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« What is the first Dark Matter paper? »

Coffee discussion with K. Olive and L. Bergstrom  
in June 2016 at the Bethe Forum (Bonn)
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The Origin of Chemical Elements
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A S pointed out by one of us, ' various nuclear species

must have originated not as the result of an equilib-

rium corresponding to a certain temperature and density,

but rather as a consequence of a continuous building-up

process arrested by a rapid expansion and cooling of the

primordial matter. According to this picture, we must

imagine the early stage of matter as a highly compressed

neutron gas (overheated neutral nuclear Quid) which

started decaying into protons and electrons when the gas

pressure fell down as the result of universal expansion. The

radiative capture of the still remaining neutrons by the

newly formed protons must have led first to the formation

of deuterium nuclei, and the subsequent neutron captures

resulted in the building up of heavier and heavier nuclei. It

must be remembered that, due to the comparatively short

time allowed for this procgss, ' the building up of heavier

nuclei must have proceeded just above the upper fringe of

the stable elements (short-lived Fermi elements), and the

present frequency distribution of various atomic species

was attained only somewhat later as the result of adjust-

ment of their electric charges by P-decay.

Thus the observed slope of the abundance curve must

not be related to the temperature of the original neutron

gas, but rather to the time period permitted by the expan-

sion process. Also, the individual abundances of various

nuclear species must depend not so much on their intrinsic

stabilities (mass defects) as on the values of their neutron

capture cross sections. The equations governing such a

building-up process apparently can be written in the form:

We may remark at first that the building-up process was

apparently completed when the temperature of the neutron

gas was still rather high, since otherwise the observed

abundances would have been strongly affected by the

resonances in the region of the slow neutrons. According to

Hughes, 2 the neutron capture cross sections of various

elements (for neutron energies of about 1 Mev) increase

exponentially with atomic number halfway up the periodic

system, remaining approximately constant for heavier

elements.Using these cross sections, one finds by integrating

Eqs. (1) as shown in Fig. 1 that the relative abundances of

various nuclear species decrease rapidly for the lighter

elements and remain approximately constant for the ele-

ments heavier than silver. In order to fit the calculated

curve with the observed abundances' it is necessary to

assume thy integral of p„dt during the building-up period is

equal to 5 X104g sec./cm'.

On the other hand, according to the relativistic theory of

the expanding universe4 the density dependence on time is

given by p—10'/t~. Since the integral of this expression

diverges at t =0, it is necessary to assume that the building-

up process began at a certain time to, satisfying the

relation:

J (10'jt')dt =5X 104,
&0

(2)

CAt ClMlKO

-2

which gives us to=20 sec. and p0=2. 5)&105g sec./cm'. This

result may have two meanings: (a) for the higher densities

existing prior to that time the temperature of the neutron

gas was so high that no aggregation was taking place, (b)

the density of the universe never exceeded the value

2.5 )& 10' g sec./cm' which can possibly be understood if we

lsd—=f(t)(;,n; —;n;) i=1,2, " 238
'0

/50

BO

where n; and a;. are the relative numbers and capture cross

sections for the nuclei of atomic weight i, and where f(t) is a

factor characterizing the decrease of the density with time.

803 Fio. 1.Log of relative abundance
Atomic weight
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Classical introduction on DM
Rotation  curve, Zwicky, Vera Rubin..

No rotation curve  

but viral theorem

Not  M
33 but M

31 

(Andromeda)

Not pioneer (1
970) 

but Babcock (1939)

In atrophysics



Global Warning

In this historical section, I will retrace the scientific dark matter history. 
In other words, I will reconstruct step by step how the hypothesis of the 

existence of a dark structure in the clusters of galaxies, then in the galaxies 
and finally in the imprints of the Cosmological Microwave Background. It 

means that several numbers, observations, conclusions will be falsified 
during the lecture. The distances for instance are twice smaller in the early 
time due do the Hubble parameter which has been divided by two between 
its first evaluation in 1930  and now. Same for the age of the Universe, or 

temperature of the CMB. The aim of the lecture is indeed to make you 
understand the process of model building from hypothesis that can change 

with time due to new observations.  
All reasonings will be based on the original articles, the complete list of 

references being given at the end of the lecture.

All the original historical articles discussed in this section can be found on the page: 

http://www.ymambrini.com/My_World/History.html

http://www.ymambrini.com/My_World/History.html


Observing the present sky
From the clusters to the galaxies 
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The pre-history Book, chapter 17

Contrarily to the common belief, the first time the word « dark matter » is proposed in a 
scientific paper is not Oort in 1932 but Poincaré in 1906.  Indeed, Lord Kelvin in 1904 

had the genius to apply the kinetic theory of gas recently elaborated, to the galactic 
structures in his Baltimore lecture (molecular dynamics and the wave theory of light). 
Poincaré was impressed by this idea and computed the amount of stars in the Milky 

way necessary to explain the velocity of our sun one observes nowadays.
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Using the viral theorem, Poincaré computed first the density of stars around the sun, 
then supposing it constant, the radius of the sun to the galactic center, and then the 
number of stars in the Milky Way (~109) corresponding to the observations, thus 

discrediting the existence of dark matter, or dark stars.  



The early times (1930-1960)
The second appearance of the word « dark matter » in the literature is in a 
paper of the physicist Jan Oort from Netherland in 1932. While he was 
analyzing  the radial velocities, he notice a discrepancy with Newton law. He 
computed that only one third of the dynamically inferred mass was present in 
bright visible stars. It is clear from the context that, as characterizing the 
remainder as « dark » («Dunkle Materie »), Oort was describing all matter not 
in the form of visible stars with luminosity comparable or larger than that of 
the Sun. Gas and dusts between the stars was his « invisible mass » that should 
be found (for him) soon. The main reason evoked at this time was the presence 
of low luminosity objects (dead stars) or large absorbing gas. Imagining a new 
dark component took a very long time to physicists, who even preferred to 
modified the law of  gravity at large scale before invoking a new particle. 

In this sense, the first real work underlining that the missing mass could be  
problematic is Fritz Zwicky in 1933

Jan Oort

19
32
BA
N.
..
..
6.
.2
49
O

Jan Oort, Bulletin of the Astronomical Institutes of the Netherlands, Vol. 6, p.249
(the original articles can be found there: http://www.ymambrini.com/My_World/History.html )
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« The Redshift of Extragalactic Nebulae »
Fritz Zwicky, Helv. Phys. Acta 6, 110-127 (1933) 

Republication of: The redshift of extragalactic nebulae 221

play an essential role. Assuming effects which have their origin in direct
spatial interaction between light and matter shows that this cannot explain
the transparency of intergalactic space.

I proposed then another possible effect, which can however hardly be
observed on earth, for the existence of which, nevertheless, some theoretical
reasons can be given. According to the theory of relativity there corresponds
to each photon or light quantum of frequency ν a gravitational as well as an
inertial mass hν/c2. Thus there is an interaction (attraction) between light
and matter. If the photon is emitted resp. absorbed at two points P1 and P2
which have the same gravitational potential, it loses on the way from P1 to
P2 a certain momentum and gives this to matter. The photon gets redder.
This effect, which could be called gravitational friction, is caused mainly by
the finite velocity of gravitational interaction. Its amount depends on the
average density of matter and on its distribution. The redshift ∆λ/λ in this
case depends not only on the distance but also on the distribution of matter.
Explorations to test this second conclusion are being done now.

Finally it has to be said that none of the proposed theories is satisfying.
All of them have been developed on a most hypothetical basis, and none of
them has succeeded to uncover any new physical relationships.

§5. Remarks concerning the dispersion of velocities in the Coma
nebular cluster.

As the data in §3 show, there are in the Coma cluster differences in
velocity of at least 1500 to 2000 km/sec. In the context of this enormous
variation of velocities the following considerations can be made:

1. Under the supposition that the Coma system has reached, mechani-
cally, a stationary state, the Virial Theorem implies

ϵk = −1
2ϵp, (4)

where ϵk and ϵp denote average kinetic and potential energies, e.g. of the
unit of mass in the system. For the purpose of estimation we assume that
the matter in the cluster is distributed uniformly in space. The cluster has a
radius R of about one million light-years (equal to 1024 cm) and contains 800
individual nebulae with a mass of each corresponding to 109 solar masses.
The mass M of the whole system is therefore

M ∼ 800 × 109 × 2 × 1033 = 1.6 × 1045 g. (5)

123

222 F. Zwicky

This implies for the total potential energy Ω:

Ω = −3
5
Γ

M2

R
(6)

Γ = Gravitational constant

or
εp = Ω/M ∼ −64 × 1012 cm2s−2 (7)

and then
εk = v2/2 ∼ −εp/2 = 32 × 1012 cm2s−2

(
v2

)1/2
= 80 km/s. (8)

In order to obtain the observed value of an average Doppler effect of 1000
km/s or more, the average density in the Coma system would have to be at
least 400 times larger than that derived on the grounds of observations of
luminous matter.8 If this would be confirmed we would get the surprising
result that dark matter is present in much greater amount than luminous
matter.

2. One could also assume that the Coma system is not in stationary
equilibrium, but that all available energy has the form of kinetic energy.
Then we would have

εk = −εp, (9)

This assumption thus allows to get rid of a factor of only 2 compared to 1.,
and the necessity of an enormously large density of dark matter stays the
same.

3. Let the average density in the Coma cluster be wholly determined by
the presence of luminous matter (mass M above). Then the large velocities
cannot be determined by considerations of type 1. or 2. If the observed
velocities are indeed real ones, the Coma system should disperse in the course
of time. The result of this expansion would be 800 individual nebulae (field
nebulae), which, as follows from 2., would have eigenvelocities of the original
order of magnitude (1000 to 2000 km/sec). From analogies it is to be expected
that field nebulae with such large eigenvelocities would be observable also in
the state of development the world is in today. This conclusion however

8In order of magnitude this would agree with the view of Einstein and de Sitter discussed
in §4.
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The Redshift of Extragalactic Nebulae

by F. Zwicky.

(16.II.33.)

Contents. This paper gives a representation of the main characteristics
of extragalactic nebulae and of the methods which served their exploration.
In particular, the so called redshift of extragalactic nebulae is discussed in
detail. Different theories which have been worked out in order to explain
this important phenomenon will be discussed briefly. Finally it will be indi-
cated to what degree the redshift promises to be important for the study of
penetrating radiation.

§1. Introduction.

It has been known for a long time that there exist in space certain objects
which, when observed with small telescopes, appear to be quite fuzzy, self
shining spots. These objects have different structures. Often they are spher-
ical, often elliptical, and many of them have a spiral-like appearance, and are
therefore occasionally called spiral nebulae. Thanks to the enormous resolv-
ing power of modern giant telescopes astronomers were able to establish that
these nebulae lie beyond the limits of our own Milky Way. Photographs made
with the Hundred-Inch-Telescope on Mount Wilson reveal that these nebulae
are stellar systems, similar to our own Milky Way System. The extragalactic
nebulae are on the whole homogeneously distributed over the sky and are,
as could be shown, also homogeneous in space. They are seen as individuals
or grouped in clusters. The following lines aim to give a short account of the
most important characteristics and a description of the methods which made
it possible to establish them.

123

The Coma Cluster of Galaxies. 
This i s a h ighly regular 
gravitationally bound system of 
thousands of galaxies at a 
distance of about 100 Mpc 
(NASA, SDSS) 



The calculation
This factor 3/5 for the potential can be recover by computing the gravitational potential
V (⌦ in the Zwicky’s convention) for a continuous homogenous sphere of density ⇢: V =

G
R R

0
(4

3
⇡⇢r3)(4⇡r2dr)/r = 3

5
GM2

R , M being the total mass of the sphere.

In fact, to be more precise, the reasoning of Zwicky was a little bit di↵erent. From the
mass and radius of the cluster he inferred, he deduced the relative mean velocities of the
galaxies. From the angular size of the Coma cluster (1.7 degree, Fig.17.2) one can compute
its radius R because its distance D is known by the mean velocity of the galaxies (7500 km/s
Fig.17.2) and the application of Hubble law (with the value H0 = 558 km/s/Mpc used at
this epoch) gives D = 45 light-years. This gives R = 1.7 ⇥ 45⇡/180 ' 1 million light-year.
He also observed that the cluster contains around 800 galaxies (nebulae) with each of the
nebulae having a mass of approximatively 109 solar mass. The Sun mass being 2 ⇥ 1033 g
he obtained MComa = 800 ⇥ 109 ⇥ 2 ⇥ 1033 g =1.6 ⇥ 1042 kg. as one can see on his Eq.(5).
Then, applying the virial theorem he computed

v2 =
3

5

GM

R
=

3

5
⇥ 6.67 ⇥ 10�11 ⇥ 1.6 ⇥ 1042

1022
)

p
v2 ' 80 km/s. (17.10)

As Zwicky himself concludes in his paper In order to obtain the observed value of an average
Doppler e↵ect of 1000 km/s or more, the average density in the Coma system would have
to be at least 400 times larger than that derived on the grounds of observations of luminous
matter. If this would be confirmed we would get the surprising result that dark matter is
present in much greater amount than luminous matter.. This is technically the very first
proposition of missing mass in our Universe. Of course, due of the numerous approximations
and errors (like the Hubble parameter) it is easy to understand that this work, in 1933, has
been completely overlooked. Nobody really was interested in this conclusion, as a lot of
observators considered that the lack of information in the interstellar and/or inter-nebulae
gas, or even the absorption lines can explain such a huge discrepancy. It is only while working
at the galactic scale, many years after, that the evidence of presence of dark matter in the
Universe begins to appear.
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One observed velocity spread of 1000 km/s whereas one should 
oversee 80 km/s. Mass of the Coma should then be larger by a 

factor few thousands.

Republication of: The redshift of extragalactic nebulae 215

Table II. 3

Number of nebulae Apparent Distance in Average
Nebular cluster in the cluster diameter 106 light-years velocity

km/s
Virgo . . . . . . (500) 12◦ 6 890
Pegasus . . . . . 100 1◦ 23.6 3810
Pisces . . . . . . 20 0.5 22.8 4630
Cancer . . . . . 150 1.5 29.3 4820
Perseus. . . . . 500 2.0 36 5230
Coma . . . . . . 800 1.7 45 7500
Ursa Major I 300 0.7 72 11800
Leo . . . . . . . 400 0.6 104 19600
Gemini . . . . . (300) — 135 23500

These results are shown graphically in Fig. 2.

Figure 2:
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Zwicky took 7500 km/s as a mean velocity to 
obtain D=50 Mpc (v=H x D)

And 800 galaxies of 109 solar mass in the cluster 

From the apparent diameter d, Zwicky deduced the 
radius of the cluster, R= d x D = 1Mpc 

216 F. Zwicky

From this summary it follows that the velocities of extragalactic nebulae
are proportional to their distance. The specific velocity per million parsecs
is

vs = 558 km/s. (1)

The redshift of every individual nebula is on the average deduced from the
shift of at least three spectral lines. These are usually the H - and K -lines,
the G-Band (λ = 4303 Å) and sometimes one of the lines Hδ (4101 Å), Hν

(4340 Å), Fe (4384 Å) and Hβ (4861 Å). The uncertainty in the redshift of
the nebular cluster in Leo thus turns out to be, e.g.,

v = 19621 ± 300 km/s.

The different absorption lines suffer the same relative displacement, exactly
as with the Doppler effect. Thus for a given nebula we have

∆λ/λ = constant = K = v/c = κr (2)

independently of the wavelength λ, and the displacement can, as we have
done, conveniently be expressed as a velocity. The same value of K applies
therefore to the displacement of the maximum of the continuous emission
spectrum, too.

It ought not to be neglected that in Fig. 1 we showed the average Doppler
velocity of the nebular clusters. This velocity is the average of the values of
several individual nebulae (from 2 to 9) in the single clusters. It is of utmost
importance for the theory of the effects discussed here that the velocities
of individual members of a cluster may differ considerably from the mean.
In the Coma system, e.g., which has been best discussed up to now, the
following individual values have been measured:

Apparent velocities in the Coma cluster
v = 8500 km/s 6900 km/s

7900 6700
7600 6600
7000 5100 (?)

It is possible that the last value of 5100 km/s corresponds to a so called field
nebula, which does not belong to the Coma system, but is projected into

gives also the essential references to the literature.
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He considered that the spread in velocities 
(~1000km/s) correspond to a mean velocity of the 

galaxies inside the cluster

is denoted as mi. Let ~Fi be the net force, internal and external, impinging upon the ith
particle.

Statement of the virial theorem:

For the n point particles, bound together into a system, the time average
of the kinetic energy of the particles,

P
1
2
miv2

i , plus one half of the time

average of
P ~Fi.~ri is equal to zero.

Proof: for each particle

~vi =
d~ri

dt
~pi = m~vi

d~pi

dt
= ~Fi (17.1)

Defining the virial H =
P

~pi.~ri then dH/dt =
P

(d~pi/dt).~ri +
P

~pi.(d~ri/dt). Because
(d~pi/dt) = ~Fi, the first term can be written

P ~Fi.~ri. Because pi = mi~vi = mi(d~ri/dt) the
second term reduces to

P
~pi.(d~ri/dt) =

P
mi(d~ri/dt)2 =

P
mi(~vi)2. This last expression is

just twice the kinetic energy K of the system, i.e. 2
P

1
2
miv2

i . Thus

dH

dt
=

X
~Fi.~ri + 2K (17.2)

One needs then to time average the expression above. The time average of a variable y(t)
over the interval 0 to ⌧ is defined as y = (1/⌧)

R ⌧

0
y(t)dt. Time averaging the equation of

dH/dt gives

✓
dH

dt

◆
=

X
~Fi.~ri + 2K. (17.3)

The time average of dH/dt is just (dH/dt) = (1/⌧)[H(⌧) � H(0)]. If the system is cyclical
such that it returns to its initial state after an interval than ⌧ can be chosen equal to the
cycle period and (dH/dt) reduces to 0. If the system is not cyclical, then for the system
being bounded the limit of (dH/dt) as ⌧ increases without bounds is zero. Thus

X
~Fi.~ri + 2K = 0 or, equivalently

K +
1

2

X
~Fi.~ri = 0

which is the virial theorem. If the forces are generated as the gradient of a potential
V (r1, ..., rn) then ~Fi = �@V/@ri and hence

K � 1

2
(
@V

@ri
.ri) = 0 (17.4)
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For forces which obey and inverse distance squared law, the potential is just inversely pro-
portional to the distance. For systems held together by mutual gravitation or electrostatic
attraction the virial theorem reduces to

K = �1

2
V (17.5)

For systems held together by mutual gravitational attraction the potential energy is negative
so the kinetic energy is positive. The average total energy of the system T = K +V is given
by

T =
1

2
V (17.6)

Astronomy has made great use of the virial theorem as a way to measure gravitational mass.
Consider a set of n galaxies, each of mass m. Let v2 be the measured time averaged squared
velocity of a galaxy and v2 the average of this quantity over the n galaxies. Then the time
averaged kinetic energy of the system is n[1

2
mv2].

