
University of Durham 

Institute for Computational Cosmology 

Carlos S.  Frenk 
  Institute for Computational Cosmology, 

Durham 

 Clues to the identity of dark matter 
from simulations and observations 



Dark matter 

Cosmic inflation  
à initial conditions 

Two revolutionary ideas were 
proposed around 1980  
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The dark matter power spectrum 

Free streaming à 

  λcut  α mx
-1              

for thermal relic 

  mCDM ~ 100GeV 
susy; Mcut ~ 10-6 Mo  

 mWDM ~ few keV  
sterile ν; Mcut~109 Mo 

  mHDM ~ few eV     
light ν; Mcut~1015 Mo  
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For the first time in Cosmology à a well-
defined theory of the initial conditions for 

the formation of cosmic structure 
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Log k  

The formation of cosmic structure 

t=380,000 yrs  
δρ/ρ ∼10-5	
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Small scales 

δρ/ρ	


z~1000 

k3 P(k) 

t=14.1billion yrs  
δρ/ρ ∼1-106	


Supercomputer simulations are the 
best technique for calculating how 
small primordial perturbations grow 

into galaxies today 

Simulations 
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Non-baryonic dark matter 
cosmologies 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 CfA redshift 

survey 

ΛCDM 
Ω=0.2 

Neutrinos 
Ω=1 

Neutrino DM à  
unrealistic clust’ing 

Neutrinos cannot 
make appreciable 
contribution to Ω 
à mν<< 10 ev 

Frenk, White 
& Davis ‘83 
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Non-baryonic dark matter 
cosmologies 

In CDM structure 
forms hierarchically 

Early CDM N-body 
simulations gave 
promising results 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 CfA redshift 

survey 

ΛCDM 
Ω=0.2 

Neutrinos 
Ω=1 
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Neutrino DM à  
unrealistic clust’ing 

Neutrinos cannot 
make appreciable 
contribution to Ω 
à mν<< 10 ev 

Frenk, White 
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Non-baryonic dark matter 
candidates  

hot neutrino a few eV 

warm keV-MeV 

cold 
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10-5eV-
>100 GeV 
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Non-baryonic dark matter 
candidates  

hot neutrino a few eV 

warm 
 sterile neutrino  
majoron; KeVino keV-MeV 

cold 
   axion 
neutralino 

10-5eV-
>100 GeV 

     Type              example          mass 
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The cold dark matter cosmogony 

Main successes of the CDM cosmogony: 

1.  CMB temp. anisotropies: predicted 1981; discovered  1993 

2.  Galaxy formation and evolution (modelled early 90s; 1991 - ) 

3.  Galaxy clustering (predicted early 80s; measured 1990- 

QDOT, APM, 2dFGRS, SDSS) 
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Temperature anisotropies in CMB  

Peebles & Yu ‘70;  Peebles ‘82  

Large scales Small scales 

coherent oscillations 
of γ – baryon fluid 
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Planck temp anisotropies in CMB 

Planck collaboration ‘13 

Amplitude of fluctuations at z~ 1000 

ΛCDM  The data confirm  
the theoretical 
predictions     
(linear theory)  

Peebles ’82; Bond & 
Efstathiou ‘80s 
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Detection of B-mode polarization? 

Gravitational waves are a fundamental prediction of inflation 

        They induce B-mode polarization in the CMB at low l 

Ade et al. ‘14 
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Fig. 1. The phase plane of eq. (12). Arrows show the direction 
of increasing ~ and a. 

t < 0 only). None of  the solutions (10) remain close 
to (7) for t --> oo. 

If we want our solution to match the parameters 
of  the real Universe then stage (7) should be long 
enough: Ht 0 >> 1, where t o is the moment of transi- 
tion to a Friedmann stage (5(to) ~ 1). This enables us 
to neglect spatial curvature terms (K terms) in eq. (6) 
when investigating the transition region. 

So let K = 0. By making the substitution 

f=( lZH2)3/4~x ,  y = ~ d x / d ~  (11) 

in eq. (6), we obtain the following equation: 

dy/dx =MZ(x - x-1/3)/12HZy - 1 . (12) 

Its phase diagram is shown in fig. 1. The unstable 
saddle point (1,0) is the de Sitter solution (7). All 
curves going to infinity correspond to singular solu- 
tions. The family of  nonsingular solutions of eq. (6) 
correspond to a solution of  eq. (12) that moves from 
the point (1,0) along the curve A. Let y l(X) be the 
equation of  curve A and Y2(X) be the one of  curve B. 

The x = 0 axis corresponds to points of  inflexion 
of a(t) (d = b" = 0, "b" 4: 0). A phase curve reaching the 
y-axis at some point (0, Y0) continues its way from 
the point (0, -Y0)- So, to establish that the extension 
of  the phase curve A will always remain in the part of 
the phase plane confined by the curves A and B and 
the y-axis (so the corresponding solution will be non- 
singular) one should only prove that Y2(O) ~> l Yl(0)[. 
This is easily achieved by multiplying eq. (12) by y 
and subtracting the resulting equation for y l ( x )  from 

the one for Y2(X), which gives 

1 
y2(0) - y 2 ( 0 )  = 2  f d~ [lyl(X)l  +y2(x)]  > 0 .  (13) 

0 

The behaviour of  the solution at the Friedmann 
stage can be obtained from the analysis of  oscillations 
which was carried out in ref. [5] in a more general case. 
Adapting the results to the case involved, we find that 
for t ~ max(M -1, H - l ) :  

a(t) = al t2/3 [1 + (2/3Mt) sin M(t - t l )  ] . (14) 

Note that the corresponding oscillations off(G) are 
not linear and cannot be considered as small perturba- 
tions. 

