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Abstract

The diffuse Fe XXV (6.7 keV) line emission observed in the Galactic ridge is widely accepted to be produced by a superposition of a large number of unresolved X-ray point sources. In the very central degrees of our Galaxy, however, the existence of an extremely hot (~7 keV) diffuse plasma is still under debate. In this work we measure the Fe XXV line emission using all available XMM-Newton observations of the Galactic centre (GC) and inner disc (−10° < ℓ < 10°, −2° < b < 2°). We use recent stellar mass distribution models to estimate the amount of X-ray emission originating from unresolved point sources, and find that within a region of ℓ = ±1° and b = ±0.25° the 6.7keV emission is 1.3–1.5 times in excess of what is expected from unresolved point sources. The excess emission is enhanced towards regions where known supernova remnants are located, suggesting that at least a part of this emission is due to genuine diffuse very hot plasma. If the entire excess is due to very hot plasma, an energy injection rate of at least ~6 × 1040 erg s−1 is required, which cannot be provided by the measured supernova explosion rate or past Sgr A* activity alone. However, we find that almost the entire excess we observe can be explained by assuming GC stellar populations with iron abundances ~1.9 times higher than those in the bar/bulge, a value that can be reproduced by fitting diffuse X-ray spectra from the corresponding regions. Even in this case, a leftover X-ray excess is concentrated within ℓ = ±0.3° and b = ±0.15°, corresponding to a thermal energy of ~2 × 1052 erg, which can be reproduced by the estimated supernova explosion rate in the GC. Finally we discuss a possible connection to the observed GC Fermi-LAT excess.
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1 Introduction
Studies of galaxies in X-rays have revealed that diffuse X-ray emission is a dominant component of the total soft X-ray flux (<2keV; e.g. Mineo et al. 2012). It is believed to be the result of the energy released in the interstellar medium (ISM) by supernova explosions and stellar winds (Cox & Smith 1974; Spitzer 1990; McKee & Truelove 1995). This feedback on the ISM, in the most extreme cases, takes the form of a galactic wind (e.g. M82; Strickland & Heckman 2009), which can drive powerful outflows to the halo.
Studies at high angular resolution, that is to say in our own Galaxy, have recently revealed the detection of soft X-ray emitting bubbles, the eROSITA bubbles (Predehl et al. 2020), that extend approximately 14 kpc above and below the Galactic centre (GC). These features are double the size and about ten times the volume of the Fermi bubbles (Su et al. 2010), and they are most likely the result of large energy injections from the GC. Indeed, looking at the central hundred parsecs of the GC, Ponti et al. (2019) discovered the Chimneys, which are two prominent X-ray features that extend hundreds of parsecs above and below the Galactic plane, and Heywood et al. (2019), studying MeerKAT radio maps, found two edge-brightened lobes that approximately trace the edges of the X-ray chimneys. These features, along with the Fermi and eROSITA bubbles, are most likely tracers of an outflow. The driving mechanism of this putative outflow could either be attributed to past activity of Sgr A* or to star formation via the production of core-collapse supernovae (Zhang et al. 2021) that possibly result in the existence of a very hot (~7 keV) unbound plasma component in the centre of our Galaxy (e.g. Koyama et al. 1996).
In the late 1970s, the Galactic ridge X-ray emission was discovered as a large, diffuse feature along the Galactic disc and bulge extending about 100° along the Galactic plane (Cooke et al. 1969; Worrall et al. 1982). It showed strong emission lines and a hard X-ray continuum characteristic of a 5–10 keV optically thin thermal plasma (Koyama et al. 1986, 2007a; Yamauchi & Koyama 1993; Yamauchi et al. 2009). However, such a hot plasma could not be gravitationally or magnetically bound to the Galaxy (Tanaka 2002), and it would flow away with supersonic velocity of a few thousand km s−1 on a timescale of ~3×104 yr (Zeldovich & Raizer 1969; Sunyaev et al. 1993). Moreover, in order for the hard diffuse emission to be attributed to hot plasma, a steady source of 1043 erg s−1 would be required to sustain the plasma, and no evidence of such a source exists (see review from Tanaka 2002).
Alternatively this hard diffuse emission could be composed of a large population of weak point sources (Worrall et al. 1982; Worrall & Marshall 1983; Koyama et al. 1986; Ottmann & Schmitt 1992; Mukai & Shiokawa 1993). In support of this, it was observed that the hard X-ray emission and the Fe XXV 6.7 keV line are very well correlated over the whole Galaxy (GC and plane) with the near-infrared (NIR) luminosity (3–4 µm), which traces the stellar mass density (Revnivtsev et al. 2006b,a). Moreover, with an ultra-deep Chandra observation of a field at (ℓ, b) = (0.113°, −1.424°) on the Galactic plane, Revnivtsev et al. (2009) resolved more than 80% of the diffuse 6–8 keV emission into weak discrete sources such as accreting white dwarfs and coronally active stars. The remaining 10–20% of the total diffuse emission was attributed to stars of luminosities lower than the detection limit of Chandra (0.5–7.0 keV; ≲1029 erg s−1).
Today all studies agree that ~70–80% of the Galactic ridge X-ray emission flux is resolved into point sources (see review by Koyama 2018) consisting of some mixture of magnetic and nonmagnetic cataclysmic variables (mCVs, non-mCVs), and coro-nally active sources such as active binaries (ABs; e.g. Revnivtsev et al. 2009; Hong 2012; Morihana et al. 2022; Schmitt et al. 2022). However, in the very central degrees of our Galaxy, the existence of a very hot, extended interstellar plasma is still under debate.
Closer to the GC, with a total of ~600 ks of Chandra observations, 20–30% of the total X-ray flux was resolved into point sources in a sub-region free from supernova remnants (SNRs; region ‘Close’; Muno et al. 2004; Park et al. 2004). Moreover, Park et al. (2004) discussed that the remaining emission could be due to magnetically confined truly diffuse hot plasma. In addition, Revnivtsev et al. (2007), using even deeper Chandra observations (918 ks) towards a region south-west of the GC (2–4 arcmin from Sgr A*) where the contribution of SNRs to the thermal emission is small, found that at least ~40% of the total X-ray emission in the energy band 4–8 keV originates from point sources (L2–10 keV > 1031 erg s−1). They found that most of the unresolved X-ray flux possibly originates from weak CVs and coronally active stars with luminosities below the Chandra detection threshold. However, they note that the GC region is characterised by an increased number density of SNRs with respect to the Galactic disc, so a small contribution from a truly diffuse emission component can be expected.
A bright peak of 6.7 keV iron line emission in the GC was first discovered by the Ginga satellite (Koyama et al. 1989). Subsequently, Yamauchi & Koyama (1993) made a map of the same emission and showed that it has a roughly elliptical shape of size 1°×1.8° around Sgr A*. Since then, several studies of the very central degrees (ℓ ± 2°, b ± 1°) of the GC have been performed (e.g. Koyama et al. 2007a, 2009; Yamauchi et al. 2009; Uchiyama et al. 2011; Nishiyama et al. 2013; Heard & Warwick 2013; Koyama 2018). In many of those, the contribution of unresolved point sources to the 6.7 keV line emission is accounted by scaling NIR data or the stellar mass distribution models (SMDs) based on NIR observations to the ridge X-ray emission, where unresolved point sources are producing almost all the extended hard X-ray emission (Revnivtsev et al. 2009). All studies agree, however, that after the subtraction of unresolved point sources with this method, in the central degrees at the GC, there remains a hard X-ray emission excess. This excess has been interpreted so far as a strong indication for the existence of very hot plasma in the GC, as a completely new population of sources (e.g. Uchiyama et al. 2011; Nishiyama et al. 2013; Yasui et al. 2015), or as a fractionally larger population of already existing types of sources such as intermediate polars (IPs; e.g. Heard & Warwick 2013).
Regarding the physical explanation of excess Fe XXV emission in the GC, various hypotheses have also been proposed. For example, Belmont et al. (2005) suggested that the very hot plasma could exist, if the medium is collisionless, as gravitationally confined helium plasma, since the hydrogen would have already escaped the GC region, while Belmont & Tagger (2006) propose a viscous heating mechanism in order to heat and maintain the plasma. Uchiyama et al. (2011) noticed that although the observed Fe XXV excess is explained with difficulty by point sources, its flux distribution is similar to the shape of the NIR distribution of the nuclear stellar cluster (NSC) and nuclear stellar disc (NSD), yielding a connection to the point sources. They proposed that the plasma could be the result of multiple supernova explosions, which could be explained by the high density of molecular gas and the on-going star formation of the NSC and NSD. Uchiyama et al. (2013) estimated the thermal energy and the dynamical age of the high-temperature plasma (5–8 keV) to be 1 × 1053 erg s−1 and 2 × 104 yr respectively. They consider the supernova scenario highly unlikely since the required supernova explosion rate of >5 × 10−3 yr−1 is too high to be explained by the stellar mass of the GC, and the fact that supernova remnants (SNRs) at ages of ~ 104 yr have significantly lower temperature than that of a plasma at 7 keV. They rather propose an alternative scenario of many violent flares of Sgr A*, also suggested by Koyama et al. (1996). Nishiyama et al. (2013) used near-infrared polarimetric observations of the central 3° × 2° of the Galaxy, and suggested that the diffuse thermal plasma is possibly confined by a large-scale toroidal magnetic field. With this explanation the required energy input is reduced by orders of magnitude. In addition, they propose other possible heating mechanisms of the gas, such as past activity of the super-massive black hole (Koyama et al. 1996), magnetic reconnection (Tanuma et al. 1999), and star formation and consequent supernova explosions (Crocker 2012). Heard & Warwick (2013), analysing XMM-Newton data of the GC, attribute the excess either to a different kind of underlying source population, or to an inaccurate SMD. They suggest that the Fe XXV excess could be reproduced if the population of IPs is 7 times higher in the centre than other regions. More recently, Oka et al. (2019) analysed infrared spectra towards 30 bright stars close to Sgr A* and found that the presence of warm gas dominates the volume of the central molecular zone (CMZ). They claim that a very hot X-ray-emitting plasma could not coexist with the warm gas since it would have been cooled by the latter. They conclude that the very hot gas does not exist over extended regions and most probably the excess observed is due to unresolved stars and to the scattering of stellar X-rays by interstellar matter.
