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Intermediate mass black holes play a critical role in understand-
ing the evolutionary connection between stellar mass and super-
massive black holes1. However, to date the existence of these species
of black holes remains ambiguous and their formation process is
therefore unknown2. It has been long suspected that black holes
with masses 102 − 104M� should form and reside in dense stel-
lar systems3–6. Therefore, dedicated observational campaigns have
targeted globular cluster for many decades searching for signa-
tures of these elusive objects. All candidates found in these tar-
geted searches appear radio dim and do not have the X-ray to radio
flux ratio predicted by the fundamental plane for accreting black
holes7. Based on the lack of an electromagnetic counterpart upper
limits of 2060M� and 470M� have been placed on the mass of a
putative black hole in 47 Tucanae (NGC 104) from radio and X-ray
observations respectively8, 9. Here we show there is evidence for a
central black hole in 47 Tuc with a mass of M• ∼ 2200M�

+1500
−800

when the dynamical state of the globular cluster is probed with
pulsars. The existence of an intermediate mass black hole in the
centre of one of the densest clusters with no detectable electromag-
netic counterpart suggests that the black hole is not accreting at a
sufficient rate and therefore contrary to expectations is gas starved.
This intermediate mass black hole might be a member of electro-
magnetically invisible population of black holes that are the elusive
seeds leading to the formation of supermassive black holes in galax-
ies.

An intermediate mass black hole (IMBH) strongly affects the spa-
tial distribution of stars in globular clusters (GCs). Massive stars sink
into the centre more efficiently during relaxation in order to achieve
energy equipartition. As a consequence, as stars sink closer to the cen-
tre they are scattered by the black hole which heats up the core. This
process quenches mass segregation (Figure 1). Over the lifetime of
a cluster, dynamical processes such as energy equipartition and two-
body relaxation therefore contribute to the outward propagation of an
integrated dynamical effect beyond the black hole’s radius of direct
influence. We find that this dynamical signature is efficiently propa-
gated outward into the cluster. In relation to this effect, the distribu-
tions of pulsar accelerations for any projected distance from the cen-
tre show distinct features also sensitive to an IMBH. There are cur-
rently 25 millisecond pulsars detected within the cluster 47 Tuc. 23
of these have phase resolved timing solutions10–12(See Extended Data
Table 1) which we use to infer spatial accelerations caused by the grav-
itational potential of the cluster13. Pulsar acceleration measurements
together with N -body simulations provide stringent constraints on the
mass of the central black hole in one of the most massive clusters
(MGC ∼0.7× 106M�) with a compact core14.

IMBHs have distinct imprints on how massive stars dynamically

settle three-dimensionally after the cluster has relaxed. The upper limit
of M• < 1500M� placed on the black hole mass in 47 Tuc in earlier
kinematic studies15 appears inconclusive because new kinematic data16

and N -body models14 imply that no clear distinction between globu-
lar cluster models can be made based on available velocity dispersion
measurements alone (Figure 2). In order to constrain the dynamical
effects of a black hole in a cluster, we take a fundamentally different
approach. In addition to pulsar accelerations, we jointly use this spatial
imprint that carries information about the black hole beyond the radius
of influence. We quantify how likely it is that a range of observed pul-
sar accelerations are related to specific model distributions.

The dynamical N -body simulations of isolated star clusters evolve
under the influence of stellar evolution and two-body relaxation. A grid
of several hundred star clusters starting with different initial half-mass
radii, density profiles and masses of their central black hole are run
up to an age of T=11.75 Gyr to match the age of 47 Tuc14. We select
those clusters that best match the surface density and velocity disper-
sion profile of 47 Tuc. The presence of primordial binaries does not
play a significant role in the final segregation profile of heavy stars if
clusters with the same surface density profile are compared (See Ex-
tended Data Figure 1 and Methods). No other a priori assumptions are
made limiting the dynamics of the cluster.