One can say that a number of  heavy scalar quasi- 
particles with mass M and zero momentum are created 
which determine the law of the Friedmann expansion. 
In the model considered, these "scalarons" are stable. 
But if one generalizes the model and includes one-loop 
contributions of  massive quantum fields then scalarons 
will decay into pairs of massive particles and have a 
finite life time ~- = 6 M/Gp 4 in the case of neutral 
scalar particles with mass p and T = 6/GMp 2 in the 
case of  spinor particles (the conditions p "~ M, t~ -1 are 
assumed). It is interesting that the decay of  scal~rons 
into pairs of gravitons appears to be strongly sup- 
pressed if Nariai's corrections [7] to the Lifshitz 
equation for gravitational waves in an isotropic back- 
ground are taken into account. 

The important property of all nonsingular models 
with the initial superdense de Sitter state is that, as 
shown in ref. [8], such a large amount of  relic gravi- 
tational waves is generated by one-loop processes in 
these models (in particular, in the range 1-- 10 -5  Hz) 
that predictions of  the semiclassical theory and the 
very existence of this state can be experimentally veri- 
fied in the near future. Adopting such a model, one 
should also call for some mechanism of baryon-number 
generation because initial symmetry requires zero 
initial values of  all charges. 

The author acknowledges the hospitality of  
Professor S.W. Hawking and his whole group in 
DAMTP, Cambridge University, where this paper was 
written. 
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A NEW TYPE OF ISOTROPIC COSMOLOGICAL MODELS WITHOUT SINGULARITY 

A.A. STAROBINSKY 
Department o f  Applied Mathematics and Theoretical Physics, Cambridge University, Cambridge, England 1 
and The Landau Institute for Theoretical Physics, The Academy of  Sciences, Moscow, 11 7334, USSR 2 

Received 11 January 1980 

The Einstein equations with quantum one-loop contributions of conformally covariant matter fields are shown to admit 
a class of nonsingular isotropic homogeneous solutions that correspond to a picture of the Universe being initially in the 
most symmetric (de Sitter) state. 

It is well known that many solutions of  the classical 
Einstein equations, in particular, the F r i e d m a n n -  
Rober tson-Walker  isotropic homogeneous cosmo- 
logical model,  contain singularities and cannot be anal- 
ytically continued beyond them. So a fundamental  
cosmological problem arises: what was there before 
the "big bang", i.e. before the stage of  classical expan- 
sion of  the Universe? 

One might think that quantum-gravitational effects 
will somehow change the situation. At present there 
exists a particular case where they can be calculated 
in closed form; it is the effects due to the interaction 
of quantum free matter  fields with a classical gravita- 
tional field. The one-loop approximation is exact in 
this case. It looks reasonable to solve the Einstein 
equations with quantum corrections in this approxi- 
mation and see if there exists any physically interest- 
ing nonsingular solution. 

Let us consider the simplest case: the self-consis- 
tent evolution of  an isotropic homogeneous classical 
gravitational background interacting with a number 
of massless conformally covariant quantum fields with 
different spin values. The space - t ime  metric has the 
form: 

ds 2 = d t  2 - a2(t)  dE~( r ,  0, ¢ ) ,  (1) 

1 The work in Cambridge University was supported by The 
Nuffield Foundation. 

2 Permanent address (also address after 25 December, 1979). 

K = +1 ,0 ,  - 1  corresponds to a closed, flat and open 
F r i edmann-Robe r t son -Walke r  model, respectively. 
a(t) should be determined from the Einstein equations 
with quantum contributions in the right-hand-side + 1. 

1 Rik  -- ggik R = 8rrG(Tik) . (2) 

There is no massless particle creation and nonlocal 
vacuum polarization in the conformally flat metric 
(1), so (Tik) consists only of  local terms which arise 
in the process of  regularization (see, e.g., refs. [3,4]): 

(Tik) = (k2/28807r2)(Ril  Rk l  - } R R i k  

-- ~gikRlm R l m +  ~gikR 2) 

+ (k3/28807r 2) ~(2R;i;k  -- 2g ikR  ;l;l 
1 2 -- 2 R R i k  + ~gik R ) . (3) 

The constants k 2 and k 3 are sums of  contributions 
from quantum fields with different spin values. 

