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Our Universe is expanding  faster than predicted by  ∼ 8 % ΛCDM



Motivation:  - tension H0

A   Discrepancy between  

the indirect model dependent estimates at early times  

and  

the direct late time measurements 

4σ to 6σ
Riess, Nat. Rev. Phys. 2 (2020) 10



Motivation:  - tension H0

All the indirect, model-dependent early 
estimates, such as those from the CMB and BAO 

agree among themselves

All the direct, late-time ΛCDM-independent 
measurements, such as those from distance 

ladders and strong lensing, also agree among 
themselvesMoresco 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
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No CMB, with BBN

CMB without Planck
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Motivation:  - tension H0
Planck CMB: 

 H0 = 67.27 ± 0.6 km/s/Mpc
SH0ES collaboration: 

H0 = 73.04 ± 1.04 km/s/Mpc

Estimates assuming vanilla 
 modelΛCDM

Direct measurements in 
the local Universe using 
cosmic distance ladders.

Most Statistically significant, Long standing and widely persisting tension

v = H0 × dθS ∼ H0 × rs

2112.04510



Motivation:  - tension S8
Discrepancy between the amplitude of matter 
fluctuations inferred from LSS surveys and the 
CMB data

S8 = σ8 ( Ωm

0.3 )
1/2
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 between Planck and KV450 + BOSS3.4σ
 between Planck and KiDS-10003.1σ
 between Planck and CFHTLenS survey and KiDS-4502.6σ
 between Planck and KV-450 + DES Y13.2σ
 between Planck and DES Y32.5σ

2007.15632
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Motivation:  - tension S8

0.747
0.7

Kazantzidis and Perivolaropoulos (2018)
Benisty (2021)

RSD
RSD

0.793
0.785

0.749

Ade et al. (2016d)
Salvati et al. (2018)
Bocquet et al. (2019)

CC Planck tSZ
CC Planck tSZ
CC SPT tSZ

0.77
0.831

0.79
0.65

0.78

Mantz et al. (2015)
Pacaud et al. (2018)
Costanzi et al. (2019)
Abbott et al. (2020d)
Lesci et al. (2021)

CC ROSAT (WtG)
CC XMM-XXL
CC SDSS-DR8
CC DES-Y1
CC AMICO KiDS-DR3

0.784
0.73

0.703
0.729
0.736
0.72
0.751

Krolewski et al. (2021)
White et al. (2022)
Ivanov et al. (2020)
Tröster et al. (2020)
Chen et al. (2021)
Ivanov et al. (2021)
Philcox et al. (2021)

GC+CMBL unWISE+Planck
GC+CMBL DELS+Planck
GC BOSS galaxy power spectrum
GC BOSS DR12
GC BOSS power spectra
GC BOSS+eBOSS
GC BOSS DR12 bispectrum

0.8
0.728

0.773
0.776

0.742
0.766
0.7781
0.795

van Uitert et al. (2018)
Tröster et al. (2020)
Abbott et al. (2018d)
Abbott et al. (2021)
Joudaki et al. (2018)
Heymans et al. (2021)
García-García et al. (2021)
Miyatake et al. (2022)

WL+GC KiDS+GAMA 3x2pt
WL+GC KiDS+VIKING-450+BOSS
WL+GC DES-Y1 3×2pt
WL+GC DES-Y3 3×2pt
WL+GC KiDS-450 3×2pt
WL+GC KiDS-1000 3×2pt
WL+GC+CMBL KiDS+DES+eBOSS+Planck
WL+GC HSC+BOSS

0.74
0.78
0.804

0.782
0.759
0.745

0.651
0.737

0.716
0.762
0.755
0.759

Joudaki et al. (2017)
Hikage et al. (2019)
Hamana et al. (2020)
Troxel et al. (2018)
Amon et al. and Secco et al. (2021)
Hildebrandt et al. (2017)
Kohlinger et al. (2017)
Hildebrandt et al. (2020)
Wright et al. (2020)
Joudaki et al. (2020)
Asgari et al. (2020)
Asgari et al. (2021)

WL CFHTLenS
WL HSC-pseudo-Cl
WL HSC-TPCF
WL DES-Y1
WL DES-Y3
WL KiDS-450
WL KiDS-450
WL KiDS+VIKING-450
WL KiDS+VIKING-450
WL KiDS+VIKING+DES-Y1
WL KiDS+VIKING+DES-Y1
WL KiDS-1000

