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Discovery and properties of the Fermi Bubbles
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[M. Su, ApJ 724 (2010) 2]

The Fermi Bubbles were uncovered as residual emission above expected gamma-ray  
emission components.

after subtracting 
known foregrounds

• bilobular shape, symmetric about the 
plane

• extension: 50° in longitude, up to 50° in 
latitude

• spectrum: rather hard 
• sharp edges
• almost uniform emission, except for 

“cocoon region”

±

∼ E−1.9

Properties:
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[Fermi-LAT collab., ApJ 840 (2017) 1]

Fermi Galactic center GeV excess 15

Data, 1.1 - 6.5 GeV
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Figure 2. Sample Model fit to the data. Gamma-ray data (left), total model (middle) and fractional

residual (right) maps summed over several energy bins: 7 energy bins between 100 MeV and 1.1 GeV (top

row), 5 energy bins between 1.1 GeV and 6.5 GeV (middle row), 15 energy bins between 6.5 GeV and 1.2

TeV (bottom row). The grey circles for the model and residual maps correspond to the mask constructed for

the 200 highest-flux (> 1 GeV) 3FGL sources (see Section 2.1). The pixel size is about 0�.46 corresponding

to HEALPix nside = 128 (we will use the same pixel size for all all-sky plots in this paper).

the gas correlated templates. However, the IC templates are rather smooth and may be degenerate

in a small ROI. For this reason we combine the three IC templates in the Sample Model into a single

template for fits in small ROIs. We also do not have the bubbles template in the |b|, |`| < 10� case,

because it is defined only at |b| > 10�.

The results are shown in Figure 4 top right. We note that gNFW cusp profile remains non-

degenerate with the other components of emission even in the small ROI, because the degeneracies

would result in large error bars, while the error bars on the GC excess flux remain reasonably small

below 10 GeV. The intensity of the GC excess is generally reduced for the fits in smaller ROIs. For

10� ROI the GC excess continues to be significant at energies below 400 MeV. While for 30� ROI the

excess cuts o↵ below 1 GeV. The change in the GC excess flux for di↵erent ROI sizes is likely due to

mismodeling of Galactic di↵use components.

30

The templates for the Fermi bubbles are derived by applying a cut in significance at 1.5� to the

medium spectral component. Due to the presence of the third spectral component, the bubbles

component becomes relatively less significant; thus, we choose the 1.5� cut rather than the 2� cut

used in the previous subsection. The template for the GC excess is derived by applying a 2� cut in

the hard component (Figure 12). The statistical uncertainties of the spectral components maps are

derived by propagating the statistical uncertainties in the data maps (see discussion after Equation 6).

As before, we also split the Fermi bubbles template into high and low-latitude bubbles.

The corresponding spectra for the GC excess, high and low-latitude bubbles are shown in Figure

13. The spectra of the bubbles at high and low latitudes are consistent with each other between ⇠1

GeV and ⇠100 GeV. At energies < 10 GeV, the GC excess spectrum derived with the gNFW profile

and the two-component SCA model of the bubbles is similar to the GC excess spectrum derived in

the 3-component SCA model (Figure 13 right).

As an alternative derivation of the GC excess template, we use the spectrum / E
0.5

e
�E/1.1 GeV

derived in Ajello et al. (2016) from the LAT data in the case of di↵use models with variable index

and CR sources traced by distribution of pulsars. In this case the spectral shape is derived using a

phenomenological spectral function to fit the LAT data, and is not based on any specific scenario for

the origin of the excess. The resulting spectrum for the alternative excess template is very similar to

the spectrum derived with the template for the MSP-like spectrum.
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Figure 11. Spectral components templates in the three-component SCA model (Section 5.2). The templates

are derived from the residuals after subtracting the gas-correlated emission and PS between 1 and 10 GeV

(Section 5.1.1) assuming the following correlation of spectra: soft / E�2.4, medium / E�1.9, hard /
E�1.6e�E/4 GeV.

6. MODELING OF POINT SOURCES

Discovery and properties of the Fermi Bubbles
A closer look at the spectral properties of the residuals in the Fermi Bubbles region in  
the range from 1 to 10 GeV. 
—> Very surprising: The hard spectrum extends even to the highest latitudes!

