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Introduction

[ESA, Planck Collaboration]

» In the precision era of cosmology
» Lots of data, what questions can be answered?
» Can we answer these questions accurately?

Oppurtunities to find or constrain new physics, e.g. light relics!
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Light but Massive Relics

Particles that were in thermal contact with SM at early universe,
were relativistic at decoupling, but behaves like matter today.
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Light but Massive Relics

Particles that were in thermal contact with SM at early universe,
were relativistic at decoupling, but behaves like matter today.

(Neutrinos
» Last piece of the SM
» Massive, but unresolved
Not Neutrinos (LIMRs)
» New particles!
» Ubiquitous in SM extensions

Two categories:
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Light Relics & Cosmology

Light relics are important for cosmology:
» Unique imprints on growth of structure
» Degeneracy with other parameters

Cosmology is important for light relics:
» Cosmologically abundant
» Doesn’t require present-day interactions
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Outline

» Introduction
» Signatures of massive light relics

» Imprint on the power spectrum
» Imprint on the bias

» How accurately can we measure light relics?
» Implement new detailed effects

» How precisely can we measure light relics?
» Forecast constraints from future experiments
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Massive Light Relics: the Basics

A relic X is characterized by its

> Mass mx
> (present-day) Temperature T)(f)
» Thermalized* dofs gx (bosonic or fermionic)

*Higher-spin particles have effective gx = 2
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A relic X is characterized by its

» Mass mx
» (present-day) Temperature T)((O)
» Thermalized* dofs gx (bosonic or fermionic)

*Higher-spin particles have effective gx = 2

my=? T =195K g, =2
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Massive Light Relics: the Basics
Relic X is characterized by {mx, T)((O),gx}

> {T'x,gx} — AN (While relativistic), epoch of decoupling

ANgr o gx(T9)* g% oc (%)

10t
— s=0
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—— s=1/2 Dirac r2.73
100 o=t = -
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3 s x
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T\(/dec) [eV]
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Massive Light Relics: the Basics
Relic X is characterized by {mx, T)(?),gx}

» {Tx,g9x} — AN.g (While relativistic), epoch of decoupling
- dec o
ANew o< gx(TR)* gle” o (1§) 7

Minimal extensions = T$ > 0.91 K.
Planck AN.g < 0.36 (95% CL) = T% < 1.5 K for X Weyl

» {mx,Tx} — Free-streaming scale, non-relativistic epoch

0
ka,X7 Znr, X X mX/T)(( )

Non-relativistic today =— mx = 0.1 meV
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Massive Light Relics: the Basics
Relic X is characterized by {mx, T)(?),gx}

» {T'x,gx} — AN (While relativistic), epoch of decoupling
AN o gx(T)*  g'§” o (1%) 7

Minimal extensions = T$ > 0.91 K.
Planck AN.g < 0.36 (95% CL) = T% < 1.5 K for X Weyl

» {mx,Tx} — Free-streaming scale, non-relativistic epoch
(0
k.f&X? Znr, X XM X /T)(( )

Non-relativistic today =— myx = 0.1 meV
» {mx,Tx,gx} — Present-day abundance

wx X gxmx (T;(?))g

Overclosure wy < wWegm = mx < 100 eV for X Weyl
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Imprint on Large-scale Structure

Galaxies are biased tracers of matter

PgO(me(k:,Z) Om = 0cp + 0, + O0x

Stuff that clusters < Stuff that expands
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Imprint on Large-scale Structure

Galaxies are biased tracers of clustering matter

Py o< Py Poy(k, 2) Om = O +0,+0x

Stuff that clusters “ Stuff that expands

Neutrinos & LiMRs /
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Imprint on Large-scale Structure

0.01
0.00 \\’
» Structure suppressed at L \MM,\
small scales x
» Scale setby k¢, x ; 0031
> Amplitude set by wx /wp, —0.041 ij ]

k [h/Mpc]
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Detail 1: Hierarchical Neutrinos
Neutrinos live in a hierarchy

60 meV  Normal
dg=6 TV =195K > m,>
100 meV Inverted

Mass? ~

—
( mJ m,
Nl A
(m)
o
2.5x 10° eV?
7.6 x 10° eV? { @ o~
® ()
?
0" Normal Inverted

[Super-Kamiokande]
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Detail 1: Hierarchical Neutrinos

Neutrinos live in a hierarchy

60 meV  Normal
=6, TV =195K, my >
Zg'/ v Z '~ 1100 meV Inverted

..,.n/z= 0.65
§ -1.5
» Heavier v, more suppression g0
» Can distinguish in data? §‘2'5 me=oae \
> Will bias results? S 20] e
103 1072 10_177;

k [h Mpc~1]
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Detail 2: Imprint on the halo bias

Stuff that clusters “— Stuff that expands

Neutrinos & LiMRs /
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Detail 2: Imprint on the halo bias

Stuff that clusters “— Stuff that expands

Neutrinos & LiMRs /

» Growth-Induced Scale 1.010
Dependent Bias (GISDB) 1.008
» Effect on cosmo results? _1.006
X
<1.004
1.002
1.000 ~——— Zm, =90 meV
. ) ) 104 1073 1072 107t
[RelicCLASS: github.com/wixu/RelicClass] k [h Mpc™]

