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A B S T R A C T 

Accreting supermassive binary black holes (SMBBHs) are potential targets for multimessenger astronomy as they emit 
gra vitational wa ves (GW) while their environment emits electromagnetic (EM) wa ves. In order to get the most out of a 
joint GW–EM detection we first need to obtain theoretically predicted EM signals unambiguously linked to BBHs. In that 
respect, this is the first of a series of papers dedicated to accreting pre-merger BBHs and their associated EM observables. Here, 
we extend our Numerical Observatory of Violent Accreting systems, E-NOVAS , to any space–time. Unlike previous studies, 
almost e xclusiv ely focused on the inner re gions, we inv estigated the impact of the BBH on its outer circumbinary disc, located 

in the radiation (or wave) zone, after implementing an approximate analytical space–time of spinning, inspiralling BBHs in 

E-NOVAS . We follow the formation of a weak spiral structure in disc density arising from the retardation effects in the radiation 

zone metric. Simulation data are then post-processed with a general-relativistic ray-tracing code incorporating the same BBH 

space–time, assuming SMBBH sources. The density spiral creates a small ( < 1 per cent ) but unambiguous modulation of the 
light curve at the semi-orbital period. This signal, although weak, is fundamentally different from that of an axisymmetric disc 
around a single BH providing a lower limit on the impact of a BBH on its outer disc. This potential difference being found, we 
study how binary parameters impact this modulation in order to find the optimal case which is a high source inclination of any 

binary mass ratio (from 0.1 to 1). 

Key words: accretion, accretion discs – black hole physics – gra vitational wa ves – hydrodynamics – quasars: supermassive black 

holes – methods: numerical. 
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 I N T RO D U C T I O N  

 new era for multimessenger astronomy began with the detection of
 post-merger electromagnetic (EM) counterpart to the coalescence
f two neutron stars (Abbott et al. 2017 ) shortly after the event
as detected in gravitational waves (GWs). Meanwhile, for binary
lack holes (BBHs), post-merger detection candidates exist (Graham
t al. 2020 , 2022 ) but no pre-merger counterpart has been detected
et. Actually, a pre-merger EM–GW co-detection is valuable for
any reasons. Indeed, the speed of gravity can be measured and

ompared to the speed of light (Abbott et al. 2017 ) to look for physics
eyond General Relativity (GR). Moreover, the pre-merger EM
ignal gives us insights on how the plasma behaves in such dynamical
pace–times. In addition to probing the environment around the
ew population of astrophysical objects that BBHs unveiled by
IGO/Virgo/Kagra represent, an EM observ ation allo ws for new tests
f GR in the strong gravity re gime. F or these reasons, a pre-merger
M-GW co-detection of BBHs would be a major astrophysical
chievement. 

The hope for an EM signal relies on the merging system to be
as-rich. Meanwhile, the BBHs targeted by ground-based GW in-
erferometers are stellar-mass BBHs, whose environment is thought
o be cleaned of gas by the supernova explosion leaving the BHs
 E-mail: raphael.mignon-risse@apc.in2p3.fr 

i  

s  

G  

Pub
ehind. In that view, the design of the future Laser Interferometer
pace Antenna (LISA; Amaro-Seoane 2020 ), to be launched in the

ate 2030’s, could be an asset because GWs emitted by SuperMassive
BHs (SMBBHs), which are more likely to be gas-rich systems

han stellar-mass BBHs, fall into its frequency range. Indeed, our
urrent understanding of galaxy evolution is that (i) most galaxies
ost a central SMBH (Ferrarese & Ford 2005 , G ̈ultekin et al.
009 , including the Milky Way, GRAVITY Collaboration 2018 )
nd (ii) galaxies grow by repeated mergers (e.g. White & Rees
978 ). Therefore, the merger of SMBBHs appears as a common
henomenon in the history of the Universe and such an event may
ccur in a gas-rich environment. The gas would be provided by the
alaxies themselves during the dynamics of the galaxy merger or
irectly brought from the SMBBHs accretion environment powering
n active galactic nucleus (see e.g. Alston, Giustini & Petrucci 2022 ).
he coalescence of SMBBHs could result in the birth of a single
ctive galactic nucleus, that a pre-merger detection could allow us to
itness. Ho we ver, the search for a pre-merger EM signal relies on

heoretical predictions, which are, to date, uncertain. 
A full theory for the accretion onto pre-merger BBHs systems

