipative systems




my — vy + ky =0

o(t) +y(t) ey = ) — ()

DB, ...
A; = S€ix;

L= %(CIZ’% N .CU%) T %(:.ElAl -+ fb2A2> —ed O = ( ,I,_‘*f ) {;'J.l‘-'.-’. _ -*"EE

= doubled coordinate, e.g9. L2 acts as gauge field component A,
to which L1 coordinate Ls aovqsLeol

" energy dissipated by one system is gatned by the other one

" gauge fleld as bath/resenvoir in which the system is embedded




ma +~yr + ke =10 my — vy + ky = 0

meose constraint

Huly) =0

to define physical states and guarantie that H is bounded from below

this constratnt tntroduces tnformation Loss




my — vy + ky = 0

H — i i £i(q) Lmpose constraint
— Huly) = 0

to define physical states and guarantie that H is bounded from below

Ph 5chaL states are tnvariant wnder time reversal and per’uoo{’waL (T )

H(7)]1(0)) g = e = efoT

dissipation term tn H of a couple of classical damped-amplified
oscillators manifests itself as a geowetric phase




my — vy + ky = 0

H — i i £i(q) Lmpose constraint
— Huly) = 0

to define physical states and guarantie that H is bounded from below
Ph 5chaL states are Lnvariant under tivee reversal and per’uoo{’waL (T )

H(7)]1(0)) g = e = efoT

<¢n(7-) ‘H‘wn(7)> — fLQ (TL + %) p— hQn +{:.E'O.:} due to interaction

With eniromment

dissipation term tn H of classical dawped-awplified oscillators
manifests itself as geometric phase and Leads to zevo polnt energy
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chamseddineg, connes, marcolli (2007#)




"algebra A rof the discrete space F o by (93 G M {€3)

}

42 = 16 fermions (# of states on Hilbert space) per family

" gauge bosons: tnner fluctuations along continuous directions

" Higgs doublet: Lnner ﬂuatuatiows along discrete directions

" mass of the Higgs doublet with —tive sign and a gquartic term
with a + sign el wechanism for SS®B of BW symmetry




" assuming { is approximated by cut-off function:

normalisation of kinetic terms:

E . D
sin” Gy




" assuming big desert hypothests, the running of the couplings
;= g?/(llﬂ) .1 =1,2,3 wupto1-loop corrections:

" big desert hypothesis approximately valiol &

" { can be approximated by the cut-off
function but there are small deviations




" see-saw mechanism for 11, with large TNy ieht —handed

" constraint on yukawa couplings at unification scale:

= mass of top quark:

oooooooooooooooooooooooooooooooooooooooooooooooooooooooo

oooooooooooooooooooooooooooooooooooooooooooooooooooooooo




n zeroth order

approximation: TIhj ggs ;\J.:-l’?o Gev

o sensitive to the value of unification scale
o sewsitive to deviations of spectral function from cut-off function

éthe higgs mass will be determined bU constaering higher oroler§
: corvections and lncorporating them to the appropriate RGE

there is a real scalar singlet associated with the majorana mass of
right-handed neutrine; this field is nontrivally mixed with higgs

respom,s’ubLe {or breakdowwn of symwnetry of discrete space:

Lol My L)

connes, chamseddine (2012)
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welson, sarellariadou, PRD £1 (2010) O0£5038




bosownic action in euclidean signature
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gravitational § coupling between Higos field and Ricel curvature

i couations of motion

matter

T ALK
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neglect nonminimal coupling between geometry and higgs
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corrections to elnstein’s egs. will be apparent at
leading order, only in antsotropic models

bianchi VvV

Gup = diag [—1, {ai(t)} e




Ay = Agdy — Azdy — Ay — Ay — Ay + 3]
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. 000000000000000000000000000000000000000000000008000000006000000000000000000000000a0de See
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: we@Lec’chg wowmummm covqaLW\,@ betweew
@eome‘crg and higgs field, NCSG corrections
: to einstein’s egs. are present only in
A, (t) — Ina; (t) . Lnhomogeneous and ausotropw spacetwws

S

e

-

+3 ((4en) +(4e2) )

(e (A7) [ A (1) 5 (e )
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at energies approaching higgs scale, the nonminimal coupling of
higgs field to curvature cannot be neglected

equation of motion:

RM %(] HY o — hz 1 _—

0 W T]f]f]_ atter

the effect of a nonzero higogs field is to create an
effective gravitational constant




alternatively, constder the effect on e.o.m. for the higgs field

actlon for pure higgs field:

£ = () Y DoH) DBl (ol + A JH

the self interaction of the higgs field is increased:

— o2 = — (o +£) [H

the nominimal coupling of the higgs field to the curvature
lncreases the higgs mass




redefine higgs:

rewrite higgs lagrangian in Lig = —EH|? + 3| D*H||DH| gas — poH|* + Ao|H|*
terms of +dim dilatonic gravity

Link with compactified string models




chameleon models
scalar fleld with nonminimal coupling to standard matter

NCSG
scalar field (higgs) with nonzero coupling to bekg geometry

mass § dywnamics of higgs dependent on local matter content

link with chameleon cosmologly
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welsom, ochoa, sakellariadou, RD £2 (2010) 085021

welson, ochoa, sarellariadou, PRL 105 (2010) 101602




linear perturbations around minkowski background in
sywnchronous gauge:

g = diag ({a(t)}? (=1, (055 + Ry (2))))

linearised egs. of motion from NCSG for such perturbations:

O 5 o = 52 267C

L
4 matter

with conservation eqs:

