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The detection of a stochastic gravitational wave background by pulsar-timing

arraysindicates the presence of a population of supermassive black hole
binaries. Although the observed spectrum generally matches predictions

for orbital evolution driven by gravitational-wave emissionincircular

orbits, thereis a preference for aspectral turnover at the lowest observed
frequencies, which may point to substantial hardening duringa transition

from early environmental influences to later stages dominated by emission.
Inthe vicinity of these binaries, the ejection of stars or dark matter particles
through gravitational three-body slingshots efficiently extracts orbital energy,
leading to alow-frequency turnover in the spectrum. Here we model how the
gravitational-wave spectrum depends on the initial inner galactic profile before
scouring by binary ejections while accounting for arange of initial binary
eccentricities. By analysing the NANOGrav 15-year data, we find that a parsec-
scale galactic-centre density of around 10° M, pcis favoured across most of the
parameter space, thus shedding light on the environmental effects that shape
black hole evolution and the combined matter density near galaxy centres.

Recent advances of pulsar-timing arrays (PTAs), which can leverage pre-
cise measurements of timing residuals within agalactic-scale detector,
have ushered inanew eraof stochastic gravitational wave background
(SGWB) detection. The SGWB, defined by asuperposition of incoherent
gravitational waves (GWs), initially emerged as a common-spectrum
process'.Subsequent data provided evidence of aquadrupolar correla-
tion function®>, famously known as the Hellings—-Downs curve®, which
affirmed the presence and characteristics of the SGWB.

The observed spectrum of the SGWB is consistent with expecta-
tions for a population of supermassive black hole binaries (SMBHBs)

that is dominated by binaries with comparable mass ratios, total
masses in the range 10°2'°* M, and redshifts from 0.15t0 0.9 (refs. 7,8),
where M, represents the solar mass. Although the spectrumis consist-
ent with a steady slope due to GW emission by circular binaries, the
NANOGrav 15-year data’ exhibit amild preference for alow-frequency
turnover, afeature alsoindicated by datafrom the Parkes Pulsar Tim-
ing Array* and European Pulsar Timing Array®, which have over 10 years
of observations. This feature implies an acceleration in the rate of
orbital hardening, which would be a potential solution to the final
parsec problem”,

'State Key Laboratory of Dark Matter Physics, Tsung-Dao Lee Institute, Shanghai Jiao Tong University, Shanghai, China. 2Key Laboratory for Particle
Astrophysics and Cosmology (MOE) & Shanghai Key Laboratory for Particle Physics and Cosmology, Shanghai Jiao Tong University, Shanghai, China.
3Center of Gravity, Niels Bohr Institute, Copenhagen, Denmark. *Institute for Theoretical Physics, Goethe University, Frankfurt am Main, Germany. *Space
Telescope Science Institute, Baltimore, MD, USA. ®Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD, USA. "Niels Bohr
International Academy, Niels Bohr Institute, Copenhagen, Denmark. 8Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY,
USA. °Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany. PInstitut de Fisica dAltes Energies (IFAE), The Barcelona Institute of Science and
Technology, Campus UAB, Bellaterra (Barcelona), Spain. "ll. Institute of Theoretical Physics, Universitdt Hamburg, Hamburg, Germany. *A list of authors

and their affiliations appears at the end of the paper.

