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Dark Matter in the Universe

Astrophysical evidence:

Stellar Disk

Dark Halo

Observed

Gas

M33 rotation curve

Expected:
v(R) ∝ 1√

R
Observed:
v(R) ≈ const

Expected:
masscluster =

∑
massgals

Observed: 102 times more
mass confining ionized gas

Lensing signal (direct
mass measurement)
confirms other
observations

Cosmological evidence:

Jeans instability turned tiny density
fluctuations into visible structures
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Neutrino dark matter

Neutrino seems to be a perfect dark matter candidate: neutral, long-lived, massive,

abundantly produced in the early Universe

Cosmic neutrinos

I We know how neutrinos interact and we can compute their
primordial number density nν = 112 cm−3 (per flavour)

I To give correct dark matter abundance the sum of neutrino masses,∑
mν , should be

∑
mν ∼ 11 eV

Tremaine-Gunn bound (1979)

I Such light neutrinos cannot form small galaxies – one would have to
put too many of them and violated Pauli exclusion principle

I Minimal mass for fermion dark matter ∼ 300− 400 eV

I If particles with such mass were weakly interacting (like neutrino)
– they would overclose the Universe
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”Between friends”

I The final blow to neutrino as dark matter came in mid-80s when
M. Davis, G. Efstathiou, C. Frenk, S. White, et al. “Clustering in a
neutrino-dominated universe”

I They argued that structure formation in the neutrino dominated
Universe (with masses around 100 eV would be incompatible with
the observations)

http://www.adsabs.harvard.edu/abs/1983ApJ...274L...1W

Abstract

The nonlinear growth of structure in a universe dominated by massive
neutrinos using initial conditions derived from detailed linear calculations of
earlier evolution has been simulated The conventional neutrino-dominated
picture appears to be ruled out.
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Two generalizations of neutrino DM

I Dark matter cannot be both light and weakly interacting at the
same time

I To satisfy Tremaine-Gunn bound the number density of any dark
matter made of fermions should be less than that of neutrinos

I Neutrinos are light, therefore they decouple relativistic and their equilibrium

number density is ∝ T 3 at freeze-out

First alternative: WIMP

One can make dark matter heavy and therefore their number density is
Boltzmann-suppressed (n ∝ e−m/T ) at freeze-out

Second alternative: super-WIMP

One can make dark matter interacting super-weakly so that their
number density never reaches equilibrium value
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Sterile neutrino – super-weakly interacting particle

I Need a particle “like neutrino” but with larger mass and weaker
interaction strength

I Sterile neutrino N : admixture of a new, heavier, state to the
neutrino

I “Inherits” interaction from neutrino

µ
Ds

N

ϑµνµ

N νµ
π±

µ∓ϑµ

. . . suppressed by a small parameter U

Lint =
g
√
2
W+
µ N

c U∗ γµ(1− γ5)`−α +
g

2 cos θW
ZµNc U∗ γµ(1− γ5)ν + . . .
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Properties of sterile neutrino dark matter

I Can be light (down to Tremaine-Gunn bound)

I Can be decaying (via small mixing with an active neutrino state)

The decay signal is proportional
to

∫
ρDM(r)

I Can be warm (born relativistic and cool down later)

Overdensity

University of Durham 

Institute for Computational Cosmology 

The dark matter power spectrum 
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Sterile neutrino – decaying dark matter
See e.g. [1602.04816] “A White Paper on keV Sterile Neutrino Dark Matter”
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Excluded by X-ray observations

– Non-observation of decay line
N → γ + ν

– Lifetime � Age of the Universe
(dotted line)

– Negligible contribution to neutrino
masses [Asaka+’05; Boyarsky+’06]
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Sterile neutrino + Okkam razor
Sterile neutrinos can explain. . .

