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Hubble law

𝑣 = 𝐻0𝐷





The Hubble “tension”:  Why does the expansion rate 
inferred from the CMB differ from that observed locally?

• Problem with local measurements? 
• Problem with CMB measurements?   
• Problems with both? 
• New physics?
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CMB power spectrum: 

~ |Fourier transform|2



https://www.youtube.com/watch?v=L7ws68XmgKo


Acoustic peaks come from Fourier-space ”ringing” of these spherical shells 

Wavenumber (l)      (sound horizon)-1∝  





• Baryon and DM densities from (Silk) damping at higher l and from 
relatives heights of even/odd peaks
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• Decrease matter density at late times 
• Decrease sound speed in early Universe 
• Increase matter density at early times
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Late-time solutions

Modify late expansion history to increase DA 

 e.g., exotic dark energy; phantom energy; exotic dark matter;  

Requires energy density smaller than in standard model: negative-
density matter?!?!    Violation of null energy condition?!?! 



Late-time solutions: Empirically disfavored by 
BAO in galaxy distribution

SDSS-BOSS Collaboration 
Anderson et al. 2013

Sound horizon imprinted 
on galaxy distribution 
measured in “redshift 
space” 

Provides standard ruler 
to infer H0  -->  lower H0



To increase H0, can 
• Decrease matter density at late times (late-time solutions) 
• Decrease sound speed in early Universe  
• Increase matter density at early times (early dark energy)



Possible 
solution:  Early 
dark energy 
 
(Karwal,MK, 2016)

Suppose early Universe expands faster

Then less time for sound waves to 
propagate

Smaller sound horizon

Larger H0 inferred from CMB



CMB



The (postulated) physics of DE



or



Devil is in the details:   
 
Need detailed calculations to show that model 
predictions are consistent with CMB measurements 
(Poulin, Karwal, Smith, MK, 2018)



Results

Poulin et al. 2018



New tests of scenario: 
 
Measurements of fine-grain features of CMB polarization by ACTPol/SPT3G/Simons/CMB-
S4/etc







Recurrent dark energy?

•  today 

• Inflation  !   in the early Universe 

• EDE (if this is what’s going on) !   at z ~ 10,000 

• Recurring periods of “ -like” behavior throughout cosmic history?

Λ ≠ 0 
Λ ≠ 0 

Λ ≠ 0 

Λ



E.g. tracking oscillating energy (Dodelson, Kaplinghat, 
Stewart, astro-ph/0002360; Griest, astro-ph/0202052)



String Axiverse?  (MK, Pradler, Walker, 2014; based on 
Arvanitaki et al., 2009; Svrcek & Witten, 2006 )

• ~100 axion fields 
• masses distributed logarithmically 

• At each Log(Hubble time) , chance that axion field may act like dark 
energy 

• Resemblance to "assisted quintessence” (e.g., Sabla&Caldwell 2021)



Summary





Extragalactic Background Light

Saldana-Lopez+(2021)

• Aggregate of all emitted radiation 
-ray𝛾

# counts

Direct 
Measurements 
(reassessed by  

SkySurf)

68% CL



COB excess

Lauer+(2022)

• New direct observations from New 
Horizons ( AU) at 0.61 microns 

• 1st high significance detection ( ) 

•  excess wrt estimation from IGL 

> 50 

> 8𝜎

> 4𝜎

68% CL



Axion and ALPs

Adams+(2022); Snowmass
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ALPs contributing to COB excess

Bernal, Sato-Polito, MK 2022
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• Parameter region allowed by current 
observations 

• Overlaps with hint from -ray extinction  

• Will be probed by LIM (strongest sensitivity in this 
range, SPHEREx + HETDEX) 

𝛾

Bernal+(2021)

Korochkin+(2019)

𝐼𝜆 ∝
Γ𝑎

𝜆𝑜𝑏𝑠(1 + 𝑧∗)𝐻(𝑧∗)
𝚪𝒂 ∝ 𝒎𝟑

𝒂𝒈𝟐
𝒂𝜸

 of axion decay𝒛∗ ≡ 𝒛

95% CL



-ray attenuation𝛾

• Flux of high-energy -rays attenuated by IR-NUV EBL photons:  

•

•  peaks at 

𝛾 𝛾 + 𝛾 → 𝑒− + 𝑒+

𝜖min =
2𝑚2

𝑒 𝑐4

𝐸𝛾(1 + 𝑧)(1 − 𝜇)

𝜎𝛾𝛾 ∼ 𝜖min

Biteau & Meyer (2022)

EBL photons



-ray attenuation𝛾
• Flux of high-energy -rays attenuated by IR-NUV EBL photons:  