e-mail: chen.yifan@sjtu.edu.cn; xuanye.fan@ligo.org; xxue@ifae.es

Nature Astronomy | Volume 10 | April 2026 | 554-563

554



Article

https://doi.org/10.1038/s41550-026-02782-0

A natural and simple explanation involves environmental inter-
actions with stars and cold dark matter, which are noted for their
potentially high density in galactic centres” . Both stars and dark
matter can be expelled from a system through gravitational sling-
shots during encounters with binary components, thereby extracting
orbital energy™. This process involves three-body scattering, for which
the energy extraction efficiency is substantially higher than that of
two-body dynamical friction®, especially when the binary components
have comparable masses and are sufficiently close. Such three-body
slingshot interactions can substantially alter the density profile of
the galactic centre, particularly flattening the inner distribution’®".
This underscores the importance of considering the co-evolution
of the density profile and the binary orbit. A pivotal study by Sesana
and Khan'® demonstrates that the orbital hardening rate observedin
N-body simulations can be effectively approximated by results from
scattering simulations™ within environments characterized by the
distribution at the SMBHB influence radius® before scouring. In this
study, we use the NANOGrav 15-year dataset to investigate how the
SGWB is shaped by initial galactic-centre density profiles and binary
orbital eccentricities. By jointly modelling the co-evolution of eccen-
tricity and environmental hardening through three-body scattering,
we demonstrate that current PTA data, despite their marginal sensitivity,
already encode measurable information about parsec-scale matter
distributions in galactic centres.

Binary hardening by three-body scattering
The SGWB emanating from SMBHBs is anincoherent superposition of
signals from individual sources. Its spectrum is characterized by the
characteristic strain h.(f) obtained by integrating the single-binary
GW emission over redshift z, total mass M and mass ratio g<1and
weighted by the co-moving population distribution d*s/(dz dM dg),
where nis the co-moving volumetric number density of binaries. The
emitted GW frequency inthe source framef;is related to the observed
frequency by the usual redshift relation f=£,/(1+2z).

Thessingle-binary GW emission spectrum is inversely proportional
to the orbital hardening rate da/dt, as binaries that spend longer at a
given orbital separation contribute more strongly to the SGWB. The
semimajor axis a satisfies Kepler’s law, a3 = GM/(anorb)z, where G is
Newton’s constant and the orbital frequency f,,, = f./2 for circular
binaries. The total hardening rate is da/dr =} (da/dt)|;, with the index
Jjaccounting for all relevant mechanisms driving orbital decay.

For circular binaries evolving purely under GW emission, the evolu-
tion of the semimajor axis is

da ="

da _64GM g
dtlow —

5 6@ 1+q) v
where cis the speed of light and e is the eccentricity. This scaling
leads directly to the well-known power-law spectrum of the SGWB,
h. < f??2 forapopulation of circular, GW-driven binaries. Eccentric
orbits enhance GW emission over arange of frequencies, as discussed
inMethods. Consequently, aturnoverin the spectrumat lower frequen-
ciesis possible before the orbit undergoes circularization through
GW emission®.

In galactic centres, SMBHBs form within a background of stars
and particle dark matter, once their separation falls below the influ-
ence radius r;. This radius is defined as the distance at which the total
enclosed mass of starsand dark matter is twice the mass of the SMBHB".
Given the extreme mass ratio between the SMBHB and the stars and
dark matter, both act effectively as test particles. Each may undergo
several gravitational encounters with one of the black holes (BHs)
until it gains sufficient kinetic energy to be ejected. This three-body
slingshot process becomes efficient as the semimajor axis a approaches
the hardening radius, defined as a,, = r;q/(4(1 + q)?) (ref. 14). The rate
of orbital hardening due to three-body scattering, averaged over a

background of particles with matter density p and velocity dispersion
o,isgivenby":

da) _ _pePe, @)
dt I3ps o

where His adimensionless coefficient typically ranging from15to 20,
as observed in scattering simulations™. It is important to note that
three-body scatteringis fundamentally distinct from two-body dynami-
cal friction” and becomes more dominant within the hardening radius.
Assuming a constant p/o ratio over time, the spectral evolution for
circular orbits follows A, = f. Note that three-body scatterings tend
to increase the eccentricity on average', in contrast to the effects of
GW emission.

Historically, the three-body slingshot process was thought to stall
orbital evolution by ejecting background stars and depleting the loss
cone, a region of phase space consisting of low-angular-momentum
orbitsinwhichstars are close enough for strong interactions with the
binary. This led to what is known as the final parsec problem’. However,
N-body simulations”>* have shown that merger-induced triaxiality can
efficiently repopulate the loss cone®.