∼ E−2.3

∼ E−1.9

soft:

hard:

millisecond- 
pulsar-like:

∼ E−1.6

× e(−E/4 GeV)
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Is the cocoon emission fuelled by a satellite galaxy?
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6Oscar Macias (GRAPPA)

Sgr dSph is located behind the Fermi bubbles

[slide credit: Oscar Macias, image credit: Aya Tsuboi (Kavli IPMU)]
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[O. Macias et al., JCAP 09 (2019) 042] [P. Ramos et al., A&A 666, A64 (2022)]

Crocker et al. [R. Crocker et al., Nature Astron. 6 (2022) 11] proposed to explain the cocoon’s gamma-ray 
emission by emission from the Sagittarius dwarf galaxy. 

Fermi Bubbles
(data-driven,  
Fermi-LAT)

Sagittarius stellar stream
(Gaia early DR3)
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[O. Macias et al., JCAP 09 (2019) 042] [P. Ramos et al., A&A 666, A64 (2022)]

Crocker et al. [R. Crocker et al., Nature Astron. 6 (2022) 11] proposed to explain the cocoon’s gamma-ray 
emission by emission from the Sagittarius dwarf galaxy. 

Fermi Bubbles
(data-driven,  
Fermi-LAT)

Sagittarius stellar stream
(Gaia early DR3)
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A striking spatial
coincidence!
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A snapshot of the results of Crocker et al.
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Figure 2. Measured g-ray spectral brightness distributions of the signal associated to the Sgr dSph template and the
surrounding Fermi Bubbles. The black, dashed line shows a differential number flux obeying dNg/dEg µ E

�2.1
g . These data are

as obtained by us in our Fermi-LAT data analysis as described in Methods. We have converted luminosities to surface
brightnesses adopting source solid angles of WSgr dSph = 9.6⇥10�3 sr, and WFB = 0.49 sr, with the latter set by the 40� ⇥40�

region of interest (ROI), not the intrinsic sizes of the Bubbles (which are larger than the ROI). Error bars show 1s errors; for
the Sgr dSph, the error bars incorporate both statistical and systematic errors added in quadrature. The smooth blue curves
show (solid) the best fit combined (magnetospheric + IC) and (dashed) the best fit magnetospheric spectra.

17/41

prompt spectrum

inverse Compton tail

Two important findings: 
1. Sagittarius’ emission is significant  for almost all employed sky models.
2. The reconstructed spectrum is well explained by a population of millisecond pulsars  
    (MSPs) in Sagittarius.

( > 5σ)
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g . These data are

as obtained by us in our Fermi-LAT data analysis as described in Methods. We have converted luminosities to surface
brightnesses adopting source solid angles of WSgr dSph = 9.6⇥10�3 sr, and WFB = 0.49 sr, with the latter set by the 40� ⇥40�

region of interest (ROI), not the intrinsic sizes of the Bubbles (which are larger than the ROI). Error bars show 1s errors; for
the Sgr dSph, the error bars incorporate both statistical and systematic errors added in quadrature. The smooth blue curves
show (solid) the best fit combined (magnetospheric + IC) and (dashed) the best fit magnetospheric spectra.
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Two important findings: 
1. Sagittarius’ emission is significant  for almost all employed sky models.
2. The reconstructed spectrum is well explained by a population of millisecond pulsars  
    (MSPs) in Sagittarius.

( > 5σ)

∑ Fermi-LAT data

2.44716 5.63231log10 N

=

template-based analysis: 
— rigid spatial morphology 
— foreground  
     mis-modelling hard to  
     mitigate

Does the significance of Sagittarius persist when we account for foreground mis-
modelling?

mailto:eckner@lapth.cnrs.fr
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Extended Data Figure 7. Contribution of each template component to the g-ray spectrum averaged over the entire ROI, for
our default baseline + Sgr dSph model. Components shown are as follows: p0 +brems is the Galactic hadronic plus
bremsstrahlung foreground, ICS is the Galactic inverse Compton foreground, 4FGL indicates point sources from the 4th Fermi

catalogue, Fermi Bubbles indicates the structured Fermi Bubble template, isotropic is the isotropic g-ray background, “other”
includes the Sun and Moon, Loop I, and the Galactic Centre Excess, and Sgr stream indicates the Sgr dSph. The error bars
display 1s statistical errors.
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SkyFACT analysis vs. Crocker et al. — Results
Let us get to the point: Our final result employing background re-modulation to all components 
in comparison to the original work [R. Crocker et al., Nature Astron. 6 (2022) 11]:

prompt MSP spectrum

1. Diffuse spectra broadly consistent between both works.
2. We do not find evidence for the need of a prompt MSP-like spectrum between 1 to 10 GeV in 

the cocoon region.
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Adaptive template-fitting with skyFACT
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We go beyond standard template-fitting by adding regularised image reconstruction as 
implemented in the software skyFACT. 