• Energy threshold:  

• Integrated effect: measurements of  as tomographic and chromatic EBL probe* 

•  blazars (Fermi-LAT+Cherenkov telescopes) 

𝛾 𝛾 + 𝛾 → 𝑒− + 𝑒+

𝜖min =
2𝑚2

𝑒 𝑐4

𝐸𝛾(1 + 𝑧)(1 − 𝜇)

𝜏(𝐸𝛾, 𝑧𝑠)

~800

𝜏(𝐸𝛾, 𝑧𝑠) = 𝑐

𝑧𝑠

∫
0

𝑑𝑧
𝐻(𝑧)(1 + 𝑧)

∞

∫
𝜖min

𝑑𝑛
𝑑𝜖

1

∫
−1

𝑑𝜇𝜎𝛾𝛾(𝐸𝛾, 𝜖, 𝑧, 𝜇)

*Assuming no secondary -ray production, Essey+(2010)𝜸

1/Mean free path



Budget the EBL

• Measured binned  from Fermi-LAT and Cherenkov telescopes 

• Standard contributions to the EBL:  
• galaxies at : Observational, from HST/CANDELS (most dominant part) 
• galaxies at : Theoretical (ARES), calibrated to UVLF, + PopIII stars  
• IHL: Theoretical, calibrated to NIR-optical background fluctuations   

• Objective: Is there something else beyond standard? 
• Compute from each contribution to the EBL 
• Consider extreme cases to account for uncertainties 
• Add uncertainties in quadrature 
• Work with  as the residual after subtraction from standard sources 

𝜏(𝐸𝛾, 𝑧𝑠)

𝑧 < 6
𝑧 > 6

𝜏𝑖 

𝜏res

Saldana-Lopez+(2021)

Mirocha(2014), Mirocha+(2017),  
Mirocha+(2018)

Cooray+(2012), Mitchell-Wynne+(2015)

𝜏res = 𝜏meas − ∑ 𝜏𝑖 ;          𝜎2(𝜏res) = 𝜎2(𝜏meas) + ∑ 𝜎2(𝜏𝑖)



Budget the EBL

• : additional EBL required to explain the optical depth slightly higher than inferred 

• Axion decays? Misestimation of standard sources? 

• Science case: Explore axion parameter space ( ) (assuming all DM) 

• Null cases:  

A) frequency-independent re-scaling of the EBL from galaxies at :                                   

B) Boost errors for EBL from galaxies at  until  consistent with 0 and fit for ( )  

𝜏res > 0

m𝑎,  Γ𝑎

𝐹eEBL 𝑧 < 6

( 𝑑𝑛
𝑑𝜖 )

new

gal, z<6
= (1 + 𝐹eEBL)( 𝑑𝑛

𝑑𝜖 )
old

gal, z<6

𝑧 < 6 𝜏res m𝑎,  Γ𝑎

EBL  # density:𝛾



Bernal, Caputo, Mirocha, Sato-Polito, MK 2022b

𝚪𝒂 = 𝟐 . 𝟓  × 𝟏𝟎−𝟐𝟒 𝐬−𝟏

𝒎𝒂 = 𝟗 . 𝟏 𝐞𝐕/𝒄𝟐

𝑭𝐞𝐄𝐁𝐋 = 𝟎 . 𝟐𝟐 ± 𝟎 . 𝟎𝟖

Best fit

𝐀𝐋𝐏𝐬 = 𝟐 . 𝟏𝝈

𝑭𝐞𝐄𝐁𝐋 = 2.7 𝝈

Signif. over null

𝚫𝝌𝟐
𝒂−𝐞𝐄𝐁𝐋 = 𝟎 . 𝟕

Favoring eEBL Favoring ALPs



Bernal+(2022b)

𝚪𝒂 = 𝟐 . 𝟓  × 𝟏𝟎−𝟐𝟒 𝐬−𝟏

𝒎𝒂 = 𝟗 . 𝟏 𝐞𝐕/𝒄𝟐

𝑭𝐞𝐄𝐁𝐋 = 𝟎 . 𝟐𝟐 ± 𝟎 . 𝟎𝟖

Best fit

68% CL

𝐀𝐋𝐏𝐬 = 𝟐 . 𝟏𝝈

𝑭𝐞𝐄𝐁𝐋 = 2.7 𝝈

Signif. over null

𝚫𝝌𝟐
𝒂−𝐞𝐄𝐁𝐋 = 𝟎 . 𝟕

Caution: log-log plot



Understanding the axion hint

Bernal+(2022b)

• Unconstrained best-fit  
• 2  significance 
• Overlap with explanation for COB 

excess 
• Strongest constraints at  for 

 

