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A B S T R A C T 

We compare the surface brightness profile and morphology of the Galactic Centre Excess (GCE) identified in wide-angle γ -ray 

maps from the Fermi -Large Area Telescope (LAT) to dark matter annihilation predictions derived from high-resolution � 

cold dark matter magnetohydrodynamic simulations of galaxy formation. These simulations produce isolated, disc-dominated 

galaxies with structure, stellar populations, gas content, and stellar and halo masses comparable to those of the Milky Way. For 
a specific choice of annihilation cross-section, they agree well with the Fermi -LAT data o v er the full observed angular range, 
1 

◦–15 

◦, whereas their dark-matter-only counterparts, lacking any compression of the inner halo by the gravitational effects of the 
baryons, fail to predict emission as centrally concentrated as observed. These results provide additional support to the hypothesis 
that the GCE is produced by annihilating dark matter. If, ho we ver, it is produced by a different mechanism, they imply a strong 

upper limit on annihilation rates, which can be translated into upper limits on the expected γ -ray flux not only from the inner 
Galaxy, but also from any substructure, with or without stars, in the Galactic halo. 

Key words: methods: numerical – Galaxy: structure – galaxies: spiral – dark matter. 
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 I N T RO D U C T I O N  

ark matter (DM) accounts for more than 80 per cent of all matter 
n the Universe, but its nature is unknown. Historically, a particularly 
ell moti v ated candidate for the DM has been a weakly interacting
assive particle (WIMP), perhaps the lightest supersymmetric part- 

er of the known particles (e.g. Bertone, Hooper & Silk 2005 ). Such
articles may produce observable electromagnetic radiation through 
nnihilation, which, for standard WIMPs, produces γ -ray emission 
t GeV energies (see e.g. Arcadi et al. 2018 ). The indirect detection of
M through this channel has been the subject of much research, but
o clear signal, unambiguously due to DM, has so far been confirmed
Gaskins 2016 ). 

The Large Area Telescope (LAT) onboard the Fermi Gamma-ray 
bservatory provides detailed observations of γ -ray emission across 

he entire sky (Atwood et al. 2009 ) and has been used to study
ossible DM annihilation signals from dwarf satellites of the Milky 
ay (e.g. Albert et al. 2017 ) and from the diffuse component of its
ain DM halo (e.g. Berezinsky, Bottino & Mignola 1994 ; Bergstr ̈om, 
llio & Buckley 1998 ; Ackermann et al. 2012 ; Chang, Lisanti &
ishra-Sharma 2018 ). Previous work had argued that the former 

re the most promising targets to detect an annihilation signal (e.g. 
trigari et al. 2007 ). Ho we ver, numerical simulations demonstrate 

hat the signal from the Milky Way should be o v erwhelmingly domi-
ated by smooth background emission, even when the entire subhalo 
ass function (down to Earth-mass haloes) is taken into account 

Springel et al. 2008 ; Wang et al. 2020 ; Grand & White 2021 ).
 diffuse emission component in the Galactic Centre region with 
 E-mail: rgrand@iac.es 
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orphology, radial profile, and spectrum similar to the expectations 
or annihilating DM was first isolated in the LAT data more than
 decade ago (Hooper & Goodenough 2011 , see also Goodenough
 Hooper 2009 ). While it is clear that this Galactic Centre Excess

GCE) is more extended perpendicular to the Galactic plane than 
xpected for stellar or gaseous disc sources, it might be associated
ith some kind of bulge stellar population. Large uncertainties 

n the spatial distribution of contamination from other sources of 
mission make it difficult to characterize the GCE precisely enough 
o separate the bulge and DM annihilation interpretations. Pixel- 
o-pixel variations in the surface brightness of the GCE have been
rgued to be inconsistent with a DM origin, fa v ouring emission
y a previously unknown population of point sources in the bulge,
or example, faint millisecond pulsars (Lee et al. 2016 ), but more
ecent work has demonstrated that these variations are likely to reflect
mperfections in the foreground templates rather than a property of 
he GCE itself; thus, the interpretation of the GCE remains uncertain
see Slatyer 2021 , chapter 6 for a thorough recent re vie w of these
opics). 

