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Planck Collaboration: Detection of the Galactic haze with Planck

Fig. 11. Top: microwave haze at Planck 30 GHz (red, −12 µK < ∆TCMB < 30 µK) and 44 GHz (yellow, 12 µK < ∆TCMB < 40 µK). Bottom: the
same, but including the Fermi 2–5 GeV haze/bubbles of Dobler et al. (2010) (blue, 1.05 < intensity (keV cm−2 s−1 sr−1) < 1.25; see their Fig. 11).
The spatial correspondence between the two is excellent, particularly at low southern Galactic latitude, suggesting that this is a multi-wavelength
view of the same underlying physical mechanism.

population that has been accelerated in supernova shocks and
diffused throughout the Galaxy. This spectrum is significantly
softer than the haze emission, which is not consistent with super-
nova shock acceleration after taking into account energy losses
from diffusion effects.

The microwave haze is detected in the Planck maps with
both simple template regression against the data and a more
sophisticated Gibbs sampling analysis. The former provides an
excellent visualisation of the haze at each wavelength on large
scales, while the latter allows a pixel-by-pixel analysis of the
complete data set. While the template analysis allowed us to de-
rive the βH = −2.56 spectrum with high confidence, the spectral
determination with the Gibbs approach is more difficult because
noise must be added to the analysis to ensure convergence in
the sampling method, and because a significantly more flexible
model is used (specifically, one in which the spectrum of syn-
chrotron is allowed to vary with each pixel). However, the spa-
tial correspondence of the haze derived with the two methods
is excellent, indicating that this component of the emission was
successfully separated from other Galactic emissions.

Lastly, we showed that there is a strong morphologi-
cal correspondence between the microwave haze and the re-
cently discovered Fermi gamma-ray haze/bubbles, including a
sharp edge in the microwave data at high southern galactic

latitudes (b ∼ −50◦) that is spatially coincident with the edge
of the southern Fermi bubble. This last finding strongly sup-
ports the conclusion that the haze and the bubbles are a multi-
wavelength view of the same structure, and that the microwave
haze is a distinct component of Galactic synchrotron emission
and not a spatial variation of the spectral index of synchrotron
from the Galactic disk.

Although a detection of the haze in polarization with WMAP
remains unlikely considering the noise level of the data (Dobler
2012a), future work with Planck will concentrate on using its
enhanced sensitivity to search for this component.
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the results in this paper have been derived using the HEALPix (Górski et al.
2005) package.

A139, page 13 of 15



2J. Gaskins Gamma rays and dark matter | Austria | December 9, 2015

Image credits: 
shonj.wordpress.com

ESA/Planck Collaboration

e + starlight 
→ Inverse 

Compton γ

Photons from Galactic cosmic rays

e + B field → 
synchrotron γ

p + gas → 
π0 →γγ

e + CMB 
→ Inverse 
Compton 

γ
+

e + gas →
Bremsstrahlung 

γ

-



Gamma rays and dark matter | Austria | December 9, 2015J. Gaskins

Multi-wavelength dark matter photon spectra

• secondary photon 
emission associated with 
charged particle final 
states: 

• inverse Compton 
scattering of starlight, 
CMB

• synchrotron due to 
magnetic fields

• Bremsstrahlung on gas

• hadronic cosmic-ray 
interactions
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Regis & Ullio 2008

DM spectrum from the Galactic Center

In Fig. 14, we plot the IC spectra on CMB and starlight,
induced by WIMP-annihilations in the three benchmarks
models. It is shown for a typical angular resolution of the
current !-rays experiments, i.e. 10!5 sr. We are consider-
ing such a large field of view since the IC signals have an
angular shape which is significantly broader than the shape
of the eþ ! e! source function. We can intuitively under-
stand this feature from the fact that this emission comes
mostly in connection to the eþ ! e! with largest energy at
emission, and these in turn lose energy by synchrotron
losses much more efficiently close to the GC, where mag-
netic fields are the largest, than in the outskirts of the GC
region. It turns out that the angular shape for the equilib-
rium number density of high energy eþ ! e! is much
broader than the gamma-ray flux from "0 decays (which
is the same as for the source function), and, of course, even
more with respect to the shape of the synchrotron induced
x-ray flux. For this reason, although for the plot in Fig. 14
the intensity associated to the IC on CMB is larger than the
synchrotron intensity, when integrating over the angular
resolution of the Chandra detector, the trend is reversed,
and only in the case of constant magnetic field, with
synchrotron emission in the x-ray band essentially negli-
gible, comparing the IC flux to Sgr A# gives a tighter
constraint. Analogously to what we did in the case of radio
emission, it is worth checking whether data on a large field
of view could be relevant. We compare the IC signal to the
diffuse x-rays emission detected by the Chandra observ-
atory: In the 170 $ 170 map of [52], some regions are
selected and from them spectra of diffuse emission are
extracted, removing events near points source and filamen-
tary features. When combining constraints from different

frequencies in Figs. 15 and 16 below, we compute the level
of IC emission in such regions and extract upper bounds.
Similar arguments apply for the IC on starlight and the

!-ray limits. Indeed for what concerns bounds associated
to the pointlike source detected by Egret at the GC (ac-
tually its position is controversial, see the next section), the
limit associated to "0 decay is more constraining than the
IC limit. This is not true in general for the diffuse emission
on the whole GC region, however, we do not find any
region in the parameter space in which tighter limits
come in connection to this component. Note that the as-
sumption we made on radial profile and energy spectrum
for the starlight background are rather crude, and may
deserve further study; refining them may lead to a slightly
different conclusion, but it is unlikely that the general
picture would be affected.

C. The emission from !0 decays and the "-ray band

Recently, observations by atmospheric Cherenkov tele-
scopes detected a gamma-ray source in the direction of the
Galactic center. In particular the HESS collaboration
[17,27] has obtained an accurate measurement of the spec-
trum of the source as a single power law in the energy
range between 160 GeVand a few tens of TeV, making the
interpretation of the signal in terms of WIMP DM pair
annihilations rather unlikely. HESS has found evidence for
a GC pointlike source, namely, a source with an extension
smaller than its PSF ¼ 0:1& and position compatible with
Sgr A#, on top a diffuse !-ray component [55]. In the case
of cuspy dark matter halo profiles, one needs to compare
against the central source only; the shallower the profile,
the more efficient it becomes to extend the analysis and
include the GC ridge as well (see, e.g., the discussion in
[28]). The resulting limits for the benchmark profiles are
plotted in Figs. 15 and 16.
The EGRET telescope mapped the GC in the energy

range 30MeV–10 GeV [53], detecting a flux within 1.5& of
the GC. A few hypothesis for interpreting this flux in terms
of a standard astrophysical source have been formulated;
its spectral shape is even compatible with a component
from WIMP DM annihilations [19]. On the other hand, the
poor angular resolution of EGRET does not allow for a
univocal identification of the source. In Ref. [20], using
only energy bins above 1 GeV and a spatially unbinned
maximum likelihood analysis, the authors argue that the
Galactic center is excluded as the position of the source at
99.9% and the maximum likelihood location is at l ¼ 0:19,
b ¼ !0:08. Thus they derive upper limits on the !-rays
flux from DM annihilations under the condition of no
evidence of a point source at the GC. Whether this is the
correct approach is still under debate and only GLASTwill
give a definitive answer. We derive more conservative but
robust limits comparing with the EGRET source; would
one follow the line of [20], the limits would be improved
up to about a factor of 10. Except for very light WIMPs, the
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FIG. 14 (color online). x-ray to !-ray emissions induced by
DM annihilations for the benchmark models B1, B2, and B3. All
the four mechanisms of photon spectrum production considered
in the paper give sizable signals. The flux intensities are inte-
grated over a solid angle of 10!5 sr. The level of the diffuse
emission detected by Chandra is also shown (black line).
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The WMAP/Planck Haze

• WMAP “Haze” originally found by 
Finkbeiner 2004, confirmed by Planck 
Collaboration 2013

• spectrum of Haze harder than total 
synchrotron spectrum — suggests a 
distinct population of cosmic-ray 
electrons
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Haze region spectrum
(|ℓ𝓁|<35˚, -35˚<b<-10˚)Planck Collaboration: Detection of the Galactic haze with Planck
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Fig. 8. Left: spectrum measured from the residual in Fig. 6 in the region |l| < 35◦, −35◦ < b < −10◦. The haze spectrum is very nearly a power law
with spectral index βH = −2.56, while the total synchrotron emission in the region has a spectral index of βS = −3.1 (see Sect. 4.3), significantly
softer than the haze emission. This spectrum should be free from biases caused by template uncertainties. Middle and right: scatter plots (shown
in contours) for both the haze (dotted) and total synchrotron (solid) emission using WMAP 23–33 GHz and Planck 30 GHz.

