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Why sterile neutrinos?

• All Standard Model (SM) neutrinos are left-handed, 
which do not have right-handed ones

• Right-handed neutrinos do not interact weakly, so-called 
“Sterile”

𝜈𝑠

𝜈𝜇

𝜈𝜏

𝜈𝑒

？ Sterile neutrino

Active neutrinos
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Excess of neutrino signatures (MiniBooNE, 2018)

Short-baseline anomalies

Constraints (MicroBooNE, 2023)

Current constraints only provide the upper bound 
of light sterile neutrinos
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Light sterile neutrino as dark radiation

Light Sterile Neutrinos(Planck, 2018)

𝜌rad =
7

8

4

11

4/3

 𝑁eff  𝜌𝛾

𝑁eff = 3.046 counts for 3 types of 
neutrinos

For extra species, Δ𝑁eff ≡ 𝑁eff − 3.046

Notice: Δ𝑁eff is related to 𝑚𝑝ℎ𝑦 and 
mixing angle 𝜃𝑠∗ 

𝑚eff ≡ 𝑚𝑝ℎ𝑦 ∗ Δ𝑁eff ≈ Ω𝜈𝑠
∗ 94.1eV
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Credit: EAS

The sterile neutrino relics

What can we learn about sterile 
neutrinos from the cosmological 
evolution?Constraints from CMB + BAO

Constraints from BBN

(Mariana, 2024)
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𝑓𝜈𝑠
= Δ𝑁eff

1

𝑒𝐸/𝑇 + 1

Decoupled at 𝑇 ∼ 1MeV, so that 𝐸 ∼ 𝑝

𝜈𝑠

𝜈𝜇𝜈𝜏

𝜈𝑒

(S. Gariazzo, 2019)

We assume sterile neutrinos are 
thermally produced by active-sterile 
neutrino oscillations

Neutrino Oscillation and Decoupling
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𝐻(𝑧)

= 𝐻0 ΩΛ,0 + Ω𝑐𝑏,0𝑎−3 + Ω𝛾𝑎−4 +
𝜌𝜈𝑎

𝑧

𝜌𝑐𝑟
+

𝜌𝜈𝑠
𝑧

𝜌𝑐𝑟

The modified expansion rate of the universe

• Fix cosmological parameter: 
{ΩΛ, Ω𝑏 , Ω𝑚 , Ω𝛾 , 𝐻0}

• Neutrinos are substracted from 
CDM, so that Ω𝑚 = Ωcdm + Ω𝑏 +
Ω𝜈𝑎

+ Ω𝜈𝑠
 is fixed

Δ𝑁𝑒𝑓𝑓 = 0.2

Δ𝑁𝑒𝑓𝑓 = 0.4

𝑚𝑝ℎ𝑦 = 1eV

𝑚𝑝ℎ𝑦 = 2eV
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Free streaming effects

At low redshift, neutrinos become non-relativistic:

➢ But still have large thermal speed
→ smooth out the small structures.

𝜈𝑠
𝜈𝑠

𝑐
𝑐

Gravitational 
potential wells



𝑚𝑝ℎ𝑦 = 0

Free streaming effects



𝑚𝑝ℎ𝑦 = 1 eV, Δ𝑁eff = 0.4

Free streaming effects



𝑚𝑝ℎ𝑦 = 2 eV, Δ𝑁eff = 0.2

Free streaming effects



Linear response approach

Credit: Wangzheng

d𝐹𝜈𝑠

𝑑𝑡
=

𝜕𝐹𝜈𝑠

𝜕𝑡
+

d𝒓

dt
⋅

𝜕𝐹𝜈𝑠

𝜕𝒓
+

d𝒑

d𝑡
⋅

𝜕𝐹𝜈𝑠

𝜕𝒑

z=49

𝐹𝜈𝑠
= 𝑓𝜈𝑠

+ 𝑓𝜈𝑠
′

𝛿𝜈𝑠
𝑘, 𝑡

= CDM potential
+ active neutrino potential + (self
− interaction)

z=0

𝛿𝑚 = (1 − 𝑓𝜈)𝛿𝑐𝑏+𝑓𝜈𝛿𝜈
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MCMC

• Obtain best-fit 
Ω𝑚, Ω𝑏, 𝐻0, 𝐴𝑠, 𝑛𝑠  for 

𝑚phy, Δ𝑁eff

• Dataset: Planck 18 
TTTEEE + 
BAO+lensing

CAMB/CLASS

• Generate initial power 
spectrum of cdm and 
neutrinos at 𝑧 = 99

2LPTic & Gadget-2

• generate initial 
conditions

• Cosmological evolution

Simulation settings

Have the same 𝑚eff
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Impact on matter field