Recently, Di Mauro ( 2021 ) characterized the GCE using a full
1 yr of Fermi -LAT data, together with a variety of updated
ource catalogues and interstellar emission models. In particular, 
e presented a map of the GCE surface brightness o v er a 40 ◦ × 40 ◦

egion surrounding the Galactic Centre and binned it up to obtain a
ircularly averaged profile, which was consistent with the simplest 
M predictions; he estimated the axial ratio of the GCE emission,
nding ‘best’ values in the range 0.8–1.2, depending on a foreground
odel, hence consistent with a spherically symmetric or slightly flat- 

ened halo; and he showed the GCE energy spectrum to be consistent
ith several DM annihilation models. He did not, however, revisit 
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he photon statistics issue to check for consistency with the smooth
mission expected for DM annihilation radiation. In this Letter, we
ompare Di Mauro’s results to predictions from high-resolution,
agnetohydrodynamical simulations of galaxy formation, which we

reviously used to study baryonic effects on the annihilation radiation
f Milky Way-like galaxies and their substructures (Grand & White
021 ). In general, we find remarkably good agreement, supporting
he idea that the GCE is dominated by annihilation radiation, possibly
rom a WIMP, within the � cold dark matter ( � CDM) paradigm. 

 SIMULATIONS  

e analyse the same suite of six simulations of Milky Way-like sys-
ems and their local environments as in Grand & White ( 2021 ). Taken
rom the AURIGA project (Grand et al. 2017 , 2018b ), these systems
ere selected to have halo masses between 1 and 2 × 10 12 M �, 1 and

o be moderately isolated; they were identified in the z = 0 snapshot of
 DM-only simulation of a periodic cube of comoving size 100 Mpc,
ssuming a standard � CDM cosmology. The adopted cosmological
arameters were �m 

= 0.307, �b = 0.048, �� 

= 0.693, and a Hubble
onstant of H 0 = 100 h km s −1 Mpc −1 , where h = 0.678, taken from
lanck Collaboration ( 2014 ). At z = 127, the DM resolution of each
alo and its surroundings is increased, and gas is added to create the
nitial conditions for a new ‘zoom’ simulation; this is evolved to the
resent day using the magnetohydrodynamics code AREPO (Springel
010 ). Each simulation is available in a ‘full physics’ (FP) and in a
DM-only’ (DMO) version. 

Galaxy formation processes included in the FP versions of these
imulations include self-gravity of all components, dissipative hy-
rodynamics, radiative cooling of gas, a two-phase model for cold
nd hot gas in star-forming regions, star formation, mass and metal
eturn from stellar e volution, supermassi ve black hole formation,
ccretion and mer ging, ener getic feedback from stars and active
alactic nuclei, and magnetic fields (see Grand et al. 2017 for a
ull description). The AURIGA model produces disc-dominated, star-
orming spiral galaxies, which are broadly consistent with a number
f observations, in particular, star formation histories, stellar masses,
izes, and rotation curves of nearby Milky Way-like galaxies (Grand
t al. 2017 ). More detailed properties of such galaxies are also
atched, including some particularly rele v ant to the Milky Way,

or example: the distribution of H I gas (Marinacci et al. 2017 ); the
ize and structure of their bulges (Gargiulo et al. 2019 ; Fragkoudi
t al. 2020 ); and a thick and thin disc with chemical and structural
roperties similar to that of the Milky Way (Grand et al. 2018a ,
020 ). These simulations are thus good ‘FP’ versions of a � CDM
ilky Way, and are hence well suited for our purposes. 
In the FP runs, these systems have mass resolutions of ∼6 × 10 3 

nd ∼5 × 10 4 M � for baryons and DM, respectively, while in the
MO runs, the DM particle mass is ∼6 × 10 4 M �. In both cases,

he gravitational softening length is 184 pc after z = 1 and is fixed
n comoving units at earlier times. For consistency with earlier
ork, these resolution specifications are referred to as ‘level 3’. In

ddition to these six level 3 simulations, we include here the recently
ompleted ‘level 2’ simulation of Grand et al. ( 2021 ) (both the FP
nd the DMO versions), for which the resolution is increased by
actors of 8 in mass and 2 in spatial scale. 
 We define halo mass, M 200 , as the mass within the radius R 200 that encloses 
 mean density 200 times the critical value for closure. 
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 RESULTS  

o predict annihilation surface brightness (ASB) distributions from
ur simulations, we first calculate the luminosity density L at each
oint in space using 

