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twisted 100 x 60 pc ring perpendicular to the bar (x2 orbits) 

(0.3-1) 108 M⨀ 

the Central Molecular Zone

The Astrophysical Journal Letters, 735:L33 (7pp), 2011 July 10 Molinari et al.

Figure 4. Atomic hydrogen column density map of the Galactic center region. Color scale shown is logarithmic and extends from 4 ! 1022 cm"2 in the dark regions
to 4 ! 1025 cm"2 in the brightest region corresponding to Sgr B2. Velocity information is extracted from CS spectroscopic cubes (Tsuboi et al. 1999) for the gas
counterparts positionally associated with the dense dust clumps; the range values indicate the range where emission is observed.

3. A 100 pc ELLIPTICAL RING OF COLD AND DENSE
MOLECULAR CLOUDS: THE x2 ORBITS

The #-shaped feature in the temperature map in Figure 3
coincides with high column density material (N (H) ! 2 !
1023 cm"2) organized in a continuous chain of irregular clumps
(see Figure 4). Most of the cold, high column density clumps in
the [l", b"] and [l+, b+] arms of this feature are seen in silhouette
against the 70 µm background (Figure 1); the same is not true
for clumps along the [l+, b"] and [l", b+] arms. We conclude
that the [l", b"] and [l+, b+] arms are in front of the bulk of
the warmer dust emission (i.e., between us and the Galactic
center), while the [l", b"] and [l+, b+] arms are located in the
background.

We use the CS survey by Tsuboi et al. (1999, their Figure 4) to
extract the radial velocity of CS condensations positionally coin-
cident with the cold and dense peaks on various positions along
the #-shaped feature in Figures 3 and 4. The position–velocity
information is averaged in latitude bins of 1.$5, so the informa-
tion can be extracted with some degree of approximation but
should be adequate to represent the mean velocity of the various
clouds and clumps. The full span of velocities found toward
each position is reported in Figure 4.

The [l", b+] arm shows steadily increasing (in absolute
values) negative velocities from the center of symmetry toward
Sgr C indicating approaching material with increasing relative
speed. Following the [l", b"] arm from Sgr C back to the center,
we find negative velocities decreasing and changing to positive
(receding) values at l % 359.&8. Continuing along the [l+, b+]
arm the radial velocities are still positive and slowly increasing,
indicating material receding at higher and higher speeds up
to Sgr B2. Finally along the [l+, b"] arm we see velocities
decrease again going back toward the center of symmetry of the
#-shaped feature. The distribution of radial velocities along the

#-shaped feature seems to indicate an ordered, rotating pattern
around its projected center of symmetry.

3.1. A Simple Model for the #-shaped Feature:
A 100 pc Elliptical Twisted Ring

A simplified toy model of the #-shaped feature is built
assuming that the material is distributed along an elliptical
orbit (projected onto the Galactic Plane) with semi-axes [a, b]
and major-axis position angle !p. For simplicity, a constant
orbital speed vorb is assumed. An additional sinusoidal vertical
oscillation component with a vertical frequency "z and a phase
!z is added to the equations of the ellipse describing the orbit.
Adopting a coordinate system with the x-axis oriented toward
negative longitudes, the y-axis pointing away along the line of
sight from the Sun, and the z-axes toward positive latitudes
(see Figure 5), the position and radial velocity of each point
along the orbit are described as a function of the polar angle !t

(counterclockwise from the x-axes) as
!
"#

"$

x = a cos !t cos !p " b sin !t sin !p

y = a cos !t sin !p + b sin !t cos !p

z = z0 sin "z(!p " !z)
vr = "vorb cos(!p + !t ).

We let a, b, !p, and vorb vary until they match the observed
projected morphology of the ellipse and the distribution of
radial velocities at 20 positions along the #-shaped feature.
We keep z0 fixed at 15 pc, which is half of the measured
b-extent of the #-shaped feature; we also fix "z = 2 in units of
the orbital frequency, as indicated by the projected twist shape
(see Section 3.3). The fitting procedure minimizes a pseudo-#2

value $ :

$ =
20%

i=1

(vr " vobs)2

!vobs
, (1)
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0.1 to 45 TeV : partial correlation with dense CMZ gas + 30% more diffuse emission 

L(> 1 TeV) ≈ 2 1035 erg/s

high-energy cosmic rays in the CMZ

H.E.S.S. Collaboration: Characterising the VHE di↵use emission in the central 200 parsecs of our Galaxy with H.E.S.S.

Fig. 1. VHE �-ray images of the GC region in Galactic coordinates and smoothed with the H.E.S.S. PSF. Top: �-ray significance map is shown.
Bottom: residual significance map after subtraction of the two point sources G0.9+0.1 and HESS J1745�290 is shown. The cyan contours indicate
the density of molecular gas as traced by the CS brightness temperature integrated over the local standard of rest (LSR) velocity from �200
to 200 km s�1 (Tsuboi et al. 1999) and smoothed with the H.E.S.S. PSF (0.077�). The outer contour level is 36 K km s�1, which is about six
times the noise level (Tsuboi et al. 1999). The position of the new H.E.S.S. source HESS J1746�285, which is coincident with the GC radio arc
(Yusef-Zadeh et al. 1984), is indicated with a black cross.

the reflected region method (Berge et al. 2007), where the back-
ground was derived from circular o↵-source regions with the
same angular size and �-ray detection e�ciency as the on-source
region. The di↵erential VHE �-ray spectrum was then fitted with
a spectral model by forward folding it with the instrument re-
sponse functions (Piron et al. 2001; Jouvin et al. 2015).

2.2. General morphology of the GC ridge emission

Figure 1 (top) shows the �-ray significance map of the GC region
smoothed with the H.E.S.S. PSF. Beyond the two bright sources,
HESS J1745�290 and G0.9+0.1, the fainter di↵use emission
is visible along with the extended source HESS J1745�303.
Using the fluxes derived from the model fit (see Sect. 2.4 be-
low), we can produce a significance map of the ridge emission
with the point sources subtracted. Figure 1 (bottom) shows this
map with cyan contours overlaid, which indicate the molecular
gas density distribution as traced by the line of the 1�0 tran-
sition in the CS molecule (Tsuboi et al. 1999). The GC ridge
emission is detected up to ` = 1.5� along the Galactic plane,
following the full CMZ extension, but with a fading brightness

in its tail regions confirming the result of Paper I. Additionally,
some faint emission at high latitude (|b| > 0.2�) beyond the
CS emission region is now visible. The �-ray map also shows
more details and features regarding the massive molecular com-
plexes Sgr B2, Sgr C, and Sgr D at ` = 1.2�, which are clearly
resolved.

The longitude profile of the GC ridge di↵use emission is
shown in Fig. 2. We compare the data with the model proposed in
Paper I to account for an impulsive injection of CRs based on the
CS map multiplied by a Gaussian of 0.8� width and centred at the
GC. This model fails to reproduce the central excess of emission
that we clearly see in the �-ray profile. This requires the pres-
ence of a strong gradient in the CR distribution peaking around
the GC. Conversely, this measured central excess of emission
is well reproduced by a model in which the Gaussian is replaced
by the integrated density profile of a steady CR source (Paper II).
The position of the �-ray data peak appears slightly shifted from
the CR model, mainly because the emission in the central 30 pc
is not correlated with the 2D CS distribution. Therefore, in the
following, we do not try to reproduce the di↵use �-ray emission
by such a physically motivated model that would in any case be
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430-pc long bipolar bubble 
20-pc offset to l < 0° 
toward low-density medium 
inclined & bounded 
north-south asymmetry 

X-ray outflow 4 1039 erg/s 

a bi-polar radio & X-ray chimneyLETTERRESEARCH

bubble appears to almost precisely bound the ionized plasma revealed 
by enhanced X-ray emission (Fig.!2).

Observations of H3
+ absorption lines imply a high cosmic-ray energy 

density (!CR) within the central molecular zone6, approximately two 
orders of magnitude higher than in the Galactic disk19. It is reasona-
ble to assume that this has a latitudinal decline away from the plane, 
consistent with the thermal pressure decline seen in X-rays18. For a 
cylindrical volume of 4!!!1062!cm3 and an average !CR!=!10!eV!cm"3 
throughout the bubbles (see!Methods), we derive a total cosmic-ray 
energy within the cavities of 7!!!1051!erg. This is comparable to the 
thermal energy derived from X-ray measurements18 of 4!!!1052!erg. 
These observations are consistent with modelling of X-ray and radio 
synchrotron emission towards the Galactic Centre, which indicates 
that similar cosmic-ray and gas pressures are required to drive outflows 
along the in!situ magnetic field lines20. Assuming that 10% of the energy 
emerges in the form of cosmic rays21, we derive a total energy budget 
for the progenitor event of 7!!!1052!erg.

Whatever the mechanism by which the progenitor event occurred, 
the creation of a large population of relativistic cosmic-ray particles 
is powering the radio synchrotron emission of the bubbles. The same 
population could thus also be driving the emission from the magnet-
ized radio filaments, of which more than 100 have been identified in the 
Galactic Centre region, and nowhere else, since their discovery 35!years 
ago22 (Fig.!2). The filaments are linearly polarized and have synchro-
tron spectra, their highly linear morphology tracing locally or glob-
ally ordered magnetic fields23 with strengths of the order of24 100!µG. 
To date there has been no conclusive explanation for their origin25,26. 
One of the key unknowns is the mechanism by which particles are 
injected and accelerated to relativistic speeds in order to generate the 
observed synchrotron emission around the magnetic fields. Comparing 
the distribution and brightness of the filaments to the boundary of 
the radio bubbles reveals a clear spatial association between the two 
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Fig. 1 | Radio emission from the Galactic Centre bubbles. An inverted 
greyscale radio image of the Galactic Centre region at 1,284!MHz, showing 
a bounded pair of synchrotron-emitting edge-brightened radio bubbles. 
The morphology and symmetry about the Galactic Centre strongly suggest 
creation by an energetic event in the vicinity of Sgr!A*. The bubbles 
have since expanded to span Galactic latitudes, b, of "1.6° to +1.3°, 
corresponding to a total major-axis length of 430!pc, and dwarfing any 
other coherent radio structure visible in this image. The bubbles cross 
the Galactic plane between longitudes, l, of "0.6° and +0.2°, for an axial 
ratio of 3.6. The bubble structure at b!=!0.0° is offset from Sgr!A* itself 
by 20!pc towards negative longitudes, in which direction the density of 
the surrounding material is known to be lower4. The numerous compact 
sources away from the Galactic plane are predominantly background 
galaxies. The Galactic Centre region has very strong radio emission on 
large angular scales. This causes the distinct white regions around the 
foreground H!"" region (Fig.!2) and the western edge of the northern 
bubble, which are artefacts resulting from a fundamental upper limit to 
the angular scales that can be detected by radio interferometers. This is an 
important consideration to bear in mind when comparing interferometer 
maps such as this one to those obtained with single-dish radio telescopes.
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Fig. 2 | Major features of the Galactic Centre radio bubbles. The figure 
shows a replication of the region shown in Fig.!1. The dashed grey line 
shows the outline of the radio bubbles (as traced over an isophote of the 
relevant region of the background radio image convolved to arcminute 
resolution) in order to guide the eye for comparison to other relevant 
features. The location of the strong radio source Sgr!A* is marked, along 
with the positions of the giant molecular cloud complexes Sgr!B2 and 
Sgr!C (see key). The location of a bright foreground H!"" region is noted 
so as not to be confused with the emission of the radio bubbles. The most 
prominent magnetized filaments are marked in red, including the longest 
filaments making up the ‘radio arc’ structure, and the corresponding 
counterpart near Sgr!C, that along with the radio arc are coincident with 
the longitudinal boundaries of the radio bubbles. Note that many of the 
red marks represent complexes consisting of multiple parallel filaments. 
The decline in the number density of radio filaments away from the plane 
supports the picture of declining cosmic-ray energy density with Galactic 
latitude. The location of enhanced X-ray emission within the southern 
tip of the bubbles17,18 is also marked (dashed blue line), and examination 
of this region in Fig.!1 shows almost perfect correspondence between the 
elevated X-ray counts and a cavity in the radio emission, consistent with 
the bubble being supported internally by the excess X-ray emitting plasma 
as marked.
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ized radio filaments, of which more than 100 have been identified in the 
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ago22 (Fig.!2). The filaments are linearly polarized and have synchro-
tron spectra, their highly linear morphology tracing locally or glob-
ally ordered magnetic fields23 with strengths of the order of24 100!µG. 
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Fig. 1 | Radio emission from the Galactic Centre bubbles. An inverted 
greyscale radio image of the Galactic Centre region at 1,284!MHz, showing 
a bounded pair of synchrotron-emitting edge-brightened radio bubbles. 
The morphology and symmetry about the Galactic Centre strongly suggest 
creation by an energetic event in the vicinity of Sgr!A*. The bubbles 
have since expanded to span Galactic latitudes, b, of "1.6° to +1.3°, 
corresponding to a total major-axis length of 430!pc, and dwarfing any 
other coherent radio structure visible in this image. The bubbles cross 
the Galactic plane between longitudes, l, of "0.6° and +0.2°, for an axial 
ratio of 3.6. The bubble structure at b!=!0.0° is offset from Sgr!A* itself 
by 20!pc towards negative longitudes, in which direction the density of 
the surrounding material is known to be lower4. The numerous compact 
sources away from the Galactic plane are predominantly background 
galaxies. The Galactic Centre region has very strong radio emission on 
large angular scales. This causes the distinct white regions around the 
foreground H!"" region (Fig.!2) and the western edge of the northern 
bubble, which are artefacts resulting from a fundamental upper limit to 
the angular scales that can be detected by radio interferometers. This is an 
important consideration to bear in mind when comparing interferometer 
maps such as this one to those obtained with single-dish radio telescopes.
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Fig. 2 | Major features of the Galactic Centre radio bubbles. The figure 
shows a replication of the region shown in Fig.!1. The dashed grey line 
shows the outline of the radio bubbles (as traced over an isophote of the 
relevant region of the background radio image convolved to arcminute 
resolution) in order to guide the eye for comparison to other relevant 
features. The location of the strong radio source Sgr!A* is marked, along 
with the positions of the giant molecular cloud complexes Sgr!B2 and 
Sgr!C (see key). The location of a bright foreground H!"" region is noted 
so as not to be confused with the emission of the radio bubbles. The most 
prominent magnetized filaments are marked in red, including the longest 
filaments making up the ‘radio arc’ structure, and the corresponding 
counterpart near Sgr!C, that along with the radio arc are coincident with 
the longitudinal boundaries of the radio bubbles. Note that many of the 
red marks represent complexes consisting of multiple parallel filaments. 
The decline in the number density of radio filaments away from the plane 
supports the picture of declining cosmic-ray energy density with Galactic 
latitude. The location of enhanced X-ray emission within the southern 
tip of the bubbles17,18 is also marked (dashed blue line), and examination 
of this region in Fig.!1 shows almost perfect correspondence between the 
elevated X-ray counts and a cavity in the radio emission, consistent with 
the bubble being supported internally by the excess X-ray emitting plasma 
as marked.
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Figure 4: X-ray emission from the central degrees of the Milky Way. Bright X-ray emission traces the coherent edge

brightened shell-like feature, dubbed northern Chimney, located north of Sgr A? and characterised by a diameter of

⇠ 160 pc. On the opposite side, the southern Chimney appears as a bright linear feature. Bright X-ray emission is

observed at high latitude (|b|>⇠1�), corresponding to the X-ray counterparts of the Fermi bubble. The magenta dashed

line intersects both Chimneys, passing through Sgr A?. The map shows the X-ray emissivity within the 1.5-2.6 keV

energy band. Point sources have been removed. Larger circles have been excised to remove the dust scattering haloes

around bright sources.
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relative lack of HI at R < 3 kpc  

the inner 3 kpc crater & wind

10 Sormani, Treß, Ridley, Glover, Klessen, Binney, Magorrian, Smith

Figure 8. Gas surface density at t = 181.1 Myr for the simulation with a variable ISRF. From top to bottom the panels show the following components: total
density, CO, H2, and H. Superimposed in the top panel are traces of x1 (outermost four) and x2 (innermost two) orbits.
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Table 1. Parameters of the 3-kpc HI crater.

