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In this talk:
We are interested in how dark matter drives cosmological structure.
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PART I

early-universe dynamics — DM phase-space distribution
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e Once DM is produced, many of its properties are described by its
primordial phase-space distribution f(Z,p,t) ~ f(p,t):
—
homogeneity/isotropy

comoving number density:

3
N(t) = g [ e .0

energy density:

3
mw:mm/‘dpEﬂuw

(2m)?
pressure:

d3p p2
P(t) = in N L= 5
(1) =g | a3 0u0)
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e Once DM is produced, many of its properties are described by its
primordial phase-space distribution f(Z,p,t) ~ f(p,t):
| I |
homogeneity/isotropy

comoving number density:

3
N(t) = g [ e .0

energy density:

3
mw:mm/‘dpEﬂuw

(2m)?
pressure:

d3p p2
P(t) = in W L= 5
(1) =g | a3 0u0)

= the distribution is the central quantity in under-
standing cosmological properties of the dark sector
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and/or unimodal, but this need not be the case.
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The distribution f(p,t) is often assumed thermal
and/or unimodal, but this need not be the case.

For example:

If the dark sector consists of an ensemble of
states with different masses, then DM phase-
space distributions of a much different form can
arise from decays within dark sector
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First, let's consider this qualitatively...

For instance, take a three-state system with mo > my > mg and consider
two-body decays. Assume heaviest state initially populated (for simplicity).

D)

=
g
[>2)
8
)
3
M
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First, let's consider this qualitatively...

For instance, take a three-state system with mo > my > mg and consider
two-body decays. Assume heaviest state initially populated (for simplicity).
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BASIC OBSERVATIONS:
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First, let's consider this qualitatively...

For instance, take a three-state system with mo > my > mg and consider
two-body decays. Assume heaviest state initially populated (for simplicity).

H BASIC OBSERVATIONS:

@ — @ + @: daughter packets

get extra kinetic energy and width
(Ap) compared to parent packet

@ — @ + @: produces two

identical daughter packets (twice the
area), again wider than the parent

resulting distribution g(p) is
superposition of deposits
from two seperate decay
chains—carries imprints of
the early decay dynamics
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We can verify that these features by
(numerically) solving the Boltzmann system:

Ofe(pe,t) Ofe clfl
— Hp Lty UL
ot Ope  \/p; +m]
redshifting collision terms

for the three-state system.

Survey different combinations of decay rates
I'%; for two-body decays £ — i + j.
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0.9

We can verify that these features by
1=9Mmo
(numerically) solving the Boltzmann system: —
5 5 . __ %1 initial
it =
ff(a}:f ) _ H(t)péafe‘i’ 2[f] . gog-
redshifting collision terms

for the three-state system.

Survey different combinations of decay rates s} final
I'%; for two-body decays £ — i + j.

9o0(p)

0.01 0.1 1 10
p/mo
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We can verify that these features by
(numerically) solving the Boltzmann system: —
__ %1 initial
ot 0 \/p? 2 03f
redshifting collision terms
for the three-state system. 0= : :
{T'80, %1, T }/H (to) s
Survey different combinations of decay rates ;| final QI
Ffj for two-body decays ¢ — i + j. {0,107%,107%)
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S ,
In the only case with competing {107%,0,0}
decay chains we find multi-modal 1 H10-3,10-8,10-5}
distributions are produced. N
0 j
0.01 0.1 1 10
p/mo
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We can verify thaTc these features by
(numerically) solving the Boltzmann system: —
5 5 . __ %1 initial
it =
ff(a}:f ) _ (t)péaifl‘i’ 2[f] > &03-
redshifting collision terms

for the three-state system.

{T'80, %1, T }/H (to)
Survey different combinations of decay rates s} final
Ffj for two-body decays ¢{ — 7 + j. {0,107%,107°

{0,1073,1073}

9o0(p)

In the only case with competing {10-%,0,0}
decay chains we find multi-modal 1 H10-3,10-8,10-5}

distributions are produced.

