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Distinguishing environmental effects on 
binary black hole gravitational waveforms

Philippa S. Cole    1 , Gianfranco Bertone1, Adam Coogan2,3,4, 
Daniele Gaggero5,6, Theophanes Karydas1, Bradley J. Kavanagh7, 
Thomas F. M. Spieksma    1,8 & Giovanni Maria Tomaselli1

Future gravitational wave interferometers such as the Laser Interferometer 
Space Antenna, Taiji, DECi-hertz Interferometer Gravitational wave 
Observatory and TianQin will enable precision studies of the environment 
surrounding black holes. These detectors will probe the millihertz 
frequency range, as yet unexplored by current gravitational wave detectors. 
Furthermore, sources will remain in band for durations of up to years, 
meaning that the inspiral phase of the gravitational wave signal, which 
can be affected by the environment, will be observable. In this paper, we 
study intermediate and extreme mass ratio binary black hole inspirals, 
and consider three possible environments surrounding the primary black 
hole: accretion disks, dark matter spikes and clouds of ultra-light scalar 
fields, also known as gravitational atoms. We present a Bayesian analysis of 
the detectability and measurability of these three environments. Focusing 
for concreteness on the case of a detection with LISA, we show that the 
characteristic imprint they leave on the gravitational waveform would allow 
us to identify the environment that generated the signal and to accurately 
reconstruct its model parameters.

The next generation of gravitational wave (GW) detectors are expected 
to come online in the 2030s. Those set to explore the milli- and deci-hertz 
regimes, such as the Laser Interferometer Space Antenna (LISA)1, 
Taiji2, DECi-hertz Interferometer Gravitational wave Observatory 
(DECIGO)3 and TianQin4, will open a new window for GW discoveries.  
They will have a much lower frequency range than the current Laser 
Interferometer Gravitational-Wave Observatory5, Virgo6 and Kamioka 
Gravitational Wave Detector7 detectors. For example, LISA is expected 
to be sensitive in the range of 10−4–1 Hz, meaning that black hole (BH) 
binaries with much larger chirp masses will be detectable. Moreover, 
these sources will stay in band for long durations, up to weeks, months 
or years in some cases, especially for intermediate mass ratio inspirals 
(IMRIs) and extreme mass ratio inspirals (EMRIs), which take longer 

to inspiral than more equal-mass binaries. Observations of IMRIs and 
EMRIs provide a unique opportunity to learn about the environments 
of the binaries8–10. This is because not only will the binaries stay in the 
sensitive range of the detector for a considerable amount of time, 
allowing the imprints of environmental effects to accumulate in the 
gravitational waveform, but also the environment of the central BH 
is more robust to disruptions by a much lighter companion object11.

In this Article, we compare environmental effects on intermediate 
mass ratio binaries in the millihertz band in three different scenarios, 
namely accretion disks12–18, cold dark matter (CDM) spikes19–27 and 
clouds of ultra-light scalar fields28–35. We are predominantly interested 
in learning about the nature of dark matter (DM) from the gravitational 
waveform, and hence our focus is on the modelling of CDM density 
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Accretion disk
We model a locally isothermal disk, which is equivalent to a locally 
constant speed of sound and therefore a locally constant Mach num-
ber M = r/h, where h is the scale height of the disk. Given that we are 
interested in very dense environments in order for environmental 
effects to cause a substantial dephasing, we will focus on thin disks 
such that M ≫ 1. In terms of the surface density of the disk, we use 
the same parameterization as in ref. 15 (a compromise between the 
seminal α- and β-disk prescriptions of ref. 37) so as to be in the regime 
where analytical expressions for gas torques in accretion disks have 
been calibrated with numerical simulations (‘Energy losses’ section).  
The surface density is described as a static power-law profile

Σ(r) = Σ0(
r
3rS

)
−1/2

, (3)

where Σ0 is the surface density normalization, rS is the Schwarzschild 
radius of the central BH and the slope has been fixed. See ref. 16 for the 
case of a varying slope. Finally, we estimate the volume density of the 
disk for the purpose of comparison with the other environments in the 
left-hand panel of Fig. 1 with ρ(r) = Σ(r)/2h.