CO ring HI ring HI wall HI hole Total

Radius†, R (kpc) 2.7 2.8 2.9 2.8 —

Scale height, h (kpc) 0.07 0.07 0.4 > 1 —

Width, !R (kpc) 0.15 0.3 0.15 — —

Density, n (H cm!3) 13 2.5 0.1 < 5! 10!3 —

Mass, M (M") 1.1! 108 4.3! 107 0.6! 107 — 1.6! 108

Expa. vel‡, Vexpa (km s!1) 53 53 53 — —

Kin. Energy, Ekin (erg) 3.1! 1054 1.3! 1054 1.5! 1053 — 4.7! 1054

† for R0 = 8.0 kpc; ‡ Cohen and Davies (1976)
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Fig. 6. Propagation of the shock front in the disk and halo. The fronts are

drawn every 1 My.

expands, the front shape becomes elongated in the vertical di-

rection due to the steep pressure gradient toward the halo. As

the shock wave is blown off into the halo, the front shape gets

dumbbell shaped, making a BHS. The dumbbell’s equator is

sharply pinched by the dense disk at the galactic plane. At

elapsed time of t"10 My, the BHS front approximately mimics

the NPS, SPS, NPS-W and SPS-W.

The expanding velocity of the front at intermediate latitudes

b " 10# 20# corresponding to the main NPS ridge is Vexpa "

300 km s!1. This velocity is coincident with the required veloc-

ity to heat the shocked gas to a temperature " 107 K responsi-

ble for the observed X-ray emission in the NPS (Snowden et at

al. 1997; Sofue et al. 2016). Note, however, the shock-heated

gas inside the shock front is no more neutral (HI), but is ion-

ized to X-ray temperatures, and is not observed in the HI line

emission. The HI wall outside the shock front is in a pre-shock

compression stage, and is observed as the expanding HI ring.

The ring’s expansion is still slow, as observed to be expand-

ing at Vexpa " 50 km s!1, and approximately obeys the normal

galactic rotation.

In figure 7 we schematically summarize the view about the

radio and X-ray NPS (BHS), 3-kpc ring, HI hole and wall, HI

halo, and the dense main (HI+H2) disk. The enlarged illustra-
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Fig. 7. Schematic view of the galactic crater. The bottom-right panel is the

hydrodynamic BHS model at 10 My showing the density in logarithmic scale

reproduced from Sofue et al. (2016).

tion is drawn by referring to the hydrodynamical BHS model,

showing that the dense disk is kept unperturbed inside the global

front. The view is consistent with the hydrodynamic simulation

shown by the inserted reproduction from Sofue et al. (2016) at

t = 10 My. In the present model, the Fermi Bubble is consid-

ered to be a younger object of a few My related to the innermost

expanding ring in the GC (Sofue 2017).

6 Discussion

6.1 Summary

We derived the volume density map of HI gas along the tangent

circle, and showed that the HI halo has a large crater-shaped

structure around the GC. Thereby, we developed the TCM

for pin-pointing the solar-circle gas without suffering from the

Sofue+18 ≈ 20°, 3 kpc

Lockman 1984
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shocked halo gas n ≈ 2 10-3 cm-3, T ≈ 3 106 K, shell thickness ≈ 4 kpc, LX ≈ 1039 erg/s, ≈ 108 M⨀ ? 

shocked outflow wind, Lγ  = 4 1037 erg/s  

Fermi Bubble edge = contact discontinuity ?

a Seyfert-like outflow ?
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total thermal energy of the eROSITA bubbles is almost 10 times larger 
than that of the Fermi bubbles.

T h e  o b se r ve d  ave ra ge  X- ray  su r f a ce  b r i g h t n e ss  of 
(2–4)!"!10#15!erg!cm#2!s#1!arcmin#2 in the eROSITA bubbles (Methods), 
which decreases with Galactic latitude, is in broad agreement with the 
above scenario. The observed surface brightness, integrated over the 
full extent of the eROSITA bubbles, implies a total luminosity of hot 
X-ray-emitting plasma of L!$!1!"!1039!erg!s#1.

To inflate the eROSITA bubbles, an average luminosity of the order of 
1041!erg!s#1 during the past tens of millions of years would be required, 
and could arise from either star-forming or AGN activity in the Galactic 
centre. As discussed above, the arguments in favour of each interpreta-
tion in the context of the Fermi bubbles have been debated extensively. 
In the case of the eROSITA bubbles, the energetics are such that they are 
at the limit of what the past starburst activity at the centre of the Milky 
Way could provide. Alternatively, the eROSITA bubbles could be inflated 
by a period (about 1–2!Myr) of Seyfert-like activity (L!$!1043!erg!s#1) of 
the central supermassive black hole (Sgr A*). The long cooling time of 
the hot plasma is consistent with such a hypothesis.

The structures seen here are reminiscent of similar effects seen in 
AGN that host rapidly accreting supermassive black holes1. These can 
inject a vast amount of mechanical energy into the ambient gas, as 
revealed by radio-bright bubbles embedded in the X-ray cocoons27. This 
process, known as AGN feedback, is seen in objects ranging from indi-
vidual early-type galaxies, such as Centaurus A28, to massive clusters, 
such as A426 (Perseus)29,30, and is thought to have potentially marked 
effects on the evolution of galaxies. On the other hand, explosions of 
supernova associated with star formation yield kinetic energy of the 
order of 1051!erg per supernova in the ejecta (also known as stellar feed-
back), which may drive an outflow from the central region of a galaxy31. 
M82 provides a good example of the latter mechanism32. The energet-
ics and the most salient features of the observed eROSITA bubbles are 
such that neither of the two mechanisms could be excluded a!priori.

Irrespective of the specific source of energy, our results cor-
roborate the notion that inactive disk galaxies, such as the Milky 

Way, have hot plasma in their haloes that is highly perturbed by 
activity in their disks, demonstrating the presence of a feedback 
mechanism in apparently quiescent galaxies. Galaxies are thought 
to grow via the slow recondensation of the hot halo plasma, which 
was shock-heated during the collapse of the dark-matter halo33. 
The cooling time of the hot plasma in the halo is comparable to 
the Hubble time, so the process of growing a galaxy is assumed 
to be steady (apart from mergers) and slow. Here we have direct 
evidence of the re-heating of such plasma, to considerable heights 
above the Galactic disk.

The detection of these X-ray bubbles was enabled by the combined 
capabilities of the eROSITA instrument and the Spektr-RG mission 
profile. More detailed analysis following accurate calibration of the 
instrument, substantial increases in data quality from the ongoing sky 
survey and follow-up observations in other parts of the electromagnetic 
spectrum will reveal further details of the properties of the eROSITA 
bubbles and the implications for the structure and evolution of galax-
ies, including the Milky Way.
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Fig. 3. Crosscuts along the planes XY, XZ, and YZ in the L19 3D dust extinction map, with the same conventions as in Fig. 1. The (common) gray
scale shows log (A0v), with A0v in units of magnitude per parsec. The red and green lines mark the inner and outer surfaces of the LB shell (rinner
and router, respectively), as extracted from the L19 map (Sect. 2.2.1). The black dotted, dashed, and solid lines trace our models of the inner surface
(rLB), as obtained through a spherical harmonic expansion up to lmax = 2, 6 and 10, respectively (Sect. 2.2.2).

Fig. 4. Full-sky map of (top) the inner surface of the LB shell (rinner)
as extracted from the L19 3D extinction map (Sect. 2.2.1) and (bottom)
our model of this surface through a spherical harmonic expansion up to
lmax = 6 (Sect. 2.2.2). The maps are in Galactic coordinates, the center
points towards the Galactic center and longitude increases to the left.

features, and to provide a good model of it with a small number
of parameters, we rely on a spherical harmonic expansion. By
limiting the expansion to a maximum multipole degree, lmax, we
can easily adjust the level of complexity of the modeled surface.

We utilize the Python version of the HEALPix package to
handle spherical harmonics. For a given lmax, the routines return
a set of positive spherical harmonic coefficients, from which
we can build a model of the input surface smoothed out to the
desired angular scale.

The expansion in spherical harmonics is meaningful to
describe the shape of the inner surface of the LB shell. Indeed,
the coefficients decay rapidly with increasing l, which indicates
that the spherical harmonic expansion converges for large lmax.
We find that the power spectrum of the 2D map of rinner follows
a power law with index �2.95 up to l = 300.

It is clear that the modeling of the shell inner surface
described above can be biased by the presence of small dust
clouds inside the cavity. To correct for this bias, we proceed
iteratively. We start from the 2D map of rinner extracted from the
L19 3D dust extinction map in Sect. 2.2.1. Then for any chosen
value of lmax, we proceed as follows:
(i) We expand the input map of the shell inner radius, rinner, in

spherical harmonics up to lmax.
(ii) With the retained spherical harmonic terms, we approximate

rinner by a modeled inner radius, rLB.
(iii) For all lines of sight with rLB > router, we reset rinner to rLB.
(iv) We repeat steps (i) to (iii) until the modeled surface does not

change from the previous iteration.
The reason why step (iii) is needed is because the router value

of a line of sight that points towards an intervening cloud is
smaller than the rinner values of the neighboring lines of sight
that avoid the intervening cloud. This iterative procedure should
work as long as the intervening clouds are not too extended in the
sky, such that statistically rLB is indeed determined by the inner
surface of the LB shell. It is, however, clear that this procedure
might mistakenly erase abrupt changes in rinner. This appears to
happen for lmax = 2, 4, because the shape of the modeled inner
surface is too simple compared to the input surface. For these
values of lmax, we find that a total of 10 iterations is a good com-
promise that enables us to skip over intervening clouds, without
artificially scooping out the shell inner surface. On the other
hand, for lmax = 6, 8, 10, only 4, 8 and 10 iterations are required
before the modeled inner surface becomes totally stable.

We visually check that the first and final models are very
close to one another. Moreover, for each lmax, we quantify the
difference between the first and final models by computing the
mean Euclidean distance between the two sets of real-valued
spherical harmonic coefficients, ãlm:

d(s, s0) =
1

(lmax + 1)2

vut lmaxX

l=0

m=lX

m=�l

⇣
ãs

lm � ãs0
lm

⌘2
, (1)
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Figure 1: Left panel: Fermi -LAT data above 1 GeV in the inner 40�
⇥ 40� around the Galactic center. Other panels:

Spatial templates used to fit the GCE, with arbitrary normalization. From left to right: DM profile (NFW126),
boxy-bulge, nuclear bulge, X-shaped bulge.

rived using the runs with fixed spectra.
We emphasize that, given the large modeling uncer-

tainties of cosmic-ray induced �-ray emission from the
inner Galaxy, we do not explicitly include a source of
cosmic rays at the GC when modeling the di↵use com-
ponents. However, such sources are expected, e.g., from
star formation in the central molecular zone (CMZ, Gag-
gero et al. 2015; Carlson et al. 2016a,b). The associated
emission will depend on the e�ciency of cosmic-ray accel-
eration, the e↵ects of potentially strong advective winds
or anisotropic di↵usion, which are di�cult to model in
detail. In our analysis, the expected hard emission would
be instead absorbed by our Fermi Bubbles component
(see supplemental material, B.4, for a discussion).

3. RESULTS AND DISCUSSIONS

3.1. Comparison of templates

Run �2 lnL
free spectrum MSP spectrum

r5 RCG NB X 647808.1 648020.2

r5 RCG NB 647831.2 648027.5

r5 RCG 647884.7 648061.7

r5 BulgeGC 647916.5 648140.3

r5 Einasto 647961.4 648188.6

r5 NFW126 648021.8 648242.4

r5 NFW100 648049.8 648278.6

Table 1: Log-likelihood values for fits with various GCE
templates. Column 2 shows results for a unconstrained
GCE spectrum, and column 3 for a spectrum fixed to
stacked MSPs.

In Tab. 1 we compare the values of the total (Poisson
plus constraints; see Storm et al. (2017) for details) log-
likelihood, �2 ln L, from the SkyFACT runs, of the vari-
ous modifications of Run5 with di↵erent GCE templates
with constrained morphology. We find that, formally,
the combination of boxy bulge as traced by RCG and
NB (r5 RCG NB) provides a better fit to the data than

the other runs (except the one including the X-shaped
bulge, see below). The total flux associated with the
bulge is (2.1 ± 0.1) ⇥ 10�9 erg cm�2 s�1 for the compo-
nent traced by RCG and (2.3 ± 0.4)⇥10�10 erg cm�2 s�1

for the NB component (in the range 0.1–100 GeV). The
quoted errors are statistical; we emphasize that typical
systematic uncertainties from modeling assumptions (the
range of allowed modulation parameters, etc.) are gen-
erally smaller than a factor ⇠ 2.

We find that the addition of the X-shaped bulge can
only mildly improve the fit quality. Its total flux is (3 ±

1)% of that of the boxy bulge for the fixed spectrum run
(r5 RCG NB X msp). This value is only slightly smaller
than the expectations from Li & Shen (2012) and Cao
et al. (2013), who find the X-shape to be, by mass, about
6–7% of the boxy bulge (although fractions of 20–30%
(Portail et al. 2015b) and ⇠ 45% (Portail et al. 2015a)
have also been argued). We find that this component
is not critical for providing a good fit to the data (2.7�
improvement), and will concentrate subsequently on the
RCG+NB model. For a more detailed discussion of the
X-shaped bulge and the from Macias et al. (2016) see the
supplementary material B.3.

We find that RCG+NB model provides a significantly
better fit than any of the DM models. These DM profiles
can be excluded with a high significance of about 12.5�.

