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Bremsstrahlung emission 

• Three component of astrophysical and 
DM emission.

• Bremss (and related uncertainties) 
often neglected: general argument 
being that it is subdominant below 1 
GeV. 

• Analyses of γ rays more challenging at 
<1 GeV (PSF larger).
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Fig. 15.— Spectra extracted from the inner Galaxy region for model SSZ4R20T150C5. See Figure 12

for legend.
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Goals

• Given the precision of the current CR and γ ray data and importance of including 
<1 GeV data in the gamma ray analysis it is timely to explore the relevance and 
associated uncertainties of the bremss component. 

• This specially holds in the regions where gas density determinations are plagued 
with uncertainties, as in the GC region.

Procedure:
• As a source of electrons we take dark matter annihilations, for definiteness and relative 

simplicity but main conclusions hold also for CRe of conventional astrophysical origin.
• we do not explore the full range of astro uncertainties -> use a well motivated set of 

benchmark parameters and focus on (some of) uncertainties related to bremss 
emission. 
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FIG. 1: Contour maps of the gamma ray flux from the region surrounding the Galactic Center, as observed by the Fermi
Gamma Ray Space Telescope. The left frames show the raw maps, while the center and right frames show the maps after
subtracting known sources (not including the central source), and known sources plus emission from cosmic ray interactions
with gas in the Galactic Disk, respectively. All maps have been smoothed over a scale of 0.5 degrees. See text for more details.

residual flux in the innermost region of the Galaxy. We

include the observed spatial variations of the residuals as

a systematic error, which we propagate throughout this

study.

The residuals in this innermost region include

a roughly spherically symmetric component centered

around the Galactic Center, along with a sub-dominant

component that is somewhat extended along the disk.

Due to its similar angular extent, we consider it likely

that this component is associated with emission from

proton-proton collisions taking place in the Galactic

Ridge, as observed at higher energies by HESS [12]. The

remaining spherically symmetric component could plau-

sibly originate from dark matter annihilations, processes

associated with the Milky Way’s supermassive black hole,

gamma ray pulsars, or a combination of these and other

sources. We will return to these issues in Secs. III and

IV.

In Fig. 3, we show the spectrum of the emission from

the inner 5 degrees surrounding the Galactic Center, after

removing the known sources and disk emission templates.

The spectrum is clearly brightest between 300 MeV and
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In Fig. 3, we show the spectrum of the emission from

the inner 5 degrees surrounding the Galactic Center, after

removing the known sources and disk emission templates.

The spectrum is clearly brightest between 300 MeV and

Residuals in the GC region, 
[Hooper&Goodenough, 
1010.2752; Hooper&Linden, 
1110.000; 
Abazajian&Kaplinghat,
1207.6047]



Calculation of the electron spectrum 

• electron spectra at a given position in the Galaxy is governed by the diffusion and 
energy loss processes.

Charged Particles
Not only DM physics (sigma’s, b.r.) and astrophysics (halo distribution) 

matter, but also plasma astrophysics (diffusion in the Galaxy)
Antimatter is preferred due to lower astro background 

(P. Mertsch)

byproducts of the charged e- and e+ are 
synchroton/radio signals; see talks by 
Roberto Lineros @ 17:10 (tomorrow)
Marco Taoso @ 17:30 (tomorrow)

Torsten Bringmann, University of Hamburg !Indirect Dark Matter Searches

Propagation
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Little known about Galactic magnetic field distribution

Random distribution of field inhomogeneities
        propagation well described by diffusion equation�
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Calculation of the electron spectrum 

• diffusion parameters we take the ‘MED’ model and B fields of 4 μG.
• source: DM annihilations
• to μ, τ, b channels 
• distributed in a Galaxy with NFW density distribution.

• Calculations done with two codes: PPPC4DMID and GALPROP 
• PPPC4DMID: Propagation performed with an improved semi-analytic method 

that takes into account position-dependent energy losses (www.marcocirelli.net/
PPPC4DMID.html)

• GALPROP: fully numerical calculation (http://galprop.stanford.edu/webrun.php)
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (ρs):
this precision is sufficient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and ρs (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r⊙ = 8.33 kpc (as determined
in [48]; see also [49] 3) to be ρ⊙ = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2 → 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ≡ 4.7× 1011M⊙. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not differ much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be affected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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Electrons or positrons Antiprotons (and antideuterons)
Model δ K0 [kpc2/Myr] δ K0 [kpc2/Myr] Vconv [km/s] L [kpc]
MIN 0.55 0.00595 0.85 0.0016 13.5 1
MED 0.70 0.0112 0.70 0.0112 12 4
MAX 0.46 0.0765 0.46 0.0765 5 15

Table 2: Propagation parameters for charged particles in the Galaxy (from [110, 111]).

described below much more difficult to implement numerically. We therefore leave these
possible refinements for future work 15 and, as customary, we adopt the parameterization
K(E, �x) = K0(E/GeV)δ = K0 �δ.

