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DM could be just one particle, only interacting with SM via gravitation


Not necessarily!

Multiples States 


Various interaction btw SM and DS (portals) or themselves (self-interactions)


Possible signatures?

Colliders


(In)Direct Detection


Astrophysics


Cosmology:   and  tensionsH0 S8
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Dark Matter
Dark Sector



Early Universe


CMB fit to 


~68 km/s/Mpc


Late Universe

Local measurements


~73 km/s/Mpc 


5  level is one-in-a-million chance that 
the findings are just a result of random 
variations

ΛCDM

σ
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Cosmological Tensions
Hubble tension (~4-6 )σ

Snowmass [arXiv:2203.06142]21

Moresco et al. (2022), open wCDM with systematics: 67.8-7.2
+8.7

Moresco et al. (2022), flat ΛCDM with systematics: 66.5 ± 5.4

Hotokezaka et al. (2019): 70.3-5.0
+5.3

Mukherjee et al. (2019), GW170817+VLBI: 68.3-4.5
+4.6

Mukherjee et al. (2020), GW170817+ZTF: 67.6-4.2
+4.3

Gayathri et al. (2020), GW190521+GW170817: 73.4-10.7
+6.9

Palmese et al. (2021), GW170817: 72.77-7.55
+11

Abbott et al. (2021), GWTC–3: 68-8.0
+12.0

Mukherjee et al. (2022), GW170817+GWTC–3: 67-3.8
+6.3

Wong et al. (2019), H0LiCOW 2019: 73.3-1.8
+1.7

Shajib et al. (2019), STRIDES: 74.2-3.0
+2.7

Liao et al. (2019): 72.2 ± 2.1
Liao et al. (2020): 72.8-1.7

+1.6
Qi et al. (2020): 73.6-1.6

+1.8
Millon et al. (2020), TDCOSMO: 74.2 ± 1.6

Yang, Birrer, Hu (2020): 73.65-2.26
+1.95

Birrer et al. (2020), TDCOSMO+SLACS: 67.4-3.2
+4.1

Birrer et al. (2020), TDCOSMO: 74.5-6.1
+5.6

Denzel et al. (2021): 71.8-3.3
+3.9

Wang, Meng (2017): 76.12-3.44
+3.47

Fernandez Arenas et al. (2018): 71.0 ± 3.5

Schombert, McGaugh, Lelli (2020): 75.1 ± 2.8
Kourkchi et al. (2020): 76.0 ± 2.6

Pesce et al. (2020): 73.9 ± 3.0

de Jaeger et al. (2020): 75.8-4.9
+5.2

de Jaeger et al. (2022): 75.4-3.7
+3.8

Cantiello et al. (2018): 71.9 ± 7.1
Khetan et al. (2020) w/ LMC DEB: 71.1 ± 4.1

Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 ± 2.5

Huang et al. (2019): 73.3 ± 4.0

Yuan et al. (2019): 72.4 ± 2.0
Reid, Pesce, Riess (2019), SH0ES: 71.1 ± 1.99

Freedman et al. (2020): 69.6 ± 1.9
Soltis, Casertano, Riess (2020): 72.1 ± 2.0
Kim, Kang, Lee, Jang (2021): 69.5 ± 4.2

Freedman (2021): 69.8 ± 1.7
Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 ± 1.8

Jones et al. (2022): 72.4 ± 3.3
Dhawan et al. (2022): 76.94 ± 6.4

Camarena, Marra (2019): 75.4 ± 1.7
Riess et al. (2019), R19: 74.03 ± 1.42

Breuval et al. (2020): 72.8 ± 2.7
Riess et al. (2020), R20: 73.2 ± 1.3

Camarena, Marra (2021): 74.30 ± 1.45
Riess et al. (2022), R22: 73.04 ± 1.04

Farren et al. (2021): 69.5-3.5
+3.0

Philcox et al. (2020), Pl (k)+CMB lensing: 70.6-5.0
+3.7

Baxter et al. (2020): 73.5 ± 5.3

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 ± 0.97
Ivanov et al. (2020), BOSS+BBN: 67.9 ± 1.1

Colas et al. (2020), BOSS DR12+BBN: 68.7 ± 1.5
D' Amico et al. (2020), BOSS DR12+BBN: 68.5 ± 2.2

Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.31-0.86
+0.83

Chen et al. (2021), P+BAO+BBN: 69.23±0.77
Zhang et al. (2021), BOSS correlation function+BAO+BBN: 68.19±0.99