The gravitational potential for two galaxies separated by a distance R is then �Gm2/R,
where G is the gravitational constant1. Let 1/R be the cluster average of the time average of
(1/R). There are n(n � 1)/2 pairs of galaxies, so the time averaged potential of the system
is then �[n(n � 1)/2][Gm2/R]. Then, according to the virial theorem,

1

2
nmv2 =

1

2

n(n � 1)

2
Gm2

✓
1

R

◆
(17.7)

giving for the total mass of the cluster nm

nm =
2v2

G

n

n � 1
R (17.8)

where R is the reciprocal of (1/R). In some clusters n is of the order of 1000 so n/(n � 1)
is essentially unity.
Considering a general form of the potential V = �↵GM2

R , ↵ being a structure constant
dependant on the profile of the distribution of the galaxies in the system (↵ = 3/5 for an
homogenous spherical system for instance) we can write

M

2
v2 =

1

2
↵

GM2

R
(17.9)

17.1.3 ”The Redshift of Extragalactic Nebulae” by F. Zwicky (1933)

Fritz Zwicky (see chapter G.4 for more details) was one of those rare unorthodox geniuses
who occasionaly emerge in astronomy or, for that matter, in any field. A swiss citizen
who lived and worked in United State (Caltech) for many years, Zwicky made profound
contributions to modern astronomy and astrophysics (from the observations and theory of

1To be more precise, the gravitational potential should depend on the exact form of the halo and should
be generalized as V = �↵GM2/R where ↵ is a structure parameter of the order of unity (↵ = 3/5 for a
homogenous spherical system) and R some characteristic size of the system (usually the core of half–mass
radius)
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The average of  the derivative of a finite 
function cancels for large time or periodic H 

α depends on the shape of the halo  
(3/5 for an homogenous sphere)
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Book, chapter 17



Conclusion of the Zwicky article

This result was completely forgotten and nobody took really seriously this 
comment of Zwicky. Indeed, the large scale astrophysics was at its 

beginning after the Hubble discovery and a lot of physicists believed that 
the « missing mass » problem will be solved once we will understand better 

the mechanism of absorption of light in the interstellar/internebulae 
medium. In fact, the « missing mass » problem was a this time considered 
as a « missing luminosity » problem: why we do not see the astrophysics 

bodies that should be responsible of the Newtonian dynamics. On the other 
hand, several scientists tried to modify (already in the 30’s) the 1/r2 

attraction law. Then began  the galaxies analysis.

« In order to obtain the observed value of an average Doppler effect of 1000 km/s or more, the 
average density in the Coma system would have to be at least 400 times larger than that derived 
on the grounds of observations of luminous matter. If this would be confirmed we would get the 
surprising result that dark matter is present in much greater amount than luminous matter » 



At the Galactic scale
In 1939, Horace Babcock presents his PhD 
thesis on the subject of rotation curves of 
galaxies. He compute the rotation curve in 
Andromeda and measured a constant angular 
velocity and concluded :
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The history of the measurements of rotation 
curves dates back to 1914 (!!) where Slipher at 
the Lowell laboratory observed that the velocities 
measured on the left of the bulge of the nearby 
galaxy (nebula) Andromeda (the nearest galaxy 
~800 kpc from us, but believed to be 210 kpc at 
this time due to the Hubble parameter 
determination were approaching us at higher 
velocities (~320 km/s) than the ones on the right 
part of the central bulge (~280 km/s). This is 
what is expected in a disk turn in front of us. 

300 280
320

In 1918 , Pease at the Mount Wilson 
Observatory measured the rotation out to a 
radius of 600 pc (central part of Andromeda). 
His result were expressed by the formula  

Vc = -0.48 r - 316 
where Vc is the circular velocity measured (in 
km/s) at a distance r from the central bulge of 
Andromeda, showing that this central portion 
appears to rotate with constant angular velocity. 

Babcock in 1939 extend the study to larger 
scale, up to 24 kpc from the center.

1939LicOB..19...41B



The work of Babcock
Babcock measured the rotation curve much more far away from the central bulge of 
Andromeda, and plotted the circular velocity and the angular velocity as function of the 
distance r from the center of Andromeda.
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Vc (km/s)

ω (rad/s)
Babcock supposed a concentration of spheroids 
of densities σ1, σ2, σ3, and σ4. He then 
computed the 4 densities to respect the 
velocities measured on the left. He obtained
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From the computation of the density, he deduced the total 
mass of Andromeda of 1011 solar mass, equivalent to a 
mass to light ratio M/L=50. He then concludes:19
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Jansky sees the invisible (1932)
K

arl Jansky

© 1933 Nature Publishing Group

« An airplane wing rotating on automobile (Ford Model T) wheels in 
potato field » 

Was built to investigate and eliminate the crackling thunderstorm 
noise (« static ») which interfered with radio-telephone 

conversations over trans-Atlantic short-wave links of the Bell system.

Small « bumps » observed by Karl Jansky, one for each 
revolution of the antenna every 20 minutes (rotation time)



Jansky sees the invisible (1932)
However, after making an analysis on a complete year, Jansky noticed that the periodicity of the larger signal was not 24 
hours, but 23h56, which corresponds to a sidereal day and not a solar day: the signal was coming from the center of 

the galaxy and not from the sun (« stationary with respect to the stars »).

1.Origins of Radio Astronomy  9 

“Exploring the Radio Universe”, Jodrell® Astronomy Courses, The University of Manchester 

Jansky was able to show that the cause of the static crashes was lightning. He recorded the effects 
of both local thunderstorms and also those from more distant ones reflected from the ionosphere. 
But he also became aware of a more subtle form of interference - a gentle hissing noise similar to 
the background noise produced by the radio receiver itself. (Note: much effort has gone on since 
then to reduce this receiver noise to an absolute minimum.) At first Jansky thought that the Sun 
might be the source of the noise, but, following a year of careful measurements, he realised that, 
instead, it appeared to come from a specific region of the sky.  

Figure 4. The difference between the sidereal 
and solar days. The Earth and an observer on 
its surface are shown at several points during 
its orbit around the Sun. At the first epoch 
(labelled 1) the Sun and a distant star lie in 
the same direction. As the Earth spins and 
simultaneously moves around its orbit the 
next time the star lies in the same direction is 
shown as the second epoch. This marks the 
end of the first sidereal day. However the 
solar day is not yet finished, the Earth needs 
to rotate a little bit more before the Sun lies 
in the same direction as it originally did (this 
is overhead from the point of view of the 
observer shown), shown in the diagram as 
epoch 3. This means the sidereal day is 
slightly shorter (by about 4 minutes) than the 
solar day. Note this diagram is not to scale so 
all the angles are exaggerated.  

 

  
This conclusion came from the fact that, if he kept his 
antenna pointing due south, the weak signal reached a 
peak every 23 hours and 56 minutes. This is the period of 
a sidereal day - the time kept by the Earth with respect to 
the stars - and is less than the solar day (24 hours) by 4 
minutes due to the fact that the Earth, as well as rotating 
about its own axis is also in orbit around the Sun. This 
adds to the effective rotation rate with respect to the stars 
and so the sidereal day is less - see Figure 4. He found 
that the peak of his signal occurred when the telescope 
was pointing towards the constellation Sagittarius - 
towards the centre of our galaxy, the Milky Way! 

Jansky, pictured in Figure 5, had thus discovered that 
celestial bodies could emit radio waves as well as light 
waves. He suggested that the origin of this radiation 
might be ionised interstellar gas rather than stars but it 
was a long time before its true origin was found.  

So, at the age of 26, Jansky, has made an historic 
discovery, but his results, published in 1932, received little attention and it was not until the late 
1940's that the significance of his achievements was widely appreciated. He suggested that a 
parabolic antenna should be constructed to provide more precise observations but there was no 

 
Figure 5. Karle Guthe Jansky (1905-
1950) is shown in 1933 pointing to the 
position on a chart where he first 
recorded radio noise from space.  

Jansky died in 1950 (at 44) without knowing the revolution he initiated. 
p.s.:  he was lucky to look at a wavelength of 14 meters, which was the range not absorbed by the ionosphere while still 

emitted by galactic center. 

What observed Jansky was in fact the 
synchrotron radiation of ultra high energy 
electrons produced in the Galactic Center. A 
GeV electron emit synchrotron photons at 
radio-wave (1 MHz=300m, 1GHz=30cm, 

frequencies measured by WMAP and 
PLANCK)



The 21cm tracer (1944-1951)
In 1944, Jan Oort in Leiden realised that should any of the atoms or 
molecules in space give rise to a spectral line in the radio spectrum, 
it would enable much information about the interstellar medium.Jan O

ort
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In a magnetic field, there is a slight 
difference in energy of the ground state 

depending wether the spin of the proton and 
electron are in the same or opposite sense 
(Casimir, friend of Oort). This transition 
between them gives rise to a line close to  

1420 MHz-21 cm in wavelength

Unfortunately, van de Hulst is 
scooped in 1951 for 6 weeks by 

Ewen and Purcell at Harvard (who 
heard about the line in a talk by van 
de Hulst they assisted in 1949) for 

which they received the Nobel prize 
of Physics in 1952 (never van de 

Hulst). 
Ewen on his horn telescope

However, van de Hulst never 
stopped and gave the first 

21cm map of Andromeda in 
1957, showing that the 

velocities stays constant 
much far away from the 

visible region with the  
Dwingeloo telescope 

Van de Hulst at Dwingeloo
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Babcock

Van de Hulst  do not insist so much in his paper 
about the flatness of the rotation curve. But, 
computing the mass of M31 he conclude that is is 
much larger than the Milky way. The « dark matter » 
hypothesis does not (yet) strikes the Galactic scale.  
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The problem of instability at a galactic scale
In the 70’s, the Moore law of exponential development describing the time evolution of computing power reached 
astrophysics studies: the computing power doubling every two years, it was possible in the late 60’s to apply 
electronic computing machines in the numerical solution of complex problems (technically, it was the replacement of 
vacuum tubes by transistors which gives a large leap in the field).

Franck Hohl in 1971 made one of the very first « N-body » 
simulation (100 000 stars !!) to test the stability of the galactic 
structures with a disk of particles supported in equilibrium 
almost entirely by rotation. 
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He noticed that a spiral-elongated shape is formed after 2 
revolutions, but rapidly the kinetic energy diffuse the particles 
toward a pressure dominated gas with large elongated axi-
symmetric ellipses 

Miller, Pendergast and Quirk tried to stabilized the 
model by adding energy lost, but still, reheating of 
the gas destroys the structures some revolutions after. 
This is when a dark halo came to the rescue and is 
first mentioned in a paper.



First hypothesis of dark halo The idea
Peebles and Ostriker noticed that the random velocities in our galaxies (around 30-40 km/s) are 
much smaller than the systematic circular motion (around 200 km/s). Thus, not only the system is 
unstable as remarked by Hohl et al., but  it shows that galaxies  seems to be dominated by a cold 
gravitational system and not a kinetic pressure dominated one.

Indeed, the virial theorem can be decomposed as: 

2 T + U = 0, or 2 Trot + 2 Tran = U, which can be written t + r =1/2 

with t=Trot/(-U) and r = Tran/(-U). So, if  t=1/2 (r=0) the system is completely supported against 
gravity by rotation, but if r=1/2 (t=0) the system is completely supported by random motion. 

Peebles and Ostriker noticed that if t > 0.14 (28% of the kinetic energy is rotational), the system is 
unstable and becomes elongated very quickly. However, we just saw that in our Milky Way, the 

rotation velocity is around 200 km/s whereas the random one approaches 40 km/s, which gives t ~ 
0.49, far in excess of the stability limit!!

The clever idea of Peebles and Ostriker is then to add an additional component to the galaxy, a dark 
halo which contributes at least 50% of the mass inside the position of the Sun 

U -> U + Udark 
 Then this spheroidal system would add to the gravitational potential energy, but add nothing to the 

rotational energy; t would be decreased and perhaps stability restored.
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Combining 21cm observations with Peebles idea

Vera Rubin

After the work of Van de Hulst, a lot of instrumental developments allowed to have a 
better understanding of the rotation curves of galaxies much above the optical limit. 
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Which profiles?
The rotation curve is given by 

v2(r) = GM(r)/r 
A constant velocity at large radius means  

M(r) =

Z
4⇡r2⇢(r)dr / r ) ⇢(r) =

⇢0
r2

In 1907, R. Emden (brother in law of K. Schwarzschild) in a book called « Gaskugeln » 
demonstrates by thermodynamics argument that a gaz of constant temperature is equilibrate with a 
density following ρ(r) = ρ0/r2. One then call these types of profile, isothermal. However, for low 
radius, rotation curves clearly indicates that the density of dark matter is dominated by the gaz, and 
does not diverge. One then add a constant term toward the center which gives  

⇢iso(r) =
⇢0

1 +
⇣

r

rc

⌘2
ρ(r)

r

slope=0

slope=-1

slope=-2

slope=-3

Navarro (Arizona), Frenk (Durham) and White 
(Munchen), in a series of papers between 1995 and 1997 
extracted from precise N-body simulation that the dark 
matter profile observes a cusp feature near the center 

proportional to 1/r and then evolves toward a 1/r3 shape 
in the outskirt regions. This profile is called NFW 

⇢NFW (r) =
⇢0

r
rc

⇣
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A Universal Density Profile from Hierarchical Clustering
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ABSTRACT

We use high-resolution N-body simulations to study the equilibrium density profiles

of dark matter halos in hierarchically clustering universes. We find that all such

profiles have the same shape, independent of halo mass, of initial density fluctuation

spectrum, and of the values of the cosmological parameters. Spherically averaged

equilibrium profiles are well fit over two decades in radius by a simple formula originally

proposed to describe the structure of galaxy clusters in a cold dark matter universe.

In any particular cosmology the two scale parameters of the fit, the halo mass and its

characteristic density, are strongly correlated. Low-mass halos are significantly denser

than more massive systems, a correlation which reflects the higher collapse redshift

of small halos. The characteristic density of an equilibrium halo is proportional to

the density of the universe at the time it was assembled. A suitable definition of

this assembly time allows the same proportionality constant to be used for all the

cosmologies that we have tested. We compare our results to previous work on halo

density profiles and show that there is good agreement. We also provide a step-by-step

analytic procedure, based on the Press-Schechter formalism, which allows accurate

equilibrium profiles to be calculated as a function of mass in any hierarchical model.

Subject headings: cosmology: theory – dark matter – galaxies: halos – methods:

numerical
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Two examples 
The first N-body simulation was 
made by the Toomre brothers 

(Alar and Juri) in 1972 (!!!) with 
200 points.

Aquarius simulation (2009) with 
109 points 



Summary (present sky)
Oort (1932) 

Movements perpendicular to 
the MW plane 

Jansky (1933) 
Measuring radio waves

Hohl (1971) 
First N-body simulation, instability

Zwicky (1933) 
Virial theorem applied to the 

Coma cluster

Babcock (1939) 
First rotation curve

van de Hulst (1957) 
radio waves (21cm) rotation curve

Rubin (1969) 
radio waves, hypothesis flat velocity

Peebles (1973) 
N-body: First introduction of Dark Halo

NFW (1995) 
N-body profiles in galactic structures



pre-conclusion

We have seen in this first part that it was a long way from the first papers of Oort 
and Zwicky in the 30’s to the latest N-Body simulation in the 90’s to picture a 

coherent framework in the analysis of dark matter in the structures and 
substructures of the Universe. However, in the 60’s the discovery of the CMB will 
shed a completely new light on the content of the Universe and will reinforce the 

notion of dark matter. This is the subject of the next lecture.



Historical references

K.G. Jansky, « Radio waves from outside the Solar System », Nature 132, 66 (1933).

J.P Ostriker and P.J. Peebles, « A numerical study of flattened galaxies: or, can cold galaxies 
survive? », Astrophys. J.  186, 467-480 (1973).

F. Hohl, « Numerical experiments with a disk of stars», Astrophys. J.  168, 343-359 (1971).

F. Zwicky, « Der Rotverschiebung von extragalaktischen Neblen», Act. Helm. Phys., 6, 110-127 (1933).

J. Oort, « The force exerted by the stellar system in the direction perpendicular to the galactic plane and 
some related problems», Bull. Astro. Inst. Neth., 6, 289-294 (1932).

V. Rubin, W. Ford, « Rotation of the andromeda nebula from a spectroscopic survey of emission 
regions», Astrophys. J., 159, 379-403 (1969).

H. van de Hulst, E. Raimond and H. van Woerden, « Rotation and density distribution of the 
Andromeda Nebula derived from observations of the 21-cm line», Bull. Astro. Inst. Neth., 14, 1-16 
(1957).

J. Navarro, C. Frenk and S. White, « The structure of cold dark matter halos», Astrophys. J., 463, 
563-575 (1996).

H. Babcock, « The rotation of Andromeda Nebula», Lick Obs. Bull.  498, 41-51 (1939).



Filling the Universe with neutrino 
The Zeldovich-Cowsik-McClelland bound, or the birth of cosmological astroparticle

Once the CMB has been discovered, and measured, a lot of particle physicists jumped 
on it to test their predictions through interactions on it (GZK cutoff and cosmic ray) to 

astrophysical consequences.

Zeldovich and Ghershtein in June 1966 (!!) were the first to obtain limits on a heavy 
neutrino (the muonic neutrino νµ has been discovered by Lederman in 1962) from 

cosmological consideration, asking for a Universe respecting the deceleration 
parameter, obtaining mνµ < 400 eV.

Cowsik and Mac Clelland in 1972 (!!) recomputed it (without citing Zeldovich) with 
more accurate values of the Hubble parameter and obtained mνµ < 8 eV (the now called 

« Cowsik Mac Clelland » bound). 



The idea of Zeldovich
Suppose a gas of electrons, neutrinos and photons in equilibrium. 

where 3/2 = 3/4 (fermi gas versus boson gas)  
*2 (2+2 degrees of freedom for fermions vs 2 degrees of freedom for photons) 

whereas after decoupling of the e+ e- :  

where 1/2 ~ 3/2 * 4/11  [(2 + 7/8*4)/2 = 11/4] corresponds to the degrees of freedom of 
the e+ e- absorbed by the photons (and not the neutrino that already decoupled) 

ne� + ne+ = n⌫ + n⌫̄ =
3

2
n�

ne� + ne+ = 0 ; n⌫ + n⌫̄ =
1

2
n�

Then, from the measurements of the CMB temperature Tγ, Zeldovich deduced  
nγ = 550 cm-3 implying nν = 300 cm-3.  