Solutions of  eqs. (2), (3) have physical sense only 
as long as [RiklmRiklm [ ~ tg  4, tg = ~ because if 
this is not the case higher-loop corrections due to quan- 
tized gravitational and matter  interactions cannot be 
neglected. So if we succeed in finding at least one solu- 
tion which is nonsingular at all t and does not violate 

,1 h = c = 1 is assumed throughout this paper. The Landau- 
Lifshitz sign conventions are used. In particular, compared 
with ref. [ 1 ], Riklm, Rik and R (but not T) have the oppo- 
site sign, and with ref. [ 2 ], R and T have the opposite sign. 
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The cold dark matter cosmogony 

Main successes of the CDM cosmogony: 

1.  CMB temp. anisotropies: predicted 1981; discovered  1993 

2.  Galaxy formation and evolution (modelled early 90s; 1991 - ) 

3.  Galaxy clustering (predicted early 80s; measured 1990- 

QDOT, APM, 2dFGRS, SDSS) 
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The halo mass function 
and the galaxy 

luminosity function have 
different shapes 

Complicated variation of 
M/L with halo mass 

Dark halos 
(const M/L) 

galaxies 

The galaxy luminosity function 

photoionization + SN feedback 

AGN feedback 

White & Frenk ‘91; Kauffmann et al ‘93; Benson 
et al ’03; Croton et al ‘05; Bower et al. ’06  

Galaxy luminosity not 
just        halo mass  
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z=8 z=10 

Lacey, Baugh, 
Frenk, Benson ‘12 

unextincted 

w. dust 

z=3 
unextincted 

w. dust 

z=5 

Star forming galaxies  

Evolution of 
Lyman-break 
galaxy lum.  

function 
model  

data 

t=2.1 Gyr t=1.15 Gyr 

t=0.62 Gyr t=0.46 Gyr 
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The cold dark matter cosmogony 

Main successes of the CDM cosmogony: 

1.  CMB temp. anisotropies: predicted 1981; discovered  1993 

2.  Galaxy formation and evolution (modelled early 90s; 1991 - ) 

3.  Galaxy clustering (predicted early 80s; measured 1990- 

QDOT, APM, 2dFGRS, SDSS) 



University of Durham 

Institute for Computational Cosmology 

z = 0   Dark Matter 

Springel et al 05 
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Croton et al 05 

z = 0   Galaxy light 



Springel, Frenk & White  
Nature, April ‘06 

2dFGRS 
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The cosmic power spectrum: from 
the CMB to the 2dFGRS 

2dFGRS 
z=0 

Sanchez et al 06 

⇒ ΛCDM provides an 
excellent description of 
mass power spectrum 

from 10-1000 Mpc 

WMAP 
ΛCDM 
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The cosmic power spectrum: from 
the CMB to the 2dFGRS 
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wavenumber k (comoving h-1 Mpc)-1 
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•  Neutrino	  Minimal	  Standard	  Model	  (νMSM)	  
proposed	  to	  explain	  neutrino	  masses	  	  (Asaka	  
&	  Shaposhnikov	  ’05;	  Boyarski,	  Ruchowskyi)	  

•  Adds	  three	  sterile	  neutrinos	  to	  the	  SM.	  The	  
lightest	  of	  these	  would	  be	  the	  dark	  maHer	  	  

The ν minimal standard model 
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The cosmic power spectrum: from 
the CMB to the 2dFGRS 
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DETECTION OF AN UNIDENTIFIED EMISSION LINE IN THE STACKED X-RAY SPECTRUM OF GALAXY
CLUSTERS
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ABSTRACT

We detect a weak unidentified emission line at E = (3.55 ! 3.57) ± 0.03 keV in a stacked XMM
spectrum of 73 galaxy clusters spanning a redshift range 0.01 ! 0.35. MOS and PN observations
independently show the presence of the line at consistent energies. When the full sample is divided
into three subsamples (Perseus, Centaurus+Ophiuchus+Coma, and all others), the line is seen at
> 3! statistical significance in all three independent MOS spectra and the PN “all others” spectrum.
The line is also detected at the same energy in the Chandra ACIS-S and ACIS-I spectra of the Perseus
cluster, with a flux consistent with XMM-Newton (however, it is not seen in the ACIS-I spectrum of
Virgo). The line is present even if we allow maximum freedom for all the known thermal emission
lines. However, it is very weak (with an equivalent width in the full sample of only " 1 eV) and located
within 50–110 eV of several known faint lines; the detection is at the limit of the current instrument
capabilities and subject to significant modeling uncertainties. On the origin of this line, we argue that
there should be no atomic transitions in thermal plasma at this energy. An intriguing possibility is
the decay of sterile neutrino, a long-sought dark matter particle candidate. Assuming that all dark
matter is in sterile neutrinos with ms = 2E = 7.1 keV, our detection in the full sample corresponds to
a neutrino decay mixing angle sin2(2") # 7$ 10!11, below the previous upper limits. However, based
on the cluster masses and distances, the line in Perseus is much brighter than expected in this model,
significantly deviating from other subsamples. This appears to be because of an anomalously bright
line at E = 3.62 keV in Perseus, which could be an Arxvii dielectronic recombination line, although
its emissivity would have to be 30 times the expected value and physically di!cult to understand. In
principle, such an anomaly might explain our line detection in other subsamples as well, though it
would stretch the line energy uncertainties. Another alternative is the above anomaly in the Ar line
combined with the nearby 3.51 keV K line also exceeding expectation by factor 10–20. Confirmation
with Chandra and Suzaku, and eventually Astro-H, are required to determine the nature of this new
line.

