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Outline:

•Review current observations
•INTEGRAL 511 keV line
•Inelastic scattering WIMP (XDM) model
•Consequences of the model
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Ways of detecting WIMP dark matter:

(in order of increasing speculation)

•Gravitational force (rot. curves, lensing, CMB)
•Direct detection (e.g. nuclear scattering)
•Annihilation (gamma-rays, particles, microwaves)
•Inelastic scattering (pairs, cluster heating, BHs)

We will focus on the last two.

Dark Matter may be more than an inert
substance that is gravitationally “along for the ride.”
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For a thermal 
relic of the Big 
Bang, relic 
density depends 
on annihilation 
cross section at 
freeze-out. 

Jungmann, Kamionkowski, & 
Greist (1996)
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After freeze out, annihilation is negligible until 
galaxies form and densities are relatively high again. 

In the inner Milky Way, annihilation rates are high 
enough that the gamma-rays and synchrotron 
emission from annihilation products may be visible. 

“Indirect detection.”
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Signals have already been observed that are 
consistent with WIMP annihilation, though there 
may be (exotic) astrophysical explanations as well. 

EGRET excess  (few GeV gammas, Galactic center)
HEAT excess    (10-50 GeV positrons near Earth)
WMAP excess  (microwaves from Galactic center)
OSSE excess    (511 keV gammas from GC)



XDM,  Venice,  August 28, 2007Exciting Dark Matter

This is an exciting time in high energy astrophysics.  
Each of these is being replaced by a new project:

EGRET 
HEAT 
WMAP 
OSSE 

-- GLAST (5th or 6th quarter, 2007)
-- PAMELA (in orbit, announce any day now?)
-- Planck    (launch in 2008?)
-- Integral  (results are in)
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Some of these signals are tentative, but fit in nicely
with WIMP annihilation scenarios.  If future 
projects confirm these excesses, then WIMP 
annihilation must be taken seriously as a possible 
explanation. 

The 511 keV line is the exception.  Until recently,
no weak-scale WIMP has been able to explain it.
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Let’s consider the 511 keV line / continuum from 
positron annihilation, observed by many balloon
and satellite experiments, most recently CGRO/OSSE
and INTEGRAL / SPI (Weidenspointner et al., 
Knoedlseder et al. ...)

The unexplained excess is roughly a 6 deg FWHM
Gaussian with a total of 
3x1042 pairs/s = 3x1039 GeV/s = 5x1036erg/s

This is very roughly the power from the bulge region
dissipated by the haze electrons, EGRET excess, etc.
Is this a coincidence?
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   Integral / SPI: (spectrometer)
•Energy range: 20 keV - 8 MeV
•Detector area: 500 cm2 
•Field of view: 16 deg (fully coded)
•Angular resolution: 2.5 deg FWHM
•Launched: 2002 Oct 17
•Still operating...



Normalized to the Haze (with NFW profile)
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With this spectrograph, one can look at the 
1.8 MeV 26Al line, the 511 keV e+e- line, etc. 

26Al traces massive star formation (i.e. SNe)
half life is ~ 106 years.



Normalized to the Haze (with NFW profile)
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•Most (92+-8%) of the positrons form positronium (Ps, 
an e+e- atom) before annihilating. (Weidenspointner 2006,2007)

•3/4 are ortho-Ps and annihilate to 3 photons
•1/4 annihilate to 2 photons (511 keV line)
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Fig. 2. A fit of the SPI result for the diffuse emission from the GC re-
gion (|l|, |b| ≤ 16◦) obtained with a spatial model consisting of an 8◦

FWHM Gaussian bulge and a CO disk. In the fit a diagonal response
was assumed. The spectral components are: 511 keV line (dotted),
Ps continuum (dashes), and power-law continuum (dash-dots). The
summed models are indicated by the solid line. Details of the fitting
procedure are given in the text.

has been applied to spectroscopy of an extended sky source ob-
served with the SPI instrument. As an aside note, we wish to
warn the interested reader that we found the original Ps contin-
uum model in XSPEC, POSM, to be incorrectly implemented.
We developed and tested a new implementation of the Ore &
Powell (1949) spectral shape of Ps continuum emission, which
will be included in subsequent releases of XSPEC.

