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Standard Big-Bang Cosmology

i) Universe s expansion and Hubble s law
ii) Black-body spectrum CMB radiation

iii) BBN and primordial elements
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Separate Universe assumption

— N?2dt? — Vij (dxi + N idt) (dwj + N Jdt D ADM decomposition
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Curvature perturbation variable

Lyth, Malik & Sasaki, JCAP 2015 s ~N
dp(flfi) F3H (t,x)[p(t, i) + p(t, )] = 0
dp(t)  ,a(t) o
\ — T 3@[0(?5) + p(t)] = () )

Uniform density slicing & adiabatic pressure
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Problems of SBB Cosmology

i) Horizon problem
ii) Flatness problem

iii) Size/entropy problem

S
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Inflation

Multipole moment [
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with a bonus!

Causal mechanism for generating primordial cosmological [Chibisov & Mukhanov 1981]

perturbations originate as quantum vacuum fluctuations!
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Cosmological perturbations/structure formations

Cosmological fluctuations links early Universe theories to observations

4 )
Fluctuations of matter — large —scale structure

(G

2

Gy = 1

Fluctuations of metric —> CMB anisotropies
\_ J

Matter and metric fluctuations coupled though the Einstein equations!

Fluctuations are small today, and were small in the early Universe: linear perturbations
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Structure formation at work: heuristics
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Inflation and scalar perturbations

= / d*z\/—g {—% n90" o —V( 1D
v )
Slow-roll approximation Flat slicing
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well after horizon crossing
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Linde, PLB 1983
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Chaotic Inflation
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Anatomy of cosmological perturbations

Criteria to bear in mind

— — Horizon >> Hubble radius I—

Matter perturbation

S —

—

_— Perturbations of matter fields are treated classicéﬂjf =

Curvature perturbation is conserved when pressure is adiabatic

~__The classical analysis does not extend to fermion fields perturbations

FIAS, May 31st 2016 11/30



Fermion fields and linear perturbations

Alexander, Brandenberger, Calcagni, Hui, Nicolis, Piazza, Sasaki, etc...

I Pressure perturbations (non adiabatic) and conservation of
curvature perturbations

11 A no-go argument:

56— S(w) =6+ oy

N = (aldla) = (lR! () REVBR! (9) R(@)Ia)|pmzr = ()
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Macroscopic quantum states of matter 1

Dona & Marciano, arXiv:1605.09337

I  Classical background fields correspond to expectation values on
macroscopic (condensed) states

II  Matter perturbations are evaluated as the the first order expansion
of the expectation values on perturbed macroscopic states

o+ 5a\¢2|a + 50z> ‘O(éa)
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Macroscopic quantum states of matter 11

Dona & Marciano, arXiv:1605.09337

111 Density matrix and infrared mode of the macroscopic state
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11 Off-diagonal long ranged order (ODLRO) and vanishing of
correlations at large space-time distances
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Bosonic statistics and coherent states

dSk 1 —ikx T +ikx
¢ (z) = (2 )3 Noaon (ake +a e ) Scalar field
s k

Bosonic Hilbert space and infinite occupation numbers

@) =[] la (k) = []ex®a—"®ar 0) = D (a) |0)
k

k

Displacement operator

D ()" ¢ (2) D (o) = ¢ (2) + ¢a ()
(0] O (6 (2)) o) = (0] O (¢ (2) + 6 (x)) 0}

Dona & Marciano, arXiv:1605.09337
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Matter perturbations at linear order

Dona & Marciano, arXiv:1605.09337

1

Expanding perturbations in the conservation equation

3(C+ w)alp +Bla) = — (o +dalpla + b))

Example: Chaotic Inflation

(o + B o+ 0) = lim “m? (o + da] 6(x) 5(9) o + 50) = 5m? [gacss0 (@)
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Power spectrum of scalar perturbations

Dona & Marciano, arXiv:1605.09337

Slow-roll condition

(lé+3Ho+ V' (@)la) =0 — 3Hea~ —V(ba)
Power spectrum

— 1 Sol Z(x) B 5
Pe wgg<@+ o) 2(x) E(y) |ov + dcv) O
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Fermion fields & macroscopic coherent states 1

Dona & Marciano, arXiv:1605.09337
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auli exclusion principle and quasi particles —
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BCS states as macroscopic coherent states

‘Oz> — ef dSka(k)cJ{c—a*(k)ck ‘O> — D (a) ‘O>

BCS states are SU(2) coherent states
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Fermion fields & macroscopic coherent states 11

Dona & Marciano, arXiv:1605.09337

Linear perturbations and SU(2) rotations

<mw|ﬁ>=A<2-<ﬁ\ﬁ|ﬁ>:A<2-ﬁk
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Macroscopic state & space-time diffeomorphisms

Dona & Marciano, arXiv:1605.09337
6) = (@) = [ (ane ™ 4 al i)
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The coherent states structure is preserved
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Bogolubov transformations & non-BD states

Dona & Marciano, arXiv:1605.09337

Adjoint action of displacement operators

) U(1) bosonic case

/= cos (€ a+ grsin (1€) 8
\ 5 ) SU(2) fermionic case
N = cos ()b — rrsin (€D L~

The macroscopic state obtained is the Bogolubov transtform of the vacuum
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Torsionful connection and fermion fields

Rovelli & Perez, CQG 2005; Freidel & Minic, PRD 2005

SHOlSt——/d4 e|eIeJPU LF, KL(w)

e [ {1 )] 0]

M

Theory with torsion!

[Alexander, Biswas, Magueijo, Kibble, Poplawski...]
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One fermion species: integrating out torsion

S.Alexander,Y. Cai & A.Marciano PLB 2015

Theory with torsion

1 v plJ
Sap = 5, /Md‘lx\e\e?eJRW

1 — ~ _
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Fermionic Matter-Bounce
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Fermioinc matter may violate the null energy conditions!

Armendariz-Picon, Alexander, Biswas, Brandenberger, Magueijo, Kibble, Poplawski...
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Parameter space of the theory

S.Alexander, C. Bambi, A. Marciano & L. Modesto, [arXiv:1402.5880] PRD 90 (2014) 123510
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Superconductive Inflation

Dona, Marciano & Varlamoy, in preparation

An initial macroscopic state of inflation as a superposition of the BD vacuum and BCS

Energy density on the macroscopic matter states of the Universe

n
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The evolution of the initial state define the period for Inflation
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Gravitational perturbations I

S.Alexander, R.Brandenberger & A. Marciano, in preparation

2D — 3H(D + HU) = 4nGa?0TY,
(& + HY),; = AnGa’6T?,

1" / / / 1 -
O+ H2D + V) + (2H +H)P+ 57 (U= D)) by — 2V — ®) ;5 = —4nGa®0T]
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Gravitational perturbations 11

S.Alexander, R.Brandenberger & A. Marciano, in preparation

Perturbed energy-momentum tensor from fermion action V — V (ww)

STO = (Vo) (08} |ogaay:
T = 20 1(0n*y 7 oy (1#1)

(STZ = (5@]‘/" (i) O () WMO(M)
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Conclusions

i) Proposal for matter cosmological perturbations

ii) Fermion fields can contribute to linear cosmological
perturbations

ii1) Spinorial perturbations entail non-isotropic d.o.f. not
present in scalar field perturbations

iv) Richer phenomenology available
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Danke! Thank you!
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