1. INTRODUCTION

Galaxy clusters are the largest aggregations of hot in-
tergalactic gas and dark matter. The gas is enriched
with heavy elements (Mitchell et al. (1976); Serlemitsos
et al. (1977) and later works) that escape from galaxies
and accumulate in the intracluster/intergalactic medium
(ICM) over billions of years of galactic and stellar evo-
lution. The presence of various heavy ions is seen from
their emission lines in the cluster X-ray spectra. Data
from large e"ective area telescopes with spectroscopic ca-
pabilities, such as ASCA, Chandra, XMM-Newton and
Suzaku, uncovered the presence of many elements in the
ICM, including O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni
(for a review see, e.g., Böhringer & Werner 2010). Re-
cently, weak emission lines of low-abundance Cr and Mn
were discovered (Werner et al. 2006; Tamura et al. 2009).
Relative abundances of various elements contain valuable
information on the rate of supernovae of di"erent types in
galaxies (e.g., Loewenstein 2013) and illuminate the en-
richment history of the ICM (e.g., Bulbul et al. 2012b).
Line ratios of various ions can also provide diagnostics
of the physical properties of the ICM, uncover the pres-
ence of multi-temperature gas, nonequilibrium ionization

ebulbul@cfa.harvard.edu

states and nonthermal emission processes such as charge
exchange (Paerels & Kahn 2003).
As for dark matter, 80 years from its discovery by

(Zwicky 1933, 1937), its nature is still unknown (though
now we do know for sure it exists — from X-ray and
gravitational-lensing observations of the Bullet Cluster,
Clowe et al. (2006), and we know accurately its cosmo-
logical abundance, e.g., Hinshaw et al. (2013)). Among
the various plausible dark matter candidates, one that
has motivated our present work is the hypothetical ster-
ile neutrino that is included in some extensions to the
standard model of particle physics (Dodelson & Widrow
(1994) and later works; for recent reviews see, e.g.,
Abazajian et al. (2007); Boyarsky et al. (2009)). Ster-
ile neutrinos should decay spontaneously with the rate

#!(ms, ") = 1.38$ 10!29 s!1

!

sin2 2"

10!7

"

# ms

1 keV

$5
,

(1)
where the particle mass ms and the “mixing angle” "
are unknown but tied to each other in any particular
neutrino production model (Pal & Wolfenstein 1982).
The decay of sterile neutrino should produce a photon of
E = ms/2 and an active neutrino. The mass of the ster-
ile neutrino may lie in the keV range, which would place
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An unidentified line in X-ray spectra of the Andromeda galaxy and Perseus galaxy cluster
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We identify a weak line at keV in X-ray spectra of the Andromeda galaxy and the Perseus galaxy
cluster – two dark matter-dominated objects, for which there exist deep exposures with the XMM-Newton X-ray
observatory. Such a line was not previously known to be present in the spectra of galaxies or galaxy clusters.
Although the line is weak, it has a clear tendency to become stronger towards the centers of the objects; it is
stronger for the Perseus cluster than for the Andromeda galaxy and is absent in the spectrum of a very deep
“blank sky” dataset. Although for individual objects it is hard to exclude the possibility that the feature is due
to an instrumental effect or an atomic line of anomalous brightness, it is consistent with the behavior of a line
originating from the decay of dark matter particles. Future detections or non-detections of this line in multiple
astrophysical targets may help to reveal its nature.

The nature of dark matter (DM) is a question of crucial im-
portance for both cosmology and for fundamental physics. As
neutrinos – the only known particles that could be dark mat-
ter candidates – are known to be too light to be consistent with
various observations (see e.g. [1] for a review), it is widely an-
ticipated that a new particle should exist to extend the hot Big
Bang cosmology paradigm to dark matter. Although many
candidates have been put forward by particle physicists (see
e.g. [2]), little is known experimentally about the properties
of DM particles: their masses, lifetimes, and interaction types
remain largely unconstrained. A priori, a given DM candidate
can possess a decay channel if its lifetime exceeds the age
of the Universe. Therefore, the search for a DM decay signal
provides an important test to constrain the properties of DM in
a model-independent way. For fermionic particles, one should
search above the Tremaine-Gunn limit [3] ( ). If the
mass is below , such a fermion can decay to neutrinos
and photons, and we can expect two-body radiative decay with
photon energy DM. Such particles can be searched
for in X-rays (see [4] for review of previous searches). For
each particular DM model, the particle’s mass, lifetime and
other parameters are related by the requirement to provide the
correct DM abundance. For example, for one very interesting
DM candidate – the right-handed neutrino – this requirement
restricts the mass range to [4, 5]. A large part
of the available parameter space for sterile neutrinos is fully
consistent with all astrophysical and cosmological bounds [6],
and it is important to probe it still further.

The DM decay line is much narrower than the spectral res-
olution of the present day X-ray telescopes and, as previous
searches have shown, should be rather weak. The X-ray spec-
tra of astrophysical objects are crowded with weak atomic and
instrumental lines, not all of which may be known. Therefore,
even if the exposure of available observations continues to in-
crease, it is hard to exclude an astrophysical or instrumental
origin of any weak line found in the spectrum of individual

object. However, if the same feature is present in the spectra
of a number of different objects, and its surface brightness and
relative normalization between objects is consistent with the
expected behavior of the DM signal, this can provide much
more convincing evidence about its nature.