βS = −3.1. Our conclusion is that the haze, which is not con-
sistent with free-free emission, arises from synchrotron emis-
sion with a spectral index that is significantly harder than else-
where in the Galaxy. Within the haze region, this component
represents ∼33% of the total synchrotron and 23% of the to-
tal Galactic emission at 23 GHz (WMAP K-band), while emis-
sions correlated with Haslam, Hα, and FDS contribute 43%, 4%,
and 30%.

The βH = −2.56 spectral index of the haze is strongly in-
dicative of synchrotron emission from a population of electrons
with a spectrum that is harder than elsewhere in the Galaxy. The
other possible origins of the emission in this frequency range
(free-free and spinning dust) are strongly disfavoured for sev-
eral reasons. First, the spinning dust mechanism is very un-
likely since there is no corresponding feature in thermal dust
emission at HFI frequencies. While it is true that environment
can have an impact on both the grain size distribution and rela-
tive ratio of spinning to thermal dust emission (thus making the
FDS models an imperfect tracer of spinning dust, e.g., Ysard
et al. 2011), to generate a strong spinning dust signal at LFI
frequencies while not simultaneously producing a thermal sig-
nal a highly contrived grain population would be required, in
which small grains survive but large grains are completely de-
stroyed. Furthermore, the FDS thermal predictions yield very
low dust-correlated residuals (see Fig. 6), indicating a close cor-
respondence between thermal and spinning-dust morphology.
Finally, this spectrum is significantly softer than free-free emis-
sion, which has a characteristic spectral index ≈−2.15. Since
the Hα to free-free ratio is temperature-dependent, the possi-
bility exists that the haze emission represents some mixture of
synchrotron and free-free without yielding a detectable Hα sig-
nal. However, to obtain a measured spectral index of βH ≈ −2.5
from 23 to 41 GHz, free-free emission could only represent 50%
of the emission if the synchrotron component had a spectral in-
dex ≈−3. Since such a steep spectral index is ruled out by the
lack of a strong haze signal at 408 MHz, the synchrotron emis-
sion must have a harder spectrum and the free-free component (if
it exists) must be subdominant9. These considerations, coupled

9 In addition, the lack of a bremsstrahlung signal in X-rays requires a
fine tuning of the gas temperature to ∼106 K, a temperature at which the
gas has a very short cooling time. This also argues against a free-free
explanation as described in McQuinn & Zaldarriaga (2011).

with the claimed inverse-Compton signal with Fermi (see Dobler
et al. 2010; Su et al. 2010), strongly indicate a separate compo-
nent of synchrotron emission.

4.4. Spatial correspondence with the Fermi haze/bubbles

The gamma-ray emission from the Fermi haze/bubbles (Dobler
et al. 2010; Su et al. 2010) is consistent with the inverse-
Compton emission from a population of electrons with the en-
ergy spectrum required to reproduce the βH = 2.56 haze emis-
sion measured in this paper. Furthermore, the Fermi haze has
a very strong spatial coincidence with the Planck microwaves
at low latitude (below |b| ∼ 35◦), as we show in Fig. 9. This
suggests a common physical origin for these two measurements,
with the gamma-ray contribution extending to b ≈ −50◦, while
the microwaves decrease quickly below b ≈ −35◦. As in Dobler
(2012a), the interpretation is that the magnetic field within the
haze/bubbles sharply decreases above ∼5 kpc from the Galactic
plane, while the cosmic-ray distribution extends to ∼10 kpc
and continues to generate gamma-ray emission (e.g., by inverse
Compton scattering CMB photons).

Nevertheless, Dobler (2012b) has recently reported the de-
tection of a sharp “edge” in the microwave haze using the
WMAP seven-year data. This edge is spatially coincident with
the edge in the Fermi bubbles at b ∼ −50◦. We repeated the
analysis described in that paper by smoothing the Planck data
to 2◦ and binning the extreme high southern latitudes (b < −35◦)
into polar bins centered on the southern Fermi bubble ((ℓ, b)cen =
(−4.5◦,−35.0◦) Su et al. 2010). As shown in Fig. 10, the haze be-
low b = −35◦ is clearly detected and, visually, the emission ap-
pears to have a sharp edge at precisely the location of the Fermi
bubble edge. To assess the statistical significance of this feature
in the Planck data, we plotted the intensity of the Planck haze
as a function of distance from the bubble center by integrating
over angular bins (see Fig. 10) and found that both the Planck
and Fermi data are consistent with an infinitely sharp edge at
a distance of r ∼ 17◦ from the bubble center. Furthermore, by
plotting as a function of polar angle for two different ranges of r
(i.e., inside and outside the edge), we found an excess of haze
emission inside compared to outside the bubble for all angles.
As in Dobler (2012b), we found an “arm” of emission for po-
lar angles less than ∼20◦ in the Planck data that is not present
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Planck Collaboration: Detection of the Galactic haze with Planck

Fig. 11. Top: microwave haze at Planck 30 GHz (red, −12 µK < ∆TCMB < 30 µK) and 44 GHz (yellow, 12 µK < ∆TCMB < 40 µK). Bottom: the
same, but including the Fermi 2–5 GeV haze/bubbles of Dobler et al. (2010) (blue, 1.05 < intensity (keV cm−2 s−1 sr−1) < 1.25; see their Fig. 11).
The spatial correspondence between the two is excellent, particularly at low southern Galactic latitude, suggesting that this is a multi-wavelength
view of the same underlying physical mechanism.

population that has been accelerated in supernova shocks and
diffused throughout the Galaxy. This spectrum is significantly
softer than the haze emission, which is not consistent with super-
nova shock acceleration after taking into account energy losses
from diffusion effects.

The microwave haze is detected in the Planck maps with
both simple template regression against the data and a more
sophisticated Gibbs sampling analysis. The former provides an
excellent visualisation of the haze at each wavelength on large
scales, while the latter allows a pixel-by-pixel analysis of the
complete data set. While the template analysis allowed us to de-
rive the βH = −2.56 spectrum with high confidence, the spectral
determination with the Gibbs approach is more difficult because
noise must be added to the analysis to ensure convergence in
the sampling method, and because a significantly more flexible
model is used (specifically, one in which the spectrum of syn-
chrotron is allowed to vary with each pixel). However, the spa-
tial correspondence of the haze derived with the two methods
is excellent, indicating that this component of the emission was
successfully separated from other Galactic emissions.

Lastly, we showed that there is a strong morphologi-
cal correspondence between the microwave haze and the re-
cently discovered Fermi gamma-ray haze/bubbles, including a
sharp edge in the microwave data at high southern galactic

latitudes (b ∼ −50◦) that is spatially coincident with the edge
of the southern Fermi bubble. This last finding strongly sup-
ports the conclusion that the haze and the bubbles are a multi-
wavelength view of the same structure, and that the microwave
haze is a distinct component of Galactic synchrotron emission
and not a spatial variation of the spectral index of synchrotron
from the Galactic disk.

Although a detection of the haze in polarization with WMAP
remains unlikely considering the noise level of the data (Dobler
2012a), future work with Planck will concentrate on using its
enhanced sensitivity to search for this component.
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A DM origin for the WMAP Haze

5

Angular dependence of WMAP haze (22 GHz)

Hooper, Finkbeiner, Dobler 2008

3

inant, and smaller far from the Galactic Center, where
the CMB is the largest contributor [12].

In addition to the diffusion constant and energy loss
rates, we must select a set of boundary conditions. In
particular, we treat our diffusion zone as a cylindrical
slab, with a thickness of 2L. All of the particles to reach
this boundary escape freely from the diffusion zone, re-
flecting the lack of confining magnetic fields beyond this
region. We have adopted a thickness of L = 3 kpc for
our default choice.

The source term in the diffusion-loss equation reflects
the distribution of dark matter in the Galaxy, as well
as the mass, annihilation cross section, and dominant
annihilation modes of the WIMP. The dark matter halo
profile is the most important factor in calculating the an-
gular distribution of the resulting synchrotron emission.
The WIMP’s mass and leading annihilation modes are
important in determining the spectrum of that emission.