 = Cρ2 , (1) 

here C depends on observational and particle physics quantities,
uch as the observing bandpass, the available annihilation channels,
nd their coupling to photon emission, and the velocity-weighted
nnihilation cross-section, 〈 σv 〉 . We assume these to be position-
ndependent and that the latter is velocity-independent (correspond-
ng to s-wave annihilation). Thus, up to a multiplicative constant, our
alculations boil down to evaluating the DM density at every point in
pace. Following Grand & White ( 2021 ), we apply AREPO ’s Voronoi
esselator to the DM particle distribution, allowing calculation of
i , the density in the cell surrounding the i th DM particle, from

he cell mass and volume. This approach provides a better localized
easure of the DM density than kernel-weighted estimates, which

mooth o v er a particle’s neighbours. This is especially important for
igh-density regions such as the Galactic Centre. 

.1 1D angular surface brightness profiles 

ith the abo v e assumptions, the annihilation luminosity associated
ith the i th DM particle is simply the product of its mass m i and

he density ρ i of its Voronoi cell. To construct ASB profiles, we
dopt 18 ‘solar’ positions equally spaced around an 8 kpc circle in
he disc plane of each simulated galaxy, and for each, we calculate
he projected annihilation flux for a grid of sky pixels within 20 ◦

f the Galactic Centre: f j = � 

N j 
i ρi m i /d 

2 
i , where N j is the number

f DM particles projected on to the j th pixel. We then construct
SB profiles for each position by averaging the surface brightness in

nnuli around the Galactic Centre. Fig. 1 shows these profiles both
or our FP simulations (left) and for our DMO simulations (right)
nd compares them with the recent ASB profile obtained from 11 yr
f Fermi -LAT data by Di Mauro ( 2021 ). For each simulation, we
a ve a veraged the profiles from the 18 different ‘solar’ positions,
lthough the scatter among these is typically substantially smaller
han the variation between simulations. A normalization factor has
een applied to the simulated ASB curves in order to facilitate
omparison of their shapes to the observed profile; the value of
he normalization (equi v alent to the constant, C, in equation 1) is
ept the same for all curves in both panels of Fig. 1 . 

Focusing first on the FP predictions, the grey and orange curves
n the left-hand panel of Fig. 1 show mean ASB profiles for our
ix level 3 simulations. The shapes and scatter of these curves are
onsistent with the observed profile for all but the innermost ∼2 ◦,
here they are systematically low. The size of this region corresponds

pproximately to the gravitational softening of these simulations, so
hat densities are underestimated within this radius. To illustrate this,
e also plot the single level 2 simulation introduced in Grand et al.

 2021 ), for which the resolution is impro v ed by factors of 8 and 2
n mass and spatial scale, respectively (the blue curv e). The lev el 3
ounterpart of this simulation is shown in orange. The mean ASB
rofile of this high-resolution simulation agrees remarkably well with
he observations, noticeably better than its level 3 counterpart at the
nnermost point. 

