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Evolving Dark

Effective Description of Fluid in Cosmology Matter
Lorenzo La Penna

@ The Universe on large scales (d 2 O(10 Mpc)) is homogeneous and
isotropic

Introduction

ds® = [—dt? + a*(t)6;jdx'dz?] FLRW

@ Expansion determined by its constituent, described as barotropic fluids:

Energy density  p;(t)

Pressure pr(t)

Equation of State
} pr(t) = wi(t)pr(t)

& 2 a2
H* = (:;8) » 3]\(4%) 21 pr(t)
wy(t) determines the dynamics

pr(t) + 3H(1 +wi(t))pr(t) =0
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The Invisible Universe and ACDM: e

Lorenzo La Penna

What are dark matter and dark energy?

Introduction

Today's Energy Budget
N N o Dark Energy:

Cosmological Constant A

wp = —1 (PA = —pn)

Dark Energy

No additional degrees

of freedom!

e Dark Matter:

Non-relativistic, collisionless perfect fluid CDM ]
Structure formation

wpm =0 (ppm = 0) dppm =0
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'IUDE(CL) = wy dL wa(l _ a) Tension in Light of

ENERGOY SURVEY _08 : ‘_‘WDE ‘7
DES+DESI4+CMB -09F  —wp

wo Wy o _:?
-0.803+£0.054 -0.72+0.21 3.2¢0 a9
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Tension in Light of
New Data

wpg(a) = wo + we(l — a)

THE DARK
ENERGY SURVEY

— WDE

DES+DESI+CMB ool
- — WA
wo Wq o -1.0
-1.1

-0.803+0.054 -0.72+0.21 3.20

No canonical degrees of Phantom Region
0:2 0.4 0.6 0.8

freedom can propagate -
in the phantom region! a




Scalar Field Dynamics: Quintessence Dark Energy S Marier
Lorenzo La Penna
@ Time dependent equation of state = (New degrees of freedom) Tsradhgiiar
in Light of
New Data
. 1 1% calar Fie
L, =—/—9 39" 80,00, + V(p)]
( .9 B
Pe =5 @? =2V . Phantom propagation only if:
Wy = ——— > —
Sb2 ® ¢2 + 2V QD c C ; .
p(ﬂ = ? - V Conclusion

— Suppose you know w,,(t)

¢ =/Pp(1+ wy)
V(e(t) = F (1 —wy)

\.




So is there a consistent description of wow,CDM?

4 N\ 4
wow,CDM Coupled Dark Sector
@ Decoupled dark components @ Interacting dark components
S = Spe + Spwm ! S=S¢+X
® prot + 3H (1 + Wiot)prot = 0 @ prot + 3H (1 4 wiot) prot = 0
with: with:
Ptot = PDM T PDE Ptot = Px Tt Py
Wtot = WCPL PDE > -1 Wiot = W Pe
Ptot Ptot
o ppE + 3H (1 + wepr)ppe = 0 o py+3H(1+ wy)p, = —Q
\ ~pm+3Hppm =0 ) px +3Hp, =Q

Evolving Dark
Matter

Lorenzo La Penna

Introduction

Sca d
Dynamics

Dark Degeneracy




Evolving Dark
Matter

Lorenzo La Penna

So is there a consistent description of wow,CDM?

Introduction

4 N\ 4 N\
wow,CDM Coupled Dark Sector
@ Decoupled dark components @ Interacting dark components ;a::';:;eneracy
S = Spg + Spwm ! S = Sty
® prot + 3H (1 + Wiot)prot = 0 @ prot + 3H (1 4 wiot) prot = 0
with: H with: Same
Ptot = PDM + PDE Ptot = Px T Py Background,
. PDE _ P Dark
ot = (WOPL Ptot -1 Whot =t Ptot Degeneracy
e ppr + 3H(1 + wcpr)ppe =0 ° /5@+3H(1+w¢,)p<p =—Q
\ ~pm+3Hppm =0 ) px +3Hp, =Q
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The mass of DM is sourced by the quintessence field

Saark = — [ d*2/=5 30" 8,00, + V() = Ly(x, ¢)]

ion in Light of

Dynan
Dark

with DM being still non-relativistic: _
Time Varying DM

dzt dxv
World-line action Sh = _/dTm(¢) _glwﬁﬁ
Linear

of massive particle dot da” N ':‘
— d,]_ m _onclusion
/ s\ I dr dr

Guv = (mnSf))Z Guw
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Introduction

The mass of DM is sourced by the quintessence field

n Light of

Sawe = = [ d*23/=9 [ 39" 0upDuo + V(i) = Ly, )] i

Dynamics

with DM being still non-relativistic:

dzt dxv
World-line action Sh = _/dTm(¢) _glwﬁﬁ

of massive particle Al Gl
= /d’]’ My | — G —— i dr

We do not need the Gup = (m(<p))2g , We only need to assume
UV theory of DM g - the time dependence
(i.e. Boson or Fermion) m(t) = m(p(t))
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Construct the new dark sector from the isolated one (i.e. wow,CDM) \ving