The present paper takes a step in this direction. We present
the results of the combined analysis of many XMM-Newton
observations of two objects at different redshifts – the Perseus
cluster and the Andromeda galaxy (M31) – together with a
long exposure “blank sky” dataset. We study the 2.8–8 keV
energy band and show that the only significant un-modeled
excess that is present in the spectra of both M31 and Perseus
is located at keV energy and the line in Perseus is cor-
rectly redshifted as compared to Andromeda (at 95% CL). The
relative fluxes for the two objects are in agreement with what
is known about their DM distributions. We also study sur-
face brightness profiles of this line and find them consistent
with expectations for a DM decay line. We do not detect such
a line in the very deep “blank sky” dataset, which disfavors
some of the scenarios for its instrumental origin (e.g. features
in the effective area). The upper bound from this dataset is
consistent with expectations for a DM signal that would come
in this case primarily from the Milky Way halo. However, as
the line is weak ( in the combined dataset) and the uncer-
tainties in DM distribution are significant, positive detections
or strong constraints from more objects are clearly needed in
order to determine the nature of this signal.1

Below we summarize the details of our data analysis and then

1 During our work we became aware that a similar analysis has been carried
out by different group for a collection of galaxy clusters. When this paper
was in preparation, the arXiv preprint [7] by this group appeared, claim-
ing a detection of a spectral feature at the same energy from a number of
clusters.

ar
X

iv
:1

40
2.

41
19

v1
  [

as
tr

o-
ph

.C
O

] 
 1

7 
F

eb
 2

01
4

An unidentified line in X-ray spectra of the Andromeda galaxy and Perseus galaxy cluster

A. Boyarsky , O. Ruchayskiy , D. Iakubovskyi and J. Franse
Instituut-Lorentz for Theoretical Physics, Universiteit Leiden, Niels Bohrweg 2, Leiden, The Netherlands

Ecole Polytechnique Fédérale de Lausanne, FSB/ITP/LPPC, BSP, CH-1015, Lausanne, Switzerland
Bogolyubov Institute of Theoretical Physics, Metrologichna Str. 14-b, 03680, Kyiv, Ukraine

National University “Kyiv-Mohyla Academy”, Skovorody Str. 2, 04070, Kyiv, Ukraine
Leiden Observatory, Leiden University, Niels Bohrweg 2, Leiden, The Netherlands

We identify a weak line at keV in X-ray spectra of the Andromeda galaxy and the Perseus galaxy
cluster – two dark matter-dominated objects, for which there exist deep exposures with the XMM-Newton X-ray
observatory. Such a line was not previously known to be present in the spectra of galaxies or galaxy clusters.
Although the line is weak, it has a clear tendency to become stronger towards the centers of the objects; it is
stronger for the Perseus cluster than for the Andromeda galaxy and is absent in the spectrum of a very deep
“blank sky” dataset. Although for individual objects it is hard to exclude the possibility that the feature is due
to an instrumental effect or an atomic line of anomalous brightness, it is consistent with the behavior of a line
originating from the decay of dark matter particles. Future detections or non-detections of this line in multiple
astrophysical targets may help to reveal its nature.

The nature of dark matter (DM) is a question of crucial im-
portance for both cosmology and for fundamental physics. As
neutrinos – the only known particles that could be dark mat-
ter candidates – are known to be too light to be consistent with
various observations (see e.g. [1] for a review), it is widely an-
ticipated that a new particle should exist to extend the hot Big
Bang cosmology paradigm to dark matter. Although many
candidates have been put forward by particle physicists (see
e.g. [2]), little is known experimentally about the properties
of DM particles: their masses, lifetimes, and interaction types
remain largely unconstrained. A priori, a given DM candidate
can possess a decay channel if its lifetime exceeds the age
of the Universe. Therefore, the search for a DM decay signal
provides an important test to constrain the properties of DM in
a model-independent way. For fermionic particles, one should
search above the Tremaine-Gunn limit [3] ( ). If the
mass is below , such a fermion can decay to neutrinos
and photons, and we can expect two-body radiative decay with
photon energy DM. Such particles can be searched
for in X-rays (see [4] for review of previous searches). For
each particular DM model, the particle’s mass, lifetime and
other parameters are related by the requirement to provide the
correct DM abundance. For example, for one very interesting
DM candidate – the right-handed neutrino – this requirement
restricts the mass range to [4, 5]. A large part
of the available parameter space for sterile neutrinos is fully
consistent with all astrophysical and cosmological bounds [6],
and it is important to probe it still further.

The DM decay line is much narrower than the spectral res-
olution of the present day X-ray telescopes and, as previous
searches have shown, should be rather weak. The X-ray spec-
tra of astrophysical objects are crowded with weak atomic and
instrumental lines, not all of which may be known. Therefore,
even if the exposure of available observations continues to in-
crease, it is hard to exclude an astrophysical or instrumental
origin of any weak line found in the spectrum of individual

object. However, if the same feature is present in the spectra
of a number of different objects, and its surface brightness and
relative normalization between objects is consistent with the
expected behavior of the DM signal, this can provide much
more convincing evidence about its nature.

