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What is the nature of Dark Energy?

Neutrino Dark Energy (Mass Varying Neutrinos)

[Fardon,Nelson,Weiner '03]
Idea of varying neutrino masses in other contexts

[Kawasaki,Murayama, Yanagida '92,Stephenson et al '97]

o Attractive scalar force between Big Bang relic neutrinos (the
analog of the Cosmic Microwave Background (CMB) photons)—
smooth background, can form a negative pressure fluid

e — acts as a form of Dark Energy — accelerated expansion

e — neutrino mass m, becomes a function of neutrino energy
density p,(z), which evolves on comological time scales (here
parametrized in terms of cosmic redshift z)
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[Fardon,Nelson,Weiner '03]
Idea of varying neutrino masses in other contexts

[Kawasaki,Murayama, Yanagida '92,Stephenson et al '97]

o Attractive scalar force between Big Bang relic neutrinos (the
analog of the Cosmic Microwave Background (CMB) photons)—
smooth background, can form a negative pressure fluid

e — acts as a form of Dark Energy — accelerated expansion

e — neutrino mass m, becomes a function of neutrino energy
density p,(z), which evolves on comological time scales (here
parametrized in terms of cosmic redshift z)

— Neutrino mass not constant but promoted to a dynamical quantity
m,(z)! J

Lily Schrempp (DESY Hamburg) Mumbai, February 16, '07 3/17



Mass Varying Neutrino (MaVaN) Scenario

The non-SM neutrino interaction mediated by a scalar
field
e Introduce light scalar field ¢ with mass
Ho ~ 1073V <« m, <10~ %eV
¢ Introduce a coupling between neutrinos v and ¢
e — Consider class of models with

LD Ly~ Ly, + Lo, Where (1)
1

Lo= 50"60u0 — Vy(0) 2)

EVma& = _mu(¢)ﬁy (3)

— neutrino mass generated from the VEV of ¢, m,(¢), and becomes
linked to its dynamics
— neutrinos interact through a new non-SM force
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Dynamics of the MaVaN Scenario

Complex interplay between the neutrinos and the scalar field
¢ Neutrino energy density p,, and pressure p, are functions of
neutrino mass m,(¢) — pu,(M,(9)), p.(M.(9))
o — Neutrinos can stabilize ¢ by contributing to its effective
potential Vest(¢)= [p (M, (¢)) — 3pu (M, (¢))] + V()
¢ Evolution of ¢ governed by modified Klein-Gordon equation

zdlogmy
do

N——
coupling 3

¢+ 2H¢ +a?V/, =

(pv —3py), with ('=d/d¢) (4)

e Extra source term on RHS accounts for energy exchange between
¢ and neutrinos

e As long as neutrinos relativistic, coupling term suppressed
(pv — 3py, ~ 0) o & - = = 9ag
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Dynamics of the MaVaN Scenario

Adiabatic evolution in the non-relativistic neutrino regime

e Consider late-time dynamics of MaVaNs in the non-relativistic limit
m, > Ty — Py~ 0, Py = MyNy (n, = neutrino number density)

— Vet ()= pu(My () + V()

e In the limit H? <V};(A) = mi adiabatic solution to EOM of ¢
apply (can safely neglect effects of kinetic energy terms)

e — ¢ instantaneously tracks the minimum of its effective potential
Veit—
Vei(6,2) = Vg(¢) + p,(Mu(6),2) =0 with ("= 09/04)  (5)
~—_————
m;, (¢)nw (M, (¢),2)

bl [~ = oY
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Dynamics of the MaVaN Scenario

Adiabatic evolution in the non-relativistic neutrino regime

e Consider late-time dynamics of MaVaNs in the non-relativistic limit
m, > Ty — Py~ 0, Py = MyNy (n, = neutrino number density)

— Vet ()= pu(My () + V()

e In the limit H? <V};(A) = mi adiabatic solution to EOM of ¢
apply (can safely neglect effects of kinetic energy terms)

e — ¢ instantaneously tracks the minimum of its effective potential

Vet —
Ver(,2) = Vi(0) + p,(My(4),2) =0 with ('=09/0¢) (5)
—_———
my, (&) (Mu(¢),2)
Crucial effect: n,(m,(¢),z) is diluted by expansion — ¢ varies on
comological time scales (slowly) }

— L = oY
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Dynamics of the MaVaN Scenario