To constrain the halo profile needed to produce the
WMAP Haze, we focus on the 22 GHz band, which con-
tains the least noise of the five bands. In the upper frame
of Fig. 2, we show the angular distribution of 22 GHz syn-
chrotron for the simple case of a 100 GeV WIMP, anni-
hilating to e+e−, using our default diffusion parameters.
We have used a 10 µG magnetic field for calculating the
synchrotron spectrum and intensity. We first consider
the Navarro-Frenk-White (NFW) halo profile [13], which
is shown as a solid line. Here, the dark matter annihila-
tion cross section was normalized to the data. It is clear
that the NFW profile results in too little synchrotron
power near the Galactic Center. This problem can be
alleviated, however, if we consider a somewhat steeper
profile model. Examples of such halo profiles include the
Moore et al. profile [14], as well as distributions which
have been steepened by adiabatic contraction [15]. The
dashed line in the upper frame of Fig. 2 shows the result
for a profile which scales as ρ(r) ∝ r−1.2 within the scale
radius (rather than the ρ(r) ∝ r−1.0 behavior of NFW).
This profile fits the WMAP data very well within the
inner 15◦ for our choice of default diffusion parameters.

In the lower frame of Fig. 2, we consider an NFW pro-
file, but with diffusion parameters different from our de-
fault choices. As a dashed line, we show the case of a
diffusion zone width of L = 2 kpc, smaller than our de-
fault choice. As a dotted line we show the case of an
energy loss rate half as large as our default value (or
equivalently, a diffusion constant twice as large). From
this, we conclude that variations in the diffusion coeffi-
cient or energy loss rate are unlikely to provide the large
synchrotron power in the inner Galaxy without a halo
profile somewhat steeper than NFW. Narrowing the dif-
fusion zone could increase the intensity of the haze in the
inner 10◦, but produces less at larger angles. Variations
in the WIMP’s mass and annihilation modes have only a
mild effect on the synchrotron’s angular distribution.

By comparing the intensity of the haze in the various
WMAP frequency bands, we can estimate the spectrum
of injected electrons and positrons needed to generate the

FIG. 2: The specific intensity of microwave emission in the
22 GHz WMAP channel as a function of the angle from the
Galactic Center, compared to the synchrotron emission from
the annihilation products of a 100 GeV WIMP annihilating
to e+e−. In the upper frame, our default diffusion parameters
have been used. The solid line denotes the choice of an NFW
halo profile, while the dashed line is the result from a profile
with a somewhat steeper inner slope, ρ(r) ∝ r−1.2. In the
lower frame, we have used an NFW profile with our default
propagation parameters (solid), and with a smaller diffusion
zone of L = 2 kpc (dashed), and a longer energy loss time of
τ (1GeV) = 4 × 1015 s (dotted).

haze. This, in turn, can be used to constrain the proper-
ties of the WIMP which are required. The synchrotron
spectrum depends on the energy of the emitting elec-
trons/positions, with higher energy particles contribut-
ing more at high frequencies.

We consider the ratio of intensities observed in
WMAP’s 22 and 33 GHz frequency channels, taking ad-
vantage of the fact that the relative intensity between the
channels does not significantly vary with direction. This
allows us to consider an average of spectral information
over a range of angles. We focus on the 22 and 33 GHz
bands, as they are considerably less noisy and are more
robust to the foreground subtraction method than the
higher frequency channels.

When averaged over angles out to 15◦, we find
F22 GHz/F33GHz ≈ 1.18 ± 0.10 (corresponding to a spec-
tral index of Iν ∝ ν−0.4), where the range reflects the
statistical errors. This result depends on how we per-
form the foreground subtraction, however, and could be
somewhat altered if the foregrounds are subtracted dif-
ferently. For this reason, the information we can derive
regarding the synchrotron spectrum is limited.

In the upper frame of Fig. 3, we compare this ratio
to the prediction from synchrotron emission from dark
matter annihilation products, using our default diffusion
parameters and a halo profile with an inner slope of 1.2.
The horizontal dashed lines represent the 2σ (statisti-
cal) measured range. The results for several specific dark

4

FIG. 3: Upper frame: The ratio of intensities in the 22 and 33
GHz WMAP frequency bands of synchrotron from dark mat-
ter annihilation products, as a function of the WIMP mass,
for several possible annihilation modes. The intensities were
averaged between 6◦ and 15◦. The horizontal dashed lines
reflect the 2σ statistical range measured by WMAP. Lower
frame: The WIMP annihilation cross section (times boost
factor) required to produce the intensity of the WMAP haze.
For a wide range of masses and annihilation modes, the cross
section required is within a factor of approximately two of the
value required of a s-wave thermal relic, σv ∼ 3×10−26 cm3/s.
In each frame, the contours denote the following annihilation
modes: e+e−(solid), µ+µ− (blue dot-dash), τ+τ− (dot-dash),
W +W− (dashed), ZZ (blue dashed), and bb̄ (dotted).

matter annihilation modes are plotted, each as a function
of the WIMP mass. We conclude that the data are con-
sistent with any of these annihilation modes, especially if
systematic uncertainties associated with foreground sub-
traction and diffusion parameters are considered. Very
light WIMPs are unlikely to be capable of generating the
observed spectrum of the haze.

In the lower frame of Fig. 3, we plot the annihilation

cross section required to generate the observed intensity
of the WMAP haze in the 22 GHz channel. Remarkably,
we find that for a wide range of WIMP masses and anni-
hilation modes, the cross section required is very close to
the value expected from a thermal relic with an s-wave
annihilation cross section, σv ∼ 3 × 10−26 cm3/s. Note
that boost factors, which could result from a clumped
dark matter distributions, are not required to generate
the observed intensity of the haze.

To summarize, we have shown that the observed fea-
tures of the WMAP haze match the expected signal pro-
duced through the synchrotron emission of dark matter
annihilation products for a model with a cusped halo pro-
file scaling as ρ(r) ∝ r−1.2 in the inner kiloparsecs, and
an annihilation cross section of ∼ 3 × 10−26 cm3/s. A
wide range of annihilation modes are consistent with the
synchrotron spectrum, and no boost factors are required.

We emphasize that the properties required of a WIMP
to generate the haze are precisely those anticipated for
the most theoretically attractive particle dark matter
candidates. In particular, neutralinos in supersymmetric
models [16] typically annihilate to heavy quarks or gauge
or Higgs bosons, and naturally have masses and annihi-
lation cross sections in the range inferred by the haze.
Kaluza-Klein dark matter particles in models with uni-
versal extra dimensions [17] annihilate mostly to charged
leptons, which favors somewhat larger WIMP masses
to generate the haze. Non-thermal dark matter candi-
dates with annihilation cross sections much larger than
3 × 10−26 cm3/s appear to be ruled out, as they would
have generated a brighter haze intensity than is observed.

If, in fact, the haze is generated through dark matter
annihilations, this will have very interesting implications
for the upcoming GLAST experiment. If the ρ(r) ∝ r−1.2

slope of the halo profile continues to the inner Galaxy,
the gamma ray flux from the Galactic Center will be
observable by GLAST, so long as the WIMP is lighter
than several hundred GeV, in spite of the presence of the
observed HESS source in the region [18].

We would like to thank Joanna Dunkley for discus-
sions. This work has been supported by the US Depart-
ment of Energy and by NASA grant NAG5-10842.
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“Haze region”

Planck Collaboration: Detection of the Galactic haze with Planck

Fig. 11. Top: microwave haze at Planck 30 GHz (red, −12 µK < ∆TCMB < 30 µK) and 44 GHz (yellow, 12 µK < ∆TCMB < 40 µK). Bottom: the
same, but including the Fermi 2–5 GeV haze/bubbles of Dobler et al. (2010) (blue, 1.05 < intensity (keV cm−2 s−1 sr−1) < 1.25; see their Fig. 11).
The spatial correspondence between the two is excellent, particularly at low southern Galactic latitude, suggesting that this is a multi-wavelength
view of the same underlying physical mechanism.

population that has been accelerated in supernova shocks and
diffused throughout the Galaxy. This spectrum is significantly
softer than the haze emission, which is not consistent with super-
nova shock acceleration after taking into account energy losses
from diffusion effects.

The microwave haze is detected in the Planck maps with
both simple template regression against the data and a more
sophisticated Gibbs sampling analysis. The former provides an
excellent visualisation of the haze at each wavelength on large
scales, while the latter allows a pixel-by-pixel analysis of the
complete data set. While the template analysis allowed us to de-
rive the βH = −2.56 spectrum with high confidence, the spectral
determination with the Gibbs approach is more difficult because
noise must be added to the analysis to ensure convergence in
the sampling method, and because a significantly more flexible
model is used (specifically, one in which the spectrum of syn-
chrotron is allowed to vary with each pixel). However, the spa-
tial correspondence of the haze derived with the two methods
is excellent, indicating that this component of the emission was
successfully separated from other Galactic emissions.