0.84
0.832
0.834

Aiola et al. (2020)
Aghanim et al. (2020d)
Aghanim et al. (2020d)

CMB ACT+WMAP
CMB Planck TT,TE,EE+lowE+lensing
CMB Planck TT,TE,EE+lowE

Early Universe

Late Universe

0.2 0.4 0.6 0.8 1.0 1.2

S8≡σ8 Ωm /0.3

CMB experiments typically yield higher values

weak lensing and galaxy clustering data infer a 
lower value

Universe is less “clumpy” than predicted by CDM Λ

S8 = 0.834 ± 0.016

S8 = 0.759 ± 0.024
S8 = 0.776 ± 0.017

KiDS 1000 :

Planck :

DES Y3 :

2203.06142



Motivation: Ly-   discrepancy α
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4.9σ tension between 
Planck CMB, BAO and SNe data with ΛCDM 

and 
 eBOSS Ly-α forest

 in inference of the linear matter power spectrum 
at wavenumber  and redshift = 3.∼ 1h Mpc−1
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Motivation: Ly-   discrepancy α

Δ2
lin ≡

k3
pPlin(kp, zp)

2π2
nlin ≡

dlnPlin(k, z)
dlnk

|kp,zp
Amplitude: Tilt:

2405.17554

4.9σ

4.9σ tension between 
Planck CMB, BAO and SNe data with ΛCDM 

and 
 eBOSS Ly-α forest

 in inference of the linear matter power spectrum 
at wavenumber  and redshift = 3.∼ 1h Mpc−1



Significance of addressing these tensions

These tensions are unlikely to be mere statistical anomalies

They highlight potential gaps in our understanding
Requires us to extend beyond the standard ΛCDM paradigm and explore new 
physics.

Novel properties and interactions of dark matter..??
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Early Time Soln. Late Time Soln.
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Modify Physics of CMB 
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Proposed solutions for -tensionH0

Early Time Soln. Late Time Soln.

θS ∼ H0 × rs

Modify Physics of CMB 

Fixed
∼ 67.27 km/s/Mpc

∼ 73.04 km/s/Mpc

Additional energy around MRE

Neff EDE
ΔNeff =

ρDR

ρνL

=
8
7 ( Tν

Tγ )
−4

ρDR

ργ
≃

8
7 ( 11

4 )
4/3 ρDR

ργ

Add Dark Radiation (After BBN) !!!

rs = ∫
τrec

0
csdτ = ∫

τrec

0
cs

da

[ 8πG
3 (ρTotal)]

1/2
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Proposed solutions for -tensionH0

Simplest Implementation:  +  (Free Streaming)ΛCDM ΔNeff

Adverse effects:

•Worsens S8 tension
•Significant challenges in fitting CMB polarization data

Modification of Silk damping tail

Phase-shift in CMB high ℓ
•Worsens the fit to Ly-α

Free Streaming DR is Insufficient !!!
Extremely Constrained

Alternatives: Interacting DR (IDR) or

DR Interacting with DM



Interacting DR models

Less efficient at erasing small-scale structure             Less constrained by CMB fits 



Interacting DR models

SIDR
Neff

Less efficient at erasing small-scale structure             Less constrained by CMB fits 

WZDR
NIR zt

SIDR+
Neff RΓ

WZDR+
NIR ztRΓ

2405.17554



Interacting DR models

SIDR
Neff

•Acts as a perfect fluid. 
• Overcomes limitations of FSDR. 

• Allows for more    for a better  fit while 
still fitting CMB data well.

ΔNeff H0

•No help with the tension in Ly-  α
2405.17554



Interacting DR models

WZDR
NIR zt

•IDR fluid with 2 components.  
•Model of “Stepped DR”. 
•Enhances the fit to CMB.

𝓛WZDR = λϕψ̄ψ + λ2(ϕ*ϕ)2

mϕ ≠ 0

T = mϕ
2111.00014
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NIR zt

𝓛WZDR = λϕψ̄ψ + λ2(ϕ*ϕ)2
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SIDR
Neff

WZDR
NIR zt

Interacting DR models
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Interacting DM-DR models

SIDR+
Neff RΓ

WZDR+
NIR ztRΓ

Models where IDR couples to DM show consistency with all LSS data, including Ly- , while still 
significantly alleviating  tension.