s still in its infancy. Among the difficulties encountered, one
hould mention the wide range of spatial scales co v ered by these
ystems as they inspiral, in addition to the fluid-related physics to be
ncluded such as magnetic fields and radiation. At sub-parsec orbital
eparation, the orbital momentum is mainly e v acuated by GWs and
R effects come into play (Gold 2019 ). There, the space–time is
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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ighly dynamical as it follows the BBH inspiral trajectory together 
ith the continuous emissions of GWs. Some groups have already 

ncorporated the temporal dynamics of such a space–time in their 
RMHD code, allowing the study of the circumbinary disc (Noble 

t al. 2012 ; Zilh ̃ ao et al. 2015 ; Noble et al. 2021 ), and of the individual
ccretion structures onto the BHs (Bowen et al. 2017 , 2018 , 2019 )
eyond Newtonian gravity (e.g. MacFadyen & Milosavljevic 2008 ). 
hese involve approximate space–time constructions (e.g. Mundim 

t al. 2014 ; Ireland et al. 2016 ) in which different analytical metrics
re stitched together in order to satisfy the approximation they are 
ased on (more details in Section 2.2 ). In these constructions, the
ravity of the fluid is neglected – which is a reasonable approximation
round SMBBHs – and the metric approximations break down as the 
Hs inspiralling motions become relativistic. None the less, such 
n approach is promising because it is less e xpensiv e than solving
instein’s equations together with the fluid equations (see e.g. Noble 
t al. 2012 and Giacomazzo et al. 2012 ). The system can be evolved
n longer time-scales and is, therefore, less dependent on its –
heoretically moti v ated – initial conditions. Moreo v er, it can rev eal
nexpected behaviours that were not captured in Newtonian gravity 
uch as in Bowen et al. ( 2017 ), who showed that the gravitational
otential is shallower in GR, increasing gas sloshing between the two 
Hs. While all the aspects related to accretion are part of the problem,

t does not stop here and the photons need to be ray-traced to the ob-
erver to obtain synthetic emission maps and associated diagnostics 
spectra, light curves). GR effects (lensing, time delay, gravitational 
oost...) can be crucial in the vicinity of the BBH and should not be
eglected (e.g. Casse & Varniere 2018 in single black hole discs, for
ini-discs around BBHs see e.g. Pihajoki et al. 2018 ; Ingram et al.

021 ; Davelaar & Haiman 2022a , b ). Indeed, some of the aforemen-
ioned simulations were ray-traced and the results used to look for
otential EM signatures from SMBBHs (D’Ascoli et al. 2018 ). 
While previous works focused on the vicinity of the BBH, in this

aper we take a complementary approach to the identification of EM
bservables from SMBBHs of mass ratio higher than 0.1. Since 
nspiralling SMBBHs already emit GWs entering the frequency 
ange of LISA, we implemented the approximate metric construction 
resented in Johnson-McDaniel et al. ( 2009 ), Ireland et al. ( 2016 )
see Section 2.2 ) valid for spinning BBHs, incorporating retardation 
ffects and GW propagation to investigate whether these could leave 
n imprint in the outer parts of the circumbinary disc. First, the
uter part of the disc is colder than the widely studied inner part and
hould emit in a different energy band. Secondly, such a study will
ive us an estimate on the minimal impact expected from a BBH on
ts outer surrounding, compared to a single BH. Indeed, any other 
ffect produced by the BBH in the inner regions (if an inner disc
s present), such as the propagation of spiral density waves up to
he outer disc, may dominate o v er those presented in this paper if
he y hav e time to reach the outer disc before the merger. Indeed,
hese inner effects propagate at the local radially decreasing sound 
peed unlike the BBH metric induced effect studied in this paper 
ropagating at the speed of light. In the end, all effects will only
dd up and introduce additional non-axisymmetries likely to make 
hose systems more easily identifiable. To explore this possibility, 
e first proceeded to the generalization of our GRMHD code ( GR-
MRVAC ; Keppens et al. 2012 ; Casse, Varniere & Meliani 2017 )

o any metrics (Section 3 ). Then, we implemented the approximate 
etric from Ireland et al. ( 2016 ) in both our GRMHD code and in the
R ray-tracing code GYOTO (Vincent et al. 2011 ), forming a pipeline
ubbed E-NOVAS for ‘extended Numerical Observatory of Violent 
ccreting systems’ (Varniere, Casse & Vincent 2018 ) adapted to the 

tudy of accreting compact objects in dynamical space–times. Using 
his pipeline, we study how radiation zone phenomena affect the 
ensity distribution in the outer circumbinary disc (Section 4 ). Then
e look at how the extent of the impact of radiation zone effects
n the density translates into actual differences in the observables. 
s a second step, we investigate whether these potential differences 

ould be used to give some constraint on the mass distribution in the
entral region (Section 5 ). 