In Fig. 2, we show the longitudinal and latitudinal de-
pendences of the various model components compared
with Fermi -LAT data, for two di↵erent GCE models,
namely the r5 NFW126 and r5 RCG NB runs. The solid
lines correspond to the components of the r5 RCG NB run,
while the dashed lines of the same color correspond to
the r5 NFW126 components, except for the GCE com-
ponent, which is red (RCG) and orange (NB) for the
r5 RCG NB run and brown (NFW126) for the r5 NFW126

run. The dotted black and yellow lines are point sources
and extended sources, respectively, which have the same
total flux in both runs. There is very little variation in
any components except those of the GCE (in the lati-
tude profile, the extended source flux peaks just below

boxy bulge from red giants nuclear bulge
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Figure 1: Residual map of the 15� ⇥ 15� region of interest for E � 667 MeV. The residuals are obtained as (Data � Model), where the model
includes previously-detected 3FGL point sources (cyan squares)11, 64 additional point source candidates (green crosses) and the standard diffuse Galactic emission
components related to the interstellar gas and radiation field. The white contours are the best-fit model counts from the X-bulge map obtained from analyses of
WISE19 infrared data after convolution the Fermi-LAT instrument response function. The addition of a template based on the X-bulge significantly improved the
model fit to the gamma-ray data. The cluster of point sources on the Galactic plane at l ⇡ 6

� may be associated with the W28 (white dashed circle) supernova
remnant11, 31. The zoomed-in region on the right shows the correlation with the near-infrared stellar density nuclear bulge data23, the black contours display the
best-fit model counts associated with this component after convolution with the Fermi-LAT instrument response function. The X-bulge and nuclear bulge templates
were included when the best fit parameters for the above model were found, but not when evaluating the above residuals. A Gaussian with radius 0.3� was used to
smooth the images and the upper limit of the colour scale has also been clipped for display purposes.
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up to 30% of the total emission 

extending to ～ 10° around GC 

mildly asymmetric 

spectrum peaking at GeV energies 
high-energy tails if |l| &/or |b| > 4° 
but shift to 0° < l < -8° at high energies 

luminosity of order 1037 erg/s

a Galactic Centre Excess

4. Uncertainties from the Modeling of Galactic Interstellar
Emission

This section is devoted to exploration of the uncertainties in
the spectrum of the GC excess due to the modeling of Galactic
interstellar emission. We consider the following aspects:

1. de!nition of the distribution of CR sources, size of the
CR con!nement halo, and spin temperature of atomic
hydrogen (for the derivation of gas column densities from
the 21!cm line data) used in GALPROP;

2. handling of the IC component in the !t to the gamma-
ray data;

3. selection of the tracers of interstellar gas, and distribution
of gas column densities along the line of sight; and

4. possible additional sources of CRs near the GC.

4.1. GALPROP Parameters

Ackermann et al. (2012) explored the effects of varying
several parameters of the GALPROP models that we use to
create templates for interstellar gamma-ray emission. They
concluded that the parameters with the largest impact on the
predictions for gamma rays are (1) distribution of CR sources
in the Galaxy, (2) height of the CR con!nement halo, and (3)
spin temperature used in deriving the atomic gas column
densities from the 21!cm H I line intensities.

Our Sample Model in Section 2.2 uses the Lorimer pulsar
distribution as a tracer of CR sources (supposedly SNRs, whose

distribution is more dif!cult to determine from observations), a
CR con!nement height of 10 kpc, a radius of 20 kpc, and an H I
spin temperature of 150!K. In order to quantify the impact of
these choices on the spectrum of the GC excess, we use a subset
of models in Ackermann et al. (2012). We have used different
CR source distributions: an alternative pulsar distribution
(Yusifov & Küçük 2004, hereafter referred to as Yusifov), the
distribution of SNRs73 (Case & Bhattacharya 1998), and the
distribution of OB stars!(Bronfman et al. 2000). Radial
distributions of these CR source models are shown in Figure 5.
We changed the CR con!nement height from 10 to 4 kpc and its
radius from 20 to 30 kpc. In addition, we derived the H I column
densities from the 21!cm line intensities assuming an optically
thin medium, which we formally modeled by setting the spin
temperature to 105!K.
The resulting spectra for the GC excess are presented in the

middle left panel of Figure 4. The largest effect is observed
from the OB star source distribution model, which leads to an
overall increase in the GC excess "ux, while a decrease of the
CR con!nement height to 4 kpc leads to reduction of the "ux at
energies below a few GeV.

Figure 3. Residuals after !tting the Sample Model (see Figure 1 and the text for details), where we add back the GC excess modeled by the gNFW annihilation pro!le
with !!=!1.25. Top left: GC excess plus residual counts. Top right: GC excess plus residual counts divided by the square root of the total data counts. Bottom left: GC
excess plus residual counts divided by the total data counts. Bottom right: enlarged scale residual map for the region around the GC. The data in the denominator of the
fractional residual and the residual signi!cance are the smoothed data that we used to determine the statistical "uctuations (see discussion after Equation (1)). The
counts in the maps are summed between 1.1 and 6.5 GeV.

73 We note that the derivation of the Galactic SNR distribution in Case &
Bhattacharya (1998) is subject to uncertainties, and the results are discordant
with some later works (e.g., Green 2015). In our study, though, we use it only
as a way to probe the uncertainties due to the modeling of CR propagation
relying on the previous work by Ackermann et al. (2012), who made extensive
comparisons to gamma-ray data.
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Figure 15. Spectrum of the GC excess. The Sample Model is described in Section 2.2. The systematic

uncertainty band is derived from taking the envelope of the GC excess fluxes for di↵erent analysis configu-

rations, and di↵erent models of di↵use gamma-ray emission and sources in Sections from 3 to 6. Our results

are compared to previous determinations of the GC excess spectrum from the literature. Note, that the area

of integration varies in di↵erent cases. In this analysis we mask some bright PS, which e↵ectively masks

the GC within about 2� radius. Gordon & Macias (2013) have a 7� ⇥ 7� square around the GC. The flux

from Calore et al. (2014) is obtained by taking the intensity in Figure 14 and multiplying by the area of the

ROI (2� < |b| < 20� and |`| < 20�) in their analysis. The ROI in Ajello et al. (2016) is a 15� ⇥ 15� square

around the GC. The two cases that we consider here correspond to the model with the CR sources traced

by the distribution of pulsars (Yusifov & Küçük 2004) where either only overall intensity (“fit intens”) or

both intensity and index (“fit index”) for the di↵use components spectra are fit to the data (cf. Figure 13

of Ajello et al. 2016).

determinations in the literature, but our assessment of systematic uncertainties is generally larger869

than that reported in other studies.870

8. MORPHOLOGY OF THE GALACTIC CENTER EXCESS871

Characterizing the morphology of the GC excess is important to understand its nature. In partic-872

ular, spherical symmetry is expected for DM annihilation as well as, to a good approximation, for a873

population of MSPs in the bulge of the Milky Way (e.g., Brandt & Kocsis 2015) or young pulsars874

produced as a result of star formation near the GC (O’Leary et al. 2015), while a continuation of875

the Fermi bubbles to the Galactic plane may have a bi-lobed shape (e.g., Acero et al. 2016). There876

are claims of both spherical (e.g., Daylan et al. 2014; Calore et al. 2014) and bi-lobed (e.g., Yang &877

Aharonian 2016) morphology of the excess.878

In Section 5.1, we derived an all-sky template for the Fermi bubbles, assuming that the bubbles879

spectrum at low latitudes is the same as the spectrum at high latitudes in the energy range between880

1 GeV and 10 GeV. We have also shown in Section 5.1 that there is excess emission near the GC881

remaining after accounting in that way for a low-latitude component of the Fermi bubbles. Thus, it882
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4. Uncertainties from the Modeling of Galactic Interstellar
Emission

This section is devoted to exploration of the uncertainties in
the spectrum of the GC excess due to the modeling of Galactic
interstellar emission. We consider the following aspects:

1. de!nition of the distribution of CR sources, size of the
CR con!nement halo, and spin temperature of atomic
hydrogen (for the derivation of gas column densities from
the 21!cm line data) used in GALPROP;

2. handling of the IC component in the !t to the gamma-
ray data;

3. selection of the tracers of interstellar gas, and distribution
of gas column densities along the line of sight; and

4. possible additional sources of CRs near the GC.

4.1. GALPROP Parameters

Ackermann et al. (2012) explored the effects of varying
several parameters of the GALPROP models that we use to
create templates for interstellar gamma-ray emission. They
concluded that the parameters with the largest impact on the
predictions for gamma rays are (1) distribution of CR sources
in the Galaxy, (2) height of the CR con!nement halo, and (3)
spin temperature used in deriving the atomic gas column
densities from the 21!cm H I line intensities.

Our Sample Model in Section 2.2 uses the Lorimer pulsar
distribution as a tracer of CR sources (supposedly SNRs, whose

distribution is more dif!cult to determine from observations), a
CR con!nement height of 10 kpc, a radius of 20 kpc, and an H I
spin temperature of 150!K. In order to quantify the impact of
these choices on the spectrum of the GC excess, we use a subset
of models in Ackermann et al. (2012). We have used different
CR source distributions: an alternative pulsar distribution
(Yusifov & Küçük 2004, hereafter referred to as Yusifov), the
distribution of SNRs73 (Case & Bhattacharya 1998), and the
distribution of OB stars!(Bronfman et al. 2000). Radial
distributions of these CR source models are shown in Figure 5.
We changed the CR con!nement height from 10 to 4 kpc and its
radius from 20 to 30 kpc. In addition, we derived the H I column
densities from the 21!cm line intensities assuming an optically
thin medium, which we formally modeled by setting the spin
temperature to 105!K.
The resulting spectra for the GC excess are presented in the

middle left panel of Figure 4. The largest effect is observed
from the OB star source distribution model, which leads to an
overall increase in the GC excess "ux, while a decrease of the
CR con!nement height to 4 kpc leads to reduction of the "ux at
energies below a few GeV.

Figure 3. Residuals after !tting the Sample Model (see Figure 1 and the text for details), where we add back the GC excess modeled by the gNFW annihilation pro!le
with !!=!1.25. Top left: GC excess plus residual counts. Top right: GC excess plus residual counts divided by the square root of the total data counts. Bottom left: GC
excess plus residual counts divided by the total data counts. Bottom right: enlarged scale residual map for the region around the GC. The data in the denominator of the
fractional residual and the residual signi!cance are the smoothed data that we used to determine the statistical "uctuations (see discussion after Equation (1)). The
counts in the maps are summed between 1.1 and 6.5 GeV.

73 We note that the derivation of the Galactic SNR distribution in Case &
Bhattacharya (1998) is subject to uncertainties, and the results are discordant
with some later works (e.g., Green 2015). In our study, though, we use it only
as a way to probe the uncertainties due to the modeling of CR propagation
relying on the previous work by Ackermann et al. (2012), who made extensive
comparisons to gamma-ray data.
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around the GC. The two cases that we consider here correspond to the model with the CR sources traced
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both intensity and index (“fit index”) for the di↵use components spectra are fit to the data (cf. Figure 13

of Ajello et al. 2016).
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population of MSPs in the bulge of the Milky Way (e.g., Brandt & Kocsis 2015) or young pulsars874

produced as a result of star formation near the GC (O’Leary et al. 2015), while a continuation of875

the Fermi bubbles to the Galactic plane may have a bi-lobed shape (e.g., Acero et al. 2016). There876

are claims of both spherical (e.g., Daylan et al. 2014; Calore et al. 2014) and bi-lobed (e.g., Yang &877
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In Section 5.1, we derived an all-sky template for the Fermi bubbles, assuming that the bubbles879

spectrum at low latitudes is the same as the spectrum at high latitudes in the energy range between880

1 GeV and 10 GeV. We have also shown in Section 5.1 that there is excess emission near the GC881
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Fig. 3. Energy flux of the diffuse emission model based on the low-energy data (Sect. 3.2) integrated over three energy ranges.

Fig. 4. Energy flux of the residuals of the low-energy model derived in Sect. 3.2 integrated over three energy ranges.

the centers of the pixels. We parametrized the model in each
stripe and each energy bin independently, i.e., in the latitude
stripe b for energy bin E and HEALPix pixel with index i the
model consists of the following two terms:

Mb(E, i) = kb(E) · Ñ low
b (E, i) + cb(E) · ⌧(E, i), (1)

where kb(E) and cb(E) are coefficients to be determined from
the fit to the data. The term cb(E) · ⌧(E, i) is proportional to
the exposure ⌧(E, i): it accounts for the isotropic extragalactic
background and partially compensates for the latitude-dependent
IC emission. The term kb(E) · Ñ low

b (E, i) is proportional to the
low-energy photon counts summed over nlow = 3 energy bins
between 316 MeV and 1 GeV rescaled by the ratio of exposures
at low and at high energies, i.e.,

Ñ low
b (E, i) =

1
nlow

0
BBBBB@

nlowX

↵=1

N(E↵, i)
⌧(E↵, i)

1
CCCCCA ⌧(E, i), (2)

where N(E↵, i) is the number of photons in energy bin E↵ and in
pixel i.

We determine the parameters cb(E) and kb(E) by fitting the
model to the Fermi-LAT data in energy bins E > 1 GeV. We
maximize the log likelihood of the gamma distribution with
respect to parameters cb(E) and kb(E) using the Python iminuit
optimizer6. In order to avoid an overcompensation for the flux
from the FBs, the region �20� < ` < 20� is excluded from the
fit, i.e., the fit is performed for the total remaining length of
the stripe 20� < ` < 340�. In the following, the region �20� <
` < 20� is referred to as the region of interest (ROI) of the FBs.
Bright PSs are masked with the mask described in Sect. 3.1.

6 The gamma distribution p(x; k̃ + 1) = xk̃

�(k̃+1) e�x is the probability
density function for the parameter x given the observed counts k̃. The
counts k̃ are integer for unsmoothed maps and non-integer for the
smoothed maps. We discuss the optimization of the model parameters
using smoothed maps in Appendix B.

After we fit the model in each latitude stripe, we interpo-
lated it inside the ROI of the bubbles. The intensity of the model
energy flux integrated in three energy ranges is shown in Fig. 3,
while the residuals after subtracting the model from the data
are presented in Fig. 4. The FBs are clearly visible in the first
two energy ranges, E = 1�10 GeV and E = 10�100 GeV. For
E = 100 GeV�1 TeV the statistics are low, but we can still see
an excess near the GP. There are other regions of large residuals
in the GP and at high latitudes. These are diffuse and point-like
sources with spectra harder than the average spectra of Galactic
and extragalactic sources. In particular, there is a residual in dif-
fuse emission along the GP within |`| . 60� at energies below
100 GeV. This residual can be due to IC emission, which has
a harder spectrum than the average spectrum of the ⇡0 compo-
nent; to a harder spectrum of CRs in the inner Galaxy (Gaggero
et al. 2015; Acero et al. 2016; Yang et al. 2016); or to a popula-
tion of hard PSs in the GP in the inner parts of the Galaxy. At
energies above 100 GeV the residuals are resolved into localized
sources, some of which are extended. Apart from the Galactic
foreground and background components, there are gamma rays
emitted by the interactions of CRs with the Sun and its radiation
field (Abdo et al. 2011b) and the Moon (Ackermann et al. 2016).
The intensities of the emission from the Sun and the Moon are
about an order of magnitude less than the intensity of the emis-
sion from the FBs. As a result, these components are not visible
on the residual maps at energies above 10 GeV.

3.3. Rectangles model of the bubbles

In the previous subsection, we excluded the ROI of the FBs. In
this subsection, we perform the fit over the whole sky and model
the emission from the FBs using rectangles. In order to explore
the east-west asymmetry of the FBs, we introduce two rectangu-
lar templates in each latitude stripe b and energy bin E: one east,
` 2 (0�, 20�), and one west, ` 2 (�20�, 0�), of the GC. The width
of the rectangles is 4�, i.e., the same as the width of the latitude
stripes. We use the same foreground model as in Sect. 3.2 plus
the isotropic template. Overall, the model has four terms in each
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Fig. 3. Energy flux of the diffuse emission model based on the low-energy data (Sect. 3.2) integrated over three energy ranges.