Lastly, we showed that there is a strong morphologi-
cal correspondence between the microwave haze and the re-
cently discovered Fermi gamma-ray haze/bubbles, including a
sharp edge in the microwave data at high southern galactic

latitudes (b ∼ −50◦) that is spatially coincident with the edge
of the southern Fermi bubble. This last finding strongly sup-
ports the conclusion that the haze and the bubbles are a multi-
wavelength view of the same structure, and that the microwave
haze is a distinct component of Galactic synchrotron emission
and not a spatial variation of the spectral index of synchrotron
from the Galactic disk.

Although a detection of the haze in polarization with WMAP
remains unlikely considering the noise level of the data (Dobler
2012a), future work with Planck will concentrate on using its
enhanced sensitivity to search for this component.
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Fermi (gamma-ray) Bubbles

NASA/DOE/Fermi LAT/Finkbeiner et al.

Planck Collaboration 2013

The Planck haze is 
not symmetric 

about the GC — it 
is correlated with 

the Fermi 
bubbles… 

trouble for a DM 
interpretation
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“Haze region”

• hourglass-shaped structure 
centered on Galactic Center 
seen in Fermi gamma-ray data, 
extending to tens of degrees 
above and below Galactic plane 
(large — several kpc scale!) 

• same phenomenon seen in 
multiple wavelengths — 
including in the Planck data

• exact mechanism of production 
uncertain but likely due to active 
past at the Galactic Center

• hard to precisely predict 
associated microwave emission 
(microwave depends on B field, 
gamma rays depend on ISRF)

Credit: NASA’s Goddard Space Flight Center
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• the Bubbles aren’t from DM, but a DM origin of the GC 
gamma-ray excess implies a microwave component → is 
the microwave data still consistent with a dark matter 
interpretation of the GC gamma-ray excess? (Planck 
collaboration Haze analysis does not test for a component 
with a DM morphology)
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• the Bubbles aren’t from DM, but a DM origin of the GC 
gamma-ray excess implies a microwave component → is 
the microwave data still consistent with a dark matter 
interpretation of the GC gamma-ray excess? (Planck 
collaboration Haze analysis does not test for a component 
with a DM morphology)

• we performed 2 analyses on WMAP + Planck data:

• very conservative upper bounds on a DM contribution, 
assuming the data contain only CMB, noise, and DM

• test for significance of DM component in a full 
component separation analysis: CMB + standard 
astrophysical foregrounds + Bubbles + DM
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“Haze region”

• the Bubbles aren’t from DM, but a DM origin of the GC 
gamma-ray excess implies a microwave component → is 
the microwave data still consistent with a dark matter 
interpretation of the GC gamma-ray excess? (Planck 
collaboration Haze analysis does not test for a component 
with a DM morphology)

• we performed 2 analyses on WMAP + Planck data:

• very conservative upper bounds on a DM contribution, 
assuming the data contain only CMB, noise, and DM

• test for significance of DM component in a full 
component separation analysis: CMB + standard 
astrophysical foregrounds + Bubbles + DM

• synchrotron emission associated with DM annihilation in 
the WMAP/Planck bands calculated using a modified 
version of GALPROP
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• vary B field model (50/100 𝜇G central value, 6 𝜇G locally, with exponential 
radial and z dependence) and propagation (5 setups) to explore range of 
possibilities (NOT claiming to bracket all possibilities)

• vary dark matter parameters within range motivated by models that provide a 
good fit to GC excess:

• density profile: generalized NFW w/ inner slope 1.1-1.3

• WIMP mass: ~ 7-50 GeV

• bb and 𝜏𝜏 channels

Table 1. Di↵usion parameter values for the electron propagation (which enter Eqs. 2.3–2.6) and MF
vertical scale heights (which enter Eq. 2.2) used in our work.

Parameter MED MAX Reacc
Half-height of the di↵usion box h, kpc 4.0 15 5.4

Di↵usion coe�cient normalization D
0

, cm2/s 3.4 · 1027 2.3 · 1028 5.4 · 1028
Di↵usion coe�cient energy dependence power � 0.70 0.46 0.31
Alfven speed in the intragalactic media v

a

, km/s 0 0 38
MF vertical scale height, version 1 z

B1

= � · h, kpc 2.8 6.9 1.7
MF vertical scale height, version 2 z

B2

= 0.5 · h, kpc 2.0 - 2.7

We run the version of GALPROP that is implemented in 3 spatial dimensions. For the
spatial dimensions we choose a resolution of 200 pc, which is su�cient for our purposes as our
region of interest is somewhat far from the GC and therefore large variations in emissivity
are not expected within this box size. Reducing the box size to 100 pc varies the emission
by ⇡ (1 � 10)%, at the cost of highly increasing computing time. Our implementation of
the DM source in GALPROP was validated by comparison with similar calculations in the
literature that were obtained by a variety of methods [39, 41, 49].

2.5 Di↵usion model

For the choice of the propagation parameters in Eqs. 2.3–2.6, to begin we followed the canon-
ical MIN/MED/MAX paradigm which has been used extensively in earlier works (see, e.g.,
[35, 40, 41]). These three di↵usion parameter configurations were derived from various CR
data sets. MED is an average “best-fit” configuration, while MIN and MAX are intended
to represent possible extremes. Because recent CR data seem to reliably exclude the MIN
model [50], we discarded this case and considered instead a newly proposed model derived
in [51], which includes CR reacceleration e↵ects in the fit. Specifically, we used the posterior
mean parameter values from Table 2 of [51].

Recalling that we consider two values for the MF vertical scale height z
B

(referred to as
z
B1

and z
B2

), which is related to h, we now define combined MF and propagation models. In
principle we would consider both values of z

B

with the three propagation models described
above, however we discovered empirically that the intensity for the two z

B

values is very
similar for the MAX propagation configuration, and so we use only the z

B1

case with the
MAX model. This results in five z

B

/propagation models. Table 1 summarizes the parameter
values for these five configurations.

For each of these five models, we consider the two central MF values mentioned pre-
viously, for a total of ten MF/propagation models. These are meant to represent current
systematic uncertainties on this aspect of the analysis. For each of these models, we calcu-
late the emission from each of the DM models described in §2.1 and §2.2. In §2.6 we show
the dependence of the DM emission intensity on the MF and propagation configuration.

§2.3 described the vertical sizes of the rectangular 3D di↵usion box; for the horizontal
size, we set the box edges to be +/�15 kpc along both x- and y-axes to approximately
enclose the Galactic disc (see e.g. [41]). Boundary conditions were set to the free escape
mode. For the energy boundaries, we take 0.01 to 200 GeV. The lower boundary is mainly
defined by the fact that the electrons with smaller energies have no contribution to the
synchrotron radiation at the frequencies of interest. The upper boundary has to contain the
most energetic electrons produced by our DM source. One might naively assume that they

– 7 –
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Figure 1. (COLOR ONLINE FOR ALL FIGURES) Examples of DM emission intensity maps in
Galactic coordinates, at the frequencies indicated. The top left map represents a reference DM
parameter configuration (“REF”). Specific parameters of the configuration are given above the map.
Other maps show the di↵erence with respect to the REF map when the model parameters are changed
as noted. The di↵erence is shown as the ratio I

x

(b, l)/IREF(b, l), where I
x

is the intensity of the map
with one of parameters being changed and IREF is the intensity of the REF map. To illustrate
dependence on MF/propagation we changed the relevant parameters. For more details see §2.6.

of the WMAP and Planck source masks for each channel, smoothed to 1° [52, 53]. Our final
ROI for the conservative analysis is shown in Fig. 2 (left panel).

For the component separation analysis in which we determine the contribution to the
data from DM by modeling Galactic foregrounds and the Bubbles, we adopt a slightly dif-
ferent ROI. The ROI for this analysis is shown in right panel of Fig. 2. It is a 60° semi-disc
centered on the GC, with bright compact sources masked as in the first ROI, and also strong
Galactic plane emission masked [52]. The choice of 60° addresses additional challenges for

– 9 –

increase
DM mass

reference
case

steepen 
inner slope

change 
B field / 

propagation 
model

change
annihilation

channel

increase
microwave
frequency

(ratio with respect to top left panel)
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“Haze region”

• DM spectra (for our chosen mass / annihilation channel range) have limited 
range of slopes

• spectra harden with increasing mass

– 11 –
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“Haze region”

• DATA: three Planck LFI channels: 28, 44, 70 GHz

• mask same region as Planck haze analysis

• subtract CMB and noise, and require DM emission doesn’t exceed the ROI intensity in any 
frequency

– 15 –
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Figure 5. Data (total observed intensity at 23 GHz, top left panel) and templates (all other pan-
els) used in the analysis. Morphology of all components except DM was assumed to be frequency-
independent. Normalization of each template corresponds to that of the best-fit model at 23 GHz.
The bottom panels show the best-fit and worst-fit DM sky maps among all the models considered.
See more details in §6.2.