I Neutrino masses: Bilenky & Pontecorvo’76; Minkowski’77; Yanagida’79; Gell-Mann

et al.’79; Mohapatra & Senjanovic’80; Schechter & Valle’80

I Baryon asymmetry: Fukugita & Yanagida’86; Akhmedov, Smirnov & Rubakov’98;

Pilaftsis & Underwood’04-05;

I Dark matter: Dodelson & Widrow’93; Shi & Fuller’99; Dolgov & Hansen’00

A minimal model of particle physics and cosmology: νMSM

⇒
Sharing success of the Standard Model at accelerators and resolving major BSM

observational problems

Asaka & Shaposhnikov’05; Review: Boyarsky+’09
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νMSM dark matter parameters

Parameter space of sterile neutrino dark matter in the νMSM is bounded
on all sides

I
n
t
e
r
a
c
t
i
o
n
 
s
t
r
e
n
g
t
h
 
[
S
i
n
2
(
2

θ
)
]

DM mass [keV]

10
-14

10
-13

10
-12

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

 5  50 1  10

Not enough Dark Matter

P
h
a
s
e
-
s
p
a
c
e
 
d
e
n
s
i
t
y

c
o
n
s
t
r
a
i
n
t
s

Excluded by non-observation
of dark matter decay line

Too much Dark Matter

Lyman-α bound
for NRP sterile neutrinoL

6=12

L
6=25

L
6=70

Non-resonant production

L
6
max

=700
BBN limit: L

6
BBN

 = 2500

Is it possible to probe the whole parameter space of the νMSM?

10 / 30



Reminder: 3.5 keV line story
Two groups simultaneously reported an unidentified feature in the X-ray spectra of dark matter-dominated objects

ApJ (2014) [1402.2301]

PRL (2014) [1402.4119]

I Energy: 3.5 keV. Statistical error for line position ∼ 30− 50 eV.

I Lifetime: ∼ 1028 sec (uncertainty: factor ∼ 3)

I Possible origin: decay DM→ γ + ν (fermion) or DM→ γ + γ (boson)
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3.5 keV line origin: radiatively decaying DM?
I Many detections and non-detections in different objects
I Consistent with dark matter decay hypothesis. Non-trivial check in

the Milky Way halo
I Alternative interpretation: conspiracy in the anomalous abundance

of Potassium or Sulfur or common systematics in 3 different
instruments (XMM, Chandra, Suzaku)

I Should be careful when comparing results from different objects – DM content

in each of them is uncertain!
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[Boyarsky+, PRL’15]
[Abazajian, Physics Report’17]
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Developments in the last year

I 11σ detection by NuSTAR blank-sky [1607.07328]

I 3σ detection by Chandra from the same region [1701.07932]

I Based on this – expect a ∼ 5 times larger signal from the Galactic
Center. The signal is there [1609.00667]
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 sensitivity

I The 3.5 keV signal has been
observed with all 4 existing
X-ray telescopes

I The systematic origin of the
signal is highly unlikely
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Next step for 3.5 keV line: resolve the line
I A new microcalorimeter with a superb spectral resolution – Hitomi

(Astro-H) was launched February 17, 2016

I During the first month of observations (calibration phase) it has
observed the central part of the Perseus galaxy cluster

I Spectrometer of Hitomi is able to resolve atomic lines, measure their
positions and widths (due to Doppler broadening)

X-ray spectrum of Perseus cluster as observed

by XMM-Newton (red) and Hitomi (black)

Unfortunately, the satellite was lost few weeks after the launch
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Status of Hitomi
4.1 Presumed�Mechanism(Summary)
(From�“Normal�situation”�to�the��“Attitude�anomaly�Event”,�and�“Objects�separation”)

29
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Considering the information above, JAXA concluded that the satellites
functionality could not be restored and ceased recovery activities

(April 28, 2016)
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What did we learn with existing Hitomi data?

I Even the short observation of Hitomi showed no nearby
astrophysical lines in Perseus cluster → 3.5 keV line is not
astrophysical [Hitomi collaboration, 1607.04487]

Status of 3.5 keV line

I Does not seem to be astrophysics (Hitomi spectrum)

I Does not seem to be systematics (4 different instruments)

I What is this?

I Hitomi sensitivity to broad line is much weaker
atomic line broadening: vth ∼ 102 km/sec

decaying dark matter line broadening: vvir ∼ 103 km/sec
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Future of decaying dark matter searches in X-rays

Another Hitomi (around 2020)

It is planned to send a replacement of the Hitomi
satellite

Microcalorimeter on sounding rocket (2019)

I Flying time ∼ 102 sec. Pointed at GC only

I Can determine line’s position and width

Athena+ (around 2028)

I Large ESA X-ray mission with X-ray
spectrometer (X-IFU)

I Very large collecting area (10× that of XMM)

I Super spectral resolution

“Dark matter astronomy era” begins?
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Sterile neutrino: warm dark matter
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Warm dark matter – less small-scale structures

I Same structures as in CDM
Universe at Mpc scales and
above → no signatures in
CMB/galaxy counts

I Decreasing number of small
galaxies around Milky Way

I Decreasing number of small
satellite galaxies within Milky
Way halo

I Can help with “too big to fail”
or “missing satellites” problems

Can be probed by the Lyman-α forest data
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Lyman-α forest

I Neutral hydrogen absorption line at λ = 1215.67Å
(Ly-α absorption 1s→ 2p)

I Absorption occurs at λ = 1215.67Å in the local reference frame of
hydrogen cloud.

