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Scientific revolutions in XX century: relativity

https://www.wikipedia.org

Relativity changed our basic
notion of space and time
Time is not absolute anymore
There is a maximal speed –
speed of light
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Scientific revolutions in XX century: quantum mechanics

https://www.wikipedia.org

Quantum mechanics: attempts to explain
atomic and nuclear physics

– State of the system: a vector in
the Hilbert space |ψ〉 (rather than a
point in the phase space (x , p))

– Evolution: operator acting on the
Hilbert space Ĥ

i~
∂

∂t
|ψ〉 = Ĥ |ψ〉

– Observables:
x(t)→ 〈ψ(t)| x̂ |ψ(t)〉,
p(t)→ 〈ψ(t)| p̂ |ψ(t)〉
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Scientific revolutions in XX century: Universe
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Scientific revolutions in XX century: Universe – some “stars”
are galaxies
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Relativistic quantum mechanics

QM was developed for non-relativistic particles. A lot of effort was made to
combine it with relativity and the Pandora’s box was opened

Dirac equation (
iγµ

∂

∂xµ
−m

)
ψ = 0

predicted antiparticles. The number of particles is not fixed
We lost mathematicians and found phenomena we did not ask for
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What are the fundamental constituents of nature?

http://www.physicsfundamentals.org
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Early days of particle physics: 1930s – 1960s

Two types of nuclear physics phenomena: α-decay and β-decay

β-decay
Weak
interactions

α-decay
Strong
interactions

Cosmic rays – first “accelerators”:
many particles were first discovered
in the cosmic rays
– Discovery of positron 1932
– Discovery of muon 1936
– Discovery of pion 1947
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Fermi theory of weak interactions

It was understood that β decay cannot be described by electrodynamics
Proposal of Fermi: β-decay is the decay of neutron inside a nucleus

n→ p + e− + ν

First theory of weak interactions

LFermi =
GF√
2

[p̄(x)Γn(x)][ē(x)Γν(x)]
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From β-decay to weak interactions. Fast forward

Fermi theory predicted that if electron and neutrino collide at high energies,
the probability of such a process can “exceed 1”
Prediction of massive vector bosons — weak interaction is mediated by
some particle (as all other interactions)

νe

FeI

NI

F ∗
µI

νµνe

H†H
Λ

νµ

H H H H

n

p

ν̄e

e−

n

p

GFermi
1

M2
W

g g

e−

ν̄e

Predictions of neutral currents [Glashow 1961]

Building of electroweak theory. New gauge symmetries. Higgs mechanism
[1964 – 1968]

Proposals for unification of electromagnetic and weak forces ; [Weinberg 1967;

Salam 1968]

Discovery of neutral currents [1974]

Discovery of Z and W bosons at LEP@CERN [1980s]
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Standard Model of particle physics: 1967 → 2012

Higgs boson was predicted in late 1960s, but discovered in 2012
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LHC at CERN
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ATLAS experiment
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CMS experiment
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Higgs boson discovery: 2012
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Beyond Standard Model

Yet we know with certainty that the
Standard Model is incomplete!
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1: Neutrino oscillations

Neutrino oscillations. Observed in the 1960s as solar neutrino deficit and checked
by many experiments. Oscillations are possible only for massive neutrinos, but in
SM neutrinos should be massless!
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2: Matter-antimatter imbalance of the Universe

Baryonic asymmetry of the Universe. All around us consists of matter and there is
no evidence of primordial antimatter. This contradicts the standard cosmological
scenario that predicts symmetrical initial conditions. Not enough sources of
asymmetry in SM to explain it
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3: 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 =

∑
massgalaxies

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 all visible structures
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2012–2019

ATLAS collab., [1803.10800]
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Example: new physics without a new scale
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Neutrino minimal Standard Model (νMSM)

Neutrino oscillations: particles N2, N3

Baryon asymmetry: same particles N2, N3

masses O(100) MeV – O(80) GeV
Dark matter: particle N1

mass 1− 50 keV

Inflation: Higgs field coupled to gravity
Inflationary parameters for
MHiggs ∼ 126 GeV in perfect agreement
with observations
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Neutrino Minimal Standard Model (νMSM)

Masses of right-handed neutrinos as of other
order of masses of other leptons

Yukawas as those of electron or smaller

Review: Boyarsky, Ruchayskiy, Shaposhnikov Ann. Rev. Nucl. Part.

