Are sterile neutrinos the dark matter?
The way forward
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The way forward

Detect the sterile neutrino and measure its mass

1. Direct production/detection

If sterile neutrinos mix with active neutrinos

Tritium B-decay — KATRIN

Sensitive in ev range
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Detect the sterile neutrino and measure its mass

1. Direct production/detection

If sterile neutrinos mix with active neutrinos

Tritium B-decay — KATRIN

2. Indirect detection

Decay of keV particle produces an X-ray line

Institute for Computational Cosmology




Detection of a 7 keV sterile neutrino?

5 Recent additional debates +

Cappelluti+2017: Chandra Galactic halo

Conlon+2017: AGN absorption line
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+BCL The way forward

University of Durham

Detect the sterile neutrino and measure its mass

1. Direct detection

If sterile neutrinos mix with active neutrinos

Tritium B-decay — KATRIN

2. Indirect detection

Decay of keV particle produces an X-ray line
Future X-ray missions:

XARM - 2021 (replacement of Hitomi (with soft/X-ray spectrometer
0.3-12 keV — 5-7 ev spectral resolution)

Athena — 2028 (0.5-12 keV; high resolution — 2.5 ev spectral resolution;
large area)
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The way forward

Astrophysical constraints
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@ICC The cosmic power spectrum: from
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the CMB to the 2dFGRS

Astrophysical constraints

Free streaming =

-1
}\'cut a mx

for thermal relic

Mepy ~ 100GeV
susy; M_,, ~ 10° M,

Mypu ~ few keV
sterile v; M_,,~10° M,

cut

wavenumber k (comoving h-' Mpc)-"

Log k3P(k) |  wavelength k' (comoving h-! Mpc)
- 1 000 100 10
101 i_l l_ Illl IIIDIwaIr.F gélaxilellll T
o F z=0 Gal clustering =~ \
T (2dFGRS) (A
= 0le Z ~sx100m, 18
£ 102 CMB \ 2 /1=
< ol (WMAP) 2 &7 o
x ACDM 3 ¥
104 & O \
- ES N
B 105 = WMAP TN
@ S E \
o - - \
® 106 |- e 2dFGRS .
@ g -
= 1077 ¢ E
5 : :
O o0 . E
10-9
L1 1 llll 1 llllllll 1 llllllll 1 llllllll 11
0.001 0.01 0.1 1 10



Astrophysical key to identity of dark matter

Subgalactic scales
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Cold Dark Matter Warm Dark Matter

13.4 billion years ago
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cold dark matter

warm dark matter

Lovell, Eke, Frenk,

Gao, Jenkins, Wang, White, Theuns,
Boyarski & Ruchayskiy ‘12
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SRR The subhalo mass function
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“coldest” 7keV sterile v
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The Eagle Simulations SB

EVOLUTION AND ASSEMBLY OF GALAXIES AND THEIR ENVIRONMENTS

The Hubble Sequence realised in cosmological simulations

Irr Trayford et al ‘15



Galaxy stellar mass function

dn/dlogio(M.) [cMpc™]

Comparison to semi-analytic models

= Ref—L100N1504

EAGLE

Durham semi—analytic
Gonzalez—Perez+ 14

Munich semi—analytic
Henriques+ 13

Li & White 09
Baldry+ 12



Fraction of dark subhalos

7J1CC
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All halos of mass < 5x108M, or V, ., < 7 km/s are dark (m.<10*M,)
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@lq;@ Fraction of dark subhalos
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Differences between WDM and CDM mostly involve dark halos
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The abundance of galaxies in MW/M31

lalo structure:

The abundance of halos and subhalos
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APOSTLE
EAGLE full
hydro
simulations

Local Group

CDM

Sawala et al ‘16



g Stars
VIRGS

APOSTLE
EAGLE full

hydro
simulations

Local Group

Far fewer satellite galaxies than CDM halos
Sawala et al ‘16



@n;q; EAGLE Local Group simulation
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The Auriga MW-like galaxies
Grand et al ‘16

30 very high res Simpson et'al 1

Arepo sims d < 300 kpc
6 even higher | g
res sims =
-
Z
()]
=
D. Campbell =
C. Frenk g
F. Gomez &)
R. Grand
A. Jenkins
F. Marinacci : —-10 —-12 —-14 —-16 —-18 —-20 —-22®%
R. Pakmor —_ My
V. Springel