Model ∼ ∑
k

T(k)
p τ(k)

p ⊗ S(k)
b σ(k)

b ⋅ ν(k)
k : component
p : spatial pixel
b : energy bin

Spatial + spectral templates Modulation parameters: 
— spatial,
— spectral,
— overall

Constraints on the modulation parameters by penalising likelihood function contribution on  
top of the Poisson likelihood:  .ln ℒ = ln ℒP + ln ℒR

[E. Storm et al., JCAP 08 (2017) 022]
[R. Bartels et al., Nature Astron. 2 (2018) 10]
[F. Calore & S. Manconi, PRL 127 (2021) 16]
[C. Armand & F. Calore, PRD 103 (2021) 8]
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We go beyond standard template-fitting by adding regularised image reconstruction as 
implemented in the software skyFACT. 

Model ∼ ∑
k

T(k)
p τ(k)

p ⊗ S(k)
b σ(k)

b ⋅ ν(k)
k : component
p : spatial pixel
b : energy bin

Spatial + spectral templates Modulation parameters: 
— spatial,
— spectral,
— overall

Constraints on the modulation parameters by penalising likelihood function contribution on  
top of the Poisson likelihood:  .ln ℒ = ln ℒP + ln ℒR
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Figure 5. Significance of residuals for Run1 (top row) to Run5 (bottom row), for energies > 0.34
GeV (left column) and > 1.24 GeV (right column).

they can be absorbed by small changes of the local intensity of model components without
significantly changing their spectra, are largely removed, whereas irreducible residuals remain.
Structures that become now evident are the bubble-shaped positive residuals that appear
from the second energy band on, and, at high energies, numerous localized residuals along
the Galactic plane.

Run3. This model is similar to the previous one, except that we split the gas component
into three rings that cover the radial ranges 0–3.5 kpc, 3.5–6.5 kpc and 6.5–19.0 kpc. Details
about the construction of gas rings can be found in section 3. The main e↵ect is that
residuals along the Galactic disk are further reduced, as can be seen in the third row of
figures 5 and 6. However, localized residuals remain along the Galactic plane, both close to
and at the Galactic center, as well as further away. Most of these residuals grow stronger
at higher energies, indicating rather hard fluxes. Indeed, many of the residuals correspond
to extended emission associated with the positions of various extended sources observed by
Fermi -LAT. Below, we will be able to absorb most of these sources with extended source
templates from the Fermi 3FGL.

In figure 8, we show the modulation parameters that correspond to the four di↵use
components in Run3. For the gas ring I and gas ring II, the modulation parameters stay
close to one except for a few bright spots along the Galactic disk. Most of these correspond
to extended sources in the Fermi 3FGL. However, in gas ring III, which reaches up to high
latitudes, we can see the e↵ects of ‘dark gas’, which is not included in our gas templates and

– 17 –

[E. Storm et al., JCAP 08 (2017) 022]

∑ Fermi-LAT data

2.44716 5.63231log10 N

=

skyFACT

*model does not contain all known components

[E. Storm et al., JCAP 08 (2017) 022]
[R. Bartels et al., Nature Astron. 2 (2018) 10]
[F. Calore & S. Manconi, PRL 127 (2021) 16]
[C. Armand & F. Calore, PRD 103 (2021) 8]
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We aim to directly investigate the findings of Crocker et al. by adopting most of their 
data selection and model composition; largest difference: 8 years —> 12 years of data.

Baseline gamma-ray emission components*:

*Templates show the optimised components of Run 8.

Rationale:
1. Sequential fit to gamma-ray 

data based on templates on 
the right.