Overall, the existence of truly diffuse very hot plasma in the central degrees of our Galaxy is still debated, and even if it exists its origin is far from clear. A high-temperature component has also been revealed through the detection of the 6.7 keV emission line in the core of M82, but its properties are difficult to constrain due to its low emissivity (Strickland & Heckman 2007, 2009). Investigating the existence and studying the physical properties of the 6.7 keV emission in our own Galaxy will give valuable insights on what could be the driving mechanism of the outflows observed today in our and in other galaxies.
In this work we use all available XMM-Newton observations of the GC and Galactic disc included within ℓ = ±10° and b = ±2.0°. These observations provide the most detailed view of the Fe XXV line emission so far, covering also the Chandra deep region (Revnivtsev et al. 2009). To estimate the contribution of point sources to the Fe XXV line emission we use SMD models based on photometric as well as kinematic data and compare our results with an NIR Spitzer map. In Sect. 2 we describe the XMM-Newton and Spitzer data used in this work, and their corresponding analysis, as well as the SMD models. In Sect. 3 we present latitudinal and longitudinal profiles of the 6.7 keV emission line, SMD and NIR data, and calculate the excess iron 6.7 keV line emission in the GC. In Sect. 4, we model and calculate the physical properties of the excess Fe XXV emission, whereas in Sect. 5 we discuss our results in tandem with other works and suggest physical explanations for the observed excess. Finally, in Sect. 6 we summarise our findings. Throughout this work we use a distance to the GC of 8.2 kpc (Gravity Collaboration 2019), errors are reported at the 1σ level unless otherwise stated, and acronyms are summarised in Table A.1.
2 Data
In the following section, we describe all data (X-ray and infrared) as well as the SMD models used in this work.
2.1 The XMM-Newton X-ray mosaic
We have used a total of 370 XMM-Newton observations with more than 6 Ms clean exposure time (EPIC-pn equivalent), which comprise all available observations until April 1 2022, covering the central degrees of the GC and disc (out to b = ±2.0°, ℓ = ± 10°). Observations with less than 5 ks have been masked out. This sample includes all observations of the GC reported by Ponti et al. (2015, 2019), as well as all newer GC observations. Moreover, it includes all serendipitous observations along the Galactic plane, as well as 46 observations from the Heritage programme (ID: 088393) that will eventually map the central 40 square degrees of the Galactic plane. In Table B.1, we present all XMM-Newton observations (237) not already presented in detail in Ponti et al. (2015).
We reduced and analysed all EPIC observations, using the XMM-Newton Science analysis system (SAS) v19.0.0. We followed the same procedure presented in detail by Haberl et al. (2012) and Ponti et al. (2015). Briefly, we produced calibrated event files using the emchain SAS task for the MOS cameras and epchain SAS task for the pn camera. The latter was also used to create out-of-time event files for the pn camera using withoutoftime=Y, in order to subtract out-of-time events and properly correct for the charge transfer inefficiency. We also used the emtaglenoise tool to flag noisy MOS CCDs at low energies (Kuntz & Snowden 2008). In order to filter background flares we created good time interval files using the SAS task tabgtigen with a constant cut-off of 2.5 cts s−1 and 8.0 cts s−1 for the EPIC MOS and EPIC pn exposures, respectively. In addition, we visually inspected all light curves and selected custom cut-offs when needed, as indicated in Table B.1 for observations not reported in Ponti et al. (2015). The final product was filtered event lists for each detector.
We then created images and exposure maps for EPIC pn and MOS in the five standard bands of XMM-Newton which are traditionally used to run source detection, using the clean event files and the tool eimageget, as well as a band to represent the Fe XXV emission line. Therefore, the bands used are: Band 1: 0.2–0.5 keV, Band 2: 0.5–1.0 keV, Band 3: 1.0–2.0 keV, Band 4: 2.0–4.5 keV, Band 5: 4.5–12.0 keV, and Fe XXV Band: 6.62–6.8 keV. The EPIC pn Band 5 images were corrected for strong contaminating instrumental background emission due to Ni, Cu, and ZnCu lines, by removing the emission at energies 7.2–9.2 keV. Then, the detector background created from filter wheel closed data was subtracted for each observation (for a detailed description see: Maggi et al. 2016).
In each band and for each detector, a mosaic was created combining all observations, after the subtraction of point sources detected in the XMM-Newton observations, and strong stray-light artefacts. The method for the removal of stray-light artefacts is described in detail in Sect. 2.2.1 of Ponti et al. (2015). The result was a background-subtracted map for each detector. We then combined the MOS and pn maps to a single count-rate map, where the exposure maps of the MOS detectors were multiplied by a scaling factor to account for effective area differences at 6.7 keV. This procedure is described in detail in the appendix. Finally, the mosaic was adaptively smoothed with a minimum signal-to-noise of 10, and following the standard procedure described in the asmooth tool documentation. We calculated the error of the smoothed mosaic using the command readvariance=yes of the asmooth tool after supplying a variance map. The supplied variance map was calculated after propagating the errors of the raw images and background maps following Gehrels approximation (Gehrels 1986).
Since in the very central arcmin of our Galaxy there are many bright sources (e.g. Sgr A East, Arches cluster, etc.), we removed larger regions in order to avoid contamination of the hard diffuse emission (6.7 keV) by the scattered light halos corresponding to these sources (for an example of dust scattering halos around a bright source see: Jin et al. 2017). We present the excised regions in Table 1, while the XMM-Newton mosaic with sources removed in the Fe XXV energy band is shown in Fig. 1.
2.2 Stellar mass distribution models
The XMM-Newton Fe XXV map presented in Fig. 1 shows the diffuse X-ray emission from the 6.7 keV line produced by unresolved point sources as well as possibly by very hot plasma. The contribution of the unresolved point sources is expected to correlate with the stellar mass distribution in the Galaxy. Therefore, we compare the 6.7 keV emission with SMDs of the Milky Way.
The total stellar density of the Milky Way can be conveniently decomposed as the sum of several components:
[image: equation](1)
In order of increasing Galactocentric radius R, these components are: (i) The NSC, which is a dense, massive (M ≃ 2.5 × 107 M⊙) and slightly flattened assembly of stars centred on Sgr A* (Schödel et al. 2014; Neumayer et al. 2020). It dominates the stellar mass density at R ≲ 10 pc. (ii) The NSD, which is a flattened stellar structure with a mass of M ≃ 1.05 × 109 M⊙ (Launhardt et al. 2002; Sormani et al. 2022b) that dominates the mass density at Galactocentric radii 10 ≲ R ≲ 200 pc. (iii) The Galactic bar, which is a strongly non-axisymmetric structure whose major axis lies within the Galactic plane, with its nearer end at positive longitudes (for a review see for example Bland-Hawthorn & Gerhard 2016). It has a mass of approximately M ≃ 1.9 × 1010 M⊙ and dominates the stellar mass density in the range 0.2 ≲ R ≲ 3 kpc. (iv) The Galactic disc, which dominates the stellar mass density at R ≳ 3 kpc. We consider two models in this paper, Model 1 and Model 2. They are constructed by combining recent models of the above individual components, as summarised in Table 2. The NSD is the component that is most important for our present purposes, because it dominates the stellar mass density in the GC region shown in the bottom panel of Fig. 1 (recall that 1 degree at the distance of the GC corresponds to ≃140pc, which is roughly the radius of the NSD). Model 1 includes the NSD fiducial model from Sormani et al. (2020a). The shape of the density profile of this model was previously derived by Gallego-Cano et al. (2020) from a Sérsic profile fitting to the Spitzer/IRAC 4.5 µm maps. Model 2 includes the NSD model from Sormani et al. (2022b), which was fitted purely to kinematic data without using any photometric information. The two NSD models are therefore fitted to different data sets using different methods. Therefore, they give two independent assessments of the stellar mass density profiles of the NSD.
	[image: thumbnail]	Fig. 1 XMM-Newton 6.7 keV emission from the GC and inner disc. Top: EPIC XMM-Newton count rate mosaic in the Fe XXV band. Bottom: The same as top but showing only the emission from the central degrees of our Galaxy. Regions containing bright sources are masked.