Neutrino mass varies!
* m,(¢) =my(4,2), —

Veff(¢7 Z) = Vdf(mu(¢)7 Z) Vet earlier
OVei(¢) _
¢ - 8¢ T —_ %arliev
om, IVei(m,) - N
¢ ~ om, |mu:ml,(<o) =0 EA
H F \{‘fj Myerler Vet ater
e Neutrino mass variation > N Myjater
determined from 2Yer(Mv2) _ . R
OV (m, ~— \%
0=n,(m,,z) + Sl ~ .
pIaler
o g
m,(z)
S —7]
o9 => «E = 9Dace
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Dynamics of the MaVaN Scenario

Neutrino mass varies!
* m,(¢) =my(4,2), —

Veff(¢7 Z) = Vdf(mu(¢)7 Z) Vet earlier
¢ avggq» N —_ pearliev
oV, v N
8@%733(121 |en,=m, () = O .
5 Myerler Vet later
e Neutrino mass variation S o
determined from 2Yer(Mv2) _ . RO
) b E
0=n,(m,,z) + Sl ~ Ve
- . . ’ plaler
. Combined scalar-neutrino fluid has
i — Poe(2) 0 ==
dynamical Eq. of State w(z) = 257 (2
_ m, (z)V,,(m,(2)) <«—7
W(2) + 1 = G Vartm. @)
o = = = : ©ace
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A No-Go theorem for Neutrino Dark Energy?

Instabilities? Formation of neutrino bound states?

'In the non-relativistic neutrino regime any realistic MaVaN scenario with

mj, > 0 is characterized by an imaginary sound speed cs and thus becomes
unstable to hydrodynamic perturbations...with the likely outcome of the
formation of non-linear neutrino structure ('neutrino nuggets’)’

[Afshordi,Zaldarriaga,Kohri '05]
v

Note: Outcome of neutrino instability inherently non-linear process ...but if
'nuggets’ really form, neutrino fluids redshifts similar to cold dark matter with
w ~ 0~ —1 — no acceleration

Crucial claims to check
As soon as MaVaNs turn non-relativistic
e ¢ < 0inany MaVvaN scenario with m? > 0
e c2 < 0 sufficient criterion for MaVaN instabilities

— L = oAy
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A No-Go theorem for Neutrino Dark Energy?

Instabilities
¢ Neutrino instabilities driven by attractive force mediated by ¢
e Phenomenon similar to gravitational instabilities of CDM

e Good observational evidence, at early times universe
homogeneouse and isotropic on all scales

o Apart from small primeval peturbations ép; in densities p; of each
individual particle i

opi(X, 7
A= ol dalr) |, alxr) = 2T
N L pi(7)
mean background density ~ small perturbation
density constrast

e — grew by gravity into observable structure on scales of galaxies
and clusters of galaxies

e Small amplitudes |5p; (X, 7)| < pi(7) < [6i(X,7)| < 1 — growth of

fluctuations can be solved from linear perturbatign theory  _ o
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A No-Go theorem for Neutrino Dark Energy?

Gravitational instability in Newtonian theory
e Assume static (non-expanding) universe, consider perfect fluid, density
p, pressure p, velocity v (Continuity eq. + Euler eq. + Newtonian gravity)
e Add small perturbations dp, ép, 6v and linearise — for k™ Fourier
component

O + (c2k? — 4nGp)d, = 0, where w = 1/c2k? —47Gp  (6)

dispersionrelation

e Perturbations adiabatic (c2 = % adiabatic sound speed squared)
e — sign of w? determines perturbation evolution

4A7Gp 1/2
c?
o — . x et one exponentially growing for k < Kjeans (» > xems) (gravity

e w becomes imaginary for k below critical value Kns = (

overcomes pressure)

e — no growth but acoustic oscillations d, o et for k > Kieans (+ < M)
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Gravitational instability in Newtonian theory
e Assume static (non-expanding) universe, consider perfect fluid, density
p, pressure p, velocity v (Continuity eq. + Euler eq. + Newtonian gravity)
e Add small perturbations dp, ép, 6v and linearise — for k™ Fourier
component

O + (c2k? — 4nGp)d, = 0, where w = 1/c2k? —47Gp  (6)

dispersionrelation

e Perturbations adiabatic (c2 = % adiabatic sound speed squared)
e — sign of w? determines perturbation evolution

4A7Gp 1/2
c?
o — . x et one exponentially growing for k < Kjeans (» > xems) (gravity

e w becomes imaginary for k below critical value Kns = (

overcomes pressure)

e — no growth but acoustic oscillations d, o et for k > Kieans (+ < M)

— sound speed squared c2 governs evolution of density contrast
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A No-Go theorem for Neutrino Dark Energy?