Fig. 4. Energy flux of the residuals of the low-energy model derived in Sect. 3.2 integrated over three energy ranges.

the centers of the pixels. We parametrized the model in each
stripe and each energy bin independently, i.e., in the latitude
stripe b for energy bin E and HEALPix pixel with index i the
model consists of the following two terms:

Mb(E, i) = kb(E) · Ñ low
b (E, i) + cb(E) · ⌧(E, i), (1)

where kb(E) and cb(E) are coefficients to be determined from
the fit to the data. The term cb(E) · ⌧(E, i) is proportional to
the exposure ⌧(E, i): it accounts for the isotropic extragalactic
background and partially compensates for the latitude-dependent
IC emission. The term kb(E) · Ñ low

b (E, i) is proportional to the
low-energy photon counts summed over nlow = 3 energy bins
between 316 MeV and 1 GeV rescaled by the ratio of exposures
at low and at high energies, i.e.,

Ñ low
b (E, i) =

1
nlow

0
BBBBB@

nlowX

↵=1

N(E↵, i)
⌧(E↵, i)

1
CCCCCA ⌧(E, i), (2)

where N(E↵, i) is the number of photons in energy bin E↵ and in
pixel i.

We determine the parameters cb(E) and kb(E) by fitting the
model to the Fermi-LAT data in energy bins E > 1 GeV. We
maximize the log likelihood of the gamma distribution with
respect to parameters cb(E) and kb(E) using the Python iminuit
optimizer6. In order to avoid an overcompensation for the flux
from the FBs, the region �20� < ` < 20� is excluded from the
fit, i.e., the fit is performed for the total remaining length of
the stripe 20� < ` < 340�. In the following, the region �20� <
` < 20� is referred to as the region of interest (ROI) of the FBs.
Bright PSs are masked with the mask described in Sect. 3.1.

6 The gamma distribution p(x; k̃ + 1) = xk̃

�(k̃+1) e�x is the probability
density function for the parameter x given the observed counts k̃. The
counts k̃ are integer for unsmoothed maps and non-integer for the
smoothed maps. We discuss the optimization of the model parameters
using smoothed maps in Appendix B.

After we fit the model in each latitude stripe, we interpo-
lated it inside the ROI of the bubbles. The intensity of the model
energy flux integrated in three energy ranges is shown in Fig. 3,
while the residuals after subtracting the model from the data
are presented in Fig. 4. The FBs are clearly visible in the first
two energy ranges, E = 1�10 GeV and E = 10�100 GeV. For
E = 100 GeV�1 TeV the statistics are low, but we can still see
an excess near the GP. There are other regions of large residuals
in the GP and at high latitudes. These are diffuse and point-like
sources with spectra harder than the average spectra of Galactic
and extragalactic sources. In particular, there is a residual in dif-
fuse emission along the GP within |`| . 60� at energies below
100 GeV. This residual can be due to IC emission, which has
a harder spectrum than the average spectrum of the ⇡0 compo-
nent; to a harder spectrum of CRs in the inner Galaxy (Gaggero
et al. 2015; Acero et al. 2016; Yang et al. 2016); or to a popula-
tion of hard PSs in the GP in the inner parts of the Galaxy. At
energies above 100 GeV the residuals are resolved into localized
sources, some of which are extended. Apart from the Galactic
foreground and background components, there are gamma rays
emitted by the interactions of CRs with the Sun and its radiation
field (Abdo et al. 2011b) and the Moon (Ackermann et al. 2016).
The intensities of the emission from the Sun and the Moon are
about an order of magnitude less than the intensity of the emis-
sion from the FBs. As a result, these components are not visible
on the residual maps at energies above 10 GeV.

3.3. Rectangles model of the bubbles

In the previous subsection, we excluded the ROI of the FBs. In
this subsection, we perform the fit over the whole sky and model
the emission from the FBs using rectangles. In order to explore
the east-west asymmetry of the FBs, we introduce two rectangu-
lar templates in each latitude stripe b and energy bin E: one east,
` 2 (0�, 20�), and one west, ` 2 (�20�, 0�), of the GC. The width
of the rectangles is 4�, i.e., the same as the width of the latitude
stripes. We use the same foreground model as in Sect. 3.2 plus
the isotropic template. Overall, the model has four terms in each
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∲ermi

up to 30% of the total emission 

extending to ～ 10° around GC 

mildly asymmetric 

spectrum peaking at GeV energies 
high-energy tails if |l| &/or |b| > 4° 
but shift to 0° < l < -8° at high energies 

luminosity of order 1037 erg/s

a Galactic Centre Excess

4. Uncertainties from the Modeling of Galactic Interstellar
Emission

This section is devoted to exploration of the uncertainties in
the spectrum of the GC excess due to the modeling of Galactic
interstellar emission. We consider the following aspects:

1. de!nition of the distribution of CR sources, size of the
CR con!nement halo, and spin temperature of atomic
hydrogen (for the derivation of gas column densities from
the 21!cm line data) used in GALPROP;

2. handling of the IC component in the !t to the gamma-
ray data;

3. selection of the tracers of interstellar gas, and distribution
of gas column densities along the line of sight; and

4. possible additional sources of CRs near the GC.

4.1. GALPROP Parameters

Ackermann et al. (2012) explored the effects of varying
several parameters of the GALPROP models that we use to
create templates for interstellar gamma-ray emission. They
concluded that the parameters with the largest impact on the
predictions for gamma rays are (1) distribution of CR sources
in the Galaxy, (2) height of the CR con!nement halo, and (3)
spin temperature used in deriving the atomic gas column
densities from the 21!cm H I line intensities.

Our Sample Model in Section 2.2 uses the Lorimer pulsar
distribution as a tracer of CR sources (supposedly SNRs, whose

distribution is more dif!cult to determine from observations), a
CR con!nement height of 10 kpc, a radius of 20 kpc, and an H I
spin temperature of 150!K. In order to quantify the impact of
these choices on the spectrum of the GC excess, we use a subset
of models in Ackermann et al. (2012). We have used different
CR source distributions: an alternative pulsar distribution
(Yusifov & Küçük 2004, hereafter referred to as Yusifov), the
distribution of SNRs73 (Case & Bhattacharya 1998), and the
distribution of OB stars!(Bronfman et al. 2000). Radial
distributions of these CR source models are shown in Figure 5.
We changed the CR con!nement height from 10 to 4 kpc and its
radius from 20 to 30 kpc. In addition, we derived the H I column
densities from the 21!cm line intensities assuming an optically
thin medium, which we formally modeled by setting the spin
temperature to 105!K.
The resulting spectra for the GC excess are presented in the

middle left panel of Figure 4. The largest effect is observed
from the OB star source distribution model, which leads to an
overall increase in the GC excess "ux, while a decrease of the
CR con!nement height to 4 kpc leads to reduction of the "ux at
energies below a few GeV.

Figure 3. Residuals after !tting the Sample Model (see Figure 1 and the text for details), where we add back the GC excess modeled by the gNFW annihilation pro!le
with !!=!1.25. Top left: GC excess plus residual counts. Top right: GC excess plus residual counts divided by the square root of the total data counts. Bottom left: GC
excess plus residual counts divided by the total data counts. Bottom right: enlarged scale residual map for the region around the GC. The data in the denominator of the
fractional residual and the residual signi!cance are the smoothed data that we used to determine the statistical "uctuations (see discussion after Equation (1)). The
counts in the maps are summed between 1.1 and 6.5 GeV.

73 We note that the derivation of the Galactic SNR distribution in Case &
Bhattacharya (1998) is subject to uncertainties, and the results are discordant
with some later works (e.g., Green 2015). In our study, though, we use it only
as a way to probe the uncertainties due to the modeling of CR propagation
relying on the previous work by Ackermann et al. (2012), who made extensive
comparisons to gamma-ray data.
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Figure 15. Spectrum of the GC excess. The Sample Model is described in Section 2.2. The systematic

uncertainty band is derived from taking the envelope of the GC excess fluxes for di↵erent analysis configu-

rations, and di↵erent models of di↵use gamma-ray emission and sources in Sections from 3 to 6. Our results

are compared to previous determinations of the GC excess spectrum from the literature. Note, that the area

of integration varies in di↵erent cases. In this analysis we mask some bright PS, which e↵ectively masks

the GC within about 2� radius. Gordon & Macias (2013) have a 7� ⇥ 7� square around the GC. The flux

from Calore et al. (2014) is obtained by taking the intensity in Figure 14 and multiplying by the area of the

ROI (2� < |b| < 20� and |`| < 20�) in their analysis. The ROI in Ajello et al. (2016) is a 15� ⇥ 15� square

around the GC. The two cases that we consider here correspond to the model with the CR sources traced

by the distribution of pulsars (Yusifov & Küçük 2004) where either only overall intensity (“fit intens”) or

both intensity and index (“fit index”) for the di↵use components spectra are fit to the data (cf. Figure 13

of Ajello et al. 2016).

determinations in the literature, but our assessment of systematic uncertainties is generally larger869

than that reported in other studies.870
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Characterizing the morphology of the GC excess is important to understand its nature. In partic-872

ular, spherical symmetry is expected for DM annihilation as well as, to a good approximation, for a873

population of MSPs in the bulge of the Milky Way (e.g., Brandt & Kocsis 2015) or young pulsars874

produced as a result of star formation near the GC (O’Leary et al. 2015), while a continuation of875

the Fermi bubbles to the Galactic plane may have a bi-lobed shape (e.g., Acero et al. 2016). There876

are claims of both spherical (e.g., Daylan et al. 2014; Calore et al. 2014) and bi-lobed (e.g., Yang &877

Aharonian 2016) morphology of the excess.878

In Section 5.1, we derived an all-sky template for the Fermi bubbles, assuming that the bubbles879

spectrum at low latitudes is the same as the spectrum at high latitudes in the energy range between880

1 GeV and 10 GeV. We have also shown in Section 5.1 that there is excess emission near the GC881

remaining after accounting in that way for a low-latitude component of the Fermi bubbles. Thus, it882
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FIG. 7: GCE SED measured when using the Baseline,
Yusifov, SNR, OBstars, Pulsars, SLext, ICS combined and
PlanckGASS IEMs. We also show the results obtained with
di↵erent selections of the data (SOURCE, ULTRACLEANVETO and
PSF23), with a smaller ROI (30 ⇥ 30 ROI) and without us-
ing the weight map in the maximum likelihood analysis (no
weights).

center during recent outbursts. The fits provide di↵er-
ences of likelihood with respect to the Baseline that
are +420 and +540 for the models CMZ 4kpc, CMZ 8kpc,
(the fit improves) and �230 for the model IC bulge

(the fit worsens). The models labeled as CMZ 4kpc and
CMZ 8kpc consider two more components with respect
to Baseline because they substitute the DM compo-
nent with three templates associated to the �-ray emis-
sion for inverse Compton, Bremsstrahlung and ⇡0 de-
cay. Therefore, it is di�cult to compare the improved
values of the Log(L) obtained with the CMZ 4kpc and
CMZ 8kpc with respect to the Baseline model that uses
the DM template. Moreover, the additional components
present in the CMZ 4kpc and CMZ 8kpc, associated with
the Bremsstrahlung and ⇡0 decay emissions, follow the
distribution of interstellar gas that is not spherically sym-
metric around the Galactic center but rather elongated
on the Galactic plane. However, as we will see in the
next sections, the GCE is spherically symmetric. So we
think the improvement in the Log(L) with these models
is due to fitting better the emission from the Galactic
plane rather than accounting better for the GCE emis-
sion. We tested di↵erent scenario for the IC bulgemodel
by assuming di↵erent sizes for the di↵usive halo with the
vertical size z varied between 4 to 10 kpc and the radius R
from 10 to 20 kpc. However, the result is very similar for
all the tested cases: the IC bulgemodel performs always
worse than the Baseline model with the DM template
with a di↵erence of Log(L) between -250 and -230. The
two main reasons for this result are the following. First,
� rays produced from electrons and positrons injected
from the Galactic bulge (this is the component that in
the IC bulgemodel absorbs the GCE) has a much flatter
dependence with the angular distance from the Galactic
center in the inner few degrees with respect to the GCE
(see Sec. III C and Fig. 10). Second, the inverse Compton
emission from the Galactic bulge does not have a spheri-
cally symmetric morphology as we measure for the GCE
(see Fig. 1 and also the model used in [13]). To conclude
the IC bulge model can fit reasonably well the GCE but
with a worse overall fit compared to a DM profile gener-
ated with a NFW density with � ⇠ 1.25.

C. Spatial morphology

In this paper we apply several methods to study the
spatial morphology of the GCE. In this section we employ
a model dependent and a model independent technique.
In the model independent technique we substitute the

DM template with concentric and uniform annuli. Then,
we fit the annuli to the data, using the pipeline pre-
sented in Sec. II C, and we extract the energy flux of each
annulus. Finally, we divide the annulus energy fluxes
for the solid angles and we obtain the surface bright-
ness (dN/d⌦)) of the GCE. As demonstrated in [26]
with simulated data, the optimal annulus size is between
0.75� � 1.5�. Indeed, angular widths of these orders are
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Fig. 3. Energy flux of the diffuse emission model based on the low-energy data (Sect. 3.2) integrated over three energy ranges.

Fig. 4. Energy flux of the residuals of the low-energy model derived in Sect. 3.2 integrated over three energy ranges.

the centers of the pixels. We parametrized the model in each
stripe and each energy bin independently, i.e., in the latitude
stripe b for energy bin E and HEALPix pixel with index i the
model consists of the following two terms:

Mb(E, i) = kb(E) · Ñ low
b (E, i) + cb(E) · ⌧(E, i), (1)

where kb(E) and cb(E) are coefficients to be determined from
the fit to the data. The term cb(E) · ⌧(E, i) is proportional to
the exposure ⌧(E, i): it accounts for the isotropic extragalactic
background and partially compensates for the latitude-dependent
IC emission. The term kb(E) · Ñ low

b (E, i) is proportional to the
low-energy photon counts summed over nlow = 3 energy bins
between 316 MeV and 1 GeV rescaled by the ratio of exposures
at low and at high energies, i.e.,

Ñ low
b (E, i) =

1
nlow

0
BBBBB@

nlowX

↵=1

N(E↵, i)
⌧(E↵, i)

1
CCCCCA ⌧(E, i), (2)

where N(E↵, i) is the number of photons in energy bin E↵ and in
pixel i.

We determine the parameters cb(E) and kb(E) by fitting the
model to the Fermi-LAT data in energy bins E > 1 GeV. We
maximize the log likelihood of the gamma distribution with
respect to parameters cb(E) and kb(E) using the Python iminuit
optimizer6. In order to avoid an overcompensation for the flux
from the FBs, the region �20� < ` < 20� is excluded from the
fit, i.e., the fit is performed for the total remaining length of
the stripe 20� < ` < 340�. In the following, the region �20� <
` < 20� is referred to as the region of interest (ROI) of the FBs.
Bright PSs are masked with the mask described in Sect. 3.1.

6 The gamma distribution p(x; k̃ + 1) = xk̃

�(k̃+1) e�x is the probability
density function for the parameter x given the observed counts k̃. The
counts k̃ are integer for unsmoothed maps and non-integer for the
smoothed maps. We discuss the optimization of the model parameters
using smoothed maps in Appendix B.