Sci. (2009), [0901.0011]
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Probing the baryogenesis at LHC

Previous searches

Baryogenesis

LHCb
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Boyarsky et al. [1902.04535]
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New physics, yet no detection – what can we do?

Explore the Intensity Frontier – look for rare events and feeble interactions
Seek model-independent data in cosmology and astrophysics

These approaches and conventional accelerator experiments complement each
other.
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PLAN B: Finding superweakly interacting particles in lab

It took 8 years for an idea of a dedicated experiment to crystallize and get
accepted by the community
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SHiP : Search for Hidden particles
Search for rare particles becomes official CERN theme

It took then 1 year to create a collaboration

About 250 members of the SHiP collaboration from 44 institutions worldwide
SHiP is now an official CERN project

Timeline
Approval by CERN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2019
Data taking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2024
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SHiP
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Previous searches

SHiP

Baryogenesis

LHCb

DVS

DVL

LDVS/DVL = 160 fb
-1

LLHCb = 6 fb
-1

1 2 5 10 20
10-14

10-12

10-10

10-8

10-6

10-4

HNL mass [GeV]

U
e
2

Previous searches

SHiP

Baryogenesis

LHCb

DVS

DVL

LDVS/DVL = 3000 fb
-1

LLHCb = 300 fb
-1

1 2 5 10 20
10-14

10-12

10-10

10-8

10-6

10-4

HNL mass [GeV]

U
e
2

Alexey Boyarsky Sterile neutrino from micro to macro scales 24.04.2019 29 / 88



30/88

Dark Matter
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Dark Matter

Astrophysical evidence:

Stellar Disk

Dark Halo

Observed

Gas

M33 rotation curve

Expected: v(R) ∝ 1√
R

Observed: v(R) ≈ const

Expected:
masscluster =

∑
massgalaxies

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 all 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
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Cosmic neutrinos

At early times the Universe is filled with a thermal bath of relativistic
neutrinos that form Cosmic Neutrino Background (similar to CMB for
photons):

fν(p) =
1

1 + eE/Tν
(1)

We know how neutrinos interact and we can compute their primordial
number density (per flavour) nν,0 ∝ T 3

ν (t0) ∼ T 3
γ (t0)

nν,0 =

∫
fν(p)

d3p

(2π)3 ' 112cm−3 (2)

Massive neutrinos are now non-relativistic with energy density
ρν,0 =

∑
mνnν,0

To give correct dark matter abundance the neutrino masses should be∑
mν ∼ 11 eV
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Tremaine-Gunn bound (1979)

Fermionic particles are subject to Pauli exclusion principle and their
phase-space density is bounded by density of degenerate Fermi gas:

Πdeg =
m4

(2π~)3 (3)

If dark matter is made of fermions – its mass is bounded from below
Indeed, a galaxy with mass Mgal and size Rgal has average matter density

ρmatter =
Mgal

4π
3 R3

gal

(4)

It occupies the volume of velocity space with |v | < v∞, where v∞ is the
escape velocity – velocity that is sufficient for a particle to break
gravitational attraction of the galaxy and leave it
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Average phase-space density of any system of fermions should be lower than
the phase-space density of degenerate gas

Mgal

4π
3
R3
gal︸ ︷︷ ︸

volume of space

1
4π
3
v3
∞︸ ︷︷ ︸

volume of velocity space

≤ 2mDM
4

(2π~)3 (5)

Minimal mass for fermion dark matter ∼ 300− 400 eV
If particles with such mass were weakly interacting (like neutrino) – they
would overclose the Universe
For mDM = 300eV one gets ΩDMh2 ∼ 3 (wrong by a factor of 30!)
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"Between friends"