I Observer sees the forest: λ = (1 + z)1215.67Å
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Suppression in the flux power spectrum (SDSS)
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Warm dark matter predicts
suppression (cut-off) in the flux
power spectrum derived from the
Lyman-α forest data

All of the above discussion applies to NRP sterile neutrinos in the DW framework, as their
phase-space distribution function is quasi-thermal and thus exhibits thermal-like features notably in
the matter power spectrum transfer function. Resonantly-produced (RP) sterile neutrinos on the
other hand, such as produced in an MSW3-like resonance introduced by Shi and Fuller [20], feature a
non-Fermi component in their velocity-space distribution [21] and therefore display a di↵erent transfer
function from the one illustrated in Fig. 1. Incorporating this resonant component requires running
a dedicated Boltzmann code to compute the RP neutrino’s phase-space distribution and transfer
functions, which is beyond the scope of this work. The authors of [22] have derived RP constraints
from Ly-↵ forest data by approximating their transfer function at the relevant scales with a mixed Cold
+ Warm Dark Matter model, where the relative abundance of the cold and warm species encodes
the lepton asymmetry parameter L. We plan on following their method in a forthcoming study.
Refs [21, 23] provide an extensive overview of sterile neutrinos as dark matter and their impact on
cosmology given several production mechanisms.

3 Flux Power Spectrum from the Ly-↵ Forest

Figure 3. Dimensionless Ly-↵ flux power spectra �2
'(k) = P'(k) ⇥ k/⇡ from our selected sample in BOSS

DR9. Color encodes redshift bin. Solid lines are the simulation results in each redshift bin from our benchmark
model described in Sec. 4.

This work is based on the one-dimensional flux power spectrum measured using the first release
of BOSS quasar data [24]. From a parent sample consisting of ⇠ 60, 000 SDSS-III/BOSS DR9
quasars [12–14, 25–27], we select the 13, 821 spectra that have high signal-to-noise ratio, no broad
absorption line features, no damped or detectable Lyman-limit systems, and an average resolution
in the Ly-↵ forest of at most 85 km s�1, where the Ly-↵ forest is defined as the region spanning
1050 < �RF /Å < 1180, i.e., bounded by the Ly-↵ and Ly-� emission peaks of the background quasar.
The spectra in this sample are used to measure the transmitted flux power spectrum in 12 redshift bins
from hzi = 4.4 to 2.2, each bin spanning �z = 0.2, and in 35 equally-spaced spatial modes ranging
from k = 10�3 to 2.10�2 s km�1 (cf. Fig. 3). To reduce correlations between neighboring z-bins, we
split the Ly-↵ forest of each quasar spectrum into up to three distinct redshift sectors. Each sector

3Mikheyev-Smirnov-Wolfenstein

– 6 –

BOSS Ly-α [1512.01981]

I No suppression of flux power
spectrum in SDSS/BOSS datasets

I One can put only lower bound on
WDM mass
[Seljak+’06;Viel+’06;Boyarsky+’08;. . . ]
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High-resolution Ly-α forest

0.1 1.0 10.0 100.0
k [h Mpc−1]

1

10

100

1000

k
3
P

(k
)

CDM
  0.0
  1.0
  2.0
  4.0
  6.0
  8.0

 10.0
 16.0
 20.0
 50.0
120.0
700.0

Mth=1.4 keV
Ms=7 keV

Warm dark matter predicts suppression
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derived from the Lyman-α forest data
Lyman-α from HIRES data [1306.2314]

I HIRES flux power spectrum exhibits suppression at small scales

I This suppression can be explained equally well by thermal history of
the Universe (unconstrained at these redshifts) or by

warm dark matter [Garzilli, Boyarsky et al. 1510.07006]
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The latest results from Ly-α forest [1706.03118]

I Data from SDSS-III (BOSS) + X-Shooter + HIRES

I Limited set of thermal histories
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Conclusions

+ =

Thank you for your attention!
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Backup slides:
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NuSTAR detections: blank-sky [1607.07328]