Table 1 
Bright sources removed from the XMM-Newton X-ray mosaic.

2.3 Near-infrared maps
For the estimation of the stellar component in the 6.7 keV emission we have additionally used a NIR map. The NIR emission (3–4 µm) has been found to be a good tracer of the stellar density and to scale with the Fe XXV line emission (e.g. Revnivtsev et al. 2006b,a). For that reason we have constructed a NIR map using Spitzer data, which we use only as comparison to our SMD models. The proper usage of the Spitzer map would require various corrections (e.g. for foreground stars, supergiant contribution, etc.).
Then, we built for the central 5 square degrees of the GC, Spitzer IRAC Band 1 (3.6 µm) and Band 2 (4.5 µm) mosaics, using the toolkit Montage1. For the creation of the mosaics more than 1000 archival observations were used each time, which then were re-projected with the tool mProjExec and finally corrected for background differences.
Since extinction towards the GC at this wavelength is non-negligible, we corrected the Spitzer maps using the extinction map provided by Schödel et al. (2014) for the 4.5 µm band. This map is the best choice in terms of resolution (5 arcsec), since it is based also on Spitzer data. However, since it does not cover our entire IRAC mosaic, we decided to show only the central region (1 ° × 1 °) with a reliable extinction measurement2.
We have created the mosaics in both bands (3.6 and 4.5 µm) in order to assess differences that could be attributed to the differential extinction in these two bands. We noticed that after extinction correction, the differences between the two wavelengths were negligible. We decided to use the 4.5 µm map for the rest of this work because it is generally less affected by extinction compared to the 3.6 µm band.
Table 2 
Stellar mass distribution models of the Milky Way used in this Paper.