Throughout this paper, we use Greek letters to denote space–time 
ndices and Latin letters to refer to spatial indices only. The space–
ime metric, denoted g μν , has signature ( −, + , + , + ). We also use the
eometric system of units where G = c = 1, leading to characteristic
ength and time-scales 1M � = 1.477 km = 4.926 × 10 −6 s. 

 SPAC E–TIME  DECOMPOSI TI ON  

hile previous numerical efforts including GR effects were mostly 
ocused on the inner region of the circumbinary disc (e.g. Noble et al.
012 using an approximate metric, and Farris, Liu & Shapiro 2011 ;
arris et al. 2012 ; Gold et al. 2014 solving the BSSN formulation of

he Einstein’s equations), we study here the impact of radiation-zone- 
nly effects, which include retarded potentials associated with the 
inary black hole source and inherently related to the propagation 
f gravitational waves (Blanchet, Faye & Ponsot 1998 ; Johnson- 
cDaniel et al. 2009 ) on the gas-rich environment around BBHs. To

erform this study, those effects are taken into account via an analyti-
al space–time. We consider a time-varying, analytical, approximate 
pace–time around an inspiralling BBH system, described by the 
etric tensor g μν . At a given time, space is decomposed in several

ones, referred to as the Near and Far (or radiation, or wave) Zones
hereafter NZ and FZ, respectively), depending on the distance to 
he binary system, so that the metric in these zones includes the
ominant physical effects as perturbative effects with respect to 
he flat Minkowski metric. In each zone the corresponding metrics 
re derived by making approximations which can depend on the 
one itself (e.g. the weak field approximation which depends on 
he distance to the binary system) or the properties of the binary
ystem (e.g. the orbital velocities of the BHs) and are therefore
nly approximate solutions to Einstein’s equations. The NZ and FZ 

hare a spatial region in which their respective approximations hold, 
eferred to as the boundary zone. Using a transition function in the
oundary zones, the metrics are stitched together to finally give the
lobal metric g μν . The transition is performed so as to introduce an
rror which is smaller than the error already present in the individual
etrics. For each zone, we looked for high-order approximate metrics 

n the literature. As we focus on radiation zone effects on the outer
ircumbinary disc, the innermost zone of our simulation (here the 
Z) is located well outside the event horizon of each BH. 
In order to do so, one needs to know where the BHs are. Indeed,

he orbital parameters of the binary (the positions, velocities of 
he BHs...) are necessary to compute their gravitational impact 
n their surroundings. The orbital parameters are deduced from 

ev eral hypotheses re garding the orbital regime of the binary. In
articular, we restrict ourselves to quasi-circular orbits with an 
ngular momentum loss mechanism associated to the emission 
f gravitational waves (see Section 2.1 ). Hence, this work is
dapted to study the final stages before coalescence, namely a few
 /10 6 M � days before merger, for reference. 

.1 Determination of the orbital parameters 

he metric components are functions of the trajectory of the BHs.
e assume it to be a quasi-circular inspiral, with the orbital energy
MNRAS 519, 2848–2861 (2023) 
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Figure 1. Orbital separation as a function of time expressed in units of days 
for a 10 7 M � BBH, for various values of the binary spin parameters χS 

and χA . Except for the q = 0.1 system, the time to merger, from an orbital 
separation of 20 M , is of the order of a few days (for a total mass M = 10 7 M �). 
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onservation relying on the adiabatic approximation (Blanchet 2014 ).
pins are assumed aligned or anti-aligned with the orbital axis. From

he adiabatic approximation, the motion is described entirely by the
rbital phase � ( t ). The change of rate of orbital binding energy
˙
 is assumed to be strictly equal to the rate of loss of energy by
ra vitational wa ve emission F and change in mass Ṁ (also called
idal heating) via the equation 

˙
 = −F − Ṁ , (1) 

here the dot superscript indicates the deri v ati ve with respect to the
emote observer time. The tidal heating Ṁ is non-zero for spinning
Hs only. Using chain rules, equation ( 1 ) can be rearranged as a

unction of d v/d t , where v ≡ ( M d � /d t ) 1/3 is the Post-Newtonian
PN) expansion parameter. PN expansions assume that the source is
lowly moving, i.e. ( v/c) 2 � 1, and weakly stressed, i.e. | T 

