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The existence of a ‘density cusp’1,2—a localized increase in 
number—of stellar-mass black holes near a supermassive black 
hole is a fundamental prediction of galactic stellar dynamics3. The 
best place to detect such a cusp is in the Galactic Centre, where 
the nearest supermassive black hole, Sagittarius A*, resides. As 
many as 20,000 black holes are predicted to settle into the central 
parsec of the Galaxy as a result of dynamical friction3–5; however, 
so far no density cusp of black holes has been detected. Low-mass 
X-ray binary systems that contain a stellar-mass black hole are 
natural tracers of isolated black holes. Here we report observations 
of a dozen quiescent X-ray binaries in a density cusp within one 
parsec of Sagittarius A*. The lower-energy emission spectra that 
we observed in these binaries is distinct from the higher-energy 
spectra associated with the population of accreting white dwarfs that 
dominates the central eight parsecs of the Galaxy6. The properties 
of these X-ray binaries, in particular their spatial distribution and 
luminosity function, suggest the existence of hundreds of binary 
systems in the central parsec of the Galaxy and many more isolated 
black holes. We cannot rule out a contribution to the observed 
emission from a population (of up to about one-half the number of 
X-ray binaries) of rotationally powered, millisecond pulsars. The 
spatial distribution of the binary systems is a relic of their formation 
history, either in the stellar disk around Sagittarius A* (ref. 7) or 
through in-fall from globular clusters, and constrains the number 
density of sources in the modelling of gravitational waves from 
massive stellar remnants8,9, such as neutron stars and black holes.

The Chandra X-ray Observatory has accumulated 1.4 ×  106 s 
of observations of the Galactic Centre using the Advanced CCD 
Imaging Spectrometer I (ACIS-I) over the past 12 years. Owing to the 
high concentration of X-ray sources in the Galactic Centre (such as 
Sagittarius A*  (hereafter Sgr A* ) and IRS 13) and the emission from 
hot gas, we restrict our analysis to angular distances of more than  
5″  from Sgr A* , which correspond to projected distances r of more than 
0.2 pc assuming an 8-kpc distance to the Galactic Centre10. From these 
Chandra observations, 415 X-ray point sources at projected distances of 
0.2 pc <  r <  3.8 pc from Sgr A*  were identified in the 2–8-keV energy 
band, and used for all analysis. Point sources were ignored if they were 
in diffuse regions such as filamentary structures or molecular clouds, 
were too close to very bright point sources or were previously known 
to have large X-ray outbursts. A net count (source minus background 
counts) limit of C ≥  100 (equivalent to a flux of 2 ×  10−15 erg cm−2 s−1) 
was used for the analysis. This count limit corresponds to a point source 
detection significance of 4σ. There are 92 sources with C ≥  100, 26 of 
which lie at r <  1 pc. For spectral fitting, a limit of C ≥  200 was used 
in order to constrain spectral parameters effectively: 13 sources with 
r <  1 pc met this criterion. This is too few sources for population 
analysis, so we instead use a hardness ratio of X-ray colour, or slope, 
HR2 =  (CH −  CL)/(CH +  CL), where CL and CH are, respectively, the 
net counts from the source in the 2–4-keV (low) and 4–8-keV (high) 

energy bands. Previous Chandra analysis11 and simulations reported 
here demonstrate that the thermal emission of magnetic cataclysmic 
variable stars—which have typical temperatures of kT ≈  8–40 keV—in 
the Chandra energy band of 0.5–8 keV is well modelled by a single- 
temperature, optically thin thermal plasma and an iron line 
 complex at an energy of E =  6–7 keV. By contrast, black-hole and 
 neutron-star binaries and pulsars are universally characterized by 
non- thermal power-law emission with a flux described by F(E) =  kE−Γ  
photons cm−2 s−1 keV−1, where E is the photon energy in keV and 
Γ ≈  1.5–2 (ref. 12) is the photon index. The low- and high-energy bands 
for HR2 were chosen to maximally separate thermal and non-thermal 
sources. Thermal sources have HR2 values of more than 0.3, whereas 
non-thermal sources have HR2 values of less than 0.3.

In Fig. 1a, b we show the HR2 distributions for sources with C ≥  100 
that lie in the circle r <  1 pc and in the annulus 1 pc <  r <  3.8 pc, respec-
tively, centred on Sgr A* . A second source population clearly appears 
at r <  1 pc in the range − 0.1 <  HR2 <  0.3. Integrating the HR2 distri-
bution in the annular region for HR2 <  0.3, we would expect at most 
one source with HR2 <  0.3 for r <  1 pc if the sources in the inner region 
are drawn from the same HR2 distribution as that for the sources in the 
annulus; however, there are 12 such sources.

The diffuse, hard X-ray emission in the Galactic Centre, which 
 dominates the inner 8 pc of the Galaxy6, is due to unresolved magnetic 
cataclysmic variable stars (in particular, a sub-class known as interme-
diate polars) with optically thin thermal emission of kT ≈  8–40 keV 
(ref. 13). These intermediate polars are the origin of the HR2 >  0.3 
population. The newly identified HR2 <  0.3 population is prominent 
only inside the central parsec.

Before concluding that the HR2 probability distribution in the inner 
parsec is due to a newly identified source population, we studied the 
confounding effects of the high concentration of gas and dust in the 
Galactic Centre. The high dust column density could preferentially 
scatter soft X-rays or lead to the well-known degeneracy between 
the spectral hardness and interstellar absorption of a source14. Both 
of these effects could alter the HR2 distribution near Sgr A* . They 
can be probed using a second, lower-energy-band hardness ratio to  
produce colour–colour plots, so-called quantile diagrams, and spectral 
simulations of thermal and non-thermal sources. All of these analyses 
demonstrate that the HR2 <  0.3 sources cannot be HR2 >  0.3 sources 
masquerading as apparent HR2 <  0.3 sources as a result of scattering 
or column-density effects (see Methods).

The stacked spectra of the HR2 <  0.3 and HR2 >  0.3 sources in the 
inner parsec are compared in Fig. 2. The comparison provides further 
confirmation of the spectrally distinct nature of the HR2 <  0.3 sources 
in the inner parsec. The HR2 >  0.3 sources are well fitted by a thermal 
spectrum with partially covered absorption to account for an accretion 
curtain and scattering from the surface of a white dwarf—a model that 
is commonly applied to intermediate polars. The best-fitting 
 temperature ( = . − .
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correspond to one standard deviation) is consistent not only with the 
temperatures of the HR2 >  0.3 sources at 1 pc <  r <  3.8 pc, but also 
more generally with the low-temperature component of the (unre-
solved) hard X-ray emission and the typical Chandra-measured 
 temperature found for magnetic cataclysmic variable stars in the 
Galactic Centre15. By contrast, the stacked spectrum of the HR2 <  0.3 
sources in the inner parsec is well fitted (with a reduced chi-squared of 
χ = .ν 0 812  for 51 degrees of freedom (d.o.f.)) by a non-thermal 
 power-law with Γ= . − .

+ .1 9 0 3
0 3 , with no sign of neutral or ionized iron lines 

in the spectrum. A final confirmation of the newly identified, spectrally 
distinct source population in the inner approximately 1 pc comes from 

the 13 sources in the central parsec that are bright enough (C ≥  200) to 
enable spectral fitting. The HR2 <  0.3 sources are well fitted with a 
non-thermal spectrum and the HR2 >  0.3 sources with an intermediate- 
polar thermal model (see Methods for discussion and Extended Data 
Fig. 1 for examples).

