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Abstract: Cosmic background neutrinos are nearly as abundant as cosmic microwave background photons, but their mass, which determines the
strength of their gravitational clustering, is unknown. Neutrino oscillation data gives a strict lower limit on neutrino mass, while cosmological
datasets provide the most stringent upper limit. Even if the neutrino masses are the minimum required by oscillation data, their gravitational effects
on structure formation will nevertheless be detectable in &” and in fact required to explain &’ data within the next decade. | will discuss the

physical effects of the cosmic neutrino background on structure formation and present a new signature that may be used to measure neutrino mass
with large galaxy surveys.
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Outline

Neutrino CDM Universe!

Neutrino effects in large-scale structure:
The linear regime

NEW neutrino effects in large-scale
structure

Conclusion
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Large-scale Structure

cold dark matter

]

(Villaescusa-Navarro, Bird, Pena-Garay, Viel 2013)
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Large-scale Structure

cold dark matter neutrino dark matter

]

(Villaescusa-Navarro, Bird, Pena-Garay, Viel 2013)
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Large-scale Structure

cold dark matter neutrino dark matter

]

Pv s 10
Ol + pbaryon +pv ~ 0.005 ny ~ 10 nbaryon

(Villaescusa-Navarro, Bird, Pena-Garay, Viel 2013)
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Neutrinos: what do we know?

flavor eigenstates mass eigenstates

PN M
UelecfrorA ) /‘«

Viau' i |
A ‘\ Vmass?2

Vmass3

Vmuon

Pontecorvo 1957, 1958, 1967, Maki, Nakagawa, Sakata 1962
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Neutrinos: what do we know?

flavor eigenstates mass eigenstates

A~
mv‘\ 3 ‘\

Viau' ;
A ‘\ Vmass?2

Vmass3

Vmuon

flavor eigenstates # mass eigenstates

C Uel Ue2 Ue3 2
Upi Upz Ups
U Uro Uxs

Pontecorvo 1957, 1958, 1967, Maki, Nakagawa, Sakata 1962
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Neutrinos: what do we know?

Oscillation data gives mass splittings -
m22 16 mlz & (7_5 + 02) 10—5 eVZ (solar neutrino oscillations)

Ims2 = my2| = (232;* 8(1)%) 10-3 e\y2 (atmospheric neutfrino oscil|ii'|ons)

V3

Pontecorvo 1957, 1958, 1967; Maki, Nakagawa, Sakata 1962
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Neutrinos: what do we know?

Oscillation data gives mass splittings -~
m22 {4 mlz = (7_5 + 02) 10—5 eVZ (solar neutrino oscillations)

Ims2 = my2| = (232;* 8(1)2;3) 10-3 e\y2 (atmospheric neutfrino oscil|ii'|ons)

V3

w ’ ’ N "
Normal” “nverted” Degenerate

Wi &3 Vi 3 Vi)

y vz 2 0.049eV
v3 = 0.049eV Vi = 0.047eV

vz = 0.009eV
" ~ OeV SRR 2 LM
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Neutrinos: what do we know?

Oscillation data gives mass splittings

-

mz% - mi?2 = (7.5 + 0.2) 105 eV? (solar neutrino oscillations)

|m32 K m22| d (2322‘ 8(1)%) 10-3 e\/2 (atmospheric neutfrino oscilliilons)
>

X

il least one neutrino mass isi = 0.05eV.

(NN W SN "
Normal” Inverted” Degenerate

3 V2 = 0.049eV ?
V3 = 0.049eV vi % 0.047eV '

vz = 0.009eV
i ~ OeV R o L
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Neutrinos: what do we know?

(72
(2}
)
£
o
1=
-
=
3J
Q
=

J— Vi = 0.05eV lower bound on mass

from oscillation data
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Neutrinos: what do we know?

Tritium B decay

upper bound on mass mi. s 2eV

(Troitsk experiment 2011)

vy
v
)
£
o
=
-
o=
=
Q
=

vi = 0.05ev lower bOl‘md.OI‘l mass
from oscillation data
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Neutrinos: what do we know?

Tritium B decay

upper bound on mass mz. = 2eV

(Troitsk experiment 2011)

future upper bound on mass mi. = 0.2eV

vy
v
)
£
o
1=
-
=
3
Q
=

vi = 0.05ev lower bOl‘md.OH mass
from oscillation data
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Neutrinos: what do we know?