0 i / T 

00 | �
 and | T 

ij / T 

00 | 1/2 � 1, where T 

ij is its momentum-energy tensor. One
btains the following set of ordinary differential equations 

d v 

d t 
= −F ( v) + Ṁ ( v) 

d E( v) / d v 
; 

d � 

d t 
≡ v 3 

M 

. (2) 

he energy-balance equation is inverted so that the quantity d t /d v is
xpanded in a series of v, then integrated to get t ( v). The expressions
f E ( v ), F ( v ), and Ṁ ( v ) are given in the ancillary materials of
jith et al. ( 2012 ). Finally, the series t ( v) is inverted into v( t ), then

ntegrated with respect to time to get the phase � ( t ). 
We now look for the orbital separation r 12 ( t ) as a function of time.
e expand the right-hand side of 

d t 

d r 12 
= − d E( r 12 ) / d r 12 

F ( r 12 ) + Ṁ ( r 12 ) 
, (3) 

btained similarly to equation ( 2 ), as a function of r 12 to integrate it
n order to get t ( r 12 ). We use equations (229) and (313) of Blanchet
 2014 ) for the energy and flux formulas as a function of the param-
ter labelled γ in Blanchet ( 2014 ), which depends on the orbital
eparation r 12 . For the tidal heating, we take equation (11) of Alvi
 2001 ). Finally, the orbital separation r 12 ( t ) is obtained from t ( r 12 ) and
 t ( r 12 )/d r 12 via a Newton–Raphson algorithm. Positions with respect
o the centre of mass (COM) are obtained from equation (5.2) of
lanchet, Buonanno & Faye ( 2010 ). Instead of numerically deriving

he COM positions with respect to time, we compute the COM
elocities using the simplest form for the positions, hence still
ccounting for the decreasing orbital separation vector with the
onsistent PN phase. Expressions used here to derive the phase and
rbital separation are valid up to 3.5PN, i.e. up to O(( v/ c) 7 ). 
As will be presented below, 3.5PN is higher order than the metric

mplementation. A first reason for this is that, as mentioned in
ohnson-McDaniel et al. ( 2009 ), the high-order terms in the orbits can
ctually become important when computing the BBH metric terms
t large distances where the retardation time, when accounted for,
ecomes large. Considering a 3.5PN orbit will also help us to reach
 better depiction of the system dynamics as it will not introduce any
ignificant additional approximation coming from the description
f the BHs motion. Furthermore, the part of our code solving the
quation of motion is independent from the metric terms: this leaves
he possibility for any user, in the future, to implement higher order

etrics when available, and to already dispose of 3.5PN orbits. 
In order to validate our computation of the EOM, we test whether

e reco v er the ‘orbital hang-up’ effect as in Ireland et al. ( 2016 ): a
ositive spin (with respect to the orbital angular momentum vector)
hould result in a slower inspiral. Fig. 1 shows the evolution of the
rbital separation as a function of time (for an arbitrary initial time
ut the same separation) for dif ferent v alues of the symmetric and
NRAS 519, 2848–2861 (2023) 
ntisymmetric binary spin parameters χS = ( χ1 + χ2 )/2 and χA =
 χ1 − χ2 )/2, where χ i is the spin of the i -th BH. We indeed find that
he combination [ χS , χA ] = [0.9, 0], leads to a slower inspiral than
he spinless χS = χA = 0 case. Oppositely, the combination [ χS ,

A ] = [ − 0.9, 0] accelerates the inspiral. Finally, we note that the
ase [ χS , χA ] = [0, 0.9] leads to the same trajectory as the spinless
ase. 

.2 Metric components 

ow that we have the position and velocity of both BHs we can look
t the construction of the analytical space–time that will be used in the
est of the paper. For that we follow the work by Johnson-McDaniel
t al. ( 2009 ), and Ireland et al. ( 2016 ) and only present here a succinct
xplanation of how to obtain their approximate metric. 