The spatially distinct morphology of this newly identified source 
population is shown in Fig. 3, with the HR2 <  0.3 sources concentrated 
in the central parsec and the HR2 >  0.3 sources extended over the 
region of the diffuse, hard X-ray emission. The newly identified popu-
lation is not extragalactic because the number of background active 
galactic nuclei (about 0.1)16 is negligible within the inner approximately 
1 pc above the 2–8-keV flux threshold. The non-thermal spectrum, 
with Γ ≈  1.5–2 and lacking iron lines, clearly distinguishes this popu-
lation from the population of thermally emitting intermediate polars 
that dominate at larger radii. We rule out neutron-star, low-mass X-ray 
binaries as candidates for the newly identified population because of 
the short recurrence time of about 5–10 years between their large X-ray 
outbursts. The continuous monitoring of the Galactic Centre for more 
than a decade is believed to have revealed all such binaries17,18, and 
none of the point sources discussed here has ever produced an  outburst. 
High-mass X-ray binaries comprise about 40% of all Galactic X-ray 
binaries12 and, given the large concentration of O and B stars in the cen-
tral parsec19, are potential contributors to the newly identified source 
population. However, infrared surveys that cover all of the Chandra 
X-ray sources in the Galactic Centre are able to rule out massive stellar 
companions20,21, from bright O or B supergiants down to the faintest of 
the Be high-mass X-ray binaries (spectral class B2V), effectively elimi-
nating the possibility of a contribution of high-mass X-ray binaries. 
Coronally active isolated stars and stellar binaries having soft thermal 
spectra (corresponding to HR2 <  − 0.3) are not observed among our 
sources in the central approximately 1 pc; in addition, their expected 
luminosities are well below the Chandra detection threshold. During an 
outburst they may have harder X-ray spectra, but would still be below 
the Chandra detection threshold, and their numbers are substantial 
only in the inner approximately 0.1 pc (ref. 22).

The most plausible explanation for the non-thermal sources in the 
inner parsec is that they are quiescent black-hole low-mass X-ray 
 binaries (qBH-LMXBs). Although qBH-LMXBs can exhibit  modest 
variability23, there is limited information about their long-term var-
iability, so steady emission from qBH-LMXBs cannot be ruled out. 
Timing analysis of the non-thermal sources in the inner parsec  
over the 12 years of observations shows that 6 out of 12 of them are 
 variable, whereas the remaining 6 are steady. Rotation-powered 
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Figure 1 | Hardness ratio (HR2) distribution of X-ray point sources 
with net counts of C ≥ 100 at a projected radial distance from Sgr A*. 
a, Sources for r <  1 pc. b, Sources for 1 pc <  r <  3.8 pc. A substantial 
population of sources with − 0.1 <  HR2 <  0.3 appears for r <  1 pc (a). Of 
the 66 sources in the annulus (b), 2 (3%) have HR2 <  0.3, whereas of the 26 
sources in the inner circle (a), 12 (46%) have HR2 <  0.3. A Kolmogorov–
Smirnov test shows that the HR2 cumulative distribution function of the 
annular region is not consistent with that of the circular region (D =  0.528; 
P =  3.0 ×  10−5). The two outliers in b, at HR2 =  − 0.56 and HR2 =  − 0.74, 
were included in the Kolmogorov–Smirnov test. They account for at 
most one HR2 <  0.3 source in a, with a probability of about 2%. A χ2 test 
based on the lack of spatial constancy in HR2 between 1 pc <  r <  3.8 pc 
and r <  1 pc also indicates a different source population for r <  1 pc 
(P =  1.1 ×  10−19). The Kolmogorov–Smirnov test, outliers and the χ2 test 
(Extended Data Fig. 3) are further discussed in Methods.
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Figure 2 | Stacked Chandra spectra for X-ray sources within the inner 
parsec. a, Sources with HR2 >  0.3. b, Sources with HR2 <  0.3. The 
HR2 >  0.3 spectrum (a) for the 8 sources with strong Fe lines is well  
fitted by an optically thin, thermal plasma model with temperature 

= . − .
+ .kT 6 3 keV1 7

1 6  (χ = .ν 1 252  for 36 d.o.f.). A power-law model yields a poor 
fit (χ = .ν 1 902  for 39 d.o.f.; Γ= . − .

+ .0 7 0 5
0 5 ). The 6 sources with weak or no Fe 

lines have a comparable best-fit photon index of Γ= . − .
+ .0 6 0 4

0 4). These 
photon indices are typical of intermediate-polar spectra fitted with a 
power-law model in the Chandra energy bandpass11,13. The HR2 <  0.3 

spectrum (b) is well fitted by a power-law model with a significantly softer 
photon index (Γ= . − .

+ .1 9 0 3
0 3 for 51 d.o.f.). Stacked spectra of the 14 

HR2 >  0.3 sources (Extended Data Fig. 7) were fitted to a thermal plasma 
model with the best-fit temperature = . − .

+ .kT 7 3 keV1 3
3 0  (χ = .ν 0 802  for 58 

d.o.f.), the typical Chandra-measured temperature (about 7–9 keV) for 
magnetic cataclysmic variables in the Galactic Centre6. The error bars 
represent 1σ statistical uncertainties. The bottom panels show residuals 
(data minus model) in terms of 1σ  significance. For more details on the 
stacked spectra analysis, see Methods.
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 millisecond pulsars (rMSPs) also have non-thermal emission consistent  
with HR2 <  0.3. However, rMSPs are always steady over timescales  
of months to years24, so we cannot rule out that up to one-half of the 
non-thermal sources that we observe in the inner parsec are rMSPs.

In Fig. 4 we show the surface density of the 12 non-thermal sources 
as a function of projected radius from Sgr A* , from which we extract 
a three-dimensional cusp power-law index. The cusp index does not 
change in a statistically significant fashion if the six qBH-LMXB can-
didates are analysed separately from the six rMSP candidates (see 
Methods for discussion). Owing to the complexities of the formation 
and evolution of BH-LMXBs, the agreement with the isolated black-
hole prediction is probably coincidental. However, the concentration 
of black holes in the inner approximately 1 pc (well inside the influence 
radius at r ≈ 3 pc) that we observe has been predicted previously3. In 
Extended Data Fig. 2 we show the logN–logS (number versus X-ray 
flux) for the qBH-LMXB candidate sources with r <  1 pc and down to 
the Chandra flux limit. A power-law fit to the logN–logS distribution 
(N(> S) =  kS−α, α= . − .

+ .1 8 0 2
0 2) can then be extrapolated to the minimum 

flux of the local, known BH-LMXB population (see Methods) to give 
600–1,000 qBH-LMXBs (1σ error on the fit) if all of the observed 
HR2 <  0.3 sources are qBH-LMXBs, and 300–500 if one-half of them 
are rMSPs. The lack of large outbursts from individual sources over 
more than a decade suggests outburst recurrence times of about 1,000 
years, for which there is some theoretical motivation (see Methods).  
If the density cusp extends to Sgr A* , then the qBH-LMXB counts 
must be corrected for the un  observed volume inside 0.2 pc. For the best- 
fitting α and three- dimensional cusp index γ, this correction would 
increase the total number of qBH-LMXBs for r <  1 pc by about 50%. 
To estimate an upper limit for the total number of rMSPs we use a 
previous result6, obtained by using the measured correlation between 

the spin-down power �E and the X-ray luminosity LX for a large sample 
of rMSPs, that the fraction of rMSPs above the Chandra flux threshold 
at the Galactic Centre is about 3%. We therefore set an upper limit of 
approximately 200 for the number of rMSPs in the Galactic Centre.

Our estimated number of BH-LMXBs is a lower limit for the  number 
of isolated black holes in the Galactic Centre. The total number of low-
mass X-ray binaries is consistent with a previous estimate25 based on 
three-body exchange formation in in-falling globular clusters; however, 
it has been argued26 that this previous estimate is an overestimate by 
10–100. If that is the case, then it is most likely that the black-hole 
binaries were formed via the tidal capture of old, low-mass stars (either 
orbiting Sgr A*  or formed in the surrounding stellar disk), and the 
observed number of BH-LMXBs necessitates the existence of more 
than about 10,000 isolated black holes (A. Generozov, B. Metzger,  
N. Stone and J. Ostriker, manuscript in preparation).

