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ACDM: the “standard model” of
cosmology

The simplest model consistent with current cosmological observations is the
ACDM model.

Atoms

4.9% Dark

Energy

68.3%
Dark .

Matter
26.8%

[Y. Wong’s talk, see also A. Melchiorri’s talk]

ACDM = General relativity
+ Standard Model of particle physics
+ empirical ingredients (DM, cosmological constant, primordial perturbations)
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The concept for the above figure originated in a 1986 paper by Michael Turner.




Polarisation

Temperature

Cosmic microwave background
anisotropies: observables

CMB lensing
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[M. Madhavacheril’s talk]



Current Ground—Based Exgeriments

Chile, Atacama

POLARBEAR to Simons Array J| Atacama Cosmology Telescope
(ACTPol to AdvACT)

W, e
e =

o

,-'I._‘BHICEP-}/ Keck Ar_ray/ BICEP-3 South Pole Telescope

(SPTpol to SPT3G)

[Y. Chinone’s talk]
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Sherwin, van Engelen, Sehgal, MM + ACTPol 2016
le—7
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ACTPol two-season measurement of lensing power spectrum
(based on 12% of data in the can)

Mathew Madhavacheril, Princeton University

[M. Madhavacheril’s talk]



Snowmass: CF5 Neutrinos Document
arxiv:1309.5383

CMB Experimental Stages

I
Space based experiments

1 0‘1 L Stage-| — = 100 detectors
Stage-Il - = 1,000 detectors 1
Stage-IIl - = 10,000 detectors |1

= = 1 Stage-IV — =~ 100,000 detectors ||

10 °F

10 b

Approximate raw experimental sensitivity (uK)

107

2000 2005 2010 2015 2020
Year

Enabling technologies:

Stage-I1I CMB
experiments are starting
now, e.g., BICEP3,
CLASS, SPT-3G,
AdvACT, Simons Array

Stage-1V CMB
experiment = CVIB-54
~200x faster than the
Stage 2 experiments
that just finished

« First multichroic detectors on-sky in 2017.

« Better multiplexing

* Beginning to deploy tens of thousands of detectare

[C. Reichardt’s talk]



CMB-S4
Science

Book CMB Experimental Stages:
Science forecasts
Sensitivit Dark E
ey o0 o) oGmy  OTESLe
2015 Stage 2 ’ Boss BAO DES+BOSS
1000 prior clusters
2016 |t 0035 014  0.15eV ~180
2017
ZULHE Stage 3
10,000
20 1 9 detectors Boss BAO DES + DESI
| prior |§Z Ciusters
2020 0.006 0.06 0.06eV ~300-600
2021
Stage 4
2022 CMB-S4
2023 52?:6332 IM DESI +LSST
+Te POOSC lusters
Target 10®  0.0005 0.027 0.015eV 1250
Order of magnitude improvements x70 X6 x10 X7

compared to today:

[C. Reichardt’s talk]



Neutrinos mass forecasts
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|C. Reichardt’s talk]



CMB is not just about anisotropies...

CosmiC MICROWAVE BACKGROUND SPECTRUM FROM COBE

* Look for distortions of
blackbody spectrum,
e.g., u-distortion

THEORY AND OBSERVATION AGREE

2hv3 1

(v, T) = —
v T) c? exp(% +p) — 1

E
Q
g
7]
5
§
e
g
7]
§
E

10

Waves / centimeter




10 100 1000 10°
k(Mpc™)

[T. Nakama’s talk]



* Models with suppressed power on small scales
[cf. cusp/core, too big to fail, missing satellites]
have lower

2.x1078}
L standard nearly-scale-invariant spectrum
2.x1079+ satellite on large sc’ales i 151078
1.x1079¢ 1.x10°8}
! H
v
1 -1 158 % -1 —a
P 5.x10-10] ks = 1Mpc 20Mpc \“ .“‘35Mpc >:11=() ! 5.x10-%}
0
2.x10-10 P =PuoP®. Putt) =4 () _3 x10-°L
s o LT1070 1107 kY ’ L : L L L ‘
"o ' hl(lgks) . | | . 0.001 0.010 0.100 1 10 100
0.01 0.10 1 10 100 1000 104 a

* Next-to-next generation of experiments will be able
to distinguish this from other solutions, e.g., WDM

[T. Nakama’s talk]



Large scale structure observables

BAO scale Cosmic shear
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Large scale structure observables

* Unlike CMB, large scale structure probes are directly
sensitive to the matter distribution at low redshifts
and allow us to see the evolution of structure

e Particularly helpful for constraining late-time physics,
such as neutrino masses or Dark Energy, and
disentangling their effects



The Dark Energy Survey

DES is an on-going imaging survey of the Southern Sky using DECam
on the 4m Blanco Telescope in Chile.