0

0.01 0.1 1 10
much more can be inferred about decay process...
US (see paper for details [arXiv:2001.02193])
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PART II

DM phase-space distribution — matter power spectrum
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e (Cold) dark matter drives the growth of structure
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e (Cold) dark matter drives the growth of structure

sound speed r DM density
.. . k2T perturbations
a =p=—=

—_
avit
pressure gravity pDM
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e (Cold) dark matter drives the growth of structure

sound speed r DM density
.. . k2T perturbations
a =p=—=

—_
avit
pressure gravity pDM

k 3H
and with ¢ # 0 small perturbations — > \/g do not grow
a Cs
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e (Cold) dark matter drives the growth of structure

sound speed r DM density
.. . k2T perturbations
0+2HO+ —c 0 —4nGpd =0 5= 9pou

a ===

—_
avit
pressure gravity le\/I

k 3H
and with ¢ # 0 small perturbations — > \/g do not grow
a Cs

e A standard approach is to define a free-streaming horizon

kpan = / " <ZE3>

tprod

as a benchmark for the scale below which structure is suppressed.
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e (Cold) dark matter drives the growth of structure

sound speed r DM density
.. . k2T perturbations
0+2HO+ —c 0 —4nGpd =0 5= 9pou

a ===

—_
avit
pressure gravity le\/I

k 3H
and with ¢ # 0 small perturbations — > \/g do not grow
a Cs

e A standard approach is to define a free-streaming horizon

B /tnow N (v(t)) (__ relies on averaging
a

kggH = 0 over DM distribution
tprod

will fail for multi-modal g(p)
as a benchmark for the scale below which structure is suppressed.
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e (Cold) dark matter drives the growth of structure

sound speed r DM density
.. . k2T perturbations
0+2HO+ —c 0 —4nGpd =0 5= 9pou

a ===

—_
avit
pressure gravity le\/I

k 3H
and with ¢ # 0 small perturbations — > \/g do not grow
a Cs

e A standard approach is to define a free-streaming horizon

B /tnow N (v(t)) (_ relies on averaging
a

kggH = 0 over DM distribution
tprod

will fail for multi-modal g(p)
as a benchmark for the scale below which structure is suppressed.

We'll consider a different approach...
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Our Approach:

e We begin by considering momentum slices through the distribution:

1
oo plat)  dt
toroa \/P?/a(t)? + m? a(t)

Normally, knor(p) would be interpreted as defining the minimum value k
which can be affected by dark matter in that slice.

khor (p) =
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Our Approach:

e \We begin by considering momentum slices through the distribution:
-1
tnow p/a(z‘,) i
tprod pZ/a(t)2 + m? a(t)

Normally, knor(p) would be interpreted as defining the minimum value k
which can be affected by dark matter in that slice.

khor(p) = [

o We take this k., (p) relation to define a mapping between p [of the
dark-matter distribution g(p)] and k [of the power spectrum P(k)].
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Our Approach:

e We begin by considering momentum slices through the distribution:
-1

bgow p/a(t) dt

tpr(rd pz/a(t)2 + ’I’n,2 a(t)

Normally, knor(p) would be interpreted as defining the minimum value k
which can be affected by dark matter in that slice.

khor(p) = [

o We take this k., (p) relation to define a mapping between p [of the
dark-matter distribution g(p)] and k [of the power spectrum P(k)].

e In other words, we identify &y (p) with & and consider g(p) as having a
corresponding profile in k-space:

G(k) = g (ko (k)17 (%)
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Our Approach:

e We begin by considering momentum slices through the distribution:

t
pow p/a(t dt
khor (p) = (/# -
tpr(rd V pz/a(t)2 + ,rn’2 a(t)
Normally, knor(p) would be interpreted as defining the minimum value k
which can be affected by dark matter in that slice.

o We take this k., (p) relation to define a mapping between p [of the
dark-matter distribution g(p)] and k [of the power spectrum P(k)].

e In other words, we identify &y (p) with & and consider g(p) as having a
corresponding profile in k-space:

inverse function of
horizon scale

§(k) = 9 (kior (k)| T ()]

Jacoblan
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Our Approach:

e We begin by considering momentum slices through the distribution:

t
pow p/a(t dt
khor (p) = (/# -
tpr(rd V pz/a(t)2 + ,rn’2 a(t)
Normally, knor(p) would be interpreted as defining the minimum value k
which can be affected by dark matter in that slice.

o We take this k., (p) relation to define a mapping between p [of the
dark-matter distribution g(p)] and k [of the power spectrum P(k)].

e In other words, we identify &y (p) with & and consider g(p) as having a
corresponding profile in k-space:

inverse function of
horizon scale

§(k) = 9 (kior (k)| T ()]

Jacoblan

which retains N:/dlogp g(p) :/dlogkﬁ(k).
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we are finally equipped to ask:

Can we conjecture the relationship
9(k) «— P(k)

between distributions/power spectra?
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we are finally equipped to ask:

Can we conjecture the relationship
9(k) «— P(k)

between distributions/power spectra?

let's do a bit of exploring...
[using CLASS to compute P(k)]
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e Let’s fix the abundance in g(p) (and (P)now) °f
but vary the width o of the distribution. s
R
02
0.0 L
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e Let's fix the abundance in g(p) (and (P)now)
but vary the width o of the distribution.