α
H0



Interacting DM-DR models

SIDR+
Neff RΓ

WZDR+
NIR ztRΓ

Models where IDR couples to DM show consistency with all LSS data, including Ly- , while still 
significantly alleviating  tension.

α
H0

•Interaction with DR Transfers momentum to DM

·p⃗DM = − aΓ p⃗DM

•Additional Pressure Suppresses Structure Formation

2405.17554
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Interacting DM-DR models

SIDR+
Neff RΓ

WZDR+
NIR ztRΓ

Models where IDR couples to DM show consistency with all LSS data, including Ly- , while still 
significantly alleviating  tension.
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SIDR+   Model :zt

Our Proposal : SIDR+  zt

SIDR
Neff

WZDR
NIR zt

SIDR+
Neff RΓ

WZDR+
NIR ztRΓ

ΔNeff ∼ 0.6 log10(zt) ∼ 4.25RΓ ∼ 0.07
2405.17554



Overview of the Model 

•inelastic dark matter (iDM) scenario coupled with DR.

𝓖 ≡ 𝓖SM ⊗ U(1)D
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Overview of the Model 

•inelastic dark matter (iDM) scenario coupled with DR.

−
1
4

Fμν
X FX μν −

ϵ
2

Fμν
X Bμν + h . c .𝓛 ⊃ iψγμDμψ − Mψψψ + iχγμDμ χ − Mχ χ χ + (DμΦ)†(DμΦ) −y χ Φ ψ

VS DS𝓖 ≡ 𝓖SM ⊗ U(1)D
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Overview of the Model 

•inelastic dark matter (iDM) scenario coupled with DR.

−
1
4

Fμν
X FX μν −

ϵ
2

Fμν
X Bμν + h . c .𝓛 ⊃ iψγμDμψ − Mψψψ + iχγμDμ χ − Mχ χ χ + (DμΦ)†(DμΦ) −y χ Φ ψ
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Overview of the Model 

•inelastic dark matter (iDM) scenario coupled with DR.

𝓖 ≡ 𝓖SM ⊗ U(1)D

•  is broken by U(1)D ⟨Φ⟩

ξ1 = cos β χ − sin β ψ and ξ2 = sin β χ + cos β ψ δ ≡ Mξ2
− Mξ1

=
2yvϕ

sin 2β
𝓛 ⊃ κ1Sξ̄1ξ1 + κ2Sξ̄2ξ2,

−
1
4

Fμν
X FX μν −

ϵ
2

Fμν
X Bμν + h . c .𝓛 ⊃ iψγμDμψ − Mψψψ + iχγμDμ χ − Mχ χ χ + (DμΦ)†(DμΦ) −y χ Φ ψ

ℒ ⊃ igD(ZD)μ[c2
β ξ1γμξ1 + s2

β ξ2γμξ2 + cβsβ (ξ1γμξ2 + ξ2γμξ1)] − y(cos γ h2 + sin γ h1)[c2β(ξ1ξ2 + ξ2ξ1) + s2β (ξ2ξ2 − ξ1ξ1)]
ℒ ⊃ ϵg(ZD)μ fγμ f + ϵgX

sθW

cθW

Zμ [c2
β ξ1γμξ1 + s2

β ξ2γμξ2 + cβsβ (ξ1γμξ2 + ξ2γμξ1)]

VS DS2408.03004



Possible features of the Model 

• Decay of  produces DM and DR, yielding   and  after BBNS ΩDMh2 ΔNeff

•DR has self-interactions, facilitated by λϕ (Φ†Φ)2

•DM-DR interactions leading to momentum transfer

•Suppression of DM-DR interactions at  determined by zt δ

•Two “Step” increase in DR energy density
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• Decay of  produces DM and DR, yielding   and  after BBNS ΩDMh2 ΔNeff

•DR has self-interactions, facilitated by λϕ (Φ†Φ)2

•DM-DR interactions leading to momentum transfer

•Suppression of DM-DR interactions at  determined by zt δ

•Two “Step” increase in DR energy density

H0 S8

Ly-  α
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Production of  DM and  DR

Annihilation of DM into ZD
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Annihilation of DM into ZD Annihilation of  into DRZD
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Production of  DM and  DR

2 stepwise increase in ΔNeff

cascading energy transfer from heavier to lighter species in the dark sector, 
ultimately augments the DR component.

