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“Quintessence’” models of DE

Ratra, Peebles: Caldwell, Dave, Steinhardt: Wetterich

A classical, minimally-coupled scalar field evolves in a potential V(¢), while its
energy density and pressure combine to produce a negative equation of state
w=plp .

Unlike the cosmological constant, the Quintessence field

admits fluctuations d¢.

« Fine-tuning problem: in analogy with A. the need to tune initial
values of potential to get the observed energy density and equation of state;

- “Coincidence” problem: why p_ ~p, just today ?

— Search for ATTRACTOR SOLUTIONS (“tracking fields”)
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Can we improve on Q?

* Quintessence does get the job done..

* Can the Quintessence field ‘emerge’ from
matter fields (ie. Fermions) yielding late time
acceleration?

* Can the matter effect be intrinsically tied up
with geometry?

ANSWER : YES!
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Neutrino Mixing and Oscillation

f neutrinos are massive, then the weak eigenstates
re not the same as the mass eigenstates:
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PMNS (Pontecorve-Maki-Nakagawa-Sakata) matrix
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What’s Already Known

- Solar neutrinos/Reactor:

— SNO & KamLAND have established v oscillation
—— Amzz:l = 8 X 10-.5 evz-, 812"’ 32ﬂ

- Atmospheric neutrinos:

o Am232 e (2.11’0.8) X 10-3 eVZ, 823" 450

&ngl = m232 >> L\mzzi
8,,and 8,5 are large

Pirsa: 09110138 | Page 9/62




Questions :

o Why is mass scale of neutrinos so small ?

=%7-H.ﬁ-lc ==.mv nLrZ/M=10“3—10_4EV

o about 103 eV ~ accidental or not ?

m, =~ 10%7eV =m° /M

o MaVaNs (Fardon, Nelson, Weiner)

o Does the scale of dark energy and neutrinos emerge from
same underlying physics?

irsa: 09110138

10

Page 10/62






A New Outlook:
Condensates in Cosmology

» Condensates are attractive because they can vanish m the UV (Deber
scale)and IR.

» They can be purely long range (macroscopic)
quantum phenomena.

» They are very common across a wide range of physical phenomena.

» In the context of inflation they could drive inflation and dissapear
at the end (IR) leading to a natural graceful exit. Today we will
address the CC problem with Fermionic condensates.
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A New Outlook: <« P
= Condensates in Cosmology
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BCS Theory: Fundamentals
Key: Correlations
of fermions k f

across Fermi
surface
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SUPERCONDUCTIVITY

Fermi Surface

Rk

GAP ‘-?A ~ e~ 1/EDE)

True Ground State

D(€) =density

of states
The perturbative vacuum (Fermi surface) is unstable, due to

strongly correlated electron pairs.

There is a non-perturbative ground state with lower energy,



Fill The Universe up with Neutral Fermions
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The Theory

* Consider Fermions Covariantly coupled to GR.

-
Sp = -%/ d*ze (t_,i_r'}f‘re;”v#t_b + c.c.)
M

_. 1
V.U =0,V — 144{;’?-”;@
This 1s a generalization of the Dirac action on a curved manifold M, e is the de-

terminant of the gravitational field (vielbein, tetrad) e;*
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BCS CONDENSATION

We have to find the effective potential for the condensate.

We use the modern Path Integrajapproach. Advantage: Covariant

Fierz identity

(Y ¥)(Wrsuy) = (W) + (U3v)? + (U7 ¥) (vnv)

ETAY. B A2
o :/d"ﬂre [(Lﬁ) ] :/d“.re [(ww)/_\ — 11 A2] = Spae T Stree
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A Mediates the Four Fermion Interaction (Homogenous Torsion)
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We have to find the effective potential for the condensate.

We use the modern Path Integrajapproach. Advantage: Covariant

Fierz identity

i

(07 ¥) (W uv) = (V) + (01s¥)” + (V7 V) (Prv)

T2 ) A2
s [atne [BF] - fatne i - 2] <5 s
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A Mediates the Four Fermion Interaction (Homogenous Torsion)










COMPUTE THE EFFECTIVE POTENTIAL

Z - /[DA] [D{E‘![Dc]el(sfpr*'strw) = ][DA]ExiSpﬁ ~ eispff

R

[ dp _ _ =
Sg = Stm—lf Y In(det A,) i

Don’t forget to renormalize...

SP

After tedious calculations:

Peap = Vmin + pn  Energy dependent on number density and chem pot

A* el 3 5 F 2
{_\' (-\ = In A") — 4~ (2N + 3+ 21n A"}}
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COMPUTE THE EFFECTIVE POTENTIAL

L = / ' DA|[DE|[DC e 3 Ster+Stree) — D_\ o= ~ (‘]S*‘“

d

[ d'p
Self = Stres —1/ = 7 In(det A,)
Don’t forget to renormalize...