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 4 | Surface density of the 12 non-thermal sources as a function of 
projected radius from Sgr A*. Sources with C ≥  100 and C ≥  50 are 
indicated in black and red, respectively. The cusp power-law index γ of the 
non-thermal sources (HR2 <  0.3) was obtained by using an assumed three-
dimensional form for the source density of n(r) =  kr−γ and projecting this 
along the line-of-sight radius R to obtain a best fit to the surface density 
Σ(R) =  kR−β. The best fit yields γ= . − .

+ .2 4 0 3
0 3. The isolated black-hole cusp 

around Sgr A*  is predicted to have a power-law index γ in the approximate 
range 1.3–2.3 (refs 26, 28–30). The red histogram is for sources with 
C ≥  50 and gives a crude estimate of the surface density at larger radii, 
although it may suffer from mild contamination from spurious 
background sources. The best-fitting power-law index in this case is 
γ= . − .

+ .2 0 0 2
0 2. There is no statistically significant difference in the power-law 

index if the six rMSP candidates are removed from the analysis. See 
Methods for more details of the cusp analysis.
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MethOdS
We used data from the Chandra X-ray Observatory (CXO). Following previous 
survey analyses11 only data from the ACIS-I instrument were used. There were 
45 observations pointing at or near Sgr A*  providing a total cleaned exposure of 
1.4 Ms. This is a 40% increase in exposure time over the most recent and updated 
(hereafter Muno) source catalogue11, although all of the sources we analysed are 
listed in the Muno catalogue. 1σ errors are quoted for parameter uncertainties 
throughout the paper.
Point source selection. We selected all point sources in the Muno catalogue within 
a circle of radius r =  100″  (about 4 pc) centred on Sgr A* . We checked to ensure that 
these point sources were not embedded in X-ray filaments or molecular clouds. 
We excluded all known sources of transient outbursts such as neutron-star low-
mass X-ray binaries (NS-LMXBs). The region at r <  5″  (less than about 0.2 pc) 
was also excluded because of very high background contamination and owing to 
the  complex X-ray morphology that enhanced difficulties with isolating the true 
properties of the point sources; this region includes Sgr A* , the IRS 13 star-forming 
complex and PWN G359.96− 0.04. This left 415 point sources from the catalogue 
out to r <  100″ . Sources with C ≥  200 (41 sources, 10%) after background subtrac-
tion could be spectrally fitted individually. Analysis with hardness ratio (colour) 
was possible for sources with C ≥  50 (211 out of 415, 51%). However, most of our 
analysis was done for sources with C ≥  100, because it is increasing difficulty to 
distinguish between hard and soft sources as the count rate decreases.
Source and background extraction. For each source, ACIS Extract (AE) 
 (version AE 2016Sept22; ref. 31) was used to extract source photons from a 
circle containing 90% of the encircled energy fraction (EEF), typically with 
1″  radius, centred on each source. All available observations from years  
2003–2014 were used. For each Chandra observation, AE provides event and 
image files for the source, spectral files including source and background spectra, 
response matrix and effective area files, and light curves. We investigated various 
methods of background extraction and adopted the following source/background 
extraction methodology as optimal (and later validated by our MARX simulations) 
in the crowded Galactic Centre region where background is not spatially uniform. 
For background subtraction, AE defines an inner annulus at 1.1 times the 99% EEF 
radius (typically 2.5″ ) so that source photons from the wings of the point spread 
function do not strongly contaminate background estimates. The outer radius of 
the background annulus is increased until the ratio of its area to the area of the 
source extraction region reaches an optimum preset value (= 5) as recommended 
in AE. The outer radius of the background annulus can vary over a range of about 
3.5″ to 5″ because as additional sources are encountered from the inputted region 
source list, AE automatically excludes those sources and subsequently increases 
the outer radius until the optimum preset value of background-to-source area ratio 
is reached. After AE processing, we further excluded point sources with very high 
background counts (usually from other nearby point sources) from our analysis. 
Extended Data Fig. 4 illustrates our source and background extractions for one of 
the 12 soft sources (source 5 in Extended Data Table 1) located in the Rockefeller 
Ridge, the most source-crowded region we analysed.
Spectral analysis. We applied four different methods of spectral analysis: the 
Chandra-defined hardness ratio (such as X-ray colour or slope) HR2 =  (CH −  CL)/
(CH +  CL), where CH and CL are the net counts in the 2–4-keV and 4–8-keV bands, 
respectively; colour–colour diagrams using HR2 and HR3 =  (CH −  CL)/(CH +  CL), 
where CH and CL are now the net counts in the 1–3-keV and 5–8-keV bands; 
spectral fitting of individual sources, with net count C ≥  200; and spectral fitting 
of stacked source spectra. We performed all spectral fitting and calculated hardness 
ratios using XSPEC version 12.932. We adopted the tbabs model and the previously 
reported33 abundance data to take into account interstellar absorption. In addi-
tion, the Chandra simulation tool (MARX version 5.3.1) was used  extensively34. 
MARX allows simulated sources with pre-defined spectra to be added directly 
into the multiple-observation Chandra data that we analysed, with their actual 
backgrounds, in the Galactic Centre. MARX was used to simulate non-thermal 
power-law spectra to assess efficiency for recovering the proper photon index 
and hardness ratios as a function of source brightness, in the actual Chandra 
Galactic Centre data. Finally, the standard XSPEC simulation tool fakeit was used 
to  determine HR2 and HR3 for various source spectra, to investigate the effects of 
dust scattering on hardness ratios and power-law photon indices and to investigate 
any degeneracy between photon index determination and column density.
Hardness ratio analysis. We use hardness ratio analysis to determine whether the 
point source population is composed of spectrally distinct components. Hardness 
ratios permit assessment of spectral properties of fainter sources than would be 
 possible with spectral fitting. Previous work15 has established that HR2 is an 
 effective diagnostic for distinguishing magnetic cataclysmic variables (mCVs) 
with thermal spectra from millisecond pulsars, neutron-star binaries and black-
hole binaries with non-thermal spectra. mCVs are known to emit as an optically 
thin plasma of approximate temperature 8–40 keV with an accompanying iron-line 

 complex at E ≈  6–7 keV (ref. 13). This is in contrast to the populations of millisecond  
pulsars, neutron-star binaries and black-hole binaries, which exhibit their true 
non-thermal power-law spectra with photon indices of Γ ≈  1–2.5 (refs 12, 23). 
On the basis of simulations of Chandra spectra, we adjusted the energy bands of 
HR2 so that the largest distinction between the thermal and non-thermal models 
could be obtained. Our resultant definition of HR2 differs slightly from that used 
previously15. HR2 =  0.3 was adopted as the dividing line between the thermally 
emitting mCVs (HR2 >  0.3) and the non-thermal source populations (HR2 <  0.3). 
Because higher HR2 corresponds to spectrally harder sources, mCVs appear harder 
in the Chandra bandpass even though they have thermal spectra. More recent 
work6,13,35 has shown that the mCVs in the Galactic Centre are in fact completely 
dominated by a sub-class of mCV called intermediate polars (IPs); henceforth, we 
use that designation for the thermal source population characterized by HR2 >  0.3. 
We performed XSPEC simulations to establish the conversion from photon index 
to HR2, for a range of neutral hydrogen column densities typical of the Galactic 
Centre ((6–17) ×  1022 cm−2; refs 36, 37). XSPEC simulations were also used to 
determine at what HR2 typical IPs with kT ≈  8–40 keV would appear. For this 
simulation, we chose four canonical IPs (V709 Cas, NY Lup, V1223 Sgr and TV 
Col), representative of a range of plasma temperatures and neutral hydrogen  
column densities associated with an accretion curtain at the distance of the Galactic 
Centre (8 kpc)10. In all cases the IPs had HR2 >  0.3. For reference, HR2 =  0.3  
corresponds to Γ =  1.5 for non-thermal spectra with a hydrogen column density of 
NH =  14 ×  1022 cm−2, the median of the range of values in the Galactic Centre. This 
Γ is typical for the majority of NS- and BH-LMXBs, and rMSPs12,23,38.

