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Cosmology
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Cosmology

Cosmology studies the evolution of the universe at scales much
larger than the size of a galaxy. And thus, it will be mainly
dominated by gravitational interaction.

G =8nG 1),

General relativity describes the observations properly, however
there are some problems with the evolution.
e Dark matter: WIMPs, etc
e Accelerated expansion: modification of GR or a fluid such
that p/p < —1/3
e Termalized causally unconnected regions and flatness
problem =- Inflation?
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e Standard description of inflation.

e Dark matter: axions or ALPs.

e Dark Energy: quintessence, k-essence, etc
Its success is not only supported by its simplicity, but mainly in
the fact that intrinsically respects the large degree of isotropy
observed in the universe: CMB, distribution of matter.

Coherent fast oscillating scalar

The general analysis for a minimally coupled scalar under a

power-law potential was made by M. S. Turner!,

n—2
n+ 2

1 A
L= 50,00"0 = ~¢" = (p) = {p)

'Phys. Rev. D28 (1983) 1243
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2Cervero, Jacobs; Phys. Lett. B78, 427 (1978)
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Vector fields in cosmology

On the other hand, for vector fields the evolution is clearly
anisotropic. However, there have been proposals in order to
deal with this problem,

1. Particular solutions: Triads of orthogonal vectors
2. Large number, N, of randomly oriented fields?,
13 1

~

pe VN

2Golovnev, Mukhanov, Vanchurin; JCAP 0806,009 (2008)
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Vector fields in cosmology

On the other hand, for vector fields the evolution is clearly
anisotropic. However, there have been proposals in order to
deal with this problem,

1. Particular solutions: Triads of orthogonal vectors
2. Large number, N, of randomly oriented fields,
T

~

pe VN

3. Average isotropy for abelian massive fields linearly
polarized?.

2Dimopoulos; Phys. Rev. D 74, 083502 (2006)

Conclusions
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Coherent vector field evolution

Let us assume a plain FLRW metric,
ds* = dt* — a(t)*di*.
the action of a minimally coupled vector field reads,

1 17
L= 1wl — V(A?)

The homogeneous solution evolves following the equation,
Ap=0

A+ HA; —2V'(A%)A; =0
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Coherent vector field evolution

And the energy momentum tensor results,

T, = LEA RO, — FE,, 1 V(A%)g, — V(A7) A" A,

By components,

1 A;A;69
p=Th= 5= 5—+V(4)
1A;A; o ALA ALA
— _pk _ 228 i Okk 2\ o A2\ Lk AkE
pe =T = ;=507 —— 5= V(A =2V (A) ==, k =1,2,3
Ty = =5 +2V'(A?) i Ty =0

As it can be seen the EMT is anisotropic, in general.
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Coherent vector field evolution
If we consider fast oscillations A; ~ O (weggd;) > O ((a/a)A;)
and redefine r; = A;/a
i+ 2V (=r*) + O (H?))r; =0
we can neglect the terms order O (H 2). Thus, the field behaves

analogously to a point particle in a potential and we can exploit
classical mechanics results,

Ve = L5 + V(—12)

Ca)

Verr
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From a generalization of the virial theorem,
Oy (TZ’I“]) = 7T + QV/(—’I“Z)HT]'
If we make a temporal average, H~ s T> weff ,

(0 (rivy)) = % /t+T 010y (i) = T TV —|—TT) ri(6)i5(1)

If the system is bounded and fast oscillating,

Generalized virial theorem

(8t (T’Z‘f’j)> =0+0 (Hweﬁ Tﬂ’j) = <7"i7;j I 2V/(—7”2)7’2'T'j> ~ 0
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Using the generalized virial theorem, we reach two important
results,

e The energy momentum tensor is diagonal and isotropic,

(T}') = Diag ((p) , (p) , (P) » (P))

e For power-law potentials, V = A(A4,A")", the behaviour of
the equation of state results,

wo P _n—l
p) n+1

equivalent to the scalar case!
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Non-abelian vector fields
The same results are found for non-abelian vector fields,

1
_ T pa papy 2 — s ara
L= 4FWF V(A%), Dy =0,—igA,T
03—
0.4} n=25 ' ] 0.30 Radiation
- 0.25
ogp "72 vl ]
74 0.20
] 3
° ozl i ] 0.15
n=15 z
! 0.10
0.1} / 1
! 0.05
4
’
n=1 ’
0.0bkezz=== r-"": N N . 0.00 L
-1 0 1 2 3 4 -6 -4 -2 0 2
Log,o(9) Log,o(p)

