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Light scalars coupled to matter propagate through the cosmic web




The cosmic web is relatively recent so could this influence the dynamics of light scalars?

Could this be related to the emergence of dark energy?

Could this help understand the coincidence problem?



In the early 10t century, monks in Provence had the faint memory of Hannibal’s elephants but knew
that goats certainly existed...
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Mixing the old with the new



Photons interact with conduction electrons in matter.

On scales much larger than the lattice
size, one can integrate out the heavy
electrons to obtain an effective action for
the massless photons.

VB — 0F = jinu
P = ner
Integrating out is tantamount to solving Newton’s law The polarisability depends both on the
coupling e of photons to matter and the
7 matter number density n.
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The displacement field (in Fourier space):

D=E+p=¢w)E

Wp1
The effective Maxwell equation:
e(w)w?E + K*E = 0
Photons become effectively massive:
2 2 2N\f > _ ne?
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The photon mass depends on
the electron number density
and the coupling strength.
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Weak coupling-small density: Uk = Photons travel less fast
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In cosmology, light scalar fields are ubiquitous and travel through a cosmic web of matter. Generically
they are coupled to matter. We will integrate out the heavy dark matter on scales less than a few Mpcs
and study the effective field theory of light fields on large scales resulting from the interaction with dark
matter on short distances.
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The matter distribution and its screening map (f(R) theory)

What is the effective
description of light
fields in the cosmic
web?



The low energy description

On large scales, GR can be seen as the lowest
order effective action involving the metric up to
two derivatives:

2
mp

SEinstein—Hilbert = TN /d4$v —g(R+...)

Incorporating a single scalar field, the effective action up to second
order in derivatives:
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The scalars in matter obey a modified Klein-Gordon equation: B(¢)

OVerr _
— 8¢ A(CPC)
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We will assume that the scalar field is nearly massless in vacuum and behaves like a “test” field.

V< J

The matter distribution comprises a time-dependent background and random fluctuations:

/

=
\ Gaussian distribution.



Porer Oﬂo@of/w,: 4-vector

When time and space translation are respected: P(x,y) = P(x — y)

For Markovian process: P(z,y) = P(Z — 4)6(xo — o)

In cosmology time translation invariance is broken so only a mixed representation:

Gk, )j(K ) = Pk, t,t')(2m)28%(k + k)
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All short distance fluctuations are integrated out k2 T

Interested in average values so pretend that we are in a quantum field theory and eventually only pick up
the classical approximation:

T(p) _ / DigeiS(®
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Effective action 5@
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Large distance Effective equations of motion



One obstacle: use the Schwinger-Keldysh formulation to calculate averages

T evolution

BN Do (in|F($)]in) = (in|UF(¢r)U]in)

- 00 F = 00 A
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I'evolution Keldyshcontour

Need to double the number of fields, integrate over them with the action:

S(¢1, 92) = S(¢1) — S(2)

_ 01 + P2

Eventually the classical configuration is obtained by changing basis: o 5
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In practice after integrating out matter:

(1, 92) = T, o2, 650,1a ng,z)

Solution to Klein-Gordon with only
short distance sources.

Using ergodicity, the average over many patches of size L in the
Universe reproduces the averaged behaviour of the effective action

e’iQ(SOl p2) <€’LT(901 ,902))>

<

Grand potential Average over short distance
dark matter fluctuations.




g ﬁue random noise:

This does not quite work like this as the random fluctuations on short scales
become a Langevin noise on large scales:

short

large

The continuous exchange of information between short and large scales makes the Universe an

Ope“ S)/Stem Works the same for inflation or GW



The noise characterising the openness is such that:

E(eig(@la§02>£l,2)) _ <€’ir(901,902))>
/

Noise average

This is constructed as follows: Only the odd terms are imaginary and

construct an action.
o0 ?:n
il
In(e" ) = HC’R(I‘)
n=0 \
The even terms define the generating
functional for the noise
o0

lnE(ef d4$\/—_g(£2tpz—£1cp1 Z
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The grand potential is then:

0. @)

() = T; (2(;—}3:)!02%1@) + /d4$\/—_9(52902 —&101)

Separating the cumulant as:

D (2(?1_—3:)!02%1(?) = S(p1) — S(p2) + R(p1, 2)

The large-scale Klein-Gordon equation becomes:

58 SR 6R
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Radiation-reaction occurs
when dissipation into small
scales or radiation to infinity
happen. This is the case of GW
which can be treated with the
same method.

