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ANefs doesnt have to be thermal, but if it is, firm prediction for value from Treeze-out
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Neutrinos and Dark Radiation

( l )4/ 3 8 Pradiation, total = Py
>

N
ff 4 P
ANeff = Nefr - 3.044 H i d-dom = 815 orud
3
3.044 = standard model prediction  ->time and distance scales during rad domination probe Neff

Neutrinos have mass, new dark stuff may too
For a non-interacting species T « 1/a. Once T, << m, p, = 2 m, n, and p,~ 1/a3

o, evolution affects H(a)

but free-streaming makes 8p, -> O for modes with k = v, aH

-> evolution of 8p. affected by 5p,, growth rate of 8pc depends on k



Neutrinos and Dark Radiation

sterile neutrinos? L
ANegs could be: axions gravitational waves?

® g

dark gauge bosons?
majorans?

new light fermions?

anything relativistic at CMB fimes

contributions to p, could be:
standard model neutrinos new dark bosons

, . axions
sterile neutrinos

new light fermions

anything cold and smoothly distributed



Probes of relativistic neutrinos and dark radiation
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Probes of non-relativistic neutrinos etc

large-scales the same small scales damped
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Probes of free-streaming neutrinos and dark radiation

Free streaming radiation introduces a phase shift in acoustic oscillations
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Probes of interacting neutrinos and dark radiation



Free-streaming neutrinos and dark radiation

Free streaming radiation introduces a phase shift in acoustic oscillations

Dark Matter, Gas, Photon,
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Probes of interacting neutrinos and dark radiation

Neff = NFree-s’rreaming + Nfuid + Nin’rerac’ring

generically, radiation can
transition between these

Decoupling

Instantaneous Decoupling

—— Recoupling

Brinckmann, Chang, Du, ML 2022

Cyr-Racine, Sigurdson 2014; Lancaster, Cyr-Racine, Knox, Pan 2017 + . . .
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Probes of interacting neutrinos and dark radiation

Neff = NFree-s’rreaming + Nfuid + Nin’rerac’ring

\

« dark photons that decouple at z = 2000
- dark photons scattering off dark * neutrino with new self-interactions
atoms « dark gauge bosons

« anything that continues to * majorans that recouple
scatter off itself until z~2000 *

» standard model neutrinos since z ~ 109
+ gravitational waves

generically, radiation can
transition between these

Decoupling

Instantaneous Decoupling

—— Recoupling

Brinckmann, Chang, Du, ML 2022

Cyr-Racine, Sigurdson 2014; Lancaster, Cyr-Racine, Knox, Pan 2017 + . . .
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



Probes of interacting neutrinos and dark radiation

Neff = NFree-s’rreaming + Nfuid + Nin’rerac’ring

These different constituents leave imprints in many datasets
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LSS probes of interacting neutrinos and dark radiation
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LSS probes of interacting neutrinos and dark radiation

Perturbations in different types of dark radiation evolve differently
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LSS probes of interacting neutrinos and dark radiation

Perturbations in different types of dark radiation evolve differently
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LSS probes of interacting neutrinos and dark radiation
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LSS probes of interacting neutrinos and dark radiation
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LSS probes of interacting neutrinos and dark radiation
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Interacting neutrinos and dark radiation in the matter power spectrum

change in P(k) relative to free-streaming varies with decoupling/recoupling process
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Constraints on new neutrino interactions
Planck 2018 TT, TE, EE, low -E, lensing + BAO
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(this second mode disappears when HO data added)

(standard neutrinos decouple at z ~109, t ~ 1s)

also many papers by Francis-Yan! Brinckmann, Chang, ML 2020




Constraints on new neutrino interactions
Planck 2018 TT, TE, EE, low -E, lensing + BAO
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Full shape P(k) analyses: He, An, Ivanov, Gluscevic 2023; Camarena, Cyr-Racine, Houghteling 2023

Second mode also appears in matter power spectrum? See Francis-Yans talk!

also many papers by Francis-Yan! Brinckmann, Chang, ML 2020




Constraints on dark radiation

|dea: keep neutrinos fixed to Standard Model, search for additional
(possibly self-interacting) radiation
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No detections, but data allows more dark radiation if that radiation is
inferacting

Brinckmann, Chang, Du, ML 2022
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Halo Bias as a probe of neutrinos and dark radiation

Scale-dependent growth from neutrinos (or other particles with Jeans or free-streaming scale)

evolution of 8.(1)

g
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Sc(k>>Kes)

ML 2014  Chiang, Hu, Li, ML 2017
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Halo Bias as a probe of neutrinos and dark radiation

Scale-dependent growth from neutrinos (or other particles with Jeans or free-streaming scale)

evolution of 8.(1)
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Sc(k>>Kes) .-
low-k modes grow

/ more quickly since
d neutrinos +cdm

coherent

high k modes grow/

more slowly since
no neutrinos

halos forming in region with 8c(k>>k¢s) will have had more of an “assist” from the
background mode Sc¢(k>>kss), relative to halos in a region with 8c(k<<kss)

ML 2014  Chiang, Hu, Li, ML 2017
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Halo Bias as a probe of neutrinos and dark radiation

Scale-dependent growth from neutrinos (or other particles with Jeans or free-streaming scale)

evolution of 8.(1)
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Sc(k>>kes) ..o
low-k modes grow

/ more quickly since
neutrinos +cdm

coherent

high k modes grow/

more slowly since
no neutrinos

halos forming in region with 8c(k>>k¢s) will have had more of an “assist” from the
background mode Sc¢(k>>kss), relative to halos in a region with 8c(k<<kss)

—} bL(k>>K¢s) > br(K<<kes)

Bias becomes scale-dependent (i.e. by —> by(k))