After we fit the model in each latitude stripe, we interpo-
lated it inside the ROI of the bubbles. The intensity of the model
energy flux integrated in three energy ranges is shown in Fig. 3,
while the residuals after subtracting the model from the data
are presented in Fig. 4. The FBs are clearly visible in the first
two energy ranges, E = 1�10 GeV and E = 10�100 GeV. For
E = 100 GeV�1 TeV the statistics are low, but we can still see
an excess near the GP. There are other regions of large residuals
in the GP and at high latitudes. These are diffuse and point-like
sources with spectra harder than the average spectra of Galactic
and extragalactic sources. In particular, there is a residual in dif-
fuse emission along the GP within |`| . 60� at energies below
100 GeV. This residual can be due to IC emission, which has
a harder spectrum than the average spectrum of the ⇡0 compo-
nent; to a harder spectrum of CRs in the inner Galaxy (Gaggero
et al. 2015; Acero et al. 2016; Yang et al. 2016); or to a popula-
tion of hard PSs in the GP in the inner parts of the Galaxy. At
energies above 100 GeV the residuals are resolved into localized
sources, some of which are extended. Apart from the Galactic
foreground and background components, there are gamma rays
emitted by the interactions of CRs with the Sun and its radiation
field (Abdo et al. 2011b) and the Moon (Ackermann et al. 2016).
The intensities of the emission from the Sun and the Moon are
about an order of magnitude less than the intensity of the emis-
sion from the FBs. As a result, these components are not visible
on the residual maps at energies above 10 GeV.

3.3. Rectangles model of the bubbles

In the previous subsection, we excluded the ROI of the FBs. In
this subsection, we perform the fit over the whole sky and model
the emission from the FBs using rectangles. In order to explore
the east-west asymmetry of the FBs, we introduce two rectangu-
lar templates in each latitude stripe b and energy bin E: one east,
` 2 (0�, 20�), and one west, ` 2 (�20�, 0�), of the GC. The width
of the rectangles is 4�, i.e., the same as the width of the latitude
stripes. We use the same foreground model as in Sect. 3.2 plus
the isotropic template. Overall, the model has four terms in each
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Fig. 3. Energy flux of the diffuse emission model based on the low-energy data (Sect. 3.2) integrated over three energy ranges.

Fig. 4. Energy flux of the residuals of the low-energy model derived in Sect. 3.2 integrated over three energy ranges.

the centers of the pixels. We parametrized the model in each
stripe and each energy bin independently, i.e., in the latitude
stripe b for energy bin E and HEALPix pixel with index i the
model consists of the following two terms:

Mb(E, i) = kb(E) · Ñ low
b (E, i) + cb(E) · ⌧(E, i), (1)

where kb(E) and cb(E) are coefficients to be determined from
the fit to the data. The term cb(E) · ⌧(E, i) is proportional to
the exposure ⌧(E, i): it accounts for the isotropic extragalactic
background and partially compensates for the latitude-dependent
IC emission. The term kb(E) · Ñ low

b (E, i) is proportional to the
low-energy photon counts summed over nlow = 3 energy bins
between 316 MeV and 1 GeV rescaled by the ratio of exposures
at low and at high energies, i.e.,

Ñ low
b (E, i) =

1
nlow

0
BBBBB@

nlowX

↵=1

N(E↵, i)
⌧(E↵, i)

1
CCCCCA ⌧(E, i), (2)

where N(E↵, i) is the number of photons in energy bin E↵ and in
pixel i.

We determine the parameters cb(E) and kb(E) by fitting the
model to the Fermi-LAT data in energy bins E > 1 GeV. We
maximize the log likelihood of the gamma distribution with
respect to parameters cb(E) and kb(E) using the Python iminuit
optimizer6. In order to avoid an overcompensation for the flux
from the FBs, the region �20� < ` < 20� is excluded from the
fit, i.e., the fit is performed for the total remaining length of
the stripe 20� < ` < 340�. In the following, the region �20� <
` < 20� is referred to as the region of interest (ROI) of the FBs.
Bright PSs are masked with the mask described in Sect. 3.1.

6 The gamma distribution p(x; k̃ + 1) = xk̃

�(k̃+1) e�x is the probability
density function for the parameter x given the observed counts k̃. The
counts k̃ are integer for unsmoothed maps and non-integer for the
smoothed maps. We discuss the optimization of the model parameters
using smoothed maps in Appendix B.

After we fit the model in each latitude stripe, we interpo-
lated it inside the ROI of the bubbles. The intensity of the model
energy flux integrated in three energy ranges is shown in Fig. 3,
while the residuals after subtracting the model from the data
are presented in Fig. 4. The FBs are clearly visible in the first
two energy ranges, E = 1�10 GeV and E = 10�100 GeV. For
E = 100 GeV�1 TeV the statistics are low, but we can still see
an excess near the GP. There are other regions of large residuals
in the GP and at high latitudes. These are diffuse and point-like
sources with spectra harder than the average spectra of Galactic
and extragalactic sources. In particular, there is a residual in dif-
fuse emission along the GP within |`| . 60� at energies below
100 GeV. This residual can be due to IC emission, which has
a harder spectrum than the average spectrum of the ⇡0 compo-
nent; to a harder spectrum of CRs in the inner Galaxy (Gaggero
et al. 2015; Acero et al. 2016; Yang et al. 2016); or to a popula-
tion of hard PSs in the GP in the inner parts of the Galaxy. At
energies above 100 GeV the residuals are resolved into localized
sources, some of which are extended. Apart from the Galactic
foreground and background components, there are gamma rays
emitted by the interactions of CRs with the Sun and its radiation
field (Abdo et al. 2011b) and the Moon (Ackermann et al. 2016).
The intensities of the emission from the Sun and the Moon are
about an order of magnitude less than the intensity of the emis-
sion from the FBs. As a result, these components are not visible
on the residual maps at energies above 10 GeV.

3.3. Rectangles model of the bubbles

In the previous subsection, we excluded the ROI of the FBs. In
this subsection, we perform the fit over the whole sky and model
the emission from the FBs using rectangles. In order to explore
the east-west asymmetry of the FBs, we introduce two rectangu-
lar templates in each latitude stripe b and energy bin E: one east,
` 2 (0�, 20�), and one west, ` 2 (�20�, 0�), of the GC. The width
of the rectangles is 4�, i.e., the same as the width of the latitude
stripes. We use the same foreground model as in Sect. 3.2 plus
the isotropic template. Overall, the model has four terms in each
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∲ermi

which suspects ?
not due to bright sources (Zhong+19) (2FGL → 4FGL) 

dark-matter self annihilation 
spherical or ellipsoidal symmetry, smooth, uniform spectrum 

population of unresolved MSPs 
asymmetries, not smooth, possible spectral variations along the plane 

fresh CRs  
in the Galactic wind from Sgr A* bursts or CMZ supernovae 
accelerated by/escaping the radio+X Chimney 
at the base of the Fermi Bubbles 
complex spatial and spectral distributions 

✦ π0, brem, or IC emission ?

DM NFW bulge MSPs

leptons from bulge nuclei from CMZ
di Mauro 2020

expected 1-10 GeV residuals from simulations

Sgr B Sgr C
Sgr A

1.4 GHz  
LAT 1-300 GeV
Yusef-Zadeh+13

2MASS



∲ermi

which granularity ?
smooth excess (DM, IC) vs. granular excess (unresolved pt sources, MSPs?) 

i.e. more-Poissonian vs. less-Poissonian pixel-to-pixel variance 

pt sources & mismodelling yield inflated variance wrt expected value 

10°x10° ROI  Leane & Slatyer 2020 
detection of north-south asymmetry in (smooth) signal 
NPTF-based evidence for pt-sources, yet strong (Lee+16), disappears when asymmetry is allowed 
inferred pt-source brightness relates to the mis-modelling amplitude

4. Uncertainties from the Modeling of Galactic Interstellar
Emission

This section is devoted to exploration of the uncertainties in
the spectrum of the GC excess due to the modeling of Galactic
interstellar emission. We consider the following aspects:

1. de!nition of the distribution of CR sources, size of the
CR con!nement halo, and spin temperature of atomic
hydrogen (for the derivation of gas column densities from
the 21!cm line data) used in GALPROP;

2. handling of the IC component in the !t to the gamma-
ray data;

3. selection of the tracers of interstellar gas, and distribution
of gas column densities along the line of sight; and

4. possible additional sources of CRs near the GC.

4.1. GALPROP Parameters

Ackermann et al. (2012) explored the effects of varying
several parameters of the GALPROP models that we use to
create templates for interstellar gamma-ray emission. They
concluded that the parameters with the largest impact on the
predictions for gamma rays are (1) distribution of CR sources
in the Galaxy, (2) height of the CR con!nement halo, and (3)
spin temperature used in deriving the atomic gas column
densities from the 21!cm H I line intensities.

Our Sample Model in Section 2.2 uses the Lorimer pulsar
distribution as a tracer of CR sources (supposedly SNRs, whose

distribution is more dif!cult to determine from observations), a
CR con!nement height of 10 kpc, a radius of 20 kpc, and an H I
spin temperature of 150!K. In order to quantify the impact of
these choices on the spectrum of the GC excess, we use a subset
of models in Ackermann et al. (2012). We have used different
CR source distributions: an alternative pulsar distribution
(Yusifov & Küçük 2004, hereafter referred to as Yusifov), the
distribution of SNRs73 (Case & Bhattacharya 1998), and the
distribution of OB stars!(Bronfman et al. 2000). Radial
distributions of these CR source models are shown in Figure 5.
We changed the CR con!nement height from 10 to 4 kpc and its
radius from 20 to 30 kpc. In addition, we derived the H I column
densities from the 21!cm line intensities assuming an optically
thin medium, which we formally modeled by setting the spin
temperature to 105!K.
The resulting spectra for the GC excess are presented in the

middle left panel of Figure 4. The largest effect is observed
from the OB star source distribution model, which leads to an
overall increase in the GC excess "ux, while a decrease of the
CR con!nement height to 4 kpc leads to reduction of the "ux at
energies below a few GeV.

Figure 3. Residuals after !tting the Sample Model (see Figure 1 and the text for details), where we add back the GC excess modeled by the gNFW annihilation pro!le
with !!=!1.25. Top left: GC excess plus residual counts. Top right: GC excess plus residual counts divided by the square root of the total data counts. Bottom left: GC
excess plus residual counts divided by the total data counts. Bottom right: enlarged scale residual map for the region around the GC. The data in the denominator of the
fractional residual and the residual signi!cance are the smoothed data that we used to determine the statistical "uctuations (see discussion after Equation (1)). The
counts in the maps are summed between 1.1 and 6.5 GeV.

73 We note that the derivation of the Galactic SNR distribution in Case &
Bhattacharya (1998) is subject to uncertainties, and the results are discordant
with some later works (e.g., Green 2015). In our study, though, we use it only
as a way to probe the uncertainties due to the modeling of CR propagation
relying on the previous work by Ackermann et al. (2012), who made extensive
comparisons to gamma-ray data.
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Residuals (Counts - Model)
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Residuals, GCE templ. readded
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Counts, 2.12 - 3.32 GeV
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Figure 10. Left panels: Count maps at various energies (from top to bottom), with the disk cut
|b| > 2� and PSC mask applied. Central panels: Residuals after subtracting our self-consistent GDE
model A. Right panels: Residuals after subtracting our self-consistent GDE model, but re-adding the
GCE template associated to the model. A Gaussian smoothing with � = 0.4� is applied to all plots.

around 10�300. Given the high quality and statistics of Fermi -LAT data, and the still rather
rudimentary treatment of the GDE, this is hardly surprising.

In any case, the comparison of TS values remains an important tool for selecting GDE

– 24 –

Ca
lo

re
+1

5

γ

2.12-3.32 GeV

-20° +20°
-20°

+20°

10

FIG. 4: Spatial residual in our default ROI for the IG subtracting all templates except (left) or including (right) the GCE template. The
data have been smoothed to 2�, but the PS masks have not – these are the masks corresponding to the lowest energy where the PSF is
largest, here 9.5 GeV. A number of regions of over and under subtraction are evident in both maps, symptomatic of imperfect background
models. Masks are shown in gray. See text for details.

FIG. 5: Same as Fig. 4 for the GC analysis, and with all data and models smoothed to 0.25�. The left figure shows the residual when
the GCE template is not included, while the right shows the residual after the GCE template is included in the model prediction.

The results for each spatial property are shown be-
low, but we summarize the basic details here. In the IG,
the first and third high-energy bins demonstrates similar
properties to the low-energy GCE, although with greater
significance in the first bin. The second bin at around

15 GeV is noticeably more statistically limited. Taken
together this might indicate a non-trivial spectral varia-
tion of the GCE, but we believe this “dip” is more likely
to be due to issues with the background model impact-
ing this bin, a point we explore in App. F. Finally the
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∲ermi

which shape ?
detection of boxy (or X) + nuclear bulge  

confirmed with new 3D IC maps and Fermi Bubble base maps 
boxy orientation detected against rotation 
but shift toward b = 0.72° ± 0.07°  and l = −1.69° ± 0.12° 

DM preferred over boxy-bulge  
DM not detected above boxy bulge template 
DM detected above nuclear bulge & centred on ～Sgr A*

Bartels+17, Macias+18, Abazajian+20

Macias+19

Macias+19

Macias+19

di Mauro 21

Abazajian+20, di Mauro 21

di Mauro 21

4. Uncertainties from the Modeling of Galactic Interstellar
Emission

This section is devoted to exploration of the uncertainties in
the spectrum of the GC excess due to the modeling of Galactic
interstellar emission. We consider the following aspects:

1. de!nition of the distribution of CR sources, size of the
CR con!nement halo, and spin temperature of atomic
hydrogen (for the derivation of gas column densities from
the 21!cm line data) used in GALPROP;

2. handling of the IC component in the !t to the gamma-
ray data;

3. selection of the tracers of interstellar gas, and distribution
of gas column densities along the line of sight; and

4. possible additional sources of CRs near the GC.

4.1. GALPROP Parameters

Ackermann et al. (2012) explored the effects of varying
several parameters of the GALPROP models that we use to
create templates for interstellar gamma-ray emission. They
concluded that the parameters with the largest impact on the
predictions for gamma rays are (1) distribution of CR sources
in the Galaxy, (2) height of the CR con!nement halo, and (3)
spin temperature used in deriving the atomic gas column
densities from the 21!cm H I line intensities.

Our Sample Model in Section 2.2 uses the Lorimer pulsar
distribution as a tracer of CR sources (supposedly SNRs, whose

distribution is more dif!cult to determine from observations), a
CR con!nement height of 10 kpc, a radius of 20 kpc, and an H I
spin temperature of 150!K. In order to quantify the impact of
these choices on the spectrum of the GC excess, we use a subset
of models in Ackermann et al. (2012). We have used different
CR source distributions: an alternative pulsar distribution
(Yusifov & Küçük 2004, hereafter referred to as Yusifov), the
distribution of SNRs73 (Case & Bhattacharya 1998), and the
distribution of OB stars!(Bronfman et al. 2000). Radial
distributions of these CR source models are shown in Figure 5.
We changed the CR con!nement height from 10 to 4 kpc and its
radius from 20 to 30 kpc. In addition, we derived the H I column
densities from the 21!cm line intensities assuming an optically
thin medium, which we formally modeled by setting the spin
temperature to 105!K.
The resulting spectra for the GC excess are presented in the

middle left panel of Figure 4. The largest effect is observed
from the OB star source distribution model, which leads to an
overall increase in the GC excess "ux, while a decrease of the
CR con!nement height to 4 kpc leads to reduction of the "ux at
energies below a few GeV.

