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Motivation

~ 10721 eV ~10eV ~keV ~ GeV (( ~ Mg

Opn # O

Many possibilities : origin, properties, features

Important to identify unique (cosmological) signatures
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Crash Course on (Isocurvature) Perturbations
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Motivation

Q : Anew type of isocurvature perturbation?

o Kinetic Isocurvature Perturbations

® Adiabatic Number + Non-Adiabatic Momentum

Q : Any unique observational probe?

® Modulation of the Free Streaming Length

® Modulation of the Matter Power Spectrum
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1. Kinetic Isocurvature Perturbation



DM Energy Density Perturbations
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The energy density of DM
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DM Energy Density Perturbations

The energy density of DM

PDM — EpvmnpmMm, EpMm = \/m%M - p%M

The energy density perturbation decomposes to

5/0DM OMDM PowM OPDM

Normally the dominant source

D.Y. Cheong | Kinetic Isocurvature Perturbations



DM Energy Density Perturbations

The energy density of DM

PDM — EpvmnpmMm, EpMm = \/m%M - p%M

The energy density perturbation decomposes to

0 PDM _ on | p%M OPDM
PDM M FEiy poMm
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DM Energy Density Perturbations

The energy density of DM

PDM — EpvmnpmMm, EpMm = \/m%M - p%M

The energy density perturbation decomposes to

0 PDM on

PDM DM

Fluctuations imprinted at the production of DM, inheriting p modulation.
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Kinetic Isocuvature Perturbation

0 PDM

PDM
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Kinetic Isocuvature Perturbation

0 PDM

PDM

For (warm) DM, as DM becomes non-relativistic

PDM 1 0 PDM

EFpMm a PDM
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Kinetic Isocuvature Perturbation

0 PDM

PDM

For (warm) DM, as DM becomes non-relativistic

pom 1 0PDM 1
UDM — X — X )
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Free-streaming length perturbation governed by initial p distribution
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Kinetic Isocuvature Perturbation
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Kinetic Isocuvature Perturbation

Setup to realize kinetic isocurvature perturbations?
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2. Setup



Setur
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Setur

Key : adiabatic number perturbations + modulated kinetic distribution
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Energy density modulation
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Energy density modulation

(a/ai)gntot
Ny = 2n¢
(a/&i)gnfb \ \
0.1 1 10 100 1000 104
a/a;
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Energy density modulation

D.Y. Cheong | Kinetic Isocurvature Perturbations 18



Energy density modulation

Decay yield
n, (a;) = 2n, (a;) .

Fixed, no on
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Energy density modulation

Decay yield
n, (a;) = 2n, (a;) .

Fixed, no on

Ditfterent decay times t,

Momentum redshift
p(a) = p; (ai/a)

(a/a;i)’ng .- \
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Relation between op and 0
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Relation between op and 0
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Relation between op and 0
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Relation between op and 0

0.20| / """ . Analytic relation w/ instantaneous decay

Boltzmann Eq. :
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Relation between op and 0,

Within our region of interest, Ui = Pi/ My
wt; NPT uit; \
Arps ~ 1M L 1 —0.071 L
v P (106866) _ . (1O6sec>_
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Relation between op and 0,

Within our region of interest, Ui = Pi/ My
2 1/2 7 2 -
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' 12 (1Mpc? 1M TMpe Y\
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Relation between op and 0,

Within our region of interest, Ui = Pi/ My
2 1/2 7 2 -
u;'t; us't;
Ars ~ 1Mpc L 1 —0.071In L
v P (106866) _ <1O6sec>_
0| 5IO'OX 1 4 1.569*_1/2 (1 + 0.27 )
X

The « k™% dependence gives overall enhancement on §, associated with
a suppressed op,/p,. Also a Ag dependence.

Any constraints on op, /p, <> 0, ?
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3. Isocurvature Constraints



Kinetic Isocurvature Constraints
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Kinetic Isocurvature Constraints

We consider kinetic isocurvature perturbations entering the horizon with
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Kinetic Isocurvature Constraints

We consider kinetic isocurvature perturbations entering the horizon with

Piin (k) ~ 2 x 107%g, (A\psk)” Ps, (k).