The best-fitting models for the no-IMBH case and for IMBHs with
0.5% and 1% of the cluster mass are selected as a subset of viable
replicas of 47 Tuc. Models with black hole masses larger than 1% of the
cluster mass lead to fits which significantly deviate from the observed
density and velocity dispersion profile of 47 Tuc. Hence such massive
black holes are ruled out while models with smaller black hole masses
or without a black hole lead to comparable fits.
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Figure 1 | Projected distribution of neutron stars in 47 Tuc. Mass segregation
is quenched by the black hole (IMBH models) and the density cusp is flattened.
Due to this quenching, the number density of neutron stars in the inner most 1 pc
is smaller when a black hole is present.
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Figure 2 | Kinematic data for 47 Tuc compared with theoretical models. The
error bars are the 1-σ dispersions from the Gaussian error distribution for each
velocity measurement. Circle and triangle data points respectively denote radial
velocity and proper motion observations16. The kinematic distance to 47 Tuc is
d=4 kpc14, 15.

In each simulated replica of 47 Tuc we have full spatial and kine-
matic information of all stars, including neutron stars. The majority
of neutron stars (∼ 90%) become unbound due to high kick velocities
following the supernovae explosions during formation17, 18. We extract
accelerations of all simulated neutron stars with projected distances that
match the observed pulsars in 47 Tuc. Integrated accelerations of these
matched neutron stars form distinctly different distributions (See Ex-
tended Data Figure 2).

N-body models with an IMBH produce pulsar accelerations that are
overall more consistent with observations compared to models without
an IMBH. The relative likelihoods for models in Figure 3 show that a
central black hole is required to produce the observed pulsar accelera-
tions and distributions in 47 Tuc. The inferred black hole mass shows a
strong peaks at M• ∼ 2200M�

+1500
−800 (Figure ). The total cluster mass

is another free parameter in our calculation that serves as a cross check.
With this method, we independently measure the total cluster mass of
47 Tuc as MGC ∼ 0.75× 106M� (Figure ) consistent with kinematic
measurements14, 16.

We employ bootstrapping in order to cross-check whether the black
hole detection signature comes from pulsar observations and we can
rule out systematic effects. Any statistical distance approach can be
employed to calculate differences for two distributions. The Kullback-
Leibler (KL) divergence (DKL) is particularly well suited and mathe-
matically robust for cases where the information entropy is quantified
as a likelihood (L) (see Section ). KL divergences are calculated for
randomly selected pulsars to quantify relative likelihoods for all mod-
els. We trace how the inference for the black hole mass changes in
Figure . We find that the inference flattens with decreasing number
of randomly selected pulsars (Extended Data Figure 3); this indicates
that the black hole detection signal is produced by pulsar data. Such
behavior is expected only in systems where there is statistical learn-
ing, i.e. the information driving the inference comes from data, and not
from random errors or outliers. For the case of 47 Tuc, the dynami-
cal information extracted from N <10 pulsars appears insufficient to
conclusively infer an black hole mass while the inference is sufficiently
informative for N > 16 pulsars.

Stars are expected to form a density cusp in power-law form ρ(r) ∝
r−7/4 around the black hole because of short relaxation times in the
centres of globular clusters19. However, such a sharp cusp is predicted
only for idealized model clusters with single mass. The actual shape
of the cusp is difficult to predict because of the unknowns in stellar
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Figure 3 | Comparison of N-body model likelihoods of 47 Tuc. The likelihood
(L) for each model is calculated by comparing the observed pulsar accelerations
(P) with the acceleration distributions produced in N-body simulations (N ) with
and without an IMBH (see Equation 1). The peak likelihood gives an independent
dynamical measure of the total cluster mass MGC ∼ 0.75 × 106M�. The
observed pulsar accelerations and distributions within the cluster are at least 10
times more likely to be produced in the presence of a black hole.

evolution such as the mass function and binary fraction. While the
projected density profile is expected to be relatively sharp, this cannot
be used as a direct indication of a similar cusp in luminosity because the
mass-to-light ratio (M/L) is not constant. More realistic multi-mass
cluster models find that giant stars should follow a shallower slope ∼
−0.25 in a typical cluster in projection2. A segregated neutron star and
massive white dwarf population lead to a sharp rise of the dark mass
making the luminosity cusp shallower. Moreover, the stochastic motion
of an IMBH relative to the cluster centre will enhance the flattening of a
centrally rising cusp even further. Therefore, it is not surprising that an
IMBH in 47 Tuc would produce an optically unresolved shallow cusp.