QQ plays the role of a mass, so it must be positive nmmmmpp oy < ()
__ =30

Qo) — 1072

g: fo B .
212 T 4 3




constraint on curvature squaréd terms (of different form but of the
same order to the weyl term) from orbital precession of mercuryy

stelle (197S)




energy lost to gravitational radiation by orbiting binaries:

strong deviations from GR at frequency scale

2w. = Bec ~ (foG)2c

set by the mowments of the test function {

scale at which NCS& effects become dominant




Binary Distance| Orbital [Eccentricity | GR

(pc) |Period (hr) (%)

PSR JO737-3039 | ~ 500 2.454 0.088 0.2
PSR J1012-5307 | ~ 840 14.5 < 107° 10
PSR J1141-6545| > 3700 4.74 0.17 §
PSR B1916+16 | ~ 6400 7.752 617 0.1
PSR B1534+12 | ~ 1100 10.1 ? 1
PSR B21274+11C| ~ 9980 8.045 0.68 3




restrict 3 b Y requiring that the magnitude of deviations from

GR must by less thaw the uncertainty

Binary Distance| Orbital [Eccentricity | GR

(pc) |Period (hr) (%)

PSR JO737-3039 | ~ 500 2.454 0.088 0.2
PSR J1012-5307 | ~ 840 14.5 < 107° 10
PSR J1141-6545| > 3700 4.74 0.17 §
PSR B1916+16 | ~ 6400 7.752 617 0.1
PSR B1534+12 | ~ 1100 10.1 ? 1
PSR B21274+11C| ~ 9980 8.045 0.68 3

approximate accuracy to which the

rate of change of ovbital period agrees
with predictions of GR



JO737-3039
J1012-5307
J1141-6545
B1913+16
B1534+12

704 x 1014
} > 3.90 x 10713
} > 2.309 x 10713

- 1.83 x 1013

B2127+11C | 5> 2.30 x 10712

future vbservations of rapidly orbiting binaries, relatively close to the
earth, could tmprove this constraint by many orders of magnitude

amplitude of effects is proportional (1 —2w/ cﬁ)_1
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lambiase, sakellariadow, stabile, arxiviizo2.2336 [gr-gcl




gravity probe &

the satellite contains a set of gyroscopes in Llow clreular polar
orbit with altitude h=650 km

geodesic precession tn the orbital plane

Lense-Thirring precession in the plane of earth equato

Effect Measured Predicted
(deodesic 1'_}1‘{‘.1::11:'j'r::4.i+:;:r11 6602 + 18 6606

Lense-Thirring precession 372472 39.2

milliaresee/ yr




e.0.m.. for gyro spin 3 vector S:
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nelson, sakellariadow, PLB 6RO (2009) 263

buck, fatrbairn, sakellariadou, PRD £2 (2010) 043509




proposal: the higgs field, could play the role of the inflaton

but
GR: to get the amplitude of density perturbations, the higgs
mass would have to be 11 orders of magnitude higher
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L unconstrained

(H)|[v/—q d*r

I & 5%@2&6 to radiative
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s function of energ Y

yukawa and majorana
PArAMELErs subjfct to
rRGE




abwm: flat potential through 2-loop quantum corrections of SM

classical potentinl: V(H) = \NH" - uiH?

for very large values of the field H , one needs to caleulate

the normalised value of the parameters )\ and (4
0




effective potential
at high energies:

for each value of

MMtop there is a value
o Mlhiges where

Vi s on the verge
of Adeveloping a
metastable minimum
at large values of H

anad Vhi ggs
locally flattened

LS




H,D,D//mch

= calculate renormalisation of higgs self-coupling

= construct effective potential which fits the RG lmproved potential
around flat reglon




for inflation to occur via the higgs field, the top quark
mass fixes the higgs masss extremely accurately

region where V- becomes flat ts navrow, so slow-roll must be very slow

€ wneeds to be too small to allow for sufficient e-folds, and then
(V* / E*) 1/4" becomes too large to fit the CM®B constraint
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Beexcluoleo from

R potential (WMAP)
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1/4 | PO’C@VL’CWL L
(V;/ 6*) ] units of K
for minimal

WMAPF : coupling
I71.2 1714 1716 171.8 1720 1722

: . ! ! P O B P B
171.3 ._.{.Tl.ril 171.5 1716 171.7 171.8 1719 172 172.1 1722
: m (GeV)

maximum value of the first slow-roll
parameter at horizow crossing for
minimal coupling

4




running of the gravitational constant and corrections by
considering the de sitter background oo ot fovouy the
realisation of a successful inflationary ern




can we have inflation without introducing a scalar fielol?

the arb’utra@ mass scale in the spectral action for the Dirac
operator can be made dynamical by introducing a dilatown field,

D/A — e 2/2De—2/2

1+ dilaton decay constant

dilaton  scalar field

could this dilaton field play the role of the inflaton?




COBLASILONLS




how can we construct a quantum theory of gravity coupled to matter ?

" purely gravitational theory without matter

below planck scale:  continumum fielods and an effective action

NCSG:

SM fields and gravity packaged tnto geometry and matter on o
Raluza-klein noncommutative space




alain connes’ formulation of NCG:

mathematical/physical notions deseribed in terms of spectral
properties of operators

mapping
a{/m: diﬁerewtia[/ geometra e » aLgebYQLO termes

topology of space deseribed in terms of algebras

NCSG depends cructally on choice of algebra Ar represented on
a Hilbert spaceH F awnd the Dirac opevator [) r




hysical picture of the discrete space

I ()

o Left/right-hawded fermions are placed own two different sheets

0 Higgs flelds: the gauge fields tn the diserete dimensions

0 lnverse of separation between the two sheets: BW energy scale

p[cmrg similar to the randall-sundyvum scenarip

+dimm brane embedaed into Sdim manitold as 3dim brane

Plﬂdfﬂ/ at x5 = 0 y L5 — TT compactification