These simulations also reveal that two initially cuspy profiles,
each centred on a BH with peak densities, will merge and flatten into
a single core profile following the merger'®”. This underscores the
need for comprehensive simulations that simultaneously address
the co-evolution of the SMBHB orbit and the density profile. Further
analysis comparing results fromscattering simulations* with N-body
simulation outcomes® demonstrates that predictions of orbital evo-
lution can closely align with equation (2), assuming that p/o remains
constant, as determined by the initial profile at the influence radius r;
of the SMBHB'®. This statement is supported by observations that the
total mass ejected during SMBHB evolution is approximately of the
order of M (refs. 14,16,25-28) and is primarily distributed within the
influence radius at the onset. During simulations, the loss cone at this
radius remains fully populated as it is driven by the efficient diffusion
of particles in triaxial potentials.

By comparing equation (1) withequation (2), one sees that the GW
spectrum naturally separates into two regimes: alow-frequency phase
dominated by three-body scattering and a high-frequency phase gov-
erned primarily by GW emission. The transition between these phases
is marked by a turnover frequency in the source frame®’:

3/

10
f = TT_1< % (1+q<7)2 % H) G-110p-2/5
‘ 3)

-2/5

, 3/10
~ 2.8nHz A+q)” pilPres ﬂ M
: g 0i/6ne 18 10"M,

Here we introduce p; and o, as the values of p and o evaluated at r;, and
define p,; = 10° My/pc® ~ 3.8 x 10° c=2GeV cm™ and g, = 1073¢.
Figure 1 presents examples of the GW spectrafromanindividual SMBHB
across various parameter settings, demonstrating how the magnitude
of three-body scattering and the initial binary eccentricity influence
the spectral shape.

Inference of galactic-centre matter distributions
The NANOGrav 15-year data indicate a slight preference for a turn-
over atlow frequencies, particularly around 4 nHz (ref. 7), suggesting
deviations from the expected behaviour of purely circular binaries
driven by GW emission. Giventhatboth eccentricity and star-and dark
matter-induced three-body scatterings can contribute to this turnover,
we conduct acomprehensive survey of their joint parameter space.

We adopt a straightforward power-law distribution for the
galactic-centre density profile before scouring, parameterized
as follows:

Nature Astronomy | Volume 10 | April 2026 | 554-563

555



Article

https://doi.org/10.1038/s41550-026-02782-0

= 9 - =
o My =10°M,, g, = 0.9, z, = 0.02

€pc=0 — pi/6i=0
- I
107" ¢ — €,,=096  *** p/0,=10"D,/0es

10"

107 10° 10' 107 10° 10
f (nHz)

Fig. 1| Illustrative SGWB spectra from a simplified SMBHB population.
Examples of the SGWB spectra derived from an SMBHB population modelled as
delta functions in the space (M, g, 2), specifically d*n/(dz dM dq) = 6(M - M,)6
(z-2)6(g - q,) Mpc™. The values of the constants (M,, z,, g,) are indicated at the
top. Inall scenarios, the evolution of the semimajor axis begins at 1 pc, with the
eccentricity e, defined at that separation. Colours indicate different e, values,
and line styles denote variations in p,/o; for three-body scattering, using
Prer =10° Mg pc3and G,r =103 ¢.

PN =ppc(ﬁ)_y, @

where ris the radial distance, the reference radius 1 pcis set for our
analysis, p,. denotes the matter density normalization to be constrained
and yrepresents the radial slope of the profile. We explore values of y
ranging from O to 2.4, consistent with the inner region of the Dehnen
density-profile family*°. For each scenario, we first determine the influ-
enceradius r;by satisfying the condition fgp 4nr? dr = 2M(ref.19) and
then calculate p; = p(r;) using equation (4) and o; = o(r;) = \/GM/r; via
the virial theorem.

Our analysis targets include the initial eccentricity e, defined as
occurring when the binary is formed at a = r,, and the density-profile
parameters p,.and y. The distribution of SMBHB parameters, namely
total mass M, massratio g and redshift z, follows the fiducial population
model derived from astrophysical interpretations of NANOGrav data
(the fiducial ‘Phenom+Astro’ model without phenomenological envi-
ronmental parameters) using holodeck’, as detailed in Supplementary
Information. The dominant contributions to the SGWB are expected
from binaries with log,,(M/M) € (9.2,10.4),q € (0.5,0.8) and z €
(0.15,0.9) (ref. 7).