– 18 –
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Figure 5. Data (total observed intensity at 23 GHz, top left panel) and templates (all other pan-
els) used in the analysis. Morphology of all components except DM was assumed to be frequency-
independent. Normalization of each template corresponds to that of the best-fit model at 23 GHz.
The bottom panels show the best-fit and worst-fit DM sky maps among all the models considered.
See more details in §6.2.
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Mask for component separation analysis

Egorov, JG, Pierpaoli, Pietrobon 2015

“Haze region”

Figure 2. Left: Our ROI with masked compact sources chosen to produce the conservative DM
constraints with CMB subtraction only. It was constructed as the rectangle �35°  b  �10°,
|l|  35°. Right: Our ROI with masked compact sources chosen for the regional fitting in the
component separation procedure (see more in §6). Before point source masking it was constructed as
a half-disc of 60° radius around GC, with very bright areas around the Galactic plane also masked.
This ROI is also used in the presentation of example DM emission spectra in §4.

this approach, namely avoiding strong foreground degeneracies due to using too small an
area while still selecting an area in which each foreground has a spatially-uniform frequency
dependence and including the relevant Haze emission.

4 DM microwave spectra in the Haze region

Considering the ROIs we have defined, it is useful to examine the frequency dependence of
the DM component from our simulated maps. For this purpose, we consider the larger ROI
used later in the component fitting analysis in §6, shown in the right panel of Fig. 2. Inside
this ROI we average the DM intensity and plot it versus frequency of emission in Fig. 3. In
general a simple power law is not su�cient to describe the spectra, as a mild spectral index
evolution is observed within the frequency range considered. Intensities for the ⌧+⌧� channel
are typically five to ten times larger than those for bb̄, for the same WIMP mass, density
profile and MF/propagation model.

In addition to the amplitude of the emission, the slope of the spectrum strongly depends
on the DM particle mass. Approximating the spectra by a simple power law I ⇠ ⌫� , we
found that for the bb̄ case � grows with mass over the range �3.3 . � . �1.6. For ⌧+⌧�

the variation is even slightly larger: �3.2 . � . �1.2. Essentially no dependence of the
intensity or slope on the inner profile slope � is observed, as expected from inspecting the
relevant maps in Fig. 1.

As for the MF and propagation model, higher MFs produce larger intensities. The
spectral slope seems to be largely independent of the MF and propagation models, however
the overall amplitude strongly depends on the propagation model, varying by up to one
order of magnitude. As expected, configurations with higher vertical MF extent z

B

produce
larger emission. For the same B(0, 0) and z

B

, models with reacceleration generate slightly
larger intensities than those without reacceleration. Such inferences about DM spectra have
interesting implications for a comparison with real sky data. In particular, the Planck team
claimed in [27] that the average spectral index of synchrotron emission from electrons from
Galactic astrophysical sources is ⇡ �1.1.

– 10 –

Figure 5. Data (total observed intensity at 23 GHz, top left panel) and templates (all other pan-
els) used in the analysis. Morphology of all components except DM was assumed to be frequency-
independent. Normalization of each template corresponds to that of the best-fit model at 23 GHz.
The bottom panels show the best-fit and worst-fit DM sky maps among all the models considered.
See more details in §6.2.
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Data at 23 GHz

• MASK:

• choose region similar to that for Planck haze analysis

• big enough to include relevant emission and avoid foreground degeneracies

• small enough that each foreground has fairly spatially-uniform frequency dependence

• DATA:

• four WMAP channels: 23, 33, 41, 61 GHz (K, Ka, Q, and V bands)

• three Planck LFI channels: 28, 44, 70 GHz 

• TEMPLATE ANALYSIS: 

• get DM only from GALPROP, others from standard templates

• tie DM amplitudes across frequencies, allow foreground spectra to vary
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“Haze region”

Figure 7. Spectra of all physical components (and their sum) for the BF DM configuration. Error
bars correspond to statistical 68% CL. The data reported here have monopole and dipole subtracted,
and the noise does not exceed the marker size used. Solid lines are results of this work, dashed lines
are power-law spectra typically expected for the components considered. More details are in §6.3.

Table 6. Variation ranges and mean of the contributions for all our DM/MF/propagation models.
The last row shows the residuals normalized to data. More details are in §6.3 and §6.4.

Parameter 23 GHz 70 GHz
Range/mean of Haze contribution to the data, % [7.2-10]/7.8 [8.7-10]/9.2
Range/mean of DM contribution to the data, % [0.43-6.3]/1.7 [0.0043-4.7]/0.59
Range/mean of DM contribution to the Haze, % [5.5-62]/21 [0.047-45]/6.5

Range/mean of the residuals, % [1.7-2.1]/2.0 [7.7-9.1]/8.6

reflect statistical errors only). Systematic uncertainties may be due to inaccuracy in the
templates, the foreground modeling error introduced by our component separation setup,
as well as residual systematics in the WMAP and Planck data (e.g., calibration and map-
making). Studying these in detail is beyond the scope of our work, however note that they
are below 10% of the sky signal at all frequencies.

Statistical uncertainties in Fig. 7 rarely exceed a few percent. The largest uncertainties

– 23 –
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Figure 7. Spectra of all physical components (and their sum) for the BF DM configuration. Error
bars correspond to statistical 68% CL. The data reported here have monopole and dipole subtracted,
and the noise does not exceed the marker size used. Solid lines are results of this work, dashed lines
are power-law spectra typically expected for the components considered. More details are in §6.3.

Table 6. Variation ranges and mean of the contributions for all our DM/MF/propagation models.
The last row shows the residuals normalized to data. More details are in §6.3 and §6.4.

Parameter 23 GHz 70 GHz
Range/mean of Haze contribution to the data, % [7.2-10]/7.8 [8.7-10]/9.2
Range/mean of DM contribution to the data, % [0.43-6.3]/1.7 [0.0043-4.7]/0.59
Range/mean of DM contribution to the Haze, % [5.5-62]/21 [0.047-45]/6.5

Range/mean of the residuals, % [1.7-2.1]/2.0 [7.7-9.1]/8.6

reflect statistical errors only). Systematic uncertainties may be due to inaccuracy in the
templates, the foreground modeling error introduced by our component separation setup,
as well as residual systematics in the WMAP and Planck data (e.g., calibration and map-
making). Studying these in detail is beyond the scope of our work, however note that they
are below 10% of the sky signal at all frequencies.

Statistical uncertainties in Fig. 7 rarely exceed a few percent. The largest uncertainties
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Table 4. E↵ects of addition of the Bubbles and DM on the quality of the fit. The BF DMmodel shown
is described in Table 3. The second column shows results with “standard” foregrounds only. The third
column shows the �2

r improvement after adding the Bubbles. The fourth column shows improvements
after adding the BF DM model only (no Bubbles). The last column shows improvements in the most
general case of the Bubbles and DM considered together.

⌫ �2

r

with CMB,
mono/dipole, f-f,
synchr., dust

��2

r

after
addition of the

Bubbles

��2

r

after
addition of the
BF DM model

��2

r

after addition of
the Bubbles and BF

DM model
23 37.4 -15.9 -15.4 -17.8
28 21.4 -6.35 -5.42 -6.86
33 10.0 -3.13 -2.67 -3.47
41 2.23 -0.475 -0.363 -0.533
44 3.31 -0.343 -0.219 -0.379
61 0.563 -0.023 -0.013 -0.023
70 2.29 -0.078 -0.007 -0.077
Gl. 11.0 -3.75 -3.44 -4.16

alone reduces residuals somewhat. Adding both the Bubbles and DM further improves the
results, almost entirely absorbing the Haze. There is, however, essentially no di↵erence in
the DM BF and WF cases, which is consistent with our previous finding that the �2

r

di↵ers
very little for these two models.

The computation of the fitting coe�cients a
i

(⌫) also allows us to evaluate the average
intensity of each component within the ROI and its frequency dependence, as well as the
components’ relative amplitudes. This is reported in Fig. 7 for the BF DM model. Other
models did not show significant qualitative di↵erences. Hence, for simplicity, in what follows
we focus on the BF case. At essentially all frequencies, there is a hierarchy in intensity
(from higher to lower): synchrotron, dust, Bubbles, free-free and DM. The CMB fluctuations
average is negative in our ROI, and its absolute value grows from a subdominant 2.9% at
23 GHz up to a significant 61% at 70 GHz, which reflects the black-body spectrum and the
overall foreground frequency dependence. DM has the smallest contribution at all frequencies,
ranging from 2.2% to 0.27%. The synchrotron dominates at almost all frequencies, decreasing
from 61% to 51%. Also we see that we reproduced well the canonically-expected (e.g., [27])
synchrotron spectral index I ⇠ ⌫�1.1. The dust spectrum is not monotonic; it contributes
29% at 23 GHz. The free-free contributes 2.7% and matches quite well the expected slope
I ⇠ ⌫�0.15 (e.g., [69]). The Bubbles contribution is relatively flat in frequency and equal to
5-9%. Our Bubbles spectrum agrees very well with I ⇠ ⌫�0.56 derived in [27].

