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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”
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Short-baseline anomalies

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

Nagr < 3.29, } 95 %, Planck TTTEEE+owE What can we learn about sterile
i sere < 065 eV, | +lensing+BAO, neutrinos from the cosmological

v, sterile

Constraints from CMB + BAO evolution?
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Inflation Formation of Light and matter Light and matter  Dark ages First stars Galaxy evolution The present Universe
Accelerated expansion llght and mattg are Coupled separate Atoms start feeling The first stars and
of the Universe Dark matter evolves * Protons and electrons  the gravity of the galaxies form in the

independently: it starts form atoms cosmic web of dark densest knots of the

clumping and forming - Light starts travelling ~ Matter cosmic web

a web of structures freely: it will become the

Cosmic Microwave
Background (CMB)

Constraints from BBN
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Neutrino Oscillation and Decoupling
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(S. Gariazzo, 2019)

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

1
eE/T +1

fvs = AN

Decoupled at T ~ 1MeV, so that E ~ p
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H(Z) /Hmassless (Z) (%)

The modified expansion rate of the universe
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« Fix cosmological parameter:

e— {QAIQDI ‘Q‘m"Q‘)/’ Ho}

* Neutrinos are substracted from
CDM, so that Q,,, = Qcgm + Qp +
Q,, + 9, is fixed



Free streaming effects

At low redshift, neutrinos become non-relativistic:

» But still have large thermal speed
— smooth out the small structures.
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Gravitational
potential wells




Free streaming effects
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Free streaming effects
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Free streaming effects
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Linear response approach

Credit: Wangzheng
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Simulation settings

+ Obtain best-fit
{Q,,,Qp, Hy, Ag, g} for
{mphy’ AN, eff}

+ Dataset: Planck 18

CAMB/CLASS

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

2LPTic & Gadget-2

- generate initial
conditions

+ Cosmological evolution

TTTEEE +
BAO-+lensing
_ Y, N

mpny[€V] ANeg Holkms™'Mpc™1]  Qch2  Qh2 Oy Ng In Ag

A0 0 0 67.75 0.1193 0.0224 0.6897 0.967 3.046

Bl 1 0.2 67.90 0.1215 0.0226 0.6814 0.973 3.062

Have th <B2 1 0.4 68.11 0.1236 0.0228 0.6739 0.979 3.078

ave Tne same Mesrg, o1 9 0.2 67.46 0.1199 0.0226 0.6760 0.970 3.063

C2 2 0.4 67.27 0.1204 0.0228 0.6631 0.974 3.082
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P(k)[h 3 Mpc3]

AP(k)/Po(K)[ %]

Impact on matter field
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Impact on halo statistics

« We identified the distinct halos with at least one bounded halo located at the
center as the main halo
« Halo mass M, : bounded mass within 200 times critical density

Halo mass function (HMF):

dn dlogo~Y(M, z
HMF = = T(0,2)—~ g0 _(M,7)
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HMF [h3 Mpc—3]

AHMF/HMFiqu[%]

Impact on halo statistics
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Sterile neutrinos may delay the halo formation, so halos with higher masses are less.
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Sterile neutrinos may delay the halo formation, so halos with higher masses are less.
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Peculiar motions
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Velocity takes half of the 3,
information on the cosmological
structures )

2 FlZ

Pairwise velocity of object pairs:
V12(112) =AW (1) — V,(7R)] - 745)

* vy, <0, pairs tend o move towards each other
« ris large, pairs show little correlation, v;, — 0
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Impacts on pairwise velocity For the halo mass range
M, € [10'3,10"4] Myh~!
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Fittings of the impacts For matter power spectrum:
P(mphy, ANeff, k) — P(mphy, ANeff, k)

R(Myppy, ANegs, k) =

P(0eV,0,k)
0.0+
Perturbations on {myyy, ANeg} = {0eV, 0}:
—0.11 E(mphyr ANeff)
My > Mphy
= Cinm < eV) + Coun - 1eV ANegs + Cpn
2 Mpfy
e —0.27 ) (ANeff) + Cm ’ %) + Cn ) ANeff
037 R Table 3. Fitting results of RY; and RY,
N for My, € [10'3,104 My A1 at the range [6,20] Mpc h~1.
~0.41 e | quantity GRS Crir, Cn'”
0.00 0.05 0.10 0.15 020 025 0.30 0.35 0.40 Uhh 0.034 £0.027 0.134£0.006 —0.097 = 0.012
AN ot Ohh 0.041 & 0.005 0.014 &0.001 —0.052 £0.002

R: Averaged fractional deviations on [0.7,2.5] h Mpc~!
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More details

Key Takeaways

Check out neutrino cases (with

chemical potential )
JCAP06(2025)014

« Both matter PS and TPCF are suppressed by around 40% for mqg = 0.8eV,
with degeneracy between effects of myy, and AN,g broken for k >

1 h Mpc™1

« The presence of sterile neutrinos suppresses HMF and HVF by up to 40 —
50 % for Mmess = 0.8 eV

* The halo-halo pairwise velocity increases in magnitude by up to 15% as mp,
or AN increases for M, € [10%3,10'*] Mgh™!

 Future work could be utilize such observables with galaxy surveys to
constrain sterile neutrino {m,, AN}
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Appendix

1.0 -

— mmy=1lev.0Ner=02 |« Compared with cosmology
=16V, AN.g= 0.4 . H '
Moty = L€V, Bler without sterile neutrinos

« Spoon-shaped deviation of
power spectrum with fixed
cosmologies for different

{mphy» ANeff}

Po(k)

P(k)
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Appendix

Combining Eq. (A.2), the Friedmann equation, and Eq. (A.3), Eq. (A.5) can be linearized as

of, of, 10F), [ n X=X 3,
Is +u- % — Ga u /pt(St(S,X)md X, (A.G)

where p:d: = pt — pr = Pebdcb + P 0y,. By applying the Fourier transformation and integrating
out s from initial time s;, one can obtain

k4 Ou

s - 0
fo.(s.kw) + / =) g Gt s I [ (015,451, K) + i (5)61 (67,10 a” = A

f&s (Sa k: u)eiik.u(8781) 3
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Appendix

where '~’denotes the corresponding Fourier transformed variables. Following Ali-Haimoud’s
work [23], the initial f,}s (s;, k,u) can be expanded by Legendre polynomials

o0

fgs (Sia ka ll) = Zzlﬁ};(”(suka u)Pl(i{\" : ﬁ)? (AS)
=0

with the coefficients approximated as
£ = £0,60.(51, %),

_ dfo - dfy 5
10 = Yelym105, (5,1 = -l k1021005, (51,10, (A.9)

du

o =0(>2),

by, = 0, (35, k)P [k(s — ;)] [1+ (s —s;)aiH(a;)] + 4nG /S a*(s — §')® [k(s — §)]
{05110+ 3 s ()5 () 7 ()60, (5 k)] s

. ffBg e—’iq-ud3u

where ®(q) = [
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Appendix

&Hin ("L':)/Hiﬂ-. 0 (k)
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