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Two Nobel prizes  (2006 and 2011) 

ΛCDM: the standard model of 
cosmology 

Why is this the standard model? 

New tests and possible problems 

• cold dark matter 

• cosmological constant 



Dark matter 

Cosmic inflation  
à initial conditions 

Two revolutionary ideas were 
proposed in 1980  
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Non-baryonic dark matter 
candidates  

hot neutrino a few eV 

warm                keV-MeV 

cold 
   axion 
neutralino 

10-5eV-
>100 GeV 

     Type              example          mass 
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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  

 

The linear power spectrum (“power per octave” ) 
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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	



PS at recombination 
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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 

Davis, Efstathiou, 
Frenk & White 
‘85 

Frenk, White 
& Davis ‘83 
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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 

Davis, Efstathiou, 
Frenk & White ‘85 

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 
candidates  

hot neutrino a few eV 

warm keV-MeV 

cold 
   axion 
neutralino 

10-5eV-
>100 GeV 

     Type              example          mass 
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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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1982 – 1990: the glory days of 
Ωmatter = 1 (à “standard CDM” )  

density 
 critical density 

 
Ωtot =	



ρ  = ρmass  + ρrel +  ρvac	



e.g. cosmological constant, Λ 
radiation, ν’s 

Inflation  è Ωtot = 1      
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The end of standard (Ωmatter =1) CDM  
… or why Ωmatter  cannot be 1 
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X-ray emission from hot plasma in clusters 

X-rays  ⇒ gas mass 

Photometry  ⇒ stellar mass 
Gas in hydrostatic equilibrium so X-rays  

 (or lensing) ⇒ total gravitating mass 

Perseus (z=0.0183) 
A2052 (z=0.0348) 

Images from David Buote 

About 90% of  baryons in clusters are in hot gas   

1' (z=0.054)	

Hydra A 

Galaxy clusters 

⇒  Baryon fraction, fb 
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Ω from the baryon fraction in clusters 

€ 

fb =
Mb

Mtot

= γ
Ωb

Ωm
where  γ=1 if fb has the universal value 

€ 

Ωm =
Ωbγ
fb

= 0.31± 0.12

White, Navarro, 
Evrard & Frenk 

Nature 1993  

X-rays+lensing à  fb = (0.060h-3/2 +0.009) ±10% 

BBNS, CMB     à  Ωbh2 = 0.019 ± 20% 

HST             à  h = 0.7 ±10% 

simulations       à  γ = 0.9 ±10% 

Allen et al ‘04 

baryon fraction in clusters  ≈  baryon fraction of universe 

White, Navarro, 
Evrard & Frenk ‘93 

èFlat geometry (inflation) requires  Λ=0.7 
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(Some) evidence for dark energy 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

Evidence for Λ from high-z 
supernovae 

SN type Ia (standard candles) at 
z~0.5 are fainter than expected even 

if the Universe were empty 

è The cosmic expansion must have 
been accelerating since the light was 

emitted 

a/a0=1/(1+z)  

flu
x 

Perlmutter et al ’98; Reiss et al ‘98 

Ωm	

 ΩΛ	



Schmidt  et al ‘98 
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Evidence for Λ from high-z 
supernovae 

è The cosmic expansion must have 
been accelerating since the light was 

emitted 

Perlmutter et al ’98; Reiss et al ‘98 
Schmidt  et al ‘98 

density 
 critical density 

 

Ω =	



ρ  = ρmass  + ρrel +  ρvac	



SN type Ia (standard candles) at 
z~0.5 are fainter than expected even 

if the Universe were empty 



The content of our universe  

Dark energy ≡ mysterious form of energy which opposes gravity  

5 % 

25% 70% 
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ΛCDM model is an a priori 
implausible model! 

… but makes definite predictions and is therefore testable 
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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 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) 



The cosmic microwave 
background is emitted 
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Temperature anisotropies in CMB  

After Peebles & Yu ‘70;  Peebles ‘82  

Large scales Small scales 

coherent oscillations 
of γ – baryon fluid 

2D
 p

ow
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 s
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Sunyaev & Zel’dovich ‘70   
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The CMB 

1992 

George Smoot - Nobel Prize 2006 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

The CMB 

1992 

2003 
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The CMB 

1992 

2012 

Planck 
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Temperature anisotropies in CMB  

After Peebles & Yu ‘70;  Peebles ‘82  

Large scales Small scales 

coherent oscillations 
of γ – baryon fluid 

2D
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Sunyaev & Zel’dovich ‘70   
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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 



PS depends on 
cosmological 

parameters, e.g. 
position of 1st peak 

à curvature  

Wayne Hu   
http://background.uchicago.edu/~whu/intermediate/intermediate.html 
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Planck Collaboration: Cosmological parameters