The data selected for this portion of our analysis comprise
a subset of the total data presented in this paper. Observations
were selected for inclusion in our spectral fitting when the
SPI telescope axis was aligned with the GC to within an an-
gular offset of 16◦ (the extent of the nominal fully-coded SPI
field-of-view). This resulted in a total of about 750 spacecraft
pointings (Science Windows), totalling ∼1.7 Ms of live time,
being used in this analysis.

The full SPI instrument response, including diagonal plus
off-diagonal matrix elements, was then computed, according
to the methodologies described in Sturner et al. (2003), for
each SPI detector for each selected instrument pointing for
each of our grid points spatially sampling the bulge region.
Specifically, we computed the response for a 21-point raster
at (l, b) = (0◦, 0◦), (±4◦, 0◦), (0◦,±4◦), (±8◦, 0◦), (0◦,±8◦),
(±4◦,±4◦), (±8◦,±4◦), (±4◦,±8◦).

The data were then simultaneously fitted to the physical
model described above – 511 keV line, Ps continuum, and
power law – and the 3-component background model described
in Sect. 2. The background model in this case was parame-
terized so that small (±10%) variations were allowed for the
normalization terms of each component in each energy inter-
val, using the results of model fits (as decribed in Sect. 3.2)
to initialize the background model parameters. In practice we
found that the background modelling worked quite well, with
the best fit solutions typically corresponding to normalization
terms within ±1% of unity.

We then made the assumption that the net flux consists of
additive contributions from the two spatial models discussed

in Sect. 3.3.1, i.e. the Gaussian and CO distributions of spa-
tial model G8CO. The spectral model was then applied to the
SPI instrument response function twice at each spatial raster,
with a normalized, relative, weighting factor based on both the
Gaussian and the CO distributions. This leads to a data space
which scales as: (number of SPI pointings) × (number of de-
tectors) × (number of spectral channels). This number is then
multiplied by (number of spatial rasters) × (2 spatial distribu-
tion models) to give the number of individual response matrices
applied to the spectral model for the χ2 minimization problem.
This leads to ∼750× 19× 6 × 21× 2 ∼ 3.6× 106 folded-model
calculations per iteration step of the χ2 minimization proce-
dure. Specifically, we used the XSPEC “FLUX” command and
the best fit parameters of each individual model component to
integrate over the covered energy range.

The parameter space was constrained as follows. The cen-
troid and width of the positron annihilation line were fixed
at 511 keV and 2.5 keV FWHM, respectively, as in our first
analysis (see Sect. 3.3.1). We fixed the power-law photon in-
dex α to a value of 1.75, but allowed the amplitude to vary by
about a factor of 4 relative to that obtained in our first analysis
described above. Otherwise, the model parameters – specifi-
cally the Ps continuum and Gaussian line normalization terms
– were allowed to vary freely in the χ2 minimization. These
two normalization terms were varied separately with respect to
the two spatial distributions, but linked from grid point to grid
point within a given spatial model. This leads to 6 free physical
model parameters (3 normalizations for each of the 2 spatial
models), in addition to the 18 background model parameters
(3 parameters in each of the 6 energy intervals) for the over-
all fit.