3. Run skyFACT initialisation 
twice: with and w/o 
Sagittarius template to 
assess significance.

2. Enable iteratively spatial 
and spectral modulation of 
the initial template input.
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Definition and results of our systematic scan
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Components
Run 0 Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8

skyFACT hyper-parameters:
⇥
� �0 �00

⌘ ⌘0 ·
⇤

4FGL (PLS)
⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤

4FGL (ext)
⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤

⇡0 (h i)
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0 0 ·
⇤ ⇥1 0 0
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⇤ ⇥ 1

25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
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40 0 ·

⇤ ⇥ 1
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40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 44 0
40 0 ·

⇤

⇡0 (H2)
⇥1 0 0

0 0 ·
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0 0 ·
⇤ ⇥1 0 0

0 0 ·
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⇤ ⇥ 1
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40 0 ·

⇤ ⇥ 1
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⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 44 0
40 0 ·

⇤

IC
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥

1 16 0
150 0 ·

⇤ ⇥
1 16 0

150 0 ·
⇤ ⇥

1 16 0
150 0 ·

⇤ ⇥
1 16 0

150 0 ·
⇤

IGRB
⇥1 0 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 1

25
0 0 ·

⇤

Sun&Moon
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥

10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤

FBs (flat)
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤

�
⇥
0 104 1
6 0 ·

⇤ ⇥
0 400 1

25
6 0 ·

⇤

FBs (structured) � � � � � �
⇥1 0 0

0 0 ·
⇤

� �

Sgr
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤

�2 lnLbase 309106 309227 309210 297427 297469 297419 297014 295710 296010

�2 lnLbase+Sgr 308879 309013 309002 297350 297389 297357 296987 295690 295996

ZSgr [�] 13.6 13.1 12.9 6.9 7.0 6.0 3.0 2.2 1.5

TABLE II. Summary of the iterative skyFACT-runs based on the baseline setup outlined in Sec. III and the selected
skyFACT hyper-parameters for each model component. The first row of hyper-parameters controls the allowed variation in
the magnitude of the re-modulation parameters a↵ecting spatial pixels ⌧  ! �, the spectrum per energy bin �  ! �0 and
the overall normalisation ⌫  ! �00. The second row lists hyper-parameters determining the employed smoothing of the spatial
and spectral re-modulation parameters ⌧  ! ⌘ and �  ! ⌘0. The magnitude hyper-parameters are fixed to unity whenever
their value is quoted as 1 while they are completely free to vary when set to 0. It holds that the larger the hyper-parameter’s
value, the more constrained the re-modulation parameter to fluctuate around 1. In contrast, a smoothing scale with a value of
0 means that no smoothing is applied. The larger the value of the smoothing hyper-parameter, the stronger the smoothing or
in other words, the longer the considered correlation length among pixels or energy bins. In addition, we provide the obtained
log-likelihood values stating the sum of Poisson and penalising likelihood contribution for a fit with the baseline model “base”
and a model iteration containing also the Sgr dSph template- “base+Sgr”. The significance of adding a Sgr dSph component
according to Eq. 4 is reported as ZSgr in standard deviations.
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Now some details: The systematic fits are initialised with priors on the spectral and 
spatial morphology of the components as well as skyFACT hyper-parameters.

Fermi Bubbles are by default treated as uniform emission (restricted to their position) to 
avoid bias by common data-driven models that include the cocoon region. Only once 
exchanged for a structured template ([O. Macias et al., JCAP 09 (2019) 042]).
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Components
Run 0 Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8