The present paper takes a step in this direction. We present
the results of the combined analysis of many XMM-Newton
observations of two objects at different redshifts – the Perseus
cluster and the Andromeda galaxy (M31) – together with a
long exposure “blank sky” dataset. We study the 2.8–8 keV
energy band and show that the only significant un-modeled
excess that is present in the spectra of both M31 and Perseus
is located at keV energy and the line in Perseus is cor-
rectly redshifted as compared to Andromeda (at 95% CL). The
relative fluxes for the two objects are in agreement with what
is known about their DM distributions. We also study sur-
face brightness profiles of this line and find them consistent
with expectations for a DM decay line. We do not detect such
a line in the very deep “blank sky” dataset, which disfavors
some of the scenarios for its instrumental origin (e.g. features
in the effective area). The upper bound from this dataset is
consistent with expectations for a DM signal that would come
in this case primarily from the Milky Way halo. However, as
the line is weak ( in the combined dataset) and the uncer-
tainties in DM distribution are significant, positive detections
or strong constraints from more objects are clearly needed in
order to determine the nature of this signal.1

Below we summarize the details of our data analysis and then

1 During our work we became aware that a similar analysis has been carried
out by different group for a collection of galaxy clusters. When this paper
was in preparation, the arXiv preprint [7] by this group appeared, claim-
ing a detection of a spectral feature at the same energy from a number of
clusters.
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àSubgalactic scales  

   (strongly non-linear)  

Astrophysical key to identity of dark matter: 
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cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘14 
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WDM 

2.3 keV 

2.0 keV 

1.6 keV 

1.4 keV 

 

CDM 

2.3keV 

1.4keV 

Warm DM: different ν mass 
The linear power spectrum (“power per octave” ) 

Large scales Small scales 

Lovell et al ‘14 

λcut  α mx
-1               
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Warm DM: different ν mass 

1.4keV	  

1.6keV	  2.0keV,	  2.3keV	  

z=3	  

WDM 

2.3 keV 

2.0 keV 

1.6 keV 

1.4 keV 

 

WDM	  

CDM	  
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Cold dark matter  

•  Large number of self-bound substructures (10% of mass) survive 

• The main halo and its subhalos have “cuspy” density profiles  

Simulations make 2 important predictions on galactic scales:  

N-body simulations: CDM vs WDM  

•  Far fewer self-bound substructures (5% of mass) survive 

•  Main halo profile identical to CDM; subhalos still “cuspy” but less 
concentrated than in CDM  

Warm dark matter  
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€ 

Vmax =maxVc

€ 

Vc =
GM
r

The structure of the 
Milky Way satellites 

rmax 

Vmax 

Strigari, Frenk & White 2010 
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Lovell, Eke, Frenk, Gao, Jenkins, Theuns  ‘12 

• cold dark matter • warm dark matter  

Subhalo abundance  
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The mass function of substructures 

CDM 
(430 kpc) 

Subhalo mass function 

Aquarius CDM halos 
(Springel et al. ‘08) 

Resolution limit 
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WDM 

2.3 keV 

2.0 keV 

1.6 keV 

1.4 keV 

 

Lovell et al ‘14 

The mass function of substructures 

CDM 

WDM 

(430 kpc) 

Subhalo mass function 

No of suhalos  
ì with mWDM 

decreasing mWDM    

Resolution limit 
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• cold dark matter • warm dark matter  

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

Subhalo density profiles 

WDM 

2.3 keV 

2.0 keV 

1.6 keV 

1.4 keV 

 

Lovell et al ‘14 

For WDM, central density 
î with decreasing mWDM 
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How can we distinguish between CDM & WDM ?  
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Lovell, Frenk, Eke, Gao, Jenkins, Theuns  ’12, ‘13 

• cold dark matter • warm dark matter  

Subhalo abundance  
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The satellites of the Milky Way 

~25 satellites known 
in the MW 
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Lovell, Frenk, Eke, Gao, Jenkins, Theuns  ’12, ‘14 

• cold dark matter • warm dark matter  

Subhalo abundance  
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CDM simulations produce >105 subhalos 

~25 satellites known 
in the MW 
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Reionization heats gas above Tvir, preventing it 
from cooling and forming stars in small halos 

•  Supernovae feedback expels gas  

Most subhalos never make a galaxy!  

Making a galaxy in a small halo is hard because:  
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Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint  satellites 

•  LMC/SMC should be rare 
(~2% of cases) 

dark halos 
(const M/L)  

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman etal ’93, Bullock etal ’01) 
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Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint  satellites 

•  LMC/SMC should be rare 
(~2% of cases) 

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman etal ’93, Bullock etal ’01) 

★ 
★ 

★ 

★ 
★ 

Koposov et al 08 
(SDSS) 
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Hydrodynamic simulations 
Eagle (Evolution and Assembly of galaxies 

and their environment) 

Virgo consortium – Schaye et al ’14; Sawala et al ‘14 
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Circular velocity functions  

All subhalos 

satellites 

•   Satellite formation           
inhibited in subhalos of  
vmax < 20 km/s today 

(12 km/s at z=9)	

•  All subhalos with     
vc > 20 km/s make a 

satellite of 
L>2.6x105Lo 

Okamoto & Frenk ‘10 Vmax /km s-1 

N
(>

V
m

ax
) 

Full hydro simulations 
Okamoto & Frenk ‘10 
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Smoke billo
ws as an area of th

e Amazon rainforest is burnt to
 clear la

nd for agriculture. Photograph: Nacho

Doce/Reuters

The American Association for th
e Advancement of Science came as close as such a

respectable institu
tion can to screaming an alarm last week. "A

s scientists, it i
s not our

role to tell people what th
ey should do," it

 said as it b
egan one of th

ose sentences that

you know will b
uild to a "but". "

But human-caused clim
ate risks abrupt, u

npredictable

and potentially irre
versible changes."