/ \ Radiation-reaction force

Langevin noise



g Kw oga/a/oA@af eq/um/bi/om, Oif molion:

As we are treating a classical theory:

F(éﬁ?m, @0,1,2) = S(1, 51,0) — 5(p2, 032,0)

No mixing between the two fields
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No radiation-reaction
Oddin ¢_—



The only cumulant which matters in the equations of motions is the first one:
_ 4
Q=)+ /d v/ —9(&2pp2 — §101)

e

Naive result! Averaging

the effective action
Langevin noise

As the even cumulants of the one-particle irreducible I involves even powers of ¢—

E((71) . &(T2p41)) T 0 o E) =0

Acts only at the perturbative level

THE N0ISE HAS 110 BaCKErounD €rFeCT js =&



The only cumulant which matters in the equations of motions is the first one:
_ 4
Q=(I)+ [ dzv/—g(E2p2 — E101)

e

Naive result! Averaging

the effective action
Langevin noise

We can apply this technology to two drastically opposite situations:

Unocreened oowmw/go% go/iia/ﬁ% acrneened oonmvo/fo%
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In an unscreened cosmological setting, the background cosmological field penetrates all structures:

¢ = ¢o + @

Solve the local equations of motions in
the background of the cosmological field

The solution to the Klein-Gordon equation can be obtained by iteration. The leading order is:

The source is:

3 Time- translation:

We assume that all couplings /
and potentials involves a single

. mp)
coupling scale =

v m2(6) = ()21 Bal) + Va(e)



In the cosmological case when time translation is broken, the field induced by small distance
fluctuations is:

L1 [t
o0(7.0) = - PZE [ sin(utp)(t — )it )it

mp1 wW(P) J_o

- N

Only on short scales Depends on the matter history

The deterministic dynamics on large scales depends on the average over short scale:

0 = )~ 2= [ o/ Z5(a ) Bules + 55) - Bilos - £)

Bare action on large

scales B(p+ ¢p) = Z i.(ip)an(@)

The leading correction comes from quadratic couplings.



The leading correction comes from the average:

A(L) = We = (¢oJ)

N

Correlation function between integrated out

Window function projecting on ] .
field and small scale matter fluctuations

large scales
In the time-translation invariant case:

Vanishes in the Markovian case or
Cx
A(L) = i S(P(]p], wip)) when the fluctuation-dissipation
mpe1 Jip>+ w(p) theorem stands.




In the cosmological case, the new coefficient is non-vanishing:

—

_ b gl t sin(w — ¢ "dt'
A= [ e f_oo (W(E)(t — ) P(F., )t

This is sensitive to the coupling, the power spectrum of matter and depends on the whole history of matter.

dB1(p)

/ Ba(¢) = dy

O = We % (8p(V(p) + j<B(p)) + (——)*(doJ) B2(p) + €)

/

Projects on large scales Usual driving terms corresponding to the Small scale correction Noise
effective potential on large scales

With this, we can write the Klein-Gordon equation:




Cosmological background:

5+ 3HG + 0Vt (3) + (%)M(L)Bz(@ 0

New operator due to fluctuations on

This correction can modify the background evolution! short scales

SCC N a MINUTE

Cosmological perturbations:

The Langevin noise is connected to the random fluctuations on short scales

P %Bl(@)j<(ﬁ;w) +£1
P T 2R M2 1<%
— Mass of the scalar




How to deduce the properties of the noise?

The n-point functions of the noise are calculated from the cumulants

Co(I') — (£€)

At leading order the noise is Gaussian.

B
£ = m—PlBl(SO)

This is nothing but linear response theory. Hence no effect of the noise on large scales at leading order.



Scalar field
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Can only deal with a very rigid Universe where all small scales are screened.

¢ = ¢o + @

Dominates the background

750 B(¢0) + 05V (dg) = 0

The field is pinned locally and reacts to the
local matter density.



The effect on the cosmological background is drastic. The Klein- Gordon equation becomes:

b = Wer (L (Bi(Gol)ic + ()2 Bald) T + Va(do)e + )

Effect coupling on large scale /

obtained by averaging over small

. o Mass term
scales. The cosmological field is
a forced oscillator

gfw wpm/gowm 1w a ﬁomea, QLA Y8

54 3HE+ Mg = — L (Bi(do)) Jo
mpei

/8 ~ B2H2

The field is stuck as screening requires M>>H ! mp M2

<1



The cosmological perturbations show the Meissner screening effect:

Exponentially suppressed as ML >> 1 corresponding to screening of all substructures

In the completely screened case, the large-scale field drifts slowly with exponentially small perturbations.



Lelo et phyical

Coming back to unscreened case.

The effect of small scales:

Two main effects:

Dynamical /

Quadratic

/ coupling

Contribution from small scales



Integrating small-scale dynamics results in a “cosmological” constant due to the short-scale

fluctuations of matter:
/ Size of overdensity
2
\ “galactic density”

The induced “vacuum” energy due to small scales:

Vo ~ (£)2p2L2 : Vo ~ Pnow

mpi1

L~ Mpc B ~ 10_2 P~ 106pnow

Coincidence?



Summary

Integrating out dark matter fluctuations on short scales could influence the dynamics of light field

Need numerical simulations

What happens for dark energy fields (non-test) ?

A\ 4

What happens when partially screened?



Otranto cathedral
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