skyFACT hyper-parameters:
⇥
� �0 �00

⌘ ⌘0 ·
⇤

4FGL (PLS)
⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤

4FGL (ext)
⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤

⇡0 (h i)
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥ 1

25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 44 0
40 0 ·

⇤

⇡0 (H2)
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥ 1

25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 44 0
40 0 ·

⇤

IC
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥

1 16 0
150 0 ·

⇤ ⇥
1 16 0

150 0 ·
⇤ ⇥

1 16 0
150 0 ·

⇤ ⇥
1 16 0

150 0 ·
⇤

IGRB
⇥1 0 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 1

25
0 0 ·

⇤

Sun&Moon
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥

10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤

FBs (flat)
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤

�
⇥
0 104 1
6 0 ·

⇤ ⇥
0 400 1

25
6 0 ·

⇤

FBs (structured) � � � � � �
⇥1 0 0

0 0 ·
⇤

� �

Sgr
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤

�2 lnLbase 309106 309227 309210 297427 297469 297419 297014 295710 296010

�2 lnLbase+Sgr 308879 309013 309002 297350 297389 297357 296987 295690 295996

ZSgr [�] 13.6 13.1 12.9 6.9 7.0 6.0 3.0 2.2 1.5

TABLE II. Summary of the iterative skyFACT-runs based on the baseline setup outlined in Sec. III and the selected
skyFACT hyper-parameters for each model component. The first row of hyper-parameters controls the allowed variation in
the magnitude of the re-modulation parameters a↵ecting spatial pixels ⌧  ! �, the spectrum per energy bin �  ! �0 and
the overall normalisation ⌫  ! �00. The second row lists hyper-parameters determining the employed smoothing of the spatial
and spectral re-modulation parameters ⌧  ! ⌘ and �  ! ⌘0. The magnitude hyper-parameters are fixed to unity whenever
their value is quoted as 1 while they are completely free to vary when set to 0. It holds that the larger the hyper-parameter’s
value, the more constrained the re-modulation parameter to fluctuate around 1. In contrast, a smoothing scale with a value of
0 means that no smoothing is applied. The larger the value of the smoothing hyper-parameter, the stronger the smoothing or
in other words, the longer the considered correlation length among pixels or energy bins. In addition, we provide the obtained
log-likelihood values stating the sum of Poisson and penalising likelihood contribution for a fit with the baseline model “base”
and a model iteration containing also the Sgr dSph template- “base+Sgr”. The significance of adding a Sgr dSph component
according to Eq. 4 is reported as ZSgr in standard deviations.
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Run 0: Standard template fit (+ spectral re-fitting of all point-like sources) 
            —> highest significance of Sagittarius; comparable to Crocker et al. results
Run 5: Re-modulation of diffuse components except for Fermi Bubbles  
            —> significance of Sagittarius more than halved!

Now some details: The systematic fits are initialised with priors on the spectral and 
spatial morphology of the components as well as skyFACT hyper-parameters.
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Components
Run 0 Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8

skyFACT hyper-parameters:
⇥
� �0 �00

⌘ ⌘0 ·
⇤

4FGL (PLS)
⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤ ⇥ · 25 10
· 0 ·

⇤

4FGL (ext)
⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤ ⇥
0 1 1
6 0 ·

⇤

⇡0 (h i)
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥ 1

25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 44 0
40 0 ·

⇤

⇡0 (H2)
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥ 1

25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 400 0
40 0 ·

⇤ ⇥ 1
25 44 0
40 0 ·

⇤

IC
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥

1 16 0
150 0 ·

⇤ ⇥
1 16 0

150 0 ·
⇤ ⇥

1 16 0
150 0 ·

⇤ ⇥
1 16 0

150 0 ·
⇤

IGRB
⇥1 0 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 0

0 0 ·
⇤ ⇥1 400 1

25
0 0 ·

⇤

Sun&Moon
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥

10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤ ⇥
10 16 0
150 0 ·

⇤

FBs (flat)
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤

�
⇥
0 104 1
6 0 ·

⇤ ⇥
0 400 1

25
6 0 ·

⇤

FBs (structured) � � � � � �
⇥1 0 0

0 0 ·
⇤

� �

Sgr
⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤ ⇥1 0 0

0 0 ·
⇤

�2 lnLbase 309106 309227 309210 297427 297469 297419 297014 295710 296010

�2 lnLbase+Sgr 308879 309013 309002 297350 297389 297357 296987 295690 295996

ZSgr [�] 13.6 13.1 12.9 6.9 7.0 6.0 3.0 2.2 1.5

TABLE II. Summary of the iterative skyFACT-runs based on the baseline setup outlined in Sec. III and the selected
skyFACT hyper-parameters for each model component. The first row of hyper-parameters controls the allowed variation in
the magnitude of the re-modulation parameters a↵ecting spatial pixels ⌧  ! �, the spectrum per energy bin �  ! �0 and
the overall normalisation ⌫  ! �00. The second row lists hyper-parameters determining the employed smoothing of the spatial
and spectral re-modulation parameters ⌧  ! ⌘ and �  ! ⌘0. The magnitude hyper-parameters are fixed to unity whenever
their value is quoted as 1 while they are completely free to vary when set to 0. It holds that the larger the hyper-parameter’s
value, the more constrained the re-modulation parameter to fluctuate around 1. In contrast, a smoothing scale with a value of
0 means that no smoothing is applied. The larger the value of the smoothing hyper-parameter, the stronger the smoothing or
in other words, the longer the considered correlation length among pixels or energy bins. In addition, we provide the obtained
log-likelihood values stating the sum of Poisson and penalising likelihood contribution for a fit with the baseline model “base”
and a model iteration containing also the Sgr dSph template- “base+Sgr”. The significance of adding a Sgr dSph component
according to Eq. 4 is reported as ZSgr in standard deviations.
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Run 6 — 8: Introducing structure & spatial modulation of Fermi Bubbles + strict prior on  
                   their spectrum (derived hard-spectrum of [Fermi-LAT collab., ApJ 793 (2014) 64])  
                   —> Sagittarius ceases to be significant