Two representative profiles :

1

Py (k)
2

Py (k)

As, 0 (Ink — In ko)
As,
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Kinetic Isocurvature Constraints
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Kinetic Isocurvature Constraints

NDI delta function

NDI broken power law

104 104

7 7
: : | — ©MB + BAO A
100k : 100F y-distortion
: —— u-~distortion
10—2 = | 10—2 =
2 10-4L i 4| — "
< 10 10
10—6 I 10—6 il ‘
1081 —— CMB + BAO 108 -r_//\/ """""
10_10 l, ' y-di.StOI‘ti.OIl 10_10
——— p~distortion
10—12 | I l | 10—12 | 1 1 1
10~4 102 10° 107 10* 10° 1074 102 10° 10? 104 10°
ko [Mpc™!] ko [Mpc™]

|[Buckley et. al., 2025]
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Kinetic Isocurvature Constraints

NDI broken power law

) NDI delta tunction .
10 10 T
. : , I CMB + BAO /i
o 10°s - Ly-a g
100k 100 y-distortion
—— u-~distortion
1072 | 1072
2 1n—4L ) o —4| - "
— 10 10 F
105 ., s 105 i
10-3 1 ANED: . BAGS -
——— p~distortion
10—12 1 [ l l 10—12 l | 1 1
1074 10— 10 102 10 109 10~4 102 10° 102 104 10°
ko [Mpc™] ko [Mpc™]

2 [Buckley et. al., 2025]

We rescale NDI constraints with Axin = AxpI (Z—V)
X
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Kinetic Isocurvature Constraints
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Kinetic Isocurvature Constraints

NDI delta function
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Kinetic Isocurvature Constraints

NDI delta function
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Kinetic Isocurvature Constraints

NDI delta function 1
e P (k) = A(;A 5 (Ink — In ko)
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Kinetic Isocurvature Constraints
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Kinetic Isocurvature Constraints

NDI broken power law
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Kinetic Isocurvature Constraints
- NDI broken power laW P(S(f) ( k) — A 5
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Kinetic Isocurvature Constraints
. NDI broken power laW p 5(2) ( ]C) _ A(;)\
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Kinetic Isocurvature Constraints

10* NDI broken power law P(Q) k = A
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Kinetic Isocurvature Constraints

10 NDI broken power law P(Q) k = A
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Any observational effect? Ars(Mpc)
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3. Modulating Matter Power Spectrum
& Free Streaming Length



Modulating Free Streaming Length
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Modulating Free Streaming Length

Different kgq in different patches
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Position Dependent Power Spectrum
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Position Dependent Power Spectrum
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Position Dependent Power Spectrum

s _T,L‘ ~ Kgl
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Position Dependent Power Spectrum
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Position Dependent Power Spectrum

Position dep. power spectrum Pl rr)=—I5(k v )
within sub volume V/ 5 (kL) Vs o (k)"

s (k,rs) = [ drs(@We (v =) e = [ L8000k - g7 (g)e o
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Position Dependent Power Spectrum
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Position Dependent Power Spectrum

Modulation in Agg

AFQ (ZE) — S\FS —+- 5)\5*5 (ZE)
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Position Dependent Power Spectrum

Modulation in Agg
Ars () = Aps + dAps ().

Separate universe approach : Apg constant within a V, patch.
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Position Dependent Power Spectrum

Modulation in Agg
Ars () = Aps + dAps ().