Knowing from astrophysics a limit on the mass density of the Universe  
ρm < 1.25 x10-28 g cm-3,  

they inferred   
nν x mν < ρm  =>  mν < 7 x10-31 g =400 eV

Y. Zeldovich



Enrico Fermi 
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The Cowsik-Mac Clelland bound (1972) 
The rediscovering of Zeldovich bound

Enrico Fermi 
“Tentativo di una teoria dei raggi β",  

Ricerca Scientifica, 1933
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The Zeldovich-Hut-Lee-Weinberg bound (1977)
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Limits on the masses and number of neutral weakly interacting particles are derived using cosmological arguments. 
No such particles with a mass between 120 eV and 3 GeV can exist within the usual big band model Simdar, but much 
more severe, restrictions follow for parUcles that interact only gravitationally. This seems of Importance with respect to 
supersymmetric theories. 

Following an idea, put  forward by Shvartsman [1], 
Steigman et al. [2] presented arguments leading to an 
upper limit to the number of  different types of  mass- 
less neutrinos, which may be summarized as follows. 

According to the hot  big bang model all forms of  
matter in the universe, even neutrinos, are initially in 
thermal equilibrium. The total  energy density of  rela- 
tivistic particles is then given at a temperature T by 

0 = Ka T4. (1) 

a is the radiation density constant,  appearing in the 
black-body radiation law, and K is given by  

t~ = ½(nb + ~ nf). (2) 

The quantities n b and nf are the total  number of  Inter- 
nal degrees of  freedom of  the different types of  bosons 
and fermions respectively. For  a photon gas K = 1, whde 
for a mixture of  photons,  electrons, electron and muon 
neutrinos, together with their antiparticles, ¢ = 9/2. 

A second expression for the total energy density p 
is given as a function of  the expansion time t by solv- 
ing the Einstein equations in a radiation dominated 
homogeneous and isotropic universe, 

p = 3/32 rr Gt 2, (3) 

where G is the gravitational coupling constant,  G = 6.7 
X 10 -45 MeV - 2 . .  Combining (1) and (3) we get 

T = (3/32 rr Ga) 1/4 K- 1/4 t -  1/2 (4) 

* We use units such that fi = c = k = 1, and the temperature Is 
expressed in MeV. 

Adding more types of  neutrinos relative to the standard 
big bang model increases the value of  K. This would have 
the following observable effect. 

The neutron/proton ratio is given by the equilibrium 
value n/p = exp { - ( m  n - mp)/T) as long as the rate of  
weak interactions, like e.g. n + e ÷ ~ p + F e, is high 
enough. But this ratio freezes in soon after the time be- 
tween successive collisions grows bigger than, say, the 
expansion time. The mean free time is r = (oN)-1  as 
long as the electrons are relativistic. The cross section 
o " T 2 and the number density of  protons and neu- 
trons N ~ R - 3 ,  where R is the scale factor of  the ex- 
panding universe. At these early times the number of  
nucleons is far smaller than the number of  photons,  
electrons, positrons and neutrinos, so the cooling pro- 
ceeds adiabatically like T ~ R -1  . Therefore N ~ T 3 
and thus 

r = const. × T -5 .  (5) 

Putting t = r in (4), from (5) we get an effective 
temperature Tf at which the neut ron/proton ratio 
freezes in, given by 

Tf = const. X K 1/6. (6) 

When the temperature falls off further nearly all neu- 
trons are captured to form deuterium and subsequently 
helium. In the standard model Tf ~ 1 MeV ~ 1010 K and 
the abundance by weight ofhehum produced m this way 
is Y ~ 0.23 to 0.27, depending on thepresen t  density 
of nucleons in the universe. An observational upper 
limit [4] Y ~ 0.29 agrees well with the standard model. 

Increasing now the number of  neutrino types would 

85 



The Lee-Weinberg way (1977) 
The recipe 

1) Compute the temperature of freeze out Tf of χ (mass m) from the thermal bath : 

n(Tf )h�vi = H(Tf ) ) (Tfm)3/2 e�m/Tf h�vi <
T 2
f

MPl
) Tf =

m

lnMPl
=

m

26

2) Solve the Boltzmann equation for the Yields Y=(nχ / nγ) from the thermal equilibrium 
χ χ  <—>  γ γ 

dY

dT
=

T 2

H(T )
h�viY 2 ) Y (T

now

) =
1

M
Pl

T
f

h�vi =
26

M
Pl

mh�vi

4) Conclude  h�vi ' G2
Fm

2 > 10�9 GeV�2 ) m > 2 GeV

5) Wait for applauses for that first lower bound on a massive non-baryonic matter 
filling the Universe.

3) Compute the relic abundance and compare with the experimental limits  

⌦ =
⇢

⇢c
=

n⇥m

⇢c
=

Y ⇥ n� ⇥m

⇢c
=

26⇥ 400 cm�3

⇢cMPlh�vi
< 1 ) h�vi > 10�9h�2 GeV�2
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The difference with the « neutrino » dark matter paradigm of Zeldovich is that they 
were not limited in the ranges of masses, could be above the GeV scale.
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Zeldovich paper

Cowsik-McClelland bound Lee-Weinberg bound
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Pré-Conclusion
We have then seen that 4 main periods have seen a fast developments of new 

ideas and concepts around the dark matter hypothesis : 

1)     In the 40’s during the development of the observations of the sky at 
the radio-waves, following the developments of the radar especially 

during the WWII 

2)     In the 50’s once the nuclear physics fused with the model of expansion of 
Universe 

3)     In the 60’s following the outbreaking discovery of the cosmic microwave 
background 

4)    And finally in the 70’s once computing progress made possible the first 
simulations of our Universe by solving Einstein’s equation from the CMB till 

present day.



Where are we now?
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FIG. 1: Left: Folded count rate for MOS1 (lower curve, red) and MOS2 (upper curve, blue) and residuals (bottom) when the line at 3.54 keV
is not added. Right: Zoom at the range 3.0–4.0 keV.

However, significance of this results is not sufficient to con-
firm the hypothesis, they can be considered only as a success-
ful sanity checks. More results are clearly needed to preform
a convincing checking program described above.

A classical target for DM searches is the centre of our Galaxy.
Its proximity allows to concentrate on the very central part
and therefore, even for decaying DM, one can expect a sig-
nificant gain in the signal if the DM distribution in the Milky
Way happens to be steeper than a cored profile. The Galactic
Center (GC) region has been extensively studied by the XMM
and several mega-seconds of raw exposure exist. On the other
hand, the GC region has strong X-ray emission, many com-
plicated processes occur there [91–99]. In particular, the X-
ray emitting gasmay contain several thermal componentswith
different temperatures; it may be more difficult to constraint
reliably abundances of potassium and argon that in the case
of intercluster medium. Therefore the GC data alone would
hardly provide convincing detection of the DM signal, as even
a relatively strong candidate line could be explained by astro-
physical processes. In this paper we pose a different question:
Are the observations of the Galactic Center consistent with
the dark matter interpretation of 3.53 keV line of [1, 2]?

The DM interpretation of the 3.53 keV line in M31 and the
Perseus cluster puts a lower limit on the flux from the GC. On
the other hand, a non-detection of any signal in the off-center
observations of the Milky Way halo (the blank sky dataset
of [1]) provides an upper limit on the possible flux in the
GC, given observational constraints on the DM distribution in
the Galaxy. Therefore, even with all the uncertainties on the
DM content of the involved objects, the expected signal from
the GC is bounded from both sides and provides a non-trivial
check for the DM interpretation of the 3.53 keV line.

We use XMM-Newton observations of the central 14′ of the
Galactic Center region (total clean exposure 1.4 Msec). We

find that the spectrum has a ∼ 5.7σ line-like excess at ex-
pected energy. The simultaneous fitting of GC, Perseus and
M31 provides a∼ 6.7σ significant signal at the same position,
with the detected fluxes being consistent with the DM inter-
pretation. The fluxes are also consistent with non-observation
of the signal in the blank-sky and M31 off-center datasets,
if one assumes steeper-than-cored DM profile (for example,
NFW of Ref. [100]).

Below we summarize the details of our data analysis and dis-
cuss the results.

Data reduction.We use all archival data of the Galactic Cen-
ter obtained by the EPICMOS cameras [101] with Sgr A* less
than 0.5′ from the telescope axis (see Appendix, Table I). The
data are reduced by standard SAS1 pipeline, including screen-
ing for the time-variable soft proton flares by espfilt. We
removed the observations taken during theMJD 54000–54500
due to strong flaring activity of Sgr A* in this period (see
Fig. 3 in Appendix). The data reduction and preparation of the
final spectra are similar to [1]. For each reduced observation
we select a circle of radius 14′ around Sgr A* and combine
these spectra using the FTOOLS [102] procedure addspec.

Spectral modeling. To account for the cosmic-ray induced
instrumental background we have subtracted the latest closed
filter datasets (exposure: 1.30 Msec for MOS1 and 1.34 Msec
for MOS2) [103]. The rescaling of the closed filter data has
been performed to reduce to zero flux at energiesE > 10 keV
(see [104] for details). We model the resulting physical spec-
trum in the energy range 2.8–6.0 keV. The X-ray emission
from the inner part of the Galactic Center contains both ther-
mal and non-thermal components [93, 94]. Therefore, we
chose to model the spectrum with the thermal plasma model

1 v.13.5.0 http://xmm.esa.int/sas

4

FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of all
backgrounds. Muons (red) are computed from simulation to
overcome statistical limitations in our background measure-
ment and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are
derived from previous measurements of both the ⇡/K and
prompt components of the atmospheric ⌫

µ

spectrum [9]. A
gap larger than the one between 400 and 1000 TeV appears
in 43% of realizations of the best-fit continuous spectrum.

above IceCube. Evidence for an accompanying cosmic
ray air shower was observed, in the IceTop surface ar-
ray and sub-threshold early hits in our veto region, for
only two southern events (28 and 32). These appear to
have been part of the remnant muon background. The
absence of detected air showers in the remainder of the
southern hemisphere events, along with their overall rate,
high energies, and the preponderance of shower events,
generically disfavors any purely atmospheric explanation
(Figs. 2, 3).

Following [11], we fit the data in arrival angle and de-
posited energy to a combination of background muons,
atmospheric neutrinos from ⇡/K decay, atmospheric neu-
trinos from charmed meson decay, and an isotropic 1:1:1
astrophysical E�2 test flux, as expected from charged
pion decays in cosmic ray accelerators [28–31]. The fit
included all those events with 60TeV < E

dep

< 3PeV,
a range in which the expected muon background is re-
duced below 1 event in the 3-year sample and impreci-
sions in modeling the muon background and threshold
region are minimized. The normalizations of all back-
ground and signal neutrino fluxes were left free in the
fit, while the penetrating muon background was con-
strained with a Gaussian prior reflecting our veto ef-
ficiency measurement. We then obtain a best-fit per-
flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties based on a profile like-
lihood scan. This model describes the data well, with

FIG. 3. Arrival angles of events with E
dep

> 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by an astrophysical isotropic E�2 neu-
trino flux (gray line). Colors as in Fig. 2. Variations of this
figure with other energy thresholds are in the online supple-
ment.

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
prompt atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫

µ

spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
allowing an astrophysical contribution.

Dark Matter Marco Cirelli
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Figure 1: A compilation of recent and less recent data in charged cosmic rays. Left: positron fraction.
Right: sum of electrons and positrons.

remnants etc: this possibility is discussed in detail in several contributions to these ICRC 2015
proceedings [18, 19, 20, 21]. It is however very tempting to try and read in these ‘excesses’ the
signature of DM.

Indeed, as already mentioned above, the DM particles that constitute the DM halo of the Milky
Way are expected to annihilate (or perhaps decay) into pairs of primary SM particles (such as bb̄,
µ+µ�, t+t�, W+W� and so on) which, after decaying and through the processes of showering
and hadronizing, give origin to fluxes of energetic cosmic rays: e�,e+, p̄ (and also g-rays, n ...). De-
pending on which one has been the primary SM particle, the resulting spectra differ substantially in
the details. Generically, however, they feature a ‘bump’-like shape, characterized by a high-energy
cutoff at the DM particle mass and, for e± in particular, a softly decreasing tail at lower energies.
It is thus very natural to expect a DM source to ‘kick in’ on top of the secondary background and
explain the e± excesses. The energy range, in particular, is tantalizingly right: the theoretically
preferred TeV-ish DM would naturally give origin to TeV and sub-TeV bumps and rises.

The e�, e+ and p̄ produced in any given point of the halo propagate immersed in the turbulent
galactic magnetic field. This is exactly analogous to what ordinary charged cosmic rays do (with
the only difference that ordinary CRs are mainly produced in the disk). The field consists of
random inhomogeneities that act as scattering centers for charged particles, so that their journey
can effectively be described as a diffusion process from an extended source (the DM halo) to some
final given point (the location of the Earth, in the case of interest). While diffusing, charged CRs
experience several other processes, and in particular energy losses due to synchrotron radiation,
Inverse Compton Scattering (ICS) on the low energy photons of the CMB and starlight, Coulomb
losses, bremsstrahlung, nuclear spallations... . The transport process is solved numerically or semi-
analytically using codes such as GALPROP [22], DRAGON [23], USINE [24], PICARD [25].

The source, DM annihilations or decays, follows r(~x), the DM density distribution in the

4

LHC
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The direct detection race



December 2015, the LUX collaboration released the best limit on direct 
detection cross section : 6 x 10-46 cm2 for a WIMP mass of 40 GeV 

July 2016, PANDAX-II, after having 
eliminated the Krypton background early 
2016 (by distillation) reached 2.5 x 10-46 
cm2 for a WIMP mass of 40 GeV (March 
to June 2016 campaign, run 9). One order 

(!!) of magnitude better than in 2015.

6

erally conservative in o�cially reporting the first limits
in this article. WIMP NR modeling with a tuned NEST
could result in an even more stringent limit (see Fig. 16
in Supplemental Material [[14]]), and a more elaborated
treatment of FV cuts would also help.
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FIG. 5: The 90% C.L. upper limits for the
spin-independent isoscalar WIMP-nucleon cross sections
from the combination of PandaX-II Run 8 and Run 9
(red solid). Selected recent world results are plotted for
comparison: PandaX-II Run 8 results [5] (magenta),
XENON100 225 day results [22] (black), and LUX 2015
results [4](blue). The 1 and 2-� sensitivity bands are
shown in green and yellow, respectively.

In conclusion, we report the combined WIMP search
results using data from Run 8 and Run 9 of the PandaX-
II experiment with an exposure of 3.3⇥104 kg-day. No
dark matter candidates were identified above background
and 90% upper limits were set on the spin-independent

elastic WIMP-nucleon cross sections with a lowest ex-
cluded value of 2.5⇥10�46 cm2 at a WIMP mass of
40 GeV/c2, the world best reported limit so far. The
result is complementary to the searches performed at
the LHC, which have produced various WIMP-nucleon
cross section limit in the range from 10�40 to 10�50 (c.f.
Refs. [23] and [24]), dependent on the dark matter pro-
duction models. The PandaX-II experiment continues to
take physics data to explore the previously unattainable
WIMP parameter space.
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August 2016, LUX released a new 
analysis, giving slightly better limit 

than PANDAX-II:



…
August 2016, the XENON collaboration claimed (by a tweet..) that the 
latest 332 days LUX limit will be reached by XENON 1T by the end of 

the year, in less than 20 days!!   

XENON1T Sensitivity Projection

M. Lindner MPIK IPA, LAL Orsay. Sep. 5-9, 2016 43

and then 
XENONnT
à 20ty
à x10

is built while 
XENON1T is
running; 
reuses most 
parts è faster



…
September 2016, LZ (LUX + ZEPLIN) collaboration confirmed that they obtained 
the DoE approval, beginning the hunt in 2020. LZ consist of 10 tons detector. The 

entire supply of XENON is already under contract and will be supply under the help 
of the South Dakota sate. 
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About 25 days of data will be enough to catch up and then move on
Generic WIMP parameter space will be covered soon è ?
Systematically lowering the x-section (symmetry, tuning,…)? ßà WIMP miracle?

LZ à see talk by
V. Kudryavtsev



Darkside : maybe, but I won’t see it
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The indirect detection status



Latest result by FERMI in May: nothing
   Aldo Morselli,  INFN Roma Tor Vergata                                        DSU 2016                                       28 July 2016 	 17	

DM limit improvement estimate in 15 years with the composite  
likelihood approach (2008- 2023) 

15 Years, 45 dwarfs 

E. Charles et.al, Phy Rep. 636 2016, arXiv:1605.02016  



AMS : nothing

but	if	models	are	tuned	on	AMS	...	
•  3	possible	

models:	
always	some	
tension	with	
data	but	no	
evident	effect	

DSU	-	Bergen	2016	 Marco	Incagli	-	INFN	Pisa	 18	

11#S.#Lombardi#(INAF1OAR#&#ASDC),#Dark#Side#of#the#Universe#2016,#Bergen,#25129#July#2016#

Dark)Ma.er)searches)with)MAGIC)

JCAP 02 (2016) 039!

 #Combina@on#of#observa@ons#by#
o MAGIC:#Segue#1#(158#h)#
o Fermi1LAT:#15#dwarfs#(6#years,#Pass8)##

 #Coherent#limits#on#the#annihila@on#
cross1sec@on# for# dark#ma[er# par@cle#
masses#between#10#GeV#and#100#TeV#
(widest#range#so#far#explored)#

  # In# the# intermediate# mass# range#
(few#hundred#GeV#to#few#tens#TeV)##
improvement# of# the# combined# limits#
with#respect#to#the#individual#ones#by#
a#factor#~2#

 #Annihila@on# limits# for#DM#par@cle#
masses#below#O(1)#TeV#dominated#by#
Fermi1LAT,# above#O(1)# TeV#by#MAGIC#
(and#IACTs,#in#general)#

MAGIC#and#Fermi1LAT#combined#analysis#

MAGIC : nothing

[Charles+, Phys.Rept. 636 (2016)]
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Figure 28: Comparison of projected dSph stacking limits with current and future IACT limits from CTA for the bb̄ (left) and
⌧+⌧� (right) channels. The dashed black curve shows the expected limit from the analysis of the artificially expanded target
described in §4.5.2 for the 15-year data set. IACT limits are in red and taken from [281, 282]. The limits derived from the
Planck data [13] are in gray. Finally, favored contours for several Galactic-center analyses are included for comparison.

instruments such as PAMELA and AMS-02 with results from �-ray data is complicated as the constraints on
the DM annihilation are dominated by systematic modeling uncertainties. As an example, the measurement
of the ratio of anti-protons to protons, �(p̄)/�(p), could in principle be used to probe cross sections below
the thermal relic level. In practice, however, the constraints based on cosmic-ray data have large modeling
uncertainties and are quite model dependent (see Figs. 29 and 30).