Now some details: The systematic fits are initialised with priors on the spectral and 
spatial morphology of the components as well as skyFACT hyper-parameters.
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Comparison Run 0 with Crocker et al. — Residuals
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Extended Data Figure 3. Measured photon counts (left), best-fit baseline + Sgr dSph model (middle), and the fractional
residuals (Data�Model)/Model (right). The images were constructed by summing the corresponding energy bins over the
energy ranges displayed on top of each panel: [0.5, 1.0] GeV, [1.0, 4.0] GeV, [4.0, 15.8] GeV, from top to bottom. The maps
have been smoothed with Gaussian filters of radii 1.0�, 0.8�, and 0.5� for each energy range displayed, respectively (where
these angular scales are determined by the Fermi-LAT point spread function at the low-edge of the energy interval for the
former two, while the latter is determined by the angular resolution of the gas maps). The spectrum of baseline +
Sgr dSph model components shown here can be seen in Figure 7. The 4FGL [30] g-ray point sources included in the baseline
model are represented by the red circles.
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How do we compare/reproduce the original work [R. Crocker et al., Nature Astron. 6 (2022) 11] in Run 0; the 
standard template fit.

data model residuals

Residuals show a very similar structure in spatial morphology and overall magnitude. 
Likewise, comparable significance of emission from Sagittarius.
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Comparison skyFACT Run 0 & 8
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Run 0: Standard template fit.
Run 8: Spatial and spectral re-modulation of all diffuse components; varying level of 
            constraints.

As expected and intended, skyFACT reduces the residuals to a minimum erasing most of their 
structure —> gamma-ray emission attributed to model components. 
Optimising the diffuse background marginalises Sagittarius’ significance!
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Summary and outlook

1818

• Crocker et al. [R. Crocker et al., Nature Astron. 6 (2022) 11] proposed to connect the gamma-ray emission 
of the cocoon region within the Fermi Bubbles with the emission of millisecond 
pulsars in the Sagittarius dwarf galaxy due to intriguing spatial overlap. 

• We probe this hypothesis via skyFACT; thereby improving on the commonly employed 
technique of template fitting to account for background mis-modelling. 

• While we are able to reproduce the result of Crocker et al. in our model and a template fit, 
the evidence for Sagittarius’ emission vanishes when fully accounting for 
background mis-modelling.  
 
 
 
 

TeVPA 2023 Christopher Eckner, eckner@lapth.cnrs.fr

Ongoing studies:
We examine the MSP hypothesis specifically via skyFACT simulations and fits of such a 
population in the Sagittarius dwarf and pixel-count statistics as implemented in the 
1pPDF method. Preliminary results of the latter study do not point towards significant 
evidence for such a scenario.
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FIG. 2. Comparison of the selected Fermi-LAT data (Left), optimised model including the Sgr dSph after the skyFACT-run
(Middle) and the resulting fractional residuals (�data � �model)/�model (Right). All displayed maps depict the integrated
emission in the energy range from 1 GeV to 4 GeV. They have further been smoothed with a Gaussian kernel of 0.8� roughly
corresponding to the LAT PSF size at 1 GeV. The top row displays the results obtained from Run 0 with the baseline model
composition as detailed in Tab. II whereas the bottom row illustrates our findings in Run 8, which reflects the case with
optimised background model reconstruction.

(CE:) We could show the modulation parameters per run
in a dedicated appendix; certainly not in the main text.
What do you think?