An inescapable conclusion for having an electromagnetically unde-
tectable black hole in the cluster centre is that the core is devoid of gas
within its radius of influence. Winds driven by main sequence stars20,
novae21, and M-dwarfs22 contribute to clearing the gas. Additionally,
the kinetic energy injected by the pulsars’ high energy emission into
the intra-cluster environment alone may be sufficient to clear the ion-
ized plasma from the central core23. A spherically symmetric distri-
bution of pulsars can provide the integrated ram pressure enhancement
in the centre to create a gas free cavity. The observed signature in the
dispersion measures of pulsars in 47 Tuc24 is likely due to the bound
ionized plasma remaining present beyond the radius of influence of the
black hole.

It is possible that such black holes sitting in the gas deficient cen-
tral cavities of primordial globular clusters constitute a subpopulation
of progenitor seeds that formed the supermassive black holes in galaxy
centres. For this, the black hole must form rapidly during the early evo-
lutionary phases of the cluster and continue to grow exponentially after
the cluster sinks to the core of a galaxy. Although massive and com-
pact clusters are preferred environments where IMBHs can be found,
mounting evidence suggests that the formation and retention of such
black holes are stochastic25. For cases in which seed black holes are re-
tained, it has been shown that they can grow rapidly through accretion
at super-Eddington rates26. Stellar winds of massive stars can provide
a gas reservoir with Ṁwind ∼ 10−6(MGC/10

5M�) yr−1 to partially
feed the black hole17. The gas present in the core can then be accreted
as the IMBH stochastically moves in the core due to the encounters.
It is likely that runaway collisions27 play at least a partial role in the
growth of black holes as well as the mergers of compact binaries5. In
fact, binaries with a black hole primaries are expected to form in the
early phases of the cluster evolution and may be retained28. Some of
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Figure 4 | Inferred masses of the black hole and globular cluster. (a) Pulsars in 47 Tuc imply a central black hole with massM• ∼ 2200M�
+1500
−800 (solid vertical

line). The other vertical lines delineate the central 68%, 95%, and 99% estimate limits for the mass of the central black hole. (b) The joint inference for the total cluster
mass and the central black hole in 47 Tuc is shown. The black dot shows peak probability at M• ∼ 2200M� and MGC ∼ 0.75× 106M�.

these massive binaries can eventually merge and drift toward the centre
feeding the black hole making these sources ideal for tidal disruption
and gravitational wave detection. The rapid growth of a black hole
in a primordial globular cluster that merges with the galactic bulge as
it passes close to the centre of a galaxy may continue exponentially
at super Eddington rates29 producing the supermassive black holes in
quasars30.
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Methods
Pulsar Data

The high precision timing solutions for pulsars in 47 Tuc have
been possible due to a long dedicated observation campaign for sev-
eral decades with the Parkes radio telescope31, 32. We use the updated
timing solutions in the Extended Table 110–12.

Based on the observed number of pulsars, the total predicted num-
ber of neutron stars in the cluster may change between 200-1500 due
to the integrated uncertainties in the luminosity distribution, beaming,
flux densities, spectral indices of pulsars; and the initial mass func-
tion, binary fraction, encounter rate, scintillation properties of the clus-
ter. Our N-body simulations with a ∼ 10% retention fraction predict
∼1000 neutron stars in 47 Tuc.

N-Body Simulations
A grid of several hundred N -body simulations of star clusters,

varying the initial density profile of the cluster, it’s initial half-mass
radius and the mass ratio of the black hole to the total cluster mass
(M•/MGC ) were used for our study14. All simulations were pro-
duced using the GPU-enabled version of the collisional N -body code
NBODY6 33, 34 which includes two-body relaxation, tidal fields, fitting
formula for the modeling of stellar and binary-stellar evolution. The
simulations were run up to T=11.75 Gyr, the age of 47 Tuc35, and then
scaled to have the same half-mass radius as 47 Tuc36–38.The best-fitting
models to the surface density and velocity dispersion profiles of 47 Tuc
were determined with a χ2 test.