Hinshaw et al. (2013), WMAP9: 70.0 ± 2.2
Henning et al. (2018), SPT: 71.3 ± 2.1

Zhang, Huang (2019), WMAP9+BAO: 68.36-0.52
+0.53

Aiola et al. (2020), WMAP9+ACT: 67.6 ± 1.1
Aiola et al. (2020), ACT: 67.9 ± 1.5
Dutcher et al. (2021), SPT: 68.8 ± 1.5

Ade et al. (2016), Planck 2015, H0 = 67.27 ± 0.66
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 ± 0.54

Aghanim et al. (2020), Planck 2018: 67.27 ± 0.60
Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 ± 1.8

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 ± 0.5

Cosmic chronometers

GW relatedGW related

Lensing related,mass model dependent

HII galaxy

Tully Fisher

Masers

SNII

SBF

SNIa-Miras

SNIa-TRGBSNIa-TRGB

SNIa-Cepheid

LSS teq standard ruler
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CMB with Planck
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FIG. 2. 68% CL constraint on H0 from di↵erent cosmological probes (based on Refs. [49, 50]).

Planck ’18 [arXiv:1807.06209]

Riess et al. [arXiv:2112.04510]
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To increase ,
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Dark Radiation
A Class of Solutions to Hubble tension
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To increase ,


Increase energy density at early times (early-time solutions) 

A Solution: Free-streaming Dark Radiation (DR) 

Silk damping (diffusion) + Drag effect (supersonic propagation) 

Better: Self-interacting DR 

Silk damping (diffusion) 

Even Better: Add something to self-interacting DR

H0

Blinov et al. [arXiv:2003.08387]

Dark Radiation
A Class of Solutions to Hubble tension



: amplitude of matter density fluctuations on the scale of 8 Mpc/h                                  
(~ galaxy cluster scale)


:


σ8

S8 ≡ σ8(Ωm/0.3)1/2
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Cosmological Tensions
 tension (~2-3 )S8 σ

Snowmass [arXiv:2203.06142]

Structure formation

35

G
A
D
G
ET2

S8
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rly

la
te

8 Mpc/h



Early Universe


CMB fit to 


~0.83


Late Universe

Local measurements


~0.76 

ΛCDM
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Cosmological Tensions
 tension (~2-3 )S8 σ

Snowmass [arXiv:2203.06142]

Planck ’18 [arXiv:1807.06209]

DES ‘21 [arXiv:2105.13544, 2105.13543]
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FIG. 4. Constraints on S8 and its corresponding 68% error (updated from Ref. [50]). We show the nominal reported values
by each study, which may di↵er in their definition of the constraints. The definition S8 = �8(⌦m/0.3)↵ with ↵ = 1/2 has been
uniformly used for all points. In those cases where ↵ 6= 1/2 has been used in some references, the value of S8 with ↵ = 1/2
was recalculated (along with the uncertainties) using the constraints on �8 and ⌦m shown in those references, assuming their
errors are Gaussian. This concerns only 5 CC points where the published value of ↵ was di↵erent from 1/2 and the di↵erence
from the published S8 (with di↵erent ↵) is very small. The rest of the points are taken directly from the published values.

By contrast, in some analyses, the statistics relevant to the full posterior distribution have been adopted, such as
the maximum a posteriori point or the best fitting values and their associated errors. These choices can impact the
estimated values of the parameters, in particular when the posterior distributions are significantly non-Gaussian or
when the parameter estimates are prior dominated (see e.g. Ref. [266]). For simplicity, we will use the nominal values
reported in each analysis, but caution the reader that the methodology used may di↵er from case to case (see Sec. III
for a more detailed discussion).
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FIG. 4. Constraints on S8 and its corresponding 68% error (updated from Ref. [50]). We show the nominal reported values
by each study, which may di↵er in their definition of the constraints. The definition S8 = �8(⌦m/0.3)↵ with ↵ = 1/2 has been
uniformly used for all points. In those cases where ↵ 6= 1/2 has been used in some references, the value of S8 with ↵ = 1/2
was recalculated (along with the uncertainties) using the constraints on �8 and ⌦m shown in those references, assuming their
errors are Gaussian. This concerns only 5 CC points where the published value of ↵ was di↵erent from 1/2 and the di↵erence
from the published S8 (with di↵erent ↵) is very small. The rest of the points are taken directly from the published values.

