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how warm is too warm?
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Canonical “Cold” Dark Matter…



WIMP CDM 

kc ~ 106 h /Mpc


(Zaldarriaga & Loeb 2006)

Canonical “Cold” Dark Matter…
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Simulating the Universe’s Structure

This is a description of the 
statistical distribution of the 
density fluctuations in the 
linear regime… 

It is realized by giving a 
“push” to a grid of particles 
with that statistical 
distribution…

…and then gravity is allowed 
to do its duty.
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Colombi, Dodelson & Widrow astro-ph/9505029;  
Abazajian 2005; arXiv:1705.01837; Venumadhav+ 2016
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λFS < 42 kpc   MFS < 3 × 106 M⊙ (Abazajian & Koushiappas 2006)
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Lyman-α Forest Constraints on WDM

Lyman-α forest:  
mth > 3 keV (WDM)   (95% CL)  
ms,DW > 16 keV 
(Baur et al. 2015)

Milky Way galaxy counts:

mth > 3 keV (WDM) 
(Horiuchi+ 2013, Cherry & Horiuchi 2017, 
Nadler+ 2019)




Lensing Constraints on WDM

Lensing substructure constraints push:   
mth > 5.3 keV (ms,DW > 41 keV)  

(Gilman+ 2019)
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Strong Lensing Tests of WDM: Quadruply-Lensed Systems

Lensing substructure constraint:  mth > 5.3 keV (Gilman+ 2019)


JWST Cycle ONE Proposal 2022 (PI Nierenberg): mth > 10 keV
Studied in a wide range of sterile neutrino DM models (Zelko+ ’22)



Lensing Test of Sterile Neutrino DM Models
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(Zelko et al., PRL, arXiv:2205.09777)
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Lensing Test of Sterile Neutrino DM Models

(Zelko et al., PRL, arXiv:2205.09777)
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Sterile Neutrino Dark Matter: 

Shi-Fuller Mechanism Excluded

Zelko+
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Pushing beyond mth > 10 keV: 

Accurate Calculations of Standard Thermal WDM

Thermal WDM abundance set by degrees of 
freedom of the plasma…

Vogel & Abazajian 2210.10753



Pushing beyond mth > 10 keV: 

Accurate Calculations of Standard Thermal WDM

Vogel & Abazajian 2210.10753

Given exact temperature via dilution, and training 
on 1 keV < mth < 100 keV, we corrected the particle 
mass inferred from a given cutoff scale by 20% to 
40% from previous WDM fits (e.g. Viel et al. 2005)
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Sterile Neutrino kinematic searches  
in nuclear β-decay: KATRIN/TRISTAN, 

HUNTER, MAGNETO-ν

KATRIN/TRISTANHUNTER



Visible Sterile ν in the Low-Reheat Universe:  
Cosmological Constraints & Laboratory Constraints
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Visible Sterile ν in the Low-Reheat Universe:  
Cosmological Signals & Laboratory Constraints
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+ galaxy counts work place the strongest limits yet on warmness of dark matter, 
with benchmark values mthermal > 9.7 keV and mDW > 92 keV (Zelko et al. 2022)

• Adding X-ray Limits now excludes all oscillation-based production mechanisms for 
sterile neutrino dark matter as all of the dark matter (Shi-Fuller & Dodelson-
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• JWST Cycle 1 Proposal to push to mthermal > 10 keV from lensing 
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• Mixed C+WDM sterile dark matter models are relatively unconstrained

• Colder, non-oscillation based production have much more freedom, as do 
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2023)

• For sterile neutrinos, pure counts of future X-ray missions will do well: 

• 2023: eROSITA 
• 2023: XRISM
• 2027: eXTP
• 2030+: NewATHENA, AXIS, … 