Jeff Kost

9(ps tnow) /N

02

k [h/Mpc]
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e Let’s fix the abundance in g(p) (and (P)now) °f
but vary the width o of the distribution.

08|

—0=04

—0=0.8

=z —o=1

AN IMPORTANT OBSERVATION: 50 i
02
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e Let's fix the abundance in g(p) (and (P)now)
but vary the width o of the distribution.

2
AN IMPORTANT OBSERVATION: i B
e as we widen the distribution: :;/ o4k
o slope of T?(k) changes more slowly -
0.2

o the power suppression becomes smaller

o HOWEVER, the slope of T?(k) itself
remains the same at large k&

us © k[h/Mpd

UNIVERSITY
oF sussex TR Deciphering the Archaeological Record: Cosmological Imprints of Non-Minimal Dark Sectors




e Let's fix the abundance in g(p) (and (P)now)

but vary the width o of the distribution.

AN IMPORTANT OBSERVATION:
e as we widen the distribution:
o slope of T?(k) changes more slowly
o the power suppression becomes smaller

o HOWEVER, the slope of T?(k) itself
remains the same at large k&

accumulated abundance in g(k)
correlates not with suppression
of T2%(k) but with its slope.
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P(k)/Popm (k)

1.0F

08|

0.6 |

041

k [h/Mpc|
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o HOWEVER, the slope of T?(k) itself
remains the same at large k&

accumulated abundance in g(k)
correlates not with suppression
of T2%(k) but with its slope.
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e At any particular k this accumulated abundance is:
2R Gk dlog
[T g(k)dlog k'

(k)

or equivalently, the fraction of our DM which is
effectively “hot” (i.e., free-streaming).
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e At any particular k this accumulated abundance is:

sk g H ”
/oo 9(k")dlog &' “hot fraction
f_Jr;o G(k)dlogk' function

(k)

or equivalently, the fraction of our DM which is
effectively “hot” (i.e., free-streaming).
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e At any particular k this accumulated abundance is:

logk ~
J % 9(k")dlog K’ “hot fraction”

F(k)= \ .
“ fj_;oﬁ(k’)dlogk’ function

or equivalently, the fraction of our DM which is
effectively “hot” (i.e., free-streaming).

e Our claim is that the slope of T2(k) is directly related to F(k)

F(k)w(‘dlogw )

Lsome as-yet unknown function

dlogk
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e At any particular k this accumulated abundance is:

logk ~
Joo 9(k)dlog k' “hot fraction”
f_Jr;o G(k)dlogk' function

F(k) =

or equivalently, the fraction of our DM which is
effectively “hot” (i.e., free-streaming).

e Our claim is that the slope of T2(k) is directly related to F(k)

F(k)w(‘dlogw )

dlogk
dlogT? D ‘ d?log T? ’
dlogk (dlogk)?

some as-yet unknown function
so that the relationship has the form
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@Nn/(

~ 2
N dlogk (dlogk)
| M—
phase-space
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e At any particular k this accumulated abundance is:

logk ~
J % 9(k")dlog K’ “hot fraction”

F(k)= \ .
“ fj_;oﬁ(k’)dlogk’ function

or equivalently, the fraction of our DM which is
effectively “hot” (i.e., free-streaming).

e Our claim is that the slope of T2(k) is directly related to F(k)

(‘ dlog T? )

FR) ~n | | Jhoe

Lsome as-yet unknown function

so that the relationship has the form

a(k dlog T? d?log T?
g()Nn,( g m g ’

~ 2
N dlogk (dlogk)
— ||
phas_e—spface transfer function
distribution slope
14
oF sussex [RTRIOY Deciphering the Archaeological Record: Cosmological Imprints of Non-Minimal Dark Sectors




e At any particular k this accumulated abundance is:

Ing"' . "
o5 9(K)dlog ' “hot fraction

F(k)= \ .
“ fj_;oﬁ(k’)dlogk’ function

or equivalently, the fraction of our DM which is
effectively “hot” (i.e., free-streaming).

