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Introduction

e “Classical fields”: classical limit of coherent states
(large occupation numbers)

e Coherent field description: new features compared to the
more standard particle description, e.g. in ultra-light DM models
Heisenberg uncertainty principle could help solving the small-
scale problems of CDM.

e Simplest models based on scalar fields, but in principle

any bosonic field could work



Inflation

Spin 1

Dark matter

Vector inflation.
Ford, 1989.
Golovney, et al 2008
Gauge-flation.
Maleknejad, 2013

Chromonatural inflation. THIS TALK

Adshead, 2012

* Darklight.
Nelson et al, 2011

Fast oscillating

Slow evolution

Arbitrary spin Perturbations

Dark energy

Vector dark energy (potential).
Armendariz, 2004.
Einstein-Aether.

Zlosnik et al , 2007

Vector dark energy (kinetic)
Beltran, A.L.M. 2008

Slow evolution




Particle (Fock) states vs. coherent states

A simple example of coherent field: axion
Coherent scalar fields: wave(fuzzy) dark matter
Extension to higher-spin fields

Coherent vectors as ultra-light dark matter



For every Fourier mode:

Fock states:

Np|np) = np|np) well-defined particle number
(np|@(z)|np) =0
2p = |2p|€P Coherent states:
not well-defined particle number
ap|zp) = 2p|2p)

2|zp|

(27)3+/2E)}

(zp|@(x)|2p) = cos(pr — 0p)




Coherent states

(ZP|NP|ZP> = |zp|2

|Zp|2 > 1 Large occupation numbers |Zp|
1/2 T é'
((zp|9° (@) [2p) — (2p|d(2)]2p)*) 1 . <
~—F =0 N 0
(2p|9(2)|2p) |2p] ; [
Classical limit %AUL )
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Strong CP problem

0

5 = 393

/ d*ze" P Tr GGy

Induces an electric dipole moment for the neutron:
0 =0 +argdetmg < 1071°

Solution: Introduce a global U(1),, symmetry which is spontaneosly
broken at a f, scale. Axion pseudo-NG boson.
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Non-perturbative QCD effects gives a potential for the axion

-t 0 (7)

with mass

For typical scales f,= 102 GeV, m_= 10> eV

@)

g =0

Minimizing the potential solves the problem @ ., =




Ja

Angular variable [-m,7]

—2% [ +2a ~a/fa

Shift symmetry protects small axion mass

 Random initial value displaced from the origin

2

éjk -+ 3H9k + %919 -+ mi(T)é?k =0

* Inflation suppresses the spatial derivatives. This means that when

mq(T) ~ H(T) all the modes start oscillating coherently

Pa X A

3

my > H DM behaviour




f 7/6
Axion density 0, ~ ( a )

1011=12 GeV

fa <3 x10MGeV or mg > 2.1x107%eV.  Planck limit

Axion occupation number

Ngal =

For virialized axions

ANdB =

 Peal GeV /ecm? B 104

27 N 27
mv  10=2eV x 10-3

3 126

10-5eV  cm3

~ 10* em

>> 1 classical field



5= [d*eyg (59" 0006 — V(9))

Vig)=ad"

(Turner, 1983)

Vef_f =>> H

Homogeneous RW

&; + 3H‘i’ ~+ V'( ¢ ) = 0 background




Virial theorem: average equation of state

G = ¢¢

bounded

G=¢?+dp=¢%—V'(¢)p = ¢* —nV(¢)

> 0

21 [ ED-CO) r

(¢%2 —nV(¢)) =0
(p+p—n(p—p)) =0

(p) = 255(p)

Johnson and Kamionkowski (2008)
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Average equation of state

< oof Vw
i
—-05p P \ Detectable in pulsar timing array

Khmelnitsky and Rubakov 2014
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n =4 radiation
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Perturbations

o(n, T) = o(n) + do(n, ¥)

ds* = a*(n) (14 2®(n, 7)) dp” — (1 = 2¥(n, 7)) d7)

Equations

0y, + 2Hob, — 3o — Opo
+ (V"(¢) a® + k)0 + 2V'(6) a* W), = 0

G = STG(6T )




Adiabatic approximation

<1

(—
Veff

Effective sound speed

pe) (200 0 = V/(9)00n + V" (0)566 )
- 3 + O (e
Opk) (52505, 6+ 3V (000, + V" (6) Sy )