We obtained a Ps continuum normalization of (3.11 ±
0.56) × 10−3 ph cm−2 s−1. Combined with the inferred
Gaussian line component normalization of (9.35 ± 0.54) ×
10−4 ph cm−2 s−1 we obtain a Ps fraction of fPs = 0.92 ± 0.09.
The normalization of the power-law component, rescaling the
XSPEC result to the power-law function defined in footnote 6,
is (3.79+1.66

−1.25) × 10−6 ph cm−2 s−1 keV−1. Thus over the range
of our data, the power-law component contributes approxi-
mately 6% (and possibly as much as 14%) of the continuum
flux based on our model fitting. If we allow the power-law in-
dex to vary freely, the resulting power-law flux remains within
the confidence interval above; hence our conclusion regarding
the flux contribution of the power-law component is robust. The
background normalization terms, as noted, were within 1% of
unity. The χ2

ν value obtained was of order unity; specifically,
using the full 1.65 Ms of the data selected for this analysis,
a χ2 per degree of freedom of 99065.1/86289 ≈ 1.15 was
achieved. The uncertainties for a given parameter, specifically
the line and Ps continuum fluxes and the power-law normaliza-
tion, were derived by varying the parameter within its allowed
range. At each step, the other free parameters are allowed to
vary until the fit statistic is minimized, determining the 1σ con-
fidence region for each parameter (specifically, this is accom-
plished using the “ERROR” procedure of XSPEC v12). We
note that the uncertainty in the Ps fraction includes both the
variances and the covariances of the 511 keV line and Ps con-
tinuum fluxes in the variance-covariance matrix of the fit.

Weidenspointner (2006)
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•Most (92+-8%) of the positrons form positronium 
(Ps, an e+e- atom) before annihilating. (Weidenspointner 2006)

•3/4 are ortho-Ps and annihilate to 3 photons
•1/4 annihilate to 2 photons (511 keV line)

•Does the Ps emission trace star formation also?



Normalized to the Haze (with NFW profile)
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Fig. 1. A Richardson-Lucy sky map of extended emission in the summed Ps analysis intervals (the combination of the intervals 410–430,
447−465, and 490–500 keV). The contour levels indicate intensity levels of 10−2, 10−3, and 10−4 ph cm−2 s−1 sr−1. Details are given in the text.

above about 300 keV, and since we are analyzing rather nar-
row energy intervals above 400 keV the fact that we do not
yet detect them is not surprising. We therefore conclude that
the point sources found by us using SPIROS are all spurious,
resulting from SPIROS’ attempt to account for intrinsically dif-
fuse emission with a set of point sources.

3.2. Model fitting

A more quantitative approach for studying the Galactic dis-
tribution of the observed extended emission is model fit-
ting, which we performed using a maximum likelihood multi-
component fitting algorithm (Knödlseder et al. 2005) outlined
in Sect. 2.

We first modelled the emission in the three summed
Ps analysis intervals4 by an ellipsoidal distribution with a
Gaussian radial profile and determined the best-fit centroid
location (l0, b0) and extent in Galactic longitude and latitude
(FWHMl, FWHMb). We then combined this Galactic bulge
model with one of two models for emission from the Galactic
disk: both HI (Dickey & Lockman 1990) and CO (Dame et al.
1987) distributions are tracers of Galactic matter and are be-
lieved to correlate with diffuse emission (cf. Harris et al. 1990;
Kinzer et al. 1999; Strong et al. 2004). The results of these fits
are summarized in Table 1. In each of these fits, the Crab and
Cygnus X-1 were included as steady point sources whose in-
tensities were fitted. When including the four highest-energy
sources reported by Bouchet et al. (2005) the quality of the fits
is only slightly improved and the fit results do not change sig-
nificantly; therefore these point sources were excluded from the
final analysis.

As can be seen from Table 1, the centroid of the bulge
emission is the same within errors for all three models. There
is marginal evidence for a slight offset of the centroid from
the GC, but it is of a magnitude that could easily result from

