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What astro signals might 
come from dark matter?

•PAMELA positrons

•Fermi e+e-

•INTEGRAL 511 keV line(?)

•Excess microwaves?

•Excess gammas?
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Finkbeiner+ (2011)
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Finkbeiner+ (2011)
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•AMS-02 may confirm

•No way to tell if they come from DM or 
pulsars, etc. 
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Normalized to the Haze (with NFW profile)
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Weidenspointner et al. (2008)   Integral signal (top) and LMXBs (bottom)
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1018 G. Weidenspointner et al.: The sky distribution of positronium continuum emission
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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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Interesting, but could be anything.  
(LMXB’s?  I don’t think so, but...)
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What astro signals might 
come from dark matter?

•PAMELA positrons

•Fermi e+e-

•INTEGRAL 511 keV line(?)

•Excess microwaves?
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WMAP “haze”

Might have been DM annihilation signal.  
Instead appears to be associated with giant 
gamma-ray bubbles. 
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Fermi 1.6 yr full-sky maps, point sources removed. 

(Dark is brightest)
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Data minus Fermi diffuse emission model:
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Su et al.
(2010)
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Su et al.
(2010)
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Su et al.
(2010)

North bubble

South bubble
Donut

Arc

Loop I
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Fermi bubbles:
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Fermi bubbles:

Artist’s conception (gamma-rays aren’t really magenta) 
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Big, sharp, and blue
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Su et al.
(2010)
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Su et al.
(2010)
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How sharp is the X-ray edge?

Consistent with a step function. 
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What does it all mean?

We think there was a “black hole accretion event”
about 1-2 million years ago at the center of 

the Milky Way. 

Such events can eject high-energy particles and
hot gas. 

We are currently working on follow-up observations
and numerical simulations to test this hypothesis. 
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Follow-up work:

 

•100 ksec of XMM time to observe bubble edge
•Additional Fermi data / new event selection
•Wait for Planck
•Investigate rotation measures across bubble edge
•WMAP polarization along edge
•Hydrodynamic simulation of blast wave (See e.g. 
Guo & Mathews)

Wednesday, July 20, 2011
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The Fermi bubbles are a great example of 
“messy astrophysics.”

Given how complex astrophysics is, can we 
ever hope to get a robust constraint on DM 
particle properties?
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•The CMB, together with LSS and SNe Ia, provides 
persuasive evidence of the existence of dark matter.  

• This evidence comes from things like H(z), dA, and the 
growth of structure.  This can tell us about CDM/HDM, 
but little about the particle nature of the DM.

• If the DM is a WIMP and if the WIMP annihilates 
appreciably, than there is more to be learned from the 
CMB!

Motivation for looking at the CMB
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The CMB originates at the time of “last scattering,” 
when the Universe first becomes transparent. 
(z ≈ 1100    t ≈ 380,000 yr)

•WIMP annihilation (or decay) can inject high-energy 
particles and photons into the gas at z ~ 100-1000. 

•This energy modifies the “recombination” history of 
the Universe  (really, ionization fraction as a function of 
time).

•The CMB power spectrum is sensitive to this change in 
the ionization history. 
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By measuring the CMB we can:

• Search for departures from the “standard 
recombination” scenario,

• Place limits on energy injection at z=100-1000, 

• Translate these limits to exclusions in WIMP parameter 
space (e.g. the cross-section / mass plane, etc.)
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Note that these results are quite robust -- we 
understand recombination and the CMB quite well, 
and the measurements are good and rapidly 
improving!

There is less “wiggle room” in CMB constraints at 
z=100-1000 than constraints based on e.g. 
annihilation in late-time halos. 
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   Selected key papers:

2004: Chen & Kamionkowski - calculated effect of DM decay on 
recombination history.  (to explain high tau in WMAP 1)

2005: Padmanabhan & Finkbeiner - repeated calculation for WIMP 
annihilation, obtained limits from WMAP. 