3 Analysis and results
In this section we report on the analysis performed on the XMM-Newton, and Spitzer data, along with SMD models, in order to produce a map representing the Fe XXV line emission in excess to what is produced by unresolved point sources. As a first step, since all maps have different orientation and resolution, we used the astropy module reproject of python, to reproject the corrected Spitzer map, as well as the SMD models, to the same pixel size and orientation as the XMM-Newton mosaic.
3.1 Latitudinal and longitudinal profiles
In order to assess the existence of truly diffuse very hot plasma in the central degrees of the Galaxy, we extracted intensity profiles centred on Sgr A*, with a width of 0.50°. The profiles were extracted from the XMM-Newton EPIC count rate image, the SMD models, and the Spitzer map, spanning Galactic latitudes from b = −2.73° to b = +1.60°, and Galactic longitudes between ℓ = 351.53° and ℓ = +8.10°. The SMD and Spitzer profiles were scaled to the average value of the area covered by the latitudinal profiles from b = −1.2° to b = −1.8° (indicated as scale region in top panel of Fig. 2 and has an error of 5%), under the assumption that all the diffuse emission originating from this region is due to unresolved point sources, since it includes the Chandra deep region (Revnivtsev et al. 2009), and that the X-ray emissivity over stellar mass density or NIR flux within the scale region remains the same over the entire profile (1:1 scaling).
In the top panel of Fig. 2, we show the X-ray and the scaled Spitzer and SMD profiles along Galactic latitude. At the very centre of our Galaxy we show no data for the X-ray profile since a large region around Sgr A East has been removed. We note that the SMDs, as well as the Spitzer data, are in very good agreement with one another, even though no detailed corrections (regarding foreground stars, bright supergiants) have been applied in the latter case. There is a small difference (~8% on average) between Model 1 and Model 2, visible from b ± 0.5° to b ± 0.2° (see bottom panel of Fig. 2). This reflects systematic differences between the calculations of the two models, mainly the NSD component, since the first is based on photometric and the second on kinematic data. We see that no matter what method we use to account for the unresolved point sources there is always an excess of X-ray emission in the very central degrees. We thereafter use Model 2 as the fiducial model since it is based on more recent work, and has smaller errors than Model 1 (10% versus 25%).
When we calculated the longitudinal profile, Model 1 showed smaller values within ℓ < ±2.0° (of the order of ~20–25%) than Model 2. This is probably due to the fact that the bar is thicker in Model 1 (Launhardt et al. 2002) than in Model 2 (Sormani et al. 2022a). Moreover, the bar model calculated by Launhardt et al. (2002) is based on photometric data from COBE DIRBE that have a low angular resolution of 0.7°. Overall the bar/bulge models agree within the errors, since for Model 1 the average error is of the order of 25%, while for Model 2 is of the order of 10%. In Fig. 3, we show the ratio of Model 2 over Model 1 within ℓ ± 4.0° and b ± 1.0°, where the difference between the bar/bulge model between the two models is apparent.
In Fig. 4, we show the longitudinal profiles for the X-ray data, the fiducial 1:1 scaled Model 2, and Model 1. For longitudes outside the GC (ℓ > 4.0° and ℓ < −1.5°) the available observations are either not continuous, and/or of lower total exposure time than the ones in the GC (see Table B.1). The non-continuous observations were typically made for the purpose of observing specific interesting sources such as SNRs, or X-ray binaries (XRBs), and not for the purpose of mapping the diffuse emission along the Galactic plane. For those observations, we decided to calculate the average intensity in one-degree sections within the profile wherever observations were available, while for the Heritage programme observations (−1.0° > ℓ > −4.0°), we also averaged in steps of 1 °. We show the average values of these larger regions with black circles in Fig. 4. We see that the X-ray emission expected to originate from stars (1:1 scaled Model 2), is in good agreement with the XMM-Newton data except for the very central degrees (ℓ within ±1.2°) and the red and blue points. The observations at ℓ = 6.0° – 7.5° (red circles), are all covering the supernova remnant W28 (e.g. Zhou et al. 2014; Okon et al. 2018), which are also visibly brighter in the XMM-Newton mosaic (Fig. 1). This supernova remnant has an extent of about 1.5° and an absorbed flux of F2–10 keV = 1.1 × 10−12 erg cm−2 s−1 (see Chandra catalogue of SNRs3). This results in a factor of 2.2 excess of the measured Fe XXV emission compared to that expected from the stellar populations. The observations shown with blue points correspond to those of the candidate super-giant fast X-ray transient IGR J17354−3255 (ℓ = −4.5°) and the accreting pulsar IGR J17255−3617 (ℓ = −8.5°). Both of these sources, although removed from our final mosaic, show a dust-scattering halo (DSH) which contributes to a factor of 1.7 excess of the X-ray profile. The black dot at around ℓ = −7.0° corresponds to two observations, one of which is on the supernova remnant G352.7−00.1. The reason we do not see an excess here, even though an SNR is observed, is probably because the SNR is quite small in extent (~10 arcmin), and has a much lower flux of F2–10 keV = 6.6 × 10−13 erg cm−2 s−1, compared, for example, to W28.
	[image: thumbnail]	Fig. 2 Latitudinal profiles of the X-ray, SMD models, and infrared data. Top panel: average count rate per pixel for the Fe XXV Band over Galactic latitude (b), extracted from a profile of 0.5 deg width centred at Sgr A*. The XMM-Newton and Spitzer data are shown with the black line and the magenta dots respectively. The profiles extracted from the SMD Model 1 and Model 2 are shown with blue and cyan dashed lines respectively. The region enclosed within the red dashed lines is used to scale the XMM-Newton and SMD profiles. Bottom panel: same as top but for b between ±0.85°.



	[image: thumbnail]	Fig. 3 Ratio of Model 2 over Model 1. Both models are scaled as explained in Sect. 3.1.



	[image: thumbnail]	Fig. 4 Longitudinal profile of the X-ray, and SMD models data. Average count rate per pixel for the Fe XXV Band over Galactic longitude (ℓ), extracted from a profile of 0.5 deg width, centred at Sgr A*. The XMM-Newton data are shown with black dots while the profiles extracted from the SMD Models 1 and 2 are shown with the blue and cyan dashed lines respectively. The red and blue points are XMM-Newton observations that include the SNR W28 and the dust scattering halos from bright XRBs, respectively, and therefore show an excess compared to the scaled Model 2.



3.2 Calculation of the excess Fe XXV emission
Since the X-ray emission shows an excess compared to the scaled 1:1 SMD model, we aim in this section to provide a quantitative view of this excess. For this reason we created a map of the central degrees of our Galaxy, covering the area where an excess is visible according to the profiles we presented in the previous section. The excess map was created by subtracting the scaled (in the same way as done for the profiles) 1:1 fiducial SMD map from the XMM-Newton count-rate map.
We show in Fig. 5 the diffuse X-ray emission at 6.7 keV which is in excess of what is produced by a 1:1 scaling of the unresolved point sources derived from the SMD Model 2. The regions showing the higher excess correspond also to bumps on the longitudinal profile (Fig. 5; bottom panel) that are recognised as known sources of X-ray emission. In particular, starting east of Sgr A* and going west we find the SNR G0.61+0.01 rich in 6.7 keV emission (e.g. Koyama et al. 2007b; Ponti et al. 2015). Then, closer to Sgr A* an enhancement of diffuse emission has been observed with a number of distinct sources of X-ray emission, such as the pulsar wind nebula G0.13−0.11, the Quintuplet cluster (ℓ = 0.1604, b = −0.0591), and the candidate superbubble G0.1–0.1 as the dominant feature which shows a prominent Fe XXV line in its spectrum (Ponti et al. 2015, see their Figs. 2, 12 and 13). At the same position as the candidate superbubble G0.1–0.1, the Sgr A molecular complex is located, which is very bright in the 6.4 keV emission due to reflection.
Finally, an enhancement of diffuse emission is visible in our observations to the west of Sgr A* around the excised high-mass black-hole XRB 1E 1740.7–2942 (e.g. Stecchini et al. 2020). This is likely to be either residual contaminating emission from the XRB or emission from the SNR G359.12−0.05, which has a extent of 24 × 16 arcmin (Ponti et al. 2015, see their Fig. 6). Nakashima et al. (2010) studied the Suzaku spectrum of SNR G359.12−0.05 and found no clear sign of the Fe XXV emission line, but they do see a hint of residual excess in the hard band.
Apart from the high-excess regions, which point to the existence of truly diffuse hot plasma similar to the case of the SNR G0.61+0.01, the emission seems to be more uniformly distributed, which could be the result of an older SNR population that has diffused and merged with the ISM or unresolved sources that for some reason are not accounted for by the SMD. Overall, the diffuse emission forms an ellipsoidal shape spanning two degrees in longitude and half a degree in latitude (see top panel; Fig. 5), in agreement with what has been found in previous works (e.g. Yamauchi & Koyama 1993).
	[image: thumbnail]	Fig. 5 Excess Fe XXV emission in the GC and the corresponding X-ray, infrared, and Model 2 latitudinal profiles. Top: Fe XXV excess emission attributed to diffuse emission after removing the unresolved point-source emission using Model 2 and 1:1 scaling. Bottom: XMM-Newton longitudinal profile of the overall 6.7 keV emission covering the central 2° along with the scaled Spitzer and Model 2 profiles. Bumps on the longitudinal X-ray profile coincide with high-excess regions which are of known origin. For a detailed description see Sect. 3.2.