All simulations were run with 100,000 particles except the simu-
lations with 0.5% IMBHs which used 200,000 particles14. The initial
conditions are King (1962) models with initial concentrations of c=0.2,
0.5, 1.0, 1.5, 2.0 and 2.5. These values cover the observed concentra-
tions of galactic globular clusters39, 40. Initial relaxation times of the
N-body models range from 300 Myr to 12 Gyr with a half-mass radius
RH=2 pc to RH=35 pc. It is unlikely that 47 Tuc has started with a
half-mass relaxation time outside this range since this would require
that the cluster started with either a mass or half-mass radius very dif-
ferent from that of observed clusters. Also we find that the best-fitting
N-body models are well inside the trial grid away from the edges in the
parameter space. All models were isolated. IMBHs influence mainly
the core of a star cluster and the dynamics in the core are hardly influ-
enced by tidal effects. Therefore, the use of isolated models is justified.

The black hole was treated as a massive star in the simulations. So
the IMBH was not fixed in these simulations and was allowed to wan-
der stochastically around in the core. All models became mass segre-
gated, the amount of mass segregation depending on the initial half-
mass relaxation time and initial concentration of the model. During the
simulations, stellar mass black holes form from stellar evolution, con-
centrate near the IMBH due to mass segregation, and then kick each
other out due to close encounters. Stellar mass black holes have kicked
each other out by T=11.75 Gyr in all simulations, except those with the
largest relaxation times where only a handful remain.

Models with black hole masses of 1% of the cluster mass deviate
significantly from the observed density profile of 47 Tuc. The dis-
crepancy is strongest for radii around 10′′ where the observed density
profile has a near constant density core. A near constant density pro-
file at this distance is in good agreement with theoretical predictions2.
The 1% IMBH model also has a strong central rise in the velocity dis-
persion profile which is not seen in the observations. We expect that
both problems would become even more pronounced for more mas-
sive black holes. Hence the presence of black holes with mass equal
to or larger than ∼1% of the cluster mass (∼8000 M�) can already be
excluded. The 0.5% IMBH model leads to a better fit of the observa-
tional data. At the core of the cluster within 5′′, the surface density of

the 0.5% IMBH model is compatible with the observed density profile.
Only at distances beyond r∼10′′ the surface density of the model clus-
ter is <20% lower than the observed profile. Such differences could be
attributed to the uncertainties in the mass function and binary fractions
in 47 Tuc41.

Primordial Binaries
Primordial binaries are expected to play an important role in the

early evolution of the cluster core42. For 47 Tuc, it has been estimated
that primordial binaries may have pushed the core radii up to an addi-
tional 20% during the early stages of the evolution43.

In order to comparatively study the possible effects of primordial
binaries onto the current mass segregation, we ran additional simula-
tions for three different model clusters. The mass function, neutron
star and black hole retention fractions were kept consistent with other
runs. These simulations’ base code was the GPU enabled NBODY6
with a Hermite integration scheme for variable time steps44. This inte-
gration scheme applies chain regularization45 in order to have sufficient
time resolution to follow the tight orbits of binaries and their close en-
counters with other stars over the cluster lifetime.

Our first cluster was evolved with 10% primordial binaries. We
took a snapshot of that simulation at T=11.75 Gyr by which time al-
most half of all stars left the cluster and the global binary fraction went
down to 7%. The fraction of binaries within 50% of the projected half-
light radius increased to 15% at this time, fully consistent with obser-
vations of 47 Tuc46. We compare this with snapshots of the other two
simulations, one without primordial binaries and the other with a 0.5%
IMBH model. All snapshots are taken at the same time of their evo-
lution and scaled by their projected half-light radii to compare their
stellar distributions.

Extended Data Figure 1 shows clearly that the presence of primor-
dial binaries does not play a significant role in shaping the current mass
segregation profile of massive stars. Once the IMBH forms, it becomes
the dominant driver of the cluster core dynamics.