The right-hand panel of Fig. 1 shows mean ASB profiles for the
MO counterparts of the FP simulations of the left-hand panel. These

re shallower than the corresponding FP profiles and do not fit the
bserved shape as well; the increase from the outermost measured
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Figure 1. Mean angular surface brightness profiles of the emission produced by DM annihilation for our simulated haloes (solid curves) in the FP runs (left-hand 
panel) and in the dark-matter-only runs (right-hand panel), together with the observed profile of the GCE (star symbols, note that four of these are upper limits) 
from the 11 yr Fermi -LAT data set (Di Mauro 2021 ). The profile of our highest resolution (level 2) simulation is coloured blue and its lower resolution (level 3) 
counterpart is coloured orange; the other five level 3 simulations are coloured grey. 
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Figure 2. Projected ASB map of the Galactic Centre region (a 40 ◦ ×
40 ◦ patch viewed from a solar-like position) in one of our level 3 FP 
simulations. The projected galactic disc is horizontal. The colour scale is 
logarithmic with arbitrary zero-point. Ellipses are fitted to logarithmically 
spaced isophotes (white and black contours). The vertical-to-horizontal axial 
ratio, q , is indicated for each fitted ellipse. 

s  

1
 

v  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/article/511/1/L55/6520440 by Liverpool John M
oores U

niversity user on 19 April 2023
oints to the innermost point is a factor of ∼10 below that observed,
ven for the high-resolution simulation, which is enhanced by a 
actor of 2 at the centre relative to its lower resolution counterpart but
therwise agrees with it remarkably well, much better than in the FP
ase. This difference, like the fact that the FP curves lie systematically
bo v e their DM counterparts, and by larger factors in the inner
egions, is a consequence of the gravitational compression of the 
alo during the formation of the visible galaxy and of the substantial
ariability of this process between realizations and resolution levels 
see also Schaller et al. 2015 ; Lo v ell et al. 2018 ; Cautun et al. 2020 ).
aryonic contraction of the dark halo appears necessary to reproduce 

he observed ASB profile of the GCE. 

.2 The shape of surface brightness isophotes 

he morphology of the GCE is an additional diagnostic that can 
elp interpret the source of the signal. Di Mauro ( 2021 ) found the
CE to be approximately circularly symmetric about the Galactic 
entre, which would be consistent with DM annihilation from a near- 

pherical halo. He found this morphology to be clearly preferred o v er
ne reflecting production from a population of stars or gas clouds 
ssociated with the disc, which would produce a signal strongly 
longated along the Galactic plane. 

We quantify the morphology of DM annihilation maps made from 

ur simulations by fitting ellipses to the isophotes of the surface 
rightness in each of the 18 projections of each simulation. The 
llipses are centred on the Galactic Centre with axes aligned with the
isc mid-plane and the rotation axis. As is conventional, we define 
he flattening q as the ratio of the axis aligned with the rotation axis
o that aligned with the disc. Fig. 2 shows an example of the resulting
SB maps for a 40 ◦ × 40 ◦ patch surrounding the Galactic Centre. 
he fitted ellipses for v arious ASB v alues are sho wn as white (or
lack) contours labelled by their q values. The rms percentage error
n surface brightness around the fitted ellipses in this and almost all
imilar plots for this and other simulations is between 5 per cent and
0 per cent . 
In Fig. 3 , we show the variation of q with radius for different

antage points in all of our simulations. The colours correspond to
hose in Fig. 1 . We exclude vantage points for which the surface
MNRASL 511, L55–L59 (2022) 
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Figure 3. The axial ratio, q , as a function of angular distance from the 
Galactic Centre, for all 18 solar-like positions in each simulation. Circles 
show the median q values in each angular bin with vertical bars to indicate 
the full range of q across all solar-like positions. The x -axis positions of points 
and their associated bars are offset by small amounts for clarity. Colours are 
as in Fig. 1 . Most simulations are consistent with q � 0.8 for θ � 12 ◦. 

Figure 4. Top left-hand panel: Contours of ASB as seen by a distant observer 
towards the galactic pole are o v erlaid on an image of the projected stellar mass 
distribution for a 20 kpc × 20 kpc region of the simulation indicated in orange 
in Figs 1 and 3 . Top right-hand panel: the relative azimuthal variation in ASB 