Further away than a gravitational wavelength
∼2 π/ω GW 

∼π/ω orb ∼π ( r 3 12 /M) 1 / 2 , the space–time metric is
he so-called Far Zone metric (FZ, also referred to as the radiation
one), taken from equation (6.6) of Johnson-McDaniel et al.
 2009 ). It derives from the direct integration of the relaxed Einstein
quations (also called ‘DIRE’ method) and includes retardation
ffects, which are crucial in understanding the FZ. Indeed, the metric
omponents typically vary on the orbital time-scale. As the orbital
elocity of the BHs becomes large enough, the retardation effect has
 non-negligible impact on the spatial variations of the gravitational
eld. A quasi-circular orbit is assumed, i.e. that accelerations and
osition vectors are parallel or antiparallel, and that velocities are
erpendicular to each of these, up to 2.5PN. 
At relatively large distances from the binary, i.e. [ r g / r = GM /( r c 2 )
1] and when the motion of the BHs is slow enough, i.e. [( v/c) 2 

1], but at a smaller distance than a gra vitational wa velength, the
ost-Newtonian (PN) approach is valid and useful to give an accurate
escription of space–time without numerically solving Einstein’s
quations. In this case, these are solved analytically by developing
symptotic series in powers of these (small) quantities. The order
f the approximation is given by the order of the series, e.g. ( r g / r ) 2 

ives a ‘2PN’ approximation. In this paper, we have implemented
he NZ metric for spinning BHs (Blanchet et al. 1998 ; Ireland et al.
016 ) including terms up to 2.5PN order (i.e. up to terms ( r g / r ) 5/2 ).
ecause the PN metric relies on the slow motion approximation,
ur space–time is restricted to sufficiently large orbital separations
 r 12 ≈ 8 M), before motions become relativistic (see Appendix A of

art/stac3794_f1.eps
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Table 1. Region of validity of each zone of the metric, presented for the general case and for three values of 
the total binary mass, assuming an orbital separation of r 12 = 15 M, in the equal-mass case. r A stands for the 
distance to the A-th BH of mass m A , r stands for the distance to the centre of mass of the binary. 

Zone NZ BZ FZ 

r A � r A � r � r � r � r �
Theoretical m A λ r 12 λ r 12 ∞ 

M = 10 5 M � (10 −5 pc) 1.6 × 10 −4 8 × 10 −2 7.2 × 10 −3 8 × 10 −2 7.2 × 10 −3 ∞ 

M = 10 7 M � (10 −5 pc) 1.6 × 10 −2 8 7.2 × 10 −1 8 7.2 × 10 −1 ∞ 

M = 10 10 M � (10 −5 pc) 1.6 × 10 1 8 × 10 3 7 × 10 2 8 × 10 3 7 × 10 2 ∞ 
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oble et al. 2021 and Fujita, Sago & Nakano 2018 , Sago, Fujita &
akano 2016 , Yunes & Berti 2008 in the extreme mass-ratio case).
e also refer the reader to Zilh ̃ ao et al. ( 2015 ), who showed that

he influence of the PN order on the evolution of a non-magnetized
ircumbinary disc compares with that of initial conditions further 
rom equilibrium. 

The global metric is constructed as a weighted sum of the NZ and
he FZ metrics 

 μν = (1 − f FZ ) g 
NZ 
μν + f FZ g 

FZ 
μν . (4) 

he transition function used between zones is defined as a piecewise 
unction (Mundim et al. 2014 ). This function returns 0 when r ≤ r 0 ,
here r is the distance to the centre-of-mass of the binary and r 0 is
 parameter. For r 0 < r < r 0 + w, which corresponds to a portion of
he boundary zone, it is given by 

 FZ ( r, r 0 , w, q ′ , s) = 

1 

2 

(
1 + tanh 

[
s 

π

(
χ( r, r 0 , w) − q ′ 2 

χ( r, r 0 , w) 

)])
, (5) 

here χ ( r , r 0 , w) = tanh[ π ( r − r 0 )/(2 w)], and s , w, and q 
′ 

are
arameters (let us note that we used q 

′ 
instead of q as in Mundim

t al. 2014 , which denotes here the mass ratio). Finally, this function
s strictly equal to 1 for r ≥ r 0 + w. Throughout this paper, we follow

undim et al. ( 2014 ) and take the set of values s = 1.4, r 0 = λ/5,
 = λ, and q 

′ = 1, where λ = π
√ 

r 3 12 /M . The region of validity of
ach zone is shown in Table 1 in the general case and several values
f total binary mass. 
Let us mention several limitations of this construction. First, as 