In mid-80s

M. Davis, G. Efstathiou, C. Frenk, S. White, et al.
“Clustering in a neutrino-dominated universe”

argued that structure formation in the neutrino dominated Universe (with
m ∼ 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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Neutrino dark matter

Massive Standard Model neutrinos cannot be simultaneously astrophysical and
cosmological dark matter: to account for the missing mass in galaxies and to
contribute to the cosmological expansion

Today this is confirmed by CMB, LSS and neutrino experimental data
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Two generalizations of neutrino DM

Dark matter cannot be both light and weakly interacting at the same time
To satisfy Tremaine-Gunn bound the number density of any dark matter
made of fermions should be less than that of neutrinos
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 (e.g. sterile neutrino in νMSM)
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N interacts with the SM particles like neutrino, but the interaction strength is
ϑGF , where ϑ� 1

The ϑ� 1 is so small that particles never enter thermal equilibrium. The
interaction rate ΓN ≈ ϑ2G 2

FT
5 – similar to neutrino, but suppressed by ϑ2

L = LSM + Ni∂N − yLNH − M

2
N

c
N + h.c . (6)

Right N Left νµ
π±

µ∓

〈Higgs condensate〉
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Resonant production of sterile neutrino
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Maximal amount of DM produced
resonantly (MSW effect):

Ωresonant ∝ MDM ×
∣∣∣nν − nν̄

∣∣∣
Ωnon-res ∝

MDM

94 eV
ϑ2

Colder (resonant) component with
〈p〉 � Tν

Warmer (non-resonant)
component with 〈p〉 ∼ 3Tν

Shi & Fuller [astro-ph/9810076], Laine & Shaposhnikov [0804.4543]
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Sterile neutrino DM production
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Properties of sterile neutrino dark matter

Can be light (down to Tremaine-Gunn bound)
Can be decaying (via small mixing with an active neutrino state)

W±

γ

νe

e∓

Ns
ϑe

The decay signal is proportional to∫
ρDM(r)

Can be warm (born relativistic and cool down later)
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Warm dark matter affects. . .

Matter power spectrum of density fluctuations at scales below the
free-streaming:

P(k) =

∣∣∣∣δρkρ
∣∣∣∣2 =

∫
d3~re ik·(~x−~x

′)
〈
δ(~x)δ(~x ′)

〉
Halo (subhalo) mass function (decrease number of halos of small mass)

N(> M) =

∫ ∞
M

dM ′
dn(M ′)
dM

Density profile (central core rather than cusp)

ρ(r) =
ρ0

(r/r0)α(1 + (r/r0)β)γ

Reionization, first stars, voids. . .
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Suppression of power spectrumUniversity of Durham 

Institute for Computational Cosmology 

The dark matter power spectrum 
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Satellite number and properties

Warm dark matter erases substructures – compare
number of dwarf galaxies inside the Milky Way with
“predictions”
Simulations: The answer depends how you “light up”
satellites
Observations: We do not know how typical Milky Way
is

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)

Lovell, Boyarsky+ [1611.00010]
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Current status of structure formation bounds from the Local
Universe

Connection “dark structures” ↔ “visible structures” depends on (yet
unknown) way to implement baryonic feedback
Simulation to simulation (or even halo-to-halo) scatter is quite large and
affects the conclusions
We do not know how typical is our Galaxy, our Local Group, etc

You cannot “rule out” your warm dark matter model with these observations
You can only check that your model fits the data under “reasonable”
assumptions about baryonic physics
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How to probe power spectrum
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Lyman-α forest

Neutral hydrogen absorption line at λ = 1215.67Å (Ly-α absorption 1s → 2p)
Absorption occurs at λ = 1215.67Å in the local reference frame of
hydrogen cloud
Observer sees the forest: λ = (1 + z)1215.67Å
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Lyman-α forest
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Gunn-Peterson trough

Transmitted flux of the quasar is given by F = e−τ

τ(z) ∝ xHI (7)
(8)