Gauge-invariant

n— 2
If verr >k = -

w




P(k)/(h™3 Mpc3)

10000 |

1000

Harmonic case n=2

0 k< vVHma

k> VHma

LCDM —
m=1x1024 eV

0.1
k/(h Mpc)

Particle regime

Wave regime

Matter power spectrum
suppression on small
scales



Coherent scalar fields

Harmonic case n=2

¥ = @ ~ const. V' = @ ~ const.
-3 2
CDM op~ a dp~a
Q~a’? ~a
Particle Regime g } p» Wave Regime
¥ = @ ~ const. Y = @ ~ const. W Don E:é
Sp~a’ dp~a’ sp~ud B Cut-off
Scalar p~a p~a p~a E ut-o
od
d¢ ~ const. d¢ ~ const. Sh~a’ g
kz 0 #H 3,/ ma # 2 4 ma m?Za?




Consider a particle of mass m << 1 eV moving with the Hubble flow H

v=Hr

The corresponding de Broglie wavelength:

1 1

mu mHr

Thus, the particle can be localized only in a
sphere with radius:

o =

That corresponds to a (physical) wavenumber k=7/r

k, =7nvmH




Consider a particle of mass m << 1 eV moving with the Hubble flow H

v=Hr

Thus, we have:

k< mVvHm particle-like behaviour

k > 7V Hm  wave-like behaviour

Ultralight scalar dark matter
(Sin 1994, Guzman-Matos, 2000, Hu 2000) m = 1072 eV
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The anisotropy problem
e Homogeneous vectors or other higher-spin fields are generically

anisotropic



Anisotropy problem

There are different solutions in the literature:

- Particular solutions: Triads of orthogonal vectors.

5(3) A(a) 5(1 1.2 3 Cervero, Jacobs, 1978
\ X 0¢. a= ’ ’
1(2) i o
') 1

- Large number, N, of randomly oriented fields.

T;/pk ~ 1/\/ N Golovnev, Mukhanov, Vanchurin, 2008



Coherent vectors (abelian case)

1 Iy p ¢ -
L= —ZFF,,F* — V(A?) A? = A, A
.. , D | Homogeneous RW :
Ai+HA;, =2V (A%)A;, =0 background w; ~ |A; / A.f‘

e

Ai = QV’(AQ)AZ W; > H

rapid oscillations

A A
Gij_ (] bounded













V = —aA, A" + b(A, AH)?
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1.- Average energy-momentum tensor is
diagonal and isotropic

(To) =0 (T%) = —(p)d";

2.- Average equation of state for V' = \(A4,AH)"™:




= d:cf( L pa pa i -V v
g -
| ab p ))

F — ) 1
H ?’gl L
F o a,uAu — 8,,A -+ gc Ab A
abe y
I L 7

TCL

Fa; 2
“ — GCube b pcv
b, AT + 2V My A
o L :0




Yang-Mills theories for semi-simple Lie groups:

S = fd‘*x@ (—1 F4,, F*W —y(4° A“”))
4 uv 2

If the field evolves rapidly and A% ;, A%; are bounded during its
evolution,

1.- The energy momentum tensor is diagonal and isotropic in
average.

2.- Without potential, the equation of state parameterisw =1/3
i.e. it behaves as radiation.

Cembranos, ALM, Nunez Jareno, Phys. Rev. D87 (2013) 043523



The self-interaction for non-Abelian theories changes the average
large coupling

equation of state. For high energy densities or

constants it will behave as radiation, in the opposite limit, the Abelian
behavior is recovered.

1

V = S (-M>AgA%P)"

0,4

0,3 1

0,21

0,1
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Radiation




Consider a generic field ¢, with general Lagrangian of the form:

L=L [qu? @quA] $4 and ¢4 bounded

Canonical energy- 0L A

O = —n" L+ "¢

A
momentum tensor 0 (0, 0?)
Belinfante-Rosenfeld energy
momentum tensor Vpé”p“”’
A
{ |

1
THY — @MV _ §V‘O (SPHY 4 SHVP _ QUPR)

Shve =114 %P ot









Massive gravitons as wave DM
Cembranos, A.L.M., Nuiez Jareio, JCAP 1403 (2014) 042

M2
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For a general background metric. Riemann normal coordinates:

g,uv( ) = TNuv + R,uau,ﬁ-r 335 + .