For each parameter combination of (e,, p,, ¥) and (M, g, 2), we com-
pute the orbital and eccentricity evolution of the SMBHB, taking into
account both GW emission and three-body scattering, as detailed in
Methods. We then derive the total SGWB spectrum by integrating over
(M, g,z).Finally, we assess the likelihood that the SGWB spectrum pro-
duced by each parameter set (e,, p,., ¥) matches the observed spectrum
inthe lowest five frequency bins (2-10 nHz) of the NANOGrav 15-year
data, which exhibit robust signal-to-noise ratios’. We treat the overall
normalization of the SMBHB distribution as a nuisance parameter,
assigningitastrophysical priors consistent with how the fiducial popu-
lationmodelwas derived’, as detailed in Supplementary Information.

InFig. 2, we present the posterior distribution of the parameters
(€0, 108, (Ppc[Mg pc=3]/10%),y). The results reveal that the 1o regions
(dark blue) indicate the presence of three-body scatterings, with
108, (Ppc[M pc=2]/10%) estimated to be 0.8*16. There is an expected
degeneracy between e, and p, (refs. 8,31-33), where a higher ¢, cor-
respondstoalowerrequired density. However, theloregionindicates
that when p,. drops below 10 M, pc™, GW emission requires an
extremely high initial eccentricity, e, > 0.999, to account for the turno-
ver. Thisis because lower densities resultin alarger r;, and GW emission
tendstocircularize the orbit before it reachesthe observed frequency

range. Thelight blue regions represent the 2o confidenceinterval. The
white region is excluded at the 95% confidence level, thereby setting
anupper limit on p,,, as higher values would result in a turnover fre-
quency inconsistent with the observational data.

Inthe left-hand panel of Fig. 3, we present the posterior distribu-
tionfor the density-profile parameters (p,, y) for specificinitial eccen-
tricitiese,=0,0.5and 0.9. The contours generally follow approximately
constant values of p;/o;, as indicated by equation (3). The right-hand
panel of Fig. 3 presents the best-fitting spectra for various values of
eo. Distributions with smaller y values are preferred over steeper ones
because a larger y leads to a broader range of p,/o; across the SMBHB
population parameters (M, g), which in turn results in a wider distri-
bution of the turnover frequency f; as defined in equation (3). This
causes the spectrumto have abroader intermediate region, requiring
anormalization factor higher than the fiducial value, making high-y
casesless favoured. A conservative upper limiton p,.(y) is established
based on the 95% exclusion for e, =0, as higher e, values lead to more
stringent constraints.

As a comparison, we examine various benchmark star and dark
matter profiles: the modelled stellar distribution in the nearby galaxy
M87 with y=4/3 and p,. = 0.7 x 10° M,, pc (ref. 34) (black star); the
Milky Way’s modelled core star distribution withy=1/2and p,. ~ 1.8 x
10° M pc (ref. 35) (brown star); a hypothetical dark matter spike in
M87 withy=7/3 and p,. = 2.6 x10° M, pc™ (ref. 12), which was formed
by an adiabatically growing central SMBH from an initial Navarro-
Frenk-White distribution” (grey dot); and ahypothetical flattened dark
matter spike in the Milky Way with y =1/2 and p,,. = 10* M,, pc”®, which
formed as the BH grew from a low-mass seed* (green dot). Interest-
ingly, dark matter spikes are not favoured in the hardening process
because higher y values result in larger r; above 1 pc, leading to lower
p:.. Conversely, core-like stellar or dark matter profileswithy=1/2inthe
Milky Way, as well as the stellar distribution in M87, fall naturally within
the best-fitting region of our analysis. Lower y values are expected
due to flattening by previous SMBHB mergers or reformation after a
galaxy merger®.
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Fig. 2| Posterior constraints on eccentricity and environmental parameters.
Posterior distribution of the parameters (e, log,, (ppc[M pc—31/10%), y), which
are the initial eccentricity and the pre-scouring density profile, inferred from the
lowest five frequency bins of the NANOGrav 15-year dataset. Theloand 20
confidence regions are shownin dark blue and light blue, respectively.
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Fig. 3| Constraints and corresponding SGWB spectra for fixed initial
eccentricities. Left: posterior distribution of the density-profile parameters
(log,o(ppc[Mg pc3]/10%), y) for three representative initial eccentricities, e,= 0
(blue), 0.5 (yellow) and 0.9 (purple). The 1o and 20 confidence regions are shown
indarker shades and with dashed contours, respectively. Benchmark matter-
density profiles, namely the stellar distribution in M87 (black star), the stellar
core of the Milky Way (brown star), a dark matter spike in M87 (grey dot) and a
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flattened dark matter core in the Milky Way (green dot), are included for
comparison, with parameters detailed in the text. Right: best-fitting SGWB
spectra corresponding to parameter choices (log;, (0pc[Me pc3]/10%),y)