Energy losses
The evolution of the binary’s inspiral depends on the rate of energy 
loss of the system. We assume that the companion m2 moves slowly 
inwards on quasi-circular orbits. Low eccentricity is expected for 
IMRIs and EMRIs in accretion disks38, and is partially justified for the 
case of the dark dress due to dynamical friction (DF) circularizing the 
binary’s orbit39. The state-of-the-art calculations for feedback in the 
dark dress24 and ionization34,35 in the gravitational atom scenarios 
currently only account for circular orbits. We plan to include eccen-
tricity in these formalisms in future analyses. We also assume that 
energy balance is satisfied with ̇Eorb = − ̇EGW − ̇Eenv, where we use the 
Keplerian expression for the orbital energy Eorb = −Gm1m2/(2r) and 
model the GW energy losses at Newtonian order. We model the energy 
losses induced by the environment ̇Eenv  as a linear combination of 
the relevant effects for each system, including DF, ionization, torques 
and accretion onto the companion object, all of which are described 
in detail in the Supplementary Information and briefly summarized 
in this section.

The relative importance of the environmental effects with respect 
to the energy radiated away owing to GWs is shown in Fig. 1 (right panel), 
where we plot ̇Eenv/ ̇EGW as a function of the separation of the binary in 
units of Schwarzschild radii for the benchmark parameters given in 
‘Benchmark system’ section. In each case, we work under the assump-
tion of a small mass ratio q = m2/m1 < 10−2.5 such that the environment 
is not destroyed within the first few close encounters of the binary, and 
also so that the companion object can be treated as a point mass with-
out an environment of its own.

spikes around BHs and clouds of ultra-light scalar fields produced by 
superradiance—a system that is otherwise known as a gravitational 
atom. However, accretion disks can act on the waveform in the same 
way as these dark spikes and clouds, so it is vital to determine whether 
there is a chance of confusion between DM and baryonic effects.

Modelling the environments
We study three possible environments for IMRIs and EMRIs that may 
have an observable effect on the gravitational waveform: accretion 
disks, DM spikes and clouds of ultra-light scalar fields, also known as 
gravitational atoms. These environments can be characterized by their 
density profiles around the central BH with mass m1 (Fig. 1, left panel).

Cold collisionless DM
We model the initial density profile of the CDM spike with a power law 
in r, the radial distance from the central black hole:

ρCDM(r) = ρ6(
r6
r
)
γs
, (1)

where ρ6 is the density of the spike at a reference distance of r6 = 10−6 pc 
from the central BH and γs is the slope of the spike. For spike formation 
from the adiabatic growth of an intermediate mass black hole at the 
centre of a DM halo with an initial slope of γi, the final slope of the spike 
will be γs = (9 − 2γi)/(4 − γi) (ref. 19). For typical values of γi ∈ [0, 2], this 
gives γs ∈ [2.25, 2.5], with a value of γs = 7/3 for an initial Navarro–Frenk–
White profile, which we assume here.

Gravitational atom
The ultra-light boson cloud surrounding the central BH is  
assumed to be in a pure |nℓm⟩  eigenstate, with wavefunction  
ψ(t, r) = Rnℓ(r)Yℓm(θ,ϕ)e−i(ωnℓm−μ)t, where rrr  is the position vector with 
respect to the central BH, t  is time, Yℓm are spherical harmonics and 
Rnℓ(r) are the hydrogenic radial functions as laid out explicitly in  
ref. 34. Additionally, ψ is related to the scalar field Φ via Φ = ψe−iμt/√2μ, 
where μ is the mass of the scalar field. This model is valid under the 
assumption of α/ℓ ≪ 1, where α ≡ Gm1μ is the so-called gravitational fine 
structure constant, in which case the cloud is mostly non-relativistic. 
The mass density can then be defined as