By contrast, in some analyses, the statistics relevant to the full posterior distribution have been adopted, such as
the maximum a posteriori point or the best fitting values and their associated errors. These choices can impact the
estimated values of the parameters, in particular when the posterior distributions are significantly non-Gaussian or
when the parameter estimates are prior dominated (see e.g. Ref. [266]). For simplicity, we will use the nominal values
reported in each analysis, but caution the reader that the methodology used may di↵er from case to case (see Sec. III
for a more detailed discussion).

More likely unknown systematic errors


DR worsens  tension


with fixed  ,  


Another Dark Sector signal?

S8

zeq Ωr ↑ → Ωm ↑

Escudero et al. [arXiv:2208.14435]
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Dark Matter interaction with DR
A Class of Solutions to  tensionS8

Dark Radiation worsens  tension


with fixed  ,  


S8

zeq Ωr ↑ → Ωm ↑
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Dark Matter interaction with DR
A Class of Solutions to  tensionS8

Dark Radiation worsens  tension


with fixed  ,  


Solution: Dark Matter interaction with Dark Radiation 

S8

zeq Ωr ↑ → Ωm ↑

Dark Matter interacting with Dark Radiation: DR 

provides pressure on DM

● Weakly-coupled limit [MBA et al. 

1505.03542, Lesgourgues et al. 

1507.04351]

● Tightly-coupled limit: [Chacko et al. 

1609.03569, MBA et al. 1708.09406]

38

(N) A family of S8 solutions
S8
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PAcDM
Solution to  and  tensions?H0 S8

Self-interacting DR: 

Increase early measurement of  H0

DM-DR interaction: 

Decrease early measurement of  S8H0 & S8 together?

47

Enhance early measurement of H0 & decrease early measurement of S8?

S8

ea
rly

la
te

H0

ea
rly

la
te
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PAcDM
Solution to  and  tensions?H0 S8

Self-interacting DR: 

Increase early measurement of  H0

DM-DR interaction: 

Decrease early measurement of  S8

Partially Acoustic Dark Matter
Chacko et al. [arXiv:1609.03569]
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Dark Matter interaction with DR
Partially Acoustic Dark Matter (PAcDM)

Dark Acoustic Oscillations

43

S8

⇒ iDM does not clump

Γ ∝
T2

d

mχ

Chacko et al. [arXiv:1609.03569]



DM-DR interaction: 

Decrease early measurement of  

Decrease early measurement of  too 
low

S8

S8

Self-interacting DR: 

Increase early measurement of  

MCMC fit to actual data is terrible

H0

20

SPartAcous
Solution to  and  tensions!H0 S8

Partially Acoustic Dark Matter
Chacko et al. [arXiv:1609.03569]
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SPartAcous
Solution to  and  tensions! H0 S8

DM-DR interaction: 

Decrease early measurement of  S8

Stepped Partially Acoustic Dark Matter

SPartAcous

A New Step in Dark Sector Cosmologies for 
the Hubble Tension and Large Scale Structure

Self-interacting DR: 

Increase early measurement of  H0

M. A. Buen-Abad, Z. Chacko, C. Kilic, G. Marques-Tavares & TY [arXiv:2208.05984] 

cut-of
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SPartAcous
Solution to  and  tensions! H0 S8

DM-DR interaction: 

Decrease early measurement of  S8

Stepped Partially Acoustic Dark Matter

SPartAcous

A New Step in Dark Sector Cosmologies for 
the Hubble Tension and Large Scale Structure

Self-interacting DR: 

Increase early measurement of  H0

M. A. Buen-Abad, Z. Chacko, C. Kilic, G. Marques-Tavares & TY [arXiv:2208.05984] 

cut-of



Standard CDM


Interacting Dark Matter (iDM): 





Self-interacting Dark Radiation: 


,  


χ
fCDM + fχ = 1

ψ A

mψ ∼ eV

23

SPartAcous
Details of Model

DM:CDM, R

4, A

DR:
4', Al

R

I A
4

"A1

1

U(1)A

ψ

χ

arXiv: 2208.05984



Standard CDM


Interacting Dark Matter (iDM): 





Self-interacting Dark Radiation


,  


,  


χ
fCDM + fχ = 1

ψ A

ψ′￼ A′￼

24

SPartAcous+
Details of Model

DM:CDM, R

4, A

DR:
4', Al

R

I A
4

"A1 0

1 1

0 1

U(1)A

ψ

χ
U(1)A′￼

ψ′￼

arXiv: 2305.xxxxx
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Below mass threshold around 


Entropy dump in DR


Stepped increase in  


mψ ∼ eV

ΔNeff

Aloni et al. [arXiv:2111.00014]