pecified abo v e, the slow motion approximation breaks down at 
rbital separation of about 8 M. Secondly, only the gravitational 
nfluence of the binary system is taken into account. While we 
ntend to use this metric to compute the evolution of a circumbinary
isc around a BBH, we will have to restrict ourselves to a non-
elf-gravitating disc, as its contribution to the gravitational field is 
eglected. The self-gravitating region of AGN discs is expected to 
e further away than ∼2000 gravitational radii (Lodato 2007 ), thus
e yond the re gion under study here. This limitation also sets a lower
imit for the mass ratio parameter, which depends on the mass of
he disc under study . Finally , by accounting for orbital shrinkage
nly due to GW emission (and tidal heating, equation 3 ), we neglect
he possible torques acting from the disc on the binary. Previous 
tudies have shown that the gas-driven torques onto the central BBH
re dominated by the ne gativ e torques from the individual BH discs
Tang, MacFadyen & Haiman 2017 ; Mu ̃ noz, Miranda & Lai 2019 ;
iede et al. 2020 ; Dittmann & Ryan 2022 ), and could o v ercome the
rbital shrinking due to GWs for M < 10 7 M � (Tang et al. 2017 ).
s we will show in the following, radiation zone effects appear 

o be dominated by retardation effects associated with the BBH 

rajectory. Hence, any torque acting on the inspiral (or outspiral, e.g. 
ittmann & Ryan 2022 ) would modify as well the (temporal and

patial) periodicity and amplitude of the retardation effects in the 
adiation zone. 
.3 Metric validation 

n order to check that the metric construction presented in Section 2
atisfies the Einstein’s equations in the vacuum at a satisfactory level
f accuracy, we compute GR invariants similarly to the tests done
n Mundim et al. ( 2014 ) and Ireland et al. ( 2016 ). For the following
nalysis, we consider equal-mass binaries at orbital separation r 12 = 

0 M located on the x -axis, as done in the aforementioned studies,
nd because it roughly corresponds to the portion of the binary
rajectory we are interested in. The computation is fully numerical, 
ecause obtaining the deri v ati ves of the metric components has
ro v en to be computationally prohibitive, despite attempts with 
he SageManifold tool. 1 Spatial and temporal deri v ati v es hav e been
omputed using a centred, fourth-order finite difference stencil. We 
hoose a spacing of 0.8 M to compute the deri v ati ves in the range [15,
0] M and 6.4 M in the range [50,1000] M for the invariants to reach
onvergence without being dominated by double precision round-off 
rror. 

First, we compute the Kretschmann scalar , an in variant defined
s | R μνρδR 

μνρδ| , where R 

μνρδ is the Riemann tensor. Indeed, it can
e compared, at least at large distances from the BHs, to the value
btained for a single Schwarzschild BH, 48 M 

2 / r 6 . The top panel of
ig. 2 shows the Kretschmann scalar along the x -axis and how it
ecreases as 1/ r 6 at large distances from the BHs, similarly to the
lope expected for a single Schwarzschild BH. 

The Kretschmann scalar deviates from the Schwarzschild value 
t small distances from BH1 (located at r = 10 M), as expected.
ndeed, in the study of Ireland et al. ( 2016 ), which incorporates the
nner zones (i.e. perturbed Kerr metrics), the Kretschmann diverges 
hen approaching the centre of BH1 because of the true (physical)

ingularity there. The deviation we notice is consistent with this. 
o we ver, we start the computation at r = 15 M – hence, 5 M away

rom BH1 – as this study focuses on the circumbinary disc. 
Secondly, we compute the relative Kretschmann invariant, defined 

s 

 rel = 

∣∣∣∣2 R μνR 

μν − R 

2 

R μνρδR 

μνρδ

∣∣∣∣ , (6) 

here R μν and R are the Ricci tensor and scalar, respectively. Its
se as a test for our global metric is justified by the fact that most
nvariants (i.e. the Ricci scalar) are identically zero. Hence, they do
ot pro vide an y comparison scale to measure violations to Einstein’s
quations (Ireland et al. 2016 ). Here, one can directly compare K rel 

o 1. The bottom panel of Fig. 2 displays the value of K rel along the
 -axis. It can be seen K rel < 1 throughout the domain, confirming
hat the global metric is a satisfying approximation to a solution of
instein’s equation in the vacuum. 
MNRAS 519, 2848–2861 (2023) 
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M

Figure 2. Kretschmann scalar in FNZ (top) and relative Kretschmann 
(bottom). The BBH has zero spins, equal mass, and an orbital separation 
of 20 M. 