Make contact with MaVaN instabilities

e MaVaNs interact through gravity and the force mediated by ¢ (both
attractive), 47G — 4nGet(5(¢))
e Sound SpEEd Squared? For a general fluid i witn 'cg’ general, 'cs’ adiabatic, 'T;’ intrinsic

entropy perturbation of i)

opi i api(X, T
wil = (c§ —¢5)di, ¢ = 5—5, cz = %, 5i(x,7) %
o Dissipative processes invoke entropy perturbations (I'; # 0)

e For MaVaNs? Depends on scales/regimes one considers!

e Relativistic neutrinos: neutrino pressure support overcomes attractive
force — no growth (on all scales)

e Non-relativistic neutrinos: p, ~ 0

° m;l sets physical length scales a/k as of which gradient terms become

Unimportant (F¢ ~ 0) (for small deviations away from its minimum, ¢ re-adjusts to new minimum on a time

()

scale m;l < H -1 [Afshordi, Zaldarriaga, Kohri’05]

Lily Schrempp (DESY Hamburg) Mumbai, February 16, '07 11/17



A No-Go theorem for Neutrino Dark Energy?

Make contact with MaVaN instabilities

e MaVaNs interact through gravity and the force mediated by ¢ (both
attractive), 47G — 4nGet(5(¢))
e Sound SpEEd Squared? For a general fluid i witn 'cg’ general, 'cs’ adiabatic, 'T;’ intrinsic

entropy perturbation of i)

opi i api(X, T
wil = (c§ —¢5)di, ¢ = 5—2, cz = %, 5i(x,7) %
o Dissipative processes invoke entropy perturbations (I'; # 0)

e For MaVaNs? Depends on scales/regimes one considers!

e Relativistic neutrinos: neutrino pressure support overcomes attractive
force — no growth (on all scales)

e Non-relativistic neutrinos: p, ~ 0

° m;l sets physical length scales a/k as of which gradient terms become

Unimportant (F¢ ~ 0) (for small deviations away from its minimum, ¢ re-adjusts to new minimum on a time

()

scale m;l < H -1 [Afshordi, Zaldarriaga, Kohri’05]

On scales m;l < a/k < H~! MaVaN perturbations adiabatic — v — ¢ system
can be treated as unified fluid with Fpg = 0 and c2 = 222 — ) — m

PDE
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A No-Go theorem for Neutrino Dark Energy?
Evolution of scalar field perturbations

e Perturbed Klein-Gordon equation in the non-relativistic neutrino
regime (4) neglect terms o p,, wy, ¢2 and <z>)

0¢ +2HSp + |Kk? + a2 (V) + 3'py) | 60

= _azﬁ(suf)u (8)
———
mf«)fﬁzpu
e Solution of homogenous equation is oscillating with decaying
amplitude
e Particular solution given by forcing term on RHS
5 = — a%3p, 0,
a?2(V) + p,f') + k2
Lily Schrempp (DESY Hamburg)
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A No-Go theorem for Neutrino Dark Energy?

Equation of motion of the neutrino density contrast 4, = %

In the non-relativistic limit p,, ~ w,, on length scales m7t < a/k < H—1

v

0 =4, + Hé, — 47a%G (pcomdcom + pods) +
2/32M2
212 2 pl
k? — 47aG [ 1 Oy
K a ( " 1+a2(v(g+pyﬁf)/k2>p

o E K2 4nGp,s
(2 pv

232M3
where Gy = G | 1+ P

uaz(vg i p,,ﬁ’)/k2>
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A No-Go theorem for Neutrino Dark Energy?

Equation of motion of the neutrino density contrast 4, = %

In the non-relativistic limit p,, ~ w,, on length scales m7t < a/k < H—1

0 =4, + Hé, — 47a%G (pcomdcom + pods) +
2/32M2
212 2 pl
k? — 47aG [ 1 Oy
K a ( " 1+a2(v(g+pyﬁf)/k2>p

o E K2 4nGp,s
(2 pv

232M3
where Gy = G | 1+ P
factor, b some constant)

1\a2(vg i p,,ﬁ’)/k2>
For Getp,d, < Gpepmdcom dynamics of 6, governed by CDM — growth like
ordinary gravitational instabilities, ¢neutrinos folow comy 0, = dcpm(@)(1 —

g ) (a scale J
= &
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A No-Go theorem for Neutrino Dark Energy?

