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The ultimate sin...

 The theme of this talk 1s self-interaction. I’'ll discuss two
aspects of it:

* Neutrino self-interactions and their impact on LSS.

* Dark matter self-interactions and their impact on very

small scales. ETHOS-2-
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The importance of neutrinos in
cosmology

* Deep 1n the radiation-dominated epoch, neutrinos
account for 41% of the energy density of the Universe.

* Prior to the epoch of recombination (when neutral atoms
form 1n the Universe), Standard Model neutrinos are the
only free-streaming radiation in the Universe.

* Detailed evolution of matter and CMB fluctuations are
sensitive to this radiation free-streaming fraction.
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Free-streaming Radiation and the CMB

Neutrinos give rise to a phase shift and amplitude suppression to

CMB fluctuations m
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sound wave
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Baumann et al. (2016)
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Neutrinos and the CMB

* This phase shift and amplitude suppression are very robust
signatures of free-streaming radiation as they rely only on
gravitational interactions.

* Key question: Is this simple picture consistent with
observations? Or 1s yet-unknown neutrino physics
modifying this picture?

* The simplest phenomenology that can suppress neutrino
free-streaming 1s neutrino self-interactions.

- Hannestad (2005) - Archidiacono & Hannestad (2014)

- Trotta & Melchiorri (2005) - Forastieri, Lattanzi & Natoli (2015)

- Melchiorri & Serra (2006) - Baumann, Green, Meyers & Wallisch (2016)
- Bell, Pierpaoli & Sigurdson (2006) - Brust, Cui & Sigurdson (2017)

- De Bernardis et al. (2008) - Lancaster, Cyr-Racine, Knox, Pan (2017)

- Basboll, Bjaelde, Hannestad &Raffelt (2009) - Choi, Chiang & Loverde (2018)

- Smith, Das & Zahn (2012) - Song, Gonzalez-Garcia & Salvado (2018)

- Cyr-Racine & Sigurdson (2014) - Venzor et al. (2020, 2022, 2023)

= Brinkmann et al. (2021)

- Das & Ghosh (2021,2023)
And many more!
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Beyond Free-streaming Neutrinos

New Unknown Interaction with
massive mediator at low energies:

See e.g. Cherry, Friedland & Shoemaker (2014), , ‘
Ng & Beacom (2014), Blinov et al. (2019) (outgoing neutrino or lepton) (other outgoing particle)

s=(p+q)2 =2p-q
t=(p-p')>=-2p-p’
u=(p-q') =-2p-q’

Could be generated from a D q
leptophilic scalar model: (incoming neutrino) (other incoming particle)

1
L= F(LH)%

See e.g. Berryman et al. (2022) Gl/ > GF
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Delayed Neutrino Decoupling

Neutrino Opacity: - Gy=10""MeV? Neutrino visibility function
— Gy=10"MeV? )
G =10""MeV 2

7, < —aGagT?

New Neutrino Interactions =2
Delayed Neutrino free streaming!

Cyr-Racine & Sigurdson (2014)
Oldengott, Rampf & Wong (2015)
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Massive Neutrino Boltzmann Hierarchy

Simplified Boltzmann Hierarchy (assume decoupling in relativistic regime):

%—I—kg l+11/ — / v
ot € 21—|—1lJr1 2l—|—1l_1

500 5,44

—4 | —do + §—¢5Z1
q

0

Relaxation-time approximation

Cyr-Racine & Sigurdson (2014)
Oldengott, Rampf & Wong (2015)
Choi, Chiang & Loverde (2018)
Kreisch, Cyr-Racine & Doré (2020)
Brinkmann et al. (2021)

Venzor et al. (2022, 2023)
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Impact of self-interacting Neutrinos on CMB

(7, k) = 3G (1 4 Ay) cos (s +0p) + O(p; 1), With SI

neutrinos, no
supersonic
radiation can
provide a
gravitational
tug to photons

—0.2683R, + O(R2) ,
~ 0.19127R, + O(R2) .

— Self—Interacting (SI) Neutrinos
Photons (w/ SI neutrinos)
Standard Neutrinos
Photons (w/ standard neutrinos)

0.0010 0.0015 0.0020 0.0030
r [h~'Mpc]

Cyr-Racine & Sigurdson (2014)

Francis-Yan Cyr-Racine - UNM 11/3/23



Some outrageous CMB results...

* ACT data also displays significant preference for neutrino
self-interactions. Planck does not like it so much.

Massless v Massless v

Planck + ACT

—— 3c+0f —— 3c+0f

fee- 14 of ~--- lc+2f

log;o[Gegr/MeV 2]

Das & Ghosh (2023)
Kreisch et al. (2023)
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The SIv and the CMB

* The SlIv 1s possible because of a multi-parameter
degeneracy between the impact of neutrinos and changes
in the primordial spectrum of fluctuations (ng, A)).