3
R
C
M

I  

O  

c  

o  

A  

d  

p  

p  

s  

d  

t

3
s

B  

c  

c  

s  

d  

i  

B  

c  

T  

a  

d  

t  

w  

d

Figure 3. Lapse scalar α in the BBH metric for different azimuthal angles 
against the Schwarzschild metric lapse scalar. The BBH has zero spins, equal 
mass, and an orbital separation of 20 M. The zoom-in view gives the lapse 
radial deri v ati v e in the FZ re gion, showing the oscillation. 

 

m  

r  

a  

φ  

i  

m  

r  

B  

a  

e  

p  

i  

o  

w  

c  

N
 

t  

r  

t  

t  

o  

π  

g  

t  

z  

a  

2  

r  

d  

o
 

t

�

w  

−  

l  

a  

w  

n  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/2/2848/6960585 by IN
IST-C

N
R

S IN
SU

 user on 07 April 2023
 F RO M  NOVAS TO  E-NOVAS :  G E N E R A L  

ELATIVISTIC  FLUID  SIMULATIONS  

O N S I D E R I N G  A N Y  TYPE  O F  SPAC E–TIME  

ETRIC  

n Varniere, Casse & Vincent ( 2019 ), we presented a Numerical
bservatory of Violent Accreting systems, or NOVAs . NOVAs was

omposed of the GR-AMRVAC code (Casse et al. 2017 ), a GR version
f the finite-volume, MPI-AMRVAC code (Keppens et al. 2012 ). GR-
MRVAC solves the general relativistic equations of magnetohydro-
ynamics in Kerr space–time. The outputs of simulations are then
ost-processed with the GR code GYOTO (Vincent et al. 2011 ) to
roduce synthetic spectra and light curves of gas orbiting around
pinning BHs. Here we present the extended- NOVAs ( E-NOVAS ),
ubbed so as it is a generalization of the NOVAs framework beyond
he Kerr metric with the aim to include any time-dependent metric. 

.1 How fundamentally different the BBH metric is from the 
ingle BH metric 

efore going into more details on how we aim to generalize the
ode to take into account any space–time metric, let us look at the
ase we aim to study, namely the time-dependent non-axisymmetric
pace–time around a BBH system. In particular, what are some of the
efining features that depart from the more standard BH metric that
s Schwarzschild/K err. Indeed, those dif ferences moti v ate this work.
ecause gravitation eventually dominates any other physical effect
lose to BHs, any difference in the metric affects the fluid dynamics.
heoretically, it justifies the need to study the accretion onto BBHs as
 distinct problem from accretion onto single BHs. Observationally,
ifferences in the fluid dynamics will play a key role in allowing us
o distinguish BBHs from BHs with EM facilities. These differences
ill be strengthened as the space–time does not only influence fluid
ynamics but also the propagation of photons towards the observer. 
NRAS 519, 2848–2861 (2023) 
In order to illustrate how the BBH metric deviates from axisym-
etry and from the Schwarzschild one, we display in Fig. 3 the

adial profile of the lapse scalar defined as α = 

√ 

−1 /g 00 , which
cts as the equi v alent of the gravitational potential, for φ = 0 and
= π /2 in both cases. For comparison, the Schwarzschild metric

s computed around a single BH whose mass is equal to the total
ass of the binary. The two BHs are located at φ = 0 and φ = π ,

espectively, with orbital separation 20 M (i.e. in this profile, one
H is located in r = 10 M). Close to the binary, the metric non-
xisymmetry is visible as the φ = 0 and φ = π /2 diverge from
ach other and from the Schwarschild value. At large distances, the
rofiles seem to converge towards similar values and therefore a BBH
s hardly distinguishable from a single BH, at first sight (relying only
n the lapse scalar, see below). This trend justifies the initial setup
e present in Section 4 , although another possible approach is to

ompute a φ-averaged metric to set the initial conditions (see e.g.
oble et al. 2012 ; Zilh ̃ ao et al. 2015 ). 
The BBH metric is, nevertheless, fundamentally different from

he single BH metric. In the zoom-in view of Fig. 3 , we show the
adial deri v ati v e of the lapse in the FZ re gion. In a Ne wtonian vie w,
his quantity returns the standard 1/ r 2 gravitational acceleration. Here
here is a deviation in the BBH case, and this deviation takes the form
f a spiral, illustrated by the two oscillations taken at φ = 0 and φ =
/2 being in opposed phases. This figure illustrates how much the
ravitational field described by the BBH metric actually differs from
he single BH case even far from the system, and in particular in the
one of interest for our application: the FZ, where retardation effects
nd GWs actively contribute to the metric (Johnson-McDaniel et al.
009 ). We show the deviation of the lapse radial derivative with
espect to the Schwarzschild case in more details in Fig. 4 , where the
otted-line labelled ‘BBH’, is found to consist of a time-dependent
scillation, modulated at the binary period. 
In the following, we aim to understand the source of this oscilla-