Blanco Telescope
e Cerro lolelo, Chile

o

DES OBSERVING STRATEGY

Y
° \\ 270° 240° 210°

-75°
[ DES (planned 5 yrs) W DES (SV) WEE DES (Y1) WEE DES (Y2) DES (SN fields)

Juliana Kwan Cosmology from DES-SV

[J. Kwan's talk] |



Cosmology: Constraints on og and 2, (A\CDM)
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First results based on
science verification
area

More data being
analysed and taken

e Several further surveys in progress or on the way,
e.g., KiDS, Hyper Suprime Cam, DESI, LSST, Euclid...

[J. Kwan’s talk]



Big Bang Nucleosynthesis

 Formation of light elements around t = O(1) min

* |Infer primordial element abundances from
astrophysical measurements, compare to
theoretical predictions

'
(4]
T T T

log(mass fraction)

—
o
L

0 > 4
log(t [sec])

e Sensitive to baryon density, effective number of
neutrino species, neutrino chemical potential



 Moderate discrepancy between theoretically calculated and
experimentally measured nuclear rates

[G. Mangano’s talk]



 Moderate discrepancy between theoretically calculated and
experimentally measured nuclear rates

e Still good consistency with CMB results [G. Mangano’s talk]
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[G. I\/Ia.ngano’s taIk]



Cosmic neutrino background

e Strong indirect evidence from CMB and BBN
* |s there any way to detect it directly?



B Direct detection of CvB neutrinos ~ [-ong e 2l JCAP 08 (2014) 038]

[At least two CvB neutrinos over three are non-relativistic now!]

How to detect non- a process without energy
relativistic neutrinos? threshold is necessary

[[Weinberg, 1962]: neutrino capture in S—decaying nuclei v +n — p + e‘}

signal is a peak at 2m,
above [f—decay endpoint

+my

V//dEe)

CvB

only with a lot of material

Sterile v

need a very good energy resolution

Electron Spectrum (d
AN 9L~ Ty

[Good candidate: tritium}

Electron Kinetic Energy ( K;)

(high cross section of

. . .y 3
(low Q—value) + (good availability of >H) + V13 H 3 He + )

PTOLEMY

(Princeton Tritium Observatory for Light Early-Universe . ,
Massive-Neutrino Yield) [S. Gariazzo’s talk]



v clustering with N-one-body simulations ~ 270(617)-[0-9]13)]

Milky Way (MW) matter attracts neutrinos!

3
clustering -~ Fc, g = Z ]Ue,-\2 fe(m;) [n,,o(uhR) + n,-,o(l/hL)] Nt o
\ i=1

fo(m;) clustering factor — How to compute it?

ldea from [Ringwald & Wong, 2004] —{N—one—body: N X single v simuIationsJ

— each v evolved from initial conditions at z = 3

{Assumptionsz] — spherical symmetry, coordinates (r, 6, p,, /)
vs are independent — need pmatter(2) = poM(2) + Praryon(2)
only gravitational interactions
vs do not influence matter evolution [how many vs is “N”?}

(pv < ppMm) — must sample all possible r, p,, |

— must include all possible vs that reach the MW
{ e N 1/-} (fastest ones may come from
5 ' several (up to O(100)) Mpc!)
— weigh each neutrinos
— reconstruct final density profile with kernel method from [Merritt& Tremblay, 1994]

S. Gariazzo “Neutrino clustering in the Milky Way" WIN . )
|S. Gariazzo’s talk]




™ Overdensity when myeayiest =~ 60 meV [anv:170(6[7). [0-9{5}}
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™ Overdensity when m, ~ 150 meV
== minimal mass detectable by PTOLEMY if A ~ 100-150 meV
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Not detectable by
PTOLEMY
(energy resolution
too low)

Minimum mass detectable
by PTOLEMY, density
enhanced by factor ~2

[S. Gariazzo’s talk]



Beyond standard neutrinos...

e eV sterile neutrino [C. Giunti’s talk]

e keV sterile neutrino as DM candidate

Bl

Quarks




keV sterile neutrinos and new tests for non-thermal DM candidates

L Production Mechanisms for Sterile Neutrino Dark Matter

How to fill the templates with physical models for SN?

The popular production mechanisms are:

(DW), aka non-resonant
active-sterile conversion (freeze-in), Qpy o sin® (26)

m Shi-Fuller production (SF), aka resonant active-sterile
conversion (freeze-in)

e e e
m DW/SF + late thermalisation in dark sector — Talk by R. S.
L. Hansen.

m Decay production via some parent particle, e.g. real scalar
singlet S coupled to Higgs sector.