Information Theory and Statistical Learning
The Kullback-Leibler (KL) divergence (DKL) provides a mathe-

matically robust approach for a comprehensive treatment of the accel-
eration distributions47. DKL quantifies the entropy between two distri-
butions. Specifically, DKL is proportional to −E[log(L)], where E is
the expectation value and L is the likelihood. This likelihood value has
a trivial numeric relation to the measured (P) and simulated (N ) pulsar
accelerations, which then can be calculated given that the information
entropy is

DKL(P||N ) =
∑
i

P(i)log P(i)N (i)
∝ −log(L). (1)

The Intrinsic Spin-down Contribution to Measured Pul-
sar Accelerations

The measured spin-down rates (Ṗm) of galactic millisecond pulsars
can be used as a proxy to disentangle the overall potential contribution
of the intrinsic spin-down (Ṗi) to the measured apparent accelerations.
For pulsars in globular clusters Ṗm 6= Ṗi because Ṗm is modified by
the cluster potential. The acceleration due to the cluster potential is

aGC =
c

P

(
Ṗm − Ṗi

)
. (2)

The variation in the pulsar magnetospheric geometry, formation
channels and internal structure (i.e., moment of inertia), which deter-
mine Ṗi, are expected to be similar for pulsars in clusters and the galac-
tic disk. Therefore, the Ṗi distribution of pulsars in clusters should be
comparable to the Ṗm distribution of galactic pulsars. Hence, we use
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the two-dimensional observed period-spin down (P − Ṗm) distribution
of galactic pulsars to infer the possible range for the intrinsic spin-
down contribution to pulsars accelerations in 47 Tuc48. The level of
uncertainty due to the unknown contribution of the intrinsic Ṗ to the
measured pulsar accelerations are represented with different shades in
Extended Data Figure 2.

Because the intrinsic Ṗ of pulsars are not known, we treat the ob-
served range of P and Ṗ of galactic millisecond pulsars as a distribu-
tion of values to offset the intrinsic contribution to the measured ac-
celeration. Instead of assuming a single acceleration term, we use the
68%, 95%, and a 99% probable intervals for the range of acceleration
values corresponding to each pulsar in 47 Tuc.

The Globular Cluster Centre
We use the kinematic centre (α, δ) =

(0h24m05s.67,−72◦04
′
52
′′
.62) of 47 Tuc15 for our calculations.

The uncertainty in the centre is about ±0.′′25 in each coordinate49, 50.
In order to study the potential contribution of an asymmetry to our
calculations, we randomly shift the cluster centre within the error box
and re-calculate the black hole mass with randomly selected pulsars
for many bootstrap cycles. We find that the effect of uncertainty in the
cluster centre to the inferred black hole mass is less than 5%.

Code Availability
The simulations14 were produced with the GPU-enabled version of

the collisional N -body code NBODY633, 34 publicly available online at
this URL. The authors are happy to provide further details for repro-
ducing the simulations.
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Pulsar α: RA(J2000) δ: Dec(J2000) Distance from Period (P) dP/dt
[hms] [dms] the cluster center [ms] ×10−20 [s/s]