Figure 29: Combined total uncertainty on the predicted secondary p̄/p ratio, superimposed on the PAMELA [283] and AMS-
02 [284, 285] data. This figure appeared as Fig. 2 of Ref. [286]; additional details about the uncertainty bands may be found
in that work; reproduced under the Creative Commons attribution license.

Similarly, the ratio of positron to electron fluxes has been measured by the LAT [28], AMS-02 [289, 290]
and PAMELA [291] and is potentially sensitive to DM interactions. The observed positron to electron flux
ratio rises steadily from ⇠ 5% at 1GeV to ⇠ 15% above 100 GeV, suggesting the injection of high-energy
positrons into the interstellar medium. Similarly to the situation with anti-protons, the interpretation of the
rising positron fraction and implied constraints on DM annihilation are dominated by systematic modeling
uncertainties, see, e.g., Refs [292–295] for discussion of the interpretation of the positron excess.

In summary, the LAT data, and in particular the analysis of the dSphs provide the best current constraints

37

Outlook - LAT & CTA

44

0.3% syst error

b-quark channel

HESS : 
nothing

CTA : ??
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Some positive news



Dragonfly 44, discovery of a milky-
way sized dark galaxy

2

Figure 1. Deep Gemini g and i images were combined to create a color image of Dragonfly 44 and its immediate surroundings. The galaxy has a remarkable
appearance: it is a low surface brightness, spheroidal object that is peppered with faint, compact sources.

structural stability to their high dark matter fractions (van
Dokkum et al. 2015a), and can settle the question whether
UDGs are truly distinct from other galaxies of the same lumi-
nosity. The first dynamical constraint on the mass of an UDG
was obtained by Beasley et al. (2016), from the velocities
of six globular clusters attributed to the faint (Mg = -13.3)
galaxy VCC 1287 in the Virgo cluster. The velocity disper-
sion of � = 33+16

-10 km s-1 suggests a halo mass of ⇠ 1011 M�,
although its large uncertainty leaves room for a range of inter-
pretations (see Amorisco & Loeb 2016).

In this Letter we build on these previous studies with a
measurement of the stellar dynamics of a UDG, based on
extremely deep spectroscopy with the Deep Imaging Multi-
Object Spectrograph (DEIMOS) on the Keck II telescope. We
also provide a measurement of the globular cluster system of
the galaxy, using ground-based imaging of exceptional qual-
ity obtained with the Gemini-North telescope. A distance of
101 Mpc is assumed.

2. STELLAR VELOCITY DISPERSION
2.1. Target Selection and Observations

Dragonfly 44 is the second-largest of the 47 UDGs that
were found in our survey of the Coma cluster with the
Dragonfly Telephoto Array. Morphologically it is simi-
lar to other UDGs. It is the only Coma UDG that has

been spectroscopically-confirmed as a cluster member (van
Dokkum et al. 2015b), and one of only four UDGs that have
a redshift from absorption lines.6

We obtained new imaging data for Dragonfly 44, using
the Gemini-North telescope. The galaxy was observed on
May 12, 2016 with the Gemini Multi-Object Spectrometer
(GMOS) for a total of 3000 s in the g-band and 3000 s in
the i-band. Conditions were excellent, and the delivered im-
age quality is superb: the seeing is 0.4500 in g and 0.4000 in
i. The data were reduced using standard techniques, making
use of the tasks in the IRAF Gemini package. A color im-
age of the galaxy and its immediate surroundings is shown in
Fig. 1. There are no detected tidal features or other irregulari-
ties; previously reported variations in ellipticity (van Dokkum
et al. 2015b) can be ascribed to compact sources (likely glob-
ular clusters, as discussed in Sect. 4) that were not recognized
and masked in the earlier, relatively poor-seeing, data.

In order to measure the galaxy’s kinematics we observed
it with the DEIMOS spectrograph on Keck II, using the
1200 lines mm-1 grating. The slit width was 1.000 and the
spectral resolution, as measured from sky emission lines, is
�instr = 32 km s-1 near the redshifted H↵ line. The observa-
tions were carried out on January 15-16, March 11-12, and

6 The others are two galaxies in Dalcanton et al. (1997) and the possible
field UDG DGSAT1 (Martínez-Delgado et al. 2016).

4

Figure 3. a) Relation between dynamical M/LI ratio and dynamical mass. Open symbols are dispersion-dominated objects from Zaritsky, Gonzalez, &
Zabludoff (2006) and Wolf et al. (2010). The UDGs VCC 1287 (Beasley et al. 2016) and Dragonfly 44 fall outside of the band defined by the other galaxies,
having a very high M/L ratio for their mass. b) Relation between the number of globular clusters Ngc and dynamical mass. Open symbols are from the Harris
et al. (2013) compilation. The UDGs are consistent with the relation defined by other galaxies in this luminosity-independent plane.
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Large circles indicate objects brighter than the 80 % com-
pleteness limit of mV = 27.2.
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-20 (solid blue curve in Fig. 4d).
The errors do not include systematic uncertainties. The Gem-
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population of Ngc ⇡ 75 (dashed blue curve in Fig. 4d). This

number is reduced further to Ngc ⇡ 63 if we also assume that
Rgc = Re rather than 1.5⇥Re.

The preferred value of Ngc = 94 is an order of magnitude
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-5 , where the error bars in-
dicate 68 % of the distribution in the Harris et al. (2013) com-
pilation. The specific frequency is SN = Ngc100.4(MV +15) = 35+9

-7,
similar to that of VCC 1287 and Dragonfly 17 (Beasley et al.
2016; Peng & Lim 2016; Beasley & Trujillo 2016). How-
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pected number of clusters for a galaxy with Mdyn(< r1/2) =
0.7 ⇥ 1010 M� is 36+60

-23, which is not significantly different
from the observed number. The difference would be even
smaller if we had corrected the Harris et al. (2013) data points
for the (large) contribution of baryons to the mass within r1/2.

5. DISCUSSION
We have shown that the UDG Dragonfly 44 not only has a

large size for its luminosity, it also has an anomalously large
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rapidly-rotating or puffed-up versions of other low luminos-
ity galaxies (e.g., Amorisco & Loeb 2016). Instead, the few
UDGs that have been studied in detail (Beasley et al. 2016;
Peng & Lim 2016, and this study) appear to be “failed” equiv-
alents of more massive galaxies: it is their low luminosity, and
the lack of a classical disk and bulge, that is anomalous.

As noted in § 1 it is not yet understood what physical pro-
cesses are responsible for halting or preventing star formation
in UDGs. As these processes, and galaxy formation in gen-
eral, are thought to be a strong function of halo mass (e.g.,
Croton et al. 2006; Dekel et al. 2009; Behroozi, Wechsler, &
Conroy 2013; Moster, Naab, & White 2013), it is important
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Figure 4. a) Enlargement of the color image shown in Fig. 1. b) Summed g and i image, after subtracting a 2D model for the galaxy. Black, large circles indicate
compact objects brighter than the completeness limit. Grey circles are fainter objects. The broken ellipse indicates the assumed half-number semi-major axis of
the globular clusters: Rgc = 1.5Re = 6.5 kpc. c) agnitude distribution of compact sources with R < Rgc. The red curve indicates the expected contribution from
background objects. d) agnitude distribution brighter than the completeness limit, after subtracting the expected background and multiplying by two to include
objects with R > Rgc. The blue curves are fits to the distribution for different assumptions for the turnover magnitude. For the expected turnover mcen = 27.5, the
total number of globular clusters is Ngc = 94+25
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to constrain the total amount of dark matter of Dragonfly 44.
Following Beasley et al. (2016), we estimate the halo mass
by comparing the enclosed mass within r1/2 to cumulative
mass profiles of theoretical models. Beasley et al. (2016)
assumed profiles from the EAGLE simulation (Crain et al.
2015), which include baryons. As UDGs are completely dom-
inated by dark matter we use Navarro, Frenk, & White (1997)
profiles instead, with a mass-dependent concentration c as pa-
rameterized by Macciò, Dutton, & van den Bosch (2008).

The results are shown in Fig. 5, for halos with Mhalo(<
r200) = 1010 - 1013 M�. The grey bands indicate the varia-
tion in the enclosed mass profiles for a halo-to-halo scatter
in concentration of �(logc) = 0.14, and illustrate the degen-
eracy between concentration and derived halo mass (see, e.g.,
Taylor et al. 2015). The observed enclosed mass of Dragon-
fly 44 suggests a halo mass of Mhalo(< r200) ⇡ 8⇥1011 M�, if
the halo has an average concentration and no truncation (see,
e.g., Gnedin 2003, for a discussion of these assumptions).

Therefore, whereas VCC 1287 (and also Dragonfly 17) can

be considered “failed” LMCs or M33s, the more massive
Dragonfly 44 can be viewed as a failed Milky Way. This dis-
tinction is potentially important: it is the accepted view that
the ratio of stellar mass to halo mass reaches a peak of ⇠ 0.03
for Mhalo ⇠ 1012 M�, which suggests that galaxy formation
is maximally efficient in halos of this mass (Behroozi et al.
2013; Moster et al. 2013). Dragonfly 44 has a stellar mass that
is a factor of ⇠ 100 lower than expected in this framework,
and in a standard halo abundance matching exercise it would
be assigned the wrong halo mass.7 More importantly, what-
ever physical processes are responsible for forming galaxies
such as Dragonfly 44, they can apparently operate in a regime
where galaxy formation was thought to be both maximally-
efficient and relatively well understood.

We emphasize, however, that the halo abundance matching
technique relies on total halo masses, and in our study the

7 We note that this is based on the stellar mass – halo mass relation for field
galaxies at z = 0; as discussed in, e.g., Grossauer et al. (2015), the discrepancy
may be smaller for cluster galaxies and if the galaxies formed at high redshift.
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-6 km s-1,
which implies a dynamical mass of Mdyn(< r1/2) = 0.7+0.3

-0.2 ⇥ 1010 M� within its deprojected half-light radius
of r1/2 = 4.6± 0.2 kpc. The mass-to-light ratio is M/LI(< r1/2) = 48+21

-14 M�/L�, and the dark matter fraction
is 98% within r1/2. The high mass of Dragonfly 44 is accompanied by a large globular cluster population.
From deep Gemini imaging taken in 0.004 seeing we infer that Dragonfly 44 has 94+25

-20 globular clusters, similar
to the counts for other galaxies in this mass range. Our results add to other recent evidence that many UDGs
are “failed” galaxies, with the sizes, dark matter content, and globular cluster systems of much more luminous
objects. We estimate the total dark halo mass of Dragonfly 44 by comparing the amount of dark matter within
r = 4.6 kpc to enclosed mass profiles of NFW halos. The enclosed mass suggests a total mass of ⇠ 1012 M�,
similar to the mass of the Milky Way. The existence of nearly-dark objects with this mass is unexpected, as
galaxy formation is thought to be maximally-efficient in this regime.
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1. INTRODUCTION
Deep imaging of the Coma cluster with the Dragonfly Tele-

photo Array (Abraham & van Dokkum 2014) uncovered a
substantial population of intrinsically-large, very low sur-
face brightness galaxies (van Dokkum et al. 2015a). These
Ultra Diffuse Galaxies (UDGs) have central surface bright-
nesses µ(g,0) > 24 mag arcsec-2 and projected half-light radii
Re > 1.5 kpc. UDGs are fairly red, relatively round, and
featureless; visually, and in their central surface brightness,
they resemble dwarf spheroidal galaxies such as Sculptor and
Draco, except that their half-light radii are more than an order
of magnitude larger. Individual examples of such galaxies had
been known for many years (Impey, Bothun, & Malin 1988;
Dalcanton et al. 1997), but their ubiquity, at least in dense
environments (van Dokkum et al. 2015a; Koda et al. 2015;
van der Burg, Muzzin, & Hoekstra 2016; Roman & Trujillo
2016), had not been recognized.

It is not clear how UDGs are related to other classes of
galaxies. One possibility is that they are the result of process-
ing by the cluster environment, and either started out as small,
low mass galaxies or as very extended, low surface bright-
ness disks (see, e.g., Moore et al. 1996; Hayashi et al. 2003;
Gnedin 2003; Collins et al. 2013; Yozin & Bekki 2015). It
has been suggested that tides were responsible for creating
some of the largest and faintest galaxies in the Local Group
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(Collins et al. 2013), and these processes are expected to be
particularly effective in clusters (Moore et al. 1996; Yozin &
Bekki 2015). Another idea is that UDGs represent the most
rapidly-rotating tail of the distribution of dwarf galaxies, as
the size and surface brightness of a galaxy are thought to be
related to its spin (Amorisco & Loeb 2016). The axis ratio
distribution of UDGs is inconsistent with disks under random
viewing angles (van Dokkum et al. 2015a), but Amorisco &
Loeb (2016) suggested that this could be the result of process-
ing by the cluster environment (see also Gnedin 2003).

It may also be that UDGs, or a subset of them, are not
closely related to other low luminosity galaxies but have more
in common with galaxies that are typically much brighter.
That is, it may be that UDGs are “failed” galaxies that were
prevented from building a normal stellar population, because
of extreme feedback from supernovae and young stars (Agertz
& Kravtsov 2015; Calura et al. 2015), gas stripping (Fujita
2004; Yozin & Bekki 2015), AGN feedback (Reines et al.
2013), or other effects. Several recent studies have provided
evidence for this interpretation, as UDGs appear to have glob-
ular cluster populations that are unusually rich for such faint
galaxies (Beasley et al. 2016; Peng & Lim 2016; Beasley
& Trujillo 2016). In particular, the galaxy Dragonfly 17 in
the Coma cluster has ⇠ 30 globular clusters despite its abso-
lute magnitude of only MV = -15.1, and could be interpreted
as a “failed” LMC or M33 (Peng & Lim 2016; Beasley &
Trujillo 2016). These extensive globular cluster populations
suggest massive dark matter halos (Harris, Harris, & Alessi
2013; Beasley et al. 2016; Peng & Lim 2016), and are all the
more remarkable when stripping by the cluster tidal field is
taken into account (e.g., Smith et al. 2013).

Suggestive as the globular clusters are, it is difficult to inter-
pret UDGs without measuring their masses. Reliable masses
are needed to verify the assertion that the galaxies owe their
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Highly charged ions in and between galaxies 
è completely ionized sulfur (S16+)

(S16+) coming close to H
è charge exchange reaction è excited (S15+)
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ABSTRACT

The reported observations of an unidentified X-ray line feature at ⇠3.5 keV have driven a lively
discussion about its possible dark matter origin. Motivated by this, we have measured the K -shell
X-ray spectra of highly ionized bare sulfur ions following charge exchange with gaseous molecules in
an electron beam ion trap, as a source of or a contributor to this X-ray line. We produce S16+ and
S15+ ions and let them capture electrons in collision with those molecules with the electron beam
turned o↵ while recording X-ray spectra. We observed a charge-exchanged-induced X-ray feature at
the Lyman series limit (3.47 ± 0.06 keV). The inferred X-ray energy is in full agreement with the
reported astrophysical observations and supports the novel scenario proposed by Gu and Kaastra (A
& A 584, L11 (2015)).

Keywords: Atomic processes – Line: identification – X-rays: galaxies: clusters

1. INTRODUCTION

Recently reported observations of a weak X-ray emis-
sion line-like feature at an energy of approximately ⇠3.5
keV from the Perseus galaxy cluster, the M31 galaxy (Bo-
yarsky et al. 2014) and in stacked spectra of 73 galaxy
clusters (Bulbul et al. 2014) with the X-ray cameras of
the XMM-Newton telescope have attracted enormous at-
tention. The reason for this is the lack of an immediate
identification of the feature in standard wavelength ta-
bles. Although the existence of a very large number of
unidentified transitions in all spectral ranges is a well-
known fact, it has been widely assumed that our knowl-
edge of the X-ray emission spectra from atomic sources
was su�ciently well modeled to pinpoint this transition
as an exceptional phenomenon. In particular, specula-
tions about a possible dark matter origin of this observed
X-ray line feature from galaxy clusters have sparked an
incredible interest in the scientific community and given
rise to a tide of publications attempting to explain the
possible reason for the observed unidentified line feature
(ULF). Among other possibilities, the origin of this line
has been hypothesized as the result of decaying, long-
sought dark matter particle candidates – sterile neutri-
nos, presumably based on the fact that this X-ray line is
not available in the present atomic databases for thermal
plasmas (Bulbul et al. 2014; Foster et al. 2012).
Similar signals were later detected from the Galactic

Center (Boyarsky et al. 2015) and from the Perseus clus-
ter core with the help of the Suzaku (Urban et al. 2015)
telescope. While these studies were able to establish up-
per flux limits for the ULF, they could not provide con-
clusive evidence for it due to statistical and model un-
certainties. A very recent study on the dwarf spheroidal
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Station, TX 77843, USA

galaxy Draco from observations with XMM-Newton rules
out a possible dark matter decay origin of the ULF (Jel-
tema & Profumo 2016) based on an incompatibility with
the expected dark matter distribution of that system. A
comprehensive search of ULF in stacked galaxy spectra
by Anderson et al. (2015) concluded similar with no sig-
nificant evidence of any emission line at 3.5 keV.
Given the importance of the matter, a very careful

spectral analysis should be carried out in order to first
exclude all possible known causes for X-ray emissions
in this spectral range. Unfortunately, the standard spec-
tral databases used for comparison and the models based
upon them have in part to rely on atomic structure
calculations, since the body of laboratory data on X-
ray emission lines is by far not complete (Beiersdorfer
2003). In this work, we show experimental data which
strongly support the cautious explanation of the ULF
recently given by Gu et al. (2015): this intriguing X-ray
line feature arises from charge exchange between fully
stripped sulfur ions and atomic hydrogen, populating
states in high principal quantum numbers of the subse-
quently formed hydrogenlike sulfur ions. In this model,
it is compelling that X-rays should be emitted at ⇠3.5
keV by a set of S15+ transition from n � 9 to the ground
state, where n is the principal quantum number. This
scenario has to be considered since the highly ionized
plasma present in galaxy clusters certainly contains S16+

and S15+ ions (Mushotzky et al. 1981).

2. CHARGE EXCHANGE EXCITATION OF X-RAY
TRANSITIONS

Charge exchange (hereafter CX) occurs when a neutral
atom collides with a su�ciently charged ion, which be-
comes typically an excited product species. For a highly
charged ion (HCI) moving at thermal velocities, the elec-
tron transfer takes place at –atomically speaking– large
distances, since the potential well of the neutral donor
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Figure 6. Astrophysical observations reported in top right panel
of Fig. 5 in Bulbul et al. (2014), left panel of Fig. 2 in Urban et al.
(2015), and right panel of Fig. 1 in Boyarsky et al. (2014) are shown.
The red solid curves represent the Gaussian line with the energies
fixed to the reported values. Synthetic spectra (S16+ + H) using
low-energy weighting (dashed line) and with s-dominant capture
(dotted line) functions are compared the observations.