Cosmology

upper bound on mass miz. s 2eV

(Troitsk experiment 2011)

upper bound on sum of masses > m, s 0.49eV
(CMB alone, Planck 2015)
2, my s 0.17eV
(CMB + BAO, Planck 2015)

vy
v
)
£
o
1=
§
=
3J
Q
c

vi = 0.05ey lower bOl‘md.OI‘l mass
from oscillation data
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Neutrinos: what do we know?

Cosmology

upper bound on mass miz. s 2eV

(Troitsk experiment 2011)

upper bound on sum of masses >, m, = 0.49eV
(CMB alone, Planck 2015)
2, my s 0.17eV
(CMB + BAO, Planck 2015)

vy
v
)
£
o
1=
-
=
3J
Q
=,

vi = 0.05ev lower bOl‘md.OI‘l mass
from oscillation data

future detection via

cosmology!
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Neutrinos: what do we know?

Cosmology

upper bound on mass mi. s 2eV

(Troitsk experiment 2011)

upper bound on sum of masses >, m, = 0.49eV
(CMB alone, Planck 2015)
2, my s 0.17eV
(CMB + BAO, Planck 2015)

vy
(2}
)
£
o
=
§
=
3J
Q
=

vi = 0.05ev lower bOl‘md.OI‘l mass
from oscillation data CosmOIOgy can rule

out inverted
hierarchy!
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Future detection via astrophysical datasets

‘Dark Energy SurQey, | Large Syroptic Survey
Large-scale . o s

structure surveys

Sloan Digital Sky Survey ”l

-
A

h ! ;
WA Dark Enen Jgs’rr'umam

Subaru Hyper Suprime Cam and

Prime Focus Spectrograph "WFIRST

ey | fl‘%@ﬂw )
i .K_
e\

SPHEREX

Hobby-Eberly Telescope
Dark Ene[gy EXperiment

* i\ 21 CM experiments
'{F&!iﬁw?ﬂ&u
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Future detection via astrophysical datasets
Ldrge—SCdle Da'r;k‘Energy Survey.‘ Large _Srzrec;[:::;jurv-ey j 3
structure surveys gt VAN

Sloan Digital Sky Survey! %._

Euclid

“SHigh resolution
- cosmic microwave
Dank Ener‘Mﬁstrumm .‘ b(l 9 k 9 roun d

AP ETRTETITS!

Subaru Hyper Suprime Cam and I FOWRIRET South Pole Telesc&ae

Prime Focus Spectrograph

L) | \ EE’FF Py \\ “
&«\ Ml Planck '

SPHEREX

Hobby-Eberly Telescope
Dark Ene[gy EXperiment

AN " \Q‘ﬁ‘fp\
* A\ 21 CM experiments CMB “Stage 1V §

i
WGy O = 0.02eV

e.g. Snowmass 2013 1309.5383
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Neutrinos in Cosmology




Neutrinos in Thermal History of the Universe

e+ e- annihilation

big bang nucleosynthesis

galaxy formation

& today! 14 billion years ﬂmE
) 10° years colder
i T~0.2eV

photons
decoupled

()

hotter
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Neutrinos in Thermal History of the Universe

e+ e- annihilation

big bang nucleosynthesis

galaxy formation

& today! 14 billion years ﬂmE
©) 10° years colder
i T~0.2 eV

photons
decoupled

()

hotter

i
*

neutrinos in
equilibrium
with photons e
+, e-

Ty = Tv o 1/(1
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Neutrinos in Thermal History of the Universe

e+ e- annihilation

. "1_ ¢ ( A o,,. L, today! 14 billion years 1‘|m>e
( ) ] 10° years colder
' T~0.2eV
photons

decoupled

galaxy formation

hotter T ~ 1 Mev big bang nucleosynthesis

neutrinos in neutrinos
equilibrium decoupled
with photons e Tv « 1/a

+, e-
Tr= Tvx 1/a decouple while relativistic

<)
N —2 d_E INTET, o AT (Al TV3
(2m)3 eP/T"+ 1

1u—2jd3p P o et Tu4

3 ef/Vy
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Neutrinos in Thermal History of the Universe

Total energy density in radiation:
2
Pradiation = L 2Ty %(Neff x 2) T)

30
BN

cosmic microwave background cosmic neutrino background
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Neutrinos in Thermal History of the Universe

Total energy density in radiation:

2 7
Pradiation = ‘?3[[6 (2TT4+ "S”(NeFF X 2) T:')

S D3

cosmic microwave background cosmic neutrino background

measurements of the
radiation density in the s W it

early universe can be New = 3.13 £0.32 “Planck TT+lowP ;
New = 3.15+£0.23 Planck TT+lowP+BAO ;

used to test the number Nep = 2.99 020 Planck TT, TE, EE+lowP ;
Of neutrino-like degrees | Ney =.3.04 £0.18 . Planck TT, TE, EE+lowP+BAO .

of freedom 2

v < vy
The expected number of neutrino species is seen in the CMB!