Any realistic MaVaN scenario c¢2 < 0?

o Requwecz:ﬁE _w—m > 0 for
( ) >T ( ) (take into account finite temperature
effects)
3 2 2
om,, (z) 5aT; o(1+2)
- 2:1 oz (1 EEACEY
0y vé
3 2 s
25aT; 4(1 . e¥+1
Y Baloll) S o with o = 2
i Vi (Z) 2 f dyy2
o e¥+1

[Takahashi, Tanimoto '06]

e Assume degenerate mass spectrum
with m,, (0) ~ m,(0) =0.312 eV, i-1,2,3
- determine maximally allowed neutrino
mass variation

=] F = = = DAe
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A No-Go theorem for Neutrino Dark Energy?

Any realistic MaVaN scenario c¢2 < 0?

2 _ Poe w
e Require ¢ _E_w—m>0for

,,( ) >T ( ) (take into account finite temperature ——rrrrrT ——r T

effects)
amu, 5aT2 o(1+2)
- Z EEACEY
1

3

) BaT0o042) 0 with o = 20—
= 3m,,; (z) B dy y?
i=1 OerJrl

0.3

—
N 0.25
~

0.2

045 L v vnnl il
10 100

1+z

[Takahashi, Tanimoto '06]

-

e Assume degenerate mass spectrum
with m,, (0) ~ m,(0) =0.312 eV, i-1,2,3
- determine maximally allowed neutrino
mass variation
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A No-Go theorem for Neutrino Dark Energy?

A concrete model
Consider model proposed in the context of 'Chameleon cosmologies’

[Khoury, Weltman '03, Brax, van de Bruck, Davis, Khoury, Weltman '04, ...]
e |nverse pOWGr-IaW potential (atlate times ¢ > M ~ pg)é to accomodate Qpg ~ 0.7)

Mn
o

Vg(¢) = Me ™ ~ M* + MH"p~" for ¢ > M (10)

* Recall: evolution of ¢ determined from V¢ = 0 =V} + g,
¢ Mass dependence on ¢

coupling

—~
m,(¢) = mee”, where "3 = m%—?” —cong.  (11)

e For 5 of O(1/My) ¢ < IMp — m, very weakly depends on
changes in the neutrino energy density — hardly evolves with time
e — attractive force between neutrinos essengally@time_indgperl:degg -
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A No-Go theorem for Neutrino Dark Energy?

V;‘ 1 B T T T TTIT
A concrete model o, . .
e Normalization? = 102
E: 104 ,

e — Fork =0.11hMpc?!
3
A2(k) = K20 o 52, < 1

_ 2n 10¢ .
—linear < \

[Percival et al.'06]

102 .

e Since 62 < 62y < 1— neutrino e
density contrast linear! o 10l |

@)

e — Adiabatic model of Neutrino 0 ~
Dark Energy stable also in the " o 1
highly non-relativistic regime— 1 10
viable dark energy candidate 147

k = 0.11hMpc™L, 8 = 1/My, my, (z = 0) = 0.312eV
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A No-Go theorem for Neutrino Dark Energy?

e Normalization?

(.

A concrete model 2,
e 107® I
g

e — Fork =0.11hMpc—? L1o-4 b i

3
A2(k) = PR o 52, < 1

—linear -

104 f=r-

[Percival et al.'06] 102

e Since 62 < 62y < 1— neutrino
density contrast linear!

w1072 1 -
@)

e — Adiabatic model of Neutrino 0 ~
Dark Energy stable also in the " o 1
highly non-relativistic regime— 1 10
viable dark energy candidate 147

k = 0.11hMpc™L, 8 = 1/My, my, (z = 0) = 0.312eV
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e Possible growth of MaVaN perturbations depends on relative
influence of CDM

e Viable model of neutrino dark energy found with cZ > 0? —
growth of perturbations as in General Relativity, but allowed mass
variation strongly restricted at late times

e c2 < 07 If relative influence of CDM negligible wrt to coupling term
— perturbations tend to go non-linear?? Needs to be checked
numerically...

e Note: 'Hybrid’ models involving two light scalar fields can be
stable until the present time even in the presence of unstable
neutrino component

[Fardon, Nelson, Weiner 06, Spitzer '06]
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