3.2.1 Contamination from reflection emission in the GC
In the CMZ region, X-ray reflection emission originating from dense molecular gas due to past activity from the supermassive black hole Sgr A* is bright in the 6.4 keV band (e.g. Ponti et al. 2013; Khabibullin et al. 2022). In this section we examined whether the contribution of the reflection at the 6.4 keV emission line could significantly affect our results in the 6.7 keV band.
We started by creating an X-ray mosaic in the 6.3–6.5 keV band to be representative of the reflection following the same analysis performed for the 6.7 keV emission line map (see Sect. 2.1). Then we used a reflection model (using an optical depth of the cloud of τ = 0.5 and a viewing angle of θ = 90°; for details see Churazov et al. 2017a) and a thermal model (APEC; kT = 7 keV) and we folded them with an Auxiliary Response File (ARF) and an Redistribution Matrix File (RMF) of an observation close to the GC. Under the assumption that the ARF and RMF do not change significantly along the X-ray map, we produced a simulated spectrum, quantified the contamination from reflection across the Fe XXV map, and applied this correction to the 6.7 keV map. The top panel of Fig. 6 shows the reflection emission in the central degrees of the GC, and the bottom panel shows the Fe XXV emission corrected for the contaminating reflection emission. We should note that the reflection emission is in fact variable, and in this section we present the time-averaged X-ray reflection signal since we are using all X-ray data available.
By comparing the uncorrected 6.7 keV emission line mosaic with the one corrected for reflection (see bottom panels of Figs. 1 and 6 respectively), we find that the contamination is not significant (<7%) over the entire GC region, leaving the shape of the morphology of the 6.7 keV emission practically unchanged. Although, for specific regions such as the Sgr A molecular complex (ℓ = 0.110°, b = −0.096°), the contamination can be up to 30%, which explains part of the enhanced excess emission at that location in the top panel of Fig. 5.
	[image: thumbnail]	Fig. 6 Reflection and thermal emission in the GC. Top: reflection emission (6.3–6.5 keV band) in the central degrees of the GC. Bottom: Fe XXV emission (6.62−6.8 keV band) after correction for contaminating reflection emission.



3.2.2 Metallicity implications on the scaling of the SMD
In the previous sections, we calculated the excess Fe XXV under the implicit assumption that the Fe XXV emission and the stellar density scale in a linear way (1:1) along the entire Galaxy. However, different physical properties (i.e. metallicities) of the stellar populations of the NSD or NSC, for example, could result in a non-linear scaling between the SMD and the X-ray emission, and could possibly explain the enhanced Fe XXV emission we observe in the GC.
Indeed, Schultheis et al. (2021) using a KMOS (VLT, ESO) spectroscopic survey of K/M giant stars (Fritz et al. 2021), found that the global iron abundances ([Fe/H]) of the NSC and the NSD are higher than that of the bulge (see their Fig. 8). In particular, their Table 1 implies that the mean iron abundances of the NSD and NSC compared to that of the bulge are 1.35 and 1.65 times higher respectively. Moreover, Feldmeier-Krause (2022) studied the stellar populations in the transition region of the NSC and NSD, and found higher metallicities than those presented in Schultheis et al. (2021) and Fritz et al. (2021), although their results are consistent within the errors.
To understand the effect that the higher metallicity in the NSC and NSD would have on the expected Fe XXV emission we assumed that the Fe XXV emission line can be represented well by a thermal plasma with a temperature of ~7 keV (e.g. Koyama 2018). For that reason, we varied the iron abundance of a vapec model in XSPEC according to the Schultheis et al. (2021) average values for the bulge, NSD, and NSC. We find that the differences in metallicity translate into roughly the same Fe XXV emission enhancement for the NSD and NSC, namely × 1.25 and × 1.52, compared to that of the bulge/bar. In our calculations using XSPEC we assumed the abundance table provided by Wilms et al. (2000). We have tested how our results change when using other abundance tables available in XSPEC and we found that they never vary by more than 2%.
To quantify this, we calculated the 6.7 keV flux excess when using the scaled 1:1 SMD and the non-linear ([Fe]) scaled SMD using higher metallicities for the NSD and NSD model components. In Table 3, we present flux measurements for an elliptical region centred on Sgr A* with a minor axis of 1 degree along Galactic latitude and major axis of 3 degrees along Galactic longitude. We find that in this region reflection is contributing 9% to the 6.7 keV flux, while the resolved SNR G0.61+0.01 less than 0.5%. Unresolved point sources contribute 65% to the 6.7 keV flux if we assume a 1:1 scaling of the SMD, while when we use the [Fe] scaling the unresolved point sources account for 75%. Therefore, for both scalings (1:1 and [Fe]) of the SMD, there is a 35% and 25% of the 6.7 keV emission which still cannot be explained by unresolved point sources. In other words the hard X-ray emission we observe in the central degrees of the GC is 1.5 and 1.3 times greater than expected using the 1:1 and [Fe] scaling of the SMD, respectively. We calculate that in order for all the Fe XXV emission to be explained solely by metallicity enhancement of the unresolved point sources, a ~1.9 times higher iron abundance for the NSC and NSD compared to that of the bulge/bar would be required. In Table 3, we also show the total flux for Model 1 (1:1 scaling) just for comparison purposes with previous works (e.g. Uchiyama et al. 2011; Heard & Warwick 2013) that mainly have used SMD models based on photometric data such as the models of Launhardt et al. (2002). In that case the 6.7 keV emission in the GC is 1.9 times greater than what is expected from the 1:1 scaled Model 1 (while for Model 2 it is 1.5 times).
Table 3 
Flux measurements within b = ±0.5° and ℓ = ±1.5°.

4 Modelling of the excess Fe XXV emission
In the following section, we model and estimate the physical properties of the excess Fe XXV emission based on both the 1:1 and [Fe] scaling Model 2. We also make a uniform 7% correction for the contribution of reflection, while we do not subtract the contribution from the known SNRs. We present models of the intensity and density distributions that attempt to explain the morphology we observe. For all cases we fitted the images using the python scipy curve_fit module. For the fitting of the images to the various models, a binning of 3 pixels (angular size of 12 arcsec) was preferred, in order to increase the S/N and have more reliable statistics.
4.1 Model of the intensity distribution
We modelled the two-dimensional (2D) intensity distribution of the excess emission using a power-law model which is described as
[image: equation](2)
where I0 is the peak of the excess intensity which is located at xc, yc, x and y are the 2D coordinates, xs and ys are the scale heights along the x and y 2D coordinates respectively, while a is the slope of the excess X-ray intensity distribution.
Then, we also used a Sérsic model (Graham 2001) to investigate possible similarities between the excess X-ray emission and the NIR emission from the stellar populations of the NSD (Gallego-Cano et al. 2020). Therefore, we used exactly the same model as reported in Gallego-Cano et al. (2020), namely:
[image: equation](3)
We note that Ie is the excess X-ray intensity at radius Re where 50% of the light is enclosed, x and y are the 2D coordinates and p is defined as p = x2 + (y/q)2, with q being the ratio between the minor and major axes. bn = 1.9992n − 0.32 following Capaccioli (1987) for 1 < n < 10, as mentioned in Gallego-Cano et al. (2020). The best-fit parameters are presented in Table 4. The location of the peak X-ray excess is found to be at xc = 0.011 ± 0.015°, yc = −0.065 ± 0.004° while for comparison the location of Sgr A* is at ℓ = 359.94°, b = −0.046°.
In Fig. 7, we show the central 2° × 0.5° of the XMM-Newton count-rate excess emission mosaic (top panel), the best-fit model (middle panel) using a power-law model, and the data minus model residuals (bottom panel). The Sérsic best-fit model and residuals images are almost identical, therefore we do not show them. Both models provide an equally good fit (see Table 4) for the distribution of the excess X-ray emission.
Comparing the best-fitting parameters of the Sérsic model for the excess X-ray emission with those obtained from Gallego-Cano et al. (2020) for the NSD NIR emission, we find that our value for n is smaller (1.03–1.09 versus 2.0–2.59), and the ratio of minor over major axis, q, in our case is also smaller (0.48 versus 0.60–0.85). Moreover, Gallego-Cano et al. (2020) find that 50% of the NSD emission is within a radius of Re = 4.57–5.66 pc. We measure that 50% of the excess emission is located within ~0.50° which, for a distance to the GC of 8.2 kpc, corresponds to ~70 pc. Therefore, the excess emission we measure, although it appears similar (ellipsoidal shape) with the emission distribution of the NSD from Gallego-Cano et al. (2020, see their Fig. 7), is definitely much flatter and broader, extending to larger Galactic longitudes.
Fitting the excess X-ray intensity distribution provides valuable insights on the extent and distribution of the excess Fe XXV emission as well as on the location of the peak emission. From the residuals of the model (Fig. 7; bottom panel) we notice that the model fits well the excess emission, except from regions corresponding to the bumps on the X-ray profile (discussed also in Sect. 3.2).
	[image: thumbnail]	Fig. 7 Modelling of the X-ray intensity distribution in the GC. Top: same as top panel of Fig. 5, but with a larger pixel size (12 × 12 arcsec) to allow for better statistics. Middle: Best-fit power law model for the distribution of the excess Fe XXV emission. Bottom: data minus model residuals.



Table 4 
2D intensity models.

4.2 Model of the density distribution
We then assumed that all of the excess Fe XXV emission originates from truly diffuse hot plasma with constant temperature and with a density that decreases as a function of distance from the location of the peak emission. Therefore, we created a three-dimensional (3D) grid along the 2D coordinates x and y, and the line of sight z. Each element of this grid contains a different value for the density, which can be described by:
[image: equation](4)
where n0 is the peak density at the centre of the emission (xc, yc), xs and ys are the scale heights along the x and y coordinates respectively, while β is the slope of the distribution. Here the line-of-sight axis z is defined to have its centre at the GC, and the same scale height as the x axis.
In the following analysis, we assume that the temperature of the plasma is constant and has a value of ~7 keV which results from fitting global Suzaku spectra of the GC region (Uchiyama et al. 2013; Koyama 2018). We should note here however, that the ~7 keV value found in previous works does not account for the unresolved point source contribution, which could shift the plasma temperature. The required temperature to produce a 6.7 keV line is of the order of 5–10 keV.
The intensity–density relation can be given by the normalisation of an APEC model in the following equation.
[image: equation](5)
where DA is the distance to the GC (cm), and ne and nH are the electron and H densities (cm−3), respectively. We assume full ionisation with 10% helium and 90% hydrogen (ne = 1.2np).
Then the density (Eq. (4)) is projected along the z axis, and taking into account Eq. (5), we go from a 3D distribution of the density to a 2D distribution of the intensity. The intensity is then transformed to flux using a count rate to flux conversion of cr2f = 1.376 × 10−11 erg cm−2 cts−1 using PIMMs4 and assuming a thermal plasma spectrum of temperature 7 keV. Finally, the 2D flux map model is fitted to our 2D excess Fe XXV emission flux map. The best-fit parameters using both scalings of Model 2 (1:1, and [Fe]) are reported in Table 5.
Table 5 
Flat power-law density model.