The values of the propagation parameters δ, K0 and L (the height of the diffusion
cylinder defined above) are deduced from a variety of cosmic ray data and modelizations.
It is customary to adopt the sets presented in Table 2, which are found to minimize or
maximize the final fluxes. 16

Finally, DM DM annihilations or DM decays in each point of the halo with DM density
ρ(�x) provide the source term Q of eq. (7), which reads
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where f runs over all the channels with e± in the final state, with the respective thermal
averaged cross sections σv or decay rate Γ.

4.1.2 Electrons or positrons: result

The differential flux of e± dΦe±/dE = ve±f/4π in each given point of our Galaxy for any
injection spectrum can be written as
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where Es is the e± energy at production (‘s’ stands for ‘source’) and the generalized halo
functions I(E,Es, �x) are essentially the Green functions from a source with fixed energy
Es to any energy E. In other words, the halo functions I encapsulate all the astrophysics
(there is a halo function I for each choice of DM distribution profile and choice of e±

propagation parameters) and are independent of the particle physics model: convoluted

15See [109] for a recent analysis for antiprotons.
16We stress, however, that the determination of these parameters is a whole evolving research area, which

will certainly update these values in the future as more refined modelizations and further CR data become
available. See e.g. [112, 113, 114] for recent references. The choices presented in Table 2 should be seen as
the current bracketing of sensible possibilities.
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Calculation of the electron spectrum 

• main energy losses in the few GeV range: IC, bremss and synchrotron (Galactic 
mag fields).

• below ∼10 GeV (electron energy!), bremsstrahlung is the dominant process for 
typical environmental conditions.
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Interstellar gas maps

• use gas maps as in the GALPROP code (http://galprop.stanford.edu/webrun.php)
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Interstellar gas maps

• In the inner Galaxy uncertainties are bigger:
• region at ≤ 2◦ ∼ 200 pc scales hosts several structures of dense gas:
• The Central Molecular Zone: Ferriere+ (2007) estimate that densities reach     

⟨nH2⟩CMZ ≈ 150 cm−3

• The Circum-Nuclear Ring: inner 1 to 3 pc ⟨nH2⟩CNR = 2.2 × 105 cm−3. 
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To explore uncertainty in this region we use:
• ’coarse-gd ngas’
• ‘realistic ngas’: constructed to have ⟨nH2⟩CMZ 

≈100 cm−3 while z height is kept the same 
as for the usual gas maps.  

’coarse-gd ngas’

‘realistic ngas’

R. Crocker’s talk



Electron Spectra 
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◦ The Central Molecular Zone (CMZ): made up dominantly of molecular gas, placed in

an asymmetric layer extending (in projection) out to r ∼ 200 pc (or, more precisely,

r ≤ 250 pc at positive longitudes and r ≤ 150 pc at negative longitudes). Ferrière et
al. [21] estimate that densities in the CMZ reach �nH2�CMZ,max ≈ 150 cm

−3
(but keep

in mind uncertainties like the one of a factor ∼ 2 induced by XCO [21]).

◦ The Circum-Nuclear Ring (CNR): region of the inner 1 to 3 pc believed to be part of

an accretion disk around the central massive black hole. Its gas content was studied,

under the approximation of a smooth and axisymmetric ring, in [31], finding gas

densities of �nH2�CNR = 2.2× 10
5

cm
−3

.

The geometry of these regions is quite involved, and they do have a certain level of

clumpiness (see for example [30]). Yet, it is clear that within the CMZ volume, average

densities are of the order ∼ 100 cm
−3

, with possibly higher densities being reached at

smaller scales [31]. The resolution in the galacto-centric distance of the high resolution gas

maps described above (eq. (8)) is limited to ≥ 1 kpc by the finite non-circular motions of

the gas traced by these surveys as well as internal velocity dispersions of molecular clouds,

therefore variations in the gas densities at this small scales are largely unresolved
3
. For

comparison, the maps illustrated in Fig. 2 (which are also used in Pppc4dmid) reach a

maximal value of the H2 density at the GC of only 3 cm
−3

.

Based on the discussion above, in the following we will consider two different models

for the region around the GC:

- The ‘coarse-grained’ maps of Fig. 2, with their unrealistically low gas density of

O(1) cm
−3

, which we will label as ‘coarse-gd ngas’.

- The addition of a crude modeling for the above-mentioned structures (in particular

the CMZ) by adding a cylindric slab around the GC of radial size of 200 pc and scale

height of 50 pc within which the gas density is enlarged 100 times with respect to

the coarse-grained maps, reaching values of O(100) cm
−3

. We will label this case as

‘realistic ngas’. Needless to say, this is only a toy model, but likely closer to the

reality than the first one.