= (1.3,0.08),(-0.09,0.06) and (-1.9,0.27) for e, = 0, 0.5 and 0.9, respectively, as
indicated by the crosses in the left-hand panel. The spectra are compared against
the lowest five frequency bins of the NANOGrav 15-year dataset’. MW, Milky Way.
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Fig. 4 | Posterior constraints from alternative eccentricity and density-profile
parameterizations. Left: the universal initial eccentricity e, is replaced by the
average eccentricity éy of a power-law distribution. Right: the universal

= +1.8
k=214

0=-0.62%

)

15 3.0 45 6.0 4 02040608
K o €oc
density-profile parameters (p,,, y) are replaced by a Gaussian distribution of
log,,[(0i/P,)/(0i/Grer) ], characterized by amean @ and width k, together with
the eccentricity ata=1pc, denoted e,.

We present in Methods analyses that show that each SMBHB can
deviate fromauniversal (ey, p,, ), including a power-law distribution
of initial eccentricities and a variance in the initial density. The cor-
responding posterior constraints are shown in Fig. 4. These alterna-
tive parameterizations do not alter the conclusion that the posterior
distribution favours p,. = 10° M, pc. Furthermore, variations in the
SMBHB population distribution merely shift the best-fitting region in
accordance with the scaling relations from equation (3).

Discussions

Inthe vicinity of abinary BH, a test particle can extract orbital energy
through several scatterings with each BH component. Within the PTA
observationband, three-body ejections are substantially more efficient
than two-body dynamical friction, especially for comparable-mass
binaries, resulting in pronounced scouring of the surrounding mat-
ter distribution. In this study, we explore the potential imprints that
stars or particle dark matter surrounding SMBHBs could leave on the

spectrum of the SGWB. Using the NANOGrav 15-year observational
data, we constrain the relevant parameter space. Our results support
the occurrence of three-body scatterings with a reasonable density
distribution before scouring, primarily inferred fromthe low-frequency
turnoverinthe SGWB spectrum, assuming no other dominantenviron-
mental influences are present. Continued monitoring with existing
PTAs willlead toimproved constraints on the low-frequency turnover.
Future observations by FAST’, DSA-2000%, the Square Kilometre Array*®
and next-generation astrometry missions® are expected to deliver
substantially more precise spectral measurements*’, promising to
shed light on the physical origin of the turnover.

Resolving the degeneracy with the initial eccentricity is essential
ifweareto precisely determine the density profile. Potential strategies
for determining the SMBHB eccentricity include resolving individual
binaries through either GW or electromagnetic observations*** and
examining correlations among different frequency bins. This latter
methodisbased onthe observationthata higheccentricity contributes
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to several integer multiples of frequency bins simultaneously*.
Nevertheless, setting a stringent upper limit on the galactic-centre
density distribution is feasible, as both other environmental influ-
ences and non-zero orbital eccentricity tend to further elevate the
turnover frequency.

The three-body slingshot mechanism considered in this study
assumes that the test particles interact purely gravitationally. It,
thus, applies to both stars and cold, collisionless dark matter. For a
star-dominantdistribution, such findings could reveal the star forma-
tion and relaxation rates near SMBHs in the galactic centre and may
indicate a density higher than previously expected”**. If dark mat-
ter is the dominant density, the findings here could provide crucial
insights into two long-standing questions: the identification of the
particle nature of dark matter and the measurement of its density at
galactic centres. Further studies are needed to evaluate how specific
dark matter models, especially those that depart from the cold dark
matter scenario, influence the applicability of three-body ejection.
In Supplementary Information, we also discuss possible non-cold
dark matter effects and other environmental mechanisms that may
contribute to the observed turnover.