The HR2 distribution for 1 pc <  r <  3.8 pc has two extreme outliers (CXO 
J174540.20− 285900.8 and CXO J174537.98− 290134.5), at HR2 values of 
− . − .

+ .0 74 0 13
0 13 and − . − .

+ .0 56 0 09
0 09, respectively. These sources are not considered to be 

IPs or non-thermal sources (see below), but they cannot be excluded from the 
Kolmogorov–Smirnov (KS) test because they lie in a range of HR2 where, with 
their errors, they could contribute to the r <  1 pc HR2 distribution. However, 
because these are the only two outliers at HR2 <  0.3, out of the 66 sources for 
1 pc <  r <  3.8 pc, there can be at most 1 out of the 12 HR2 <  0.3 sources for r <  1 pc 
that arises from the 1 pc <  r <  3.8 pc population. This is an extremely conservative 
estimate. Using the errors on the two HR2 outliers and on all of the r <  1 pc sources, 
there is only an approximately 2% chance that even one of the HR2 <  0.3 sources 
for r <  1 pc is from the same source population(s) as the 1 pc <  r <  3.8 pc sources.

Given the results of the KS test, we performed a parametric test to confirm that 
the source population for r <  1 pc is different from that (or those) for 
1 pc <  r <  3.8 pc. Extended Data Fig. 3 shows the radial distribution of HR2 for the 
sources with C ≥  100 as a function of projected distance from Sgr A* . The errors 
on the HR2 determination are normally distributed, as determined by simulations, 
so a standard χ2 test can be applied to test for the constancy (expected for an IP 
population) of HR2 as a function of distance from Sgr A* . Fitting a function 
HR2(r) =  constant to the data for r >  1 pc yields the best-fitting HR2 of 0.59. The 
fact that the reduced χ2 value (χ = .ν 1 392  for 63 d.o.f.) exceeds 1 suggests that the 
spectral hardness data are intrinsically scattered, probably owing to the spread of 
the IP temperature distribution, which is typically in the range kT ≈  8–40 keV. We 
estimated the systematic errors associated with the intrinsic HR2 distribution of 
r >  1 pc sources by taking the Gaussian quadrature difference between the total 
variances and the statistical errors. We found that the systematic errors (about 8%) 
are subdominant compared to the statistical errors (about 20%). To test the 
 hypothesis of a bifurcation in the HR2 distribution at r <  1 pc, we fitted a constant 
HR2 function to the sources for 0.2 pc <  r <  3.8 pc, taking into account the 
 systematic and statistical errors. The fit gives a large χ2 value (χ = .ν 3 02  for 89 d.o.f., 
P =  1.1 ×  10−19), which establishes the non-constancy of HR2 and thus the 
 presence of a different source population for r <  1 pc. The outliers were excluded 
in this analysis of HR2 spatial constancy because their HR2 values are more than 
5σ from even the lowest HR2 (with error) from the 64 other 1 pc <  r <  3.8 pc 
sources. However, consistent with the KS test, one HR2 <  0.3 source at r <  1 could 
be associated with the r >  1 pc source population(s). Because the χ2 test is 
 parametric and depends on the assumption of spatial constancy of the dominant 
IP population, it is weaker than the non-parametric KS test, which makes no 
assumptions about the spatial dependence of HR2 and includes the outliers; but it 
provides additional confirmation of the newly identified population for r <  1 pc.

The two outlier sources have sufficient counts to enable us to fit their Chandra 
spectra. Fitting with an absorbed power-law model yields very soft photon indi-
ces (Γ >  4), indicating thermal X-ray spectra. The source CXO J174540.20− 
285900.8 fits well to an absorbed blackbody model with kT ≈  0.5 ±  0.1 keV. The 
best- fitting blackbody temperature is consistent with persistent thermal emission 
of a  magnetar with typical temperatures of kT ≈  0.3–0.5 keV (ref. 39). The other 
source (CXO J174537.98− 290134.5) exhibits several emission lines in the energy 
range E ≈  2–3 keV and its spectrum fits to an absorbed, optically thin thermal 
plasma (tbabs*apec) model with best-fitting temperature kT =  0.8 ±  0.1 keV.  
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This source is probably a dwarf nova, given that its temperature is lower than those 
of IPs and polars. The two outliers are not shown in Fig. 3 and Extended Data Fig. 3.
Colour–colour analysis. One systematic uncertainty that must be addressed in 
both the hardness ratio analysis and the spectral analysis is the possible  degeneracy 
between hydrogen column density and spectral hardness/softness. There are spatial 
variations in the hydrogen column density in the Galactic Centre. These  variations 
can cause an intrinsically hard source at low NH in the Chandra bandpass to be 
misidentified as a more highly absorbed soft source, because both may yield the 
same HR2. We investigated whether this degeneracy could lead to systematically 
lower HR2 values in the central parsec. The degeneracy would also affect the 
spectral analysis, as discussed below. To evaluate the possibility of degeneracy 
affecting our analysis, we resorted to colour–colour plots, a method that is com-
monly used to estimate the severity of absorption effects. For this investigation 
the second colour HR3 was used, because it utilizes the 1–3-keV energy band and 
so is more sensitive to hydrogen column density than is HR2, which focuses on 
higher-energy X-rays. To assess the sensitivity of HR3 to absorption effects, the 
XSPEC routine fakeit was used to generate simulated Chandra spectra of both 
IP thermal spectra at kT =  8–40 keV and non-thermal power-law spectra with 
Γ ≈  1–2.5. XSPEC simulations were used to calculate HR2 and HR3 for the input 
spectra. They demonstrated that an intrinsic HR2 >  0.3 source could only appear 
as an apparent HR2 <  0.3 source, owing to lower column density, if HR3 ≤  0.6. 
On the contrary, HR2 <  0.3 sources always have HR3 ≥  0.9. Extended Data Fig. 5 
shows a HR2–HR3 scatter plot of all of the sources, differentiating those for r <  1 pc 
(cyan) and those for r >  1 pc (red). With the exception of two sources (which are 
intrinsically hard sources with low NH ≈  1022 cm−2, on the basis of spectral fitting), 
all of the HR2 <  0.3 sources have high HR3, confirming that they are intrinsi-
cally soft spectral sources rather than hard sources (intrinsic HR2 >  0.3) with low  
column density masquerading as low-HR2 soft sources. In fact, the systematics of 
the absorption are such that very high column densities would cause intrinsically 
low-HR2 sources to appear as higher-HR2 sources with high HR3. Thus the HR2 
analysis of the number of soft sources for r <  1 pc is conservative.
Quantile hardness ratio analysis. More recently, extensive use has been made of 
quantile analysis14,35 instead of the colour–colour analysis of Extended Data Fig. 5.  
Quantile plots have been shown to be more effective in breaking photon index 
(hardness ratio)–hydrogen column density degeneracies. Extended Data Fig. 6 
shows the same data as in Extended Data Fig. 5, but in a quantile plot. Here Qn is 
the energy within which n% of the photons in the 2–8-keV band are contained and 
m is the median energy below which 50% of the photons in the band are contained. 
The quantile diagram also shows contours of column density and photon index, 
along which the quantile parameters of the x and y axis have been calculated using 
an assumed non-thermal spectral shape and Chandra’s response function. The 
diagram clearly shows the two distinct populations of sources. Nearly all of the 
sources for r >  1 pc have Γ <  1 whereas about half of the sources for r <  1 pc have 
softer power-law photon indices of Γ ≈  1–2. The large scatter of all of the sources 
with column density shows no systematic bias in source hardness due to column 
density effects.
Spectral analysis of individual, bright Chandra sources. A spectral  analysis, 
albeit available for only a smaller number of sources (13 for r <  1 pc and 28 for 
1 pc <  r <  3.8 pc) provides a second method for confirming the presence of  
distinct source populations inside and outside 1 pc. We fitted Chandra spectra of 
the sources with sufficient net counts (C ≥  200) using thermal (tbabs*pcfabs*apec) 
and non-thermal models (tbabs*powerlaw) in XSPEC. Spectral bins were adap-
tively re-binned so that the counts in each bin have at least 3σ statistical significance 
over background.