According to Gunn-Peterson observations:

xHI > 10−3 for z ≥ 6 (9)

xHI < 10−4 for z ≤ 5.5 (10)
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Scope of Lyman-α method

Lyman-α forest is visible only when the Universe is sufficiently ionized
(xHI < 10−4), limiting the method to redshifts after reionization z . 6
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Flux Power Spectrum

δF ≡
F − 〈F 〉
〈F 〉 (11)

δ̃F (k) =
1
V

∫ V

0
dv e−ikvδF (v) (12)

The FPS is defined by

∆2
F (k) =

V

π
k
〈
|δ̃F (k)|2

〉
(13)
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Suppression in the flux power spectrum (SDSS)

What we want to detect
CMB and large scale observations fix matter
power spectrum at large scales
Based on this we can predict the ΛCDM
matter power spectrum at small scales
WDM predicts suppression (cut-off) in the
matter power spectrum as compared to the
CDM

What we observe
We observe flux power spectrum –
projected along the line-of-sight power
spectrum of neutral hydrogen absorption
lines
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3D linear matter power spectra

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 (SDSS-III) Ly-α [1512.01981]
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High-resolution Ly-α forest
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Warm dark matter predicts suppression
(cut-off) in the flux power spectrum
derived from the Lyman-α forest data

Lyman-α from HIRES data [1306.2314]

HIRES flux power spectrum exhibits suppression at small scales
Is this warm dark matter?
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But we measure neutral hydrogen!

Lyman-α forest method is based on the underlying assumption
The distribution of neutral hydrogen follows the DM distribution

Baryonic effects

Temperature at redshift z (Doppler broadening) – increases hydrogen
absorption line width
Pressure at earlier epochs (gas expands and then needs time to recollapse even if it
cools)
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FPS effects: temperature, DM warmness, pressure
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Can we explain shape of the flux power spectrum by the
free-streaming of DM particles? [Garzilli, Boyarsky, Ruchayskiy

(2015)]

Yes! We can
The shape of the flux power spectrum can
be explained by various DM models with
non-zero free streaming
Can be explained by:

resonantly produced sterile neutrinos with
M = 7 keV and L6 ∼ 8− 12

WDM evolution can fit the shape P(k) at
different redshifts
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If the shape of the HIRES/MIKE flux power spectrum is explained by the DM
free-streaming, one predicts IGM medium with TIGM ∼ 2− 5× 103 K at z ∼ 5
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Lyman-α forest outlook I

New data with more quasars and much smaller error bars is available: Boera
et al. [1809.06980]

Alexey Boyarsky Sterile neutrino from micro to macro scales 24.04.2019 61 / 88



62/88

Lyman-α forest outlook II

There is evidence for "patchy" reionization where properties of the gas can
be inhomogeneous: gas starts ionizing in small bubbles that expand until
the whole Universe is reionized
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Lyman-α forest outlook III

There is large uncertainty in the thermal history and even the mechanism of
reionization

To put robust constraints on dark matter we need to "turn off" the thermal
effects and determine dark matter models that are excluded with any
thermal history

Such constraint is much weaker than present model-dependent bounds [work
in progress]
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Decaying Dark Matter
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Signal from different DM-dominated objects
Boyarsky, Ruchayskiy et al. Phys. Rev. Lett. 97 (2006); Phys. Rev. Lett. 104 (2010)
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Search for Dark Matter decays in X-rays
See “Next decade in sterile neutrino studies” by Boyarsky et al. [Physics of the Dark Universe, 1 (2013)]

Available X-ray satellites:
Suzaku, XMM-Newton,
Chandra, INTEGRAL, NuStar
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All types of individual objects/observations have been tried: galaxies (LMC, Ursa Minor,
Draco, Milky Way, M31, M33,. . . ); galaxy clusters (Bullet cluster; Coma, Virgo, . . . )
with all the X-ray instruments
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Detection of An Unidentified Emission Line

Bulbul et al. ApJ (2014) [1402.2301]