ρ(r) = Mc|ψ(r)|2, (2)

where Mc is the total mass of the cloud. If Φ is a real rather than a com-
plex field, ψ has to be replaced with 2ℜ[ψ] in its relation to Φ and ρ. 
The value of Mc is determined by the mass and spin of the BH before 
the superradiant instability formed the cloud, and can reach a maxi-
mum of about 10% of the central BH mass. We will consider Mc as an 
independent parameter because other processes, such as the decay 
of the cloud into GWs36, can change its value.
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Fig. 1 | Density profiles of and energy losses due to environments. Left: Initial density profiles of environments around a 105 M⊙ BH. Right: Energy losses due to 
environment normalized by the energy losses due to GWs.
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Cold collisionless DM
We model the effects of a DM spike, including feedback on the spike 
itself, following refs. 24,25. In this framework, the effect of accretion 
is sub-dominant, so the energy losses are solely due to DF, ̇Eenv = ̇EDF, 
which takes the form (appendix L in ref. 40)

̇EDF =
4πG2m2

2ρCDM(r, t)ξ(v) logΛ
v

, (4)

where v is the orbital velocity, ξ(v) is the fraction of DM particles mov-
ing more slowly than v and logΛ  is the Coulomb logarithm, which 
encodes information about the minimum and maximum impact param-
eters relevant for DF. We assume that the DM velocity distribution  
is isotropic.

Gravitational atom
The case of the gravitational atom is modelled similarly to that in ref. 34. 
The orbits are assumed to lie on the equatorial plane defined by the spin 
of the central BH and of the cloud, and we choose for the companion to 
be co-rotating with the cloud. Besides GW emissions, two effects are 
taken into account for the binary evolution: the ‘ionization’ of the cloud 
due to the gravitational perturbation of the secondary, and the accretion 
of the cloud by the smaller BH moving through it so we have 
̇Eenv = ̇Eion + ̇Eacc. Note that the energy is not conserved because accre-

tion is a dissipative process. The balance of angular momentum, however, 
can be written in a similar form, where accretion contributes as an addi-
tional ‘force’ (see equation (2) in the Supplementary Information).

Accretion disk
In the case of accretion disks, the dominant cause of dephasing for com-
pact binaries arises from gas torques (Supplementary Information). In 
analogy with so-called type I planet migration, we write the total net 
torque on the secondary BH, with mass much smaller than the primary 
BH, co-planar with, and fully embedded in, an accretion disk, as12,15,41

T0 = −Σ(r)r4Ω2q2M2, (5)

where M is the Mach number of the disk, Σ(r) is the surface density of 
the (unperturbed) disk, Ω is the orbital angular velocity and q is the 
mass ratio (see the discussion in the Supplementary Information). 
Note that the negative sign makes torques act in the same direction 
as DF, so they lead to a faster inspiral with respect to the vacuum case. 
We can write the energy losses due to gas torques T0 in a differentially 
rotating accretion disk as

̇Etorque =
G

1
2 T0m1

4r
3
2 (m1 +m2)

1
2

. (6)
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Fig. 2 | Parameter estimation using the correct environmental template. One-
dimensional posterior distributions for intrinsic and environmental parameters 
of an accretion disk (top row), dark matter spike (middle row) and gravitational 
atom (bottom row) signals with 1 year duration using the correct template in each 

case. The red vertical lines show the true values of the parameters for each signal, 
the outermost black dashed vertical lines show the 95% credible intervals of the 
posteriors and the central dashed black line is the median value of the posteriors. 
Note that we use the notation ϵ = Mc/m1 for brevity.
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Parameter inference to distinguish between 
environments
Benchmark system
We study a BH binary system with masses m1 = 105 M⊙ and m2 = 10 M⊙ 
and hence chirp mass ℳc,0 ≈ 398M⊙. The expected merger rates for 
these masses have been predicted to be on the order of 100–1,000  
(ref. 42), albeit with large uncertainties, and we defer the prediction of 
a merger rate for each specific environment to future work. We choose 
this m1 because there are plausible formation scenarios for all three 
environments around a central object of this mass (see, for example, 
ref. 19 for cold, collisionless DM, ref. 43 for accretion disks and refs. 
30,44 for gravitational atoms). Furthermore, the vacuum innermost 
stable circular orbit (ISCO) frequency of this system, fISCO = 0.044 Hz, 
lies close to the bucket of the LISA noise curve, meaning that inspirals 
will take place in a frequency range of high detector sensitivity. Lastly, 
we choose a small mass ratio, q = m2/m1 = 10−4, such that the environ-
ments are not disrupted substantially by the companion object, and 
hence various assumptions that rely on this when calculating the energy 
losses hold.