Planck 2015
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Neutrinos in Thermal History of the Universe

galaxy formation
- [ ]
SO
) 5 QD ( :
T ~ 1 Mev big bang nucleosynthesis

& today! 14 billion years ﬂmE
) 10° years colder
] T~0.2eV

photons
decoupled

hotter

Neutrino momenta decrease with the expansion of the universe

pv « 1/a
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Neutrinos in Thermal History of the Universe

galaxy formation

Ay g

1
T ~ 1 Mev big bang nucleosynthesis

Today! 14 billion years Fime

10° years colder

T~ 0.2 eV
photons

decoupled

hotter

i
neurrinos

o 3

pecome non

relativistic

Neutrino momenta decrease with the expansion of the universe

pv « 1/a

When p, << m, , neutrinos are non-relativistic
and energy density is dominated by mass
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Neutrinos in Thermal History of the Universe

galaxy formation

o [ ]

SO
o) %9
T ~ 1 Mev big bang nucleosynthesis

today! 14 billion years TIme

hotter 10° years colder

T~O02eV
photons

neutrinos
decoupled

become non-
relativistic

Neutrino momenta decrease with the expansion of the universe

pv « 1/a

When p, << m, , neutrinos are non-relativistic
and energy density is dominated by mass

neutrino energy density, o, « 2 (number density) m,
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eutrinos in Large-scale

Structure

Zw 0,20
2=13.33 P

(Krav’rfov)

" time

Pirsa: 16060024 Page 29/109




Pirsa: 16060024

Neutrinos in Large-scale

Structure

Zw 0,20

704 8
. 58

(Kmv’rfov)

time
massive neutrinos alter this process
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Large-scale Structure

matter distribution 8m = 8pm/pm galaxy distribution 85 = 8ng/ng

\
| 0
i b !

{2

(Springel) (Springel)
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Large-scale Structure

matter distribution 8y = 8pm/pm galaxy distribution 8 = 8ng/ng

k

(Springel)

dark matter “halos”
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Large-scale Structure

matter distribution 8m = 8pm/pm galaxy distribution 85 = 8ng/ng

: ’ ’ Springel
galaxies live in (Springel)

halos

dark matter “halos”
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Neutrinos in large-scale structure: Linear regime
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Neutrinos In large-scale structure: Linear regime

small-scale density
perturbations don't retain
neufrinos

neutrino density |°
perturbation
decaying
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Neutrinos in large-scale structure: Linear regime

large-scale density
perturbations do
refain neutrinos

small-scale density
perturbations don't retain
neutrinos ¥y

neutrinos
growing
together
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Neutrinos in large-scale structure: Linear regime

large-scale density
perturbations do
retain neutrinos

small-scale density
perturbations don't retain
neutrinos Py

Growth of matter
perturpbations is scale-

dependent

Relevant scale:

Typical distance a
neutrino can travel
in a Hubble time

}\.fs ~ UU/H
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Neutrinos In large-scale structure: Linear regime

massive neutrinos reduce the typical amplitude of density perturbations

large-scales the same small scales damped
b %) : i i k »

Normal

Inverted

Degenerate m,, =0.1 eV
Degenerate m,, =0.2 eV

Q
O
C
.Etg
S .S
> =
1S
-
= 8
Q¢
'E.E‘
:—
o 2
v Q
v
Nﬁ
55
o
3
V2]

10 10

Fourier mode k (h/Mpc)

: apma’rfer
P(k) = (6m(k)om(k Om(K) = ———
Bond, Efstathiou, Silk 1980 ( ) ¢ m( ) m( )> where )m( ) Pmatter

Hu, Eisenstein, Tegmark 1998
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Neutrinos In large-scale structure: Linear regime

massive neutrinos reduce the typical amplitude of density perturbations

—> less gravitational lensing than a
universe where all matter is
gravitationally clustered