[RelicFast: github.com/JulianBMunoz/RelicFast]
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Detail 2: Imprint on the halo bias

Stuff that clusters “ Stuff that expands

Neutrinos & LiMRs /

» Growth-Induced Scale

Dependent Bias (GISDB) 1.010
» Effect on cosmo results? 1.008
< 1.006
S1.004 L —
b(k,2) =1+bp(2) f(k,2) 002
1.000 ] —— Im, =90 meV
104 103 102 10-1

. . . k[h Mpc~1]
[RelicCLASS: github.com/wixu/RelicClass]

[RelicFast: github.com/JulianBMunoz/RelicFast]
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Stuff that clusters < Stuff that expands
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» Growth-Induced Scale

Dependent Bias (GISDB) 1.010
» Effect on cosmo results? 1.008
< 1.006
51.004 L —
bk,z) =1+ br(z) f(k,2) 602
1.000 g —— Im, =90 meV
10~ 103 1072 1071
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LSS Data and Parametrization

» Single Tracers:
» BOSS
0(100)/Az/deg® LRGs
» DESI
O(1000)/Az/deg” ELGs
» Euclid
O(5000)/Az/deg® Has
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LSS Data and Parametrization

» Single Tracers:
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0(100)/Az/deg® LRGs
> DESI 2 =1.0,z= 075 DESI
0(1000)/Az/deg” ELGs -t Euctid
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2 L
s 0 R — _____“s-.-_-.:-.: ..........
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LSS Data and Parametrization

» Single Tracers:

» BOSS
0(100)/Az/deg® LRGs
» DESI 2
O(1000)/Az/deg® ELGs o
> Euclid -1
O(5000)/Az/deg® Has £
» Follow parametrization of < N e
Science Books . _—
---- No GISDB —— Degenerate
—— With GISDB —— Normal
bEESI(k7 Z) = BO/D(’Z) -1 _f0—3 10-2 10-1
b%udid(k, Z) _ /30(1 + Z)g’31/2 1 k [h Mpc—1]
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Outline

» Introduction
» Signatures of massive light relics

» How accurately can we measure light relics?

» Implement hierarchical neutrinos
» Account for GISDB

» How precisely can we measure light relics?

» Neutrinos
> LiMRs
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Neutrinos: Set-up

» How accurately can we

» Markov Chain Monte Carlo measure light relics?
> (W, Wedm, 1, s, A, T} + > Imple-_ment hierarchical
S m neutrinos
g » Account for GISDB
> CMB-S4 +7 » How precisely can we
» DESI ELGs, Euclid Has measure light relics?
(mock data) > Neutrinos

» LiMRs
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Neutrinos: Results

LSS CMB > my, [meV]
CMB-S4 + 7 1%3'61 +
> At least 30 detection Euclid 0.
of 3> my, 50 if IH CMB-S4 1029 +
» At most 20 hierarchy 15;651
differentiation DESI | CMB-S4 + 7 26' -

[All entries assume Deg. hierarchy, include GISDB]
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Neutrinos: Results

Data Model | —2Alog L | > m, [meV] T
Deg. 1.3 103.6 = 5.85e-2 +
Euclis 20.1 5.96e-3
Inv. 0.0 +9.06 6.30e-02 +
CMB-S4+ 113.0739% 3.346.03
T Nor. 0.9 98.90 + 5.89e-2 +
21.3 6.18e-3

—— GISDB CMB-S4 + 7 Euclid {f, 6,} DH

e GISDB CMB-S4 + 7 Euclid {#, 4} NH [A” entries include G|SDB]

e GISDB CMB-S4 + 7 Euclid {5, 51} IH

0.0754.

‘ j > Ay? = 1 preference for hierarchy

i0

e

T

i

> No significant shift in parameters

-

(]

g

S

By

3

g

I 500

& & F Fe ¢

h Treio ¥m,, [meV]
W. Linda Xu
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Neutrinos: Results

Data Model Mean and error
Bias GISDB | > m, [meV] Bo B1
, {Bo, B1} Yes 103.6 + 1.702 + | 1.005 +
(E;K;;dsz 20.1 2.97e-3 | 3.08e-3
i No 104.2 + 1.704 + | 1.003 +
T 21.9 3.14e-3 | 3.24e-3

[All entries assume Deg. hierarchy]
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Neutrinos: Results

Data Model Mean and error
Bias GISDB | > m, [meV] Bo B1
{Bo. 51} | Yes 103.6 + 1.702 £ | 1.005 +
20.1 2.97e-3 | 3.08e-3
. No 104.2 + 1.704 &+ | 1.003 +
Euclid + 21.9 3.14e-3 | 3.24e-3
CMB-S4 +
{Bo} Yes 102.8 + 1.699 + -
T 16.5 2.71e-3
No 1145 + 1.707+ -
15.6 2.59¢e-3

[All entries assume Deg. hierarchy]
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Neutrinos: Results

