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• The Hubble tension and early dark energy
• Line-intensity mapping and the dark Universe
• kSZ tomography
• New cosmological-perturbation numerics





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?



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?    



Bassett & Hlozek 2009





✓s =
rs
DA

<latexit sha1_base64="BPVPPp4mwU8bMZ/8Ocy2MA3c8LY=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KokU1IVQHwuXFewDmhAm00k7dPJg5kYoIeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r3HTwRXYFnfxsLi0vLKammtvL6xubVt7uy2VJxKypo0FrHs+EQxwSPWBA6CdRLJSOgL1vaH12O//cCk4nF0D6OEuSHpRzzglICWPHPfgQED4il8gZ1AEppJT+XZjXeZe2bFqloT4HliF6SCCjQ888vpxTQNWQRUEKW6tpWAmxEJnAqWl51UsYTQIemzrqYRCZlys8kPOT7SSg8HsdQVAZ6ovycyEio1Cn3dGRIYqFlvLP7ndVMIztyMR0kKLKLTRUEqMMR4HAjucckoiJEmhEqub8V0QHQSoGMr6xDs2ZfnSeukateq53e1Sv2qiKOEDtAhOkY2OkV1dIsaqIkoekTP6BW9GU/Gi/FufExbF4xiZg/9gfH5A6Sal4w=</latexit>



DA =
c

H0

Z t0

trec

dt/t0

[⇢(t)/⇢0]
1/2

<latexit sha1_base64="CqEBTqENNnOVrbOTF7ZYQWewi4I="></latexit>

rs =
1

Hrec

Z trec

0

cs(t) dt/trec

[⇢(t)/⇢(trec)]
1/2

<latexit sha1_base64="i6OcfppVlHttE+JY4d619jL4gm0="></latexit>



H0 = Hrec

R t0
trec

c dt/t0
[⇢(t)/⇢0]

1/2

R trec
0

cs(t) dt/trec
[⇢(t)/⇢(trec)]

1/2

<latexit sha1_base64="pEbt/9HCoPvyRTmffmZlmt8sU5s="></latexit>

To increase H0, can
• Decrease matter density at late times
• Decrease sound speed in early Universe
• Increase matter density at early times
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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



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: 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
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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)



CMB



Some possible physics of EDE
(Karwal & MK 2016)

• Behaves like cosmological 
constant at early times; decays 
as

at late times (MK, Pradler & 
Walker, 2014)
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Or
(Karwal & MK 2016)



Since then…..tons of EDE models



Results of 
late-2018 
data analysis

Poulin et al. 2018



New tests of scenario:

Measurements of fine-grain 
features of CMB polarization by 

ACTPol/SPT3G/Simons/CMB-
S4/etc



Recent developments……



Recent developments……



Needs:

More small-scale CMB polarization data

Independent local measurements
GWs
lensing time delays
TRGB
stellar ages
...........



Cosmic 
chronometers
(Globular-cluster 
ages)
Loeb & Jimenez 2002;
Stern et al. 2009;
Moresco et al. 2012
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Cosmic triangles
(Bernal et al. 2021)



II. Line-
Intensity 
Mapping

• 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



Probes LSS, 
extending galaxy-
survey 
wavelength/redshift 
range

Dark energy

Inflation

Dark-matter physics



Hubble tension: 𝐻 𝑧 beyond the reach 
of galaxy surveys

Probed 
Universe

To be 
probed by LIM

Bernal, Breysse, Kovetz 2019



Neutrino 
masses



Neutrino 
masses:
• Dizgah et al., 
arXiv:2110.00014



Can also seek photon lines from 
radiative dark-matter/neutrino 

decay/annihilation
(Creque-Sarbinowski, MK 2018; Bernal, Caputo, MK 

2021; Bernal, Caputo, Villaescusa-Navarro, MK 2021)



Dark-matter 
and 
neutrino 
decay (and 
annihilation) 
lines from 
IM

• Axion decay



Dark-matter and 
neutrino decay (and 
annihilation) lines from 
IM

• Dark matter annihilation



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
àshould cross-
correlate with LSS



Exotic radiative decays
• Decaying dark matter:  𝜒 → 𝛾 + 𝛾

𝜈! = 𝑚"𝑐#/2ℎ$



Exotic radiative decays

• Neutrino decay:  𝜈% → 𝜈& + 𝛾

• Traces directly the cosmic neutrino density field

𝑓%& = (𝑚%
#−𝑚&

#)𝑐#/2ℎ$𝑚%



How to distinguish from astrophysical line
• Clustering anisotropy

φ
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Voxel intensity distribution
• PDF of normalized densities. Obtained from simulations

• We provide the first analytic fit to 𝒫!"#, using Quijote simulations and symbolic regression



Effect in 
VID
• Each voxel receives 

contributions from both 
emissions:



Sensitivity to DM decays

95%CL

• After marginalizing over astrophysical uncertainties of the target emission line



Sensitivity 
to axions



Sensitivities to neutrino decay

Γ!" ∼ 10#$% − 10#$&s#'

↓

𝜇!"
()) ∼ 10#'$ − 10#%

𝑚!𝑐$

0.1eV

'.&

𝜇+

• CMB forecast: 3×10#'' − 10#%𝜇+

• Borexino: < 2.8×10#''𝜇+

• TRGB: < 4.5×10#'$𝜇+

95%CL



Recent development…..



Bernal, Sato-Polito, MK, 2022



III.  Kinetic-Sunyaev-Zeldovich tomography: 
new probe of 3d mass distribution
• Cross-correlate CMB and galaxy distribution to get cosmic velocity 

field



Smith et al. arXiv:1810.13423



matter power spectrum (Smith et al. arXiv:1810.13423)



Can compare matter and galaxy distributions 
independently
• E.g., scale-dependent bias from local-model non-Gaussianity; not 

cosmic-variance limited (Munchmeyer et al. 1810.13424)

Kumar, Sato-Polito, MK, Hotinli, 2022



Useful if primordial baryon and dark-matter 
distributions differ; e.g., compensated 
isocurvature perturbations

Hotinli, Mertens, Johnson, MK 2019; N. Kumar et al., in prep



IM can provide foreground density field at high redshifts and large angular scales (Sato-Polito, 
Bernal, Boddy, MK 2021)



Some cosmic frontiers 
in 2022

• Hubble tensión
• Line-intensity mapping
• kSZ tomography