Outside r =  1 pc, 16 of the 28 HR2 >  0.3 sources with C ≥  200 are well fitted by 
a thermal model with kT ≈  5–10 keV. These brighter sources, as demonstrated by 
the example shown in Extended Data Fig. 1a, clearly exhibit broad iron lines at 
6–7 keV, characteristic of mCVs. The fainter 10 HR2 >  0.3 sources are well fitted 
by hard power-law models with Γ <  1. Previous studies15 with Chandra also found 
that faint mCVs are readily fitted by power laws with Γ ≈  0–1.

In contrast, inside r =  1 pc, the five HR2 <  0.3 sources with C ≥  200 are well 
fitted by a power-law model with Γ ≈  1.5–2 and no apparent iron lines. Extended 
Data Fig. 1b shows the spectrum of a bright HR2 <  0.3 source with C =  267 fitted to 
a power-law model with Γ =  1.9 ±  0.3. Of the seven HR2 >  0.3 sources, similarly to 
the case of r >  1 pc sources, the five bright sources are well fitted by a thermal model 
with broad iron lines and the two fainter sources by a power-law model with Γ <  1.

Using the logN–logS values measured for both of the soft sources, and a 
much larger sample of hard sources (IPs) in the Galactic Centre (N(> S) =  kS−α, 
α =  1.4)35, we expect around four soft and eight hard sources inside r =  1 pc to 
have sufficient counts for spectral analysis. These numbers are roughly consistent 
with the five soft and seven hard sources inside r =  1 pc that we found that are 
amenable to spectral fitting.

MARX simulation. To validate our source/background extraction method and the 
subsequent spectroscopy and colour photometry, we employed MARX simulations 
followed by AE analysis. MARX simulation allows us to input sources, represent-
ing mCVs and BH-LMXBs, on top of the diffuse, gaseous structures in order to 
assess whether we can recover the proper input spectrum and the input HR2 hard-
ness ratios within statistical uncertainties. We generated fake point sources with 
input power-law spectra with Γ =  1.5–2. Input X-ray fluxes were adjusted to give 
C =  100–200 in the 2–8-keV band, similar to those of the 12 HR2 <  0.3 sources 
for r <  1 pc (Extended Data Table 1). In each MARX simulation, 5–10 fake sources 
were added to all 45 Chandra observations at various source-free locations within 
0.2 pc <  r <  1 pc including the ridge detected by ref. 40 (representing one of the 
highest background regions in r   = 0.2–3.8 pc). This is the most realistic simulation 
because we take into account the actual background, vignetting, point spread func-
tion and dithering effects for all 45 Chandra observations used for data analysis. A 
total of 124 hard and soft sources were run at 32 positions at r   <  1 pc. The MARX 
sources were placed as close as possible to the observed sources whenever feasible. 
Often a MARX simulation was run repeatedly at a given position to build up sta-
tistics on photometry and spectral recovery in the face of counting statistics. We  
analysed the simulated Chandra data using AE, calculated hardness ratios of 
the fake sources and performed spectral fitting with XSPEC. We recovered the 
(soft) input HR2 values within statistical errors for 65 out of 67 simulated sources 
with C    100. Thus, the probability of misidentifying an intrinsically soft source 
(HR2 < 0.3) as a hard source (HR2 > 0.3) is about 3%. More importantly, the prob-
ability for hard sources (with IP thermal spectra) with C    100 being misidentified 
as soft sources was about 2% (56 out of 57 simulated hard sources). Thus, at r   <  1 pc,  
the mean number of soft sources turning into hard sources is about 0.4 and the 
mean number of hard sources turning into soft sources is about 0.3. For fainter 
sources with C ≤  50, the false probability increases to more than about 20%. Thus, 
we conclude that the threshold for reliable, spectroscopic identification between 
non-thermal X-ray sources and IPs is C   100 throughout the 0.2 pc <   r   < 3.8 pc 
region we analysed.
Scattering effects on spectral analysis. Owing to dust scattering of X-ray  
photons, a point source can appear with a diffuse halo that extends beyond a 
 typical source-extraction region41. Dust scattering haloes have been detected from 
Chandra observations of bright X-ray transients (such as AX J1745.6− 290142 and 
Swift J174540.7− 29001543). Because the dust scattering is more substantial at low 
energy, the X-ray spectrum of a source may appear harder if scattered photons 
are not fully collected within an extraction region. For example, a non-thermal 
power-law X-ray spectrum could be hardened by up to Δ Γ ≤  0.5 when NH >  1023 
cm−2 (ref. 44). Unlike bright X-ray transients, no dust scattering halo is observed 
from the (fainter) Chandra X-ray sources because it is buried under diffuse X-ray 
background in the Galactic Centre.

To assess the effects of dust scattering, we applied a spectral model42. The model 
parameters, such as grain sizes and types, column densities and distances of dust 
layers, have been uniquely determined by fitting the Chandra radial profiles of the 
outbursting NS-LMXB AX J1745.6− 2901, which lies 1.5 arcmin away from Sgr A* .  
The model requires a foreground dust layer in the spiral arms a few kiloparsecs 
away from the Galactic Centre and another layer closer to AX J1745.6− 2901. The 
foreground dust layer with NH ≈  1.7 ×  1023 cm−2 is likely to lie in the line of sight 
for other X-ray sources within a few arcmin of Sgr A*  (ref. 42).

We simulated Chandra ACIS-I spectra that correspond to our source- extraction 
size (typically 1″ ) using various input spectral models, including a power-law 
with Γ ≈  1–2.5 (representing non-thermal sources) and a partially covered APEC 
model with kT ≈  20 keV (representing typical IP-like spectra). For each spectral 
model, we simulated Chandra ACIS-I spectra with and without the multiplica-
tive  fgcdust  scattering model in XSPEC. Then, we calculated HR2 hardness ratios. 
We also fit power-law (tbabs*powerlaw) and thermal (tbabs*pcfabs*apec) models 
to the  simulated spectra of non-thermal and thermal sources, respectively. The 
differences in the best-fitting HR2 values, power-law indices and temperatures 
between the simulated Chandra spectra with and without the dust scattering model 
 provide an estimate for how much spectral hardening could be caused by typical 
dust scattering in the Galactic Centre. Regardless of the input model, thermal or 
non-thermal, dust scattering hardens HR2 by Δ HR2 =  0.1. Thus, our hardness 
selection using HR2 is relatively unaffected by dust scattering for the relevant  
spectral types. The net effect of dust scattering is to harden non-thermal and 
thermal Chandra spectra by Δ Γ =  0.3 (consistent with previous results44) and  
Δ kT =  0.5 keV, respectively.
Stacked spectra analysis. That the HR2 cut produces two distinct source 
 populations is further supported by an analysis of stacked Chandra ACIS spectra 
in the central parsec. Using the combine_spectra command in the Chandra analysis 
software CIAO, we combined source and background spectra files for each group 
of the HR2 <  0.3 and HR2 >  0.3 sources. We excluded several sources from the 
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stacked spectra because their very high background counts are dominant and so 
lower the signal-to-noise ratios. Figs 2a and b in the main text show the stacked 
spectrum of the 8 HR2 >  0.3 sources with strong Fe lines and 12 HR2 <  0.3 sources, 
respectively. In both cases, all sources have net counts C    100 and they are located 
in the central parsec.