4 Results for the individual energy intervals are consistent within
statistical uncertainties.

the combined effects of statistical and systematic biases in the
background model (indeed, there is a similarly marginal, but
opposite, offset of the centroid in the 511 keV line emission;
Knödlseder et al. 2005). The extent of the bulge emission, and
its flux, do depend on the sky model. If the extended emission
is modelled by a bulge component only, then there is marginal
evidence for the bulge emission to be more extended in lon-
gitude than in latitude (the ellipticity ε ≡ FWHMb/FWHMl

deviates by about 1.5σ from unity). However, inclusion of a
Galactic disk component improves the fits, with the signifi-
cances of the HI distribution and of the CO distribution being
about 2.8σ and 4.0σ, respectively, favouring the latter. Another
reason to adopt the CO distribution as the better disk model
of the two is the fact that the resulting total sky flux of about
(2.8±0.5)×10−3 ph cm−2 s−1 agrees well with the value of about
2.5 × 10−3 ph cm−2 s−1 determined with SMM5 in the Ps anal-
ysis intervals, whereas the total bulge and HI disk model flux
of (5.4 ± 1.5) × 10−3 ph cm−2 s−1 is only marginally consistent
with the SMM spectrum of Harris et al. (1990).

Inclusion of a Galactic disk component in the fits also ren-
ders evidence for ellipticity of the bulge component insignif-
icant. The bulge shape is consistent with circular symmetry,
with a FWHM of about 8◦, in agreement with our results for the
511 keV line (Knödlseder et al. 2005). As is the case for the an-
nihilation line, the extent of the Ps continuum bulge emission
is slightly larger than that derived by Kinzer et al. (2001) from
OSSE observations. However, the difference is not very signif-
icant, and it is possible that there is bias in the OSSE analysis
favouring a smaller bulge extent (Kinzer et al. 2001).

The fluxes that are attributed to the disk components exceed
the bulge flux by factors of 2−4 (see Table 1). However, since
the disk flux is distributed over a much larger sky region, the
corresponding surface brightness is much lower. The model fits
therefore confirm the mapping result: the intensity of extented

5 The Gamma Ray Spectrometer on board the Solar Maximum
Mission (Forrest et al. 1980).

(2006)
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No.

•The positronium signal is centrally concentrated.
•There is a disk component, but much fainter. 
•The disk component is roughly what we expect from 
SNe Ia; the bulge component is 10 times brighter than 
expected. 

•Kalemci et al (2006) find positron escape fraction is 
too low anyway. 

•After 37 years of work, we don’t know where the 
positrons come from. 
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•LDM (light dark matter, mass ~ 3 MeV) annihilation 
has been proposed (Boehm et al. 2004) but DM at 
this mass scale is not well-motivated. 

•Weak-scale DM (mass ~ 100 GeV - 1 TeV) is better 
motivated, “naturally” has the right cross section to 
give the correct thermal relic density.  Annihilation in 
MW even gives enough power to make the SPI signal!

•But... must cascade each e+e- pair to produce ~ 104 
low-energy pairs. 

•Cascade requires column densities of ~ 1027 cm-2
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Weak-scale DM annihilation doesn’t work. 
LDM annihilation does work, but seems a bit contrived. 

Ideally, we would stick to models with “deep roots”
in physics - but can’t find any that explain the data. 

If we are going to engineer a particle to solve the 
problem, maybe we can do better. 

Let’s try something... exciting!
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IDEA:    eXciting Dark Matter (XDM)
K.E. of pair of 500 GeV  WIMPs moving 
at relative speed of 850km/s = 1 MeV

If  WIMPs have a ground state & excited state,
with ~ MeV mass splitting, they could collisionally 
excite and decay to ground-state WIMP plus e+e-.

e.g. neutron-protron mass difference, split by a weakly 
broken isospin symmetry.  Mass splitting << mass; 
protected against radiative corrections by the 
approximate symmetry. 

Let’s try the same thing...      arXiv:astro-ph/0702587

http://www.arxiv.org/abs/astro-ph/0702587
http://www.arxiv.org/abs/astro-ph/0702587
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Other details:

 boson has mass of ~ 10-100 MeV, 
correct cross-section for scattering (~ 10-26 cm2)

BBN results are unchanged. (mostly!)

Interactions between ,  keep  in thermal 
equilibrium until freeze-out; no change to thermal 
relic calculation (other than we have 2 species!)