4.4. Comparison with the astrophysical observations

Following our experimental finding of a set of tran-
sitions from highly excited states in bare sulfur ions in
agreement with model predictions of Gu and earlier work
on these Betancourt-Martinez et al. (2014) and other
HCI, we compare our modeled data considering atomic
H as a CX donor with some of the recent astrophysical
observations.
Due to the weak signal and other sources of uncer-

tainty in the modeling of the astrophysical X-ray spec-
trum, there are uncertainties for the photon energy of
ULF. Its centroid energy has been variously reported:
3.46 – 3.53 keV in the observation of the Andromeda
nebula and the Perseus galaxy cluster (Boyarsky et al.
2014), 3.51 – 3.57 keV in the stacked spectra of 73 galaxy
clusters (Bulbul et al. 2014), 3.54 keV in the Galactic
center (Boyarsky et al. 2015) and 3.51 – 3.59 keV in
the Perseus cluster (Urban et al. 2015). We took the
spectral fitting residuals reported from the observations
for comparison with our CX model, see Fig. 6. These
spectral residuals are produced by fitting the observed
data with thermal plasma models. We note that the ex-
pected n = 3 ! 1 transition in S15+ at 3.1 keV does
not show up in the data sets taken from the papers by
Bulbul, Urban and Boyarski (Bulbul et al. 2014; Urban
et al. 2015; Boyarsky et al. 2014) that are displayed in
Fig. 6. This would contradict with our CX model, which
predicts that line. An explanation for this was already
given in Gu et al. (2015): Basically, it rests on the fact
that it would be extremely di�cult to detect any excess
of CX at any photon energy for which strong transitions
are expected. At the position of the S15+ n = 3 ! 1 line

there is a blend with the strong K↵ transition of helium-
like Ar16+. The spectral models used by Bulbul, Urban
and Boyarski are adjusted to yield a zero photon excess
at 3.12 keV (Ar xvii n = 2 ! 1 ’triplet’ lines). Moreover,
the models used include (Bulbul et al. 2014; Urban et al.
2015; Boyarsky et al. 2014) further strong Ar, S, and Ca
lines in the 3–4 keV range that were independently fit-
ted. These free fits explain why the sulfur transition n=3
to 1 is seemingly absent from the x-ray photon excess
data. Furthermore, if those models slightly overestimate
the contribution from hydrogenlike Ar17+ Lyman-↵ (Ar
xviii at 3.31 keV), one would expect that the subtracted
photon excess signal would experience a shift of its cen-
troid, resulting in an ULF at an apparent energy higher
than its actual value. Therefore, we conclude that even
comparatively small uncertainties of the spectral models
used by Bulbul, Urban and Boyarski can certainly ex-
plain the minor shift to higher energies of the ULF in
comparison with our CX modeled spectrum.

5. CONCLUSION

We have presented experimental charge exchange spec-
tra of S16+ and S15+ interacting with a CS2 gas target in
an electron beam ion trap, and found excellent agreement
with analogous work by the LLNL group (Betancourt-
Martinez et al. 2014). The inferred energy of a charge-
exchange-induced spectral feature 3.47 ± 0.06 keV is in
full accord with both the astrophysical observations and
with our own FAC calculations, and confirms the predic-
tion of Gu and Kaastra. The transitions observed ap-
pear at photon energies which are statistically consistent
with the astrophysical observations at the level of mutual
uncertainties. We conclude that inclusion of CX in the
modeling of the astrophysically observed spectra with the
inclusion of uncertainties given by the lack of experimen-
tal data on charge exchange of HCI with atomic hydrogen
might well explain a large fraction, and perhaps even all
of the photon signal observed from galaxies and clusters
at ⇠3.5 keV. Furthermore, we cannot see a reason why
this well-known process should not be active in the cases
that have been purported, since both the cosmic abun-
dances of sulfur and hydrogen compellingly point to its
ubiquity in the neighborhood of galactic winds. Indeed,
other explanations are possible, including some K xvii

lines and low-energy satellites of KLM dielectronic re-
combination line in Ar xvii. However, charge exchange is
a proven mechanism and its exclusion would require some
additional explanation which has not been yet put for-
ward. The absence of CX-induced X-ray transitions from
high-n Rydberg states in models and databases should,
therefore, be corrected, since the inclusion of this pro-
cess certainly would improve the accuracy of the spectral
models.
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We report a correlation between the radial acceleration traced by rotation curves and that pre-
dicted by the observed distribution of baryons. The same relation is followed by 2693 points in 153
galaxies with very di↵erent morphologies, masses, sizes, and gas fractions. The correlation persists
even when dark matter dominates. Consequently, the dark matter contribution is fully specified
by that of the baryons. The observed scatter is small and largely dominated by observational
uncertainties. This radial acceleration relation is tantamount to a natural law for rotating galaxies.

INTRODUCTION

The missing mass problem in extragalactic systems is
well established. The observed gravitational potential
cannot be explained by the stars and gas. A classic ex-
ample is that the rotation curves of disk galaxies become
approximately flat (V ⇡ constant) when they should be
falling in a Keplerian (V / R�1/2) fashion [1, 2].

The flatness of rotation curves is only the beginning
of the story of the mass discrepancy in galaxies. For
example, the baryonic mass of a galaxy (the sum of its
stars and gas: M

bar

= M? + Mg) correlates with the
amplitude of the flat rotation velocity Vf . This bary-
onic Tully-Fisher relation [3–5] is a simple scaling rela-
tion (M

bar

/ V 4

f ) with no apparent dependence on other
properties like galaxy size [6, 7] or surface brightness
[8, 9]. It has remarkably little intrinsic scatter [10–12].
This implies a strong connection between the baryons
and the physics that sets Vf .

There are further indications on a connection between
baryons and dynamics. Features like spiral arms have
corresponding bumps in rotation curve [13]. The ratio
of dark to baryonic mass is known to depend on accel-
eration [14, 15]. Here we demonstrate the existence of a
quantitative relation between the acceleration due to the
baryons and that due to the total mass. A key advance
is that near-infrared photometry provides a direct link
between starlight and stellar mass: the relation follows
from the data with no adjustable parameters.

DATA

Galaxies come in a wide range of morphologies, masses,
sizes, and densities. Generically they are either pressure
supported (ellipticals) or rotationally supported (spirals
and irregulars). Here we consider rotationally supported
systems where the rotation curve provides a direct tracer

of the centripetal acceleration:

g
obs

=
V 2(R)

R
=

����
@�

tot

@R

���� , (1)

where �
tot

is the gravitational potential and V (R) is the
full, resolved rotation curve. We do not consider pressure
supported elliptical galaxies for which the derivation of
the potential is more complex, but there are indications
that they may obey a similar phenomenology [16–18].

Galaxy Sample

We employ the new Spitzer Photometry and Accurate
Rotation Curves (SPARC) database [19]. SPARC is a
sample of 175 disk galaxies representing all rotationally
supported morphological types. It includes near-infrared
(3.6µm) observations that trace the distribution of stellar
mass and 21 cm observations that trace the atomic gas.
The 21 cm data also provide velocity fields from which
the rotation curves are derived. In some cases these are
supplemented by high spatial resolution observations of
ionized interstellar gas. SPARC is the largest galaxy sam-
ple to date with spatially resolved data on the distribu-
tion of both stars and gas as well as rotation curves for
every galaxy. See [19] for a complete description of the
sample and associated data.
For the purposes of this study, we apply a few mod-

est quality criteria. Ten face-on galaxies with i < 30� are
rejected to minimize sin(i) corrections to the observed ve-
locities. Twelve galaxies with asymmetric rotation curves
that manifestly do not trace the equilibrium gravitational
potential are rejected. This leaves a sample of 153 galax-
ies. Of the many resolved points along the rotation curves
of these galaxies, we require a minimum precision of 10%
in velocity. This retains 2693 data points out of 3149.
Dropping this last requirement has no a↵ect on the re-
sult; it merely increases the scatter as expected for less
accurate data.
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The analysis of rotation  curves of 153 (!) galaxies shows a strong correlation between the 
baryonic acceleration and the dark component 4

FIG. 3. The centripetal acceleration observed in rotation
curves, g

obs

= V 2/R, is plotted against that predicted for
the observed distribution of baryons, g

bar

= |@�
bar

/@R| in
the upper panel. Nearly 2700 individual data points for 153
SPARC galaxies are shown in grayscale. The mean uncer-
tainty on individual points is illustrated in the lower left cor-
ner. Large squares show the mean of binned data. Dashed
lines show the width of the ridge as measured by the rms in
each bin. The dotted line is the line of unity. The solid line
is the fit of eq. 4 to the unbinned data using an orthogonal-
distance-regression algorithm that considers errors on both
variables. The inset shows the histogram of all residuals and
a Gaussian of width � = 0.11 dex. The residuals are shown
as a function of g

obs

in the lower panel. The error bars on the
binned data are smaller than the size of the points. The solid
lines show the scatter expected from observational uncertain-
ties and galaxy to galaxy variation in the stellar mass-to-light
ratio. This extrinsic scatter closely follows the observed rms
scatter (dashed lines): the data are consistent with negligible
intrinsic scatter.

Nevertheless, the radial acceleration relation persists
for all galaxies of all types. Some galaxies only probe the
high acceleration regime while others only probe the low
end (Fig. 2). The outer regions of high surface brightness
galaxies map smoothly to the inner regions of low surface
brightness galaxies. These very di↵erent objects evince
the same mass discrepancy at the same acceleration. In-
dividual galaxies are indistinguishable in Fig. 3.

TABLE I. Scatter Budget for Acceleration Residuals

Source Residual

Rotation velocity errors 0.03 dex

Disk inclination errors 0.05 dex

Galaxy distance errors 0.08 dex

Variation in mass-to-light ratios 0.06 dex

HI flux calibration errors 0.01 dex

Total 0.12 dex

Figure 3 combines and generalizes four well-established
properties of rotating galaxies: flat rotation curves in the
outer parts of spiral galaxies [1, 2]; the “conspiracy” that
spiral rotation curves show no indication of the tran-
sition from the baryon-dominated inner regions to the
outer parts that are dark matter-dominated in the stan-
dard model [35]; the Tully-Fisher [3] relation between the
outer velocity and the inner stellar mass, later general-
ized to the stellar plus atomic hydrogen mass [4]; and the
relation between the central surface brightness of galaxies
and their inner rotation curve gradient [37–39].
It is convenient to fit a function that describes the data.

The function [40]

g
obs

= F(g
bar

) =
g
bar

1� e�
p

gbar/g†
(4)

provides a good fit. The one fit parameter is the acceler-
ation scale, g†, where the mass discrepancy becomes pro-
nounced. For our adopted ⌥?, we find g† = 1.20 ± 0.02
(random) ±0.24 (systematic) ⇥10�10 ms�2. The ran-
dom error is a 1� value, while the systematic uncertainty
represents the 20% normalization uncertainty in ⌥?.
Equation 4 provides a good description of ⇠2700 in-

dividual data points in 153 di↵erent galaxies. This is a
rather minimalistic parameterization. In addition to the
scale g†, eq. 4 implicitly contains a linear slope at high
accelerations and g

obs

/ p
g
bar

at low accelerations. The
high end slope is sensible: dark matter becomes negligi-
ble at some point. The low end slope of the data could
in principle di↵er from that implicitly assumed by eq. 4,
but if so there is no indication in these data.
Residuals from the fit are well described by a Gaussian

of width 0.11 dex (Fig. 3). The rms scatter is 0.13 dex
owing to the inevitable outliers. These are tiny num-
bers by the standards of extragalactic astronomy. The
intrinsic scatter in the relation must be smaller still once
scatter due to errors are accounted for.
There are two types of extrinsic scatter in the radial

acceleration relation: measurement uncertainties and
galaxy to galaxy variation in ⌥?. Measurement uncer-
tainties in g

obs

follow from the error in the rotation veloc-
ities, disk inclinations, and galaxy distances. The mean
contribution of each is given in Table I. Intrinsic scatter
about the mean mass-to-light ratio is anticipated to be
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the same mass discrepancy at the same acceleration. In-
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TABLE I. Scatter Budget for Acceleration Residuals

Source Residual
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Disk inclination errors 0.05 dex

Galaxy distance errors 0.08 dex

Variation in mass-to-light ratios 0.06 dex

HI flux calibration errors 0.01 dex

Total 0.12 dex

Figure 3 combines and generalizes four well-established
properties of rotating galaxies: flat rotation curves in the
outer parts of spiral galaxies [1, 2]; the “conspiracy” that
spiral rotation curves show no indication of the tran-
sition from the baryon-dominated inner regions to the
outer parts that are dark matter-dominated in the stan-
dard model [35]; the Tully-Fisher [3] relation between the
outer velocity and the inner stellar mass, later general-
ized to the stellar plus atomic hydrogen mass [4]; and the
relation between the central surface brightness of galaxies
and their inner rotation curve gradient [37–39].
It is convenient to fit a function that describes the data.

The function [40]

g
obs

= F(g
bar

) =
g
bar

1� e�
p

gbar/g†
(4)

provides a good fit. The one fit parameter is the acceler-
ation scale, g†, where the mass discrepancy becomes pro-
nounced. For our adopted ⌥?, we find g† = 1.20 ± 0.02
(random) ±0.24 (systematic) ⇥10�10 ms�2. The ran-
dom error is a 1� value, while the systematic uncertainty
represents the 20% normalization uncertainty in ⌥?.
Equation 4 provides a good description of ⇠2700 in-

dividual data points in 153 di↵erent galaxies. This is a
rather minimalistic parameterization. In addition to the
scale g†, eq. 4 implicitly contains a linear slope at high
accelerations and g

obs

/ p
g
bar

at low accelerations. The
high end slope is sensible: dark matter becomes negligi-
ble at some point. The low end slope of the data could
in principle di↵er from that implicitly assumed by eq. 4,
but if so there is no indication in these data.
Residuals from the fit are well described by a Gaussian

of width 0.11 dex (Fig. 3). The rms scatter is 0.13 dex
owing to the inevitable outliers. These are tiny num-
bers by the standards of extragalactic astronomy. The
intrinsic scatter in the relation must be smaller still once
scatter due to errors are accounted for.
There are two types of extrinsic scatter in the radial

acceleration relation: measurement uncertainties and
galaxy to galaxy variation in ⌥?. Measurement uncer-
tainties in g

obs

follow from the error in the rotation veloc-
ities, disk inclinations, and galaxy distances. The mean
contribution of each is given in Table I. Intrinsic scatter
about the mean mass-to-light ratio is anticipated to be
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0.11 dex at 3.6µm [24]. This propagates to a net residual
of 0.06 dex in g

bar

after accounting for the variable slope
of the relation. The total expected scatter is 0.12 dex
(Table I), leaving little room for intrinsic scatter.

Astronomical data often su↵er from unrecognized sys-
tematics. In the case of rotation curves, this is frequently
argued [41–43] to be the cause of the apparent discrep-
ancy [44] with the predictions of numerical simulations
[45]. This cannot be the case here. If we had neglected
some important source of uncertainty, we would erro-
neously infer a large intrinsic scatter, not a small one.
For the intrinsic scatter to be non-negligible, the errors
must be overestimated rather than underestimated. If
there were no observational uncertainty at all, the intrin-
sic scatter would still be limited by the small observed
rms of 0.13 dex.

Regardless of whether the intrinsic scatter is zero or
merely very small, the radial acceleration relation is an
important empirical facet of the mass discrepancy prob-
lem. When g

bar

is observed, g
obs

follows, and vice-versa.
This must be explained by any successful theory.

DISCUSSION

We find a strong relation between the observed radial
acceleration g

obs

and that due to the baryons, g
bar

. This
radial acceleration relation is completely empirical. It
follows from a minimum of assumptions. The only in-
puts are the data, the Poisson equation, and the simplest
possible conversion of starlight to stellar mass.

We have not considered any particular halo model for
the dark matter. Indeed, such models are unnecessary.
The distribution of dark matter follows directly from
the relation, and can be written entirely in terms of the
baryons:

g
DM

= g
obs

� g
bar

=
g
bar

e
p

gbar/g† � 1
. (5)

The dark and baryonic mass are strongly coupled [13, 14].
Possible interpretations for the radial acceleration re-

lation fall into three broad categories.

1. It represents the end product of galaxy formation.

2. It represents new dark sector physics that leads to
the observed coupling.

3. It is the result of new dynamical laws rather than
dark matter.

None of these options are entirely satisfactory.
In the standard cosmological paradigm, galaxies form

within dark matter halos. Simulations of this process do
not naturally lead to realistic galaxies [44, 46]. Com-
plicated accessory e↵ects (“feedback”) must be invoked
to remodel simulated galaxies into something more akin

to observations. Whether such processes can satisfacto-
rily explain the radial acceleration relation and its small
scatter remains to be demonstrated [47, 48].
Another possibility is new “dark sector” physics. The

dark matter needs to respond to the distribution of
baryons (or vice-versa) in order to give the observed re-
lation. This is not trivial to achieve, but the observed
phenomenology might emerge if dark matter behaves as
a fluid [49, 50] or is subject to gravitational polarization
[51].
Thirdly, the one-to-one correspondence between g

bar

and g
obs

suggests that the baryons are the source of the
gravitational potential. In this case, one might alter the
laws of dynamics rather than invoke dark matter. Indeed,
our results were anticipated over three decades ago by
MOND [52]. Whether this is a situation in which it would
be necessary to invent MOND if it did not already exist
is worthy of contemplation.
In MOND, eq. 4 is related to the MOND interpolation

function. However, we should be careful not to confuse
data with theory. Equation 4 provides a convenient de-
scription of the data irrespective of MOND.
Regardless of its theoretical basis, the radial accel-

eration relation exists as an empirical relation. The
acceleration scale g† is in the data. The observed
coupling between g

obs

and g
bar

demands a satisfactory
explanation. The radial acceleration relation appears to
be a law of nature, a sort of Kepler’s law for rotating
galaxies.
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FIG. 1. The distribution of SPARC galaxies in luminosity and
e↵ective surface brightness. Points are coded by gas fraction
(side bar). SPARC samples all known properties of rotation-
ally supported galaxies, from low to high mass, low to high
surface brightness, and negligible to dominant gas content.

SPARC extends over an exceptional range of physical
properties (Fig. 1). It includes galaxies with rotation
velocities 20 < Vf < 300 km s�1, luminosities 107 <
L
[3.6] < 5 ⇥ 1011 L�, gas masses 107 < M

gas

< 5 ⇥
1010 M�, gas fractions 0.01 < F

gas

< 0.97, half-light radii
0.3 < R

1/2 < 5 kpc, and e↵ective surface brightnesses
5 < ⌃? < 3 ⇥ 103 L� pc�2. This range extends from
some of largest individual galaxies known to many of the
smallest. SPARC samples well the range of properties
of disk galaxies found in complete samples [20–22]. Low
mass and low surface brightness galaxies are particularly
well represented in SPARC, in contrast to flux selected
samples that are typically restricted to M? > 109 M�
and Vf > 100 km s�1.