Planck+WP Planck+WP+highL Planck+lensing+WP+highL Planck+WP+highL+BAO

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits Best fit 68% limits

⇤bh2 . . . . . . . . . . 0.022032 0.02205 ± 0.00028 0.022069 0.02207 ± 0.00027 0.022199 0.02218 ± 0.00026 0.022161 0.02214 ± 0.00024

⇤ch2 . . . . . . . . . . 0.12038 0.1199 ± 0.0027 0.12025 0.1198 ± 0.0026 0.11847 0.1186 ± 0.0022 0.11889 0.1187 ± 0.0017

100⇥MC . . . . . . . . 1.04119 1.04131 ± 0.00063 1.04130 1.04132 ± 0.00063 1.04146 1.04144 ± 0.00061 1.04148 1.04147 ± 0.00056

⇧ . . . . . . . . . . . . 0.0925 0.089+0.012
�0.014 0.0927 0.091+0.013

�0.014 0.0943 0.090+0.013
�0.014 0.0952 0.092 ± 0.013

ns . . . . . . . . . . . 0.9619 0.9603 ± 0.0073 0.9582 0.9585 ± 0.0070 0.9624 0.9614 ± 0.0063 0.9611 0.9608 ± 0.0054

ln(1010As) . . . . . . . 3.0980 3.089+0.024
�0.027 3.0959 3.090 ± 0.025 3.0947 3.087 ± 0.024 3.0973 3.091 ± 0.025

APS
100 . . . . . . . . . . 152 171 ± 60 209 212 ± 50 204 213 ± 50 204 212 ± 50

APS
143 . . . . . . . . . . 63.3 54 ± 10 72.6 73 ± 8 72.2 72 ± 8 71.8 72.4 ± 8.0

APS
217 . . . . . . . . . . 117.0 107+20

�10 59.5 59 ± 10 60.2 58 ± 10 59.4 59 ± 10

ACIB
143 . . . . . . . . . . 0.0 < 10.7 3.57 3.24 ± 0.83 3.25 3.24 ± 0.83 3.30 3.25 ± 0.83

ACIB
217 . . . . . . . . . . 27.2 29+6

�9 53.9 49.6 ± 5.0 52.3 50.0 ± 4.9 53.0 49.7 ± 5.0

AtSZ
143 . . . . . . . . . . 6.80 . . . 5.17 2.54+1.1

�1.9 4.64 2.51+1.2
�1.8 4.86 2.54+1.2

�1.8

rPS
143⇥217 . . . . . . . . 0.916 > 0.850 0.825 0.823+0.069

�0.077 0.814 0.825 ± 0.071 0.824 0.823 ± 0.070

rCIB
143⇥217 . . . . . . . . 0.406 0.42 ± 0.22 1.0000 > 0.930 1.0000 > 0.928 1.0000 > 0.930

�CIB . . . . . . . . . . 0.601 0.53+0.13
�0.12 0.674 0.638 ± 0.081 0.656 0.643 ± 0.080 0.667 0.639 ± 0.081

⇤tSZ⇥CIB . . . . . . . . 0.03 . . . 0.000 < 0.409 0.000 < 0.389 0.000 < 0.410

AkSZ . . . . . . . . . . 0.9 . . . 0.89 5.34+2.8
�1.9 1.14 4.74+2.6

�2.1 1.58 5.34+2.8
�2.0

⇤⇥ . . . . . . . . . . . 0.6817 0.685+0.018
�0.016 0.6830 0.685+0.017

�0.016 0.6939 0.693 ± 0.013 0.6914 0.692 ± 0.010

⌅8 . . . . . . . . . . . 0.8347 0.829 ± 0.012 0.8322 0.828 ± 0.012 0.8271 0.8233 ± 0.0097 0.8288 0.826 ± 0.012

zre . . . . . . . . . . . 11.37 11.1 ± 1.1 11.38 11.1 ± 1.1 11.42 11.1 ± 1.1 11.52 11.3 ± 1.1

H0 . . . . . . . . . . . 67.04 67.3 ± 1.2 67.15 67.3 ± 1.2 67.94 67.9 ± 1.0 67.77 67.80 ± 0.77

Age/Gyr . . . . . . . 13.8242 13.817 ± 0.048 13.8170 13.813 ± 0.047 13.7914 13.794 ± 0.044 13.7965 13.798 ± 0.037

100⇥⇤ . . . . . . . . . 1.04136 1.04147 ± 0.00062 1.04146 1.04148 ± 0.00062 1.04161 1.04159 ± 0.00060 1.04163 1.04162 ± 0.00056

rdrag . . . . . . . . . . 147.36 147.49 ± 0.59 147.35 147.47 ± 0.59 147.68 147.67 ± 0.50 147.611 147.68 ± 0.45

Table 5. Best-fit values and 68% confidence limits for the base ⇥CDM model. Beam and calibration parameters, and addi-
tional nuisance parameters for “highL” data sets are not listed for brevity but may be found in the Explanatory Supplement
(Planck Collaboration ES 2013).

strongly degenerate with the Poisson point source ampli-
tude at 100 GHz. This degeneracy is broken when the high-
resolution CMB data are added to Planck.