Separate universe approach : Apg constant within a V, patch.

dpPy,

AP, (k,\ ~ \
(K, A\rs (7)) FS 3

5)\ (TL)

AFS=AFS

APm (k, >\FS (TL)) — Pm (k, )\FS (’PL)) — Pm (k, AFS)
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Position Dependent Power Spectrum
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Position Dependent Power Spectrum

Correlation of AP, governed by Py
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Position Dependent Power Spectrum

Correlation of AP, governed by Py

AP\~

<APm(kZ, )\FS;KL)APm(k, )\Fs,K,L» — (27‘(‘)3(5(3) (KL -+ K/L)Ppp(k?,KL)
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Position Dependent Power Spectrum

Correlation of AP, governed by Py

AP\~

<APm(kZ, )\FS;KL)APm(k, )\Fs,K,L» — (27‘(‘)3(5(3) (KL -+ K/L)Ppp(k?,KL)

Size of effect governed by P, dependence on Agg, through the T !
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Modulating Power Spectrum
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Modulating Power Spectrum

P (k) = Trs (k)* Pr (k) [Ws ()|
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Modulating Power Spectrum

P (k) = Trs (k)* Pr (k) [Ws ()|
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Modulating Power Spectrum

Po(k) = Tes (k)P (k) W) Representative form Trs (k, Ars) = |1+ (cApsk)”

S |

<

=~ 1

A _

S

f 0.001

T~

S |
&ﬁ 10-6 le.g. Miller, Erickcek & Murgia (2019)]
<&

< B=24, v=-11

0.01 0.10 1 10 100

C)\FS k
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Modulating Power Spectrum

Po(k) = Tes (k)P (k) W) Representative form Trs (k, Ars) = |1+ (cApsk)”
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> _ _

= I ' Ppp(kps, K7,
C\Q]f - _ ( > 5 )zlong(KL)
f 0.001

~

< | . .

Kﬁ 10-6 le.g. Miller, Erickcek & Murgia (2019)] @(1) fluctuations in

i : :

= =24, ~v=—11 normalized correlation
R :

0.01 0.10 1 10 100
C)\FS k

D.Y. Cheong | Kinetic Isocurvature Perturbations 32



Modulating Power Spectrum

Po(k) = Tes (k)P (k) W) Representative form Trs (k, Ars) = |1+ (cApsk)”

9

g |

— 1] Ppp (krs, K1)
C\D]f - ! 5 ~ 1OP5>\ (KL)
f 0.001

~

< _ . .

Kﬁ 10-6 le.g. Miller, Erickcek & Murgia (2019)] @(1) fluctuations in

< . .

= =24, ~v=—11 normalized correlation
A |

0.01 0.10 1 10 100
C)\FS k

Modulations in galaxy surveys, small scale observations?
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Conclusions and Discussions

e Kinetic Isocurvature Perturbations as a new class of isocurvature!

e Governed by p fluctuation, O(1) fluctuations compatible with
1socurvature constraints.

e O(1) modulations in the patch-by-patch free streaming length.

Open questions :



Backup Material
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A Concrete Model

Massive scalar field : ¢ (zero mode), scalar DM y, modulating scalar o.
1 gzaz-z

»Cint — 90¢X2 : Fqb = QT Mg

Temperature scales : 1., 1,

os Inp, @assuming RD at 7..and 7.

90 \ '/ m
Tdec =~ \/FMP . TOSC =~ ( ) \/m¢MP . TNR =~ Tdec X

TG M
Px o MxM ) e MMy P;
B X 3/9
S S S gx (Mo Mp) /
¢. g*TdecTeq 12 th)))/4 1015G6V v Tdec t/2 10keV 1/2 1O8G€V L/4
Z INR m(lb/ 4 10°GeV TNR Me
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A Concrete Model

Requirements on m

In order for large I’ modulation, o should start oscillating at T' < T,

I d f 5 1—lOOp g ¢ < Tc?ec < 10—8 TNR 1/2< m¢
Il Oorder 10r ~ —
’ o ar® S Mp T 10keV 103GeV
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A Concrete Model

o eventually starts oscillations and dissipated at 7 ;5 needs suppressed
oo of \/my,Mp

Ry ~
Oj M% Tdis
N L Toce \° ( Mo )1/2 103GeV (1078 "
og; 103GeV \ 10°GeV 1GeV Ty g
R, suppressed for sufficiently large 74y;s
AQ
e.g. If LD Ayo|H|?, o is dissipated with a rate ~ . I}
-

10—3GeV
my > MeV for suppressing the AN.g

A 2/3
Tdis ~ 103G6V ( - )
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