In other words, th
e most distinguished scientists fro

m the country with the world's pre-

eminent educational in
stitu

tions were try
ing to shake humanity out of its

 complacency.

Why weren't th
eir w

arnings leading the news?

The clim
ate change deniers have won

Scientists continue to warn us about global warming, but m
ost of

us have a vested interest in
 not w

anting to think about it

Nick Cohen

The Observer, S
aturday 22 March 2014 17.30 GMT

23/03/2014 15:34
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Climate's changed before

It's the sunIt's not badThere is no consensus

It's coolingModels are unreliable
Temp record is unreliable

Animals and plants can adapt

It hasn't warmed since 1998

Antarctica is gaining ice

View All Arguments...

 

 

Global Warming & Climate Change Myths

Here is a summary of global warming and climate change myths, sorted by recent

popularity vs what science says. Click the response for a more detailed response. You can

also view them sorted by taxonomy, by popularity, in a print-friendly version, with short

URLs or with fixed numbers you can use for permanent references.

Climate Myth
vs What the Science Says

1 "Climate's changed

before"
Climate reacts to whatever forces it to change at the

time; humans are now the dominant forcing.

2
"It's the sun"

In the last 35 years of global warming, sun and climate

have been going in opposite directions

3
"It's not bad"

Negative impacts of global warming on agriculture,

health & environment far outweigh any positives.

4 "There is noconsensus" 97% of climate experts agree humans are causing

global warming.

5
"It's cooling"

The last decade 2000-2009 was the hottest on record.

6 "Models areunreliable"
Models successfully reproduce temperatures since

1900 globally, by land, in the air and the ocean.

7 "Temp record is
unreliable"

The warming trend is the same in rural and urban

areas, measured by thermometers and satellites.

8 "Animals and plants

can adapt"
Global warming will cause mass extinctions of species

that cannot adapt on short time scales.

9 "It hasn't warmed
since 1998" For global records, 2010 is the hottest year on record,

tied with 2005. The Consensus Project
Website

The Hiroshima

atomic bomb

yielded an explosive

energy of 6.3x1013 Joules.

Since 1998, our climate has

already absorbed more than

2 billion such bombs (4.0

every 
second) 

in

accumulated energy from

the sun, due to greenhouse

gases, and continues to

absorb more energy as heat

each and every day. For

more information, 
visit

http://sks.to/heat.

Global (ocean, atmosphere,

ice) heat accumulation data

from Nuccitelli et al (2012).

Our climate has accumulated

2,079,503,134

Hiroshima atomic bombs

of heat since 1998

 http://sks.to/heat

Does NOT exist ! 

The “satellite problem” in CDM 



MW has only 3 very massive satellites: Vmax > 30 km/s 
(à Msat > 0.01 MMW)  à LMC, SMC, Sagittarius 
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MW has only 3 very massive satellites: Vmax > 30 km/s 
(à Msat > 0.01 MMW)  à LMC, SMC, Sagittarius 

This CDM example (Mhalo= 2x1012 Mo)  has 
10 massive satellites with Vmax > 30 km/s   



Rotation curves of Aquarius subhalos  
Boylan-Kolchin et al. ‘11 

9 dwarf 
satellites of 
Milky Way: 
mass within 

half-light 
radius  

Excludes 
LMC, SMC, 
Sagittarius 

€ 

Vc =
GM
r



University of Durham 

Institute for Computational Cosmology 

Number of massive subhalos  

Number of massive 
subhalos increases 

rapidly with halo mass  

nu
m

be
r o

f s
ub

ha
lo

s 
(>

V
th
) 

Parent halo mass (M200/Mo) 

Wang, Frenk, Navarro, Gao ‘12 

à Milky Way halo mass 
cannot be too large if 

CDM is right! 
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Probability of massive subhalos  
Probability of 
having at 3 

subhalos with 
Vmax> 30 km/s 

Wang, Frenk, Navarro, Gao ‘12 

Depends strongly on 
M200  (and Vcut) 

If mass of MW halo 
>2.2x1012Mo pure CDM 

is ruled out (99% conf)  
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Cautun, Frenk, van den Weygaert, Hellwing ‘14 

CDM requires    
Mhalo< 1.5x1012Mo 

(95% confidence) 
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Rotation curves of Aquarius subhalos  
Boylan-Kolchin et al. ‘11 

9 dwarf 
satellites of 
Milky Way: 
mass within 

half-light 
radius  

Excludes 
LMC, SMC, 
Sagittarius 
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Vc =
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•  The number of satellites (the “satellite problem”) 

•  The structure of satellites (the “too-big-to-fail” problem)  

Cosmology on small scales  

• How about WDM? 
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cold dark matter warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘12 

Tests of the nature of the DM  

WDM does not suffer from the “too-big-to-fail 
problem 
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• cold dark matter • warm dark matter  

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

Subhalo density profiles 

WDM 

2.3 keV 

2.0 keV 

1.6 keV 

1.4 keV 

 

Lovell et al ‘14 

For WDM, central density 
î with decreasing mWDM 



Lovell, Eke, Frenk, Gao, 
Jenkins,  Wang, White, Theuns, 

Boyarski & Ruchayskiy  ‘11 

30 km/s 

Vcirc within r1/2   
MW satellites 



30 km/s 

Vcirc within r1/2   
MW satellites 
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•  The number of satellites (the “satellite problem”) 

•  The structure of satellites (the “too-big-to-fail” problem)  

Cosmology on small scales  

• How about WDM? 