Run 6. The results of Run 5 already hinted at the impor-
tance of the FBs. The spectrum of the IC component and
the FBs share similar features and are thus partially de-
generate. Besides, the strong positive residuals obtained
in Run 0 around the centre of the ROI overlap with the
FBs and Sgr dSph region. Thus, the gas components
share a certain degeneracy with the FBs. In Run 6, we
inject the structured spatial model of the FBs but treat
this component as in a standard template fit, i.e. no con-
straint on the spectrum. Hence, this run sheds light on
the question of how much the spatial morphology of the
FBs impacts the need for an additional gamma-ray con-
tribution in its extended profile. Of course, the employed
FBs template was derived in a data-driven way implying
that it potentially contains emission that may stem from
Sagittarius.

After the skyFACT fit, we still find evidence for the
Sgr dSph at the 3� level. However, the significance has
halved compared to Run 5. Thus, there are two impor-
tant factors that impact Sagittarius’ significance: The
degree of mis-modelling in the Galactic di↵use emission

(gas and IC maps) and the gamma-ray emission associ-
ated with the FBs. Run 6 is somewhat comparable to the
“default model” employed in Paper0. This default model
is – paying only attention to the critical components –
comprised of their gas maps inferred from hydrodynami-
cal simulations plus the structured FBs template of [23].
We use the same FBs characterisation and a skyFACT op-
timised collection of gas templates. In Paper0 the signifi-
cance of the Sgr dSph is quoted as 8.1� in this setting. It
is conceivable that the mis-modelling of the gas-related
gamma-ray emission is partially driving the mismatch
between both results. After all, the authors of Paper0
find very similar residuals in the 1 GeV to 4 GeV energy
range as we do in the upper panel of Fig. 2. The image
reconstruction capabilities of skyFACT may help at this
point to more reliably infer the significance of emission
from the dwarf. If we connect the gamma-ray emission
from Sagittarius with a population of MSPs, then there
should not be a strong spectral degeneracy between the
⇡0 and Bremsstrahlung contributions. In this sense, the
optimised gas templates would not absorb much of the
gamma-ray emission from the Sgr dSph.

Run 7. The structured FBs template of Run 6 is the
product of a study using di↵erent data selection cuts,
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FIG. 2. Comparison of the selected Fermi-LAT data (Left), optimised model including the Sgr dSph after the skyFACT-run
(Middle) and the resulting fractional residuals (�data � �model)/�model (Right). All displayed maps depict the integrated
emission in the energy range from 1 GeV to 4 GeV. They have further been smoothed with a Gaussian kernel of 0.8� roughly
corresponding to the LAT PSF size at 1 GeV. The top row displays the results obtained from Run 0 with the baseline model
composition as detailed in Tab. II whereas the bottom row illustrates our findings in Run 8, which reflects the case with
optimised background model reconstruction.

(CE:) We could show the modulation parameters per run
in a dedicated appendix; certainly not in the main text.
What do you think?

Run 6. The results of Run 5 already hinted at the impor-
tance of the FBs. The spectrum of the IC component and
the FBs share similar features and are thus partially de-
generate. Besides, the strong positive residuals obtained
in Run 0 around the centre of the ROI overlap with the
FBs and Sgr dSph region. Thus, the gas components
share a certain degeneracy with the FBs. In Run 6, we
inject the structured spatial model of the FBs but treat
this component as in a standard template fit, i.e. no con-
straint on the spectrum. Hence, this run sheds light on
the question of how much the spatial morphology of the
FBs impacts the need for an additional gamma-ray con-
tribution in its extended profile. Of course, the employed
FBs template was derived in a data-driven way implying
that it potentially contains emission that may stem from
Sagittarius.

After the skyFACT fit, we still find evidence for the
Sgr dSph at the 3� level. However, the significance has
halved compared to Run 5. Thus, there are two impor-
tant factors that impact Sagittarius’ significance: The
degree of mis-modelling in the Galactic di↵use emission

(gas and IC maps) and the gamma-ray emission associ-
ated with the FBs. Run 6 is somewhat comparable to the
“default model” employed in Paper0. This default model
is – paying only attention to the critical components –
comprised of their gas maps inferred from hydrodynami-
cal simulations plus the structured FBs template of [23].
We use the same FBs characterisation and a skyFACT op-
timised collection of gas templates. In Paper0 the signifi-
cance of the Sgr dSph is quoted as 8.1� in this setting. It
is conceivable that the mis-modelling of the gas-related
gamma-ray emission is partially driving the mismatch
between both results. After all, the authors of Paper0
find very similar residuals in the 1 GeV to 4 GeV energy
range as we do in the upper panel of Fig. 2. The image
reconstruction capabilities of skyFACT may help at this
point to more reliably infer the significance of emission
from the dwarf. If we connect the gamma-ray emission
from Sagittarius with a population of MSPs, then there
should not be a strong spectral degeneracy between the
⇡0 and Bremsstrahlung contributions. In this sense, the
optimised gas templates would not absorb much of the
gamma-ray emission from the Sgr dSph.