= Normal
Inverted

Suppression in P(k)

10}

-Fourler_ﬁ_c;de k (h/Mp

Bond, Efstathiou, Silk 1980
Hu, Eisenstein, Tegmark 1998
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Neutrinos In large-scale structure: Linear regime

massive neutrinos reduce the typical amplitude of density perturbations

large-scales the same small scales damped
b %) . i i k »

Normal

- Inverted
Degenerate m,, =0.1 eV
Degenerate m,, =0.2 eV

Q
O
C
.Etg
S .S
> =
13
-
2 2
Q¢
'E.E‘
:—
o 2
v Q
w)
Nﬁ
55
o
3
V2]

10 10

Fourier mode k (h/Mpc)

: apma’rfer
P(k) = (6m(k)6m(k Om(K) = ———
Bond, Efstathiou, Silk 1980 ( ) ¢ m( ) m( )> where )m( ) Pmatter

Hu, Eisenstein, Tegmark 1998
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Neutrinos in large-scale structure: Linear regime

massive neutrinos reduce the typical amplitude of density perturbations

—> less gravitational lensing than a
universe where all matter is
gravitationally clustered

= Normal
Inverted

—
¥4
—
Q
=
c
o]
v)
vy
Q
—
Q.
Q.
3
v

Bond, Efstathiou, Silk 1980
Hu, Eisenstein, Tegmark 1998
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Neutrinos in large-scale structure: Linear regime

massive neutrinos reduce the typical amplitude of density perturbations

Normal

Inverted

Degenerate m,, =0.1 eV
Degenerate m, ~0.2 eV

—
¥4
—
Q
=
c
9
vy
vy
Q
—
Q.
Q.
3
(2

10

Fourier mode k

Bond, Efstathiou, Silk 1980
Hu, Eisenstein, Tegmark 1998
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10}

Probability density [eV ]

Current constraints from CMB

T T
Planck TT+lowP

+lensing (reconstruction) ~

+ext (SN + BAD) _
Planck TT,TE,EE+lowP

+ +lensing
+ 4ext

m, [eV]

Planck 2015
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Neutrinos In large-scale structure: Linear regime

Future:
O,,, = 0.02 eV

3 0 detection of Normal
Hierarchy (0.06eV)

Pirsa: 16060024 Page 43/109




Pirsa: 16060024

Neutrinos in large-scale structure: Linear regime

Future: "Stage IV CMB”
O,,, = 0.02 eV

3 0 detection of Normal
Hierarchy (0.06eV)

n,=0)

of lensing
Al (-'f"} (Em,)) '('EH (Zr

5
L
angular scale

Q
O
3
=
o
S
g
A=
Q
o
c
g
-
O
©
c
=
-+
S
&

Abazajian et al 2013
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Neutrinos in large-scale structure: Linear regime

Future: "Stage IV CMB”
O,,, = 0.02 eV

3 0 detection of Normal
Hierarchy (0.06eV)

of lensing
)/CE* (Em, =

Al (-'f"} (Em,)
]

5
I
angular scale

Q
o
3
=
o
S
g
A=
Q
o
c
g
o -
O
S
c
=
ofem
S
&

Abazajian et al 2013

CMB 5S4, LSST (Large Synoptic Survey Telescope), DESI (Dark Energy
Spectroscopic Instrument), Euclid (ESA mission), SPHEREx . . .
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Neutrinos in large-scale structure: Linear regime

Future: "Stage IV CMB”
O,,, = 0.02 eV

3 0 detection of Normal
Hierarchy (0.06eV)

of lensing
)/CE* (Em, =

-
A(CLT (Em,)
1
o
(=]
*

5
I
angular scale

Q
O
3
=
o
S
=
=
Q
o
c
g
o -
(8]
S
c
2
ofem
S
&

Abazajian et al 2013

CMB 5S4, LSST (Large Synoptic Survey Telescope), DESI (Dark Energy
Spectroscopic Instrument), Euclid (ESA mission), SPHEREx . . .
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eutrinos in Large-scale

Structure

Zw 0,20
2=13.33 e

(Krav’rfov) (halos)

" time
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Neutrinos in Large-scale Structure

A ¥ f
o Y,
A AT R Mot
L ANy 4 )
_l‘./.“ ¥ Y,y ’
Vi ¥ o !
s | .@f
g\ A 14 Lt
Vit Lo

halos)