2009: Galli, Iocco, Bertone, & Melchiorri - computed limits from 
WMAP 5 on Sommerfeld-enhanced DM.

2009: Slatyer, Padmanabhan, & Finkbeiner - careful calculation of 
deposition efficiency of  WIMP annihilation energy as a function of 
z, f(z).  Computed actual limits for 42 benchmark WIMP masses / 
annihilation channels.
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   Recent papers:

2011: Hütsi, Chluba, Hektor, & Raidal - Focus on light DM case, 
generate f(z) curve appropriate for light WIMPs, use WMAP 7. 

2011: Galli, Iocco, Bertone, & Melchiorri - derive latest limits from 
WMAP 7 and ACT, use f(z) from Slatyer et al.

2011: Finkbeiner, Galli, Lin, & Slatyer - introduce PCA formalism for 
robust model-independent constraints.
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WIMP annihilation after recombination
(z ≈ 1000    t ≈ 300,000 yr)

Annihilation produces photons, electrons, neutrinos

Padmanabhan & Finkbeiner (2005)
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WIMP annihilation after recombination
(z ≈ 1000    t ≈ 300,000 yr)

Annihilation produces photons, electrons, neutrinos

ionization

Compton

pair production

inverse Compton

electron, photon 
cascade involving 
several processes

Padmanabhan & Finkbeiner (2005)
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Ionization fraction (xe) and gas temperature change...

Padmanabhan & Finkbeiner (2005)
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... and this changes the visibility function ...
( = the distribution function of the last scattering 
redshift of CMB photons)

Padmanabhan & Finkbeiner (2005)
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... and increased scattering at z ~ 600 modifies the 
power spectrum. 

Padmanabhan & Finkbeiner (2005)
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Constraints in f / M 
plane.  (for thermal 
relic Xsec)

f is a “fudge factor”
parameterizing 
energy deposition 
efficiency.

f =1 is “on the spot” 
approximation

Padmanabhan & Finkbeiner (2005)
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Cosmology

Dark matter model
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But what value does f have?

f depends on WIMP mass, annihilation 
channels, etc.

If all energy is immediately deposited 
in the gas, f =1.  

Any energy to neutrinos, gamma-ray 
background, etc., f <1. 

Values from 0.2 < f < 0.7 are typical.
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PAMELA positrons (Adriani+ 2010):
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Also built into f is any enhancement 
to the annihilation cross section. 

For example, Sommerfeld-enhanced 
models motivated by the PAMELA 
positron spectrum can have f >> 1. 

Can these models be ruled out with  
WMAP?
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Accurate calculations of f for benchmark models:
The “SPF factor” paper...
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Energy transfer from electrons to photons is efficient.
(i.e. essentially instantaneous)
We are mainly concerned with the fate of high energy photons. 

There is a z-dependent transparency window:

Slatyer+ (2009)
Note difference to P&F (2005) and Chen & Kamionkowski (2004)
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Annihilation photons not yet thermalized

Slatyer+ (2009)
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The Slatyer-Padmanabhan-Finkbeiner (SPF) factor, f :

Slatyer+ (2009)
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The Slatyer-Padmanabhan-Finkbeiner (SPF) factor. 

Slatyer+ (2009)
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The Slatyer-Padmanabhan-Finkbeiner (SPF) factor. 

Slatyer+ (2009)

Here, “XDM” just
means annihilates 

through a new 
light state, which 

then decays. 
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CMB digression
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Benchmark models that fit PAMELA and/or Fermi

From SPF, modeled on Galli+ (2009)
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Note that the PAMELA - constrained models fall along 
the edge of the ruled-out region. 

They all have ~ the same injection power.  The CMB is 
approximately sensitive to injection power. 

>> There must be a more general way to do this!
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Recent work with Galli, Lin, & Slatyer (2011)

Idea:  The energy injection is already constrained to be 
small, so we can linearize the problem and perturb 
about a fiducial model, i.e. the standard cosmology with 
no extra energy injection.