All galaxies have been observed [23] at 3.6 µm with the
Spitzer Space Telescope. This provides the most accurate
available tracer of the stellar mass [24–26]. Critically,
there is little variation in the conversion from starlight
to stellar mass [11, 27]: what you see in the near-infrared
is what you get for the gravitational potential of the stars.
We have uniformly analyzed all of the photometric data
using the procedures described in [23].

Galaxies were selected for the availability of resolved
21 cm data. These interferrometric data are expensive
in both telescope time and labor, and are the limiting
factor on sample size. These rotation curves represent the
fruits of decades of work by an entire community of radio
astronomers (see references in [19]). SPARC provides the
broadest view of disk galaxies currently available.

The Gravitational Potentials of Baryons

Baryonic mass models are constructed from the ob-
served distribution of stars and gas. Azimuthally aver-
aged surface brightness profiles are converted to surface
density assuming a constant mass-to-light ratio for the
stars. The same prescription is used in all galaxies (see
below). The conversion for gas is known from the physics
of the spin-flip transition of atomic hydrogen [28]. The
atomic gas profiles are scaled up by a factor of 1.33 to
account for the cosmic abundance of helium [29]. We
make the customary assumption that galactic disks have
a small but finite thickness to obtain the 3D density ⇢

bar

[19]. While it is important to account for the cylindrical
rather than spherical geometry of disks [30, 31], the re-
sults are not sensitive to the detailed implementation of
disk thickness.
We solve the Poisson equation

r2�
bar

= 4⇡G⇢
bar

(2)

numerically [30–32] to determine the gravitational po-
tential �

bar

of each baryonic component (Fig. 2). The
acceleration due to the sum of baryonic components is

g
bar

=

����
@�

bar

@R

���� . (3)

Note that this refers only to the observed baryons. It is
measured independently of the actual acceleration g

obs

obtained from the rotation curve.
While the majority of stars and gas resides in thin

disks, some galaxies have a central, quasi-spherical bulge
component. These bulges represent an important com-
ponent of the stellar mass in only 31 of the 153 SPARC
galaxies. For these galaxies, we treat the bulges as spher-
ical mass components distinct from the stellar disks. This
detail only a↵ects the the estimate of g

bar

at the inner-
most points of a few galaxies with large bulges.

Stellar Mass-to-Light Ratios

We observe starlight while physics requires stellar
mass. The mass-to-light ratio ⌥? is thus an unavoidable
conversion factor. The most robust indicator of stellar
mass is the near-infrared luminosity [33].
We have constructed stellar population synthesis mod-

els of star forming disk galaxies [25] to estimate the mass-
to-light ratio in the 3.6µm band of Spitzer. The numeri-

cal value of ⌥[3.6]
? depends only weakly on age and metal-

licity for a broad range of models with di↵erent star for-

mation histories. Here we adopt ⌥[3.6]
? = 0.50 M�/L�

[25] as representative of all disks of all morphological
types. Independent estimates range from 0.42 M�/L�
[26] to 0.60 M�/L� [24]. By astronomical standards,
this is a small systematic uncertainty, which we explore
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Spitzer Space Telescope. This provides the most accurate
available tracer of the stellar mass [24–26]. Critically,
there is little variation in the conversion from starlight
to stellar mass [11, 27]: what you see in the near-infrared
is what you get for the gravitational potential of the stars.
We have uniformly analyzed all of the photometric data
using the procedures described in [23].

Galaxies were selected for the availability of resolved
21 cm data. These interferrometric data are expensive
in both telescope time and labor, and are the limiting
factor on sample size. These rotation curves represent the
fruits of decades of work by an entire community of radio
astronomers (see references in [19]). SPARC provides the
broadest view of disk galaxies currently available.

The Gravitational Potentials of Baryons

Baryonic mass models are constructed from the ob-
served distribution of stars and gas. Azimuthally aver-
aged surface brightness profiles are converted to surface
density assuming a constant mass-to-light ratio for the
stars. The same prescription is used in all galaxies (see
below). The conversion for gas is known from the physics
of the spin-flip transition of atomic hydrogen [28]. The
atomic gas profiles are scaled up by a factor of 1.33 to
account for the cosmic abundance of helium [29]. We
make the customary assumption that galactic disks have
a small but finite thickness to obtain the 3D density ⇢

bar

[19]. While it is important to account for the cylindrical
rather than spherical geometry of disks [30, 31], the re-
sults are not sensitive to the detailed implementation of
disk thickness.
We solve the Poisson equation

r2�
bar

= 4⇡G⇢
bar

(2)

numerically [30–32] to determine the gravitational po-
tential �

bar

of each baryonic component (Fig. 2). The
acceleration due to the sum of baryonic components is

g
bar

=

����
@�

bar

@R

���� . (3)

Note that this refers only to the observed baryons. It is
measured independently of the actual acceleration g

obs

obtained from the rotation curve.
While the majority of stars and gas resides in thin

disks, some galaxies have a central, quasi-spherical bulge
component. These bulges represent an important com-
ponent of the stellar mass in only 31 of the 153 SPARC
galaxies. For these galaxies, we treat the bulges as spher-
ical mass components distinct from the stellar disks. This
detail only a↵ects the the estimate of g

bar

at the inner-
most points of a few galaxies with large bulges.

Stellar Mass-to-Light Ratios

We observe starlight while physics requires stellar
mass. The mass-to-light ratio ⌥? is thus an unavoidable
conversion factor. The most robust indicator of stellar
mass is the near-infrared luminosity [33].
We have constructed stellar population synthesis mod-

els of star forming disk galaxies [25] to estimate the mass-
to-light ratio in the 3.6µm band of Spitzer. The numeri-

cal value of ⌥[3.6]
? depends only weakly on age and metal-

licity for a broad range of models with di↵erent star for-

mation histories. Here we adopt ⌥[3.6]
? = 0.50 M�/L�

[25] as representative of all disks of all morphological
types. Independent estimates range from 0.42 M�/L�
[26] to 0.60 M�/L� [24]. By astronomical standards,
this is a small systematic uncertainty, which we explore



Self-interacting dark matter?

ESO 146-5 (ESO 146-IG 005) is the 
designation given to a group of 
interacting giant elliptical galaxies in 
the center of the Abell 3827 cluster. 
The group is well noted due to their 
strong gravitational lensing effect. 

This group of interacting galaxies 
was found 1.4 billion light years 
away in the center of Abell 3827. A 
huge halo of stars is surrounding 
their interacting nuclei. 

In 2015, Massey et al. [1504.03388] found an offset of 
1.67 kpc between the center of the halo and its stars. 
Interpreting as self interacting DM they obtained:

10 R. Massey et al.

Table 3. Parameters of the best-fit, fiducial mass model constructed by Lenstool. Positions are relative to the peak of light emission,
except for the cluster-scale halo, whose position is relative to the peak of emission from galaxy N.1. Quantities in square brackets are not
fitted. Errors on other quantities show 68% statistical confidence limits due to uncertainty in the lensed image positions, marginalising
over uncertainty in all other parameters.

�

v

[km/s] x [00] y [00] e ✓ [�] r

core

[00] hrmsii [00] �

2

/dof log
10

(E)

Fiducial model: 0.26 49.3/23 �26.4
N.1 190+8

�12

�0.61+0.14
�0.12 �0.46+0.20

�0.14 0.25+0.15
�0.04 101+22

�22

[!0]

N.2 219+18

�38

�0.13+0.28
�0.46 �0.48+0.30

�0.30 0.09+0.12
�0.09 174+22

�37

[!0]

N.3 254+17

�14

0.09+0.25
�0.25 �0.36+0.18

�0.29 0.25+0.04
�0.10 30+11

�13

[!0]

N.4 235+20

�34

�0.99+0.39
�0.34 �0.01+0.35

�0.27 0.19+0.12
�0.09 121+22

�54

[!0]

N.6 18+44

�1

[0] [0] [0] [0] [!0]

Cluster 620+101

�58

6.18+1.33
�1.04 2.30+1.86

�1.51 0.70+0.01
�0.24 61+3

�4

30.12+9.23
�6.43

scale halo. Contrary to the results from Grale, the mass
associated with galaxy N.3 is coincident with the position of
its light emission within measurement error; the mass within
1.005 of Grale’s o↵set peak is a lower 1.07 ⇥ 1011 M�. The
mass associated with N.4 is o↵set at only marginal statis-
tical significance but, intriguingly, the o↵set is in the same
direction as that measured by Grale.

5 INTERPRETATION

We have modelled the distribution of mass in the cluster us-
ing two independent approaches: free-form Grale and para-
metric Lenstool. The general agreement between methods
is remarkable, both in terms of total mass and many details.

The most striking result is that the mass associated with
galaxy N.1 is o↵set from its stars, 1.0001±0.39 east-southeast
with Grale or 0.0076+0.34

�0.37 southeast with Lenstool (lin-
early adding statistical and method-induced errors). That
the measurements are consistent with each other, and re-
silient to small changes in the strong lens identifications (see
appendix B), supports a robust conclusion that the o↵set is
real. To combine the analyses we note that, although they
start with mostly identical input data, uncertainty on their
final constraints is dominated by the highly-nonlinear recon-
struction procedures, which are independent. We therefore
average the best-fit values with equal weight and add their
errors in quadrature, to infer a combined constraint on the
o↵set between mass and light

� = 0.0089+0.26
�0.27 = 1.62+0.47

�0.49 kpc (68% CL). (1)

The strong lens configuration makes galaxy N.1 the best
measured of all the cluster members, but both Grale and
Lenstool provide marginal evidence for an o↵set in galaxy
N.4, andGrale suggests a similarly unexpected distribution
of mass near in N.3.

Interpreting an o↵set between mass and stars is di�cult.
It could feasibly be caused by di↵erent tidal forces or dynam-
ical friction on the di↵erent-sized dark matter/stellar haloes;
partially stripped gas (or unrelated foreground/background
structures) that contributes to the total mass (Eckert et al.
2014; Roediger et al. 2014); or a displacement of the light
emission due to recent star formation triggered in stripped
gas. However, to first order, tidal forces do not alter the
peak position. Archival Chandra data also show no sub-
structure near this cluster core. The e↵ectively zero star for-
mation we observe also suggests that broad band emission

should trace stars that existed before the merger. Instead,
Williams & Saha (2011) interpreted the o↵set in terms of
dark matter’s self-interaction cross-section �

DM

/m, using a
toy model of interactions equivalent to an optical depth (see
their equation (3)3 and see also Massey, Kitching & Nagai
2011; Kahlhoefer et al. 2014; Harvey et al. 2014). If stars in
the infalling galaxy are subject only to gravity, but its dark
matter also feels an e↵ective drag force, after infall time
t
infall

, dark matter lags behind by an o↵set

�(t
infall

) ⇠ GMc`MDM

⇡ s2
DM

r2
DM

�
DM

m
t2
infall

, (2)

where Mc` is the mass of the cluster interior to the in-
falling galaxy, which has dark matter mass M

DM

and cross-
sectional area ⇡s2

DM

, at clustercentric radius r
DM

. Adopt-
ing mean masses from our Grale and Lenstool analyses,
Mc` =3.54⇥1012, M

DM

=1.19⇥1011, parameter s
DM

=4.001
following Williams & Saha (2011), and r

DM

= r=8.003, then
propagating 10% errors on the masses and 0.005 errors on the
sizes, suggests

�/m ⇠ (1.7± 0.7)⇥10�4

✓
t
infall

109 yrs

◆�2

cm2/g. (3)

The infall time must be less than 1010 years, the age of
the Universe at the cluster redshift. Given the lack of ob-
served disruption, collinearity (and common redshift) of
N.1–3, they are likely to be infalling on first approach from
a filament, and moving within the plane of the sky. Thus
t
infall

<⇠109 yrs, the approximate cluster crossing time, and
assuming this conservative upper bound places a conserva-
tive lower bound on �/m. If any component of the motion
is along our line of sight, the 3D o↵set may be larger, so
our assumption of motion exactly within the plane of the
sky is also conservative. Using a di↵erent set of strong lens
image assignments (see appendix B), we recover the 6 kpc
o↵set and correspondingly larger cross-section of Williams &
Saha (2011). These image assignments are now ruled out by
our new IFU spectroscopy, which unambiguously traces the
morphology of the lens, even through foreground emission
and point sources in the broad-band imaging.

We have also measured the mass to light ratios of the
four central galaxies. Each of them retains an associated
massive halo. There is no conclusive evidence to suggest

3 Note that the prefactor in equation (4) of Williams & Saha
(2011) should be 6.0⇥103 rather than 6.0⇥104.

c� 2014 RAS, MNRAS 000, 1–15

Massey et al. obtained a lower limit because the clusters have interacted 



Building a model of self-interaction

The difficulties to build a microscopical model of self-interacting dark matter is 
coming from the order of magnitude of the cross section  measurable in this context:
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We show that there exists a strong correlation between a monochromatic signal from annihilating
dark matter and its self-interacting cross section. We apply our argument to a complex scalar dark
sector, where the pseudo-scalar plays the role of the dark matter candidate while the scalar is the
mediator particle. Intriguingly, we find that such an extension produces naturally a monochromatic
keV signal which can correspond to recent observations of Perseus or Andromeda while in the mean-
time predicts self-interacting cross section of the order of �/m ' 0.1 � 1 cm2/g measured recently
in the cluster Abell 3827, without the need of invoking strong interaction or velocity enhancement.
We also propose a way to distinguish such models by future direct detection techniques.

I. INTRODUCTION

Dark matter is inferred to exist, through its gravita-
tional interactions with visible matter, within and be-
tween galaxies [1–3]. Even if the PLANCK satellite [2]
confirmed that about 85 % of the total amount of the
matter is dark, the community still lacks a clear evidence
of its nature through a direct or indirect signal. Indeed,
the last results of XENON100 [4], LUX [5], FERMI ob-
servation of the galactic center [6] or dwarf galaxies [7]
impose very strong constraints on the mass of a weakly
interacting massive particle, (if one excludes the 3� galac-
tic center excess consistent with the range of dark mat-
ter identified in the FERMI-LAT data [8]), questioning
the ”WIMP” paradigm. Indeed, little is known about
the mass and coupling of the dark matter, and even the
”WIMP miracle” is questionable [9] as soon as you intro-
duce an hidden sector ”X”, with hidden mediators and
couplings respecting m

X

/g
X

' m
wimp

/g
EW

, g
EW

being
the electroweak gauge coupling constant. Much lighter
and warmer candidates are then allowed, and can explain
the lack of signal in direct and indirect detection exper-
iments, while in the meantime, explaining recent claims
at the keV scale [10].

One of the clear signature of the interaction of dark
matter in our galaxy or in larger structure would be the
observation of a monochromatic signal, generated by the
annihilation or the decay of the candidate. In 2012, sev-
eral authors claimed from an analysis of the FERMI data
to have observed a 135 GeV monochromatic line gener-
ated near the center of our Milky Way [11]. The first
e↵ect of this announcement was an exponential increase
of phenomenological models describing the possibility of
generating such a line in the literature [12, 13]. More re-
cently, another detection of X-ray line observed in galax-
ies and galaxy clusters mainly by the XMM-Newton ob-
servatory [14] increased the interest to light dark matter
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scenarios for annihilating [15, 16], decaying [17], excited
dark matter [18] or axion-like candidates [19]. It is how-
ever important to underline that there are on-going de-
bates on the possibility of explaining the X-ray line excess
with thermal atomic transition [20].

Even more recently, the authors of [21] claimed that
the observations of one (particularly well constrained)
galaxy in cluster Abell 3827 revealed a surprising ' 1.62
kpc o↵set between its dark matter and stars. They
claimed that such an o↵set is consistent with theoretical
predictions from models of self interacting dark matter,
giving a lower bound of the order of �/m & 10�4 cm2/g.
On the other hand, another group [22] with a di↵erent
kinematical analysis for the very same galaxy obtained
�/m & 1.5 cm2/g in the case of contact interaction. En-
tering into the debate of the exact value deduced from
the observations is far beyond the scope of our work.
However, one has to admit that any evidence for dark
matter self-interaction would have striking implication
for particle physics, as it would severely constrain or
even rule out popular candidates such as supersymmet-
ric neutralino/gravitino, axions, or any Higgs/Z/Z’ por-
tal WIMP–like candidate. The main reason is that, with
the sensitivity of nowadays measurement, such an obser-
vation would imply a ratio �/m ' (10�5 � 2) cm2g�1 '
(0.05 � 9000) GeV�3, much higher than any typical
WIMP values �

wimp

/m
wimp

' 10�11GeV�3.

In this work, we are showing that it is possible,
in a minimal framework, to combine naturally the
monochromatic signal generated by the annihilation of
a pseudo-scalar particle and its self-interaction pro-
cess. Both processes are then strongly linked, and
any signal/constraints derived by observation on self-
annihilation infers a constraint on the monochromatic
signal. We apply it to the recent 3.5 keV line [14] and
show that this signal generates naturally a relatively
strong interacting process compatible with the recent
claims [21, 22]. Beyond the ”signals” consideration (one
does not need to agree with the dark matter interpre-
tation of the 3.5 keV line or the self-interacting dark
matter observations) the aim of this work is even much
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Université de Paris-Sud 11, F-91405 Orsay Cedex, France

We show that there exists a strong correlation between a monochromatic signal from annihilating
dark matter and its self-interacting cross section. We apply our argument to a complex scalar dark
sector, where the pseudo-scalar plays the role of the dark matter candidate while the scalar is the
mediator particle. Intriguingly, we find that such an extension produces naturally a monochromatic
keV signal which can correspond to recent observations of Perseus or Andromeda while in the mean-
time predicts self-interacting cross section of the order of �/m ' 0.1 � 1 cm2/g measured recently
in the cluster Abell 3827, without the need of invoking strong interaction or velocity enhancement.
We also propose a way to distinguish such models by future direct detection techniques.