® Suppressed matter power spectrum (test via
gravitational lensing, galaxy power spectra,
cluster abundance)

® Neutrino feature in the halo bias

® Neutrino Halos are not like CDM halos
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Scale-dependent halo bias

from massive neutrinos
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Halo bias
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Halo bias

matter distribution &m(x) = 8pm/pm galaxy distribution 84(x)= 8ny/ng

)

(Springel) ! . (Springel)
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Halo bias

matter distribution &m(X) = 8pm/ pm galaxy distribution 84(x)= 8ng/ng

)

(Springel) ! : (Springel)

For large separations, (84(x1)84(x2)) = b2(8m(X1)8m(x2)), where
b is what astronomers call the bias
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Halo bias

matter distribution &m(X) = 8pm/pm galaxy distribution 84(x)= 8ng/ng

)

(Springel) ] : (Springel)

For large separations, (84(x1)84(x2)) = b2(8m(X1)8m(x2)), where
b is what astronomers call the bias

The value of b depends on the type of object you are looking at
(e.g. the mass or luminosity of the galaxies you've measured)
and rare objects have a larger value of b.
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Halo bias

matter distribution &m(X) = 8pm/ pm galaxy distribution 84(x)= 8ng/ng

)
gdlaxies liveiin

v halos [
. b o

(Springel) ! g (Sp.ringel)
dark matter “halos”

Galaxies live in halos, so I'm going to use halo bias and

galaxy bias interchangeably but reality is more complicated.
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Halo bias - simplest model
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Halo bias - simplest model

a dark matter halo forms when 8p/p is larger than the collapse threshold

A

50/
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Halo bias - simplest model

a dark matter halo forms when 8p/p is larger than the collapse threshold

A

Sp/pj 4
hc which is easier to reach on 'l'OP OF a lOﬂg

wavelength density perturbation
Sp/pJ
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Halo bias - simplest model

a dark matter halo forms when 8p/p is larger than the collapse threshold

A

Sp/pj 4
hc which is easier to reach on 'l'OP OF a long

wavelength density perturbation
Sp/pJ

initially over-dense regions occupy less volume at late
times, so the number density there is increased

Sp/pj
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Halo bias - simplest model

50/ | 4

(I) and (II) predict how the number density of halos
fluctuates with 6,

Gunn & Gott 1972 Press & Schechter 1974
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Halo bias - simplest model

50/p | ’

(II ) and (II) predict how the number density of halos
fluctuates with 6,

80/p
.bl...

b halo bias

Gunn & Gott 1972 Press & Schechter 1974
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Halo bias - simplest model

Add neutrinos:

- For low neutrino masses, can ignore neutfrino contribution to halo
mass (Mv in halo € Mnalo)

ML and Zaldarriaga 2013
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Halo bias - simplest model

Add neutrinos:

- For low neutrino masses, can ignore neutfrino contribution to halo
mass (Mv in halo € Mnalo)

ML and Zaldarriaga 2013
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Halo bias - simplest model

Add neutrinos:

- For low neutrino masses, can ignore neutfrino contribution to halo

mass (Mv in halo « Mnao)
ML and Zaldarriaga 2013

- BUT, neutrino effects on evolution of 8 cant be ignored — halos
are forming in different background

=
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Halo bias - simplest model

Add neutrinos:

- For low neutrino masses, can ignore neutfrino contribution to halo

mass (Mv in halo « Mnao)
ML and Zaldarriaga 2013

- BUT, neutrino effects on evolution of 8 cant be ignored — halos
are forming in different background

(same as a universe with
only CDM)

(grows more slowly)
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Halo bias - simplest model

Add neutrinos:

- For low neutrino masses, can ignore neutfrino contribution to halo

mass (Mv in halo « Mnao)
ML and Zaldarriaga 2013

- BUT, neutrino effects on evolution of 8 cant be ignored — halos
are forming in different background

A o W

A .'||/:‘. A .'||//:'

The k-dependent evolution of & causes the threshold

for collapse to depend on k also
ML 2014b

( see also Hui & Parfrey 2008; Parfrey, Hui, Sheth 2011)
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Halo bias - simplest model

Add neutrinos:

The k-dependent evolution of 8, causes the threshold
for collapse to depend on k also ML 2014b

( see also Hui & Parfrey 2008; Parfrey, Hui, Sheth 2011)
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Halo bias - simplest model
Add neutrinos:

The k-dependent evolution of 8, causes the threshold
for collapse to depend on k also ML 2014b

W Serit(zi) - 8I(Zi)

( see also Hui & Parfrey 2008; Parfrey, Hui, Sheth 2011)
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Halo bias - simplest model
Add neutrinos:

The k-dependent evolution of 8, causes the threshold
for collapse to depend on k also ML 2014b

N\M 5crif(zi) e 8I(Zi)

evolve from z to form

Wmﬁcrif(zf) = SI(ZForm)

.f ,'.||/:(

( see also Hui & Parfrey 2008; Parfrey, Hui, Sheth 2011)
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Halo bias - simplest model
Add neutrinos:

The k-dependent evolution of 8, causes the threshold
for collapse to depend on k also ML 2014b

Sketch:

____N\Mﬁ.?.‘".‘f.(?f)..?..(_1_.7?)5_'_(?_‘7‘_"””‘) M\Nm*(zf) = 81(Zform)

,'||/!I ) ,'||,/!'

\

these halos a bit less biased than t

( see also Hui & Parfrey 2008; Parfrey, Hui, Sheth 2011)
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Halo bias - simplest model
Add neutrinos:

The k-dependent evolution of 8 causes the threshold
for collapse to depend on k also ML 2014b

Sketch:

___.WMf“‘?.c.rif.(?f'f_)_.i__(_1_.i%%??‘?_'_(%f9rm) Www(zﬂ = 8i(Zform)

21/K A 2/l

these halos a bit less biased than these

** Neutrinos have scale-dependent growth at all times, so the truth is more
complicated than the sketch here **

( see also Hui & Parfrey 2008; Parfrey, Hui, Sheth 2011)
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Halo bias - simplest model
In a universe with massive neutrinos:
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Halo bias - simplest model
In a universe with massive neutrinos:

[ LA H " onmi
rree-streaming =1 reaming

s <

M=1e+13, z=0.50

1 massive v m, =0.05eV
1 massive v m, =0.1eV
1 massive v m, =0.2¢V
1 massive v m,=0.3eV
3 massive v, =0.1eV
massless

P )
4
S’
£
£
Q.
S
P .
4
~—
=
<
Q.
o
i
o
V4
h
0

scale-dependence of halo bias

10" 10

wavenumber kK (Mpc™)

(ML 2014)
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Halo bias - simplest model
In a universe with massive neutrinos:

1 H 1 i
45"-:“]_“““{1: '-I""I.IHI1|"-‘:

s <

M=1e+13, z=0.50

1 massive v m, =0.05eV
1 massive v m, =0.1eV
1 massive v m, =0.2¢V
1 massive v m,=0.3eV
3 massive v, =0.1eV
massless

Pv

pmatter

P )
V4
S’
£
£
Q.
S
P
V4
~—
<
£
Q.
2
i
P
"4
h
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Halo bias - simplest model
In a universe with massive neutrinos:

pmatter

b(k) = ~/Pnn(K)/Pmm(K)

o
O
-
o
°
c
)
Q.
)
b
R
S|
O
w

10

wavenumber k (Mpc™)

(ML 2014)
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Observational consequences

Scale-dependent change in the halo bias:

£z P b -1 (# F.) where ¢ Qv

b b " O oy

The fraction of energy in neutrinos may be tiny (f, = 0.5%)

(ML 2014)
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Observational consequences

Scale-dependent change in the halo bias:

&z P b -1 (# F.) where ¢ Qv

b b " O oy

The fraction of energy in neutrinos may be tiny (f, = 0.5%)

Why care about such a small change to the halo bias?

e Because the feature in the halo bias can be
used to measure neutrino mass

(ML 2014)

Page 76/109



A systematic for measurements of m, from galaxy clustering

Without scale-dependent bias neutrinos produce identical changes to
Pgalaxy—galaxy(k) and Pmatter—matter(k): (Pgalaxy—galaxy(k) v b2Pmatter—matter(k))

M=1e+14, z=0.50
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A systematic for measurements of m, from galaxy clustering

With scale-dependent bias neutrinos don‘t suppress Pgalaxy-galaxy(k) as
much as Pmatter—matter(k) / (Pgalaxy-galaxy(k) v b(l )2Pmatter—matter(k))

M=1e+14, z=0.50
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(ML 2014)
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A systematic for measurements of m, from galaxy clustering