4.3 Physical properties of the diffuse excess X-ray emission
Assuming that all of the excess emission could be due to truly diffuse very hot plasma in the central degrees of the GC, we computed its physical properties using the best-fit model of the previous section (Eq. (4); Table 5).
The thermal energy inside a sphere is given by:
[image: equation](6)
where kT is the temperature in keV, R is the radius of the sphere in cm, and nH the hydrogen density in cm−3. For a given volume element, and an arbitrary geometry of the plasma, the thermal energy density is:
[image: equation](7)
We used Eq. (7) and the best-fit model for the density in order to calculate the thermal energy contribution of each element in our 3D grid.
From the modelling performed in the previous sections we find that the excess emission has an ellipsoidal shape and its bulk is concentrated within ~0.50° (see Table 4). We calculated the thermal energy, using this limit as the value of the semi-minor axis of an ellipsoid with major axis defined by the value of q (see Table 4), and find a thermal energy of Eth ~ 2.5 × 1053 erg and Eth ~ 2.0 × 1053 erg for the 1:1 and Fe scaling respectively. When assuming higher helium abundances, smaller values of the thermal energy are obtained (i.e. for 15% helium, Eth ~ 1.3 × 1053 erg for the 1:1 scaling). If the plasma consists only of helium then it could be confined in the GC (see the Introduction and Belmont et al. 2005).
We then measure the hot plasma sound speed using the formula:
[image: equation](8)
where k is the Boltzmann constant, T the temperature of the gas, µ the mean molecular weight of the gas, mp the proton mass and γ the adiabatic constant. In our case we assume full ionisation with 10% helium and 90% hydrogen. Therefore, the sound speed at 7 keV is 1350 km s−1, which results in a sound crossing time of ts = 0.6−1.3 × 105 yr, taking into account the different radii of the ellipsoid. The power of the outflow is:
[image: equation](9)
which we measure to be P = 0.8–1.5 × 1041 erg s−1 and P = 0.6–1.2 × 1041 erg s−1 for the 1:1 and Fe scaling respectively.
In the above calculations, in order to be conservative, we assume that the X-ray gas is volume-filling (filling factor f = 1). This provides a lower limit for the measured density of the very hot gas.
5 Discussion
5.1 Excess Fe XXV emission - comparison with previous works
The percentage of the Fe XXV line emission expected from stars, has been calculated in previous works using two methods: scaling either SMDs or NIR maps to the 6.7 keV X-ray emission towards the Galactic ridge. In this section we present studies which have used either one or the other method and their most important findings.
Uchiyama et al. (2011), used Suzaku observations and compared the Fe XXV Kα profile with an SMD model (see their appendix) made from NIR observations compiled by Muno et al. (2006) and using the results of Launhardt et al. (2002) and Kent et al. (1991). They found a large Fe XXV X-ray emission excess compared to the scaled NIR luminosity, namely 19 ± 6 times larger for longitudes smaller than l < 0.2° and ~3.8 times larger up to l = 1.15°. They attributed this excess to either a new population of sources or an optically thin thermal plasma. Heard & Warwick (2013) analysed XXMM-Newton data of the central 100×100 pc of the GC and compared the latitudinal and longitudinal profiles with the same SMD model used in Uchiyama et al. (2011). They found an excess of the Fe XXV emission compared to the NIR of a factor of ~2. They attributed the different results compared to Uchiyama et al. (2011) to the different scaling chosen for the Galactic disc component of the SMD. Moreover, they explained the excess in terms of either a different kind of underlying source population, or an inaccurate SMD that does not account for all the mass enclosed in the NSC and/or the NSD. They also ruled out the possibility of a very hot, diffuse thermal plasma as the source of this excess since the properties of the X-ray spectrum match those of a larger number of IPs in the GC than other regions, a result that has been supported by NuSTAR observations towards the GC and bulge (Perez et al. 2019).
Nishiyama et al. (2013), argued that the SMD models (Launhardt et al. 2002) constructed from NIR maps, and used in the prior works of Uchiyama et al. (2011) and Heard & Warwick (2013), could be subject to the influence of bright stars. For that reason they used NIR data to construct a stellar number density map (Yasui et al. 2015), which covers the central region of the Galaxy for l within ±3.0° and b within ±1.0°. They scaled this map (at ℓ > 1.5°) with the longitudinal and latitudinal profiles of the 6.7 keV line emission measured with Suzaku observations (Koyama et al. 2007a; Uchiyama et al. 2011), and showed that the spatial distribution of the 6.7 keV emission in the GC shows an excess of 50–80% compared to the NIR distribution, thus favouring the diffuse, hot plasma scenario.
Our XMM-Newton map is of much higher resolution and latitudinal coverage and allows us to safely scale with the SMD models at the Chandra deep region, where more than 80% of the 6.7 keV emission was attributed to unresolved point sources (Revnivtsev et al. 2009). The 6.7 keV line emission excess we measure using Model 1 (×1.9 more than expected) is in agreement with the works of Nishiyama et al. (2013) and Heard & Warwick (2013). However, our fiducial Model 2 results in a lower excess compared to what has been measured in all previous works (×1.3–1.5 versus > 2.0).
5.2 Origin of the excess Fe XXV emission
5.2.1 The very hot gas explanation
Regarding the physical origin of a truly diffuse hot plasma, many explanations have been proposed (see Introduction), which consist mainly of past star-forming activity or flaring of the central supermassive black hole, thereby thermalising the ISM. Our calculations for the thermal energy (Eth = 2.0–2.5 × 1053 erg) in Sect. 4.3 are somewhat higher than the estimates presented in Uchiyama et al. (2013) (Eth ~ 1 × 1053 erg). In addition, Uchiyama et al. (2013) estimate a density of the order of ~0.05 cm−3 while we measure a central density of ~0.11 cm−3 which drops as a function of radius. Ponti et al. (2019) have found, for the chimneys, a thermal energy of Eth = 4 × 1052 erg, with the power of the outflow being P = 4 × 1039 erg s−1. Our measurements for the central ~2° of the GC are more than one order of magnitude higher. Therefore, if a truly diffuse, very hot plasma is present, it could possibly power the chimneys, or whatever the hot plasma source is, it could power both the chimneys and the very hot plasma.
The patchy shape of our X-ray profiles (see Figs. 2 and 4) with bumps coinciding with known SNRs and super-bubbles, favours the star-forming scenario. Uchiyama et al. (2013) calculated that if all thermal energy observed is produced solely by SNe, a rate of > 5 × 10−3 yr−1 is necessary. They deem this value unreasonably high, given the mass measurements of the GC region. Using the revised total thermal energy of the hot plasma we calculated in Sect. 4.3, we find a requisite SN rate of >1.9 × 10−3yr−1. Estimations of the SN rate in the central degrees of the GC, mostly in the CMZ region, yield values of 0.2 − 1.5 × 10−3yr−1 (Crocker et al. 2011; Ponti et al. 2015). Assuming that most of the energy released by SN is converted into thermal energy of the hot plasma (the efficiency of energy transfer from supernova blast waves to the ISM is much higher if the explosion takes place within a pre-existing superbubble, as we have here), the observed SN rate is nearly sufficient to supply the requisite energy. Thus we conclude that SNe might be providing a substantial portion of the energy needed to heat the plasma in the GC.
Regarding the progenitor type of the SNRs responsible for the 6.7 keV emission, both Type Ia and core collapse SN could contribute to the Fe XXV emission. However, Type Ia SN typically have an FeKα centroid below 6550 eV, whereas core collapse SN produce lines with a higher centroid energy, more consistent with the emission we get from the GC (see Yamaguchi et al. 2014, and their Fig. 1). Therefore, we expect that core collapse SN will make the largest contribution to the 6.7 keV line we observe in the GC. However, it is important to note that, for the 6.7 keV emission line to be detectable, SNRs would need to be neither too evolved nor too young (Yamaguchi et al. 2014). This places more constraints in order to produce the necessary high temperature we observe, suggesting that SNe explosions might not be the only source of a possible very hot plasma.
Moreover, we have checked that the X-ray excess profile does not follow well the dense gas mass profile. Indeed, it is well known that the gas distribution in the CMZ (R < 300 pc) is highly asymmetric, with roughly 3/4 of gas being at positive longitudes and only 1/4 at negative longitudes (e.g. Henshaw et al. 2022), while in contrast the X-ray profile is roughly symmetric. So the two profiles are qualitatively different. However, we note that this does not exclude the possibility that some of the observed X-ray excess is due to a hot plasma originating in supernova explosions. Although dense gas correlates with ongoing star formation, we do not expect it to correlate with the location of supernova explosions. By the time the first supernova explosions occur (>4 Myr after the formation of a star), the stars have already decoupled from the gas cloud in which they were born (the decoupling between gas and stars occurs on timescales of a few Myr, as discussed, for example, in Sect. 3.2 of Sormani et al. 2020b).
Another source of energy to produce a very hot diffuse plasma component could be energy released from past flaring activity of the supermassive black hole, Sgr A*. Signs of dramatic recent flaring are evident by their X-ray ‘echoes’ across the CMZ, with the most recent one having occurred about 120 yr ago, with total emitting power of ~ 1047erg and a hard X-ray spectrum (Sunyaev et al. 1993; Koyama et al. 1996; Ponti et al. 2013; Churazov et al. 2017b). Therefore, too many episodes of dramatic flaring of similar energy (~1 episode yr−1) during the past 0.5 − 1 × 105 yr would be required in order to explain the energetics we measure today and no such episode has been observed in the last 30–40 yr.
5.2.2 Sources with higher metallicity in the GC
The measurements of the iron abundance of the underlying stellar populations in the GC (Schultheis et al. 2021; Fritz et al. 2021) point to a metallicity difference between the NSD and the bulge/bar of a factor of 1.35 which translates into a multiplicative flux difference of 1.25 (see Sect. 3.2.2). Moreover the existence of high metallicity sources (about twice solar) in the NSC and NSD is further supported by near infrared studies (Feldmeier-Krause et al. 2017; Nogueras-Lara et al. 2020; Schödel et al. 2020).
Since an enhanced iron abundance source population exists in the GC, we would expect to see the impact of higher metallicities also in the X-rays (i.e. higher iron abundances and consequently EWs of the 6.7 keV line). Uchiyama et al. (2013), after fitting Suzaku spectra from the GC and ridge, as a result of the overall high abundances in the GC, consider that GC X-ray emission would require a different type of point source population (i.e. with higher temperature and abundances) than the one in the Galactic ridge, which they deem artificial. Yamauchi et al. (2016) studied iron line EWs of the Galactic diffuse emission and found a 1.19 and 1.23 increase of the EW of the 6.7 keV line in the GC compared to that of the bulge and ridge respectively, in line with the values found by Schultheis et al. (2021) and Fritz et al. (2021).
In order for all the excess to be explained by metallicity differences, as calculated in Sect. 3.2.2, a ~1.9 higher metallicity would be required for the NSD in comparison to the bulge/bar. To test further whether a 1.9 times higher scaling for the NSD could be justified, we extracted XMM-Newton EPIC MOS spectra from two circular regions of size 12 arcmin, one close to the GC (ℓ = 359.53, b = 0.04; hereafter GC region) and one close to the Chandra deep region (ℓ = 0.04, b = −1.53; hereafter the scale region) after excising all the bright sources. The combined MOS spectra show emission lines at 6.4keV due to reflection, and at 6.7 keV, and 6.9 keV due to hot plasma emission or emission coming from unresolved compact objects (see Fig. 8 for the GC region). We fitted the combined MOS spectra of the two regions using a phenomenological model (po+gaussian+gaussian+gaussian) to describe the continuum and the Gaussian lines. We measured the EWs of the 6.7 keV line (GC region: ~ 255 eV; Scale region: ~215 eV), that give a ratio of ~1.2 for the EW6.7 of the GC over the scale region, which is in agreement with previous works. We also tried a physically motivated model (crefl16+vapec), where we used a reflection model template (see Churazov et al. 2017a) to represent the reflection emission from molecular gas in the GC, and a thermal component with variable abundances to represent the emission lines at 6.7 keV, and 6.9 keV. We then left the iron abundance free to vary. Our model fits yield [Fe] [image: equation] and [Fe] [image: equation] for the GC and the scale region respectively, giving a ratio for the two regions of GC[Fe]/scale[Fe] = 1.86. In Fig. 8, we show the extracted spectrum for the GC region and the best-fit model using thermal emission (vAPEC) plus reflected emission (Churazov et al. 2017a). Therefore, we see that using different models a higher ratio close to 1.9 is possible. Of course this difference could originate from the existence of hot plasma in the GC but nevertheless the factor 1.9 needed to explain almost of all the excess due to higher metallicity of the sources in the GC can be reproduced.
We show in Fig. 9 how the latitudinal and longitudinal profiles presented in Figs. 2 and 4 change when we scale the NSD model component by 1.9 times compared to the bar/bulge. We see a very good agreement between the X-ray profile and the scaled Model 2 with no excess X-ray emission remaining for the latitudinal profile while for the longitudinal profile (see Fig. 9, bottom panel) a small excess is visible in the location of the SNR G0.61+0.01, and a bit larger excess in the very central ℓ ~ +0.3° of the GC. In fact the remaining excess (1.15 times more than expected by the SMD) matches the width of the X-ray chimneys (Ponti et al. 2019), which could indeed be explained by very hot plasma in the GC due to the star-forming activity, and/or past flares of Sgr A* thermalising the ISM. We calculate the thermal energy of the remaining excess X-ray emission located in the central ℓ ~ +0.3° and b ~ +0.15°. We find a value of Eth ~ 2.0 × 1052 erg for its thermal energy, with a power of P ~ 4.0 × 1040 erg s−1, with the latter being an order of magnitude higher than that of the X-rays chimneys. If all the thermal energy is produced by SNe, then a rate of > 0.6 × 10−3 yr−1 would be required. This is in agreement with measurements of the SN rate in the CMZ region (0.2 − 1.5 × 10−3 yr−1; Crocker et al. 2011; Ponti et al. 2015).
	[image: thumbnail]	Fig. 8 XMM-Newton spectrum of the GC region. Combined MOS spectrum (black crosses) of the GC region fitted with a reflection model (dashed-red line), and a thermal plasma model (dash-dotted blue line).