e Our claim is that the slope of T2(k) is directly related to F(k)

F(k)w(‘dlogw )

Lsome as-yet unknown function

dlogk
so that the relationship has the form

g(k) ,( dlogT? D d*logT*
~ul] 2 ’
N Idlogkz ! I(cllogk) .
phas_e—spfice transfer function transfer function
distribution slope curvature
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e Using our earlier results we can implicitly determine the function n:

3

dlog T?
|22 F2(k) + S F (k)

dlogk
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e Using our earlier results we can implicitly determine the function n:

~ F2(k)+ gF(k)

‘allogT2
dlogk

and therefore we can finally state our conjectured relation:
d?log T?

—)| 28 L 1(2 |dosT? 2| d?log T
N 7 2\16 ' | dlogk (dlog k)2

With this relation we can “resurrect” the DM
distribution g(k) from the transfer function 72(k)
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e Using our earlier results we can implicitly determine the function n:

dlog T? 3
~ k —F(k
dogh | ~ F )+ 5F (k)

and therefore we can finally state our conjectured relation:
d?log T?

—)| 28 L 1(2 |dosT? 2| d?log T
N T 2\16 ' | dlogk (dlog k)2

With this relation we can “resurrect” the DM
distribution g(k) from the transfer function 72(k)

How well does the inverse map work?
let's test the conjecture...
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An lllustrative Model of
Multi-Component Decay Chains
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lllustrative Model of Multi-Component Decay Chains

e Consider a model with N + 1 real scalars {¢o, ¢1,...dn}
with a mass spectrum

me = mo+ P Am
and Lagrangian

£:

N1
2
=0

14 %
0yuped* by — %mﬁﬂﬁ =D cuidudidy |+

i=0 j=0
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lllustrative Model of Multi-Component Decay Chains

e Consider a model with N + 1 real scalars {¢o, ¢1,...dn}
with a mass spectrum

me = mo+ P Am
and Lagrangian
N (4 1 I
L= | 50ubed b — gmidi =D Y cujbndid |+
=0 i=0 j=0

e Let's parameterize the trilinear couplings in a useful way for our study:

o (me—mi—my [mi —my| | I
Ceij = ,U,Rh]< A ) <1+ A ) @(Mg m; mj)
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with a mass spectrum
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and Lagrangian
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=0 i=0 j=0

e Let's parameterize the trilinear couplings in a useful way for our study:

my — My; — My m; — MMy
cuij = .L’R“f(mJ) (” %) O (fe = ma = 1)

overall
mass scale
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lllustrative Model of Multi-Component Decay Chains

e Consider a model with N + 1 real scalars {¢o, ¢1,...dn}
with a mass spectrum

me = mo+ P Am
and Lagrangian
N (4 1 I
L= | 50ubed b — gmidi =D Y cujbndid |+
=0 i=0 j=0

e Let's parameterize the trilinear couplings in a useful way for our study:

counting

factor - m m e |m m| -
e a
= L’RM<A$¢J> <1+1A—mj> Ome =m: —m;)

overall
mass scale
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lllustrative Model of Multi-Component Decay Chains

e Consider a model with N + 1 real scalars {¢o, ¢1,...dn}
with a mass spectrum

me = mo+ P Am
and Lagrangian
N (4 1 I
L= | 50ubed b — gmidi =D Y cujbndid |+
=0 i=0 j=0

e Let's parameterize the trilinear couplings in a useful way for our study:

gap between parents

counting and daughters
factor /I AN |m m | -
I 1 my —m; —m; i 1
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overall
mass scale
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lllustrative Model of Multi-Component Decay Chains

e Consider a model with N + 1 real scalars {¢o, ¢1,...dn}
with a mass spectrum

me = mo+ P Am
and Lagrangian
N (4 1 I
L= | 50ubed b — gmidi =D Y cujbndid |+
=0 i=0 j=0

e Let's parameterize the trilinear couplings in a useful way for our study:
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counting and daughters daughters
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lllustrative Model of Multi-Component Decay Chains

e Consider a model with N + 1 real scalars {¢o, ¢1,...dn}
with a mass spectrum

me = mo+ P Am
and Lagrangian
N (4 1 I
L= | 50ubed b — gmidi =D Y cujbndid |+
=0 i=0 j=0

e Let's parameterize the trilinear couplings in a useful way for our study:

gap between parents gap between
counting and daughters daughters
factor /| 1\ —s
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overall
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energy released