Weak-scale annihilation cross section gives correct 
density to be the DM (determined by gauge coupling)
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Important point:

Excitation arises from exchange of relatively light 
boson, so naturally has larger cross section than 
annihilation
(which is suppressed by the WIMP mass)

ann / scatter ~ 10-5

 / M ~ 10-5

This feature is essential to the success of XDM.

So, how does the model compare to INTEGRAL?
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Why is there only ~ one parameter to tune?

The mass of the  determines both the scattering
cross section AND the  mass splitting. 

This is a very appealing feature of the model.

We use a fairly large coupling constant (0.18)
which requires resumming the ladder diagrams,
but gives a nice cross section without violating the
unitarity bound. 
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What else would such a model be able to do?

Because WIMP annihilation goes via two highly
boosted  particles, we get mainly e+e- because the
 is light. 

We should produce enough electrons to produce
the WMAP “microwave haze.”  (see previous talk
by G. Dobler)
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The original naive “model” of mine to explain the 
microwave haze with WIMP annihilation assumed that 
WIMPs annihilate directly to e+e- with efficiency of 
order 10-100%.  

You can’t do this in the MSSM.   But XDM does.

The  mixing to h gives branching ratio
of ~100% to e+e- (if  lighter than 2 muons) 

i.e. our  particle has a weak-scale annihilation cross 
section to e+e- !
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We find exactly what we need, without having 
contrived anything -- or even expecting it to work!

This would be less interesting if the model had
been designed to solve the haze problem, but it 
was designed to solve the Integral 511 keV 
problem, and inadvertently explained the haze also.

Does this imply some deeper connection between
these two problems?  Maybe.
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So far, we have tried the simplest (NFW) model
with essentially no parameters, then a -1.2 index, 
a Merritt profile...

Are there just too many choices being made here?
There are many free parameters, and we must insist 
on (at least!) a self-consistent solution. 

One way is to tie to a simulation, such as the
Milky Way simulation of Governato et al. (2007)
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Which is the real galaxy?
Chris Brook, SUNRISE radiative transfer code
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Finkbeiner, Dobler, & Satinover (2007)
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Potential observable consequences:

•Cluster heating
•BH formation / super-Eddington accretion
•high-z 21 cm
•Make  in accelerators?

•Also, GLAST, PAMELA, LHC, etc...
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Cluster heating:

Because of velocity dependence, might get much 
more excitation in massive clusters (but not more 
than 1-2 orders of magnitude more).  
This would then provide a source of significant 
heating.  (via scattering, Alfven wave excitation, etc.)

In extreme cases, the non-thermal tail of the electron 
energies would distort the SZ effect. 
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BH formation:

Need seed BH of 200 Msun at z=30 or 
104 Msun at z=15 (Li, Hernquist, etal)
in order to make z=6.4 SDSS quasar. 

DM should collapse inside of radius where
tH nv > 1
yielding BH in the very largest halos even at
early times (i.e. as soon as they collapse). 

(Greg Dobler, Nikhil Padmanabhan)
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High-z 21cm observations (MWA, LOFAR, etc.)

The possible formation of BHs at early times should 
ionize bubbles in the HI. 

Later, the heating from the pairs in large halos may 
also cause some additional ionization. 

(Matt McQuinn)
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Make  in Accelerators?

Hard to do, since coupling can be very weak. 
But... 10-100 MeV has not been “cutting edge”
for decades.  Would anyone have seen the signal?

(Greg Dobler)
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Conclusions:

We have proposed a WIMP with two nearly 
degenerate mass states, resulting from a weakly 
broken symmetry.  Collisions cause transitions to the 
“excited” state; decay emits e+e- pair. 

I have described one model, a Majorana fermion, that 
does this.

The XDM idea is more general than this,
i.e. there are other realizations of this basic scenario.
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Conclusions:

Any XDM model has the potential to explain:

•511 keV line
•WMAP microwave excess
•EGRET gamma-ray (~10 GeV) excess
•HEAT positron (50 GeV) excess

... and possibly other astrophysical mysteries

There is a rich phenomenology from both particle 
physics and astrophysical perspectives. 
This class of models is worth exploring in detail. 