Figure 3. Residuals after !tting the Sample Model (see Figure 1 and the text for details), where we add back the GC excess modeled by the gNFW annihilation pro!le
with !!=!1.25. Top left: GC excess plus residual counts. Top right: GC excess plus residual counts divided by the square root of the total data counts. Bottom left: GC
excess plus residual counts divided by the total data counts. Bottom right: enlarged scale residual map for the region around the GC. The data in the denominator of the
fractional residual and the residual signi!cance are the smoothed data that we used to determine the statistical "uctuations (see discussion after Equation (1)). The
counts in the maps are summed between 1.1 and 6.5 GeV.

73 We note that the derivation of the Galactic SNR distribution in Case &
Bhattacharya (1998) is subject to uncertainties, and the results are discordant
with some later works (e.g., Green 2015). In our study, though, we use it only
as a way to probe the uncertainties due to the modeling of CR propagation
relying on the previous work by Ackermann et al. (2012), who made extensive
comparisons to gamma-ray data.
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Figure 10. Left panels: Count maps at various energies (from top to bottom), with the disk cut
|b| > 2� and PSC mask applied. Central panels: Residuals after subtracting our self-consistent GDE
model A. Right panels: Residuals after subtracting our self-consistent GDE model, but re-adding the
GCE template associated to the model. A Gaussian smoothing with � = 0.4� is applied to all plots.

around 10�300. Given the high quality and statistics of Fermi -LAT data, and the still rather
rudimentary treatment of the GDE, this is hardly surprising.

In any case, the comparison of TS values remains an important tool for selecting GDE
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Figure 1: Residual map of the 15� ⇥ 15� region of interest for E � 667 MeV. The residuals are obtained as (Data � Model), where the model
includes previously-detected 3FGL point sources (cyan squares)11, 64 additional point source candidates (green crosses) and the standard diffuse Galactic emission
components related to the interstellar gas and radiation field. The white contours are the best-fit model counts from the X-bulge map obtained from analyses of
WISE19 infrared data after convolution the Fermi-LAT instrument response function. The addition of a template based on the X-bulge significantly improved the
model fit to the gamma-ray data. The cluster of point sources on the Galactic plane at l ⇡ 6

� may be associated with the W28 (white dashed circle) supernova
remnant11, 31. The zoomed-in region on the right shows the correlation with the near-infrared stellar density nuclear bulge data23, the black contours display the
best-fit model counts associated with this component after convolution with the Fermi-LAT instrument response function. The X-bulge and nuclear bulge templates
were included when the best fit parameters for the above model were found, but not when evaluating the above residuals. A Gaussian with radius 0.3� was used to
smooth the images and the upper limit of the colour scale has also been clipped for display purposes.
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extended excess 
peak at a few GeV 
potential high-energy tail  

(further out) 

nuclear bulge  
harder power-law like spectrum 
close to HESS data

which spectrum ?36
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Figure 15. Spectrum of the GC excess. The Sample Model is described in Section 2.2. The systematic

uncertainty band is derived from taking the envelope of the GC excess fluxes for di↵erent analysis configu-

rations, and di↵erent models of di↵use gamma-ray emission and sources in Sections from 3 to 6. Our results

are compared to previous determinations of the GC excess spectrum from the literature. Note, that the area

of integration varies in di↵erent cases. In this analysis we mask some bright PS, which e↵ectively masks

the GC within about 2� radius. Gordon & Macias (2013) have a 7� ⇥ 7� square around the GC. The flux

from Calore et al. (2014) is obtained by taking the intensity in Figure 14 and multiplying by the area of the

ROI (2� < |b| < 20� and |`| < 20�) in their analysis. The ROI in Ajello et al. (2016) is a 15� ⇥ 15� square

around the GC. The two cases that we consider here correspond to the model with the CR sources traced

by the distribution of pulsars (Yusifov & Küçük 2004) where either only overall intensity (“fit intens”) or

both intensity and index (“fit index”) for the di↵use components spectra are fit to the data (cf. Figure 13

of Ajello et al. 2016).

determinations in the literature, but our assessment of systematic uncertainties is generally larger869

than that reported in other studies.870

8. MORPHOLOGY OF THE GALACTIC CENTER EXCESS871

Characterizing the morphology of the GC excess is important to understand its nature. In partic-872

ular, spherical symmetry is expected for DM annihilation as well as, to a good approximation, for a873

population of MSPs in the bulge of the Milky Way (e.g., Brandt & Kocsis 2015) or young pulsars874

produced as a result of star formation near the GC (O’Leary et al. 2015), while a continuation of875

the Fermi bubbles to the Galactic plane may have a bi-lobed shape (e.g., Acero et al. 2016). There876

are claims of both spherical (e.g., Daylan et al. 2014; Calore et al. 2014) and bi-lobed (e.g., Yang &877

Aharonian 2016) morphology of the excess.878

In Section 5.1, we derived an all-sky template for the Fermi bubbles, assuming that the bubbles879

spectrum at low latitudes is the same as the spectrum at high latitudes in the energy range between880

1 GeV and 10 GeV. We have also shown in Section 5.1 that there is excess emission near the GC881

remaining after accounting in that way for a low-latitude component of the Fermi bubbles. Thus, it882
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rations, and di↵erent models of di↵use gamma-ray emission and sources in Sections from 3 to 6. Our results
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FIG. 1: The spectrum of the GCE extracted in the IG (green) and GC (orange) regions over the full energy range (left) and 10� 50 GeV
(right). This spectrum was determined using the analysis framework outlined in Sec. II A for the IG and Sec. II C for the GC. We show
the spectrum for the best fit generalized NFW profile, which corresponds to � = 1.14 for the IG and 1.05 for the GC. A similar figure
showing the spectra for identical � values or identical di↵use emission models is shown in Fig. 28. In both cases the flux is normalized to
its value at 5� from the plane. In the GC analysis, no flux is observed in several bins, and so we instead show the 90% upper limit. Note
the IG and GC analyses di↵er in their ROI, di↵use modeling and treatment of the point sources. See text for details.
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FIG. 2: Same as the left panel of Fig. 1, except � = 1.14 for both the IG and GC analyses. Also, in this case both the IG and
GC analyses use the same di↵use mode: p7v6 in the left panel and GALPROP Model A in the right panel. Using the same di↵use
model in both regions alleviates some of the tension in the overall normalization computed between the two analyses. However,
fixing � = 1.14 in the GC analysis has an almost comparable e↵ect in magnitude on the normalization of the spectrum as
changing di↵use model. We further explore this in App. D.

that in the left panel of Fig. 2—that changing � from 1.05
to 1.14 in the GC itself causes a systematic decrease in the
normalization at a level ⇠20%. Thus, there are a variety
of factors that may contribute to the o↵set between the
spectrum computed between the two regions. This is

further explored in App. D.

Focusing instead on the spectral characteristics of the
excess in both ROIs, we find broad qualitative agreement.
Namely, we find a statistically significant excess that ex-
tends above an energy of 10 GeV. However, in the GC
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FIG. 7: GCE SED measured when using the Baseline,
Yusifov, SNR, OBstars, Pulsars, SLext, ICS combined and
PlanckGASS IEMs. We also show the results obtained with
di↵erent selections of the data (SOURCE, ULTRACLEANVETO and
PSF23), with a smaller ROI (30 ⇥ 30 ROI) and without us-
ing the weight map in the maximum likelihood analysis (no
weights).

center during recent outbursts. The fits provide di↵er-
ences of likelihood with respect to the Baseline that
are +420 and +540 for the models CMZ 4kpc, CMZ 8kpc,
(the fit improves) and �230 for the model IC bulge

(the fit worsens). The models labeled as CMZ 4kpc and
CMZ 8kpc consider two more components with respect
to Baseline because they substitute the DM compo-
nent with three templates associated to the �-ray emis-
sion for inverse Compton, Bremsstrahlung and ⇡0 de-
cay. Therefore, it is di�cult to compare the improved
values of the Log(L) obtained with the CMZ 4kpc and
CMZ 8kpc with respect to the Baseline model that uses
the DM template. Moreover, the additional components
present in the CMZ 4kpc and CMZ 8kpc, associated with
the Bremsstrahlung and ⇡0 decay emissions, follow the
distribution of interstellar gas that is not spherically sym-
metric around the Galactic center but rather elongated
on the Galactic plane. However, as we will see in the
next sections, the GCE is spherically symmetric. So we
think the improvement in the Log(L) with these models
is due to fitting better the emission from the Galactic
plane rather than accounting better for the GCE emis-
sion. We tested di↵erent scenario for the IC bulgemodel
by assuming di↵erent sizes for the di↵usive halo with the
vertical size z varied between 4 to 10 kpc and the radius R
from 10 to 20 kpc. However, the result is very similar for
all the tested cases: the IC bulgemodel performs always
worse than the Baseline model with the DM template
with a di↵erence of Log(L) between -250 and -230. The
two main reasons for this result are the following. First,
� rays produced from electrons and positrons injected
from the Galactic bulge (this is the component that in
the IC bulgemodel absorbs the GCE) has a much flatter
dependence with the angular distance from the Galactic
center in the inner few degrees with respect to the GCE
(see Sec. III C and Fig. 10). Second, the inverse Compton
emission from the Galactic bulge does not have a spheri-
cally symmetric morphology as we measure for the GCE
(see Fig. 1 and also the model used in [13]). To conclude
the IC bulge model can fit reasonably well the GCE but
with a worse overall fit compared to a DM profile gener-
ated with a NFW density with � ⇠ 1.25.

C. Spatial morphology

In this paper we apply several methods to study the
spatial morphology of the GCE. In this section we employ
a model dependent and a model independent technique.
In the model independent technique we substitute the

DM template with concentric and uniform annuli. Then,
we fit the annuli to the data, using the pipeline pre-
sented in Sec. II C, and we extract the energy flux of each
annulus. Finally, we divide the annulus energy fluxes
for the solid angles and we obtain the surface bright-
ness (dN/d⌦)) of the GCE. As demonstrated in [26]
with simulated data, the optimal annulus size is between
0.75� � 1.5�. Indeed, angular widths of these orders are
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Figure 6. Galactic distribution of all MYSOs and H ii regions with bolometric luminosities greater than 104 L!. We show the kinematic positions of the
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right corner. The background image is a sketch of the Galaxy produced by Robert Hurt of the Spitzer Science Center in consultation with Robert Benjamin.
The position of the Sun is shown by the small circle above the Galactic centre. The two solid black lines enclose the Galactic centre region that was excluded
from the RMS surveys due to problems with source confusion and distance determination. The smaller of the two black dot-dashed circles represent the locus
of tangent points, while the larger circle shows the radius of the Solar circle.

the Galaxy might look like if viewed from above, and incorporates
all that is currently known of the structure of our Galaxy, includ-
ing the 3.1-3.5 kpc Galactic bar at an angle of 20" with respect to
the Galactic centre-Sun axis (Binney et al. 1991; Blitz & Spergel
1991; Dwek et al. 1995), a second non-axisymmetric structure re-
ferred to as the “Long bar” (Hammersley et al. 2000) with a Galac-
tic radius of 4.4±0.5 kpc at an angle of 44±10" (Benjamin 2008),
the Near and Far 3-kpc arms, and the four principle arms (i.e.,
Norma, Sagittarius, Perseus and Scutum-Centaurus arms). The lo-
cation of the spiral arms is based on the Georgelin & Georgelin
(1976) model but has been modified to take account of recent maser
parallax distances and updated directions for the spiral arm tangents
(Dame et al. 2001). The RMS survey excluded the innermost 20" of
the Galactic longitude (i.e., 350"< ! < 10"): we are therefore not
sensitive to any star formation taking place within #3 kpc of the

Galactic centre and any features of Galactic structure within this
radius.

The distribution of the young embedded population with re-
spect to the expected positions of the spiral arms given from the
models suggests that they are correlated, but quantifying this corre-
lation and estimating its significance is non-trivial. The correlation
between the spiral arms and the RMS complexes appears slightly
stronger than for the isolated sources in that there are far fewer
found to be located in the inter-arm regions (cf Stark & Lee 2006).
The reason for this is that the more reliable maser parallax and spec-
trophotometric distances are available for many of the complexes,
and for the others, the higher number of associated RMS sources
is likely to provide a better estimates of their systemic radial ve-
locities and thus kinematic distances (cf Russeil 2003). Individual
sources are by comparison more poorly constrained. The source
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sensitive to any star formation taking place within #3 kpc of the

Galactic centre and any features of Galactic structure within this
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The distribution of the young embedded population with re-
spect to the expected positions of the spiral arms given from the
models suggests that they are correlated, but quantifying this corre-
lation and estimating its significance is non-trivial. The correlation
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stronger than for the isolated sources in that there are far fewer
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the Galaxy might look like if viewed from above, and incorporates
all that is currently known of the structure of our Galaxy, includ-
ing the 3.1-3.5 kpc Galactic bar at an angle of 20" with respect to
the Galactic centre-Sun axis (Binney et al. 1991; Blitz & Spergel
1991; Dwek et al. 1995), a second non-axisymmetric structure re-
ferred to as the “Long bar” (Hammersley et al. 2000) with a Galac-
tic radius of 4.4±0.5 kpc at an angle of 44±10" (Benjamin 2008),
the Near and Far 3-kpc arms, and the four principle arms (i.e.,
Norma, Sagittarius, Perseus and Scutum-Centaurus arms). The lo-
cation of the spiral arms is based on the Georgelin & Georgelin
(1976) model but has been modified to take account of recent maser
parallax distances and updated directions for the spiral arm tangents
(Dame et al. 2001). The RMS survey excluded the innermost 20" of
the Galactic longitude (i.e., 350"< ! < 10"): we are therefore not
sensitive to any star formation taking place within #3 kpc of the

Galactic centre and any features of Galactic structure within this
radius.

The distribution of the young embedded population with re-
spect to the expected positions of the spiral arms given from the
models suggests that they are correlated, but quantifying this corre-
lation and estimating its significance is non-trivial. The correlation
between the spiral arms and the RMS complexes appears slightly
stronger than for the isolated sources in that there are far fewer
found to be located in the inter-arm regions (cf Stark & Lee 2006).
The reason for this is that the more reliable maser parallax and spec-
trophotometric distances are available for many of the complexes,
and for the others, the higher number of associated RMS sources
is likely to provide a better estimates of their systemic radial ve-
locities and thus kinematic distances (cf Russeil 2003). Individual
sources are by comparison more poorly constrained. The source
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the Galaxy might look like if viewed from above, and incorporates
all that is currently known of the structure of our Galaxy, includ-
ing the 3.1-3.5 kpc Galactic bar at an angle of 20" with respect to
the Galactic centre-Sun axis (Binney et al. 1991; Blitz & Spergel
1991; Dwek et al. 1995), a second non-axisymmetric structure re-
ferred to as the “Long bar” (Hammersley et al. 2000) with a Galac-
tic radius of 4.4±0.5 kpc at an angle of 44±10" (Benjamin 2008),
the Near and Far 3-kpc arms, and the four principle arms (i.e.,
Norma, Sagittarius, Perseus and Scutum-Centaurus arms). The lo-
cation of the spiral arms is based on the Georgelin & Georgelin
(1976) model but has been modified to take account of recent maser
parallax distances and updated directions for the spiral arm tangents
(Dame et al. 2001). The RMS survey excluded the innermost 20" of
the Galactic longitude (i.e., 350"< ! < 10"): we are therefore not
sensitive to any star formation taking place within #3 kpc of the

Galactic centre and any features of Galactic structure within this
radius.