I. INTRODUCTION

Dark matter is inferred to exist, through its gravita-
tional interactions with visible matter, within and be-
tween galaxies [1–3]. Even if the PLANCK satellite [2]
confirmed that about 85 % of the total amount of the
matter is dark, the community still lacks a clear evidence
of its nature through a direct or indirect signal. Indeed,
the last results of XENON100 [4], LUX [5], FERMI ob-
servation of the galactic center [6] or dwarf galaxies [7]
impose very strong constraints on the mass of a weakly
interacting massive particle, (if one excludes the 3� galac-
tic center excess consistent with the range of dark mat-
ter identified in the FERMI-LAT data [8]), questioning
the ”WIMP” paradigm. Indeed, little is known about
the mass and coupling of the dark matter, and even the
”WIMP miracle” is questionable [9] as soon as you intro-
duce an hidden sector ”X”, with hidden mediators and
couplings respecting m

X

/g
X

' m
wimp

/g
EW

, g
EW

being
the electroweak gauge coupling constant. Much lighter
and warmer candidates are then allowed, and can explain
the lack of signal in direct and indirect detection exper-
iments, while in the meantime, explaining recent claims
at the keV scale [10].

One of the clear signature of the interaction of dark
matter in our galaxy or in larger structure would be the
observation of a monochromatic signal, generated by the
annihilation or the decay of the candidate. In 2012, sev-
eral authors claimed from an analysis of the FERMI data
to have observed a 135 GeV monochromatic line gener-
ated near the center of our Milky Way [11]. The first
e↵ect of this announcement was an exponential increase
of phenomenological models describing the possibility of
generating such a line in the literature [12, 13]. More re-
cently, another detection of X-ray line observed in galax-
ies and galaxy clusters mainly by the XMM-Newton ob-
servatory [14] increased the interest to light dark matter
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scenarios for annihilating [15, 16], decaying [17], excited
dark matter [18] or axion-like candidates [19]. It is how-
ever important to underline that there are on-going de-
bates on the possibility of explaining the X-ray line excess
with thermal atomic transition [20].

Even more recently, the authors of [21] claimed that
the observations of one (particularly well constrained)
galaxy in cluster Abell 3827 revealed a surprising ' 1.62
kpc o↵set between its dark matter and stars. They
claimed that such an o↵set is consistent with theoretical
predictions from models of self interacting dark matter,
giving a lower bound of the order of �/m & 10�4 cm2/g.
On the other hand, another group [22] with a di↵erent
kinematical analysis for the very same galaxy obtained
�/m & 1.5 cm2/g in the case of contact interaction. En-
tering into the debate of the exact value deduced from
the observations is far beyond the scope of our work.
However, one has to admit that any evidence for dark
matter self-interaction would have striking implication
for particle physics, as it would severely constrain or
even rule out popular candidates such as supersymmet-
ric neutralino/gravitino, axions, or any Higgs/Z/Z’ por-
tal WIMP–like candidate. The main reason is that, with
the sensitivity of nowadays measurement, such an obser-
vation would imply a ratio �/m ' (10�5 � 2) cm2g�1 '
(0.05 � 9000) GeV�3, much higher than any typical
WIMP values �

wimp
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' 10�11GeV�3.

In this work, we are showing that it is possible,
in a minimal framework, to combine naturally the
monochromatic signal generated by the annihilation of
a pseudo-scalar particle and its self-interaction pro-
cess. Both processes are then strongly linked, and
any signal/constraints derived by observation on self-
annihilation infers a constraint on the monochromatic
signal. We apply it to the recent 3.5 keV line [14] and
show that this signal generates naturally a relatively
strong interacting process compatible with the recent
claims [21, 22]. Beyond the ”signals” consideration (one
does not need to agree with the dark matter interpre-
tation of the 3.5 keV line or the self-interacting dark
matter observations) the aim of this work is even much
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Dark matter is inferred to exist, through its gravita-
tional interactions with visible matter, within and be-
tween galaxies [1–3]. Even if the PLANCK satellite [2]
confirmed that about 85 % of the total amount of the
matter is dark, the community still lacks a clear evidence
of its nature through a direct or indirect signal. Indeed,
the last results of XENON100 [4], LUX [5], FERMI ob-
servation of the galactic center [6] or dwarf galaxies [7]
impose very strong constraints on the mass of a weakly
interacting massive particle, (if one excludes the 3� galac-
tic center excess consistent with the range of dark mat-
ter identified in the FERMI-LAT data [8]), questioning
the ”WIMP” paradigm. Indeed, little is known about
the mass and coupling of the dark matter, and even the
”WIMP miracle” is questionable [9] as soon as you intro-
duce an hidden sector ”X”, with hidden mediators and
couplings respecting m
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being
the electroweak gauge coupling constant. Much lighter
and warmer candidates are then allowed, and can explain
the lack of signal in direct and indirect detection exper-
iments, while in the meantime, explaining recent claims
at the keV scale [10].

One of the clear signature of the interaction of dark
matter in our galaxy or in larger structure would be the
observation of a monochromatic signal, generated by the
annihilation or the decay of the candidate. In 2012, sev-
eral authors claimed from an analysis of the FERMI data
to have observed a 135 GeV monochromatic line gener-
ated near the center of our Milky Way [11]. The first
e↵ect of this announcement was an exponential increase
of phenomenological models describing the possibility of
generating such a line in the literature [12, 13]. More re-
cently, another detection of X-ray line observed in galax-
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servatory [14] increased the interest to light dark matter
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scenarios for annihilating [15, 16], decaying [17], excited
dark matter [18] or axion-like candidates [19]. It is how-
ever important to underline that there are on-going de-
bates on the possibility of explaining the X-ray line excess
with thermal atomic transition [20].

Even more recently, the authors of [21] claimed that
the observations of one (particularly well constrained)
galaxy in cluster Abell 3827 revealed a surprising ' 1.62
kpc o↵set between its dark matter and stars. They
claimed that such an o↵set is consistent with theoretical
predictions from models of self interacting dark matter,
giving a lower bound of the order of �/m & 10�4 cm2/g.
On the other hand, another group [22] with a di↵erent
kinematical analysis for the very same galaxy obtained
�/m & 1.5 cm2/g in the case of contact interaction. En-
tering into the debate of the exact value deduced from
the observations is far beyond the scope of our work.
However, one has to admit that any evidence for dark
matter self-interaction would have striking implication
for particle physics, as it would severely constrain or
even rule out popular candidates such as supersymmet-
ric neutralino/gravitino, axions, or any Higgs/Z/Z’ por-
tal WIMP–like candidate. The main reason is that, with
the sensitivity of nowadays measurement, such an obser-
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(0.05 � 9000) GeV�3, much higher than any typical
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In this work, we are showing that it is possible,
in a minimal framework, to combine naturally the
monochromatic signal generated by the annihilation of
a pseudo-scalar particle and its self-interaction pro-
cess. Both processes are then strongly linked, and
any signal/constraints derived by observation on self-
annihilation infers a constraint on the monochromatic
signal. We apply it to the recent 3.5 keV line [14] and
show that this signal generates naturally a relatively
strong interacting process compatible with the recent
claims [21, 22]. Beyond the ”signals” consideration (one
does not need to agree with the dark matter interpre-
tation of the 3.5 keV line or the self-interacting dark
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For a WIMP, one expects:

We understand then the need to go « beyond » the WIMP paradigm. One needs a 
strongly coupled dark matter (a « dark colored » sector ») or one can invoke velocity 

enhancement « à la » Sommerfeld. There exist a third way, which is to look for 
mightier dark matter candidates.
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Model building consequences



The pure effective approach « a la Fermi » 
Application: the Zeldovich-Hut-Lee-Weinberg bound

The (Hut-)Lee-Weinberg bound (1977)
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Limits on the masses and number of neutral weakly interacting particles are derived using cosmological arguments. 
No such particles with a mass between 120 eV and 3 GeV can exist within the usual big band model Simdar, but much 
more severe, restrictions follow for parUcles that interact only gravitationally. This seems of Importance with respect to 
supersymmetric theories. 

Following an idea, put  forward by Shvartsman [1], 
Steigman et al. [2] presented arguments leading to an 
upper limit to the number of  different types of  mass- 
less neutrinos, which may be summarized as follows. 

According to the hot  big bang model all forms of  
matter in the universe, even neutrinos, are initially in 
thermal equilibrium. The total  energy density of  rela- 
tivistic particles is then given at a temperature T by 

0 = Ka T4. (1) 

a is the radiation density constant,  appearing in the 
black-body radiation law, and K is given by  

t~ = ½(nb + ~ nf). (2) 

The quantities n b and nf are the total  number of  Inter- 
nal degrees of  freedom of  the different types of  bosons 
and fermions respectively. For  a photon gas K = 1, whde 
for a mixture of  photons,  electrons, electron and muon 
neutrinos, together with their antiparticles, ¢ = 9/2. 

A second expression for the total energy density p 
is given as a function of  the expansion time t by solv- 
ing the Einstein equations in a radiation dominated 
homogeneous and isotropic universe, 

p = 3/32 rr Gt 2, (3) 

where G is the gravitational coupling constant,  G = 6.7 
X 10 -45 MeV - 2 . .  Combining (1) and (3) we get 

T = (3/32 rr Ga) 1/4 K- 1/4 t -  1/2 (4) 

* We use units such that fi = c = k = 1, and the temperature Is 
expressed in MeV. 

Adding more types of  neutrinos relative to the standard 
big bang model increases the value of  K. This would have 
the following observable effect. 

The neutron/proton ratio is given by the equilibrium 
value n/p = exp { - ( m  n - mp)/T) as long as the rate of  
weak interactions, like e.g. n + e ÷ ~ p + F e, is high 
enough. But this ratio freezes in soon after the time be- 
tween successive collisions grows bigger than, say, the 
expansion time. The mean free time is r = (oN)-1  as 
long as the electrons are relativistic. The cross section 
o " T 2 and the number density of  protons and neu- 
trons N ~ R - 3 ,  where R is the scale factor of  the ex- 
panding universe. At these early times the number of  
nucleons is far smaller than the number of  photons,  
electrons, positrons and neutrinos, so the cooling pro- 
ceeds adiabatically like T ~ R -1  . Therefore N ~ T 3 
and thus 

r = const. × T -5 .  (5) 

Putting t = r in (4), from (5) we get an effective 
temperature Tf at which the neut ron/proton ratio 
freezes in, given by 

Tf = const. X K 1/6. (6) 

When the temperature falls off further nearly all neu- 
trons are captured to form deuterium and subsequently 
helium. In the standard model Tf ~ 1 MeV ~ 1010 K and 
the abundance by weight ofhehum produced m this way 
is Y ~ 0.23 to 0.27, depending on thepresen t  density 
of nucleons in the universe. An observational upper 
limit [4] Y ~ 0.29 agrees well with the standard model. 

Increasing now the number of  neutrino types would 
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Developing a microscopical approach

Ockham’s razor (lex parsimoniae) principle :  
« Pluralitas non est ponenda sine necessitate » 

Among competing hypotheses, the one with the fewest assumptions 
should be selected  

(everything should be made as simple as possible..) 

Dark matter couple only with the Standard Model (SM) particles : 
Higgs-portal, Z-portal, sterile neutrino. Consequences on observables 

are strong:  
Invisible width of the Higgs/Z, LHC/LEP production in the case of 

portal models, instability and production of monochromatic photons in 
the case of sterile neutrino.

On which principle should we extend the microscopic interaction?

Ockham, in Cambridge  
13th century
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Z-portal : fermionic DM

mediated dark matter models. In Sec. 3, we consider fermonic, scalar and vector dark matter
candidates that are coupled to the SM Higgs boson. Across this class of models, we again
find that the overwhelming majority of the parameter space is experimentally excluded, with
the exception of scenarios in which the dark matter lies near the Higgs pole (mDM ' mH/2),
the dark matter is a scalar (vector) heavier than 400 GeV (1160 GeV) with a Higgs portal
coupling, or the dark matter is a fermion with largely pseudoscalar couplings to the SM
Higgs boson. In Sec. 4 we discuss some caveats to our conclusions, including scenarios with
a non-standard cosmological history, or models in which the dark matter coannihilates with
another particle species in the early universe. We summarize our results and conclusions in
Sec. 5.

2 Z Mediated Dark Matter

2.1 Fermionic dark matter

We begin by considering a dark matter candidate, �, which is either a Dirac or a Majorana
fermion with the following interactions with the SM Z:

L � ⇥a�̄�µ(g�v + g�a�
5)�
⇤
Zµ, (2.1)

where a = 1 (1/2) in the Dirac (Majorana) case, and g�v and g�a are the vector and axial
couplings of the dark matter, respectively. Note that g�v is necessarily equal to zero in the
Majorana case. These couplings allow the dark matter to annihilate through the s-channel
exchange of the Z, into pairs of SM fermions or, if the dark matter is heavy enough, into ZZ,
W+W� or Zh final states. In Fig. 1 we plot the fraction of annihilations which proceed to
each final state, as evaluated in the early universe (at the temperature of thermal freeze-out)
and for v = 10�3 c (as is typically relevant for indirect detection). Throughout this paper,
unless otherwise stated, we use version 4.2.5 of the publicly available code MicrOMEGAS [1]
to calculate all annihilation cross sections, thermal relic abundances, and elastic scattering
cross sections.

In Fig. 2, we explore and summarize the parameter space within this class of models.
In each frame, the solid black line represents the value of the dark matter’s coupling to the
Z (g�v or g�a) for which the calculated thermal relic abundance is equal to the measured
cosmological dark matter density, ⌦�h

2 = 0.1198±0.0015 [2]. If m� < mZ/2, we can further
restrict the couplings of the dark matter using the measurement of the invisible Z width.
The predicted contribution from Z decays to dark matter is in this case is given by:

�(Z ! ��̄) =
amZ

12⇡

 
1� 4m2

�

m2
Z

!1/2 "
g2�a

 
1� 4m2

�

m2
Z

!
+ g2�v

 
1 +

2m2
�

m2
Z

!#
, (2.2)

where again a = 1(1/2) for dark matter that is a Dirac (Majorana) fermion. In the shaded
regions appearing in the upper left corner of each frame of Fig. 2, the predicted invisible
width of the Z exceeds the value measured at LEP by more the 2�, corresponding to a
contribution of �inv

Z > 1.5 MeV [3]. Combined with relic abundance considerations, this
constraint translates to m� > 25 GeV (32 GeV) for the case of a purely vector (axial)
coupling to the Z.

Direct detection experiments provide a powerful test of dark matter candidates with
non-negligible couplings to the Z. After integrating out the Z, the e↵ective interaction
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Figure 2. Constraints on the mass and couplings of a fermionic dark matter candidate that annihilates
through the Z. The solid black contours indicate the value of the coupling for which the thermal relic
abundance matches the measured cosmological dark matter density, ⌦�h

2 = 0.12. The shaded regions
are excluded by the measurement of the invisible Z width. The left and right frames depict the cases of
a purely vector or axial coupling between the dark matter and the Z, respectively. The vast majority
of this parameter space is excluded by the current constraints from LUX and PandaX-II [4, 5]. The
only currently viable region (m� = 40�48 GeV with g�a � g�v) is expected to be probed in the near
future by XENON1T [6].

Together, these constraints rule out the vast majority of the parameter space for fer-
monic dark matter candidates that annihilate through Z exchange. After accounting for
these constraints, we find that an acceptable thermal relic abundance can be obtained only
in the near-resonance case (m� = mZ/2) with g�a � g�v. Furthermore, we expect that
this remaining case will be probed in the near future by direct detection experiments such
as XENON1T [6]. It is interesting to note that within the context of the MSSM, a bino-
like neutralino (with a subdominant higgsino fraction) can possess the characteristics found
within this scenario [7].

In the narrow region of viable parameter space found within this class of models, the
dark matter annihilates with a cross section that is chirality suppressed in the low-velocity
limit, �v / (mf/m�)2, leading such annihilations to proceed mostly to bb̄ final states. In
the mass range near the Z-pole, the low-velocity cross section is very sensitive to the value
of the dark matter’s mass (for analytic expressions of this cross section, see the Appendix of
Ref. [13]). In Fig. 3, we plot the e↵ective low-velocity annihilation cross section (as relevant
for indirect detection) for fermonic dark matter with an axial coupling to the Z.2 For masses
in the range not yet excluded by LUX or PandaX-II (41-46 GeV or 40-48 GeV for Dirac or

the case of equal couplings to protons and neutrons, we have translated these results to apply to the models
at hand. It is interesting to note that a cancellation in the vector couplings of the Z to up and down quarks
leads to a suppression in the e↵ective coupling to protons. In particular, Z exchange leads to the following
ratio of cross sections with neutrons and protons: �n/�p ⇡ (2gdv + guv)

2/(2guv + gdv)
2 ⇡ 180. We also note

that since xenon contains isotopes with an odd number of neutrons (129Xe and 131Xe with abundances of
29.5% and 23.7%, respectively), this target is quite sensitive to spin-dependent WIMP-neutron scattering. To
constrain spin-dependent scattering, we converted the results of the most recent spin-independent analysis
presented by the LUX collaboration [4].

2By “e↵ective” annihilation cross section we denote the value for the case of identical annihilating particles
(Majorana fermions). For a Dirac fermion (or a complex boson), the actual particle-antiparticle annihilation
cross section is equal to twice this value.
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Figure 3. The e↵ective low-velocity annihilation cross section (relevant for indirect detection) for
Dirac or Majorana dark matter with an axial coupling to the Z. We note that for the masses in the
range not yet excluded by LUX or PandaX-II, this cross section can take on values across the range of
�v ' (0.14�6.5)⇥10�27 cm3/s, below the constraints derived from Fermi and other existing indirect
detection experiments [8–12]. We also show the current constraint from Fermi’s observation of dwarf
spheroidal galaxies [9].

Majorana dark matter, respectively), this cross section can take on values across the range of
�v ' (0.14�6.5)⇥10�27 cm3/s, below the constraints derived from Fermi and other existing
indirect detection experiments [8–12]. Within this potentially viable mass range, however,
it may be possible for annihilating dark matter to generate the gamma-ray excess observed
from the region surrounding the Galactic Center [14–20] (see also Ref. [21]).

2.2 Scalar dark matter

A complex scalar dark matter candidate, �, can couple to the Z through the following
interaction:

L � i g��
†$@µ�Z

µ + g2��
2ZµZµ. (2.4)

The annihilation cross section to fermion pairs in this case is suppressed by two powers of
velocity, and values of g� that lead to an acceptable thermal relic abundance are shown as a
black solid line in the left frame of Fig. 4. We also show in this figure the region of parameter
space that is excluded by the measurement of the invisible width of the Z, which receives
the following contribution in this case:

�(Z ! ��†) =
g2�mZ

48⇡

 
1� 4m2

�

m2
Z

!3/2

. (2.5)

In this model, there is an unsuppressed cross section for spin-independent elastic scat-
tering with nuclei, leading to very stringent constraints from LUX and PandaX-II. In the left
frame of Fig. 4, we see that the entire parameter space in this scenario is strongly ruled out
by a combination of constraints from LUX/PandaX-II and the invisible width of the Z.