S. White
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Luminosity Function of Local

Group Satellites

® Median model - correct
abund. of sats brighter than
M,~=-9 and V> 12 km/s

® Model predicts many, as yet
undiscovered, faint satellites

®* LMC/SMC should be rare
(~10% of cases)

Benson, Frenk, Lacey, Baugh & Cole '02

(see also Kauffman+ '93, Bullock+ '00, Somerville ‘02)

log dN/dM, (per central galaxy)

dark halos

2
i (const M/L)

25-75%
10-90%
| B 5-957%
. mmsm 0-100%

Mateo (1998)
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Luminosity Function of Local

Group Satellites

® Median model - correct
abund. of sats brighter than
M,~=-9 and V> 12 km/s

® Model predicts many, as yet
undiscovered, faint satellites

®* LMC/SMC should be rare
(~10% of cases)

Benson, Frenk, Lacey, Baugh & Cole '02

’ ’ . ‘ Institute for C tati 1C |
(see also Kauffman+ '93, Bullock+ '00, Somerville ‘02) B [ e A O e O
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How about in WDM?

The satellites of the MW Dark mattter subhalos in WDM

(~50 discovered so far) . (a few tens)’
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Luminosity Function of Local
Group Satellites in WDM

From “Warm Apostle:” 7keV sterilev M, ~ 10"2M,
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All we have achieved by

counting satellite galaxies ,

Is to rule out a few WDM
models!

Does the inner
structure of satellites
help?

Core vs cusp
“problem”



@UICC Evidence for warm dark matter!
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THE ASTROPHYSICAL JOURNAL, 663:948—-959, 2007 July 10 370 citations!
THE OBSERVED PROPERTIES OF DARK MATTER ON SMALL SPATIAL SCALES

4
GERARD GILMORE,1 Magrk 1. WILKINSON,I’z Rosemary F. G. WYSE,3 JAN T. KLEYNA," ANDREAS KOCH,5’6

N. WyN EVANS,1 AND Eva K. GreseL®’
ABSTRACT
dark matter in star clusters. We present a synthesis of recent photometric and

kinematic data for several of the most dark-matter dominated galaxies. There is

of ~ 15kms™*. In two dSphs there is evidence that the density profile is shallow

(cored) in the inner regions., and so far none of the dSphs display kinematics

which require the presence of an inner cusp. The maximum central dark matter

density derived is model dependent, but is likely to have a mean value (averaged

over a volume of radius 10pc) of ~ 0.1 Mg, pc™® (about 5GeV/c* ecm™?) for our

proposed cored dark mass distributions (where it is similar to the mean value),

smaller systems containing dark matter are not observed. These values provide

new information into the nature of the dominant form of dark matter.




1JBEE | The DM halos of dwarf spheroidals

e NFW asymptotic
e or 6 dwarf spheroidals
D)
- O
Q Femmmmmeaaa..
! Eo . : G
IS, | Me-—_Crs Mo ...dark matter forms cored
o Draco . - - .
i 1 mass distributions, with a
—_— core scale length of greater
o Srtin than about 100pc...”
s | [T
10—3

o r[Kpc]
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1JBEE | The DM halos of dwarf spheroidals

L= SeAeion NFW asymptotic
'_|10-' 3
. ™
- O
Q Femmmmmeaaa..
! Eo . : ‘“ .
= s i ...maximum central dark
L) ; pR i matter density ... has a
—— mean value of ~0.1 M /pc®
— Sextane (about 5 GeV/c?cm3) ...”
s | [T
10—3

o r[Kpc]
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1JBECE | The DM halos of dwarf spheroidals

Sl NFW asymptotic

for 6 dwarf spheroidals

10— f

s | T Minor

p [My/pc?]

“... Rather interestingly,
intermediate-mass (keV)
sterile neutrino particles
have been discussed ... as
V| . T relevant in just the spatial
ot rlkec] "and density range we have
derived here...”