Data Model Mean and error
Bias | GISDB | > m, [meV] Bo 51
: {Bo} Yes 102.8 £ 1.699 + | -
Elld/flgds’; 16.5 271e-3
i No 1145 + 1.707+ | -
T 15.6 2.59e-3
[All entries assume Deg. hierarchy]
» Include GISDB if want accurate
@ biases
& )
el > Marginalize over z-dependence
o to avoid shift in cosmo
E. @ i parameters

§ & O S )
R E E

K
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LiIMRs: Set-up

» Fisher Forecasts
» How accurately can we

> {Wp, Wedmy Iy sy Asy T, 3} measure light relics?
+ gx, fixed {mX,T)((O)} > Implement
» {Scalar, Weyl, Vector, Dirac} hierarchical
neutrinos
> 10meV <my <10eV, » Account for GISDB

(0)
001K=Ty" <15K » How precisely can we

measure light relics?

» Neutrinos
» LiMRs
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LiIMRs: Set-up

» Fisher Forecasts
» How accurately can we
> {Wp, Wedmy Iy sy Asy T, 3} measure light relics?
+ gx, fixed {mX,T)({O)} > Implement
» {Scalar, Weyl, Vector, Dirac} hierarchical
neutrinos
> 10 meV < %X <10eV, » Account for GISDB
-
091K <Ty" <15K » How precisely can we
. en
> Planck, CMB-S4 +r mﬁa?\luret I.|ght relics
eutrinos
» BOSS LRGs, DESI ELGs, > LiMRs
Euclid Has
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LiIMRs: Results

12 Weyl Fermion, gx= 2
—— DESI+Planck
101 —— Planck Only
—— DESI Only
8y — —
S
5 6
4
2 4
30 eshold
07 T T T T
102 1071 100 101!

my [eV]

[Minimal temperature T'x = 0.91 K]
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LiIMRs: Results

12 Weyl Fermion, gx= 2
—— DESI+Planck

101 —— Planck Only
—— DESI Only

8___\/

4-x
30 eshold

1072 1071 100 10 Wedm

my [eV]

[Minimal temperature T'x = 0.91 K]
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LiIMRs: Results

Ruled out at 30

—

12 Weyl Fermion, gx= 2
—— DESI+Planck

101 —— Planck|Only
—— DESI Only

8, — —

4—x
2] \\nu
30 eshold

1072 1071 10 10 Wedm

my [eV]

[Minimal temperature T'x = 0.91 K]
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LiIMRs: Results

Data

30 limits on mx [eV]

LSS

CMB

Scalar

Weyl

Vector | Dirac

BOSS
DESI
Euclid

Planck
Planck
CMB-S4

1.96
0.93

2.85
1.20
0.63

2.05
0.90
0.47

1.30
1.61
All

5 Scalar, gy = 1 —_— Weyl Fermion, gx = 2
—— BOSS+Planck 5 —— BOSS+Planck
4 —— DESI+Planck — DESI+Planck
~—— DESI+CMB-S4 4 ~—— DESI+CMB-S4
3 Euclid+CMB-S4 Euclid+CMB-54
s 3
2
2
1 1 30 Threshold
L
0 . 0 B
102 101 10° 10* 10-2 101 10° 10%
mx [eV] my [eV]
5 Vector, gx = 2 6 — — Dirac Fermion, gx= 4
—— BOSS+Planck —— BOSS+Planck
4 —— DESI+Planck 5 —— DESI+Planck
—— DESI+CMB-S4 —— DESI+CMB-S4

IS

Euclid+CMB-54 Euclid+CMB-54.

& 3 &
§ §3 \‘
2
2
jo Threshold
1 3xJhreshold 1
0 I 0 -
1072 1071 10° 10! 102 101 100 10
my [eV] my [eV]
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LiIMRs: Results

. 6.05
14 Weyl Fermion, gx= 2 3.32
1.82 ﬂ
1.0 2
v 1.29 0.55 x
[ 0.3 r_CD
1.0 0.17 °—~
__________ 0.09 5
0.05
0'8'» ~ Q N 0.03
7/ 7/ Q Q
,\/Q ,\/0 N »
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Summary of Results

» Introduction
» Signatures of massive light relics

» How accurately can we measure light relics?

» Incorrect hierarchy won’t cause significant biasing
»> Neglecting GISDB will shift bias and cosmo parameters,
latter evaded if marginalize over redshift
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Summary of Results

» Introduction
» Signatures of massive light relics
» How accurately can we measure light relics?
» Incorrect hierarchy won’t cause significant biasing

»> Neglecting GISDB will shift bias and cosmo parameters,
latter evaded if marginalize over redshift

» How precisely can we measure light relics?

» Neutrinos measured at 20 meV level. Hierarchy
differentiation at most 20
» Significant measurements of LIMRs can be expected with
DESI/Euclid and S4
» With Euclid + S4, 30 measurements on Dirac fermions of
any mass, and any particle with eV-scale masses.
» Currently available BOSS + Planck can constrain/detect any
fermion with mx = 3 eV at 3.
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Thank you!
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