We also compare our foreground component intensities with those derived in [27], for
the frequency where the Haze is most pronounced. For this exercise, we considered the ROI
used in [27] and shown in Fig. 2 (left panel). This comparison is shown in Table 5. While
all standard astrophysical components have similar derived properties in both that work and
ours, the Haze component in this work is about a factor of two smaller. This might be due
to the mono/dipole removal strategy described above and/or to the modeling of the Haze
which receives contributions from both Bubbles and DM in our work. Lastly, note that the
sum of all components is well within the 3� error bars on the data in all channels.

We also investigate the model dependence of the Bubbles and DM contributions. In Ta-

– 21 –
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• adding Bubbles OR DM generally improves the fit

Table 4. E↵ects of addition of the Bubbles and DM on the quality of the fit. The BF DMmodel shown
is described in Table 3. The second column shows results with “standard” foregrounds only. The third
column shows the �2

r improvement after adding the Bubbles. The fourth column shows improvements
after adding the BF DM model only (no Bubbles). The last column shows improvements in the most
general case of the Bubbles and DM considered together.

⌫ �2

r

with CMB,
mono/dipole, f-f,
synchr., dust

��2

r

after
addition of the

Bubbles

��2

r

after
addition of the
BF DM model

��2

r

after addition of
the Bubbles and BF

DM model
23 37.4 -15.9 -15.4 -17.8
28 21.4 -6.35 -5.42 -6.86
33 10.0 -3.13 -2.67 -3.47
41 2.23 -0.475 -0.363 -0.533
44 3.31 -0.343 -0.219 -0.379
61 0.563 -0.023 -0.013 -0.023
70 2.29 -0.078 -0.007 -0.077
Gl. 11.0 -3.75 -3.44 -4.16

alone reduces residuals somewhat. Adding both the Bubbles and DM further improves the
results, almost entirely absorbing the Haze. There is, however, essentially no di↵erence in
the DM BF and WF cases, which is consistent with our previous finding that the �2

r

di↵ers
very little for these two models.

The computation of the fitting coe�cients a
i

(⌫) also allows us to evaluate the average
intensity of each component within the ROI and its frequency dependence, as well as the
components’ relative amplitudes. This is reported in Fig. 7 for the BF DM model. Other
models did not show significant qualitative di↵erences. Hence, for simplicity, in what follows
we focus on the BF case. At essentially all frequencies, there is a hierarchy in intensity
(from higher to lower): synchrotron, dust, Bubbles, free-free and DM. The CMB fluctuations
average is negative in our ROI, and its absolute value grows from a subdominant 2.9% at
23 GHz up to a significant 61% at 70 GHz, which reflects the black-body spectrum and the
overall foreground frequency dependence. DM has the smallest contribution at all frequencies,
ranging from 2.2% to 0.27%. The synchrotron dominates at almost all frequencies, decreasing
from 61% to 51%. Also we see that we reproduced well the canonically-expected (e.g., [27])
synchrotron spectral index I ⇠ ⌫�1.1. The dust spectrum is not monotonic; it contributes
29% at 23 GHz. The free-free contributes 2.7% and matches quite well the expected slope
I ⇠ ⌫�0.15 (e.g., [69]). The Bubbles contribution is relatively flat in frequency and equal to
5-9%. Our Bubbles spectrum agrees very well with I ⇠ ⌫�0.56 derived in [27].

We also compare our foreground component intensities with those derived in [27], for
the frequency where the Haze is most pronounced. For this exercise, we considered the ROI
used in [27] and shown in Fig. 2 (left panel). This comparison is shown in Table 5. While
all standard astrophysical components have similar derived properties in both that work and
ours, the Haze component in this work is about a factor of two smaller. This might be due
to the mono/dipole removal strategy described above and/or to the modeling of the Haze
which receives contributions from both Bubbles and DM in our work. Lastly, note that the
sum of all components is well within the 3� error bars on the data in all channels.

We also investigate the model dependence of the Bubbles and DM contributions. In Ta-
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Table 4. E↵ects of addition of the Bubbles and DM on the quality of the fit. The BF DMmodel shown
is described in Table 3. The second column shows results with “standard” foregrounds only. The third
column shows the �2

r improvement after adding the Bubbles. The fourth column shows improvements
after adding the BF DM model only (no Bubbles). The last column shows improvements in the most
general case of the Bubbles and DM considered together.
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��2

r

after
addition of the

Bubbles

��2

r

after
addition of the
BF DM model

��2

r

after addition of
the Bubbles and BF

DM model
23 37.4 -15.9 -15.4 -17.8
28 21.4 -6.35 -5.42 -6.86
33 10.0 -3.13 -2.67 -3.47
41 2.23 -0.475 -0.363 -0.533
44 3.31 -0.343 -0.219 -0.379
61 0.563 -0.023 -0.013 -0.023
70 2.29 -0.078 -0.007 -0.077
Gl. 11.0 -3.75 -3.44 -4.16

alone reduces residuals somewhat. Adding both the Bubbles and DM further improves the
results, almost entirely absorbing the Haze. There is, however, essentially no di↵erence in
the DM BF and WF cases, which is consistent with our previous finding that the �2

r

di↵ers
very little for these two models.

The computation of the fitting coe�cients a
i

(⌫) also allows us to evaluate the average
intensity of each component within the ROI and its frequency dependence, as well as the
components’ relative amplitudes. This is reported in Fig. 7 for the BF DM model. Other
models did not show significant qualitative di↵erences. Hence, for simplicity, in what follows
we focus on the BF case. At essentially all frequencies, there is a hierarchy in intensity
(from higher to lower): synchrotron, dust, Bubbles, free-free and DM. The CMB fluctuations
average is negative in our ROI, and its absolute value grows from a subdominant 2.9% at
23 GHz up to a significant 61% at 70 GHz, which reflects the black-body spectrum and the
overall foreground frequency dependence. DM has the smallest contribution at all frequencies,
ranging from 2.2% to 0.27%. The synchrotron dominates at almost all frequencies, decreasing
from 61% to 51%. Also we see that we reproduced well the canonically-expected (e.g., [27])
synchrotron spectral index I ⇠ ⌫�1.1. The dust spectrum is not monotonic; it contributes
29% at 23 GHz. The free-free contributes 2.7% and matches quite well the expected slope
I ⇠ ⌫�0.15 (e.g., [69]). The Bubbles contribution is relatively flat in frequency and equal to
5-9%. Our Bubbles spectrum agrees very well with I ⇠ ⌫�0.56 derived in [27].

We also compare our foreground component intensities with those derived in [27], for
the frequency where the Haze is most pronounced. For this exercise, we considered the ROI
used in [27] and shown in Fig. 2 (left panel). This comparison is shown in Table 5. While
all standard astrophysical components have similar derived properties in both that work and
ours, the Haze component in this work is about a factor of two smaller. This might be due
to the mono/dipole removal strategy described above and/or to the modeling of the Haze
which receives contributions from both Bubbles and DM in our work. Lastly, note that the
sum of all components is well within the 3� error bars on the data in all channels.

We also investigate the model dependence of the Bubbles and DM contributions. In Ta-
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Table 4. E↵ects of addition of the Bubbles and DM on the quality of the fit. The BF DMmodel shown
is described in Table 3. The second column shows results with “standard” foregrounds only. The third
column shows the �2

r improvement after adding the Bubbles. The fourth column shows improvements
after adding the BF DM model only (no Bubbles). The last column shows improvements in the most
general case of the Bubbles and DM considered together.
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33 10.0 -3.13 -2.67 -3.47
41 2.23 -0.475 -0.363 -0.533
44 3.31 -0.343 -0.219 -0.379
61 0.563 -0.023 -0.013 -0.023
70 2.29 -0.078 -0.007 -0.077
Gl. 11.0 -3.75 -3.44 -4.16

alone reduces residuals somewhat. Adding both the Bubbles and DM further improves the
results, almost entirely absorbing the Haze. There is, however, essentially no di↵erence in
the DM BF and WF cases, which is consistent with our previous finding that the �2

r

di↵ers
very little for these two models.

