Under Project No.s AoE/P-404/18 & 14300223

Searching light sterile neutrino in
large-scale structures

Arxiv: 2501.16908 (JCAP06(2025)014)

Department of Physics, CUHK
Rui Hu,
In collaboration with Ming-chung Chu, Wangzheng Zhang, Shek Yeung

Cosmo Fondue, 11th June 2025, Geneva 1



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

Ner < 3.29, } 95 %, Planck TT,TE,EE+IowE What can we learn about sterile
M erie < 065 eV, | +lensing+BAO, neutrinos from the cosmological

, sterile | . 9
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Neutrino Oscillation and Decoupling

o—O

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

1
eE/T +1

fv, = ANegsy

(S. Gariazzo, 2019)

Decoupled at T ~ 1MeV, so that E ~ p



H(Z) /Hmassless (Z) (%)

The modified expansion rate of the universe
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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.
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Free streaming effects
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Free streaming effects
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Free streaming effects
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Linear response approach

Om = (1 = f)0cprt+f,0y
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Simulation settings

* Obtain best-fit

{Mphy, ANege}

{le 'le HO; AS) nS} for‘

* 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, _

mpny[€V] ANeg Holkms™!Mpce™l]  Qch2 k2 Qy 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 the s <B2 1 0.4 68.11 0.1236 0.0228 0.6739 0.979 3.078

ave The same Mefrag (o1 9 0.2 67.46 0.1199 0.0226 0.6760 0.970 3.063

C2 9 0.4 67.27 0.1204 0.0228 0.6631 0.974 3.082
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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™ (M, z
HMF = = T(0,2) —2 s0_(1,7)
dlog M3 M3ooc. dlog My,

1 (0.9
0'2 = ﬁ kzp(k, Z)Wz(k, RZOOC) dk
0

Maximum circular velocity function (HVF): n., (Veirc)
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r
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HMF [h3 Mpc~3]
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Sterile neutrinos may delay the halo formation, so halos with higher masses are less.
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https://arxiv.org/abs/2407.21103
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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

Pairwise velocity of object pairs:
V12(112) = [V (7)) — 1,(7)] - F12)

* v, <0, pairs tend to move towards each other
 ris large, pairs show little correlation, v, = 0

19



Impacts on pairwise velocity For the halo mass range
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Fittings of the impacts For matter power spectrum:

P(mphy, ANeff, k) - P(mphy, ANeff, k)
P(0eV, 0, k)

R(mypy, ANeg k) =

Perturbations on {myy,y, ANg} = {0eV, 0}:

m 2 m
ph
= Cmm ) (%}’) + Cmn ) (_y) ANeff + Cnn

eV . leV
- (ANeg)? + Cpy - %) + Cp, - ANggt

Table 3. Fitting results of RY, and R,

N for My, € [10'3,10'4 My A~! at the range [6,20] Mpc h.

—0.4 \\,‘ quantity C’%U C;’n/,,f C;’L/ g
0.00 0.05 0.10 0.15 020 025 030 0.35 0.40 vhh  0.034+0.027 0.134+£0.006 —0.097 +0.012
AN o 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 \ o

Check out neutrino cases (with
chemical potential )!

JCAP06(2025)014
* Both matter PS and TPCF are suppressed by around 40% for mes = 0.8eV,
with degeneracy between effects of mpp, and AN.g broken for k >
1 hMpc~?

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

* The halo-halo pairwise velocity increases in magnitude by up to 15% as mpyyy
or AN increases for My € [1013,10%*] Mgh™

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

1.0 - '
— mmy=1eV.M=02 | o  Compared with cosmology

Mphy = L&V, ANerr = 0.4 without sterile neutrinos

—— Mphy =2&V, ANeg = 0.4

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

{mphy; ANeff}

Po(k)

P(k)

23



Appendix

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

of) of, Of), [ N X=X 3,
g"‘ua—x—ga’ ou ‘/ptat(S,X)md X, (A.G)

where pi0; = pr — pr = pebdesr + pr0,. By applying the Fourier transformation and integrating
out s from initial time s;, one can obtain

0
14

e ()l 1) + B, ()61, (7, ) ds” =

k2 ou

NB Sgkau +/S eiik.u(878,)4ﬂ-Ga
sk [ o

f, (5, ke, w)e o=,
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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

fgs (Sia k: ll) = Z %lf;};(l)(su k: u)Pl(i{\" : ﬁ), (AS)
=0
with the coefficients approximated as
0O = 10,80, (si, ),
- dfo ~ dfo -
20 = o105 (010 = - 02100, (50, (A9

=0 >2),

Oy, = 0y, (5, k)@ [k(s — 5;)] [1 + (s — s3)alH(a;)] + 4nG /s a'(s — s")® [k(s — )]
3510 + 3 B35 K) s ()3 (5 k)] s’

o f fBS e—’iq-ud3u

where ®(q) = 770 d
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Appendix
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