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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 o¢.

« 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!

Pirsa: 09110138



Can we improve on Q7

» 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!




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!

Pirsa: 09110138



Neutrino Mixing and Oscillation

f neutrinos are mass
4
!

[ ]
0 ™

ive, Then the weak eigenstates
re not the same as the mass eigenstates:

PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix

( Ve : (Utl Ufl Ue3 \/Vl :
A v, U, U

7 4 u3 V”

\ Url Urz Ur3 v

b"w\

+ 1 complex phase A a——

<
1

m, m, m-
irsa: 09110138 + 5

-
M' ;l ! :' &" 7 Page 8/62

23



What’s Already Known

- Solar neutrinos/Reactor:

— SNO & KamLAND have established v oscillation
— Am%,,=8 x 107 eV2, 0,,=~32°

- Atmospheric neutrinos:

- Am232 == (2.11'0.8) x 10_3 BVZ, 823" 450

lmagl -~ m232 >> ﬁmzzl
8,,and 6,5 are large
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Questions :

o Why is mass scale of neutrinos so small ?

L =%7-H H-1°=m =v* /M =10" -10"eV
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?
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A New Outlook:
Condensates in Cosmology

» Condensates are attractive because they can vanish i 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:
Cond . t— -
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» 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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BCS Theory: Fundamentals

Key: Correlations
of fermions k I
across Fermi
surface
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SUPERCONDUCTIVITY

Fermi Surface

k

cap = M ~ e~ 1/EDE)
True Ground State

D(g) =density
of states

The perturbative vacuum (Fermi surface) is unstable, due to
strongly correlated electron pairs.

Ther® 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.

k
— -%/ d*ze (:E'y‘re;“vﬂw - c.c.)
M

This 1s a generalization of the Dirac action on a curved manifold M., e is the de-
terminant of the gravitational field (vielbem, tetrad) e;*
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BCS CONDENSATION

We have to find the effective potential for the condensate.

We use the modern Path Integraj approach. Advantage: Covariant
Fierz identity
(VY ) (W) = (V) + (V) + (U7 ¥) (¥nv)

Y2 5 A2
Sint :/d4.re [(Lit[p) ] =/d4.re [(ww)A— li A2] = Sinam + Stree
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A Mediates the Four Fermion Interaction (Homogenous Torsion)
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COMPUTE THE EFFECTIVE POTENTIAL

Z = / [DA][DE][DC et t5tree) = / [DA]e'F ~ 'O«

k

SP

!

= Vmin +— #n  Energy dependent on number density and chem pot

A'z = - 3 3 9, . 9
= [;- (_\ +Z+In A-) — 422N + 3+ ElnA'}]

. & |
Se=2S5..—1 / .)...1,34 In(det A,)

t__u.

Don’t forget to renormalize...

After tedious calculations:

Pgap

1672
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COMPUTE THE EFFECTIVE POTENTIAL

Z = / ' DA||DE|[DC] f*‘(sf“'+5*’““) E ’DA ! y plOeff ==

4!
- % i / P in(det A

(27)
Don’t forget to renormalize...

After tedious calculations: -

= Vin +— un  Energy dependent on number density and chem pot

A* —F - —93 . ——s— :
= — [A' (-\ f=—F In A") —4u” (2N + 3 + 2111_\‘1:I

Pgap

1 ( ———
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COMPUTE THE EFFECTIVE POTENTIAL

SP

Z = / [DA][DE][DC]eiStertSeree) = f DAl ~ ¢iS

Don’t forget to renormalize...

After tedious calculations:

Pgap = Vmin +— 1 Energy dependent on number density and chem pot
Al ) o '; 9 v o - o 2

= Al N + = InA° ) —4p° (2N +3+2InA°)
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COMPUTE THE EFFECTIVE POTENTIAL

D _\ UISPE ~ Plspff

T — /[D.l] [D | Dg {,,l(SfpﬁLSfm)

4
lm*i'/ . 7 In(det 4,)

(27)
Don’t forget to renormalize...

After tedious calculations: -

= Vmin +— #n  Energy dependent on number density and chem pot

A4 o 3 = == =
= —— [A' (-\ == In A') — 4p* (2N +3+21In A"}:I

Seff =

L

Pgap
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COMPUTE THE EFFECTIVE POTENTIAL

P

Z = / [DA|[DE][D¢] p'<5fw+5frw) E ’DA g o o gt
d*
e = *1/ () ~_In(det A
Don’t forget to renormalize...

After tedious calculations: -

= Vin +— un  Energy dependent on number density and chem pot

A? .. 3 x
= — [A' (-\ *‘)+111A") — 4%(2N + 3 + ?‘lnA":l

Pgap

1 ( ——
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Neutrino Oscillations

Resolve metric compatibility for 3-flavors

2

T M1 1
G CuIx = Z 4:1612 =3 (EEJJKL%LB = ;HI[J'JBE;K})
- :

1 — : = d
Eoa = YE / d*x e YA Y57 Ya¥BYsNUR
Pl

Flavors will get reshuffied due to a Fierz transformation:

= o = — =
Oy = ¥a75Y YA¥BYsMYB = YAV¥BYAYB
+£EA Ys¥B J’A YsVB + 15_4 ‘?I E‘Bfi-*_ﬂf vpB
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Neutrino mass from condensate
Interaction

- — — * —
L =ivpad,v"va + vav'vBAAB + (1 4+ 75)AABVAVE.
(1+75)A =ma

Field Equations:
(i8y — AaBAL)[3*]* vap — mATE =0
(ia,_‘ = = AABA;_;)[&”]&QI;EB — mavgg =0
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Neutrino Oscillations

Resolve metric compatibility for 3-flavors

2

7" onf1 1
e;Cuik = Z G — = (EEIJHLJ;_B = ;??fu-faam)
- , |

1 = ==
o — N / d*x e YA 157 VA UBYSMYB
Pl

Flavors will get reshuffied due to a Fierz transformation:

s S W Wk W
Oy = ¥aT157 YaA¥BTsNYB = YAYBYAYB
+UA15UBYATsYUB + UaY ¥BYAIUE
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Neutrino Oscillations

* Consider two flavors

ve) = cosl|vy) + sinb|va)
-

In general flavor eigenstate is related to mass eigenstate by:
|V).-l — Uaily)i

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

—a I . - H
v(t.x)e = cosBe 'P1eT g + sinfe "P2uT o |
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Final Result

& ey Am3% sin’0  cosfsiné
ZE ve) | 2E, \cosfsiné cos?6
4 ((‘ﬁ 5 = \/ﬁGFiVE) AEI/Q)] (Ve)
New Pediction — A;I/ 2 0 Ve

(see Ando, Mocociu, Kamionkowski) OSCILLATION PROBABILITY

P.. = P, sin? 20,4 sin> (%L)

Aot = \/(Asin20 + A.z)? + (Acos20 — A)?2

A = Am% /2F, !+ (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)