at a constant galactocentric radius in the same projected image. Bottom 

panels: ASB contours and the projected stellar mass distribution in the same 
format and to the same scale as in the top left-hand panel but now for edge-on 
projections along (left-hand panel) and transverse to (right-hand panel) the 
stellar bar. 
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rightness map contains clear ‘blob-like’ features because this can
istort some of the fitted ellipses quite far from the smooth surface
rightness isophotes. Fewer than a third of the vantage points are
ypically excluded in each simulation. For the real GCE, Di Mauro
 2021 ) finds best values for q in the range 0.8–1.2 depending on the
pecific model adopted for the foregrounds (note that his convention
or the axial ratio is the reciprocal of ours). This is consistent with
he results found at most radii in most of our simulations, where the
 v erall median value of q is about 0.8. It is noticeable that the most
attened case, and also the one with the largest variation in q with
antage point, is the one shown in orange, the level 3 counterpart of
ur single high-resolution simulation. 
In Fig. 4 , we demonstrate that this variability is caused by a strong

tellar bar in this simulation, which can be seen very clearly in
g. 1 of van de Voort et al. ( 2021 ). The top left-hand panel of our
NRASL 511, L55–L59 (2022) 
gure o v erlays contours of the ASB on an image of the projected
tellar mass distribution in the inner 10 kpc of the galaxy . Clearly , the
M distribution is not axisymmetric but rather is elongated along the

tellar bar. As can be seen in the top right-hand panel, this ellipsoidal
istortion is strongest near the centre, reaching amplitudes of almost a
actor of 2 in ASB, but is present o v er a wide range of radii. The lower
anels of Fig. 4 show edge-on views projected along (left-hand panel)
nd perpendicular to (right-hand panel) the bar. These highlight the
ariation in isophote flattening with viewing angle responsible for
he substantial scatter around the orange points in Fig. 3 . In these
iews, it is noticeable that the isophotes are lens-shaped rather than
xactly elliptical. The bar is weaker in the high-resolution version of
his simulation, and, although still strongly flattened, it shows much
ess variation in q with viewing angle. 

 C O N C L U S I O N S  

he Fermi -LAT data agree well with the simulated shape both of
he radial ASB profile and of the ASB isophotes o v er quite a large
ngular range, 0 ◦–15 ◦. This suggests that the GCE may be dominated
y emission from DM annihilation. If, ho we ver, it is due to a
ifferent source, for example, to a bulge population of millisecond
ulsars, then our results imply that the observations can be used
o put a strong upper limit on the ‘particle physics factor’ C in our
quation (1) for the luminosity density, translating into a strong upper
imit on the γ -ray annihilation cross-section of DM. In his fig. 10,
i Mauro ( 2021 ) gives the surface brightness of the GCE in units
f MeV cm 

−2 s −1 sr −1 . Using the same energy units, our results give
he upper limit 

 

〈 σv〉 c 2 
m χ

= C < 1 . 17 × 10 16 MeV cm 

3 s −1 g −2 , (2) 

here f is the fraction of annihilation energy of WIMPs of mass m χ

nd ‘thermally’ averaged pair-wise annihilation cross-section 〈 σv〉 ,
hich appears as γ -rays in the Fermi -LAT 1–10 GeV band. As
etailed in our earlier paper (Grand & White 2021 ), such an upper
imit on the annihilation flux from the inner Galaxy implies an upper
imit on the expected flux from any substructure (with or without
isible stars) in the Galactic halo, which is more stringent than
ssumed in previous work because of the substantially enhanced
ontrast between the GCE and satellite emission resulting from
aryonic effects. 
Our magnetohydrodynamical ‘FP’ simulations, carried out within

he standard � CDM paradigm, produce galaxies in quantitative
greement with many aspects of the observed structure of our
ilky Way. The fact that they simultaneously and without further

djustment also reproduce the morphology and the shape of the
ermi GCE supports the hypothesis that this extended component
f γ -ray emission is indeed a product of DM annihilation. The
ost significant outstanding challenge to this interpretation remains

he relatively strong smaller scale fluctuations in the observed
CE surface brightness (see fig. 5 of Di Mauro 2021 ). These
ay fa v our production by a population of point sources such as
illisecond pulsars, or they may reflect residual small-scale errors

n the foreground templates (see Slatyer 2021 for some discussion of
he issues). 
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