SPartAcous
Stepped DR

high-ℓ
low-ℓ

high-ℓ

low-ℓ

Step
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SPartAcous
iDM-DR interactions

 

�

 

�

Γ ∝
T2

d

mχ
e−mχ/Td
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SPartAcous
SPartAcous

51

Γ ∝
T2

d

mχ
e−mχ /Td

Γ
H

∼ 109 ( αd

10−4 )
2

( 103 GeV
mχ )

iDM-DR interactions

Prevents too low S8
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SPartAcous
SPartAcous

51

Γ ∝
T2

d

mχ
e−mχ /Td

Γ
H

∼ 109 ( αd

10−4 )
2

( 103 GeV
mχ )

iDM-DR interactions

Different CMB damping to low and high  modesℓ
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SPartAcous
Dark Acoustic Oscillations

zt =
mχ

Td0
− 1
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SPartAcous
Below mass threshold

high-ℓ low-ℓ Alleviate  
the Silk Damping 
and too low   S8
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SPartAcous
Boltzmann equations

·δidm = − θidm + 3 ·ϕ

·θidm = − ℋθidm + k2ψ + aΓ(θdr − θidm)

·δdr = − (1 + w)(θdr − 3 ·ϕ) − 3ℋ(c2
s − w)δdr

·θdr = − [(1 − 3w)ℋ +
·w

1 + w ] θdr + k2 ( c2
s

1 + w
δdr + ψ) +

ρidm

ρdr(1 + w)
aΓ(θidm − θdr)

Γ =
4

3π
α2

d log( ⋆ )
T2

d

mχ
e−mψ /Td 2 +

mψ

Td (2 +
mψ

Td )

rg =
gUV

* − gIR
*

gIR
*

= ( ΔNIR
eff

ΔNUV
eff )

3

− 1



Markov Chain Monte Carlo (MCMC)
Setup

Data: 

Baseline : Plank high  TTTEEE, Planck low  EE, Planck low  TT, 
Plank lensing, BAO BOSS DR12, BAO small z, PANTHEON


Hubble tension : SH0ES


 tension : KiDS-1000x, DES-Y3


,  and  performed 

𝒟 ℓ ℓ ℓ

ℋ

S8 𝒮

𝒟 𝒟ℋ 𝒟ℋ𝒮
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Markov Chain Monte Carlo (MCMC)
Setup

Model: 

CDM


SPartAcous: no    ( )


SPartAcous+3: 3    ( )


iDM-DR interaction coupling 


Free Parameters: , , 

Λ

ψ′￼→ rg = 1.75 40 % ↑

ψ′￼→ rg = 0.24 7 % ↑

αd = 10−3

fχ ΔNIR zt =
mψ

Td0
− 1

33

rg =
gUV

* − gIR
*

gIR
*

= ( ΔNIR
eff

ΔNUV
eff )

3

− 1



Markov Chain Monte Carlo (MCMC)
Results

0.76 0.8 0.84
S8

66 70 74
H0

0.76

0.8

0.84

S
8

SPartAcous+3

SPartAcous

§CDM

Preliminary

Dataset 𝒟

34

Model

LCDM 0 0 67.79 0.8227

SPartAcous -0.59 0.12 68.46 0.8266

SPartAcous+3 -1.08 0.25 69.07 0.8224

Δχ2 ΔNIR H0 S8

Best fit
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Markov Chain Monte Carlo (MCMC)
Results

Preliminary

Dataset 𝒟ℋ
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Model

LCDM 0 0 68.64 0.8072

SPartAcous -23.23 0.64 71.66 0.8314
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Non-trivial Dark Sectors are well motivated


DS can be probed via Cosmology


 (too small) and  (too large) tensions


SPartAcous addresses both tensions

Stepped self-interacting DR


Stepped DM-DR interactions


Dark Acoustic Oscillations


Stay tuned for SPartAcous Part II: MCMC coming up soon!

H0 S8
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Conclusions
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Table 1. Independent leading e↵ects controlling the shape of the CMB temperature power
spectrum Cl in the minimal ⇤CDM model.