* Planck CMB temperature data, BAO, and ACT data show
a marked preference for a delayed onset of neutrino free-
streaming.

* However, Planck CMB polarization data tend to dislike
the presence of new neutrino self-interactions.

Need an independent / \ -
observable that can help

confirm or rule out this signal.

—— ACDM  =—— ACDM + Ng + Y m, —— Sy
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Full Shape to the rescue

low-z NGC

k [hMpc1]
high-z NGC

kPy(k) [h—>Mpc?]

kPy(k) [h—3Mpc3]

Philcox et al. (2020)
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Impact of self-interacting Neutrinos on
matter clustering

* Dark matter perturbation equation can be written as:

= 50 _3¢7

VOWSGE (s° = o (7)[— (1 + 2¢)dr* + (1 — 2¢)dZ?],

* The general solution (in radiation domination):

de(k,7) = —ggbp + /cQ/O dr't'(k,7")In (7' /7),

*  Without free-streaming neutrinos, we have:

TRl = (1 + 2R, /5)y
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Impact of self-interacting Neutrinos on
matter clustering

j|—— k=1x10"%[AMpc!]
—— k=3x10"! [hMpc~!] Dark matter
J|— k=1x10'[aMpc'] fluctuation

Gravitational
Potential

—— k=1x10"%[hMpc}]
—— k=3x10"! [kMpc!]
—— k=1x10'[AMpc~}]

Kreisch, Cyr-Racine, Dor¢ (2020)
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Impact of self-interacting Neutrinos on
matter clustering

Fixed Neg = 3.046

Scales entering the
horizon at the onset
of neutrino free-
streaming

7’
N
\s_/’

ACDM (Em,, = 0.06eV)
ACDM (Em,, = 0.23¢V)
Get = 1072 MeV ™2, ¥m, = 0.06eV
Gegg = 1072MeV ™2, ©m, = 0.23¢V
Gegg = 1074 MeV ™2, ¥m,, = 0.06eV
Geg = 107*MeV ™2, ¥m, = 0.23eV

1072 102 107!
i |h/Mpc]
Kreisch, Cyr-Racine, Doré (2020)
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Galaxy power spectra and interacting neutrinos

* Interacting
neutrinos can
In principle
provide a
good fit to the
galaxy power
spectra when
the primordial
spectrum of
fluctuations 1s
also modified.
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Galaxy power spectra: Profile likelihood

* By minimizing . e FS
the full-shape POS AL
likelihood, we
see that the
galaxy power
spectra also
shows some

preference for
the SIv!

4 03 9
log g (Geff/l\w‘lev_Q)

Camarena, Cyr-Racine, Houghteling (2023)
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Preferred shape for the matter power
spectrum

* The preferred neutrino
interaction model has a

,_.
hrc

matter power spectrum that
[ A0+ i G = 0085 is significantly suppressed

— logy(Ger/Mev™2) = —4.98

log1(Geg/Mev™2) = —2.37 On Small scales .

(
— logyo(Gesr/Mev™2) = —1.33
(

—

Py, (k) [Mpc/h]?

log1o(Ger/Mev—2) = —0.28

* This 1s a key prediction of
such models!

k [h/Mpc]

Camarena, Cyr-Racine, Houghteling (2023)
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Preferred shape for the matter power
spectrum

Interestingly, similar matter power spectrum shapes seen for
models preferred by the CMB.
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Kreisch, Cyr-Racine, Dor¢ (2020)
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Our results are consistent with other analysis

Monopole Py(k) SIv bestfit
Quadrupole Ps(k) ACDM bestfit
Hexadecapole Py(k)

Real-space Qo(k)

He, An, Ivanov & Gluscevic (2023)
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Galaxy power spectra: Bayesian analysis

i BN BBN + P, (ke = 0.20)
« We see consistent BEN 4 Pyt Q)

results, in which
the full-shape data
show a preference
for the SIv. This 1s
the same model

favored by some
CMB analyses.

B BBN+ P+ Qp+ AP

log(Gesr /Mev™?) T 8

Camarena, Cyr-Racine, Houghteling (2023)
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SIv Cosmology: The current situation

We now have two independent types of datasets showing the
existence of the SIv cosmology.

This implies that this 1s a physical feature present in the data,
and not the results of a spurious feature in the CMB sky.

The statistical significance is however not overwhelming, and I
would say that, at best, there is a mild preference for a delayed
onset of neutrino free-streaming.

Another possibility 1s that the SIv is picking a feature in the
data that has nothing to do with neutrinos but is caused by other
physics.

Either way, this points to the existence of something we do not
yet understand, which 1s exciting!
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Self-interacting dark matter and halo structure
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Vogelsberger, Zavala, Cyr-Racine +, arXiv:1512.05349
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Self-interacting dark matter halo: Diversity of
density profiles

« SIDM predicts a broad diversity of halo density profiles,
that 1s absent in standard cold dark matter.