[M. Totzauer’s talk]



keV sterile neutrinos and new tests for non-thermal DM candidates

L The Scalar Decay Model for keV Steriles

A simple model for scalar decay — Lagrangian

m Field content beyond SM: real scalar singlet S and one sterile
neutrino V.
m Lagrangian:

_ 1 _
L = Low+ |iNON + 3 (9,5) (9"S) - gSNCN + h.c.] ~Vieatar
where
1 2 A
Vicatar = — 1501021257+ 2o (CDTCD) +225%42) (chcb) %

m Processes for DM production: 5SS <> ®® (from plasma)
S — NN.

[M. Totzauer’s talk]



keV sterile neutrinos and new tests for non-thermal DM candidates
LThe Scalar Decay Model for keV Steriles

A simple model for scalar decay — non-thermal spectra

The interplay between decay of S in-eq. and out-of-eq. can yield
highly non-thermal spectra:

keV sterile neutrinos and new tests for non-thermal DM candidates

12} Distribution Function L Structure formation for the SD model
ms=60GeV (£)=8.66
A=10—G.Bﬁ
~ =107859
10 Jr/nN=20keV
- SD model and the half-mode analysis
]
Un 1078
10—10
10760 3
:
1otz \ 10-65 g T2(k) above half—mode:
1070001 0010 0100 110100 T omitaned e 22k
£ Q = allowed
10770 g
) . N Overclosure
=Ty
Can’t simply use
standard (thermal)
. s )
WDM constraints - ~
2keV
10790 T
20keV
50keV=—"=
i 100ke V= }
10 1‘1;71““ l()f‘)ﬂ 107\"! l()ffﬂ
Higgs portal A

Figure: Constraints from structure formation in the plane A-vs.-y for
ms = 100GeV. Taken from JCAP 1611(038) (Konig, Merle, MT).

[M. Totzauer’s talk]



Sterile neutrino production through

illati
!onstralnts 'rom structure 'ormatlon an! !-rays

Constraints on v, produced
through oscillations

3 4 5 7 10 15
m,, [keV]

Schneider (1601.07553)
Sterile neutrinos ngherrl;' arné@n ’75/ .1t7a | k]




Thermalization of the neutrino spectrum
U,
I Thermalization

Goal:
o Lower average momentum.
@ Enhanced number density.
Prerequisites:
o Coupling to a new boson ¢ with m,, < m, < T,, production-

o Efficient number changing processes for .

Thermalization of the neutrino spectrum

Toy model

Sterile neutrinos as the

Scalar boson ¢ coupled to vs:

1 1 A _
L= S0"pdup — Smip® = 290" + ylsvsg

We assume no coupling to Higgs.
e.g. Heikinheimo et al. (1604.02401 and 1704.05359) discuss a Higgs coupling

Decay width:

Number changing interactions:

273 M\ T3 <2m¢)
—_— exp{——1 .

6414 mf;, T

OV24 &

[R. Hansen’s.talk]...
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Impact on allowed mixing parameters
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eV [R. Hansen’s talk]

Sterile neutrinos as thermal dark matter 16/ 17




Primordial black holes

e Black holes formed in the early Universe are a viable
DM candidate

* Can cover mass range from 10> to 10>° g
e Strong constraints, but interesting phenomenology

10-"7 1077
U M | T T — T T
EG ' FI NS K ML
\
0.100 - b

0.001 -

10—5 -

A R Y T S T (RS S S T ST S S A S R S T A
10 10‘15 10|26 10‘36 10146

Mig



Growing BH in NS: angular momentum transfer

e MSP spinning near mass shedding limit — elongated spheroid (Roche lobe model)
[Shapiro, Teukolsky,83]

Gravitational capture of
PBH in spinning neutron star

Add BH — can analytically show (see paper) surface matter exceeds escape speed
— ejected mass !!

Ejected neutronic matter leads to r-process nucleosynthesis!

. ,
V. Takhistov’s talk]



e PBH favorable DM candidate, expect in many scenarios
e PBH-NS interactions generic
e Analytically studied the setup:
- site favorable to r-process, can explain amount in Galaxy + UFDs

- mechanisms for other signatures (e.g. FRBs, 511-keV line, kilonova)

— possibility to resolve major astronomy puzzles simultaneously !

e Search identification:
- no neutrino emission — easy to distinguish vs. SN

- no gravity waves — easy to distinguish vs. COM

— tested in upcoming experiments !