Draco

._
o
li

e (' a1iNA

— SooclANS

Institute for Computational Cosmology




The Density. Profile of Cold Dark
‘ Matter Halos | |

T ™
NEW fits { B . _
— My~ 101M,, | Shape of halo profiles

Moo =~ 1012M., |l ~independent of halo mass &
— Moy & 1013M® ] cosmological parameters
M200~10 M

— DenS|ty proflles are “cuspy” -
- M200 ~ IOISM@ i

. NOo ‘core’ near the centre

| F.,"tted by simple formula:

0o (PIr)(14r/1)’

"(N"a’v'arro'; Frenk & White '97)

ll  More massive halos and

“halos that form earlier have
higher densities (bigger )




cold dark matter warm dark matter

Lovell, Eke, Frenk, Gao, Jenkins, Theuns ‘12



+JBECL | Density profiles of WDM halos
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WDM particles have significant thermal velocities at early times

Since the phase-space density cannot increase,
shouldn’t this produce a uniform density core?

Institute for Computational Cosmology




H Core radii in WDM halos

University of Durham

The thermal velocities of WDM particles induce cores.

Liouville’s theorem - upper bound on fine-grained ph. space den.
4
_ 9Ny

Jrp = 2(27h)3"

Shao, Gao, Theuns, Frenk ‘13

MaCCiO et al . ‘1 2 Institute for Computational Cosmology
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Density profile: phase space




‘;-?it-% Core radii in WDM halos
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The thermal velocities of WDM particles induce cores
Liouville’s theorem —> upper bound on fine-grained ph. space den.
4

gm,

Jrp = 2(27h)?”

s 6Q2mn)’
Y Qr)"gGor

By requiring f=f,, m

Shao, Gao, Theuns, Frenk " 13
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‘;-?it-% Core radii in WDM halos
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The thermal velocities of WDM particles induce cores
Liouville’s theorem —> upper bound on fine-grained ph. space den.
4
gm,

Jrp = 2(27h)3"

C
Phase space arguments - v, = £

7 \2 1/2 1/2
IJ m.c O 8
(8.2keV) (km/s) (2)

core radius

For mypy > 1.5 keV, core radii in WDM models are < 10pc =>»
core radii NOT relevant in WDM even in dwarf gals

Shao, Gao, Theuns, Frenk ‘13
see also Maccio et al ‘12
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Phase-space constraints - small core
(astrophysically irrelevant)
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1JBEE | The DM halos of dwarf spheroidals

e NFW asymptotic
e or 6 dwarf spheroidals
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—_— core scale length of greater
o Srtin than about 100pc...”
s | [T
10—3

o r[Kpc]

Institute for Computational Cosmology




D Fits assuming NFW - 15

@ B

University of Durham

Dwarf sphs: cores or cusps?

Jeans eqn:
GM(r dlnp, dlno’

() __ > P- L+ 20| 5

rtl dinr dinr ;
from Aquarius sim VAR S NP R -

Cuspy! vel &z}\’b g OBETTTTTTTT T

= S 105 90000
* Assume isotro'((\rg\\o 5E-
OB . « o 1 .+, . .|

@
* Solve for g 6\“\
&

?
e Corp 8\{\0 th observed o, (r)

e
L_I-IIIII IIIIIIII-MM:M;_UJJM-IIHIIH Illl-I

\(\0’\O best fit” subhalo
Strigari, Frenk & White ‘10
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Sextans

warf galaxies around the Milky Way

¥

Gk




(1) centrally concentrated, high
[Fe/H]

(i) extended, low [Fe/H]

AK<I)=M

2
r<o,, >

G

— =)

Walker ‘10; Wolf et al ‘10>

if r=r,,, un=2.5, independently of
model assumptions!

Walker & Penarrubia

7.5

log,, [M(<Rp.)] (M)

11

1JBECE | The DM halo of the Sculptor dwarf

-Prob

| | | | |
T
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| | | |
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€L [ The DM halo of the Sculptor dwarf

University of Durham

Strigari, Frenk & White ‘15

Distribution function analysis of 2 metallicity pop. data of Battaglia et al.