E↵ect Relevant quantity Parameter

(C1) Peak scale ✓peak =
⇡

lpeak
⇠

ds|dec
da|dec

 !m,!b

 ⌦⇤,!m

(C2) Odd/even peak amplitude ratio R|dec !b

(C3) Overall peak amplitude adec
a0

!m

(C4) Damping enveloppe ✓d =
⇡

ld
=

adecrd|dec
da|dec

 !m,!b

 ⌦⇤,!m

(C5) Global amplitude PR(k⇤) As

(C6) Global tilt d logPR
d log k ns

(C7) Additional plateau tilting (LISW) a⇤
a0

⌦⇤

(C8) Amplitude for l � 40 only ⌧reio ⌧reio

ratio of the sound horizon at decoupling by the angular diameter dis-
tance to decoupling. The first quantity depends on the evolution prior
to decoupling, and in particular on the expansion history and sound
speed. Hence it depends on !m (governing the time of equality) and
!b (governing c

2
s
as a function of a). The second quantity depends on

the expansion and geometry of the universe after decoupling, i.e. on ⌦⇤

and H0, or in our parameter basis ⌦⇤ and !m.
(C2) When studying the SW contribution to the Cl’s, we have seen that

the asymmetry between the amplitude of odd and even peaks depends
on the shift of the zero-point of acoustic oscillations by a term �R .
The value of the ratio R at decoupling is governed in our parameter
basis by !b.

(C3) A shift in the time of radiation/matter equality a↵ects the amplitude
of all peaks for two reasons: it controls the duration of the intermediate
stage between equality and decoupling, during which acoustic oscilla-
tions are damped by baryonic e↵ects, and the EISW. Both e↵ects go in
the same direction. If equality takes place earlier, there is less time for
damping (hence all peaks are increased). The metric fluctuations are
also less stabilized at decoupling, and the EISW is larger (hence the
first peak is increased even more).
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Dark Matter interaction with DR
Tightly-coupled DM-DR
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Dark Matter interaction with DR
Tightly-coupled DM-DR
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Dark Matter interaction with DR
Dark Acoustic Oscillations
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Dark Matter interaction with DR
Structure Suppression
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⇒ iDM does not clump

δℒdark = −
1
4

VμνVμν + ψ̄(iD/ − mψ)ψ + |Dχ |2 − m2
χ |χ |2
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CMB measures  tightly by sound horizon angle
H0
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Cosmological Tensions
Hubble tension (~4-6 )σ



CMB measures  tightly by sound horizon angle
H0

57

Cosmological Tensions
Hubble tension (~4-6 )σ
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DA
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θs =
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Fig. 2. A multipole l refers to structures seen on the last scattering surface under an
angle ✓ = ⇡/l. These structures are seeded by Fourier modes with a half wavelength
�
2 = ⇡adec

k .

t(z) being the proper time at which an object seen today with a redshift
z emitted light. The conformal time ⌘(z) is defined similarly. In terms of
conformal time,

da(z) = a(⌘(z))

Z
⌘0

⌘(z)

d⌘ = a(⌘(z)) [⌘0 � ⌘(z)] , (65)

and for the case of a point located on the last scattering surface,

da(zdec) = a(⌘dec) (⌘0 � ⌘dec) . (66)

Hence, Eq. (63) can be written as

1

k
=

(⌘0 � ⌘dec)

l
, (67)

which is the same relation between k and l as in Eqs. (60, 61). In those
equations, we implicitly performed a small-angle approximation. For large
angles (small l’s), it is inaccurate to say that a given angle/mutipole cor-
responds to a single Fourier mode on the last-scattering surface, and it is
important to keep the spherical Bessel function of Eq. (58) and the integral
over k of Eq.(54). In summary, Eqs. (60, 61) represent the instantaneous
decoupling and small-angle limit of the true power spectrum C

SW

l
.

Using the same two limits, a similar discussion can be carried for the
Doppler and Integrated Sachs-Wolfe power spectra. The Doppler term de-
pends on the power spectrum of the baryon velocity divergence evaluated
roughly at the same time and scale,

C
Doppler

l
⇠ h|✓b|2i(⌘,k)'(⌘dec, l/(⌘0�⌘dec))

, (68)
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H0 ∫
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[ρ(t)/ρ0]1/2
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1

Hrec ∫
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0
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[ρ(t)/ρ(trec)]1/2



To increase ,
H0
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To increase ,


Decrease energy density at late times (late-time solutions)

H0
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To increase ,


Decrease energy density at late times (late-time solutions)


Decrease sound speed in early universe (sounds crazy)

H0
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Cosmological Tensions
Hubble tension (~4-6 )σ

H0 = Hrecθs
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To increase ,


Decrease energy density at late times (late-time solutions)


Decrease sound speed in early universe (sounds crazy)


Increase energy density at early times (early-time solutions)

H0
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Cosmological Tensions
Hubble tension (~4-6 )σ

H0 = Hrecθs
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[ρ(t)/ρ0]1/2
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