Phys. Rev. D 87, 043523 (2013)



Introduction Osc. Vector Is. theorem Conclusions

Non-abelian vector fields + gauge fixing term

And also if we give momentum to the zero component,

1
L= FF "+ g (V, A9 1)? — V(A2),

Nothing makes those cases special
... maybe the average isotropy is a
general feature 7!
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Belinfante-Rosenfeld EMT

Considering a Minkowski space-time and a lagrangian
L=L[¢" 00"
Under an infinitesimal translation: z# — z* + da*

=6 / drl = — / d*r8a,0,0" — 9,0M =0

Which is the Noether current associated to the symmetry under
space-time translations, the canonical energy-momentum tensor
oL

O — _phvp 8V¢A
MRICS
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Belinfante-Rosenfeld EMT

This tensor is not unique, a new piece 3p(:)p;w antisymmetric in
the first two indexes can always be added. However, as the
energy momentum tensor must be symmetric this extra term is

fixed

THY — QMY _ %ap (SPHV 4 GHVP _ GVPILY
where
SHP = TTH 2P !
w_ 0L vp
Ir'y = W , 2P = Lorentz group generators
”w

The Belinfante-Rosenfeld EMT can be written in a curved
space-time in a straightforward way by using minimal coupling

1
THY — QMW _ ivp (SPHY 4 GHvP _ GVPKY
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Averaging anisotropy

Let us consider a Friedmann-Lemaitre-Robertson-Walker metric
and a homogeneous field. The responsible of the anisotropies is
the non-canonical piece of the EMT.

NOuv a\\n% NV Y N\PYV v A
V0O = 90" + (T4, & + T 677 1T, &)
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If the field oscillates with a frequency much higher than the
expansion rate, we can neglect the scale factor derivatives.
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Let us consider a Friedmann-Lemaitre-Robertson-Walker metric
and a homogeneous field. The responsible of the anisotropies is
the non-canonical piece of the EMT.

AOur A0 YUY L APV Vo QP
Vo8 = 308 + (T4, &7 + Tl O 4 T, 6717

If the field oscillates with a frequency much higher than the
expansion rate, we can neglect the scale factor derivatives.
As the leading term is a total derivative vanishes in average,

QO (t 4 T) — 0¥ (¢)
T

(V,07) ~ (9,07 =

S -o(&)

<T00> Weff
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and isotropic
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Results

e The average energy momentum tensor becomes diagonal
and isotropic

(1%) = (W00 — £); (%) = (~g"L); (1%) = (17} =0
e Using these results we can also express the average
equation of state in this suggestive form

() (L) _ £

w=-—=

p) (MYt — L)  (H)
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Results

The average energy momentum tensor becomes diagonal
and isotropic

(T%) = <H?430¢A — L) (T = (~giiL); (T = <Tjk> —0

Using these results we can also express the average
equation of state in this suggestive form

() (L) _ £

w=-—=

p) (MYt — L)  (H)

For theories with H = ()\ABQOOH%H%)TLT + (MAB¢A¢B)M

277,\/ . nv—l
w L+ nnr P |




Is. theorem

Isotropy theorem of cosmological fields
Theorem

For an inertial observer, the metric in Riemann normal
coordinates

1
ng = ,r]/'“/ + gR“aVﬁ l‘aﬂjﬁ + . e
If the following conditions holds, the energy momentum is
diagonal and isotropic in average.

e The lagrangian depends only on the fields and their
gradients which are minimally coupled with gravity.

o The field evolves rapidly,
|R’>Y\IU” < uﬁﬁ, 4 and 0;S*P| < |0 SHP|

o ¢4 and H% are bounded during its evolution.

JCAP 1403 (2014) 042
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e We have state the conditions under which the EMT of an
arbitrary-spin field results isotropic in average.

e As a matter of fact, by using a generalization the virial theorem
a sugestive expression for the behaviour of the equation of state
was given, as well as a simplification for power-law hamiltonians.

) _ (L) 2ny

CwTw o CTieE
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Conclusions

e We have state the conditions under which the EMT of an
arbitrary-spin field results isotropic in average.

e As a matter of fact, by using a generalization the virial theorem
a sugestive expression for the behaviour of the equation of state
was given, as well as a simplification for power-law hamiltonians.

L0 I
(p  (H) 1+ 0%

Thanks for your attention!
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