Boyarsky, Ruchayskiy et al. Phys. Rev. Lett. (2014) [1402.4119]

Energy: 3.5 keV. Statistical error for line position ∼ 30− 50 eV.
Lifetime: ∼ 1027 − 1028 sec (uncertainty: factor ∼ 3− 5)

Decaying dark matter?
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Interpretations

There are 4 classes of interpretations

Statistical fluctuation (there is nothing there at all!)
Unknown astrophysical emission line (emission line of some chemical element)
Instrumental feature (systematics) (We do not know our telescopes well enough)
Dark matter decay line
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Significance of the original signal

[Boyarsky, Ruchayskiy et al. Phys. Rev. Lett. (2014) [1402.4119]]

M31 galaxy ∆χ2 = 13.0 3.2σ for 2 d.o.f.
Perseus cluster (MOS) ∆χ2 = 9.1 2.5σ for 2 d.o.f.
Perseus cluster (PN) ∆χ2 = 8.0 2.4σ for 2 d.o.f.
M31 + Perseus (MOS) ∆χ2 = 25.9 4.4σ for 3 d.o.f.

Global significance of detecting the same signal in 3 datasets: 4.8σ

[Bulbul et al. ApJ (2014) [1402.2301]]

73 clusters (XMM, MOS) ∆χ2 = 22.8 4.3σ for 2 d.o.f
73 clusters (XMM, PN) ∆χ2 = 13.9 3.3σ for 2 d.o.f
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Perseus center (XMM, MOS) ∆χ2 = 12.8 3.1σ for 2 d.o.f.
Perseus center (Chandra, ACIS-S) ∆χ2 = 11.8 3.0σ for 2 d.o.f.
Perseus center (Chandra, ACIS-I) ∆χ2 = 6.2 2.5σ for 1 d.o.f.

More detections followed!
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Perseus galaxy cluster (0.5/0.2 Msec)
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Signal from the Milky Way outskirts

We are surrounded by the Milky Way halo on all sides
Expect signal from any direction. Intensity drops with off-center angle
Surface brightness profile of the Milky Way would be a “smoking gun”
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Signal from the Milky Way outskirts?
Phys. Rev. Lett. (2014) [1402.4119]
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Milky Way
Confirmed by
– [(Sekiya et al. [1504.02826])]

with Suzaku
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[1506.05519])] with XQC

Is this the end of the story?
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Galactic center – a non-trivial consistency check
Boyarsky, O.R.+ Phys. Rev. Lett. 115, (2014)
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4σ+ statistical significance
Also in S. Riemer-Sorensen’14; Jeltema & Profumo’14

The observed signal fits into the predicted range
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Another X-ray satellite: NuStar

Has small field of view, would not be
competitive with XMM, Chandra or Suzaku
But! NuStar has a specical 0-bounce photons
mode where FoV is 30 deg2

Aperture Stops

Focal Plane

Optics Bench

Rays from a
stray light source

Detectors

Rays blocked by
Optics Bench
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3.5 keV line in NuStar spectrum
Milky Way halo. Neronov & Malyshev [1607.07328]. Also Ng+ [1609.00667]

The 3.5 keV is present in the
0-bounce spectrum of the Cosmos
field and CDFS (total cleaned
exposure 7.5Msec)
Combined detection has 11σ
significance
The spectrum of NuStar ends at
3 keV, so this is a lower edge of
sensitivity band

The 3.5 keV line has been previously attributed to reflection of the sunlight
on the telescope structure
However, in the dataset when Earth shields satellite from the Sun the line is
present with the same flux
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Line in Chandra from the same region of the sky
Cappelluti+’17 [1701.07932]

Combined 10 Msec of Chandra
observation of COSMOS and CDFS
fields (same as NuStar)
3σ detection of a line at ∼ 3.5 keV
Flux is compatible with NuStar
If interpreted as dark matter decay
– this is a signal from Galactic halo
outskirts (∼ 115◦ off center)

8

Fig. 4.— 1� (continuous line) and 2� (dashed line) limits on the
expected 3.5 keV line flux as function of the angular distance from
the GC by assuming a NFW profile with parameters from Nesti
& Salucci (2013). The profile is compared with our measurements
from the deep fields (black filled circles) and with the NuSTAR
results (red/blue filled circles). The downward � black arrow
represents the 3� limit derived from simulations. The downward�
blue arrow represents the 3� sensitivity to the 3.5 keV line with 50
Ms Chandra.

and shape are still highly debated (Bland-Hawthorn &
Gerhard 2016).