I 11σ detection at the level slightly more than predicted with
decaying DM;

I Located ‘at the edge of energy range, where large uncertainties of
response functions are potentially present’.
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Chandra detections: blank-sky [1701.07932]

I 3σ detection at the level consistent with decaying DM

I No instrumental features at these energy (compared with the
other instruments)

I Combined with XMM and Suzaku detections, argues against
systematical origin.
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NuSTAR detections: GC [1609.00667]

I 3.5 keV line nature ‘is not totally clear’ and ‘its determination is
beyond the scope of this work’;

I No numbers are given but from above Fig. one can estimate 3.5 keV
line flux that is ∼ 5 times larger than found by 1607.07328 –
perfectly consistent with decaying DM!
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Satellite number and properties
I Warm dark matter erases substructures –

compare number of dwarf galaxies inside the
Milky Way with “predictions”

I Simulations: The answer depends how you
“light up” satellites

I Observations: We do not know how typical
Milky Way is

Lovell, Boyarsky, Ruchayskiy et al. [1611.00010]
10 M. R. Lovell et al.
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Figure 8. The abundance of galaxies for the satellite systems as a function of M200. We define the Local Group mass as the sum of the

MW/M31 M200 values. The satellites tally includes all satellite galaxies of M⇤ > 105M� within 300 kpc The left panel uses satellites with

M⇤ > 105M�, and the right panel subhaloes with Vmax > 15 kms�1, irrespective of whether the subhalo hosts a galaxy. The black squares,
blue circles, and red triangles denote the CDM, LA10, and LA120 systems respectively. The dashed green lines show the number of

observed satellites within the stellar mass and radius limits as compiled by McConnachie (2012); the dashed orange lines show the same

quantity for the M31 satellites. We assume that the census of these bright Milky Way satellites, as compiled by McConnachie (2012), is
complete.
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Figure 9. The abundance of galaxies for the Local Groups as a function of the Local Group mass. We define the Local Group mass
as the sum of the MW/M31 M200 values. The Local Group galaxy count features all galaxies within 2 Mpc of the M31-MW barycentre,

including the MW and M31 satellites. The left panel uses satellites with M⇤ > 105M�, and the right panel subhaloes with Vmax > 15 kms�1,

irrespective of whether the subhalo hosts a galaxy. The black squares, blue circles, and red triangles denote the CDM, LA10, and
LA120 systems respectively. The dashed green lines show the number of observed galaxies within 2 Mpc of the Local Group barycentre

within the stellar mass and radius limits as compiled by McConnachie (2012). We do not correct for incompleteness, and therefore these

measurements are lower limits on the complete galaxy abundance.

become large enough that their distributions no longer over-
lap; LA10 similarly peels away below 10 kms�1although this
will also be in part due to resolution e↵ects. The detection
of a large population of dark substructures, e.g. by means
of lensing (Vegetti et al. 2014; Hezaveh et al. 2016; Li et al.
2016) or stellar stream disruption (e.g. Carlberg & Grillmair
2016; Erkal et al. 2016), could rule out this sterile neutrino
model.

We conclude our discussion of satellite abundances with
the radial distributions. WDM haloes are less dense than
their CDM counterparts (as discussed in Subsection 3.1),
and therefore the position of subhaloes around the main

halo may di↵er due to dynamical friction and tidal stripping.
In Fig. 11 we plot the median distance to the main galaxy
of satellites with M⇤ > 105M�, which we denote r50 p.c., for
CDM and our sterile neutrino models as a function of the
host halo virial mass. However, the sterile neutrino mod-
els are much more varied; this may also be a consequence of
small number statistics in the smallest host haloes. All three
models consistently predict median r50 p.c. larger than that
measured for the MW satellite system. The median concen-
tration is also related to the free-streaming length: 130 kpc
for CDM, 150 kpc for LA10, and 170 kpc. However, the
most concentrated system is a LA120 halo (albeit with only

MNRAS 000, ??–?? (2016)
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Current status of structure formation bounds from
the Local Universe

I Connection “dark structures” ↔ “visible structures” depends on (yet
unknown) way to implement baryonic feedback

I Simulation to simulation (or even halo-to-halo) scatter is large and
affects the conclusions

I We do not know how typical is our Galaxy, our Local Group, etc.

I We cannot “rule out” your warm dark matter model with these
observations

I Need statisticically significant sample instead
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