Annihilation of DM into ZD Annihilation of  into DRZD
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Production of  DM and  DR

Annihilation of DM into ZD Annihilation of  into DRZD

2 stepwise increase in ΔNeff

ΔNeff ≃
8
7 ( 11

4 )
4/3 ρDR

ργ
To achieve  ΔNeff ≃ 0.6 ⟹ Th = 0.77 Tv VS DS

Tv
Th
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Self-Interacting DR

Self-interactions prevent the dark radiation from 
free-streaming, causing it to behave as an ideal 
relativistic fluid.
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DM-DR Interaction

•Interaction with DR Transfers momentum to DM

·p⃗DM = − aΓ p⃗DM

•Additional Pressure Suppresses Structure Formation



DM-DR Interaction

•Interaction with DR Transfers momentum to DM

·p⃗DM = − aΓ p⃗DM

·p⃗DM =
a

2Ep ∫
d3k

(2π)32Ek
f(k; T)∫

d3k′ 

(2π)32Ek′ 

d3p′ DM

(2π)32EP′ DM

(2π)4δ(4)(pDM + k − p′ DM − k′ ) |𝓜 |2 ( ⃗p′ DM − p⃗DM)

Γ ≃
1

8(2π)3M3
DM ∫ k3f(k; T)dk∫ d cos θ |𝓜 |2 (1 − cos θ)
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DM-DR Interaction

•Interaction with DR Transfers momentum to DM

·p⃗DM = − aΓ p⃗DM

DS
Th

ξ1,2
ZDϕ
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DM-DR Interaction

DS
Th

ξ1,2
ZDϕ

|𝓜 |2 ≃
y4(1 − 2 sin2 β)4M2

ξ1

(k + δ)2
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DM-DR Interaction

DS
Th

ξ1,2
ZDϕ

|𝓜 |2 ≃
y4(1 − 2 sin2 β)4M2

ξ1

(k + δ)2
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DM-DR Interaction

DS
Th

ξ1,2
ZDϕ

|𝓜 |2 ≃
y4(1 − 2 sin2 β)4M2

ξ1

(k + δ)2
2408.03004

1 + zt = δ/Th0



SIDR+   Model :zt

DS
Th

ξ1,2
ZDϕ

Mξ = 0.01 MeV, δ = 3.2 eV, MZD
= 5 eV, αD = 2.8 × 10−10, y = 4.1 × 10−6

ΔNeff ∼ 0.6 log10(zt) ∼ 4.25RΓ ∼ 0.07

ΩDMh2 = 0.12
And other consistency checks…

vϕ = 8.4 × 10−5 GeV, λϕ = 1.4 × 10−12, sin 2β = 0.153
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Boltzmann Equations  and   Numerical Results

VS DS
Tv Th

DS never thermalizes with SM.

How to produce DM? 

Freeze-in?

Insufficient to produce the required DR

Soln: Non-thermal production

Source:Decay of S

2105.04565



Boltzmann Equations  and   Numerical Results

VS DS
Tv Th

jh = nSmSΓS + ∑
f

j( ff̄ → ξiξ̄j)(Tv) + j( ff̄ → ZDγ)(Tv) + j( fγ → fZD)(Tv) .



Boltzmann Equations  and   Numerical Results
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Boltzmann Equations  and   Numerical Results
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Conclusion

• A novel particle physics framework ‘SIDR+ ', which offers a comprehensive approach to 
address multiple cosmological tensions. 

• Inelastic DM interacting with DR: suppress the MPS at small scales, potentially 
reconciling Lyman-  observations. 

• A distinct temperature dependence for DM-DR interaction rate: a cut-off at the transition 
redshift  determined by the mass-splitting between inelastic dark fermions 

• The energy scales of the steps for increase in energy density of the two “stepped" DR 
fluids, being independent of the MPS suppression scale, provides enhanced flexibility in 
addressing the cosmological tensions.   

• The production mechanism for dark sector particles via freeze-in and non-thermal 
contributions, allows for significant  from SIDR without violating BBN constraints, 
while simultaneously achieving the correct DM relic abundance.

zt

α

zt

Neff



Conclusion

SIDR+  zt

Gold

In the  OlympicsH0
2107.10291



Thank  You. 