• Bimodal distribution 
• Poor fit to local blazars 
• Also preference for  

𝜎

𝟑𝝈
 𝒎𝒂𝒄𝟐 ∈ [𝟖,  𝟐𝟓] 𝐞𝐕

𝐹eEBL

𝚪𝒂 ∝ 𝒎𝟑
𝒂𝒈𝟐

𝒂𝜸

𝚪𝒂 = 𝟐 . 𝟓  × 𝟏𝟎−𝟐𝟒 𝐬−𝟏

𝒎𝒂 = 𝟗 . 𝟏 𝐞𝐕/𝒄𝟐
𝟐 . 𝟏𝝈

95% CL



Understanding the axion hint

𝚪𝒂, 𝐛𝐟 = 𝟏 . 𝟎  × 𝟏𝟎−𝟐𝟑 𝐬−𝟏

𝒎𝒂, 𝐛𝐟 = 𝟓 . 𝟕 𝐞𝐕/𝒄𝟐4.0𝝈

Bernal+(2022b)

• Removing 1st redshift bin 

•

• Much stronger evidence, but 
ruled out 

•  similar significance

Δ𝜒2
𝑎−eEBL = − 3.2

𝐹eEBL

𝚪𝒂 ∝ 𝒎𝟑
𝒂𝒈𝟐

𝒂𝜸95% CL



Null case B

Bernal+(2022b)

•  limits after boosting 
uncertainties until all  are 
upper limits 

• Still the strongest limits 

3𝜎
𝜏res

𝚪𝒂 ∝ 𝒎𝟑
𝒂𝒈𝟐

𝒂𝜸95% CL



Conclusions

• Multi-electronvolt ALP decays may contribute to the COB excess

• -ray absorption needs more EBL than observed/inferred from standard astro sources 

• Can be explained with a frequency independent increase of 14-30% in the contribution from 
galaxies at  (with  significance) 

• Multielectronvolt-scale axion dark matter may also work (with  significance) 

• Strongest constraints to date on axion-photon coupling for masses between 8-25 eV 

• Promising future, with more observations by existing and forthcoming -ray and Cherenkov 
telescopes, as well as improved EBL determinations with experiments like SPHEREx and JWST 

• LIM prospects: huge improvement in sensitivity 

𝛾

𝑧 < 6 2 . 7𝜎

2.1𝜎

𝛾



• New way to study large-scale structure 

• LIM: use integrated light in given pixel on sky 

• Information from all galaxies and IGM along  LoS 

• Use redshift of identifiable spectral line  3D  
 

Reviews/refs:  Kovetz et al., 1709.09066; Bernal, Breysse, Gil-
Marin, Kovetz, arXiv:1907.10067; Bernal &  Kovetz, in 
preparation 

→



Emission lines



Galaxy surveys: detailed distribution of brightest galaxies 

Intensity maps: noisy distribution of all galaxies and IGM



Probing the Universe



Probing the 
Universe with LIM



Neutrino 
masses



Neutrino 
masses:



photon lines from radiative dark-
matter/neutrino decay/annihilation 

(Creque-Sarbinowski, MK 2018; Bernal, Caputo, MK 
2021; Bernal, Caputo, Villaescusa-Navarro, MK 2021)





Neutrino decay

Heavier neutrino mass 
eigenstate

Lighter neutrino mass 
eigenstate

Parameterized by (transition) magnetic moment



Decay/annihilation 
line is unbiased/
biased tracer of dark-
matter distribution 

!should cross-
correlate with LSS



How to distinguish from astrophysical line

• Clustering anisotropy

φ

𝛿𝑧
𝛿𝑧

𝑥⊥ = 𝐷𝑀(𝑧)𝜃

𝑥∥ =
𝑐𝛿𝑧

𝐻(𝑧)

𝑧𝑙𝑧𝑋



Voxel intensity distribution (VID)

• PDF of luminosity density in each pixel



Effect in 
VID



Exotic radiative decays

• Decaying dark matter:   𝜒 → 𝛾 + 𝛾 𝜈𝛾 = 𝑚𝜒𝑐2/2h𝑃



Sensitivity to DM decays

• After marginalizing over astrophysical uncertainties of the target emission line



Sensitivity 
to axions



Exotic radiative decays

  

• Neutrino decay:   

• Traces directly the cosmic neutrino density field

𝜈𝑖 → 𝜈𝑗 + 𝛾

𝑓𝑖𝑗 = (𝑚2
𝑖 − 𝑚2

𝑗 )𝑐2/2h𝑃𝑚𝑖   



Recent development…..



Bernal, Sato-Polito, MK, 2022