The distribution of the young embedded population with re-
spect to the expected positions of the spiral arms given from the
models suggests that they are correlated, but quantifying this corre-
lation and estimating its significance is non-trivial. The correlation
between the spiral arms and the RMS complexes appears slightly
stronger than for the isolated sources in that there are far fewer
found to be located in the inter-arm regions (cf Stark & Lee 2006).
The reason for this is that the more reliable maser parallax and spec-
trophotometric distances are available for many of the complexes,
and for the others, the higher number of associated RMS sources
is likely to provide a better estimates of their systemic radial ve-
locities and thus kinematic distances (cf Russeil 2003). Individual
sources are by comparison more poorly constrained. The source
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warm H2 in the CMZ 
M ≈ (0.3-1) 108 M⨀  

high CR ionisation & H2 formation rates 
warm diffuse H2 with a large filling factor 

✦ n  100 cm-3, T = 212-505 K, large Δv  
✦ standard XCO does not apply  

CO-dark-to-CO-bright H2 fraction ??? 
cold HI fraction ? 

cold neutral HI 
ex: Riegel-Crutcher cloud on the wall of the Local Bubble toward GC 

✦ cold (  K),  
✦ dense ( n ≈ 100 nWNM),  
✦ optically thick  
✦ filamentary (beam dilution) 

same problems for R < 3 kpc (x1 orbits)

≲

40 ≲ TS ≲ 80

missing warm H2 & cold HI An explanation for the CMZ asymmetry 3

Figure 1. NH3 (1 � 1) data from Longmore et al. (2017) (yellow col-
orscale), superimposed on CO (J = 1 ! 0) emission from Bitran et al.
(1997) (gray colorscale). Top panel: the (l,b) distribution integrated over
v. Bottom panel: the position-velocity distribution (l,v) integrated over
|b|6 2�. Schematic lines and annotations are according to the interpretation
discussed later in the text. Each NH3 point represents a spectral component
as determined by the SCOUSE algorithm, coloured by brightness temper-
ature. These data comes from the H2O Southern Galactic Plane Survey
(HOPS; Walsh et al. 2011, Purcell et al. 2012). They have a spatial res-
olution of ⇠ 60 arcsec and a spectral resolution of 2kms�1, and have
been fit using the Semi-automated multi-COmponent Universal Spectral-
line fitting Engine (SCOUSE, Henshaw et al. 2016, https://github.com/
jdhenshaw/SCOUSE).

We do not include the self-gravity of the gas, nor magnetic fields.
The equations of motion in an inertial frame are the conservation
of mass, momentum and energy:

∂r
∂t

+— · (rv) = 0, (1)

∂(rv)
∂t

+— · (rv⌦v+PI)v =�r—F, (2)

∂(re)
∂t

+— · [(re+P)v] = Q̇+r ∂F
∂t

, (3)

where r is the density, v is the fluid velocity, P is the thermal
pressure, F(x, t) is the external potential, I is the identity matrix,
e = etherm +F+ v2/2 is the energy per unit mass, etherm is the
thermal energy per unit mass and Q̇ is a term that includes external
sources of heating and cooling. We adopt the equation of state of
an ideal gas,

P = (g�1)retherm, (4)

where g is the adiabatic index. We assume for simplicity that
g = 5/3 throughout the gas; this is always accurate for atomic gas,
but is also a good approximation in the H2-dominated gas in these
simulations, as very little of this gas is warm enough to excite the
internal energy levels of H2.

The above equations constitute a closed system once Q̇ is
specified. For an adiabatic gas, Q̇ = 0. However, our treatment of
chemistry and of heating and cooling processes affect the thermo-
dynamics (and hence the dynamics) of the gas through the term Q̇.

The thermal energy is related to the temperature of the gas by
etherm = kT/[(g� 1)µm], where µ is the mean molecular weight,
which is self-consistently calculated based on the chemical state of
the gas, m is one atomic mass unit, T is the local temperature, k is
the Boltzmann constant. This equation is used to calculate the local
temperature of the gas.

We simulate a box of 24⇥24⇥2kpc. We use periodic bound-
ary conditions in all directions, but the box is sufficiently wide that
this choice does not affect the bar region. We use a target resolution
of 100M� per cell. We make use of the system of mass refinement
present in AREPO, which splits cells whose mass becomes greater
than twice this target mass. Because we keep the mass of the cells
approximately constant, our spatial resolution varies as a function
of the local gas density. Figure 2 shows a plot of the spatial reso-
lution as a function of density for a random sample of points. The
total number of cells in each simulation is approximately 50-60
million.

3.2 Initial conditions

We start with gas in radial equilibrium on circular orbits in an ax-
isymmetric potential and gradually turn on the non-axisymmetric
part of the potential during the first 150 Myr to avoid transients.
We initially generate N ' 110000 random mesh points using a uni-
form 3D Poisson disc sampling (Bridson 2007) inside a cylindri-
cal slab of radius R0 = 10kpc and half-height z0 = 1kpc. We use
these points to create the initial Voronoi tessellation. Thanks to the
Poisson disc sampling, the volume distribution of this initial tes-
sellation has much less scatter than if we sampled points using a
standard uniform distribution. The mean radius of the initial cells
is r0 ' 135pc. The system of mass refinement present in AREPO
quickly creates more cells to reach the target resolution within the
first couple of Myr. We assign the same mass to each initial cell
so that the total gas mass is M0 ' 1010 M�. Since the volumes
of the initial cells are not exactly the same but their mass is, the
initial density distribution contains moderate fluctuations over the
spatial scale r0. The resulting initial density distribution is there-
fore approximately uniform inside the cylindrical slab (both in the
radial and vertical directions) with mean r0 ' 2.1⇥10�24 gcm�3

and standard deviation s0 ' 0.5⇥ 10�24 gcm�3. We have tested
that an initial density distribution which is exactly uniform (no ran-
dom fluctuations), or that exponentially declines with radius after
R = 4 kpc rather than being constant makes no difference for the
results of this paper (see Appendix A).

The gas starts in atomic form, with temperature T = 1.5⇥
104 K and initial fractional ionisation xH+ = 0.01. We assume
a hydrogen-to-helium ratio of 10:1 (by number), with all of the
helium present in neutral atomic form. Carbon and oxygen are
present as C+ and O, respectively. We adopt elemental abun-
dances of carbon and oxygen (by number, relative to hydrogen)
of xC,tot = 1.4 ⇥ 10�4 and xO = 3.2 ⇥ 10�4, respectively (Sem-
bach et al. 2000). These initial conditions correspond to a value
of µ = 1.26 and cs ⌘

p
kT/ (µm) = 10kms�1. For simplicity, we

assume that the gas has solar metallicity, independent of Galacto-
centric radius.

3.3 The potential

We use the same potential as Ridley et al. (2017). This choice
allows us to make direct comparisons between the results of the
present study and this earlier work. Any changes in the gas be-
haviour must be due to the fact that the present simulations are

© 0000 RAS, MNRAS 000, 000–000
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Figure 5. Parameters of the fitted Gaussian components to the H i absorption spectra: velocity of the components, derived optical depth
and FWHM. All components of the sample are shown in the grey histogram and the R-C cloud components are highlighted in the black
hatched histogram.
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Figure 6. GASS (left, v = 5.2 km s�1) and SGPS GC (right, v = 5.7 km s�1) H i intensity maps of the R-C cloud. The circles show
the position of the observed continuum background sources scaled and coloured by the optical depth. Most LOS have two Gaussian
components between 0 < v < 10 km s�1and FWHM < 10 km s�1.

Table 2. Line parameters from the Gaussian decomposition associated with the R-C cloud (0 < vLSR < 10 km s�1, FWHM < 10 km s�1)
and calculated Tk,max , Ts and N(H i). See full version in Appendix C.

name ⌧HISA vLSR FWHM Tk,max Ts,HISA GASS Ts,HISA SGPS N(H i) GASS N(H i) SGPS
[km s�1] [km s�1] [K] [K] [K] [1020 cm�2] [1020 cm�2]

NVSS J172920-234535 0.29 ± 0.16 3.2 ± 0.2 2.4 ± 0.2 127 ± 1 - ± - - ± - - ± - - ± -
NVSS J172920-234535 3.38 ± 0.31 6.7 ± 0.2 4.7 ± 0.2 485 ± 1 46 ± 54 - ± - 14.48 ± 0.05 - ± -
NVSS J172920-234535 0.16 ± 0.02 0.4 ± 0.3 3.4 ± 0.6 254 ± 7 - ± - - ± - - ± - - ± -
NVSS J173205-242651 2.33 ± 0.43 2.2 ± 0.2 3.0 ± 0.2 192 ± 1 72 ± 4 67 ± 1 9.75 ± 0.11 9.08 ± 0.1
NVSS J173753-254642 2.73 ± 0.21 3.4 ± 0.2 9.8 ± 0.3 2098 ± 2 35 ± 24 41 ± 30 18.46 ± 0.04 21.38 ± 0.04

of the cloud has higher N(H i) which we do not see in our
data (Fig. 10). This is due to the fact the McClure-Gri�ths
et al. (2006) assumed a constant spin temperature through-
out the cloud, where we find that the spin temperature de-
creases towards positive latitudes.

4.3 Sources of uncertainty and errors

We take the following sources of uncertainties into account
when calculating the spin temperature:

(i) The RMS noise of the observations. This is the smallest
source of uncertainty for Ts.

MNRAS 000, 1–17 (2016)
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Figure 5. Parameters of the fitted Gaussian components to the H i absorption spectra: velocity of the components, derived optical depth
and FWHM. All components of the sample are shown in the grey histogram and the R-C cloud components are highlighted in the black
hatched histogram.
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Figure 6. GASS (left, v = 5.2 km s�1) and SGPS GC (right, v = 5.7 km s�1) H i intensity maps of the R-C cloud. The circles show
the position of the observed continuum background sources scaled and coloured by the optical depth. Most LOS have two Gaussian
components between 0 < v < 10 km s�1and FWHM < 10 km s�1.

Table 2. Line parameters from the Gaussian decomposition associated with the R-C cloud (0 < vLSR < 10 km s�1, FWHM < 10 km s�1)
and calculated Tk,max , Ts and N(H i). See full version in Appendix C.

name ⌧HISA vLSR FWHM Tk,max Ts,HISA GASS Ts,HISA SGPS N(H i) GASS N(H i) SGPS
[km s�1] [km s�1] [K] [K] [K] [1020 cm�2] [1020 cm�2]

NVSS J172920-234535 0.29 ± 0.16 3.2 ± 0.2 2.4 ± 0.2 127 ± 1 - ± - - ± - - ± - - ± -
NVSS J172920-234535 3.38 ± 0.31 6.7 ± 0.2 4.7 ± 0.2 485 ± 1 46 ± 54 - ± - 14.48 ± 0.05 - ± -
NVSS J172920-234535 0.16 ± 0.02 0.4 ± 0.3 3.4 ± 0.6 254 ± 7 - ± - - ± - - ± - - ± -
NVSS J173205-242651 2.33 ± 0.43 2.2 ± 0.2 3.0 ± 0.2 192 ± 1 72 ± 4 67 ± 1 9.75 ± 0.11 9.08 ± 0.1
NVSS J173753-254642 2.73 ± 0.21 3.4 ± 0.2 9.8 ± 0.3 2098 ± 2 35 ± 24 41 ± 30 18.46 ± 0.04 21.38 ± 0.04

of the cloud has higher N(H i) which we do not see in our
data (Fig. 10). This is due to the fact the McClure-Gri�ths
et al. (2006) assumed a constant spin temperature through-
out the cloud, where we find that the spin temperature de-
creases towards positive latitudes.

4.3 Sources of uncertainty and errors

We take the following sources of uncertainties into account
when calculating the spin temperature:

(i) The RMS noise of the observations. This is the smallest
source of uncertainty for Ts.

MNRAS 000, 1–17 (2016)
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wind clouds with anomalous  km/s up to |z| ～ 1.5 kpc 

1-105 M⨀ clouds in HI and H2 fractions > 0.32 and 0.64 for two CO-detected clouds 

chemistry, ionisation & dynamics => XCO ≈ 2-40 XCO local  

total entrained mass  
> 106 M⨀ in HI clumps 

> 2 106 M⨀ in warm 104 K entrained gas seen in UV absorption 

(4.6-5) 106 M⨀ and (5.2-9.8) 106 M⨀ of hot > 2 MK gas in the wind interior and shell  

(constrained by OVII and OVIII lines) 
✦ or 10 times more in the eROSITA Bubbles 

H2 ?

|vLSR | ≲ 350

missing the Galactic wind

Figure 1: Atomic hydrogen gas outflowing from the Galactic Centre. Blue-red colorscale is the

colum density of anomalous HI clouds in the MW nuclear wind detected with the GBT8. The

green-dashed line is the boundary of a volume-filled model for the Fermi Bubbles11. The two HI

clouds observed in the 12CO(2!1) line with APEX are enclosed by red boxes.
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Fermi Bubbles
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Miller & Bregman 2016

di Teodoro+20

Bordoloi+17

G� ( )V V sinz w . The polar angle f can again be expressed as a
function of cylindrical coordinates as G � ( )z Rarctan . In our
models, we always assume that �( )V r constw , namely the
radial velocity does not depend on the distance of a cloud from
the GC. Models with physically motived acceleration laws will
be considered in a future work.

This formalism can be used to simulate populations of
clouds entrained in out!ows with different velocities Vw and
opening angles B Q G� � 2 min, where Gmin is the minimum
polar angle of clouds. In Figure 7 we show an example of a
wind model with � �V 300 km sw

1 and B � n120 , built by
populating the bicone with 106 clouds with uniform volume
"lling factor. The model is shown in Cartesian coordinates
( )x y z, , and the color scale follows the LSR velocity of
particles given by Equation (4). Clouds on the far side of the
out!ow (x!>!0) are always redshifted ( �V 0LSR ), while clouds
on the near side (x!<!0) can be either blueshifted ( �V 0LSR ) or
redshifted. This effect is entirely due to the projection of radial
motions along the line of sight according to the "rst two terms
of Equation (4). The LSR projection, determined by the last
term of Equation (4), introduces a further asymmetry in the
velocity "eld and causes the clouds lying in the direction of
solar motion (y!>!0) to have more negative VLSR than those in
the opposite direction (y!<!0).

The longitudes and latitudes of observed clouds determine a
lower limit on the opening angle B � n140min . This lower limit
is set by the clouds at low latitudes and high longitudes, the
position of which cannot be reproduced by models with
narrower opening angles. Further re"nement of the real wind
opening angle cannot be achieved with the current data because
any model with .B n140 is able to populate the observed
cloud positions. We also stress that our model does not take
into account any possible tilt of the biconical out!ow with
respect to the vertical axis that would affect the estimated value
of !min.