Various energy injection functions, f(z), perturb the Cl 
spectrum in a small dimension subspace, allowing us to 
describe arbitrary (smooth, non-negative) energy 
injection with only a few numbers. 

We can work out degeneracies, detectability, etc., by 
considering a few generic parameters. 
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What basis to use in Delta Cl space?
Or equivalently, f(z) space?

We can consider the effect of a delta function energy 
injection at some redshift.  This maps to a vector in ΔCl 
space. 

Now find Principle Components, map back to f(z) space.

This gives you the components that provide most of the 
variance in ΔCl.
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DF, Galli, Lin, & Slatyer (2011)
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However -- we care about detectability, not variance. 

Given the expected uncertainties (both cosmic variance 
and measurement noise), how detectable are each of 
these components?

Also -- what about degeneracies with cosmological 
parameter variations?  (especially ns)

To illustrate this problem, we take a toy (constant f ) 
model, and project out the directions in ΔCl  space 
corresponding to the cosmological parameters. 
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It is not correct to simply project in ΔCl space.  

We must marginalize over the cosmological parameters 
(“nuisance parameters!”) taking account of the 
uncertainty at each l.  Doing this, we find a basis for 
perturbations in ΔCl corresponding to injection histories 
f(z).
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DF, Galli, Lin, & Slatyer (2011)

Wednesday, July 20, 2011



DF, Galli, Lin, & Slatyer (2011)
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Detectability:

The most optimistic assumption is that WMAP5 barely 
missed detecting this signal at 2 sigma.   

So assume f(z) = constant at the maximum annihilation 
power allowed by WMAP5. 
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Prospects for Planck: (annihilation) DF, Galli, Lin, & Slatyer (2011)

Preliminary !
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Bottom line:

• Planck may detect one PC at high confidence, 
worth trying first 3.  Let’s call these ε1, ε2, ε3...

• CV - limited mission could go for ~ 5. 

• These parameters are simple to measure.  Just 
take dot product (including covariance matrix) of 
measured ΔCl with ΔCl principle components; this 
measures ε1, ε2, ε3.

• Predict ε1, ε2, ε3 for your favorite DM model.  
Compare.
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This works for decay also

Assume appropriate redshift dependence

Marginalize, etc... to get PCs for decay. 
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Prospects for Planck: (decay) DF, Galli, Lin, & Slatyer (2011)

Preliminary !
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Markov chain Monte Carlo  (MCMC)

The Fisher matrix analysis assumes linearity and 
Gaussian likelihood.  These are good approximations, but 
a we can compute the likelihood numerically with a 
Markov chain. 
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WMAP 7

Planck

CVL

Preliminary !
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Markov chain Monte Carlo  (MCMC)

We can also use MCMC to compute the bias in the 
cosmological parameters caused by neglect of energy 
injection. 

We find the Fisher matrix-based estimates were good to 
~ 10%.  
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3 PCs

0 PCs
1 PC 

5 PCs
Preliminary !
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3 PCs

0 PCs
1 PC 

5 PCs

Preliminary !
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3 PCs

0 PCs
1 PC 

5 PCs

Preliminary !
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Sommerfeld Conclusions:

• For WIMP models that can explain PAMELA, 
the Sommerfeld enhancement must be (nearly) 
saturated in the Milky Way today. (i.e. -- it is 
almost already ruled out)

• Planck will measure this much better, and has a 
good chance of seeing a signal if PAMELA e+ 
originate from DM annihilation.
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More general Conclusions:

• A general energy injection at z ~ 100-1000 can 
be parameterized in a general way, yielding only 1 
(or maybe 3 or 5) parameters to measure, after 
accounting for degeneracies with cosmological 
parameters. 

• Neglect of these parameters (assuming ε1, ε2, ε3 
= 0) will bias the cosmological parameter fits -- 
often by > 1 sigma. 

• If you want to know ns, you should make sure 
to marginalize over ε1, ε2, ε3..
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