It should be also noted that further uncertainties are probably induced by likely modi-

fication to the diffusion properties in this inner region, while for simplicity (and lack of

empirical constraints) we stick to a homogeneous diffusion coefficient with properties iden-

tical to local ones.

2.2 Electron spectra

Having discussed the astrophysical environment, the first step of the computation consists

in determining the spectral density of e±, injected by Dark Matter and subsequently prop-

agated. For this, we use the tools provided by the Pppc4dmid [8], to which we refer for a

full discussion. We just recall that dΦe±/dE, the differential flux of e± in each given point

�x of our Galaxy, can be written as
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3
Note that the innermost annulus (0-1.5 kpc) is entirely enclosed within the interpolated region. For

that reason the HI gas maps used in Galprop are made by assuming the innermost annulus contains 60%

more gas than its neighboring annulus, [28].

8

We calculate relevant spectra assuming i) no bremss losses, or ii) bremss for realistic 
and coarse-grained case of the gas density.



γ ray emission 
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Two competing effects in which the γ-ray signal is affected by bremsstrahlung: 
• via the impact that the additional energy loss has on electron steady state spectrum (-

> lowers the e spectrum -> lowers the ICS); 
• via the additional emission process -> higher gas density -> higher bremss. 
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Figure 1: Typical timescales of energy losses of an electron (or positron) due to different

processes, at the location of the Earth (left) and close to the galactic center (right). Here �B� is

the average density of the magnetic field (relevant for synchrotron), ulight is an indicative density

of interstellar radiation field (relevant for ICS) and ngas is the density of the interstellar gas

(relevant for bremsstrahlung; near the GC we choose 10 p/cm
3

for illustration: densities can go

from O(1) to O(100) or more, see the discussion in Sec. 2.1).

In turn, the γ-ray emission of the cell consists of: 1) the prompt γ-rays from DM

annihilations, 2) the ICS γ-rays from the energetic e± contained in the cell hitting the

local background light and 3) the bremsstrahlung γ-rays from those same electrons hitting

the gas in the cell (synchrotron emission falls in the radio/microwave range and will not be

of our interest as a signal). Hence, there are essentially two ways in which the γ-ray signal

is affected by bremsstrahlung: 1) via the impact that the additional energy loss has on

Φe± , the steady state spectrum of e± later undergoing ICS; 2) via the additional emission

process. In most DM γ-ray studies both aspects are neglected.

We now move to discuss bremsstrahlung by recalling some basic formulæ, while details

can be found in standard references such as [10, 11]. We shall assume everywhere relativistic

incident electrons and positrons (hence their speed is c = 1), having energy � 20 MeV.

Schematically, one can write the gamma-ray emission E due to bremsstrahlung from a

cell located at �x = (r, z) as the integral over all possible e± energies Ee± giving origin to a

photon of energy Eγ

dEγ,brem(�x)

dEγ
=

�

i

ni(�x)

�

EL

dEe± 2
dΦe±(�x)

dEe±
·

dσi

dEγ
(1)

where n is the gas density (the index i runs on all possible species) and the factor of 2

accounts for electrons and positrons (Φe± represents the steady state electron or positron

flux). EL = max(Eγ, Emin), Emin being the minimum energy cutoff.

The main particle physics input is the differential cross-section dσi/dEγ for bremsstrah-
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➡ for a fixed gas density distribution and in the case when bremss losses dominate, 
uncertainty on the emission is moderate (two competing effects!)    
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Figure 1: Typical timescales of energy losses of an electron (or positron) due to different

processes, at the location of the Earth (left) and close to the galactic center (right). Here �B� is

the average density of the magnetic field (relevant for synchrotron), ulight is an indicative density

of interstellar radiation field (relevant for ICS) and ngas is the density of the interstellar gas

(relevant for bremsstrahlung; near the GC we choose 10 p/cm
3

for illustration: densities can go

from O(1) to O(100) or more, see the discussion in Sec. 2.1).

In turn, the γ-ray emission of the cell consists of: 1) the prompt γ-rays from DM

annihilations, 2) the ICS γ-rays from the energetic e± contained in the cell hitting the

local background light and 3) the bremsstrahlung γ-rays from those same electrons hitting

the gas in the cell (synchrotron emission falls in the radio/microwave range and will not be

of our interest as a signal). Hence, there are essentially two ways in which the γ-ray signal

is affected by bremsstrahlung: 1) via the impact that the additional energy loss has on

Φe± , the steady state spectrum of e± later undergoing ICS; 2) via the additional emission

process. In most DM γ-ray studies both aspects are neglected.

We now move to discuss bremsstrahlung by recalling some basic formulæ, while details

can be found in standard references such as [10, 11]. We shall assume everywhere relativistic

incident electrons and positrons (hence their speed is c = 1), having energy � 20 MeV.