With scale-dependent bias neutrinos don’t suppress Pgalaxy-galaxy(k) as
much as Pmatter—matter(k) / (Pgalaxy-galaxy(k) o b(l )2Pmatter—matter(k))

M=1le+14, "'—() 50
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The feature in the halo bias can be used to measure

neutrino mass
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The feature in the halo bias can be used to measure
neutrino mass
Suppose one has high number density of sources that trace the matter field
8pm/pm With a bias factor b, i.e. ng/ng = b 8pm/pm
AR IR (o o LR galaxy distribution 8 = 8ng/ng

\

(Springel) ‘ ; (Springel)
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The feature in the halo bias can be used to measure
neutrino mass
Suppose one has high number density of sources that trace the matter field
8pm/pm With a bias factor b, i.e. ng/ng = b 8pm/pm
WA G (o o G galaxy distribution 8 = 8ng/ng

\

(Springel) ; ; (Springel)
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The feature in the halo bias can be used to measure
neutrino mass

Suppose one has high number density of sources that trace the matter field
8pm/pm With a bias factor b, i.e. 8ng/ng = b 8pm/pm

*

matter distribution &m = 8pm/pm galaxy distribution 8y = 8ng/ng

\

(Springel) : ; (Springel)

It turns out that the bias b can be measured without cosmic variance (Pen 2004,
Seljak 2008)
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The feature in the halo bias can be used to measure
neutrino mass
Suppose one has high number density of sources that trace the matter field
8pm/pm With a bias factor b, i.e. ng/ng = b 8pm/pm
WA IR (o o CRa galaxy distribution 8 = 8ng/ng

\

(Springel) : ; (Springel)

It turns out that the bias b can be measured without cosmic variance (Pen 2004,
Seljak 2008)

]
0)]0)
«/ngalaxies Pmatter
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The feature in the halo bias can be used to measure
neutrino mass

Suppose one has high number density of sources that trace the matter field
8pm/pm With a bias factor b, i.e. 8ng/ng = b 8pm/pm
matter distribution &m = 8pm/pm galaxy distribution 8 = 8ng/ng

\

(Springel) : . (Springel)

It turns out that the bias b can be measured without cosmic variance (Pen 2004,
Seljak 2008)

1 Compare:

i P(k)
5 «/ngalaxies Pmatter .:/W
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The feature in the halo bias can be used to measure
neutrino mass

2=0.125, ny =1.40e—02(h/Mpc)’

O
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(e}
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5]
<

e]
(6]

— 2 m, =0.05¢V
3m, =0.1eV
3 m, =0.2¢V

107 107
k (wave number)

(ideal huge number density of sources, super-ideal lack of
systematics)
(ML 2016)
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The feature in the halo bias can be used to measure
neutrino mass
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cosmic variance limit w/ Py, (k. )

P only

Piy Pray Py by =0.8, by g =b(ny)
Py Pray Pyyy by g =08, by =1.0
Py Py, Py, by =0.8, by, =2.0
same data, but w/ b const, w/k
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number density of galaxies

(ML 2016)
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The feature in the halo bias can be used to measure
neutrino mass

n, .L‘.}/n-rmm'n‘": y n(,“-/qf! ,l.:i/m'r'm:.f-n"", Sty =0.75

— blk), M, =0
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(LSST-like number density of sources, super-ideal lack of
systematics)

(ML 2016)
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The key point
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The key point

To a local observer, these backgrounds are inequivalent
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The key point

To a local observer, these backgrounds are inequivalent

This can be mapped
to an closed FRW
with CDM and
neutrinos evolving as
1/ac

Hu, Chiang, Li, LoVerde 2016
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The key point

To a local observer, these backgrounds are inequivalent

This can be mapped
to an closed FRW
with CDM and
neutrinos evolving as
1/ac

Pirsa: 16060024

This can be mapped

to closed FRW with
CDM evolving as 1/
a.° , but the
neutrinos appear to
dilute faster, and
curvature is not
conserved

Hu, Chiang, Li, LoVerde 2016
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The key point

To a local observer, these backgrounds are inequivalent

*|f CDM is the only thing clustering on small scales, the
nonlinear dynamics in both cases can still be described by the
local comoving coordinate a. defined by the dark matter

Hu, Chiang, Li, LoVerde 2016
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The key point