	[image: thumbnail]	Fig. 9 Scaled SMD profiles assuming a higher NSD iron abundance compared to that of the bulge. Latitudinal (top panel) and longitudinal (middle panel) profiles of 6.7 keV emission along with the scaled Model 2 assuming that the NSD metallicity is 1.9 times higher than that of the bulge. Bottom panel is the same as middle panel, only within



5.2.3 A new population of sources
The agreement between the X-ray profiles and the scaled Model 2 for 1.9 times higher NSD metallicity compared to that of the bar/bulge is quite remarkable (Fig. 9). The stellar distribution follows the X-ray emission so well that it seems quite fortuitous and therefore improbable for the very hot plasma to be the main reason for the excess measured initially. The fact that the iron abundance enhancement can be inferred from the corresponding X-ray spectra of the GC and bar/bulge (see previous section) points to the existence of a new population of point sources in the GC. This higher metallicity point source population, along with a moderate amount of truly diffuse hot plasma in the central half degree of the GC, can explain all the previously unexplained excess.
This new population of sources should be present in the GC and should exhibit stronger (a higher EW) 6.7 keV line emission, which could have been enriched by past star-forming activity and SNe. This could explain also why past studies (e.g. Uchiyama et al. 2013; Yamauchi et al. 2016; Nobukawa et al. 2016) have failed to reproduce the observed equivalent widths (EWs) of the 6.7 keV line (together with the observed 6.4 and 6.9 keV lines) resulting from global fits of the GC region with a combination of known sources such as magnetic CVs, non-magnetic CVs and ABs.
In the CMZ region, a handful of sources which show very strong 6.7 keV line EWs (>1 keV) and fall in the category of very faint X-ray transients has been identified. Their exact nature is not yet known (e.g. Sakano et al. 2005; Hyodo et al. 2008). If this population of sources extends to lower luminosities, then it could justify an enhanced iron abundance in the GC. This would require a rather large, faint population, and be present only in the central degree of our Galaxy. Results towards this direction have been presented by Zhu et al. (2018). They fitted cumulative spectra of point sources in the GC (mainly the NSC) and the Chandra deep field (Revnivtsev et al. 2009) and found that the faint population of sources in the GC can have as much as ~4.5 times higher 6.7 keV EWs than those in the bar/bulge. Further exploration of the 6.7 keV EWs also for the NSD faint point source population would allow safe conclusions to be drawn on the metallicity differences between the GC and the Bar/Bulge.
5.3 Sources of uncertainty
Throughout this work a smaller value of the X-ray excess was measured compared to previous works, regardless of the chosen scaling of the SMD to the X-ray data, namely the 1:1 scaling, the [Fe] scaling and the 1.9 higher metallicity scaling. There are various factors that contribute to the uncertainty of these calculations, which make it difficult to give a unique estimate of the uncertainty. Therefore, in this section we summarise all possible sources of uncertainty mentioned throughout this work.
Uncertainties introduced by the X-ray data: For the XMM-Newton data presented in this work, the uncertainties on the profiles are based on the errors introduced in the count and background images of the EPIC detectors (see Sect. 2.1). Observations closer to the GC result in having much smaller errors (averaged per pixel; see e.g. Fig. 2). For example observations within ± 0.25 degrees from the GC have on average error less than 3%, while between 0.5 and 1 degree for the GC can reach up to 30%. This is the result of many more XXMM-Newton pointings dedicated to the coverage of the CMZ and the Sgr A* regions (see Table B.1).
Uncertainties connected to the scale region: The scale region that was used (see region within red dotted lines in Fig. 2 and Sect. 3.1) to scale the SMD to the X-ray data has uncertainties introduced by the X-ray data of the order of ~5%. This more extended region was used in order to minimise the uncertainties that are quite large (>50%) per XMM-Newton pixel for latitudes close to the Chandra deep region.
Uncertainties introduced by the SMD: Each component (NSC, NSD, Bar/bulge, and disc) of the SMD contributes with its own uncertainties. However, for our calculations the most important contributions, since we are concentrating on the central 3 degrees of the GC, are the NSD and the Bar/Bulge components (see Sect. 2.2). The uncertainties introduced by the NSD and bar/bulge components of our fiducial Model 2 are of the order of ~10% (Sormani et al. 2022a,b). These uncertainties depend on the shape of the density profile, which is difficult to estimate due to high extinction in the GC and on the uncertainties on the metallicities of stars (Schultheis et al. 2021). Therefore, the uncertainties of the NSD and bar/bulge components give a lower bound to the overall uncertainty originating from the SMD.
Overall we would expect in the central half degree an uncertainty of the order of ~10%. Although this should be treated as a lower estimate since there are many factors that contribute to the uncertainty and are connected to the complexity of the environment near the GC (see discussion before). We nevertheless see it as a concrete possibility that given all these factors the excess could reduce almost to zero in the future with more accurate measurements.
5.4 Possible connection to Fermi-LAT Galactic centre excess
In addition to the hard X-ray excess (6.7 keV) in the GC, a Fermi-LAT y-ray excess has been identified, after removal of point sources, between 1 and 3 GeV (see review and references therein; Murgia 2020). The main explanations for this excess that have been considered are: (1) annihilating dark matter, (2) unresolved point sources such as millisecond pulsars, (3) cosmic ray (CR) outbursts at the GC that could be originating from past activity of Sgr A* or starburst events (with the Fermi bubbles as clear evidence of the past activity), and (4) an enhancement of CR source populations or of the intensity of the interstellar radiation field. The first two of these explanations are the most widely considered. The spatial morphology of the γ-ray emission is considered to be consistent with being spherical, it is brightest towards the GC and extends up to b = 10° (see Fig. 2 of Murgia 2020). The spherical morphology does not favour an origin from CR sources or CR outbursts since it should broadly trace the distribution of the molecular gas in the GC which is highly flattened. However, other morphologies have been suggested such as boxy or X-shaped following the stellar distribution in the Galactic bar/bulge (Macias et al. 2018, 2019; Bartels et al. 2018).
It would be interesting to examine whether a common physical origin of the X-ray and γ-ray excess could be possible. One of the main differences between the two excesses is their extent. The X-ray excess (when we assume 1:1 scaling) is no longer visible at latitudes above b = ±1.2° since at b = −1.4° deep Chandra observations have resolved almost all of the diffuse emission into point sources (Revnivtsev et al. 2009), while the γ-ray excess extends up to b = + 10°. If we compare the XMM-Newton latitudinal profile (up to 2°), with point sources removed but no unresolved emission removed (see Fig. 2), to the equivalent distribution for γ-ray (Fig. 2 of Murgia 2020) we find that the slopes of the two distributions are consistent with being the same, given the large dispersion of the gamma-ray excess points (red points in Fig. 10), and the similarity to the slope of their best-fit model (blue points in Fig. 10). This similarity could indicate a common origin for the two excesses in the central degree of our Galaxy.
Within b ~ ±1.3° the gas-related γ-ray emission from the inner Galaxy is significant (vertical line in Fig. 2 of Murgia 2020, and brown vertical line in Fig. 10). Indeed in the inner 2 kpc of our Galaxy most of the emission (90–95%) in γ-rays originates from interactions of CRs with the interstellar medium (Murgia 2020, and references therein). This process needs to be modelled in detail, and uncertainties connected with its modelling can affect significantly the inferred properties of the excess emission. Therefore, a different population of CR sources, or the intensity of the interstellar radiation field could alter the interpretation of the γ-ray excess observed. One of the candidate classes of sources for Galactic CRs is SNRs (e.g. Helder et al. 2012), and indeed they are abundant in the central degree of our Galaxy. Also SNRs are among the candidates of 6.7 keV excess emission. Therefore, an overabundance of SNRs that are sources of both CRs and 6.7 keV emission could provide a common explanation of the two excesses, at least in the inner 2°. However, that would require that a different mechanism be responsible for the γ-ray excess at higher latitudes. On the other hand, if high-metallicity source populations are responsible for almost all the excess we see in X-rays from the GC (see Sect. 5.2.2), then the similarity of the profiles of the 6.7 keV line and the gamma-ray flux suggests that old stellar-mass objects (plausibly a different sub-class) are responsible for the gamma-ray excess. The much lower resolution of Fermi-LAT compared to that of XMM-Newton and other X-ray telescopes could then explain the difference in the extent of the two excesses since a larger number of point sources are presumably unresolved in γ-rays. The point source origin scenario is further supported by studies that point to the Fermi-LAT GeV excess being the tracer of stellar mass (i.e. unresolved faint source population) in the Galactic bulge since some investigators have found evidence for a distinct gamma-ray source that is traced by the “nuclear bulge” (e.g. Macias et al. 2018, 2019; Bartels et al. 2018).
	[image: thumbnail]	Fig. 10 Comparison of the X-ray and the γ-ray excesses in the GC. XMM-Newton Fe XXV profile (black line) adopted from Fig. 2 for negative latitudes. With red points we show the GC excess intensity at 2 GeV as measured by various studies (Hooper & Goodenough 2011; Boyarsky et al. 2011; Gordon & Macías 2013; Abazajian et al. 2014; Daylan et al. 2016). The blue dotted line represents the emission from dark matter annihilation for a Navarro–Frenk-White distribution (NFW; Navarro et al. 1997), which best represents the γ-ray excess data. Both red points and blue points associated with the γ-ray excess are normalised along the y-axis to match the X-ray profile for illustration purposes. For more details see Murgia (2020) and their Fig. 2.



6 Summary
In this work we have analysed all (370) available XMM-Newton observations (~6.5 Ms) of the GC and disc spanning the region out to l = ±10° and b = ±2.0°, in order to study the 6.7 keV line emission and physical properties of the emitting plasma, mainly in the central degrees of the GC. We are able for the first time to scale the SMD models using the Chandra deep region where Revnivtsev et al. (2009) found that more than 80% of the emission is produced by unresolved X-ray point sources. We find that:

	When we subtract the point source contribution using the SMD models, there remains an excess of 6.7 keV emission that is ~1.3 to 1.5 times larger than what is predicted by the SMD model and is concentrated in the central 2° × 0.5°. The excess we find is lower than the one found in previous works which is the result of our use of a different and more recent SMD, and with its scaling to the X-ray emission accounting also for metallicity differences between the NSD and bar/bulge stellar populations.


	The shape of the longitudinal profile shows enhanced emission at the locations of known SNRs, pointing to the contribution of past star-forming activity for at least a portion of the excess emission.


	The thermal energy (~2 × 1053 erg) and the power (0.6– 1.2 × 1041 erg s−1) of the implied outflow we calculate in case this excess is due to hot plasma, are high enough to power the outflows we observe in the GC (i.e. the X-ray chimneys). However, SNe or dramatic flares from the supermassive black-hole (as constrained by X-ray echos) alone are apparently inadequate to reproduce these values.


	Almost the entire X-ray excess can be explained by assuming an iron abundance of ~1.9 times higher for the stellar populations in the NSD compared to those in the bar/bulge. We were able to reproduce this value by fitting spectra from these two regions.


	With the ~1.9 times scaling of the NSD, the X-ray profile and SMD show a very good agreement, with X-ray excesses remaining within the region of a known SNR, and in the central l ~ ±0.3° and b ~ ±0.15° of the GC. The remaining excess in the GC has a longitudinal width similar to that of the X-ray chimneys, and a thermal energy of ~2 × 1052 erg which can be reproduced by the estimated SNe rate in the GC.




Overall the above point to the existence of a higher iron metallicity source population in the GC. Such a population, along with a moderate amount of truly diffuse very hot plasma in the central half degree of the GC can explain the hard X-ray emission we observe.
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Appendix A  Acronyms and scaling of MOS exposure maps
In order to help the reader better follow the acronyms used throughout this work, we present them in alphabetical order in Table A.1.
Table A.1 
Acronyms used throughout this work

Moreover, in this section we describe how exactly the MOS exposure maps (EMs) were scaled in order to account for the differences in the effective area (EA) between MOS and pn detectors. At the energy range of 6.62-6.8 keV the effective area of the PN detector is about 4 times larger compared to that of the MOS detectors (see XMM handbook), and this should be taken into account when one creates a map including all detectors. Assuming a thermal spectrum of kT=7.0 keV from PIMMs tool, depending on the different filters of XMM-Newton we get values of EApn/EAMOS = 0.21 – 0.24. Moreover, we calculated the ratio of the pn over the MOS effective area, looking at an RMF file extracted near the GC in the 6.62 to 6.8 keV band. We find a mean value of EApn/EAMOS ~ 0.22. We then multiplied the MOS exposure maps by the factor EApn/EAMOS = 0.22. The all-detector exposure map is then defined as EM = EMpn + 0.22 × (EMMOS1 + EMMOS2). The resulting count rate is then representative of the pn detector, and can be transformed to flux using the equivalent count rate to flux conversion factor.
To examine the robustness of this calculation we extracted two profiles of width 0.5° (centred at Sgr A*) along the Galactic latitude and longitude of the XMM-Newton map (Fig. A.1), using only the pn detector (red dots), and the pn+MOS detectors (black dots) where the exposure maps of the MOS detectors are weighted according to the procedure described. We see that the 0.22 factor is representative of the differences in the effective areas between the instruments, since they agree very well. Moreover, we notice that the pn+MOS profiles show less noise at certain areas than the pn profiles.
	[image: thumbnail]	Fig. A.1 Comparison between XMM-Newton EPIC-pn and pn+MOS latitudinal profiles. Average count rate per pixel over Galactic latitude (b), extracted from a profile of 0.5 deg width centred at Sgr A*. With red dots we show the profile extracted from the EPIC-pn mosaic, while with black dots we show the profile extracted from the pn+MOS mosaic, after scaling the MOS exposure maps to account for the effective area differences between MOS and pn at the 6.62-6.8 keV band.




Appendix B  XMM-Newton observations
In Table B.1 we present all XMM-Newton observations used in this paper except those already presented in Ponti et al. (2015). We report the OBSID number, the total and clean exposure time for each camera (in seconds), as well as the custom cut-offs (in counts per second) used for the background filtering after visual inspection of the background light curves. For observations where the threshold column is empty, the standard values of 2.5 cts s−1 and 8.0 cts s−1 for the EPIC MOS and EPIC pn exposures were used respectively.
Table B.1 
XMM-Newton observations
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2 There are other maps, which we decided not to use because of their lower resolution. For example the extinction map provided by Schultheis et al. (2014) in the Ks band and up to a distance of 8 kpc, is the best option in terms of coverage but has a resolution of 6 arcmin. Also, Marshall et al. (2006) provide a 3D map of the entire Galaxy based on 2MASS data, but with lower resolution (15 arcmin), and Green et al. (2019) provide a 3D extinction map for the entire Galaxy, based on Gaia parallaxes and stellar photometry from Pan-STARRS 1 and 2MASS. However, towards the GC, the extinction could not be calculated for distances greater than ~3 kpc due to the lack of data.