__Ps
Assume pops in equil. in NFW halo: ~ A(7) = L
For each population:  f(&,J) = g(J)h(E),
- C(LVF L (L)
Parametrize: 9(J) = RJB) + (h) ]
h(E) — NE“(E? + EH)Y (@i, — E)®  for E < ®yim
B 0 forE Z (I)lim7

Find best-fit parameters using MCMC

Institute for Computational Cosmology




+JBCLC |The DM halo of the Sculptor dwarf

University of Durham

— o Distribution function
>~ 10— T ' T — T . .
g 1analysis
| ‘
© 107 F s 1
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Strigari, Frenk & White ‘15
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€| Apostle: satellites w. 2-metalicity pops

niversity of Durham

= 2 S5 # 15116 1 V1 # 15858
= - _
The stellar 2| Metal-rich,
populations are not % § g
: 2
spherical and the 3 i
shapes of the two & 20{ Metalpoor _
can be dlfferent ......................
— V6 # 25657 1 V6 # 22516
B o 20 .
o ]
)
o
g L 2
E
| ©
| & 20
T
Projected X [kpc] Projected X [kpc]

Gennina BeniteZ'LIambay CSF + ‘1 7 Institute for Computational Cosmology
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The DM halo of the Sculptor dwarf

niversity of Durham

2
r <o >

M(<r)=u é

different directions

L2
o
' . - 80
—0. .:
-
v
L2
L
&)

0.48 Smp = 0.71 Kmp = 0.26
3 — 90

,’ B 70

R 60

’ 50

\
Z
ny
=
S
Angle [degrees]

0.10 0.15 020 025 0.30 0.35
4
log1o (3Re) [kpC]

You can infer any slope, from NFW to Genina, Benitez-Llambay, CSF + ‘17

core depending on viewing angle!

Institute for Computational Cosmology
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Many nearby galaxies now have hi-res 2D HI
velocity fields —> ideal for infering potential

Assume: gas is in centrifugal equilibrium on
approximately circular orbits




@ B€ € |Rotation curves of 2 APOSTLE dwarfs

ey ot APOSTLE galaxies all have NFW cusps

2D velocity field = V, (r) (rotn curve); in dynamical equilibrium: V. = GM(<r)

Ny
l Tilted-ring model corrected for
asymmetric drift
® S°BAROLO fit <—|

Let’s apply this to APOSTLE galaxies by making a mock 2D
velocity field and analysing it just as the real data



@ B€ € |Rotation curves of 2 APOSTLE dwarfs
e APOSTLE galaxies all have NFW cusps

2D velocity field = V, (r) (rotn curve); in dynamical equilibrium: v = GM(<r)
N
l Tilted-ring model corrected for
asymmetric drift
® S°BAROLO fit <—|
120 ! | | | T ! | 120 ! ! ! ! ! ! '
100 L Consistent with cusp  _| 100 Consistent with core!  _
T 80 GM /r - T: 80
i 60 |- i 60
g a0 | 2 40
N —~ :
Gas V(r) Barolo .
20 — 20
APOSTLE L1 V1 fof8:0 ]
0 '—"\I'A"I"'\'l'\y'i'"l'"'l""l"' 0
0 2 4 6 8 10 12 14 0O 2 4 6 8 10 12 14
R [kpc] R [kpc]

Oman et al '17; Marasco et al ‘17
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The cores of dwarf galaxy haloes

Julio F. Navarro,"** Vincent R. Eke? and Carlos S. Frenk®

'Steward Observatory, The University of Anzona, Tucson, AZ 85721, USA
*Physics Department, University of Durham, South Road, Durham DHI 3LE

Accepted 1996 September 2. Received 1996 August 28; in original form 1996 June 26

ABSTRACT

We use N-body simulations to examine the effects of mass outflows on the density
profiles of cold dark matter (CDM) haloes surrounding dwarf galaxies. In particular,
we investigate the consequences of supernova-driven winds that expel a large
fraction of the baryonic component from a dwarf galaxy disc after a vigorous episode
of star formation. We show that this sudden loss of mass leads to the formation of
a core in the dark matter density profile, although the original halo is modelled by
a coreless (Hernquist) profile. The core radius thus created is a sensitive function of
the mass and radius of the baryonic disc being blown up. The loss of a disc with mass
and size consistent with primordial nucleosynthesis constraints and angular
momentum considerations imprints a core radius that is only a small fraction of the
original scalelength of the halo. These small perturbations are, however, enough to
reconcile the rotation curves of dwarf irregulars with the density profiles of haloes

formed in the standard CDM scenario.