First, we fitted an absorbed power-law model (tbabs*powerlaw) to both stacked 
Chandra spectra. To accurately determine the spectral parameters and column 
density NH, we applied the multiplicative fgcdust dust scattering model41. The 
stacked Chandra spectra of the HR2 <  0.3 sources in the central parsec are well 
fitted (χ = .ν 0 812  , d.o.f. =  51) by an absorbed power-law model yielding Γ= . − .

+ .1 9 0 3
0 3

and = . ×− .
+ . −N 0 8 10 cmH 0 2

0 2 23 2 (Fig. 2b).
We found that the 14 HR2 > 0.3 sources at r   < 1 pc divide into two subgroups 

with different spectral characteristics: 8 of them exhibit strong Fe lines in their 
Chandra spectra, while the other 6 sources show either no or weak Fe lines. An 
absorbed power-law model fit to both stacked spectra yields a hard photon index 
of Γ ≈ 0.6–0.7. The hard photon index (Γ  1) is a common signature of IPs45. The 
power-law model yields a poor fit to the stacked spectra of the  
8 HR2 >  0.3 sources with strong Fe lines (χ = .ν 1 902  for 39 d.o.f.).

Since the IP spectra are physically best modelled as emission from an optically 
thin thermal plasma, we employed the APEC model in XSPEC. We added a  
partial-covering absorption model (pcfabs) to account for photo-absorption in the 
accretion curtain or X-ray reflection from the white dwarf surface and a Gaussian 
line component for the neutral Fe-K fluorescence line13. Using this fiducial IP 
spectral model, that is, fgcdust*tbabs*fcfabs*(apec+gauss), the stacked Chandra 
spectra of the 8 HR2 > 0.3 sources with strong Fe lines fit well, yielding the best-fit 
temperature of = . − .

+ .kT 6 3 keV1 7
1 6  (Fig. 2a), while the stacked Chandra spectra of 

the 6 HR2 > 0.3 sources with no Fe lines fit to a significantly higher temperature  
( kT = 19−10 keV). In the latter case, the temperature is not well constrained owing 
to the lack of Fe lines in the Chandra energy band below 8 keV. It is likely that the 
HR2 > 0.3 sources are composed of 8 IPs with  kT ≈ 5–8 keV (with Fe lines) and 6 
IPs with higher temperatures where the Fe complex is over-ionized. 

The overall stacked spectrum of all 14 HR2 > 0.3 sources fits to a partially  
covered thermal model well (χ = .ν 0 802  , d.o.f. = 58), yielding the best-fit temperature 
of = . − .

+ .kT 7 3 keV1 3
3 0  (Extended Data Fig. 7). The best-fit Fe abundance 

= . − .
+ .A 0 6Fe 0 2

0 3   (relative to solar) is consistent with previous spectral fits for the 
unresolved, diffuse IP component of the CHXE6,13. Our results from the best-fit 
models are summarized in Extended Data Table 2. The best-fit plasma temperature 
of = . − .

+ .kT 7 3 keV1 3
3 0  represents an ensemble of IPs with different temperatures and 

it is consistent with the stacked spectra of the HR2 > 0.3 sources for 1 pc <  r <  3.8 pc 
( = . − .

+ .kT 5 5 keV)0 3
0 6  as well as the results from ref. 6 ( = . − .

+ .kT 7 5 keV1 3
1 5 ) and ref. 15 

(kT ≈  7–9 keV). 
Hard and soft spectrum background systematics. Here we address whether the 
spectral difference between the soft and hard sources could be due to non-uniform 
background in the Galactic Centre region or to thermal hotspots in the diffuse 
emission. Extended Data Fig. 8 shows the stacked background spectra for both  
the HR2 < 0.3 sources and HR2 > 0.3 sources (with C ≥ 100). They do not fit a 
power-law model with large χ ≈ .ν 3 42 –3.6 owing to the emission lines at 2–4 keV 
(from low-Z elements) and 6–7 keV (from Fe). Both background spectra fit  
well with an absorbed two-temperature APEC model yielding χ ≈ .ν 1 22 –1.4.  
The best-fit temperatures are consistent between the two background  
spectra: = . − .

+ .kT 0 93 keV1 0 04
0 10  and = . − .

+ .kT 5 9 keV2 2 9
1 5  (for the soft source back-

ground) and = . − .
+ .kT 1 18 keV1 0 04

0 05  and = . − .
+ .kT 6 6 keV2 1 1

1 5  (for the hard source  
background). Thus the spectrally distinct nature of the HR2 < 0.3 and HR2 > 0.3 
sources cannot be attributed to spectral variations in the background, and their 
backgrounds are not consistent with non-thermal spectra. 

Spurious power-law spectra could result from subtracting thermal background 
spectra from ‘hotspots’11. These point-like hotspots are possibly due to small-scale 
density variations (about 0.1 pc) in the (thermal) diffuse emission in the Galactic 
Centre. They are speculated11 to be the origin of a thermal point source excess for 
low-flux sources in the Galactic Centre. These should become significant only at 
fluxes that corresponds to C ≤ 40, about 3–7 times below the net counts of the 
HR2 < 0.3 sources. Nevertheless, we investigated the possibility that subtracting a 
similar background spectrum from a hotspot thermal spectrum could produce a 
power-law spectrum. Using the measured background for the HR2 < 0.3 sources, 
XSPEC simulations were run for simulated thermal sources with plasma temper-
atures (kT2 = 3.5–8 keV) and abundance (Z2 = 0.3–1.5) encompassing those 
observed in the central few parsecs. The source normalization was adjusted to 
correspond to our observed source net counts. Using the same rebinning and fitting 
procedures as for our overall analysis, we found that the stacked spectrum for the 
12 simulated thermal hotspots was indeed a power law, but with best-fit photon 
indices of Γ = 2.5–4, steeper than our observed HR2 < 0.3 sources (Γ= . − .

+ .1 9 0 3
0 3). 

We could only get closer to our observations by adjusting the net counts to be well 

below our 100-count threshold. And in almost all cases including the best-fit  
photon indices Γ ≈2.5, the spectra showed strong emission lines at 2–4 keV and 
6–7 keV (see typical example in Extended Data Fig. 9). Consequently, all the fits 
were poor with an absorbed power-law model (χ ≈ .ν 1 42 –1.8 with approximately 
50–60 d.o.f.) and, owing to the emission lines, looked nothing like our featureless 
spectra of the HR2 < 0.3 sources.
Variability study. For the 12 HR2 < 0.3 point sources within r < 1 pc, we eval-
uated their X-ray variability by applying the Bayesian-Block (BB) algorithm46 to 
the unbinned photon arrival times after removing time gaps between the Chandra 
observations spanning around 12 years. No exposure map or vignetting effect  
correction is required because we verified that none of the sources at r   < 1 pc are 
near the chip gaps and all 45 observations were pointed at Sgr A*. The BB algorithm  
is more sensitive to short-term variability than the KS test, which evaluates the sta-
tistical significance of variability over the full time interval. Our analysis followed 
ref. 46. Among the 12 HR2 < 0.3 X-ray sources, 6 sources (50%) were variable at 
the 90%–99% confidence level (Extended Data Table 1). Since the BB algorithm 
works on source and background events, we did an independent timing analysis on 
nearby regions to ensure that variability was not due to time varying background.