The last two points are demonstrated clearly in Fig. 7, which
shows the residuals of the Planck spectra with respect to the
best-fit cosmology for the Planck+WP analysis compared to the
Planck+WP+highL fits. The addition of high-resolution CMB
data also strongly constrains the net contribution from the kSZ
and tSZ⇥CIB components (dotted lines), though these compo-
nents are degenerate with each other (and tend to cancel).

Although the foreground parameters for the Planck+WP fits
can di⌅er substantially from those for Planck+WP+highL, the
total foreground spectra are rather insensitive to the addition of
the high-resolution CMB data. For example, for the 217 ⇥ 217
spectrum, the di⌅erences in the total foreground solution are less
than 10 µK2 at ⌥ = 2500. The net residuals after subtracting both
the foregrounds and CMB spectrum (shown in the lower panels
of each sub-plot in Fig. 7) are similarly insensitive to the addi-
tion of the high-resolution CMB data. The foreground model is
su⇧ciently complex that it has a high “absorptive capacity” to
any smoothly-varying frequency-dependent di⌅erences between
spectra (including beam errors).

Table 6. Goodness-of-fit tests for the Planck spectra. The �⌃2 =
⌃2 � N⌥ is the di⌅erence from the mean assuming the model is
correct, and the last column expresses �⌃2 in units of the disper-
sion

⇧
2N⌥.

Spectrum ⌥min ⌥max ⌃2 ⌃2/N⌥ �⌃2/
⇧

2N⌥

100 ⇥ 100 50 1200 1158 1.01 0.14
143 ⇥ 143 50 2000 1883 0.97 �1.09
217 ⇥ 217 500 2500 2079 1.04 1.23
143 ⇥ 217 500 2500 1930 0.96 �1.13

All 50 2500 2564 1.05 1.62

To quantify the consistency of the model fits shown in Fig. 7
for Planck we compute the ⌃2 statistic

⌃2 =
�

⌥⌥⌅
(Cdata
⌥ �CCMB

⌥ �Cfg
⌥ )M�1

⌥⌥⌅ (C
data
⌥⌅ �CCMB

⌥⌅ �Cfg
⌥⌅ ), (33)

for each of the spectra, where the sums extend over the mul-
tipole ranges ⌥min and ⌥max used in the likelihood, M⌥⌥⌅ is
the covariance matrix for the spectrum Cdata

⌥ (including cor-
rections for beam eigenmodes and calibrations), CCMB

⌥ is the
best-fit primordial CMB spectrum and Cfg

⌥ is the best-fit fore-
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Cosmological parameters from CMB data 

Planck collaboration ‘13 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

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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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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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
> 3σ 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(2θ) ≈ 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 difficult 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 effective 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 different 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

Γγ(ms, θ) = 1.38× 10−29 s−1

(

sin2 2θ

10−7

)

( ms

1 keV

)5
,

(1)
where the particle mass ms and the “mixing angle” θ
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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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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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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best technique for calculating how 
small primordial perturbations grow 

into galaxies today 

Simulations 

“Cosmology machine” 

t=14.1billion yrs  
δρ/ρ ∼1-106	
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cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘13 
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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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Dark halos 
(const M/L) 

galaxies 

SN feedback+photoionization 

AGN feedback 

Making a galaxy in a small halo is hard because:  

Most subhalos never make a galaxy!  

Reionization heats gas above Tvir, preventing it 
from cooling and forming stars in small halos 

•  Supernovae feedback expels gas  
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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   
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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) 

CDM requires    
Mhalo< 1.5x1012Mo 

(95% confidence) 
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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, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘12 

Tests of the nature of the DM  
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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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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  

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 
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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 1012Mo 
(from abundance of small satellites) 

From X-ray decay limit, for resonantly produced sterile νs	


à need  mWDM < 5keV and Mhalo > 1.4  x 1012Mo   

Ruled out unless Mhalo < 1.5 x 1012Mo 
(from abundance of massive satellites) 
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Estimates of the MW halo mass  

Wenting Wang et al. ‘14 
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Conclusions 

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

•  ΛCDM great success on scales > 1Mpc: CMB, LSS, gal evolution 

•  But on these scales ΛCDM cannot be distinguished from WDM 

•  The identity of the DM makes a big difference on small scales 

IF 
Mass of Milky Way halo 

>  1.5 x 1012 Mo  

< 1.1 x 1012 Mo  

CDM ruled out* 

WDM ruled out 

* unless exotic baryonic effects are important 