Schematically, one can write the gamma-ray emission E due to bremsstrahlung from a

cell located at �x = (r, z) as the integral over all possible e± energies Ee± giving origin to a

photon of energy Eγ
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=
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where n is the gas density (the index i runs on all possible species) and the factor of 2

accounts for electrons and positrons (Φe± represents the steady state electron or positron

flux). EL = max(Eγ, Emin), Emin being the minimum energy cutoff.

The main particle physics input is the differential cross-section dσi/dEγ for bremsstrah-
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➡ in first approx.: bremss gamma ray signal sensitive to nH2(R) z scale of CMZ and 
• (& diffusion and environment related uncertainties! (R. Crocker))
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- If following more closely Ferriere+ (2007) in R and z dependence.    



γ ray emission: other channels 
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• los integrals at ~.
0.5deg sensitive 
to the assumption 
on the gas density 
in the inner 100 
pc.



• Note:

• routinely in numerical codes (GALPROP, DRAGON, etc): 
• electron energy losses calculated assuming one set of maps (R,z)
• for the bremss emission and los integrals a (l,b) hi res set of maps 

is used (match for good angular resolution of Fermi LAT).  
➡ emissivities rescaled within Galactocentric rings i:  

• Potential issues: 
• electron energy losses and bremss emission not treated self consistently (+XCO a 

posteriori adjusted). 
• Degeneracy with source distribution.
  

• (here we use a self-consistent approach, i.e. one set of maps to check the impact on 
the spectrum.)  
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Figure 2: Slices of the large scale gas density maps that we adopt; left: as a function of r in
the galactic disk; center: as a function of z above and below the Sun; right: as a function of z
above and below a point close to the GC. The dotted line traces the enhanced H2 density employed
in the ‘realistic ngas model of the GC, see text.

is then to calculate the γ-ray fluxes along the line of sight ds by taking advantage of the
high resolution l, b maps based on radio-astronomical surveys: the 21 cm survey [26],
which has a resolution of 0.5◦ and the 115 GHz Center for Astrophysics survey of CO [27],
with a resolution of 0.125◦ to 0.25◦. The integral of the emission is therefore corrected for
the observed column densities of the high resolution maps (NHI,k and WCO,k below) while
maintaining the model-based variation within the centro-galactic rings k (nHI and nH2), as:

dΦγ,brem

dEγ
= Σi

NHI,i + 2 XCO,iWCO,i�
nHI + 2nH2 ds

×
�

dEγ,brem

dEγ
(nHI + 2nH2) ds (8)

The individual conversion factors XCO,k, analogous to the one discussed above, are free
parameters in each ring and are then obtained a posteriori in a fit to the gamma-ray
data. For more information on this procedure see [28]. The potential problems with this
approach is that it mixes together uncertainties in the background density of the gas and
uncertainties in the inhomogeneity of the high-energy population of CR, which are both
energy dependent. For example, protons and electrons are not distributed equally due to
energy losses (even if they were emitted equally). If maps are calibrated as above, in a
region where p-p dominates, that could introduce a systematic effect in the region where
electron induced processes are relevant. In addition it has been noted [29] that not all gas
is accounted for using the above tracers and that dust emission provides a good tracer of
the gas (so called ‘dark gas’). A dust correction is applied to the gas maps in Galprop to
account for this effect leading to a much better agreement with the observed gamma ray
emission. While this involved procedure may be useful to optimize a fiducial background
map for some specific application, here we choose to use, self-consistently, the same gas
maps for the computation of the energy losses and for the emission, in order to grasp
directly the physics involved.

Another point to discuss, still related to the accuracy of the maps but much more
relevant for our purposes, concerns the region of the inner Galaxy. While the maps that we
use are in general adequate on the large scales of the Galaxy, their validity is questionable
e.g. in regions close to the galactic center (typically at ≤ 2◦ ∼ 200 pc scales). This area
hosts active star forming regions and several structures of dense gas, in particular:

7
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Bremsstrahlung emission 

• In the case of DM: prompt 
spectra universal throught the 
Galaxy.

• however, secondary radiation 
spectra: bremss and IC are 
position dependent -> important 
to take into account when 
comparing DM searches between 
different channels and targets.



Summary

• Uncertainties in gas density alter gamma-ray spectrum via two effects: indirectly, 
(electron steady state spectrum->inverse Compton, synchrotron etc) directly, 
higher bremss emission (two opposite effects).

• in regions in which bremsstrahlung dominates energy losses, the related γ-ray 
emission is only moderately sensitive to possible large variations in the 
magnitude of the gas density.

• For computing precise spectra in the (sub-)GeV range, it is important to obtain a 
reliable description of the inner Galaxy gas distribution as well as to compute 
self-consistently the gamma emission and the solution to the diffusion-loss 
equation.