Although BH-LMXBs and rMSPs both exhibit non-thermal X-ray spectra, X-ray 
variability can be used to distinguish between them. Most (around 70%) of the 
known BH-LMXBs observed in the quiescent state on multiple occasions have 
shown evidence of X-ray flux variability, many by a factor of 2–5 over a times-
cale of days to years, owing to accretion23. On the other hand, rMSPs display no 
such long-term variability. Whereas a majority of rMSPs emit thermal X-rays 
with blackbody temperatures of kT <  0.3 keV originating from the polar caps, 
non-thermal X-ray emission has been detected from about 30% of rMSPs24,47,48. 
The population of rMSPs with only soft thermal emission, if they are located in 
the Galactic Centre, are not  observable in the X-ray band because the soft thermal 
X-ray emission of this population will be completely absorbed owing to high col-
umn density NH ≈  1023 cm−2. The  population with non-thermal emission, which 
represents just over one-third of all approximately 50 known rMSPs detected in the 
X-ray band, exhibit power-law spectra with Γ =  1–1.5 and LX ≈  1030–1033 erg s−1.  
The non-thermal X-ray emission from rMSPs originates either from the magne-
tosphere or from an intra-binary shock (for rMSPs in binary systems)24,48. Orbital 
variability has sometimes been detected owing to eclipsing from the companion48. 
Isolated MSPs do not show X-ray variability on timescales greater than their mil-
lisecond spin periods because non-thermal X-rays are emitted from the magne-
tosphere24. On the other hand, non-thermal X-ray emission from binary rMSPs 
often exhibits modulation over the orbital periods of these sources (hours to a few 
days); but these sources do not show the long-term variability that is observed 
for many of the Chandra point sources in the Galactic Centre. Thus, the detec-
tion of long-term variability over months or years in the Chandra sources can be 
used as a strong indicator against rMSPs. On the other hand, timing studies of 
nearby qBH-LMXBs show that about 30% of them do not show variability and 
one would expect an even larger fraction to appear ‘steady’ at the great distance of 
the Galactic Centre, where variability is harder to detect and poorly constrained in 
fields of high background. Based on this variability argument, one-half or less of the  
HR2 < 0.3 sources may be rMSPs.
Population analysis. Flaring emission from the coronae of main-sequence stars 
has been proposed previously to account for a substantial fraction of the soft-X-ray 
emission in the Galactic Centre, but only in the central approximately 0.1 pc (ref. 22).  
The mean luminosity of these stars in the quiescent state is more than three orders 
of magnitude below our sensitivity limit and, even when flaring, a factor of about  
30 below our sensitivity limit (1028–1030 erg s−1)22. The active stellar binaries (RS 
CVn, BY Dra and Algols) are similarly excluded because even objects in the bright 
RS CVn class have a luminosity of about 1030–1031 erg s−1, more than about three 
times below the detection threshold22. Moreover, because the stellar mass inside 
1 pc is 40% less than that in the 1 pc <  r <  3.8 pc annulus and X-ray emitting 
stars are not present in the annulus, the contribution of stars inside 1 pc must be 
negligible.
Spatial morphology. We extracted the power-law index for the three-dimensional 
density n(r) of soft (HR2 <  0.3) sources by using the assumed form n(r) =  kr−γ and 
projecting this along the line of sight to obtain a best fit to the surface density 
Σ(R) =  kR−β. The appropriate integral is ∫Σ ρ= − − /R r r r R r( ) 2 ( )( ) d2 2 1 2 , where 
r and R are the actual and projected distances from Sgr A* , respectively. We used 
a Python fitting routine in the scipy.optimize.curve_ fit package. For the qBH-LMXB 
candidates this gives γ= . − .

+ .2 4 0 3
0 3 . If the steady rMSP candidate sources are 

removed, a slightly shallower cusp results, with γ= . − .
+ .2 0 0 7

0 7 . We also included 
fainter sources with C ≥  50 to estimate the radial extent of the soft source distribu-
tion without the rMSP candidates. This yields a power-law index of γ= . − .

+ .1 5 0 5
0 5. 

The stellar cusp was recently detected49 in the population of old stars in the Galactic 
Centre and at a comparable projected distance range to that explored here, but had 
an associated power-law fit with a comparable cusp of γ =  1.5.
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Total number of non-thermal sources in the central parsec. We used the logN–
logS plot in Extended Data Fig. 2 to estimate the total number of non-thermal 
sources. The extrapolation to fainter sources below the Chandra flux threshold was 
based on a previously reported intrinsic luminosity distribution50. The slope of 
this distribution (α= . − .

+ .1 4 0 1
0 1) is in agreement, within errors, with that measured 

for the qBH-LMXB candidates in the central parsec (α= . − .
+ .1 8 0 2

0 2). A cross-check 
on the logN–logS results can be obtained by using the measured slope for the soft, 
r <  1 pc sources to calculate the mean luminosity per source, assuming that the 
logN–logS plot extends down to the faintest qBH-LMXB observed50 locally. We 
have ∫ ∫/ = /L N N L L L N L L(total) ( ) d ( )d , where N(L) =  dN(> L)/dL and the lim-
its of integration are set by the previously used value48 of Lmin and the intrinsic 
luminosity of the brightest soft source that we observed in the central parsec. This 
gives 〈 L〉  =  4 ×  1031 erg s−1 for the soft sources of the central parsec, in good agree-
ment with the previously observed50 mean luminosity of 5 ×  1031 erg s−1. However, 
the estimate of the total non-thermal source population should be viewed with 
caution. It is based on the value of Lmin of a small sample (18) of relatively nearby 
black-hole binaries and it is unclear how representative these are of the qBH-
LMXBs of the Galactic Centre. As an example, increasing Lmin by a factor of two 
would reduce the extrapolated number of sources by a factor of about three.

Although we cannot rule out that the steady sources that comprise one-half 
of our non-thermal sources in the central parsec are rMSPs, we might expect 
them to have a more extended spatial distribution, because neutron stars receive  
substantial kick velocities on formation. Even when situated in binaries, and taking 
into account the higher escape velocity in the Galactic Centre, a more extended 
distribution, beyond 1 pc, for the rMSP population is likely. However, because 
rMSPs are an old population, those that have escaped the centre may be located 
at much larger distances than the 3.8 pc to which our analysis extends. Those in 
the central parsec are the fraction that did not have sufficient kinetic energy to  
escape. In fact, all of our observations are within the approximately 3-pc influ-
ence radius in the Galactic Centre. Detailed modelling is required to resolve these 
questions.
Transient emission from the qBH-LMXB. Four X-ray binary transients were  
previously reported in the central parsec, representing an over-density per unit 
stellar mass of about 20 times compared to the surrounding tens of parsecs25. 
Subsequent work established that three of those transients are NS-LMXBs,  leaving 
one potential BH-LMXB candidate in the central parsec, which has had only its 
original large outburst in more than a decade of monitoring17,18. More recently, 
 several new transients that are strong BH-LMXB candidates have been identified 
in the Galactic Centre (K.M., C.J.H., D. Haggard, B.J.H., C. Jin, S. Mandel, M. 
Nynka, G. Ponti and J. Tomsick, manuscript in preparation). If qBH-LMXBs have 
large outburst recurrence times of about 100 years, then in more than 10 years of 
 monitoring 40 or more outbursts would have been expected from the extrapolated 
qBH-LMXB population, which is clearly inconsistent with observations. If the 
recurrence time is about 1,000 years, then there is rough consistency between the 
number of BH-LMXB transients observed in the central parsec over the more 
than 10 years of monitoring, and the non-detection of large outbursts among 
the dozen X-ray binaries reported here. Such a long recurrence time may not be 
implausible. Observations of the local qBH-LMXB population reveal a correla-
tion between luminosity and orbital period, such that the sources below our flux 
threshold all have orbital periods P of less than about 10 h. But according to the 
accretion disk instability model, very faint systems with P less than about 10 h are 
precisely those whose accretion rate is below the critical rate required to induce 
large outbursts. If they are accreting at around 10−3 times the critical accretion rate, 
then recurrence times of around 1,000 years are realized. The qBH-LMXBs above 
our detection threshold are both brighter and, according to the LX–P correlation, 
should have longer periods. They would therefore burst at a higher rate, but still 