To a local observer, these backgrounds are inequivalent

*|f CDM is the only thing clustering on small scales, the
nonlinear dynamics in both cases can still be described by the
local comoving coordinate a. defined by the dark matter

**This gives a general formalism for studying bias and mode-coupling with
multiple fluids — e.g. massive neutrinos or clustered quintessence

Hu, Chiang, Li, LoVerde 2016
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The key point

To a local observer, these backgrounds are inequivalent
Example:
R Compare local evolution
for perturbations larger
and smaller than

quintessence Jeans scale

/\/
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Ratio of local Hubble rates

Hu, Chiang, Li, LoVerde 2016
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The key point

To a local observer, these backgrounds are inequivalent
Example:
ERRAR Compare local evolution
for perturbations larger
and smaller than

quintessence Jeans scale

/\/

Stay Tuned!
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Ratio of local Hubble rates

Hu, Chiang, Li, LoVerde 2016
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The key point

To a local observer, these backgrounds are inequivalent
Example:
ERENA Compare local evolution
for perturbations larger
and smaller than

quintessence Jeans scale

/\/

Stay Tuned!
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Hu, Chiang, Li, LoVerde 2016
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Neutrino Halos

ML & Zaldarriaga 2013
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Neutrino Halos

1 0.05 eV
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ML & Zaldarriaga 2013
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Neutrino Halos

=006 eV
101 A1, 0,10 eV
Lo=0.20 eV
=00 eV
, =060 eV

low velocity

neutrinos end

up bound in
halos

r of neutrinos

shown are me = 0.05eV neutrinos

around M = 10" Mgun halo

numbé¢

1000 2000 3000 4000 5000 6000

velocity (km/s)

y (proper Mpc)

see also Ringwald & Wong 2004; Brandbyge, Hannestad, Haugboelle, Wong 2010
Villaescusa-Navarro, Bird, Pena-Garay, Viel 2013 ML & Zaldar‘riaga 2013
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Neutrino Halos

neutrino mass around halo (Msun) fraction thats bound to the halo

® Normal o—e m, =04deV oo Normal o 0 m, =02V o0 g, =006V
® Inverted oo m, =0.6eV e—e [nverted oo =04V  e—e =08V
°
-]

m,; =0.1eV oo g =08V oo g, =0lcV

=020V 100%

2= 8 10%
1%
Ll ol 0.1%
o 0.01%

1014
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101I4

halo mass (Msun) halo mass (Msun)

ML & Zaldarriaga 2013
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Neutrino Halos - Relative Velocity Effects
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Neutrino Halos - Relative Velocity Effects

Cold dark matter halos are not at rest w.r.t. cosmic frame!
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Neutrino Halos - Relative Velocity Effects

Cold dark matter halos are not at rest w.r.t. cosmic frame!

(The Milky Way is moving at ~ 550 km/s w.r.t the CMB)
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Neutrino Halos - Relative Velocity Effects

Cold dark matter halos are not at rest w.r.t. cosmic frame!

(The Milky Way is moving at ~ 550 km/s w.r.t the CMB)
Halos moving through neutrino “wind”

~ ~ ~ ~ A ~
Vneutrino' Vhale = -1 Vneutrino' Vhalo = O Vneutrino' Vhalo = 1

304000

0tz

dist.

neutrino velocity

ML & Zaldarriaga
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Neutrino Halos - Relative Velocity Effects

Qualitative difference between how halos acquire CDM and neutrino mass

dplon)/p

0,106

0.000
0.060

0.030

Mhalo = il Msun; Vhalo = Vmilky-way;

work in progress with TY Lin, Ben Safdi
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Neutrino Halos - Relative Velocity Effects

Qualitative difference between how halos acquire CDM and neutrino mass

dplon)/p

0.0
v [Mpe]

Mhalo = il Msun; Vhalo = Vmilky-way;

work in progress with TY Lin, Ben Safdi
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Neutrino Halos - Relative Velocity Effects

Qualitative difference between how halos acquire CDM and neutrino mass

dplv)/p

P, 2 0V, Mo Leh 18 M, sl lalos (0,000,0) kin/s 5 5 1 (02 oV Nk 16 Munn, vEHnlos (0,600,0) ki /s

-

Stay Tuned!

work in progress with TY Lin, Ben Safdi
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Summary — Massive Neutrino Effects in Cosmology

less power in small-scale density ﬂuc’rua’rions]

ane v,
- three
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