Assuming that all the intervening dark matter is asso-
ciated with a cold component that can be modeled with
an NFW profile (Navarro et al. 1997) given by:

⇢DM =
⇢⇤

x(1 + x)2
(4)

where x = r/rH ; here we adopt the parameters measured
by Nesti & Sallucci (2013): and therefore use d=8.02±0.2
kpc, rH=16.1+12.2

�5.6 , ⇢⇤=13.8+20.7
�6.6 ⇥ 106 M�/kpc3 and

SDM,GC=0.63±0.11 ph/s/cm2/sr. Using Eq. 2 we cal-
culated, with Monte Carlo integration, the 1� and 2�
confidence levels of the flux from DM decay along the
line of sight as a function of the angular distance from
the GC. This is shown in Fig. 4, wherein we overplot our
measurement and the NuSTAR measurement. The two
fields investigated here are basically at the same angular
distance from the GC of ✓ ⇠115 deg. Remarkably, our
measurements are consistent at the 1� level with such a
profile. This means the ratio of fluxes at ✓=115 and ✓=0
is consistent with the NFW DM decay model.

In terms of constraints on the number of neutrino
species (allowing one additional species of a sterile neu-
trino along with the 3 other usual flavors), Planck Col-
laboration et al. (2015) report that with the CMB tem-
perature data alone it is di�cult to constrain Ne↵ , and
data from Planck alone do not rule out Ne↵ = 4. At the
95% C.L. combining Planck + WMAP + high l experi-
ments they obtain Ne↵ = 3.36+0.68

�0.64. The Planck collabo-
ration has only investigated an eV mass sterile neutrino
as a potential additional species. So other than saying

that Ne↵ = 4 is permitted, there are no concrete CMB
constraints on keV sterile neutrinos.

Performing the line integral through the halo of the
Milky Way taking into account the f.o.v and given that
all 3 deep fields included in this analysis are at roughly
115 degrees, we compute the surface mass density along
the line of sight. Similar to our assumption adopted
above, the MW halo is once again modeled with an NFW
profile and the current best-fit parameters are adopted
from Nesti & Salucci (2013). Using the formulation de-
veloped in Abazajian et al. (2007), we use the measured
flux in the line to constrain the mixing angle sin2 2✓. Al-
though we use the integrated surface mass density of dark
matter in the Milky Way halo integrated out to the virial
radius, the dominant contribution comes from the inner
region - from within a few scale radii - of the density
profile due to the shape of the NFW profile. Using the
higher bound and the lower bound estimates for the total
mass of the Milky Way, we obtain the following values
for ⌃ the integrated surface mass density of DM:

⌃DM,High = 0.0362 gmcm�2;

⌃DM,Low = 0.0109 gmcm�2. (5)

Using these values and the equation:

sin2 2✓ ⇥ (
m⌫

1 1 keV
)4 ⇥ ⌃DM

gm cm�2
=

(
I⌫

1.45 ⇥ 10�4
) photons cm�2 s�1 arcsec�2,

(6)

we obtain that sin2 2✓DM,High = 6.92 ⇥ 10�10 and
sin2 2✓DM,Low = 2.29 ⇥ 10�10. Furthermore, we can now
estimate the lifetime ⌧ for this sterile neutrino species,
using equation 2 of Boyarsky et al. (2015):

⌧DM = 7.2 ⇥ 1029 sec(
10�8

sin2 2✓
) (

1 keV

m⌫
)5 (7)

and find that it is ⌧DM,High = 6.09 ⇥ 1027 sec and
⌧DM,Low = 1.83⇥1027 sec respectively. These mixing an-
gle estimates are in very good agreement with Figures 13
and 14 of Bul14. They can also be overplotted and seen
clearly to be consistent with Figure 3 of Iakubovskyi et
al. (2015).