0024–7205AA 00:24:07.2779(9) –72:05:19.520(4) 0′27.90′′ 1.8453805304199(2) –4.5918(2)
0024–7204AB 00:24:08.1657(4) –72:04:47.616(2) 0′12.56′′ 3.7046395539391(2) +0.9844(3)
0023–7204C 00:23:50.35448(4) –72:04:31.5047(1) 1′13.78′′ 5.75677999551637(5) –4.98500(7)
0024–7204D 00:24:13.88092(3) –72:04:43.8524(1) 0′38.90′′ 5.35757328486572(5) –0.34220(9)
0024–7205E 00:24:11.10309(7) –72:05:20.1453(2) 0′37.23′′ 3.53632914765559(8) +9.85126(8)
0024–7204F 00:24:03.85546(5) –72:04:42.8183(2) 0′12.89′′ 2.62357935251262(3) +6.45031(6)
0024–7204G 00:24:07.9603(1) –72:04:39.7029(4) 0′16.69′′ 4.0403791435651(1) –4.2159(2)
0024–7204H 00:24:06.7031(1) –72:04:06.8069(5) 0′46.06′′ 3.21034070935036(8) –0.1827(1)
0024–7204I 00:24:07.9348(1) –72:04:39.6809(4) 0′16.63′′ 3.4849920616629(1) –4.5874(2)
0023–7203J 00:23:59.40763(1) –72:03:58.79077(4) 1′01.10′′ 2.100633545352538(6) –0.97932(1)
0024–7204L 00:24:03.7719(3) –72:04:56.9240(9) 0′09.76′′ 4.3461679994613(2) –12.20406(9)
0023–7205M 00:23:54.4901(3) –72:05:30.757(1) 1′04.15′′ 3.6766432176010(2) –3.8433(1)
0024–7204N 00:24:09.1879(1) –72:04:28.8911(7) 0′28.76′′ 3.0539543462609(1) –2.1857(2)
0024–7204O 00:24:04.65257(5) –72:04:53.7667(2) 0′04.83′′ 2.64334329724350(3) +3.03510(5)
0024–7204Q 00:24:16.4909(1) –72:04:25.1643(6) 0′57.00′′ 4.03318118457303(7) +3.40077(4)
0024–7204R 00:24:07.5852(1) –72:04:50.3952(7) 0′09.11′′ 3.4804627074933(2) +14.8352(3)
0024–7204S 00:24:03.9795(1) –72:04:42.3529(4) 0′12.90′′ 2.8304059578794(1) –12.0541(1)
0024–7204T 00:24:08.5488(5) –72:04:38.932(2) 0′19.08′′ 7.5884798073657(5) +29.3830(3)
0024–7203U 00:24:09.83655(7) –72:03:59.6882(3) 0′56.32′′ 4.34282669639236(8) +9.5228(1)
0024–7204W 00:24:06.058(1) –72:04:49.088(3) 0′03.96′′ 2.3523445319370(3) –8.6553(1)
0024–7201X 00:24:22.38567(9) –72:01:17.4416(7) 3′48.63′′ 4.77152291069354(5) +1.83610(7)
0024–7204Y 00:24:01.4025(1) –72:04:41.8365(4) 0′22.46′′ 2.19665714352121(5) –3.51716(7)
0024–7205Z 00:24:06.039(1) –72:05:01.466(6) 0′09.01′′ 4.554447383946(1) –0.455(1)

Table 1 | (Extended) Pulsars with timing solutions in 47 Tuc (NGC 104)
Numbers in parentheses correspond to uncertainties in the last digit. The period (P) and spin-down (dP/dt) of millisecond pulsars are very

precisely measured. The errors quoted in the parentheses are the 1-σ errors of the weighted least squares fit to the timing residuals.
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Figure 1 | (Extended) Cluster surface brightnesses and corresponding neutron star spatial distributions for N-body models. (a) All models have roughly
comparable surface brightnesses while (b) the distribution of neutron stars is significantly different for the IMBH model. The neutron star spatial distributions for
N-body simulations with and without primordial binaries are similar. Therefore it’s unlikely that primordial binaries play a considerable role in shaping the final
segregation profile of clusters with an IMBH.
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Figure 2 | (Extended) Comparison of the observed and predicted pulsar accelerations. The acceleration for each pulsar in 47 Tuc (shaded area) is compared with
the integrated acceleration distributions for pulsars with the same line-of-sight distance obtained from N -body simulations (models with IMBH-solid line, without
IMBH-dashed line). The KL divergence method is used to calculate the integrated information entropy between distributions (Equation 1). The shaded areas show
the 68%, 95%, and 99% range of possible accelerations experienced due to the gravitational potential of the cluster. Darker shades represent higher probability. The
ambiguity is largely due to the unknown intrinsic spin-down of pulsars.
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Figure 3 | (Extended) Predictive power correlates with number of observed pulsars. This is the same inference as Figure with different number of randomly
selected pulsars. The converging inference with increasing number of pulsars is indicative of statistical learning and demonstrates that the information comes from
observations. The line thickness scales with the level of ambiguity for each inference.
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