After tedious calculations:

Pgap = Vmin +— Un  Energy dependent on number density and chem pot

A? ; — =
e I:A-} (-\ _'__)_;_IHA-) T lp‘ ()\ -+ %——— )IHA-}
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COMPUTE THE EFFECTIVE POTENTIAL

Z = [[DA|Dg DS+ = f DAJeSeE ~ ciSea

k

SP

l

d'p . |
S f ©_in(det A,)

(27)

Don’t forget to renormalize...

After tedious calculations:

Peap = Vmin +— p#n  Energy dependent on number density and chem pot
A ek — ‘ = | |

== {A" (-\ " A") — 4p*(2N +3+2In A‘E}]
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COMPUTE THE EFFECTIVE POTENTIAL
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SP
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COMPUTE THE EFFECTIVE POTENTIAL

Z = / [DA][DE|[D(]ei(StertSirm) = f [DAJi ~ oS

Rk

= [ & _ . =
Sef = Siree — 1/ 2x)3 In(det A,) l

Don't forget to renormalize...

SP

After tedious calculations:

Peap = Vmin +— pnt  Energy dependent on number density and chem pot
Az ) . -; ) ), - 2 _ )

=T Al N+ —F InA° ) —4p° (2N +3+2In A°)
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Neutrino Oscillations
Resolve metric compatibility for 3-flavors

Y.
7" wf 1 1

& Cux = E G — = (EEIJKLjﬁLB . ;mu-faax})
[ =3 : x

1 - —=— J
I:int = hf" / dd'}[ e Yp 757&%& UBYsMYR
Pl

Flavors will get reshuffied due to a Fierz transformation:
T = 0 e R T
Op = ¥a¥sY Yat¥B1sN¥B = Ya¥s¥a¥s
+Ua1sUBYAYsUB + UaY UBUAYIVE
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Neutrino mass from condensate
Interaction

P— — * —
L =ivpa0,v"va + vav'vBAAB + (1 4+ v5)AABVAVB.

(1+75)A =ma

Field Equations:
(18, — AaBAL)[6*]* Ve — mATE =0
(iap + )\i.qBAp)[&“]daﬁﬂB — mavgg =0
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Neutrino Oscillations

Resolve metric compatibility for 3-flavors

z

7" a1 1
eiCuik = Z InG— == (EEIJKLJE{_ - ;?}fu-fsax])
— ‘

1 | - i |
Liv = — / d*x e a7 YaUBYsNIUB
Mg,

Flavors will get reshuffied due to a Fierz transformation:

T. l' L] - § —_— _r { _1 {y
Oy = YaTY5Y YAVBYsTIVE = YAYBUAYSB
+U41sUBYAYsYB + UaY ¥BYAIVUB
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An ultrarelativistic neutrino of mass m. traveling a dis-

tance L along the z-direction will have a phase factor

purt = Et —px ~ (E — p;)L. We can simplify matters
2

by realizing that, £ —p = (Eglg ) ~ _E' and E ~ |p|,

leading to:

imiL/2E —im3L/2E Vo

v(t,r). = cosbe 1 + sinfle

Transform Dirac eq into flavor basis by Unitary transformation U
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Neutrino Oscillations

* Consider two flavors

Ve ) = cosBlvy) + sinflin)
L3

In general flavor eigenstate is related to mass eigenstate by:

|V).~l —— Lrail”)i

If a neutrino propagates as a plane wave. then its time
development is

= i : - I
v(t, x)e = cosOe P1rT py + sinfe P27 .
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Final Result

d fre) Am3% sin’8  cosfsiné
za_t ve) | 2E, \cosfsiné cos?6
= ((A+ V2GEN,) Aﬂ/z)] (ye)
New Pediction « Al f2 0 Ve

(see Ando, Mocociu, Kamionkowski) OSCILLATION PROBABILITY

P,, = P, sin® 20.g sin? ( +A—§I—L)

Bog = \/(Asin29 + Aer)2+ (Acos20 — A)?

=N = AmA /2E, umm—m1+w(t)e = —



Conclusion

* The Dark Energy Problem requires new physics

* We propose gravitationally induced BCS
condensate is the answer.

* The bonus is a singxlarity-free cosmology.

* If condensate is neutrino, get a connection
between oscillations and scale of DE.

* On Cosmology side we need to look at effect of
condensate on CMB (Polarization?, Lensing?
Supernovae?)

* We still have to confront this mechanism with the
main culprit, Inflation (work in progress S.A., A.
Kosowsky)