CC Baryon effects in the M\ satellites

The cores of dwarf galaxy haloes L75

A University of Durham Navarro, Eke, Frenk ‘96
~ T T e N T T |

Let gas cool and NN NN
condense to the A N

vvvvvvvvvvvv

galactic centre 7 \ 1 577 | ]

—> gas self-gravitating At W ol
- star formation/burst R -
Rapid ejection of gas B e —
during starburst - a T I
core in the halo dark [
matter density profile it o
Navarro, Eke, Frenk ‘96 I _Zﬁ

Parry, CSF et al. ‘11 R

[
G Ove rn ato et a I 1 2 Figure 3. Equilibrium density profiles of haloes after removal of the disc. The solid line is the original Hernquist profile, common to all cases.
" The dot-dashed line is the equilibrium profile of the 10 000-particle realization of the Hernquist model run in isolation at ¢ =200. (a)
Pontzen & Governato “12
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M. =02. (b) My =0.1. (c) M,,.=0.05.
Brooks et al. ‘12




HECC Cores in dwarf galaxy
y simulations

Governato et al. assume M " y "
: . L L L DM i
high density threshold for oF 77 "=~ simulation ~er gl
star formation ‘E . BRSO — 010N
EAGLE does not e Rl S )
= |
= High threshold allows g gf G@ssimulations
large gas mass to o |
accumulate in centre Sf 1.

-1.0 -0. cC 056 1.0
—> Sudden repeated 10 olfg Radius (kpe)

removal of gas transfers
binding energy

Governato et al. '12
Pontzen et al. ‘12
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.- REEPEPIIN The Auriga M\W-like galaxies

30 very high res
Arepo sims

6 even higher
res sims

D. Campbell
C. Frenk

F. Gomez
R. Grand

A. Jenkins
F. Marinacci
R. Pakmor
V. Springel
S. White




1JBCC (Cores or cusps in simulations?
9

niversity of Durham

I
:
|
Ts

st \1 Y
R | ' ‘
o 7 I : / » 3
o ' High threshold \
i ,,
= | 3 ~
©gl —T 0.1 cm™
— | -
- —1— 1.0cm™3
= 0.0 cm™
— i .0 cm
= 5 [ 3
2 L 20.0 em™
= |
|

—— 40.0 cm_3
4f —— 80.0 cm™®
—— 160.0 cm™®

Low threshold (e.g. EAGLE)

10 05 00 05 1.0
log1o (r/ kpe h™)
Benitez-Llambay, CSF et al ‘17
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Conclusions from halo structure

Cores in WDM are too small(< 10 pc) to be relevant

No evidence for cores in dwarf galaxies = inferred
‘cores’ due to systematics in analysis of stellar
dynamics and HI rotation curves:

If cores exist = can be produced by baryon effects |



Is there any way can
distinguish CDM from
WDM?

There is no need for
despair: there is a way
to distinguish them




counting fa
e humber of dz






' EEBEDE Gravitational lensing: Einstein rings

How to rule out CDM or WDM
(or both)




' EEDEMN Gravitational lensing: Einstein rings

When the source and the lens are well aligned - strong
arc or an Einstein ring



- REEPEPIll SLAC sample of strong lenses

Einstein Ring Gravitational Lenses Hubble Space Telescope « ACS
- -
- s 2
- i - -
N ; s ’ :
JE S
JOT3728.45+321618.5 J095629,77+510006 .6 J120540.43+491029,3 J125028,25+052349.0
J140228.21+632133.5 J162746.44-005357.5 J163028.15+452036.2 J232120.93-093910.2

NASA, ESA A Bolton (Harvard-Smithsonsan CfA), and the SLACS Team

STScl-PRC05-32



' EEBEDE Gravitational lensing: Einstein rings

Additional lgnsing by
line-of-sight halos
perturb image

When the source and the lens are well aligned - strong
arc or an Einstein ring



+JBCLC | Detecting substructures with
strong lensing

Vegetti & Koopmans ‘09

Mg, = 108 M,

Data Model

Arcsec

Arcsec Arcsec

Can detect subhalos as small as 10’ M,

Institute for Computational Cosmology




10'3M, lens at z=0.2
|.0.s projected

=
o
o

—
(@)
AN

> (arcsec?)