• ✔ 
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Warm DM: different ν mass 

1.4keV	  

1.6keV	  2.0keV,	  2.3keV	  

z=3	  

WDM 

2.3 keV 

2.0 keV 

1.6 keV 

1.4 keV 

 

WDM	  

CDM	  
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Luminosity Function of Local 
Group Satellites in WDM 

 No of sats  ì with: 

•  host halo mass 

•  WDM particle mass  

Kennedy, Cole & Frenk ‘13 Lovell	  et	  al.	  2012	  
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Luminosity Function of Local 
Group Satellites in WDM 

 No of sats  ì with: 

•  host halo mass 

•  WDM particle mass  

Kennedy, Cole & Frenk ‘13 
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warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘12 

Tests of the nature of the DM  

If the halo mass is too small 
and/or the WDM particle mass 
is too small, there will not be 

enough subhalos to account for 
the observed satellites!   

 è lower limit on mwdm 
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Limits on WDM particle mass  

M
ha

lo
 /M

o 

mWDM/keV 
Kennedy, Cole & Frenk ‘14 

For standard galaxy 
formation model,   
WDM ruled out if 
Mhalo<1.1x1012 Mo 

allowed  

Not allowed 

Minimum halo mass 
consistent (95%) with 
observed no. of sats 

for given mWDM   
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Limits on WDM particle mass  

Minimum halo mass 
consistent (95%) with 
observed no. of sats 

for given mWDM   
M

ha
lo

 /M
o 

mWDM/keV 
Kennedy, Cole & Frenk ‘14 

For standard galaxy 
formation model,   
WDM ruled out if 
Mhalo<1.1x1012 Mo 

allowed  

Not allowed 

Lyman-α forest 
(Viel et al. ‘13) 



University of Durham 

Institute for Computational Cosmology 

Estimates of the MW halo mass  

–  Li & White à M200 = 2.4⨉1012 Mo;   M200 > 8⨉1011 Mo at 95% CL  

–  Guo et al à 8⨉1011 Mo < M200 < 4.7⨉1012 Mo 

–  Deason et al à 5⨉1011 Mo < M150kpc < 1⨉1012 Mo 

–  Xue et al à 8⨉1011 Mo < M100 < 1.3⨉1012 Mo 

–  Battaglia et al à 6⨉1011 Mo < M100 < 3⨉1012 Mo 
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The linear power spectrum (“power per octave” ) 

warm  
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Large scales small scales 
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The linear power spectrum (“power per octave” ) 
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cold 

Large scales small scales 
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          The linear power spectrum (power per octave) 

Large scales small scales 

cold Sterile neutrinos: 2 parameters 

Warm dark matter 

 Sterile neutrinos 

4 KeV sterile  ν	


Asymmetry 
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Limits on WDM particle mass  

M
ha

lo
 /M

o 

mWDM/keV 
Kennedy, Cole & Frenk ‘14 

For standard galaxy 
formation model,   
WDM ruled out if 
Mhalo<1.1x1012 Mo 

allowed  

Not allowed 

Minimum halo mass 
consistent (95%) with 
observed no. of sats 

for given mWDM   
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Limits on sterile neutrino mass 

M
ha

lo
 /M

o 

Kennedy, Cole & Frenk ‘14 

allowed  

Not allowed 

Asymmetry 
param In νMSM, the mass 

power spectrum can 
be described by  2 

params:  mν and an 
asymmetry param.                  

The constraints on the 
mass generally 
become weaker 
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Cold dark matter :  

With our standard assumptions: at 95% confidence  

Constraints on CDM & WDM from 
the Milky Way satellites 

Warm dark matter :  

Ruled out unless Mhalo > 1.2  x 1012 Mo 
(from abundance of  satellites) 

Ruled out unless Mhalo < 1.5 x 1012 Mo 
(from abundance of massive satellites) 

Unless baryon effects 
are important 
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The satellites of the Milky Way  
SPH simulations of galaxy formation 

in one of the Aquarius halos 

Parry, Eke, Frenk  & Okamoto ‘11 
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Baryon effects in the MW satellites  

DM central 
density 

gas DM (9 most massive) 

DM Sub	  33	  

Parry, Eke & Frenk ‘11 

Subhalo	  33	  

1+z 

subhalo 33 

other halos 
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Subhalo	  33	  

Baryon effects in the MW satellites  
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DM & sats of the MW: conclusions 

Abundance and kinematics of MW sats set strong constraints 
on nature of dark matter 

Model Sat Lum Fn Massive sats Comments 

CDM OK Mhalo <1.5x1012 Mo Unless baryon 
effects reduce 
central density 

WDM Mhalo> 1.2x1012 Mo 
 

OK + X-ray constraint 
Mhalo > 1.5x1012 Mo 

mx< 5keV  

Key properties of sat system: 
-  Luminosity function 

-  Abundance of most 
massive sats 

? 