Methods
Evolution of eccentric orbits
We investigate the orbital evolution of SMBHBs driven by both
three-body ejection of stars'* and cold dark matter'® and by GW emis-
sion. Our analysis incorporates eccentric orbits with an evolving
eccentricity’>**, Other possible environmental effects** are dis-
cussed in Supplementary Information.

The coupled equations that govern the semimajor axis a and
eccentricity eare as follows:

da(e,a) 64 GM ¢ P 2
=TS ed ral (e —-HGZa%,
de 5 dad (1+q) (1-e2) o; 5
21, ®)
de(e,a) 304 GM> g e(1+ 3026 )

P
dr 15 oat (1+q) (1-e?)? +HK(e,a)G0i a

Thefirst terms ontheright-hand side of these equations correspond to
GW emission®®, and the second terms describe the effects of three-body
ejections™. The dimensionless parameters Hand K represent the hard-
ening and eccentricity growth rates, respectively, as derived from
scattering simulations. For hard binaries, H values typically range
from15t0 20 (ref.14); in this study, we fixed Hat 18. The function for K
is approximated by'“"%;

a )71, ©)

N 2 0.6(
K(e,a)~ 03e(l—-¢€°) 1+ 02a;

which becomes most effective when a is within the hardening radius
ay=rq/41+q)?.

Each evolutionary case begins at the influence radius r;,, which is
determined by solving the relation fip4nr?dr=2M (ref. 19) for a
power-law distribution p(r) = p,.(r/1 pc)* before scouring. Conse-
quently, p,=p(r)) and o; = o(r;) = \/GM/r;are calculated. Theinitial eccen-
tricity e,, defined at r,, serves as a fitting parameter to be constrained.

We vary both the initial eccentricity e, and the density-profile
parameters (p,, ). We then calculate the orbital evolution for the
SMBHB with parameters (M, q) from the determined r;. The SGWB
spectrum is subsequently calculated by integrating over the SMBHB
population parameters (M, g, z), considering the density distribution
d’n/(dzdM dq), as referenced in®*7%"";

d3r1 dEgw
dzdmdqg df;

sn 4G
R = o | dzdMdq @

fs=(1+2)f

In this calculation, we neglect Poisson fluctuations in the SMBHB dis-
tribution, as these have a minor impact on the lowest frequency bins
of the NANOGrav 15-year dataset’ ",

The GW emission spectrum, dEgy/d Inf,, calculated at the source
frame frequency f;, includes contributions from various orbital fre-

quencies f7 = f/nforintegern>0.ltis expressed as®:
dEcw teo dER,/dt )
dfs fi=(+2)f n=1 nd orb/dt i =+2)f/n
where
dez, 32G'M P
= g(n,e),
de 5csas (1+q)4
9
dfow _ _3VCM da
dt ~ 4mas? dt’

The orbital frequency is related to a viaKepler's law a* = GM/(an”mb)z.
The functiong(n, e), defined as

4 2
gne) =% [{/nfz(na = 2¢),1(1€) + % J,(n€) + 26/ ,1(n€) — Jp,x(ne)}

(1= @) a(€) = Yp(n€) +Jpa (O + = fa(ne).
(10)

converges to g(2, 0) =1for circular orbits. Here /, denotes the Bessel
function of the first kind of order n.

In practice, we employ several methods to enhance the efficiency
of numerical computation. In equation (8), we apply a cutoff to the
summation over n, neglecting all contributions for n > n,,,,, with
Nmax = 3Mpeak(€max)- The value of n,.,, (e) is given by””:

4
Mpeak(€) ~ 2 (1 +3 ckek) a-e™"? i)

k=1

where ¢;=-1.01678, ¢,=5.57372,c;=-4.9271and ¢, =1.68506, and e,
represents the maximumeccentricity throughout the orbital evolution.
Additionally, when n,,,, exceeds 100, we sum the contributions for n>
101 using logarithmic steps (n=101,102,104,108, ...) and implement
numerical integration over n using numpy . trapz.