be  consistent with the non-observation of large outbursts from their locations. 
A similar  argument, based on a low accretion rate leading to a lack of recurrent 
outbursts, has been used to explain the inefficiency of X-ray searches in uncov-
ering black hole–Be binaries51. No such problem arises for rMSPs, which do not 
have outbursts.
Code availability. We used standard software for all our data analysis: the Chandra 
Interactive Analysis of Observations (CIAO; http://cxc.harvard.edu/ciao/), the 
MARX simulator (http://space.mit.edu/CXC/MARX/), the ACIS Extract package 
(http://personal.psu.edu/psb6/TARA/AE.html) and NASA’s HEASOFT software 
(https://heasarc.nasa.gov/lheasoft/).
Data availability. The Chandra data that support the findings of this study are 
available from NASA’s HEASARC data archive (https://heasarc.gsfc.nasa.gov/docs/
archive.html). The data shown in the figures and tables are available from the 
corresponding author on reasonable request.
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Extended Data Figure 1 | Example Chandra spectra of thermal and 
non-thermal X-ray sources. a, CXO J174541.02− 290017.6 (HR2 >  0.3).  
b, CXO J174539.48− 290045.8 (HR2 <  0.3). The hard (thermal) source 
spectrum, which exhibits a broad emission line at E =  6–7 keV, is fitted 

by a partially covered APEC model, whereas the soft (non-thermal) 
source spectrum is fitted by an absorbed power-law model. The error bars 
represent 1σ statistical uncertainties. The bottom panels show residuals 
(data minus model) in terms of 1σ significance.
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Extended Data Figure 2 | A cumulative X-ray flux distribution of the 
qBH-LMXB candidates within 1 pc. A logN–logS histogram of the  
12 HR2 <  0.3 sources (assuming all are qBH-LMXBs) is plotted, where S 
denotes an absorbed 2–8-keV flux. The best-fitting power-law model is 

shown as a solid blue line. An extrapolation of this line to the minimum 
observed flux (1.9 ×  10−16 erg cm−2 s−1, after correcting for higher X-ray 
extinction in the Galactic Centre) of the local qBH-LMXB population50 is 
used to estimate the total number of qBH-LMXBs in the central parsec.
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Extended Data Figure 3 | Hardness ratio for X-ray point sources with 
C ≥ 100 as a function of the projected radial distance from Sgr A*.  
The horizontal line denotes the best fit to a radially constant hardness ratio 
(HR2 =  0.53), which yields a poor fit with χ = .ν 3 02  for 89 d.o.f. We took 

into account statistical and systematic errors in the HR2 data; the error 
bars in the figure indicate 1σ statistical uncertainties. The hypothesis  
of spatial constancy of HR2 is thus rejected with P =  1.1 ×  10−19. The 
bifurcation in HR2 at r   1 pc is clearly visible.
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Extended Data Figure 4 | Chandra images of the soft source CXO 
J174540.79−290024.5 and its extracted background events.  
a, Neighborhood image around the source (labelled 26, with multiple 
green circles near the centre indicating source extraction regions for 
different observations) along with other Chandra catalogue sources 
indicated by numbers 23, 24 and 27. b, Background image around the 

source (labelled 26 and located near the centre with a green circle) 
from ObsID 11843. The red dashed circle indicates the inner circle of 
the background annulus (r = 2.5″). Note that background was properly 
extracted from an annulus of r ≈ 2.5″–4″ by excluding the nearby Chandra 
sources indicated by green circles labelled 23, 24 and 27.
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Extended Data Figure 5 | Colour–colour diagram of X-ray sources 
with C ≥ 100 within radial projected distances from Sgr A*. HR2 
and HR3 hardness data are plotted for sources at r <  1 pc (cyan) and 
1 pc < r <  3.8 pc (red). The error bars represent 1σ statistical uncertainties. 
There is no clear evidence of HR3–HR2 correlation, a surrogate for 
column-density- or scattering-related effects. The vertical dotted grey line 

indicates our dividing line at HR2 =  0.3 between the soft and hard sources. 
For reference, the calculated HR2 and HR3 for four local IPs, whose 
spectra were extrapolated to the distance of Sgr A*, are shown as black 
diamonds. They cluster at high HR2, as expected. Only three of the four IP 
diamonds are visible because two of them overlap.
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Extended Data Figure 6 | Median photon energy in the spectrum versus 
hardness ratio of X-ray sources with C ≥ 100. Sources for r <  1 pc and 
r >  1 pc are indicated in cyan and red, respectively. The median m =  Q50 
and the ratio of two quartiles Q25/Q75 are calculated for each source14. The 

energy scale across the top shows the median energy values (E50%). The blue 
and red lines correspond to hydrogen column density NH and power-law 
photon index Γ  grids, respectively. The error bars represent 1σ statistical 
uncertainties.
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Extended Data Figure 7 | Stacked Chandra ACIS-I spectrum of the  
14 thermal X-ray sources with net counts C ≥ 100 within r < 1 pc.  
The spectrum is well fitted with a partially covered thermal APEC model 
with a Gaussian line at 6.4 keV (χ = .ν 0 802  for 58 d.o.f.). The error bars  

represent 1σ statistical uncertainties. The bottom panels show residuals 
(data minus model) in terms of 1σ significance. The best-fit parameters 
are shown in Extended Data Table 2.
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Extended Data Figure 8 | Stacked background Chandra ACIS-I spectra 
of the sources with net counts C ≥ 100 within r < 1 pc. a, 12 HR2 < 0.3 
sources. b, 14 HR2 > 0.3 sources. Several prominent emission lines are 
present from low-Z elements (below 4 keV) and Fe (at 6–7 keV). Both 
background spectra are well fitted with an absorbed two-temperature  
thermal APEC model: χ = .ν 1 212  (291 d.o.f.; soft source background) and 
χ = .ν 1 262  (320 d.o.f.; hard source background). The best-fit temperatures 

are consistent between the two background spectra: = . − .
+ .kT 0 93 keV1 0 04

0 10  
and = . − .

+ .kT 5 9 keV2 2 9
1 5  (for the soft source background) and 

= . − .
+ .kT 1 18 keV1 0 04

0 05  and = . − .
+ .kT 6 6 keV2 1 1

1 5  (for the hard source  
background). The error bars represent 1σ statistical uncertainties.  
The bottom panels show residuals (data minus model) in terms of  
1σ significance.
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Extended Data Figure 9 | Simulated Chandra ACIS-I spectrum using  
a two-temperature thermal APEC model. The input parameters are  
kT1 = 1.0 keV and Z1 = 2.5 (for the lower-temperature component) and 
kT2 = 5.0 keV and Z2 = 0.6 (for the higher-temperature component).  
The spectrum was poorly fit with an absorbed power-law model yielding 

χ = .ν 1 652  (56 d.o.f.; hard source background) and showing large residuals 
at 2–3 keV and 6–7 keV. The best-fit photon index (Γ= . − .

+ .3 1 0 4
0 4) is  

significantly softer than that of the stacked soft source spectrum in  
Fig. 2b (Γ= . − .

+ .1 9 0 3
0 3).
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extended data table 1 | the 12 non-thermal (soft) X-ray sources with C ≥ 100 in the central parsec

The last column indicates the source detection significance calculated by wavdetect, a wavelet algorithm used widely for Chandra analysis. The sources have HR2 <  0.3.
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extended data table 2 | Best-fitting parameters from fitting the stacked Chandra spectra

The errors indicate 1σ statistical uncertainties. The spectral models are a partially covered APEC model with a Gaussian line and an absorbed power-law model for the 14 hard (HR2 >  0.3) and the  
12 soft sources (HR2 <  0.3), respectively. The line energy and width of the Gaussian line component are fixed to 6.4 keV and 0.01 keV to account for the neutral Fe-K fluorescence line. The parameters of 
the partial covering absorption component are poorly constrained owing to spectral fitting in the narrow 2–8-keV energy band.
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