The benchmark parameters we choose for each environment 
are as follows: For the dark dress, ρ6 = 1.17 × 1017 M⊙ pc−3 and γs = 7/3 

(ref. 19), for the accretion disk, Σ0M2 = 1.5 × 1010 kg m−2, and for the 
gravitational atom, α = 0.2 and Mc/m1 = 0.01 (refs. 34,35). The value of 
Σ0M2 we choose for the accretion disk is unrealistically high in that it 
implies an accretion rate around 100 times larger than the Eddington 
accretion rate if the β-disk prescription of ref. 37 is used (also see,  
for example, ref. 45 for recent observations), but since we are  
mainly concerned with confusing a DM spike for an accretion disk, 
we want to show that, when the effect of the dephasing is com-
parable, we can still distinguish between the environments. The 
signal-to-noise ratio (SNR) loss with respect to the best-fit vacuum 
signal is non-negligible (‘Distinguishing between environments’ 
section), providing a conservative comparison with the dark dress 
and gravitational atom. Dark dress and gravitational atom signals 
would be even more readily differentiable from accretion disks if we 
restricted accretion disk templates to only allow for lower and more 
realistic values of Σ0M2, which would imply lower accretion rates. 
Note that increasing any one of these parameters at a time increases 
the amount of dephasing with respect to the vacuum system (‘Dis-
tinguishing between environments’ section and Supplementary 
Information). The same is true of increasing the duration of the signal 
(Supplementary Information).
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Parameter estimation with correct model
Firstly, we demonstrate that we can reconstruct the parameters of 
each environment from the gravitational waveform of a detected 
1-year-duration signal, if matched filtering using a template bank 
with the correct parameters is used. We use the final year of the sig-
nal pre-merger, and fix the luminosity distance at dL = 3.3 Gpc such 
that the SNR is 15 for each system. This corresponds to a redshift of 
approximately 0.6. We run parameter estimation using the nested 
sampling46–48 code dynesty49, with the log likelihood given by the match 
integral between the sky- and polarization-angle averaged signal d(t) 
and template h(t), maximized over the extrinsic parameters (Supple-
mentary Information).

The posteriors for the intrinsic and environmental parameters are 
shown in Fig. 2 for the dark dress, accretion disk and gravitational atom. 
All posteriors are smoothed with a 2% Gaussian kernel, and the prior 
ranges are given in Table 1. The minimum values of ρ6 for the dark dress 
and Mc for the gravitational atom allow for zero-density environments, 
while we use a larger minimum prior on Σ0M2 for the accretion disk since 
there is no support in the posterior for lower values when trying to 
mimic more extreme systems. The maximum values for these param-
eters all allow for the accumulated dephasing to become large enough 
to mimic the fiducial, most extreme, gravitational atom system. The 
prior on γs corresponds to the physically expected values from adiaba-
tic growth of a DM spike around an intermediate mass black hole19, 
while the prior on α ensures that a cloud could have grown via super-
radiance around BHs with the masses of interest. The priors for the 
chirp mass ℳc are narrow because the full prior volume drops out of 
the Bayes factor calculation when comparing models. The red lines 
show the true values of the signal, while the vertical dashed lines show 
the 95% (that is, 2σ) credible intervals. Intrinsic and environmental 
parameters are measured to excellent precision for all three environ-
ments with the exception of γs, for which longer duration signals are 
required (Supplementary Information). The precision of the measure-
ments in the case of the gravitational atom is better than the systematic 
uncertainties in the waveform model. This shows that there is very little 
degeneracy between these parameters and prospects for measuring 
them from data are very hopeful, since orders of magnitude degrada-
tion in precision of the measurement would still lead to confident 
parameter inferences. Based on these extremely narrow posteriors for 
1 year’s worth of data, we also show the posterior distributions for 
1 month’s worth of data in the Supplementary Information, where all 
parameters are still very accurately measured with a degradation of 
the 95% credible intervals by approximately an order of magnitude. 
Note that the mass ratio q cannot be individually measured in the case 
of the accretion disk, because it appears in combination with Σ0M2 in 
the dephasing contribution. This also explains the slightly better preci-
sion in the chirp mass measurement for the accretion disk over the dark 
dress, because we have fixed the mass ratio to its true value of 10−4.