r > 0: maximally
exothermic decays
r < 0: minimally

exothermic decays
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lllustrative Model of Multi-Component Decay Chains

e Consider a model with N + 1 real scalars {¢o, ¢1,...dn}
with a mass spectrum

me = mo+ P Am
and Lagrangian
N (4 1 I
L= | 50ubed b — gmidi =D Y cujbndid |+
=0 i=0 j=0

e Let's parameterize the trilinear couplings in a useful way for our study:

gap between parents gap between

counting and daughters
factor /M 1 ! :
== my;—m; —m; |m; —m;|
coij = pRej| ———— 14 O(me —my mj)
u Am Am
overall
mass scale

energy released symmetry in decay

s > 0: maximally
symmetric daughters
s < 0: minimally

symmetric daughters

r > 0: maximally
exothermic decays
r < 0: minimally

exothermic decays
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lllustrative Model of Multi-Component Decay Chains

e Consider a model with N + 1 real scalars {¢o, ¢1,...dn}
with a mass spectrum

me = mo+ P Am
and Lagrangian
N (4 1 I
L= | 50ubed b — gmidi =D Y cujbndid |+
=0 i=0 j=0

e Let's parameterize the trilinear couplings in a useful way for our study:

gap between parents gap between

counting and daughters

factor /1Y \m |
1 my—m; —m; m; —m;
ceij = pRy;| ————— 1+ — O(mg—m; —m
w = (| =g A ) | Ome == m)
overall
mass scale
fix parameters: energy released symmetry in decay
N=9 r > 0: maximally s > 0: maximally
§=1 exothermic decays symmetric daughters
_ r < 0: minimally s < 0: minimally
Am = 2mg exothermic decays symmetric daughters
n=0.1mg
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lllustrative Model of Multi-Component Decay Chains

symmetry in decays \
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lllustrative Model of Multi-Component Decay Chains
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lllustrative Model of Multi-Component Decay Chains
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lllustrative Model of Multi-Component Decay Chains

Recall our conjecture:

gk) _ 1(9 |dlogT*[\""*|d’log T
N T 2\16 " | dlogk (dlog k)2

What features can we “resurrect” from this relation?
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lllustrative Model of Multi-Component Decay Chains
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energy released in decays

T%(k) = P(k)/Pcom(k)
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TAKE-HOME MESSAGE:

o If the dark sector is non-minimal, early-universe processes such as decays
within the dark sector can leave identifiable imprints in f(p) and the matter
power spectrum P(k)—certain features may allow us to study the inverse
problem and reconstruct the dark-matter momentum distribution.

e Such approaches may be only probes for dark sectors decoupled from SM.
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TAKE-HOME MESSAGE:

o If the dark sector is non-minimal, early-universe processes such as decays
within the dark sector can leave identifiable imprints in f(p) and the matter
power spectrum P(k)—certain features may allow us to study the inverse
problem and reconstruct the dark-matter momentum distribution.

e Such approaches may be only probes for dark sectors decoupled from SM.

FUTURE WORK/DIRECTIONS:

e Addressing the non-linear regime (e.g., halo mass function). Can our
conjecture be extended to the nonlinear regime? (NEXT TALK!)
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e Implications of observational bounds/constraints (Lyman-q, etc.). In
particular, do existing methods of recasting Lyman-a constraints behave
consistently with such non-minimal dark sectors? (in preparation)
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e Implications of observational bounds/constraints (Lyman-q, etc.). In
particular, do existing methods of recasting Lyman-a constraints behave
consistently with such non-minimal dark sectors? (in preparation)

o If the dark sector includes light states, non-trivial distributions of dark
radiation will be produced: what are the implications? (in preparation)
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particular, do existing methods of recasting Lyman-a constraints behave
consistently with such non-minimal dark sectors? (in preparation)

o If the dark sector includes light states, non-trivial distributions of dark
radiation will be produced: what are the implications? (in preparation)

e We have focused on decays, but we should also examine models in which
distributions arise from other non-thermal particle production processes.
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e Implications of observational bounds/constraints (Lyman-q, etc.). In
particular, do existing methods of recasting Lyman-a constraints behave
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o If the dark sector includes light states, non-trivial distributions of dark
radiation will be produced: what are the implications? (in preparation)

e We have focused on decays, but we should also examine models in which
distributions arise from other non-thermal particle production processes.

THANK YOU FOR YOUR ATTENTION!
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