2.3 Vector dark matter

An interaction between the Z and a spin-one dark matter candidate, X, can arise at tree-level
only through a kinetic term. In this case, gauge invariance requires the interaction to take
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Figure 4. Constraints on mass and couplings of a complex scalar (left frame) or complex vector (right
frame) dark matter candidate which annihilates through the Z. The solid black contours indicate the
value of the coupling for which the thermal relic abundance matches the measured cosmological dark
matter density, ⌦�h

2 = 0.12. The shaded regions are excluded by measurements of the invisible Z
width, and the regions above the solid blue line are excluded by the current constraints from LUX
and PandaX-II [4, 5]. The entire parameter space in each of these scenarios is strongly ruled out.

the following form:

L � i gX

⇣
ZµX⌫ †@ [µX⌫ ] +X†

µX⌫ @
µZ⌫

⌘
+ h.c. (2.6)

In the right frame of Fig. 4, we summarize the parameter space in this model. In
particular, we apply constraints from the invisible width of the Z, which receives the following
contribution in this case:

�(Z ! XX†) =
g2XmZ

�
1� 8r2XZ + 28r4XZ � 48r6XZ

�
(1� 4r2XZ)

1/2

192⇡r4XZ

, (2.7)

where rXZ ⌘ mX/mZ .
After integrating our the Z, this model yields the following e↵ective interaction for

elastic scattering with nuclei (retaining only unsuppressed terms):

Le↵ � ig�gqv
m2

Z

⇣
X⌫@µX

⌫†q̄�µq + h.c.
⌘
. (2.8)

In the non-relativistic limit, this yields the following WIMP-nucleus cross section:

��N =
g2�µ

2
�N

⇡m4
Z


Z(2guv + gdv) + (A� Z)(guv + 2gdv)

�2

⇡ g2�(g
2
1 + g22)µ

2
�N

16⇡m4
Z

(A� Z)2, (2.9)

where Z and A are the atomic number and atomic mass of the target nucleus, and µ�N is
the reduced mass of the dark matter-nucleus system.

In the right frame of Fig. 4, we see that this combination of constraints from direct
detection experiments and the invisible width of the Z strongly rules out the entire parameter
space of this model.
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3 Higgs Mediated Dark Matter

3.1 Fermionic dark matter

In this subsection, we consider a dark matter candidate that is either a Dirac or Majorana
fermion, with the following interactions with the SM Higgs boson:

L � ⇥a�̄(��s + ��pi�
5)�
⇤
H, (3.1)

where once again a = 1(1/2) in the Dirac (Majorana) case. The quantities ��s and ��p

denote the scalar and pseudoscalar couplings between the dark matter and the SM Higgs,
respectively.

Dark matter annihilations in this model depend strongly on the choice of scalar or
pseudoscalar couplings. In particular, scalar couplings lead to an annihilation cross section
that is suppressed by two powers of velocity, whereas pseudoscalar couplings generate an
s-wave amplitude with no such suppression. In both cases, annihilations proceed dominantly
to heavy final states (see Fig. 5), due to the couplings of the Higgs to the particle content of
the SM.

The contribution to the invisible Higgs width in this case is given by:

�(H ! ��̄) =
amH

8⇡

"
�2
�p + �2

�s

 
1� 4m2

�

m2
H

!#s

1� 4m2
�

m2
H

. (3.2)

The current experimental constraint on the invisible branching fraction of the Higgs is
�inv/(�inv + �SM ) < 0.24,3 which for �H

SM ⇡ 4.07MeV corresponds to the following:

�(H ! ��̄) < �H
SM

BR(H ! inv)

1� BR(H ! inv)
⇡ 1.29MeV. (3.3)

Elastic scattering between dark matter and nuclei is entirely spin-independent in this
case, with a cross section given as follows:

��N ⇡ µ2
�N

⇡m4
H

[Zfp + (A� Z)fn]
2

�2
�s + �2

�p

q2

4m2
�

�
, (3.4)

where q is the momentum exchanged in the collision.
In Fig. 6, we summarize the constraints on this scenario. In the case of a purely

scalar coupling (��p = 0, shown in the left frame), the combination of the invisible Higgs
width measurement and the results of direct detection experiments rule out nearly all of the
parameter space. The exception is the mass range within a few GeV of the Higgs pole, m� =
56-62 GeV. In this case, future experiments such as XENON1T are expected to test the
remaining region of parameter space.

In the case of a purely pseudoscalar coupling (��s = 0, shown in the right frame of
Fig. 6), the momentum suppression of the elastic scattering cross section strongly reduces
the prospects for direct detection experiments, earning this scenario the moniker of “coy
dark matter” [22–24]. Naively, we expect the sensitivity of direct detection experiments to

3This is derived from a combination of Run I and 2015 LHC data. See, for example, page 25
of the talk “Search for invisible decays of the 125 GeV Higgs boson using the CMS detector”, by
Nicholas Wardle, http://indico.cern.ch/event/432527/contributions/1071583/attachments/1320936/

1980904/nckw_ICHEP_2016_hinv_cms.pdf.
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Figure 6. Constraints on mass and couplings of a fermionic dark matter candidate which annihilates
through the Standard Model Higgs boson. The solid black contours indicate the value of the coupling
for which the thermal relic abundance matches the measured cosmological dark matter density, ⌦�h

2 =
0.12. The shaded regions are excluded by measurements of the invisible Higgs width. The left and
right frames depict the cases of a purely scalar or pseudoscalar coupling between the dark matter
and the Higgs, respectively. In the scalar case, the vast majority of this parameter space is excluded
by the current constraints from LUX and PandaX-II [4, 5]. The only currently viable region (m� =
56-62 GeV is expected to be probed in the near future by XENON1T [6]. Due to the momentum
suppression of the elastic scattering cross section, the case of dark matter with a pseudoscalar coupling
to the Higgs is much less strongly constrained.

30 keV, where this lower limits was imposed in order to reduce the rate of neutrino-induced
background events [36, 37]. From the calculated event rate, we apply Poisson statistics to
place a 90% confidence level constraint on the dark matter coupling, assuming that zero events
are observed. In the right frame of Fig. 6, we plot the projected constraint from such an
experiment after collecting an exposure of 30 ton-years, which is approximately the exposure
that we estimate will accumulate between ⇠1-3 neutrino-induced background events. From
this, we conclude that even with such an idealized detector, it will not be possible to test a
dark matter candidate with a purely pseudoscalar coupling to the Higgs.

In the case of dark matter with a scalar coupling and near the Higgs pole, the low-
velocity annihilation cross section is suppressed by two powers of velocity, making such a
scenario well beyond the reach of any planned or proposed indirect detection experiment
(see the left frame of Fig. 7). In the case of dark matter with a pseudoscalar coupling
to the Higgs, however, the low-velocity annihilation rate is unsuppressed, leading to more
promising prospects for indirect detection (for analytic expressions of these cross section, see
the Appendix of Ref. [13]). In the right frame of Fig. 7, we plot the low-velocity annihilation
cross section (as relevant for indirect detection) for fermonic (Dirac or Majorana) dark matter
with a pseudoscalar coupling to the SM Higgs boson. In this case, constraints from Fermi’s
observations of dwarf spheroidal galaxies [9] may be relevant, depending on the precise value
of the dark matter mass. We also note that uncertainties associated with the distribution of
dark matter in these systems could plausibly weaken these constraints to some degree [38–
41]. It may also be possible in this scenario [22, 42–44] to generate the gamma-ray excess
observed from the region surrounding the Galactic Center [14–20].
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Figure 7. The e↵ective low-velocity annihilation cross section (relevant for indirect detection) for
Dirac or Majorana dark matter with a scalar (left) or pseudoscalar (right) coupling to the SM Higgs
boson. For the case of scalar couplings, the cross section is always well below the sensitivity of Fermi
and other existing indirect detection experiments. In the pseudoscalar case, the prospects for indirect
detection are much more encouraging. In the right frame, we also show the current constraint from
Fermi’s observation of dwarf spheroidal galaxies [9].

3.2 Scalar dark matter

In the case of scalar dark matter with a coupling to the SM Higgs boson, we consider a Higgs
Portal interaction, described by the following Lagrangian:

L � a��H


vH�2 +

1

2
H2�2

�
, (3.5)

where a = 1 (1/2) in the case of a complex (real) scalar, and v is the vacuum expectation
value of the SM Higgs boson.

In this class of models, the dark matter annihilates without velocity suppression, and
preferentially to heavy final states (see Fig. 8). The contribution to the invisible Higgs width
in this case is given by:

�(H ! ��†) =
a v2�2

�H

16⇡mH

s

1� 4m2
�

m2
H

. (3.6)

In Fig. 9, we plot a summary of the constraints in this class of models. In this case, we
find that complex (real) scalar dark matter with a mass greater than 840 GeV (400 GeV) is
not currently constrained, along with the region near the Higgs pole. XENON1T is expected
to probe the remaining high mass window up to 10 TeV (5 TeV).

In Fig. 10, we plot the low-velocity annihilation cross section (as relevant for indirect
detection) for scalar dark matter with a Higgs portal coupling. In the currently allowed mass
range near the Higgs pole, this class of models predicts a very small low-velocity annihilation
cross section, which is likely unable to generate the measured intensity of the Galactic Center
gamma-ray excess [14–20] (see also, Refs. [45, 46]).

3.3 Vector dark matter

In the case of vector dark matter, we again consider a Higgs Portal interaction, which is
described in this case by the following Lagrangian:
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Figure 8. The fraction of dark matter annihilations that proceed to each final state, as evaluated
at the temperature of thermal freeze-out (left) and at v = 10�3 c, as is typically relevant for indirect
detection (right), for the case of scalar dark matter coupled to the Standard Model Higgs boson.
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Figure 9. Constraints on mass and couplings of a complex scalar dark matter candidate which
annihilates through a Higgs portal coupling. The solid black contour indicates the value of the
coupling for which the thermal relic abundance matches the measured cosmological dark matter
density, ⌦�h

2 = 0.12. The shaded region is excluded by measurements of the invisible Higgs width,
and the region above the solid blue line is excluded by the current constraints from LUX and PandaX-
II [4, 5]. This scenario is currently viable only if the mass of the dark matter candidate is near the
Higgs pole (m ' mH/2) or if m� >⇠ 400 GeV.

L � a�XH


vHXµX†

µ +
1

2
H2XµX†

µ

�
, (3.7)

where a = 1 (1/2) in the case of a complex (real) vector. As in the cases considered in the
previous subsection, dark matter annihilates without velocity suppression in this class of
models, and preferentially to heavy final states (see Fig. 11).
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Figure 12. Constraints on mass and couplings of a complex vector dark matter candidate which
annihilates through the Standard Model Higgs boson. The solid black contour indicates the value of
the coupling for which the thermal relic abundance matches the measured cosmological dark matter
density, ⌦�h

2 = 0.12. The shaded region is excluded by measurements of the invisible Higgs width,
and the region above the solid blue line is excluded by the current constraints from LUX and PandaX-
II [4, 5]. This scenario is currently viable only if the mass of the dark matter candidate is near the
Higgs pole (m ' mH/2) or if mX >⇠ 1160 GeV.
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Figure 13. The e↵ective low-velocity annihilation cross section (relevant for indirect detection) for
complex or real vector dark matter with a coupling to the Standard Model Higgs boson. We also
show the current constraint from Fermi’s observation of dwarf spheroidal galaxies [9].

We plot in Fig. 13 the low-velocity annihilation cross section (as relevant for indirect
detection) in this class of models, along with the constraints from Fermi’s observations of
dwarf spheroidal galaxies [9]. In the currently allowed mass range near the Higgs pole, this
class of models predicts a very small low-velocity annihilation cross section, which is likely
unable to generate the measured intensity of the Galactic Center gamma-ray excess [14–20].
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Figure 8. The fraction of dark matter annihilations that proceed to each final state, as evaluated
at the temperature of thermal freeze-out (left) and at v = 10�3 c, as is typically relevant for indirect
detection (right), for the case of scalar dark matter coupled to the Standard Model Higgs boson.

101 102 103 104

m� (GeV)

10�4

10�3

10�2

10�1

100

101

�
�

H

�inv
H

⌦�h
2 = 0.12

Complex

Real

LUX/PA
NDAX

XENON1T

⌫F
loor

Figure 9. Constraints on mass and couplings of a complex scalar dark matter candidate which
annihilates through a Higgs portal coupling. The solid black contour indicates the value of the
coupling for which the thermal relic abundance matches the measured cosmological dark matter
density, ⌦�h

2 = 0.12. The shaded region is excluded by measurements of the invisible Higgs width,
and the region above the solid blue line is excluded by the current constraints from LUX and PandaX-
II [4, 5]. This scenario is currently viable only if the mass of the dark matter candidate is near the
Higgs pole (m ' mH/2) or if m� >⇠ 400 GeV.

L � a�XH


vHXµX†

µ +
1

2
H2XµX†

µ

�
, (3.7)

where a = 1 (1/2) in the case of a complex (real) vector. As in the cases considered in the
previous subsection, dark matter annihilates without velocity suppression in this class of
models, and preferentially to heavy final states (see Fig. 11).
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Summary

The only scenarios that are not excluded are those in 
which the dark matter is a scalar (vector) heavier than 
400 GeV (1160 GeV) with a Higgs portal coupling, or a 
fermion with a pseudoscalar (CP violating) coupling to 
the Standard Model Higgs boson. With the exception of 

dark matter with a purely pseudoscalar coupling to 
the Higgs, it is anticipated that planned direct detection 

experiments will probe the entire range of models



And SUSY?

�0
1 = cB B̃ + cW W̃ + c1 H̃1 + c2 H̃2



Figure 1: Plot of rescaled spin-independent WIMP detection rate ⇠�SI(�, p) versus m� from
several published results versus current and future reach (dashed) of direct WIMP detection
experiments. ⇠ = 1 for all models except RNS and pMSSM.
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Figure 2: Plot of rescaled spin-dependent WIMP detection rate ⇠�SD(�, p) versus m� from
several published results versus current ANTARES and IceCube reach and projected (dashed)
LZ, XENON1T, PICO-500 and DARWIN reaches. ⇠ = 1 for all models but RNS.

the pMSSM includes all other models as subsets, it is perhaps not surprising that the model
encompasses all other predictions, and then some.

4 Spin-dependent WIMP-nucleon scattering

The spin-dependent WIMP-nucleon scattering cross section �SD(�, p) vs. m� is shown in Fig. 2.
These scattering reactions take place via Z and squark exchange; again, since squarks are
expected heavy, the Z-exchange diagram should dominate. However, the Z-exchange coupling
is proportional to (Eq. 8.101 of Ref. [66])

XZ
11 ⇠

1

4

p
g2 + g02(v(1)21 + v

(1)2
2 ) (3)

which depends only on the higgsino components of �1. Thus, models with a mainly higgsino-
like LSP tend to yield large SD scattering cross sections. While a variety of underground
experiments have developed bounds on �SD, the best recent bounds come from the IceCube
experiment which monitors WIMP annihilation into high energy neutrinos in the solar core. In

9

Spin Dependant

Baer et al. 1609.06735



Figure 3: Plot of rescaled thermally-averaged WIMP annihilation cross section times velocity
⇠2h�vi versus m� from several published results along with current Fermi-LAT/MAGIC com-
bined reach via W+W� channel and projected (dashed) CTA reach. ⇠ = 1 for all models but
RNS.

masses are far beyond reach of LHC14.
The RNS SUSY regions are suppressed by their ⇠2 factors in that the WIMPs may com-

prise only a fraction of the galactic dark matter abundance. Thus, their projected region of
interest lies for the most part below even the CTA projected reach. The pMSSM projections
fill essentially all of the parameter space shown.

Pertaining to NThW dark matter, we note that there have already been some claims in the
literature that these candidates are excluded by HESS and Fermi gamma-ray line searches [43,
44]. The reason NThWs are susceptible to such searches is that 1. the wino-wino! ��
reaction proceeds through a box diagram including wino-W boson exchange and so is quite
unsuppressed for wino-like WIMPs and 2. Sommerfeld enhanced (SE) annihilation rates boost
the annihilation cross section for higher mass winos. These exclusion claims may be tempered
by the more conservative analysis from Ref. [72] which maintains that winos are excluded
for m(wino) . 0.8 TeV due to searches for p̄s and excluded between 1.8-3.5 TeV due to
gamma-ray line searches. Thus, for Ref. [72], a window of viability remained open for 0.8 TeV
< m(wino) < 1.8 TeV.

Our calculations from Isatools [73] generate the expected h�vi region from a scan over
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Is SUSY alive? 
Not so well, but at least still popular..

Strumia talk, Madrid, September 2016

Is SUSY popular?

Yes
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Pool at IFT workshop, September 2016

IFT workshop, « Is SUSY alive and well? »
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At least optimism…



Conclusion

« Prediction is very difficult, especially if it’s 
about the future » 

Niels Bohr



The equations
n_{e^-} + n_{e^+} = 0 ~ ; ~~ n_{\nu} + n_{\bar \nu} = \frac{1}{2} n_{\gamma}

\frac{\ddot a}{a} = - \frac{4 \pi G}{3}  \rho ~\Rightarrow ~ q(t) = - \frac{1}{H^2} \frac{\ddot a}{a} = \frac{4 \pi 
G}{3 H^2} \rho 
\\
= \frac{1}{2} \frac{\rho}{\rho_c}= \frac{1}{2} \Omega,
 ~~~~~~ \mathrm{with} ~ H^2 = \frac{8 \pi G}{3} \rho_c

n(T_f) \langle \sigma v \rangle = H(T_f) ~~ \Rightarrow ~~\left(T_f m \right)^{3/2} e^{-m/T_f} \langle \sigma v 
\rangle < \frac{T_f^2}{M_{Pl}} ~~\Rightarrow ~~ T_f=\frac{m}{\ln{M_{Pl}}} = \frac{m}{26}

\frac{dY}{dT} = \frac{T^2}{H(T)} \langle \sigma v \rangle Y^2 ~~\Rightarrow ~~ Y(T_{now}) = \frac{1}{M_{Pl} T_f 
\langle \sigma v \rangle } = \frac{26}{M_{Pl} m \langle \sigma v \rangle } 

\Omega = \frac{\rho}{\rho_c} = \frac{n \times m}{\rho_c} = \frac{Y \times n_\gamma \times m}{\rho_c} = \frac{26 
\times 400~\mathrm{cm^{-3}}}{\rho_c M_{Pl} \langle \sigma v \rangle} < 1
~~~~~~~~
\Rightarrow \langle \sigma v \rangle > 10^{-9} h^{-2} ~\mathrm{GeV^{-2}}

\langle \sigma v \rangle \simeq G_F^2 m^2 > 10^{-9} ~\mathrm{GeV^{-2}} ~~\Rightarrow ~~ m > 2 ~\mathrm{GeV} 

This LIA is a unique opportunity to strengthens our links and develop new directions of research in this 
future very (!!) exciting and bright future for our discipline..