Run 7. The structured FBs template of Run 6 is the
product of a study using di↵erent data selection cuts,
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FIG. 2. Comparison of the selected Fermi-LAT data (Left), optimised model including the Sgr dSph after the skyFACT-run
(Middle) and the resulting fractional residuals (�data � �model)/�model (Right). All displayed maps depict the integrated
emission in the energy range from 1 GeV to 4 GeV. They have further been smoothed with a Gaussian kernel of 0.8� roughly
corresponding to the LAT PSF size at 1 GeV. The top row displays the results obtained from Run 0 with the baseline model
composition as detailed in Tab. II whereas the bottom row illustrates our findings in Run 8, which reflects the case with
optimised background model reconstruction.

(CE:) We could show the modulation parameters per run
in a dedicated appendix; certainly not in the main text.
What do you think?

Run 6. The results of Run 5 already hinted at the impor-
tance of the FBs. The spectrum of the IC component and
the FBs share similar features and are thus partially de-
generate. Besides, the strong positive residuals obtained
in Run 0 around the centre of the ROI overlap with the
FBs and Sgr dSph region. Thus, the gas components
share a certain degeneracy with the FBs. In Run 6, we
inject the structured spatial model of the FBs but treat
this component as in a standard template fit, i.e. no con-
straint on the spectrum. Hence, this run sheds light on
the question of how much the spatial morphology of the
FBs impacts the need for an additional gamma-ray con-
tribution in its extended profile. Of course, the employed
FBs template was derived in a data-driven way implying
that it potentially contains emission that may stem from
Sagittarius.

After the skyFACT fit, we still find evidence for the
Sgr dSph at the 3� level. However, the significance has
halved compared to Run 5. Thus, there are two impor-
tant factors that impact Sagittarius’ significance: The
degree of mis-modelling in the Galactic di↵use emission

(gas and IC maps) and the gamma-ray emission associ-
ated with the FBs. Run 6 is somewhat comparable to the
“default model” employed in Paper0. This default model
is – paying only attention to the critical components –
comprised of their gas maps inferred from hydrodynami-
cal simulations plus the structured FBs template of [23].
We use the same FBs characterisation and a skyFACT op-
timised collection of gas templates. In Paper0 the signifi-
cance of the Sgr dSph is quoted as 8.1� in this setting. It
is conceivable that the mis-modelling of the gas-related
gamma-ray emission is partially driving the mismatch
between both results. After all, the authors of Paper0
find very similar residuals in the 1 GeV to 4 GeV energy
range as we do in the upper panel of Fig. 2. The image
reconstruction capabilities of skyFACT may help at this
point to more reliably infer the significance of emission
from the dwarf. If we connect the gamma-ray emission
from Sagittarius with a population of MSPs, then there
should not be a strong spectral degeneracy between the
⇡0 and Bremsstrahlung contributions. In this sense, the
optimised gas templates would not absorb much of the
gamma-ray emission from the Sgr dSph.

Run 7. The structured FBs template of Run 6 is the
product of a study using di↵erent data selection cuts,
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Extended Data Figure 3. Measured photon counts (left), best-fit baseline + Sgr dSph model (middle), and the fractional
residuals (Data�Model)/Model (right). The images were constructed by summing the corresponding energy bins over the
energy ranges displayed on top of each panel: [0.5, 1.0] GeV, [1.0, 4.0] GeV, [4.0, 15.8] GeV, from top to bottom. The maps
have been smoothed with Gaussian filters of radii 1.0�, 0.8�, and 0.5� for each energy range displayed, respectively (where
these angular scales are determined by the Fermi-LAT point spread function at the low-edge of the energy interval for the
former two, while the latter is determined by the angular resolution of the gas maps). The spectrum of baseline +
Sgr dSph model components shown here can be seen in Figure 7. The 4FGL [30] g-ray point sources included in the baseline
model are represented by the red circles.
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