Having shown that we can precisely measure the parameters of 
each system using the correct model in each case, we now test whether 
it is possible to fit each system with an incorrect model.

Distinguishing between environments
Current GW template banks use only vacuum waveforms, so we first 
demonstrate that we can distinguish each environmental signal from 
the corresponding best-fit vacuum case. We diagnose the regions of 
the parameter space for each system where it might be possible to fit an 
environmental signal with a biased vacuum template by calculating the 
SNR lost between the signal and template waveforms. As a rule of thumb, 
we expect SNR losses of more than 30% to compromise the ability to 
detect the signal with an incorrect template, and systems that incur small 
SNR losses we expect to lead instead to biased parameter estimation. 
The SNR loss results are shown in Fig. 3 for best-fit vacuum templates.

For the dark dress, a system with the well-motivated benchmark 
parameters that we measured in the previous section incurs SNR losses 
of order 50%. For the accretion disk, the SNR lost between the signal and 
the best-fit vacuum is 5%, which provides a conservative comparison 
with the dark dress and the gravitational atom, since more realistic 
and lower values of Σ0M2 with lower SNR loss would be more easily 
distinguishable. For the gravitational atom, a system with α = 0.2 and 
a conservative cloud mass of 1% of the BH mass leads to an SNR loss 
of ~40%. Larger values of α lead to larger SNR loss, while decreasing 
the mass of the cloud leads to smaller SNR loss as this approaches the 
vacuum regime.

To demonstrate that these SNR losses produce biased parameter 
inferences when using the incorrect template for systems with high 
SNR loss, we run parameter estimation for the benchmark systems 
using nested sampling with a vacuum template bank. The posteriors 
for the chirp mass, which is the only free intrinsic parameter for a 
GR-in-vacuum waveform in our setup, are shown in Fig. 4. When a 
vacuum template is used, the chirp mass for the accretion disk sys-
tem is shifted from its true value by 3.3 × 10−3 M⊙, for the dark dress by 
0.49 M⊙ and for the gravitational atom by 5.4 M⊙. This is explained by 
a larger chirp mass mimicking the speed-up of the inspiral due to the 
environmental effects.

We calculate Bayes factors to compare the evidence for the correct 
models that include the environmental effects, versus vacuum. The 
Bayes factor is defined as the ratio of the evidence p(d∣D) for a signal d 
under two different models (here A and B):

ℬ(d) = p(d|A)
p(d|B) . (7)

For a model A with parameters θ, the evidence is defined as

p(d|A) = ∫dθp(d|hθ)p(θ), (8)

where p(θ) is the prior on the model parameters, hθ(t) is the waveform 
corresponding to parameters θ and p(d∣hθ) is the likelihood describing 
how probable the data are under that waveform model. We can extract 
an estimate for the evidence using nested sampling. We find log10ℬ = 34 
for the dark dress, log10ℬ = 6 for the accretion disk and log10ℬ = 39 
for the gravitational atom, demonstrating undeniable support for the 
correct model in each case, even though there are clean posteriors for 
the chirp mass with a vacuum template in each case. Systems  
with parameter values that lead to higher SNR loss with respect to 
vacuum will lead to even larger Bayes factors, and it is unlikely that 
such systems will be detectable at all by matched filtering searches 
using only vacuum templates.

Finally, we ascertain whether we can distinguish between environ-
ments by computing the Bayes factors to compare each non-vacuum 
environment with every other one. We compute these Bayes factors for 
the same benchmark systems. The results are summarized in Table 2.