The computation of the fitting coe�cients a
i

(⌫) also allows us to evaluate the average
intensity of each component within the ROI and its frequency dependence, as well as the
components’ relative amplitudes. This is reported in Fig. 7 for the BF DM model. Other
models did not show significant qualitative di↵erences. Hence, for simplicity, in what follows
we focus on the BF case. At essentially all frequencies, there is a hierarchy in intensity
(from higher to lower): synchrotron, dust, Bubbles, free-free and DM. The CMB fluctuations
average is negative in our ROI, and its absolute value grows from a subdominant 2.9% at
23 GHz up to a significant 61% at 70 GHz, which reflects the black-body spectrum and the
overall foreground frequency dependence. DM has the smallest contribution at all frequencies,
ranging from 2.2% to 0.27%. The synchrotron dominates at almost all frequencies, decreasing
from 61% to 51%. Also we see that we reproduced well the canonically-expected (e.g., [27])
synchrotron spectral index I ⇠ ⌫�1.1. The dust spectrum is not monotonic; it contributes
29% at 23 GHz. The free-free contributes 2.7% and matches quite well the expected slope
I ⇠ ⌫�0.15 (e.g., [69]). The Bubbles contribution is relatively flat in frequency and equal to
5-9%. Our Bubbles spectrum agrees very well with I ⇠ ⌫�0.56 derived in [27].

We also compare our foreground component intensities with those derived in [27], for
the frequency where the Haze is most pronounced. For this exercise, we considered the ROI
used in [27] and shown in Fig. 2 (left panel). This comparison is shown in Table 5. While
all standard astrophysical components have similar derived properties in both that work and
ours, the Haze component in this work is about a factor of two smaller. This might be due
to the mono/dipole removal strategy described above and/or to the modeling of the Haze
which receives contributions from both Bubbles and DM in our work. Lastly, note that the
sum of all components is well within the 3� error bars on the data in all channels.

We also investigate the model dependence of the Bubbles and DM contributions. In Ta-
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Table 4. E↵ects of addition of the Bubbles and DM on the quality of the fit. The BF DMmodel shown
is described in Table 3. The second column shows results with “standard” foregrounds only. The third
column shows the �2

r improvement after adding the Bubbles. The fourth column shows improvements
after adding the BF DM model only (no Bubbles). The last column shows improvements in the most
general case of the Bubbles and DM considered together.
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28 21.4 -6.35 -5.42 -6.86
33 10.0 -3.13 -2.67 -3.47
41 2.23 -0.475 -0.363 -0.533
44 3.31 -0.343 -0.219 -0.379
61 0.563 -0.023 -0.013 -0.023
70 2.29 -0.078 -0.007 -0.077
Gl. 11.0 -3.75 -3.44 -4.16

alone reduces residuals somewhat. Adding both the Bubbles and DM further improves the
results, almost entirely absorbing the Haze. There is, however, essentially no di↵erence in
the DM BF and WF cases, which is consistent with our previous finding that the �2

r

di↵ers
very little for these two models.

The computation of the fitting coe�cients a
i

(⌫) also allows us to evaluate the average
intensity of each component within the ROI and its frequency dependence, as well as the
components’ relative amplitudes. This is reported in Fig. 7 for the BF DM model. Other
models did not show significant qualitative di↵erences. Hence, for simplicity, in what follows
we focus on the BF case. At essentially all frequencies, there is a hierarchy in intensity
(from higher to lower): synchrotron, dust, Bubbles, free-free and DM. The CMB fluctuations
average is negative in our ROI, and its absolute value grows from a subdominant 2.9% at
23 GHz up to a significant 61% at 70 GHz, which reflects the black-body spectrum and the
overall foreground frequency dependence. DM has the smallest contribution at all frequencies,
ranging from 2.2% to 0.27%. The synchrotron dominates at almost all frequencies, decreasing
from 61% to 51%. Also we see that we reproduced well the canonically-expected (e.g., [27])
synchrotron spectral index I ⇠ ⌫�1.1. The dust spectrum is not monotonic; it contributes
29% at 23 GHz. The free-free contributes 2.7% and matches quite well the expected slope
I ⇠ ⌫�0.15 (e.g., [69]). The Bubbles contribution is relatively flat in frequency and equal to
5-9%. Our Bubbles spectrum agrees very well with I ⇠ ⌫�0.56 derived in [27].

We also compare our foreground component intensities with those derived in [27], for
the frequency where the Haze is most pronounced. For this exercise, we considered the ROI
used in [27] and shown in Fig. 2 (left panel). This comparison is shown in Table 5. While
all standard astrophysical components have similar derived properties in both that work and
ours, the Haze component in this work is about a factor of two smaller. This might be due
to the mono/dipole removal strategy described above and/or to the modeling of the Haze
which receives contributions from both Bubbles and DM in our work. Lastly, note that the
sum of all components is well within the 3� error bars on the data in all channels.

We also investigate the model dependence of the Bubbles and DM contributions. In Ta-
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• adding Bubbles AND DM further improves the fit, but only slightly

Table 4. E↵ects of addition of the Bubbles and DM on the quality of the fit. The BF DMmodel shown
is described in Table 3. The second column shows results with “standard” foregrounds only. The third
column shows the �2

r improvement after adding the Bubbles. The fourth column shows improvements
after adding the BF DM model only (no Bubbles). The last column shows improvements in the most
general case of the Bubbles and DM considered together.
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23 37.4 -15.9 -15.4 -17.8
28 21.4 -6.35 -5.42 -6.86
33 10.0 -3.13 -2.67 -3.47
41 2.23 -0.475 -0.363 -0.533
44 3.31 -0.343 -0.219 -0.379
61 0.563 -0.023 -0.013 -0.023
70 2.29 -0.078 -0.007 -0.077
Gl. 11.0 -3.75 -3.44 -4.16

alone reduces residuals somewhat. Adding both the Bubbles and DM further improves the
results, almost entirely absorbing the Haze. There is, however, essentially no di↵erence in
the DM BF and WF cases, which is consistent with our previous finding that the �2

r

di↵ers
very little for these two models.

The computation of the fitting coe�cients a
i

(⌫) also allows us to evaluate the average
intensity of each component within the ROI and its frequency dependence, as well as the
components’ relative amplitudes. This is reported in Fig. 7 for the BF DM model. Other
models did not show significant qualitative di↵erences. Hence, for simplicity, in what follows
we focus on the BF case. At essentially all frequencies, there is a hierarchy in intensity
(from higher to lower): synchrotron, dust, Bubbles, free-free and DM. The CMB fluctuations
average is negative in our ROI, and its absolute value grows from a subdominant 2.9% at
23 GHz up to a significant 61% at 70 GHz, which reflects the black-body spectrum and the
overall foreground frequency dependence. DM has the smallest contribution at all frequencies,
ranging from 2.2% to 0.27%. The synchrotron dominates at almost all frequencies, decreasing
from 61% to 51%. Also we see that we reproduced well the canonically-expected (e.g., [27])
synchrotron spectral index I ⇠ ⌫�1.1. The dust spectrum is not monotonic; it contributes
29% at 23 GHz. The free-free contributes 2.7% and matches quite well the expected slope
I ⇠ ⌫�0.15 (e.g., [69]). The Bubbles contribution is relatively flat in frequency and equal to
5-9%. Our Bubbles spectrum agrees very well with I ⇠ ⌫�0.56 derived in [27].

We also compare our foreground component intensities with those derived in [27], for
the frequency where the Haze is most pronounced. For this exercise, we considered the ROI
used in [27] and shown in Fig. 2 (left panel). This comparison is shown in Table 5. While
all standard astrophysical components have similar derived properties in both that work and
ours, the Haze component in this work is about a factor of two smaller. This might be due
to the mono/dipole removal strategy described above and/or to the modeling of the Haze
which receives contributions from both Bubbles and DM in our work. Lastly, note that the
sum of all components is well within the 3� error bars on the data in all channels.

We also investigate the model dependence of the Bubbles and DM contributions. In Ta-
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Table 4. E↵ects of addition of the Bubbles and DM on the quality of the fit. The BF DMmodel shown
is described in Table 3. The second column shows results with “standard” foregrounds only. The third
column shows the �2

r improvement after adding the Bubbles. The fourth column shows improvements
after adding the BF DM model only (no Bubbles). The last column shows improvements in the most
general case of the Bubbles and DM considered together.
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23 37.4 -15.9 -15.4 -17.8
28 21.4 -6.35 -5.42 -6.86
33 10.0 -3.13 -2.67 -3.47
41 2.23 -0.475 -0.363 -0.533
44 3.31 -0.343 -0.219 -0.379
61 0.563 -0.023 -0.013 -0.023
70 2.29 -0.078 -0.007 -0.077
Gl. 11.0 -3.75 -3.44 -4.16

alone reduces residuals somewhat. Adding both the Bubbles and DM further improves the
results, almost entirely absorbing the Haze. There is, however, essentially no di↵erence in
the DM BF and WF cases, which is consistent with our previous finding that the �2

r

di↵ers
very little for these two models.