By construction, our wind models are degenerate for the
LSR velocities, and it is not trivial to "t them to the data. At a
particular position (!, b), the model produces a spectrum of
VLSR made up by the contribution of all clouds lying inside the
cone along the line of sight (see Figure 7). Since the physical
3D position of an observed cloud is unknown, it is not possible

to directly compare its LSR velocity with the model prediction.
In particular, whenever a model with a given Vw is able to
reproduce a cloud at ( )! b V, , LSR , such a cloud can be also
reproduced by any out!ow with speed greater than Vw. The
velocity distribution of clouds can therefore be used just to "nd
a lower limit to the wind velocity, which is set by the highest
velocity cloud observed in our sample. However, the data
contain two critical pieces of kinematic information: (1) there
are anomalous clouds with 1 1! !V0 360LSR

�km s 1, but
(2) no cloud with 2 �! !V 360 km sLSR

1 is detected. The latter
evidence can be used to constrain the upper limit to the wind
velocity.
A visual comparison between the predictions of models with

different velocities and our H I population reveals that out!ows
at � �V320 370w

�km s 1 are generally a good match to the
kinematics of detected clouds. In particular, a ��V 320 km sw

1

is required to reproduce the bulk of observed VLSR, namely all
clouds but the cloud with the highest velocity. A model with

��V 370 km sw
1 can reproduce even the highest velocity

feature, but it also predicts a conspicuous population of very
high-velocity clouds that is not present in the data. In Figure 8
we show a comparison between the data and two model
examples: an out!ow with velocity � �V 280 km sw

1 and
opening angle B � n100 (upper panels), and an out!ow with

� �V 330 km sw
1 and B � n140 (lower panels). We plot

Figure 7. Kinematic model of the Galactic out!ow. The wind has
�V 330w

�km s 1 and B � n140 and is represented in Cartesian coordinates
(see Figure 6). The model includes 106 particles and is truncated at

�r 4 kpcmax . Particles are color-coded by their LSR velocity. The gray disk
denotes the GP, and the blue cone with apex centered on the Sun represents the
volume sampled by the GBT observations.

Figure 8. Longitude-velocity (left panels) and latitude-velocity (right panels)
diagrams for two different wind models. Upper panels refer to a model with

� �V 280 km sw
1 and B � n100 , and the lower panels to a model with

� �V 330 km sw
1 and B � n140 . Simulated clouds are color-coded by y and

z coordinates, whereas observed clouds are shown as black points. The gray
bands denote the confusion region where the MW disk emission prevents us
from detecting clouds. Latitudes within a few degrees of zero are not covered in
the GBT survey. Black crosses denote the two ionized absorption lines toward
the sightline (!, b)!=!(+10°. 4, +11°. 2) found by Fox et al. (2015), and the black
bracket represents the range of absorption features detected by Savage et al.
(2017) toward the sightline (!, b)!=!(+1°. 67, !6°. 63) (see Section 5.1). The
model with the higher wind velocity (lower panels) gives a good representation
of the data, but the model in the upper panel cannot account for the highest
! !VLSR points.
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3D distribution of ISRF and B for IC emission 
GALPROP 3D include the bulge/bar for the CR source and ISRF densities  
clumpier lepton distributions (severe radiation losses) 

=> brem map ≠ π0 map (closer to NH map) because of e- radiation losses 

sporadic star-formation bursts in the CMZ 

(re)acceleration by bar shocks and chimney shocks 

propagation properties at R < 3 kpc ???

cosmic-ray uncertainties

JCAP09(2019)042

Figure 2. Fractional residual di↵erence map for the 3D IC Model “F98-SA0” with respect to the Stan-

dard 2D IC Model “Std-SA0” in the inner 40� ⇥ 40� of the Galactic Center
⇣

(F98-SA0)�(Std-SA0)
Std-SA0

⌘
.

The map is displayed at an energy of 1.2GeV with a pixel size of 0.5�. The IC maps were computed
with the most recent release of GALPROP (v56) [41] and the new 3D ISRF data. No smoothing has
been applied to the image. These maps reproduce the ones presented in ref. [41]. See section 2.6 for
a description of the 3D IC models.

The IC maps investigated in [41] utilized three di↵erent CR propagation setups (see
table 3 of that publication). These were labeled SA0, SA50 and SA100 according to the
proportion of CR luminosity injected by the spiral arms. We have reproduced the main IC
skymaps presented in that study and included them in our step-wise statistical procedure
described in the following section. In particular, for each Galaxy model (F98 and R12) we
have utilized the three proposed CRs propagation setups. These are named: F98-SA0, F98-
SA50, F98-SA100, R12-SA0, R12-SA50 and R12-SA100. Figure 2 displays the fractional
residual di↵erences between a standard 2D IC map extracted from ref. [62] (Std-SA0) and
the 3D model F98-SA0.

2.7 Analysis pipeline

In ref. [32] some of us showed that the GCE spatial morphology was better explained by the
stellar nuclear bulge and Boxy/Peanut (or X-shaped) bulge templates than by a spherically
symmetric excess map given by an NFW2 profile. This was done by performing a set of
maximum-likelihood fits summarized in table I of that work [32]. In the present analysis we
use a similar step-wise statistical procedure to establish whether a certain extended template
for the GCE is statistically preferred over another.

The analysis pipeline used here to study the Fermi -LAT data utilizes the inner 40�⇥40�

of the Galactic Center. Similar to ref. [32], we employed a bin-by-bin analysis method in which

– 8 –

Macias+19

IC3D − IC2D

IC2D

IColdB − ICnewB

IColdB
Orlando 2019

Life cycle of the CMZ 11

Figure 7. Time evolution of gas mass (top left panel), SFR (top right panel) and depletion time (bottom left panel) in the CMZ and
power spectrum of SFR(t) (bottom right panel). The grey region in the top left panel detonates the range of time over which the mass
in the CMZ is roughly constant and a quasi-steady state equilibrium has been reached. In the top right panel, the blue and red lines
indicate the SFR averaged over the past 1 Myr and 10 Myr respectively, while the orange bar indicates the approximate present-day
observed SFR. In the bottom left panel, the red lines detonates the gas depletion time across the simulation, while the orange dotted
line indicates the present-day CMZ depletion time calculated by Kruijssen et al. (2014). The power spectrum in the bottom right panel
is evaluated over the time window between 200 and 600 Myr.

trajectory, the cloud slowly loses mass by tidal stripping (see
e.g. Dekel & Krumholz 2013) causing a decline in the over-
all star formation budget. In the simulation, the migration
ends at ⇠ 450 Myr when the cloud is tidally destroyed by
its encounter with the Galactic centre. If such large clouds
form and then migrate regularly, that would cause periodic-
ity on the migration timescale. However, since we only run
the simulation long enough to see a few such episodes, we
cannot draw more than tentative conclusions.

The orange bar in the top right panel of Figure 7 indi-
cates the approximate present-day observed SFR (⇠ 0.04 �

port this close to the Galactic Centre. Inside 250 pc, the bar does
not dominate the overall potential (c.f. Figure 1), and the pattern
speed of the bar is an order of magnitude smaller than the orbital
speed.

0.1 M� yr
�1, see Section 1 for references). On average, the

SFR in the simulation is higher than the observed one. How-
ever, several lines of evidence indicate that the present-day
CMZ is likely at a minimum of a star formation cycle (e.g.
t = 400 Myr or t = 480 Myr in the simulation). In the bottom
left panel of Figure 7, we calculate the gas depletion time
in the CMZ, tdep = Mgas/SFR, as a function of time, using
the SFR averaged over a 10 Myr window. The red line shows
the depletion time evolution across the simulation, while the
dotted orange line indicates the present-day depletion time
calculated by Kruijssen et al. (2014) using observational es-
timates of molecular gas and SFR surface densities. In the
simulation, tdep varies by more than one order of magni-

tude, from a few ⇥ 10
7 to 10

9 yr. Its time-averaged value is
⇠ 2 ⇥ 10

8 yr, in agreement with the average depletion time
found by Leroy et al. (2013) in the dense nuclear regions of

MNRAS 000, 1–20 (2018)
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total thermal energy of the eROSITA bubbles is almost 10 times larger 
than that of the Fermi bubbles.

T h e  o b se r ve d  ave ra ge  X- ray  su r f a ce  b r i g h t n e ss  of 
(2–4)!"!10#15!erg!cm#2!s#1!arcmin#2 in the eROSITA bubbles (Methods), 
which decreases with Galactic latitude, is in broad agreement with the 
above scenario. The observed surface brightness, integrated over the 
full extent of the eROSITA bubbles, implies a total luminosity of hot 
X-ray-emitting plasma of L!$!1!"!1039!erg!s#1.

To inflate the eROSITA bubbles, an average luminosity of the order of 
1041!erg!s#1 during the past tens of millions of years would be required, 
and could arise from either star-forming or AGN activity in the Galactic 
centre. As discussed above, the arguments in favour of each interpreta-
tion in the context of the Fermi bubbles have been debated extensively. 
In the case of the eROSITA bubbles, the energetics are such that they are 
at the limit of what the past starburst activity at the centre of the Milky 
Way could provide. Alternatively, the eROSITA bubbles could be inflated 
by a period (about 1–2!Myr) of Seyfert-like activity (L!$!1043!erg!s#1) of 
the central supermassive black hole (Sgr A*). The long cooling time of 
the hot plasma is consistent with such a hypothesis.

The structures seen here are reminiscent of similar effects seen in 
AGN that host rapidly accreting supermassive black holes1. These can 
inject a vast amount of mechanical energy into the ambient gas, as 
revealed by radio-bright bubbles embedded in the X-ray cocoons27. This 
process, known as AGN feedback, is seen in objects ranging from indi-
vidual early-type galaxies, such as Centaurus A28, to massive clusters, 
such as A426 (Perseus)29,30, and is thought to have potentially marked 
effects on the evolution of galaxies. On the other hand, explosions of 
supernova associated with star formation yield kinetic energy of the 
order of 1051!erg per supernova in the ejecta (also known as stellar feed-
back), which may drive an outflow from the central region of a galaxy31. 
M82 provides a good example of the latter mechanism32. The energet-
ics and the most salient features of the observed eROSITA bubbles are 
such that neither of the two mechanisms could be excluded a!priori.

Irrespective of the specific source of energy, our results cor-
roborate the notion that inactive disk galaxies, such as the Milky 

Way, have hot plasma in their haloes that is highly perturbed by 
activity in their disks, demonstrating the presence of a feedback 
mechanism in apparently quiescent galaxies. Galaxies are thought 
to grow via the slow recondensation of the hot halo plasma, which 
was shock-heated during the collapse of the dark-matter halo33. 
The cooling time of the hot plasma in the halo is comparable to 
the Hubble time, so the process of growing a galaxy is assumed 
to be steady (apart from mergers) and slow. Here we have direct 
evidence of the re-heating of such plasma, to considerable heights 
above the Galactic disk.

The detection of these X-ray bubbles was enabled by the combined 
capabilities of the eROSITA instrument and the Spektr-RG mission 
profile. More detailed analysis following accurate calibration of the 
instrument, substantial increases in data quality from the ongoing sky 
survey and follow-up observations in other parts of the electromagnetic 
spectrum will reveal further details of the properties of the eROSITA 
bubbles and the implications for the structure and evolution of galax-
ies, including the Milky Way.
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Fig. 3 | Comparison of the morphology of the !-ray and X-ray bubbles.  
A composite Fermi–eROSITA image is shown. The X-ray extended emission 
revealed by eROSITA (0.6–1-keV band; cyan) encloses the hard component of 

the extended gigaelectronvolt emission traditionally referred to as Fermi 
bubbles (red; Fermi map adapted from ref. 35), unequivocally establishing their 
close relation.
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Fig. 3. Energy flux of the diffuse emission model based on the low-energy data (Sect. 3.2) integrated over three energy ranges.

Fig. 4. Energy flux of the residuals of the low-energy model derived in Sect. 3.2 integrated over three energy ranges.

the centers of the pixels. We parametrized the model in each
stripe and each energy bin independently, i.e., in the latitude
stripe b for energy bin E and HEALPix pixel with index i the
model consists of the following two terms:

Mb(E, i) = kb(E) · Ñ low
b (E, i) + cb(E) · ⌧(E, i), (1)

where kb(E) and cb(E) are coefficients to be determined from
the fit to the data. The term cb(E) · ⌧(E, i) is proportional to
the exposure ⌧(E, i): it accounts for the isotropic extragalactic
background and partially compensates for the latitude-dependent
IC emission. The term kb(E) · Ñ low

b (E, i) is proportional to the
low-energy photon counts summed over nlow = 3 energy bins
between 316 MeV and 1 GeV rescaled by the ratio of exposures
at low and at high energies, i.e.,

Ñ low
b (E, i) =

1
nlow

0
BBBBB@

nlowX

↵=1

N(E↵, i)
⌧(E↵, i)

1
CCCCCA ⌧(E, i), (2)

where N(E↵, i) is the number of photons in energy bin E↵ and in
pixel i.

We determine the parameters cb(E) and kb(E) by fitting the
model to the Fermi-LAT data in energy bins E > 1 GeV. We
maximize the log likelihood of the gamma distribution with
respect to parameters cb(E) and kb(E) using the Python iminuit
optimizer6. In order to avoid an overcompensation for the flux
from the FBs, the region �20� < ` < 20� is excluded from the
fit, i.e., the fit is performed for the total remaining length of
the stripe 20� < ` < 340�. In the following, the region �20� <
` < 20� is referred to as the region of interest (ROI) of the FBs.
Bright PSs are masked with the mask described in Sect. 3.1.

6 The gamma distribution p(x; k̃ + 1) = xk̃

�(k̃+1) e�x is the probability
density function for the parameter x given the observed counts k̃. The
counts k̃ are integer for unsmoothed maps and non-integer for the
smoothed maps. We discuss the optimization of the model parameters
using smoothed maps in Appendix B.

After we fit the model in each latitude stripe, we interpo-
lated it inside the ROI of the bubbles. The intensity of the model
energy flux integrated in three energy ranges is shown in Fig. 3,
while the residuals after subtracting the model from the data
are presented in Fig. 4. The FBs are clearly visible in the first
two energy ranges, E = 1�10 GeV and E = 10�100 GeV. For
E = 100 GeV�1 TeV the statistics are low, but we can still see
an excess near the GP. There are other regions of large residuals
in the GP and at high latitudes. These are diffuse and point-like
sources with spectra harder than the average spectra of Galactic
and extragalactic sources. In particular, there is a residual in dif-
fuse emission along the GP within |`| . 60� at energies below
100 GeV. This residual can be due to IC emission, which has
a harder spectrum than the average spectrum of the ⇡0 compo-
nent; to a harder spectrum of CRs in the inner Galaxy (Gaggero
et al. 2015; Acero et al. 2016; Yang et al. 2016); or to a popula-
tion of hard PSs in the GP in the inner parts of the Galaxy. At
energies above 100 GeV the residuals are resolved into localized
sources, some of which are extended. Apart from the Galactic
foreground and background components, there are gamma rays
emitted by the interactions of CRs with the Sun and its radiation
field (Abdo et al. 2011b) and the Moon (Ackermann et al. 2016).
The intensities of the emission from the Sun and the Moon are
about an order of magnitude less than the intensity of the emis-
sion from the FBs. As a result, these components are not visible
on the residual maps at energies above 10 GeV.

3.3. Rectangles model of the bubbles

In the previous subsection, we excluded the ROI of the FBs. In
this subsection, we perform the fit over the whole sky and model
the emission from the FBs using rectangles. In order to explore
the east-west asymmetry of the FBs, we introduce two rectangu-
lar templates in each latitude stripe b and energy bin E: one east,
` 2 (0�, 20�), and one west, ` 2 (�20�, 0�), of the GC. The width
of the rectangles is 4�, i.e., the same as the width of the latitude
stripes. We use the same foreground model as in Sect. 3.2 plus
the isotropic template. Overall, the model has four terms in each
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