The Bayes factors are very large, orders of magnitude larger than 
the ℬ ∼ 𝒪𝒪(100) threshold for ‘confident’ Bayesian preference for one 
model over another50,51. This shows that we can confidently distinguish 

Table 1 | Prior ranges used for parameter estimation carried 
out using nested sampling. All posteriors are contained 
within the priors except for γs

ℳc log10(q) θenv

Dark dress ℳc,0 ± 0.01M⊙ 𝒰𝒰(−5, −2.5) ρ6 = 𝒰𝒰(0, 1022)M⊙ pc−3

γs = 𝒰𝒰(2, 2.5)
Accretion disk ℳc,0 ± 0.005M⊙ N/A

Σ0M
2 = 10𝒰𝒰(8,14) kgm−2

Gravitational 
atom

ℳc,0 ± 0.01M⊙ 𝒰𝒰(−5, −2.5) α = 𝒰𝒰(0.1,0.4)

Mc/m1 = 10𝒰𝒰(−8,−2)
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between environments when we compare the evidence for the param-
eter inference on a given signal with each environmental template bank. 
While the environmental templates can mimic each other to a certain 
extent (in most cases better than the vacuum template; Supplementary 
Information), the driving force for the distinguishability is the way that 
the environments’ waveforms evolve as a function of time, which makes 
it difficult to fit the waveform of one environment by varying the param-
eters of another.

We estimate by how much these Bayes factors will degrade with 
systematic uncertainties on the template waveforms by re-calculating 
the evidence for the correct template with a multiplicative factor on the 
phase of the signal. This means that the template bank for the correct 
environmental model no longer contains exactly the signal owing to 
the offset in the phase that we added by hand. We compare the evidence 
for the offset signal with the correct and incorrect environmental 
model template banks that we used before, and calculate these Bayes 
factors. In this case, the overall phase scaling of the dark dress system 
should be known to better than 0.1% precision in order to confidently 
distinguish the system from other environments (that is, a Bayes factor 
greater than 100), while for the gravitational atom, the phase scaling 
should be known to better than 0.01% precision. For the accretion disk, 
since we fix the mass ratio and therefore it is difficult for the other two 
parameter values to mimic a shift in the phase, the signal waveform 
needs to be completely contained within the template bank in order 
to achieve the Bayes factors in Table 2.

Furthermore, performing parameter inference including the 
extrinsic parameters, as well as using post-Newtonian waveforms 
that include spins and eccentricity that are not present in our analysis, 
will also probably decrease the Bayes factors. However, we emphasize 
that the relative difference in the Bayes factors is large and that we can 
confidently distinguish between environments on this basis.

Conclusions
Measuring the properties of the environments of IMRIs will be pos-
sible with next-generation GW detectors. We have demonstrated that 

we can accurately reconstruct the parameters describing DM spikes, 
accretion disks and gravitational atoms around an intermediate mass 
BH, given a signal detected with an SNR of 15 of 1 year’s duration. We 
have also shown that we can confidently distinguish between envi-
ronments by comparing the Bayesian evidence for using the correct 
environmental template for a given signal with an incorrect one. The 
correct environmental template is always strongly preferred, showing 
that we will not be at risk of misinterpreting an environmental signal 
for either a biased vacuum system, or the wrong type of environment. 
Furthermore, we show that SNR losses can be substantial if the wrong 
template is used to fit the signal, and we therefore conclude that it is 
vital that environmental effects be taken into account when searching 
for and analysing long-duration signals from future GW detectors.

This work serves as a proof of concept for distinguishing between 
environments and as a starting point for future refinements. In par-
ticular, a more complex analysis will require waveforms that take 
into account relativistic effects52, and a detailed study of possible 
degeneracies between environmental effects and post-Newtonian 
effects53, transient orbital resonances54, modified gravity, as well as 
eccentricity39,55 and effects related to the spins of the BHs56. Finally, 
realistic data analysis strategies will need to be developed to deal 
with the new challenges that long duration signals will demand. This 
will include removing tens of thousands of galactic binaries57,58 in 
order to extract clean IMRI/EMRI signals as well as coping with gaps 
in the data59,60.

Data availability
No raw data were used in the completion of this manuscript.

Code availability
HaloFeedback code can be accessed at ref. 61. pydd code can be 
accessed at https://github.com/adam-coogan/pydd. For specific 
adaptations of these codes made for this manuscript, please email 
p.s.cole@uva.nl.
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