The computation of the fitting coe�cients a
i

(⌫) also allows us to evaluate the average
intensity of each component within the ROI and its frequency dependence, as well as the
components’ relative amplitudes. This is reported in Fig. 7 for the BF DM model. Other
models did not show significant qualitative di↵erences. Hence, for simplicity, in what follows
we focus on the BF case. At essentially all frequencies, there is a hierarchy in intensity
(from higher to lower): synchrotron, dust, Bubbles, free-free and DM. The CMB fluctuations
average is negative in our ROI, and its absolute value grows from a subdominant 2.9% at
23 GHz up to a significant 61% at 70 GHz, which reflects the black-body spectrum and the
overall foreground frequency dependence. DM has the smallest contribution at all frequencies,
ranging from 2.2% to 0.27%. The synchrotron dominates at almost all frequencies, decreasing
from 61% to 51%. Also we see that we reproduced well the canonically-expected (e.g., [27])
synchrotron spectral index I ⇠ ⌫�1.1. The dust spectrum is not monotonic; it contributes
29% at 23 GHz. The free-free contributes 2.7% and matches quite well the expected slope
I ⇠ ⌫�0.15 (e.g., [69]). The Bubbles contribution is relatively flat in frequency and equal to
5-9%. Our Bubbles spectrum agrees very well with I ⇠ ⌫�0.56 derived in [27].

We also compare our foreground component intensities with those derived in [27], for
the frequency where the Haze is most pronounced. For this exercise, we considered the ROI
used in [27] and shown in Fig. 2 (left panel). This comparison is shown in Table 5. While
all standard astrophysical components have similar derived properties in both that work and
ours, the Haze component in this work is about a factor of two smaller. This might be due
to the mono/dipole removal strategy described above and/or to the modeling of the Haze
which receives contributions from both Bubbles and DM in our work. Lastly, note that the
sum of all components is well within the 3� error bars on the data in all channels.

We also investigate the model dependence of the Bubbles and DM contributions. In Ta-
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TOP row: no bubbles or DM, at different frequencies

Figure 6. Residuals resulting from our component separation procedure in units of the total measured
sky intensity. The top row shows the residuals at di↵erent frequencies without introducing either the
Bubbles or DM template. We can see a clear excess in this case at low frequencies. The bottom row
shows residuals at 23 GHz with DM only and Bubbles+DM. Adding DM improves residuals slightly,
while adding both the Bubbles and DM improves the residuals much more. At the same time the
di↵erence between the BF and WF configurations is almost absent. More details are in §6.3.

Table 5. The breakdowns of the Galactic components (in % of the total non-CMB emission) at 23
GHz in the ROI (Fig. 2, left) obtained in our work (BF case) and by the Planck team in [27]. More
details are in §6.3.

Component Planck team Our work
Synchrotron 43 56

Dust 30 26
Free-free 4 3.1

Haze (DM+Bubbles) 23 12

ble 6 we report the mean and variation ranges of the contributions of all DM/MF/propagation
models at 23 and 70 GHz. The Haze contribution does not significantly fluctuate from model
to model. At 23 GHz its amplitude is well above systematics due to model variations, whereas
at higher frequencies it is of the same order of magnitude as the residuals. The mean flux
of the Haze represents 7.8% of the total sky emission compared to the best-fit amplitude of
7.2%. DM contributes a significant part of the Haze at 23 GHz: 21% on average (30% in
the BF case). Because DM spectra usually fall o↵ with frequency faster than the Bubbles
spectrum, the DM contribution to the Haze decreases with frequency.

Note that in Table 6 we also quote the range and mean of the residuals normalized to
the data, which can give an indication of the systematic uncertainties (error bars in Fig. 7
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Figure 5. Data (total observed intensity at 23 GHz, top left panel) and templates (all other pan-
els) used in the analysis. Morphology of all components except DM was assumed to be frequency-
independent. Normalization of each template corresponds to that of the best-fit model at 23 GHz.
The bottom panels show the best-fit and worst-fit DM sky maps among all the models considered.
See more details in §6.2.
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Figure 5. Data (total observed intensity at 23 GHz, top left panel) and templates (all other pan-
els) used in the analysis. Morphology of all components except DM was assumed to be frequency-
independent. Normalization of each template corresponds to that of the best-fit model at 23 GHz.
The bottom panels show the best-fit and worst-fit DM sky maps among all the models considered.
See more details in §6.2.
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Figure 8. Examples of the marginalized 1D and 2D likelihoods for the components mentioned on
each plot. The green regions show 68% confidence intervals while the blue regions 95%. 1D likelihoods
are shown for both the BF and WF cases. 2D confidence regions are shown for the pairs of most
correlated component intensities in the BF case. More details are in §6.3.

are at high frequencies for the Bubbles and free-free component. Given the low map noise,
our component separation strategy yields quite narrow N-dimensional likelihoods (N=29) for
all parameters. Fig. 8 shows some examples of the marginalized likelihoods, for some compo-
nents’ amplitudes. The distributions are typically symmetric but not necessarily Gaussian,
and the dispersion is below a few percent. Two of the bottom panels also show the 2D
marginalized confidence regions for the most correlated pairs of components in the BF case.
Thus, we see that the largest correlation is observed between the DM and Bubbles ampli-
tudes at 23 GHz with the correlation coe�cient R = 0.70 (defined in the standard way as
the covariance divided by the square root of the product of the variances). This degeneracy
between DM and the Bubbles is likely caused by similarity in the templates. The second
largest correlation, with R = 0.65, is seen between the dust and synchrotron at 70 GHz.

6.4 DM implications

Table 6 shows that the derived DM contribution to the data, considering all DM/MF/propagation
models, is small: at 23 GHz the mean contribution is 1.7% and the BF model 2.2%. This is at
the level of the residuals at 23 GHz, implying no robust detection of DM. The signal-to-noise
ratio does not improve at higher frequencies because the DM emission is less pronounced
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Figure 8. Examples of the marginalized 1D and 2D likelihoods for the components mentioned on
each plot. The green regions show 68% confidence intervals while the blue regions 95%. 1D likelihoods
are shown for both the BF and WF cases. 2D confidence regions are shown for the pairs of most
correlated component intensities in the BF case. More details are in §6.3.

are at high frequencies for the Bubbles and free-free component. Given the low map noise,
our component separation strategy yields quite narrow N-dimensional likelihoods (N=29) for
all parameters. Fig. 8 shows some examples of the marginalized likelihoods, for some compo-
nents’ amplitudes. The distributions are typically symmetric but not necessarily Gaussian,
and the dispersion is below a few percent. Two of the bottom panels also show the 2D
marginalized confidence regions for the most correlated pairs of components in the BF case.
Thus, we see that the largest correlation is observed between the DM and Bubbles ampli-
tudes at 23 GHz with the correlation coe�cient R = 0.70 (defined in the standard way as
the covariance divided by the square root of the product of the variances). This degeneracy
between DM and the Bubbles is likely caused by similarity in the templates. The second
largest correlation, with R = 0.65, is seen between the dust and synchrotron at 70 GHz.

6.4 DM implications

Table 6 shows that the derived DM contribution to the data, considering all DM/MF/propagation
models, is small: at 23 GHz the mean contribution is 1.7% and the BF model 2.2%. This is at
the level of the residuals at 23 GHz, implying no robust detection of DM. The signal-to-noise
ratio does not improve at higher frequencies because the DM emission is less pronounced
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• likelihood profiles are very narrow: 
max likelihood and 95% CL upper limit 
are almost identical

• formally this looks like a detection of 
DM, but we are cautious due to 
correlations and systematic 
uncertainties
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95% CL upper limits on dark matter annihilation
(best-fit is indistinguishable from upper limits) 

“Haze region”
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Summary

• multiwavelength analysis has the potential to constrain interpretations 
of gamma-ray signals

• microwave data consistent with a DM interpretation, but 
favored cross-sections are a bit higher than needed to explain 
the gamma-ray excess

• challenges of separating components (esp. DM and Bubbles) 
currently limit the robustness of a DM detection

• could improve sensitivity by better/consistent multi-wavelength 
modeling of Bubbles instead of template

23