ML 2014  Chiang, Hu, Li, ML 2017




Halo Bias as a probe of neutrinos and dark radiation

Scale-dependent growth from neutrinos (or other particles with Jeans or free-streaming scale)
Important point: different histories for different modes gives rise to scale-dependent bias
also happens for e.g., isocurvature (evolution depends on composition of mode)

Hu, Chiang, Li, ML 2016; Chiang, Li, Hu, ML 2016; Chiang, Hu, Li, ML 2017; Jamieson & ML 2018; Shiveshwarkar, Jamieson, ML 2020

evolution of 8.(1)

-
-
-
-
-

low-k modes grow
more quickly since
neutrinos +cdm

\
coherent

high k modes grow/

more slowly since
no neutrinos

halos forming in region with 8c(k>>k¢s) will have had more of an “assist” from the
background mode 5¢(k>>kss), relative to halos in a region with 8c(k<<kss)

q bL(k>>kss) > br(k<<kss)

ML 2014 Bias becomes scale-dependent (i.e. by = by(k))




Halo Bias as a probe of neutrinos and dark radiation

Scale-dependent growth from neutrinos (or other particles with Jeans or free-streaming scale)

Bias (w.r.t 6c) becomes scale-dependent (i.e. b1 —> b1(k))

z=0, low —mass bin

$ v sims

Y no v sims

- blind + kakQ + bk.1kj4, X2 =84.61
- P (k) + bpek® + bk, x*=28.64
_ blind—{—bk?kz—Fbk‘lkJ‘a X2:31.83

Chiang, Loverde, Villaescusa-Navarro 2018

b|_(k>>kfs) ~ (1+FV) bL(k<<sz)

ML 2014  Chiang, Hu, Li, ML 2017
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



Neutrino Wakes: Higher -Order statistics of halos and matter



Neutrino Wakes: Higher -Order statistics of halos and matter

: related: Fry 1980; Zhu, Pen, Chen, Inman, Yu 2013; Inman, Emberson, Pen, Farchi, Yu, Harnois-Deraps
Caio Nascimento & ML 2023 2015; Okoli, Scrimgeour, Afshordi, Hudson 2017; Zhu & Castorina 2019
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On scales smaller than kss, neutrinos are smooth
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Neutrino Wakes: Higher -Order statistics of halos and matter

On scales smaller than kss, neutrinos are smooth
CDM and baryons are clumpy on all scales
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Neutrino Wakes: Higher -Order statistics of halos and matter

On scales smaller than ks, neutrinos are smooth, and at rest in the cosmic frame
CDM and baryons are clumpy on all scales, and typically have large peculiar velocities




Neutrino Wakes: Higher -Order statistics of halos and matter

CDM structure moving through the smooth neutrino field generates a neutrino wake




Neutrino Wakes: Higher -Order statistics of halos and matter

CDM structure moving through the smooth neutrino field generates a neutrino wake

in a region with coherent velocity field, CDM and
baryons overdensity will always be in front of the
neutrino overdensity



Neutrino Wakes: Higher -Order statistics of halos and matter

CDM structure moving through the smooth neutrino field generates a neutrino wake

CDM + baryons nonlinear momentum p(x) = 6(x)v(x)

more concretely,




Neutrino Wakes: Higher -Order statistics of halos and matter

CDM structure moving through the smooth neutrino field generates a neutrino wake

CDM + baryons nonlinear momentum p(x) = 6(x)v(x)

more concretely,

expression does not depend on realization of 6, p or on theory/nonlinear modeling of 6, p



Neutrino Wakes: Higher -Order statistics of halos and matter

Baistortion(K1, K2,K3)/Budistortion(Ki = K2 = k3)

ki/K2

ks/kz

B.cc(k1, K2, k3) = Bspr(ki, K2, K3) +Buistortion(K1, K2, K3)
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8,(K1)  Sc(k2)

kl/k?_ 8(k3)
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Neutrino Wakes: Higher -Order statistics of halos and matter

Baistortion(K1, K2,K3)/Budistortion(Ki = K2 = k3)

8,(K1)  Sc(k2)

kl/k?_ 8(k3)

5,(k1) from 8m(k2)
Sc(k2) ~Sgalaxy(k2)

8(k3) - 8galaxy(kz) or Sm(kz)

ks/kz

B.cc(k1, K2, k3) = Bspr(ki, K2, K3) +Buistortion(K1, K2, K3)

for ks<<ky, Kz, Bmec(Ky, Kz, K3) = Bmee(Kz, ki, K3) = fBocc(ki, Kz, k3) = f,Bicc(Kz, ki, Ks3)
=~ 2f.Bdistortion(K1, K2, K3)
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



Neutrino Wakes: Higher -Order statistics of halos and matter

Cosmic variance free. Doesn’t require perfect theory of small-scale CDM, only good measurement

Local realization of CDM completely determines response

| o o
@
<P <P
CDM WELGH CDM

In this sense, this is cosmic variance-free (i.e. | don’t need a good sample of or theory for small-
scale CDM + baryons)*

*of course some non-linear galaxy bias could mess this up. More to do!
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



Neutrino Wakes: Higher -Order statistics of halos and matter

S/N ratio for distortion bispectrum

0.0050.010 0.050 0.100 0.500 1

ks [Mpc_l]

SNR*/b?N, | m, = 0.05eV m, = 0.15eV
25x1077 | 1.6 x 10~ 1.6 x 10~°
8.6 x 101 6.8 x10-°

SNR2 is per mass, roughly x3 for three degenerate neutrinos



Conclusions

- Datasets are sensitive to neutrino and dark
radiation interactions

- Halo bias can be used to test for new physics

- Wakes and higher order statistics

- We should keep looking for novel signatures of

neutrinos and dark radiation!



Thanks!