𝑅 𝑚𝑝ℎ𝑦, Δ𝑁eff, 𝑘 ≡
Δ𝑃(𝑘)

𝑃0(𝑘)
=

𝑃 𝑚𝑝ℎ𝑦, Δ𝑁eff, 𝑘 − 𝑃(0eV, 0, 𝑘)

𝑃(0eV, 0, 𝑘)
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• We identified the distinct halos with at least one bounded halo located at the 
center as the main halo

• Halo mass 𝑀200𝑐 : bounded mass within 200 times critical density

Halo mass function (HMF):

HMF ≡
d𝑛

d log 𝑀200𝑐
= 𝑇 𝜎, 𝑧

𝜌

𝑀200𝑐

d log 𝜎−1(𝑀, 𝑧)

d log 𝑀200𝑐

Maximum circular velocity function (HVF): 𝑛>𝑉(𝑉circ)

𝑉𝑐𝑖𝑟𝑐 ≡ ተ
𝐺𝑀<𝑟

𝑟

Max

𝜎2 =
1

2𝜋2  න
0

∞

𝑘2𝑃 𝑘, 𝑧 𝑊2(𝑘, 𝑅200𝑐) d𝑘

Impact on halo statistics
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Sterile neutrinos may delay the halo formation, so halos with higher masses are less.

Impact on halo statistics
(MilenniumTNG, 2024)

https://arxiv.org/abs/2407.21103
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Sterile neutrinos may delay the halo formation, so halos with higher masses are less.

Impact on halo statistics
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Pairwise velocity of object pairs:

𝑣12 𝑟12 ≡ Ԧ𝑣1 Ԧ𝑟1 − Ԧ𝑣2 Ԧ𝑟2 ⋅ Ƹ𝑟12

• 𝑣12 < 0, pairs tend to move towards each other
• 𝑟 is large, pairs show little correlation, 𝑣12  → 0

Peculiar motions Velocity takes half of the 
information on the cosmological 
structures
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Impacts on pairwise velocity For the halo mass range 
𝑀ℎ ∈ 1013, 1014  M⊙ℎ−1
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Perturbations on {𝑚phy , Δ𝑁eff} = {0eV, 0}:

ത𝑅 𝑚phy, Δ𝑁eff

= 𝐶𝑚𝑚 ⋅
𝑚phy

1eV

2

+ 𝐶𝑚𝑛 ⋅
𝑚phy

1eV
Δ𝑁eff + 𝐶𝑛𝑛

⋅ Δ𝑁eff
2 + 𝐶𝑚 ⋅

𝑚phy

1eV
+ 𝐶𝑛 ⋅ Δ𝑁eff

ത𝑅: Averaged fractional deviations on 0.7,2.5  ℎ Mpc−1

Fittings of the impacts For matter power spectrum: 

𝑅 𝑚𝑝ℎ𝑦, Δ𝑁eff, 𝑘 ≡
𝑃 𝑚𝑝ℎ𝑦, Δ𝑁eff, 𝑘 − 𝑃(𝑚𝑝ℎ𝑦, Δ𝑁eff, 𝑘)

𝑃(0eV, 0, 𝑘)
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Key Takeaways

• Both matter PS and TPCF are suppressed by around 40% for 𝑚eff = 0.8eV, 
with degeneracy between effects of 𝑚phy and Δ𝑁eff broken for 𝑘 ≥

1 ℎ Mpc−1

• The presence of sterile neutrinos suppresses HMF and HVF by up to 40 −
50 % for 𝑚eff = 0.8 eV 

• The halo-halo pairwise velocity increases in magnitude by up to 15% as 𝑚phy 
or Δ𝑁eff increases for 𝑀ℎ ∈ 1013, 1014  𝑀⊙ℎ−1

• Future work could be utilize such observables with galaxy surveys to 
constrain sterile neutrino {𝑚𝑝ℎ𝑦, Δ𝑁eff}

Check out neutrino cases (with 
chemical potential )! 

More details

JCAP06(2025)014
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Appendix

• Compared with cosmology 
without sterile neutrinos

• Spoon-shaped deviation of 
power spectrum with fixed 
cosmologies for different 
{𝑚𝑝ℎ𝑦, Δ𝑁eff}
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Appendix
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