,_.
o
N}

=
o
w

The number of line-of-sight haloes is larger than that of subhaloes

Li, CSF et al. ‘16



v ICCT Substructures vs interlopers
Subhalos & halos projected along the l.0.s both lens: who wins?

10'3M, lens at z=0.2
|.0.s projected

Li, CSF et al. ‘16

This is the possible . It depends on the
end of the which we
know how to calculate and is



‘Grawtatlonal Iensmg Einstein rlngs

University of Durham

For SLAC (lenses ~z=02):
* Subhalos ~20% of signal in CDM

'~ Subhalos ~50% of signal in WDM &:"|

Interaction with central
galaxy can destroy
subhalos

10% - —
E 1013M Iens at z= 02 1
.| l.o.s projected
10t |
G0
3 .
n
o
N
107 |
10—3 el . . —a ol . . —aa . . ———
10° 10’ 108 10°
M/h-1M,

Sawala et al '17
Richings et al ‘17
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R _

APOSTLE

Dark matter only simulation Hydrodynamic simulation

Sawala et al “17



@ICC Destruction of dark substructures

niversity of Durham

by galactic baryons

DMO HYDRO |

N(>M)

. . . . . .

Ratio DM/hydro

IVls;ub[Mo]

" DMO HYDRO
1000

O

O 1A :
S L0 e :
£ S— ——t
= T s
@) .
O

© . .

s 107 108

I\/Isub[Mo]

* 40% of subhalos in 0-10 kpc destroyed by interaction w. galaxy

© 20% ‘ 50-200 kpc

14

Sawala et al ‘16




APOSTLE/AURIGA Y- Richings® 8
1062 - 108> Mo

1048
[ B Apostle Hydro

Bl Apostle DMO
B Auriga Hydro
Bl Auriga DMO




APOSTLE/AURIGA Y- Richings+™18  cppm/wWDM
1065 - 1085 Mo 10%-5 - 1085 Mo

1
10 [ B Apostle Hydro 10

Bl Apostle DMO CDM
B Auriga Hydro
Bl Auriga DMO

103 L

7 keV sterile v

BN Apostle Hydro
10!t W Apostle DMO
WDM Hydro
102 L B WDM DMO




aCC Detecting substructures with

University of Durham Str O n g I e n SI n g
>..= projected halo number Detection limit = 10" h™M,
density within Einstein ring 12 1 - 03 '
CDM  !N=100 WDM ! N=100
m.= halo cutoff mass  —~
] ] . E 0.9F E 1 0.15f E
100 Einstein ring systems and A*a D ) |
detection limit: m,,,,= 10" "M, W \
%0 6.0 8.0 10030 70 90 11.0
log(m/h-1M,,) log(m/h"M,)

* [fDMis 7 keV sterile v >
exclude CDM at >>¢!

* |[f DM is CDM - exclude
/ keV sterile v at >>0

m = halo\cutoff mass

m.= 1.3 x10% h-'"M_ for coldest
[ keV sterile neutrino

Li, CSF et al ‘1 6 Institute for Computational Cosmology




@U‘?Cm The way forward
1. Confirm the 3.5 keV line Timeline
—2> Micro-X or XARM may do it > 2021

2. Detect mass function cutoff
—> Einstein ring distortions may do it - 2020

— Gaps in streams — 2020
—2 Lyman-a forest may also do it ?
3. Produce/detect particles in lab - 2025

Hidden Sector

SHIP (CERN) decay volume ]‘3
" e

v, detector

ctive muon shield

Institute for Computational Cosmology




Conclusions

ACDM: great on scales > 1Mpc: CMB, LSS, gal evolution

But on these scales cannot be distinguished from

The of the DM makes a big difference on

Counting faint galaxies distinguish CDM/WDM

Halos < ~5.103M, are dark; halos >101°M, are bright

abundance matching fails for halos <10'°M,
No evidence for cores but baryon effects can make ther

Distortions of gravitational offer a
of CDM vs WDM -~ and can potentially CDM!