NFW
Core forming

- Maximum core
Early collapse
Late collapse

Yang et al. (2022)
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Probing SIDM: Effective Multiplane
Lensing

* Since lensing 1s just a mapping between a source plane
and an 1mage plane, compress everything to a single

function: U = X — Qg (X)

u - coordinate in the source plane
x - coordinate in the ima

Divergence Component:
Curl Component:
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Eftective deflection field

* Divergence and curl of the effective deflection field:
Anisotropies between the radial and angular direction

o)
D)
= 0.0
=,
D

LOSH ) @ LOSH O
] ,OSH O LOSH

0.0 0.5 : = . 5 —-1.0 —0.5 0.0 0.5
x [arcsec] x [arcsec]

Dhanasingham, Cyr-Racine + (2023) Thank you, Daniel Gilman!
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Inspiration from large-scale structure

* Galaxy peculiar velocities give rise to a quadrupole
moment in the galaxy two-point correlation function.

* In strong lensing,
presence of main galaxy
break translation
symmetry, giving rise to
anisotropies.

/"\ - - ACDM prediction

He et al. (2018)
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Capturing Anisotropies

* Compute the two-point function of the effective deflection

o)
]
= 0.0
=,
D

LOSH . @ LOSH O
] ,OSH O LOSH

0.0 0.5 : = i 5 : —0.5 0.0 0.5
x [arcsec] x [arcsec]

Dhanasingham, Cyr-Racine + (2023)
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Correlation function: Nonzero
quadrupole moments

N

r (arcsec) | o (alcsec)

(see also, Hezaveh et al. 2016b; Chatterjee & Koopmans 2018; Diaz Rivero et
al. 2018a,b; Brennan et al. 2019; Cyr-Racine et al. 2019; Cagan S$engdl
et al. 2020; Bayer et al. 2023a,b)
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The quadrupole 1s probing line-of-sight

halos

Yaub = 0.06 kpc=2, d1,05 = 0.0
Yo = 0.04 kpe™2, drog = 0.4
Yo = 0.02 kpc=2, dr,0s5 = 0.8
Youb = 0.00 kpe™2, dro0s = 1.2

0.2 0.3
r (arcsec)

Dhanasingham, Cyr-Racine + (2022)
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Self-interacting Dark Matter

. 2. — 50 em2o—) g —1
SIDM (0 = 5em?eg~!, vy = 30kms™!) 1 ; SIDM (0¢ = 50 cm*g ™!, vy = 30 kms™")

0.5 arcsec 0.5 arcsec

T
—0.010 —0.005
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Dhanasingham, Cyr-Racine + (2023)
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Self-interacting Dark Matter

— CDM

---- SIDM (0p = 25 cm?g™!)
——- SIDM (0 = 50 cm?g™!)

v = 30 kms™!

Small cross
section

Monopole (£ = 0) of &aiv(r, 6)

)
0.05 0.1 : .
r (arcsec) M ed ium
Cross
section

Large cross
section

Quarupole (¢ = 2) of &giv(r, 0)
T
(

0.05 0.1
r (arcsec)

Dhanasingham, Cyr-Racine + (2023)
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Assessing detectability 1n 1deal case

HST-like | ELT-like
Resolution (arcsec/pixel) 0.05 0.01
FWHMpgsr (arcsec) 0.07 0.15
Texp (hours) 1.0 1.0
Obkg (counts/s/pixel) 0.005 0.02
Nops 70 4

x [arcsec]

HST-like observations —— Monopole (£ = 0)
—— Quadrupole (¢ =2)

After Source and Macrolens
. N— Reconstruction

ELT-like observations —— Monopole (¢ = 0)
—— Quadrupole (¢ = 2)

~_
L

After Source and Macrolens
Reconstruction

FWHMpgr = 0.07" FWHMpsr =0.15"
Zlens = 0.5 - Zlens = 0.5
Zsource = 1.0 Zsource = 1.0

Toxp = 1 hour
Obikg = 0.005 counts/s/pixel

Nobs =

Texp = 1 hour
opke = 0.02 counts/s/pixel
{Nobs = 4

10.0 20.0 30.0  40.0
k [arcsec™!]

10.0 20.0 30.0  40.0
k [aurcsec_1

Dhanasingham, Cyr-Racine + (2022)
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Self-interacting Conclusions

 Neutrinos:

* Due to neutrinos’ importance in the early Universe,
cosmological data offer great sensitivity to new physics
affecting neutrino free-streaming.

* Both CMB and the galaxy power spectrum show some
preference for neutrino self-interactions.

 Dark Matter:

* Anisotropies in the two-point correlation function of the kg,
and k., fields allow us to separate line-of-sight halos from
main-lens substructure.

* By measuring both the quadrupole and monopole of the &g,
function, get sensitivity to the SIDM cross section.
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