Lorenzo La Penna
/v = L10my op v v, TH )
= v == ntroduction
K=v, x m&p X Ky, I Y Introductic
n in Light of
m 1.05
PDM — Px = PDM too Phantom Crossing
Mini PN
m £095
PDE — Py =ppE tppMm (1 — — £
Mini 0.90 Time Varying DM
w N w wDE 0.85 — Linear mass
DE - Smoothed 3 nd
& 1+ PDM (1 __m ) 0.80 oo
PDE Mini 0.0 0.2 0.4 06 0.8 1.0
a
mll’ll(l — aa) Linear Conclusion

Mini {1 — [aa (1 — Sa(a — as)) + @asSa (a — as)]}  Smoothed

m(p(a)) =
with:  Sa(z) = % <1 + tanh (Z))
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CLASS stands for the isolated picture

obtained with the cosmological Boltzmann code CLASS
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CLASS stands for the isolated picture

obtained with the cosmological Boltzmann code CLASS
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0.0 ‘ 108 T T T T
— Linear ] 108 . Introduction
Smoothed g: 0100
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-05 1 0 & 0010 / ) °
w
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L 100 a
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Conclusion

Strong energy injection
towards DE at early times,
but still a CDM dominated epoch.

CLASS stands for the isolated picture

Stable
Quintessence

obtained with the cosmological Boltzmann code CLASS
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The field is moving also at early times
2.0 q . .
/ differently from standard Thawing Quintessence Introduction
' — Linear in Light of
& 16 e
% Smoothed dQD _ 1 p (1 e )
14- S T Ir %2} P Scalar Field
da H Dynamics
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1 Dark D
1.0°
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Linear Order Cosmology

Baryons

@ Dark degeneracy broken at linear order

-
ds?® = a? [—(1 +2W)dn* + §;;(1 — 2<I>)dxidmj}

Coulomb

Interaction

®(n,Z) Gravitational Potential

or = dpr/pr 01:81-1)} dt = adn U~ P

5
5+ (1 +wr)(0r — 38') — 3H (;;f - w1> 51 = Qu[m, 87, 6)]
I

/ I€2 5]9[
0, 1 — 3w;)0 Y g, Pl k2w = 5.0
T+ H( wr) I+1+w1 I 1+ wy op; T Q2[m,67,0,]
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Sub-Horizon limit & Clustering of matter Matter
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(5;; + k25¢ ~ (0 ¢ never clusters efficiently and can be neglected

k>H 3H2 p
5// T H"‘M 5/ - Om, +M27X
m ( ) m 2ptot,/ p¢(1 + ywtp)

Oy =0

M = log(m)’ < 0 less friction vs more/less gravitational collapse

CLASS
(6m/6m )o (6m/6EnLASS)o
] 0.6 =

1.10

0 Linear Cosmology

g
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Total matter power spectrum Evolving Dark

Matter
1. _)/ 3 (3) T _’/ Lorenzo La Penna
(8o, E)om (1K) = (2136 (% + )P (1, ) -
ntroduction
in Light of
104}
/' Scalar Field
™ Dynamics
'S 1000; 1 non-relativstic matter (b+y) Dtk Desenerae
S g
T: 100 Li Tin arying DM
—_ 3 — Linear E
. Smoothed | Both enhanced and reduced power
& 10}
Possible to tune parameters Linear Cosmology
i ‘ 1 1 : < in order to reproduce the Conclusion
g " ‘o 1 isolated scenario
QE ]
<} 1.01 1
\E \/
& 0.9’

107 0.001 0.010 0.100 1
k [hMpc™]
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Lensing power spectrum Matter
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ot =16m [~ ac | [ antasteon - n))W(n)r D
a 31?2 7 4@

W(n) = _n=nm k2 ~ (i Orp suppression
(no —m)(no — m:) 2ptot
o B/PcLass
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Integrated Sachs-Wolfe Effect Evolving Dark
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AT @ Introduction
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Isolated Dark Sectors Coupled Dark Sectors
(also pathological) (stability)

Introduction

ion in Light of

Da
L &

Same overall background
(Dark Degeneracy)

Differences in linear order
observables

Linear Cosmology

Conclusion

W < O0(1%) difference in the matter power spectrum
W  ~ O(10% + 15%) in lensing
o ~O(1) in ISW
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Isolated Dark Sectors Coupled Dark Sectors et
(also pathological) (stability) S
N é
Same overall background
% Beyond (Dark Degeneracy) ¢ Detailed analysis
wow,CDM of parameter space

Differences in linear order
observables

Linear

Conclusion

W < O0(1%) difference in the matter power spectrum
W  ~ O(10% + 15%) in lensing
o ~O(1) in ISW
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