1. The Lagrangian depends only on the fields and
their gradients.

2. The field evolves rapidly:

IR}, < (wa)?, and |9;S"P| < |005""|,

for j=1,2,3;

3. SHvr e ¢? and I1Y%, remains bounded in the evo-
lution.




Massive abelian vector field

2
L= —%FWFW - %AMA“ .

Unlike scalar fields no extra (shift) symmetry required to protect small masses

Ay = (Mo(n,f), E(n)+5ﬁ(n,f))

o
‘3independent perturbations (84, is fixed)

ds* = a(n)® [(1 +2®(n. ) dy® — (1 = 20 (n. F)) di + hij(n. T)) da'da? — 2Q;(n. F)dnda']

~_ =




Equations

5}1@ + ikg&;lo _ ((1) 14 lIJ) A2 — Q(I)A.z- —1 (E}T) Qi — hngJ + (m2a2 + k2) 0A; — k; (,’:5}1) =

060G, = 8nG(0T )

Adiabatic approximation:

* Three comoving scales in the problem: |ma., H and k

 Adiabatic approximation: ma > {ij}



Regimes

'Particle
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Particle regime (2 scalar and 4 vector modes)

* Same behaviour as CDM:
- Scalar-vector-tensor decoupled evolution
- No tensor sources
- No anisotropic stress

Wave regime (2 scalar-tensor and 4 vector-tensor modes)

Scalar-tensor modes cos® = k- iy
o 2 <5p> _ k2
Speed of sound ey = Gp = T dmia? cos(26)
N\ 7 2
* Gravitational slip (. k) ?("7’ k) __*k (1 +cos?9)

O(n, k)  2mPa’
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Scalar-tensor modes
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Coherent vectors as ultralight dark matter

V¥ = @ ~ const. Y = ® ~ const.
3 2
CDM op~a Sp~a“
~ g2 Q- a
Particle Regime g } e Wave Regime
Y = @ ~ const. Y = @ ~ const. Y_—P~al E
Scalar Sp~a dp~a” dp~a’ g'l Cut-off
3¢ ~ const. B0 ~ const. 8h ~ g3 E
Y= @ ~const. ¥ — @ ~ const. Yad~at
Y-o Y. vY.o o,
: Sp ~a> Sp~a’ Sp~a’t g
Vector Avergg ng -;ﬂ Cut-off
fail -1/2 2
alis SA ~a SA~a SA,~a E
~a? Q ~ ot Q~a A =]
h.=0 h = h ~a'
ij ij ij
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* Cosmological coherent fields of arbitrary-spin do not present anisotropy or

instability problems if they are fast oscillating

* Fields with power-law Hamiltonians behave as perfect fluids with average

equation of state: Lo 2
1+ v

nr

* Higher-spin fields can play the role of wave(fuzzy) DM

* Ultralight vectors are indistinguishable from scalars in the particle regime,
however in the wave regime they generate scalar-vector-tensor mixing,
anisotropic stress and GW.



The self-interaction for non-Abelian theories changes the average
equation of state. For high energy densities or large coupling
constants it will behave as radiation, in the opposite limit, the Abelian

behavior is recovered.

~—

1 n=23 g e - — — — — — —

V = 5(_M2AEAQ p)n : i | Radiation

0,4

DARK MATTER BEHAVIOR

JARC, Maroto, Nunez Jareno, Phys. Rev. D87 (2013) 043523



Problems at the perturbation level

* Instabilities in vector theories with spatial VEVs:
(Himmetoglu, Contaldi, Peloso 2009)

S—fd‘*xF[

F? £
f’R— — V(A? +—RA2].
4 4% 2

MZ

oV
PR

ER

M2>0
to avoid instabilities in

the perturbations




S—fd‘*x\/_[ ”R—F;—V(AZ)JrgRAZ].

2 — 2_ £R Himmetoglu, Contaldi, Peloso (2009)

R] | < (w)? + bounded evolution

-

M2>0 no instabilites
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ds® = a*(n) (dn* — d7®)

pp=70

QCabCA?Af + QQCabchdeAgA.?Af + QVIMabGQ (77)148 =0

No A% term

fo=1

e = geane (24045 + AVAG) + gPcunecne (ATAGAG
— AJASAT) =2V Mpa*(n)A? =0