However, despite concordance with parameters ex-
tracted from other observational constraints obtained
from X-ray data of stacked galaxy clusters and the Galac-
tic center, due to the significance of our detection only at
the 3� level, we cannot conclusively claim that this ob-
served 3.51 keV line originates from decaying dark mat-
ter. It would require a non-detection with at least 50 Ms
of Chandra observations to rule out this hypothesis (see
Fig. 4).

6. SUMMARY

In this paper, we have presented a 3� detection of an
unidentified emission feature at ⇠3.5 keV in the spec-
trum of the CXB with extremely deep integration time.
Examining the sources of possible origin for this feature,
we conclude that the line does not have a clear known
instrumental origin. The intensity and the energy of the
line is consistent with previous measurements that were

Alexey Boyarsky Sterile neutrino from micro to macro scales 24.04.2019 76 / 88



77/88

Not systematics!

By now the 3.5 keV line has been observed with 4 existing X-ray telescopes,
making the systematic (calibration uncertainty) origin of the line highly unlikely

Line is changing with redshift
ACIS-I is a silicon CCD while the imagers of NuSTAR are two
Cadmium-Zinc-Telluride detectors
Chandra has mirrors made of Iridium (rather than Gold as XMM or Suzaku)
– absorption edge origin becomes unlikely
Different orbits of satellites – cosmic ray origin is unlikely
Datasets accumulated over different periods (15yrs for Chandra vs. 3yrs for
Nustar) – not related to, e.g. solar activity

Is this a line from atomic transition(s)?

As argued by [Gu+; Carlson+; Jeltema & Profumo; Riemer-Sorensen; Phillips+]
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Next step for 3.5 keV line: resolve the line

A new microcalorimeter with a
superb spectral resolution – Hitomi
(Astro-H) was launched February
17, 2016
During the first month of
observations (calibration phase) it
observed the central part of the
Perseus galaxy cluster where strong
line was detected by XMM &
Suzaku
Spectrometer of Hitomi is able to
resolve atomic lines, measure their
positions and widths (due to
Doppler broadening)

Unfortunately, the satellite was lost few weeks after the launch
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What did we learn with existing Hitomi data?

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]

Astrophysical lines in the center are Doppler broadened with velocity
vth ∼ 102 km/sec (as measured by Hitomi collaboration)

Decaying dark matter line
broadening is determined by the
virial velocity of the Perseus galaxy
cluster, vvir ∼ 103 km/sec
For XMM/Chandra/Suzaku/Nustar
there was no difference – they
resolution did not allow to
distinguish broad from narrow lines
Hitomi sensitivity to broad line is
much weaker

[1705.01837]
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Surface brightness profile in the Milky Way
Boyarsky et al. (December 2018)
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All detection in the Milky Way follow the same trend
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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)

Flying time ∼ 102 sec. Pointed at GC only

Can determine line’s position and width

Athena+ (around 2028)

Large ESA X-ray mission with X-ray spectrometer
(X-IFU)
Very large collecting area (10× that of XMM)
Super spectral resolution

“Dark matter astronomy era” begins?
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Backup slides
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Searches for feebly interacting particles with SHiP
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SHiP (Search for Hidden Particles) experiment
Step by step overview

µ
Ds

N

ϑµνµ

N νµ
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SHiP : Search for Hidden particles
Search for rare particles becomes official CERN theme

It took then 1 year to create a collaboration

About 250 members of the SHiP collaboration from 44 institutions worldwide
SHiP is now an official CERN project

Timeline
Approval by CERN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2019
Data taking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2024

Alexey Boyarsky Sterile neutrino from micro to macro scales 24.04.2019 88 / 88