[V. Takhistov’s talk]



Leptogenesis

* Generate baryon asymmetry of the Universe
in the lepton sector

Why neutrinos have masses and
these masses are so tiny?
In the SM without extending particle content,

the only way to generate a neutrino mass is
using higher dimensional operators.

Weinberg operator Typically realised through

Mo _ |
Ly = TzfaLHffﬂLH L he. see-saw mechanism
my = AL T~ 10" GeV

[Y.-L. Zhou'’s talk]



Leptogenesis via Weinberg operator

Silvia Pascoli, Jessica Turner, YLZ, arXiv:1609.07969

Three Sakharov conditions are satisfied as follows:

The Weinberg operator violates lepton number and leads
to LNV processes. .o .. i+ o H, IHH o0,
{4 (HH, H*<#H, 0+ 6HH

The Weinberg operator is very weak and can directly
provide out of equilibrium dynamics in the early Universe.

T < 10*2 GeV
r (o) 1 A2 T3 1 m,%T3 77 10 T?
~ (on) ~ — — ~N — — ~J _—
w A A2 A v;l{ < v Myl

m if there are no other LNV sources.

We assume that a phase transition triggers a time-varying

Weinberg operator, giving rise to CP violation.
9

[Y.-L. Zhou'’s talk]



| |

Assuming first-order phase transition

True vacuum Bubble w\all False vacuum

............................................................................

............................................................

essssssssssssssssssEEEsEEsssEEEEEEEssssEEEEsEEssssEEssssssadasannnnnnnnnnnny

Single-scalar case
fit = —00)=0

Mag(t) = Aop + Aapf(t)  ft—+00) =1

>t Aopt Aos = Aap

11
[Y.-L. Zhou’s talk]



Inflation

 Hundreds of models in the literature, mostly
predicting a power-law scalar spectrum (and not

much else)

 What makes a model interesting?
-- A potentially observable non-standard

prediction



Amplitude of fluctuations grows as
field rolls down in radial direction

=>» blue spectrum of fluctuations in
tangential direction

e quantum fluctuations in
“Hat" potential V() = (®2 - F)* \ tangential direction

STue spectrum from

Blue spectrum from

(out—of—equilibriu_m axion mass term %%‘az ~ H?a?

(out-of-equilibriu_m axion mass term Df:"q Q 22 Hzaz)
out—of—eQuilibriu_m axion mass term %%'-az ~ Hzaz)

S

||

[ AU Conic e oveftinrypover spct L AUy Comi sy e oy power spctum

o

: F
[A. Upadhye’s talk]



[socurvature

dark matter radiation tOota  m—

density perturbation

Supersymmetric example

T Supersymmetric axion model

Superpotential W = h(®, . ®_ — F2)®, for chiral superfields with

We expect isocurvature perturbations when additional fields are non- charges +1, —1, and 0 under U(1) Peccei-Quinn symmetry

negligible during inflation. . 4 5 g
Amol Upadhye Cosmic surveys probe inflationary power spectrum = V — h2 ‘¢+¢7 3 Faz‘ + h2 ’¢)0‘ (|¢+| + |¢*| )

d if | di . ith Flat direction: &g =0, &, d_ = F?.
dent y angular Irection with a Potential along the flat direction, including Hubble-scale mass

dark matter com ponent corrections (from Kahler potential):
V=h |0, 0_ — F224 ¢, H2{0, |2 +c_H2 |_|?

o “roll speed” v = % (1 —a/1- gch) with @ o exp(—vyHt);

@ spectral index nj =1+2y=4-3,/1— gch

hnle C1/4
e blue e-folds: 7, = v 'log ( L —D4>
el !

Kasuya and Kawasaki, PRD 80:023516(2009)[0904.3800],
Chung and Yoo, PRD 91:083530(2015)[1501.05618]

Amol Upadhye Cosmic surveys probe inflationary power spectrum

[A. Upadhye’s talk]



Power spectrum, ¢, = 2.235
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Blue isocurvature spectrum
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Amol Upadhye Cosmic surveys probe inflation
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Upadhye and Chung (2017, in prep.)

Amol Upadhye Cosmic surveys probe inflationary power spectrum 17

[A. Upadhye’s talk]



Conclusions

e Vanilla ACDM still rules

* Fully thermalised eV-sterile neutrino excluded

* Lots of interesting new data expected in the

next 10 years (CMB polarisation, lensing, galaxy
surveys)

— 0O(10) meV sensitivity to sum of neutrino masses
— 0(0.05) sensitivity to effective # of neutrino species
— 0(0.001) sensitivity to tensor-to-scalar ratio



The youngest (and loudest) participant of the
meeting would like to thank everyone for their
support, patience, and the splendid entertainment
provided to her.