Statistics
In our dataanalysis, we estimate the posterior distribution of log,,p,.c,
¥, e,and log, N. This can be separated into two components:

Ppe/10°

Mg pc=3’

P(log10 Y. €0, I0g10N|6t)

Dpc/10°
Mg pc?’

- f rk[dlogwhg(fkw(logw V.€o, )

logoVi1ogyo A2/} x P({logyo R2(f}SE)

where 6¢ represents the residual timing data from the NANOGrav
15-year dataset?, and f; = k/T,, denotes the frequencies indexed by
k=1,2,3,4and 5 correspondingto the five lowest frequency bins, with
T.»s =16 years as the observation time.

The second termin equation (12) represents the posterior distri-
butions of the free spectrum derived by the NANOGrav collaboration’.
The first termis calculated using Bayes’ theorem:

5

Y, eo,logmN\{logmh%(fo})

/10
P(Iog,10 Po
{o]

Mg pc™

o PU{log R (fillog g 225 1. €o. logioN) (13)

Mo

Ppc/10°
Mg pc™?

P(Iog10 )P(y)P(eo )P(log;,N).

The first term is computed in section ‘Evolution of eccentric orbits’,
where Poisson fluctuations are neglected. The remaining terms are
the priors for each parameter:
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/10°
P(logg 2255 ) = U441
P(y) = U[0.2.4],

(14)
P(ey) = U[0,0.999],

P(log,,N) = N(~1.46,1.09),

where Udenotes auniformdistribution, ./ denotes anormal distribu-
tion and the prior for Nis calculated in Supplementary Information.

For practicalimplementation, we use PTArcade’®, whichis based
onceffyl”,tomodel the prior distributions and fit the results to the
free spectrum data.

Alternative parameterization

In the main text, we employed a universal parameterization for the
initial eccentricity and density profile before scouring, (e,, p,., ), for
eachSMBHB. Inreality, each of these parameters can have its own distri-
bution. Inthis section, we consider alternative parameterizations that
allow for adistribution of initial eccentricities e,and a variance in p;/g;
across the SMBHB population. We show that these alternative choices
have only aminorimpact on our conclusion that the parsec-scale den-
sity is approximately 10° M_ pc™.

First, we consider a power-law eccentricity distribution®:

fleg) = €57, (15)

where £>0isan exponent controlling the form of the distribution, and
thedistributionis normalized to unity. For example, {=2 corresponds
to the thermal distribution®, £=1yields a uniform distribution and
&> 0strongly suppresses high eccentricities. Inthe left panel of Fig. 4,
we show the posterior distribution obtained by replacing the universal
e, in Fig. 2 with the average value from this power-law distribution,
éo = &/(€+1), while leaving the other parameters unchanged. We find
that the resulting posterior distribution differs only slightly from the
universal parameterization case shownin Fig. 2.

We next consider alternatives to the density-profile parameters.
We employ a Gaussian distribution for

log,,[pi/6i] € N(6,K), (16)

with mean value © and Gaussian width k, where p; = p;/(10° Mg, pc3)
and &; = 6;/(10~3¢). Accordingly, the initial eccentricity is replaced by
the eccentricity defined at a=1pc, e,.. The corresponding posterior
distribution is shown in the right-hand panel of Fig. 4.

Note that this distribution can exhibit high eccentricities e, within
theloregioneveninthe absence of surrounding matter for three-body
ejection. This arises from the difference in definition between e,. and
e,inthe maintext: e, is defined at the influence radius r;, which is typi-
cally much larger than 1 pc for low-density environments. As a result,
e, corresponds to amore extreme value of ¢, at low densities.

Data availability
The NANOGrav 15-year dataset is described in and available through
ref.7.

Code availability

All methods required to evaluate the conclusions in this paper are
provided in the main text, Methods and Supplementary Information.
The holodeck and PTArcade codes used in this work are publicly
available via GitHub at https://github.com/nanograv/holodeck and
https://github.com/andrea-mitridate/PTArcade, respectively. The code
supporting the findings of this study is available via GitHub at https://
github.com/XueXiao-Physics/NG15_Galactic_ Tomography.
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