3 https://hea-www.harvard.edu/ChandraSNR/snrcat_gal.html


4 https://cxc.harvard.edu/toolkit/pimms.jsp
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      Fig. 1 

      
        [image: thumbnail]
      

      
        XMM-Newton 6.7 keV emission from the GC and inner disc. Top: EPIC XMM-Newton count rate mosaic in the Fe XXV band. Bottom: The same as top but showing only the emission from the central degrees of our Galaxy. Regions containing bright sources are masked.

      

    

  
    
      Table 1 

      Bright sources removed from the XMM-Newton X-ray mosaic.

      
        


	Name
	ℓ deg
	b deg
	Radius arcmin





	1E 1740.7–2942
	359.111
	−0.094
	6.1



	SLX 1744−299/300
	359.273
	−0.891
	7.0



	2E 1742.9–2929
	359.504
	−0.414
	8.5



	KS 1741−293
	359.563
	−0.072
	2.0



	Sgr A East
	359.941
	−0.052
	3.14×4.41



	Arches cluster
	0.120
	0.016
	2.0



	1E 1743.1–2843
	0.260
	−0.028
	3.0



	G0.9+0.1
	0.866
	0.077
	3.0



	IGRJ17497–2821
	0.954
	−0.461
	5.7





      

    

  
    
      Table 2 

      Stellar mass distribution models of the Milky Way used in this Paper.

      
        


	
	Model 1
	Model 2 (fiducial)





	Nuclear star cluster
	Best-fitting model from Chatzopoulos et al. (2015)
	Best-fitting model from Chatzopoulos et al. (2015)



	Nuclear stellar disc
	Model 3 of Sormani et al. (2020a)
	Fiducial model of Sormani et al. (2022b)



	Galactic bar
	Best-fitting model of Launhardt et al. (2002)
	Bar + long bar from Sormani et al. (2022a)



	Galactic disc
	Best-fitting model of thin+thick disc from McMillan (2017)
	Disc from Sormani et al. (2022a)





      

    

  
    
      Fig. 2 
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        Latitudinal profiles of the X-ray, SMD models, and infrared data. Top panel: average count rate per pixel for the Fe XXV Band over Galactic latitude (b), extracted from a profile of 0.5 deg width centred at Sgr A*. The XMM-Newton and Spitzer data are shown with the black line and the magenta dots respectively. The profiles extracted from the SMD Model 1 and Model 2 are shown with blue and cyan dashed lines respectively. The region enclosed within the red dashed lines is used to scale the XMM-Newton and SMD profiles. Bottom panel: same as top but for b between ±0.85°.

      

    

  
    
      Fig. 3 
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        Ratio of Model 2 over Model 1. Both models are scaled as explained in Sect. 3.1.

      

    

  
    
      Fig. 4 
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        Longitudinal profile of the X-ray, and SMD models data. Average count rate per pixel for the Fe XXV Band over Galactic longitude (ℓ), extracted from a profile of 0.5 deg width, centred at Sgr A*. The XMM-Newton data are shown with black dots while the profiles extracted from the SMD Models 1 and 2 are shown with the blue and cyan dashed lines respectively. The red and blue points are XMM-Newton observations that include the SNR W28 and the dust scattering halos from bright XRBs, respectively, and therefore show an excess compared to the scaled Model 2.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Excess Fe XXV emission in the GC and the corresponding X-ray, infrared, and Model 2 latitudinal profiles. Top: Fe XXV excess emission attributed to diffuse emission after removing the unresolved point-source emission using Model 2 and 1:1 scaling. Bottom: XMM-Newton longitudinal profile of the overall 6.7 keV emission covering the central 2° along with the scaled Spitzer and Model 2 profiles. Bumps on the longitudinal X-ray profile coincide with high-excess regions which are of known origin. For a detailed description see Sect. 3.2.

      

    

  
    
      Fig. 6 
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        Reflection and thermal emission in the GC. Top: reflection emission (6.3–6.5 keV band) in the central degrees of the GC. Bottom: Fe XXV emission (6.62−6.8 keV band) after correction for contaminating reflection emission.

      

    

  
    
      Table 3 

      Flux measurements within b = ±0.5° and ℓ = ±1.5°.

      
        


	Map/location
	F6.7 keV 10−11 erg cm−2 s−1





	XMM-Newton
	4.81 ± 0.01



	XMM-Newton (corrected for reflection)
	4.41 ± 0.02



	Model 1 (1:1 scaling)
	2.30 ± 0.46



	Model 2 (1:1 scaling)
	2.88 ± 0.30



	Model 2 ([Fe] scaling)
	3.30 ± 0.35



	resolved SNR
	0.015 ± 0.001



	




	XMM-Newton excess (1:1 scaling)
	1.52 ± 0.30



	XMM-Newton excess ([Fe] scaling)
	1.10 ± 0.35





      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Modelling of the X-ray intensity distribution in the GC. Top: same as top panel of Fig. 5, but with a larger pixel size (12 × 12 arcsec) to allow for better statistics. Middle: Best-fit power law model for the distribution of the excess Fe XXV emission. Bottom: data minus model residuals.

      

    

  
    
      Table 4 

      2D intensity models.

      
        


	Components
	Power-law [1:1]
	Power-law [Fe]
	Sérsic
	Sérsic [Fe]





	I0;Ie (×10−5cts s−1 pixel−1)
	5.95 ± 0.01
	5.33 ± 0.01
	1.08 ± 0.01
	1.06 ± 0.01



	xs (arcmin)
	10.47 ± 0.04
	10.85 ± 0.07
	–
	–



	ys (arcmin)
	5.19 ± 0.02
	5.34 ± 0.02
	–
	–



	α
	0.718 ± 0.001
	0.810 ± 0.004
	–
	–



	q
	–
	–
	0.478 ± 0.001
	0.476 ± 0.001



	n
	–
	–
	1.09 ± 0.01
	1.03 ± 0.01



	Re (degrees)
	–
	–
	0.52 ± 0.01
	0.46 ± 0.01



	




	[image: equation]
	1.10 (179398.41/162105)
	1.08 (176376.064/162105)
	1.13 (183317.45/162105)
	1.10(178908.49/162105)





      

    

  
    
      Table 5 

      Flat power-law density model.

      
        


	Scaling
	n0 cm−3
	xs arcmin
	ys arcmin
	β





	[1:1]
	0.115 ± 0.001
	9.76 ± 0.04
	4.82 ± 0.02
	0.388 ± 0.001



	[Fe]
	0.109± 0.001
	10.23 ± 0.08
	5.02 ± 0.04
	0.411 ± 0.001





      

    

  
    
      Fig. 8 
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        XMM-Newton spectrum of the GC region. Combined MOS spectrum (black crosses) of the GC region fitted with a reflection model (dashed-red line), and a thermal plasma model (dash-dotted blue line).

      

    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
        Scaled SMD profiles assuming a higher NSD iron abundance compared to that of the bulge. Latitudinal (top panel) and longitudinal (middle panel) profiles of 6.7 keV emission along with the scaled Model 2 assuming that the NSD metallicity is 1.9 times higher than that of the bulge. Bottom panel is the same as middle panel, only within

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Comparison of the X-ray and the γ-ray excesses in the GC. XMM-Newton Fe XXV profile (black line) adopted from Fig. 2 for negative latitudes. With red points we show the GC excess intensity at 2 GeV as measured by various studies (Hooper & Goodenough 2011; Boyarsky et al. 2011; Gordon & Macías 2013; Abazajian et al. 2014; Daylan et al. 2016). The blue dotted line represents the emission from dark matter annihilation for a Navarro–Frenk-White distribution (NFW; Navarro et al. 1997), which best represents the γ-ray excess data. Both red points and blue points associated with the γ-ray excess are normalised along the y-axis to match the X-ray profile for illustration purposes. For more details see Murgia (2020) and their Fig. 2.

      

    

  
    
      Table A.1 

      Acronyms used throughout this work

      
        


	Acronym
	full name





	AB
	active binary



	CV
	cataclysmic variable



	CMZ
	central molecular zone



	DSH
	dust scattering halo



	EA
	effective area



	EM
	exposure map



	GC
	Galactic centre



	IP
	intermediate polar



	ISM
	interstellar medium



	NIR
	near-infrared



	NSC
	nuclear stellar cluster



	NSD
	nuclear stellar disc



	SMD
	stellar mass distribution



	SNR
	supernova remnant



	XRB
	X-ray binary





      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Comparison between XMM-Newton EPIC-pn and pn+MOS latitudinal profiles. Average count rate per pixel over Galactic latitude (b), extracted from a profile of 0.5 deg width centred at Sgr A*. With red dots we show the profile extracted from the EPIC-pn mosaic, while with black dots we show the profile extracted from the pn+MOS mosaic, after scaling the MOS exposure maps to account for the effective area differences between MOS and pn at the 6.62-6.8 keV band.

      

    

  
    
      Table B.1 

      XMM-Newton observations

      
        


	OBSID
	Exp pn sec
	Exp M1 sec
	Exp M2 sec
	Exp pn sec
	Exp M1 sec
	Exp M2 sec
	pn (cts s−1)
	Threshold M1 (cts s−1)
	M2 (cts s−1)





	0001730201
	22597
	25761
	25733
	13397
	19472
	19407
	5.0
	1.8
	1.8



	0030540201
	0
	3834
	3834
	0
	3834
	3834
	
	
	



	0050940201
	19787
	23785
	23780
	13528
	22051
	22519
	
	
	



	0085580201
	7148
	9142
	9142
	4549
	8783
	8990
	
	
	



	0085580501
	5000
	6942
	6942
	5000
	6942
	6942
	
	
	





      

      
Notes. The full version is available at the CDS.
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