ion. First, we compute the Newtonian quadrupole potential 

 Newt = 

2 ∑ 

i= 1 

G m i 

r i ( t − r) 
, (7) 

here the distance to the i -th BH, r i , is e v aluated at the retarded time t
r (for simplicity, rather than t − r i ) and considering a BBH in circu-

ar orbit. We derive the radial gravitational acceleration as d � newt /dr
nd represent its deviation with respect to the Schwarzschild value
ith the blue line. As clearly visible in the figure, the Newto-
ian retarded potential cannot reproduce such an oscillation, and
ore importantly, it does not introduce any important deviation
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Figure 4. Comparison between the deviation of the lapse derivative in 
the FZ region with respect to the Schwarzschild metric case, for various 
BBH modelling (for φ = 0). Three lapse radial deri v ati ves, equi v alent 
to the standard Newtonian gravitational acceleration, are considered: the 
actual BBH metric (labelled ‘BBH’), a circular-orbit BBH and its retarded 
Newtonian potential (labelled ‘Newtonian retarded’, equation 7 ) and finally 
an approximate lapse radial deri v ati ve under the circular orbit hypothesis 
(see main text and equation 8 ). This figure clearly illustrates that the gravity 
oscillations affecting the outer region of the BBH circumbinary disc stem 

from the relativistic nature of the two orbiting BHs. 
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f the lapse radial deri v ati ve compared to the Schwarzschild case.
herefore, the oscillation seen in Fig. 4 comes from another aspect 

ncluded in the BBH metric not present in the retarded Newtonian 
otential. 
To understand this even further , we in vestigate the dominant term

f the BBH metric responsible for those oscillations. To do so,
e compute the lapse α = 

√ 

−1 /g 00 ≈√ −g 00 by assuming that, 
ecause the metric is nearly diagonal, 1/ g 00 ≈ g 00 . This allows us to
ompute the lapse for several terms of g 00 beyond Newtonian order, 
ooking for the term responsible for this oscillation. We found that 
see equation 6.6a Johnson-McDaniel et al. 2009 ) 

 00 = −1 + 

2 ∑ 

i= 1 

2 
m i 

r 

(
1 + (v i . n) 2 

)
(8) 

hose associated lapse deri v ati ve is displayed as a red line in Fig. 3 ,
eproduces well the BBH case deviation against Schwarzschild. In 
his formula, v i is the velocity vector of the i -th BH and n is the
ormalized position vector of the location we are computing the 
etric at, and considering retarded time for all quantities. 2 The 
chwarschild behaviour of the lapse deri v ati ve naturally comes from

he term 

2 ∑ 

i= 1 

2 
m i 

r 
while the oscillation is produced by the term 

2 
 

i= 1 

2 
m i 

r 
( v i . n ) 2 . This term contributes to the lapse radial deri v ati ve

nly because the retarded time changes the spatial deri v ati ves of
 i . n into time deri v ati ves. Then, the motion of the BBH, periodic in
ime, translates into spatially periodic patterns in quantities obtained 
hrough spatial deri v ati ves of metric terms. Unlike the dominant term
n the lapse deri v ati ve, which goes as 1/ r 2 , the contribution of the
forementioned term, responsible for the oscillation, decreases as 
 For simplicity, we computed v i using the circular equation of motion, while 
he BBH accounts for inspiral; this shows that the inspiral is not responsible 
or the oscillatory behaviour, at least qualitati vely. Quantitati vely, the inspiral 
ill progressively increase v i as v i ∝ r 

−1 / 2 
12 , the lapse radial derivative and 

he amplitude of the oscillation along with it, while the oscillation period will 
moothly decrease. 

t

/ r , hence it becomes increasingly important as the radius increases,
hich is also visible in Fig. 4 . This term arises from the source

etarded potential coming from the diagonal part of the source stress–
nergy tensor (Blanchet et al. 1998 ). As we found the lapse radial
eri v ati ve of the BBH metric to strongly deviate from that of a single
H metric, with the deviation mainly arising from retardation effects 
nd taking the shape of a spiral, we expect any fluid located in the
Z to be dynamically affected by this. 
The time-dependence of the BBH metric is a major difference 

etween the BH and BBH metrics. From the numerical point of
iew, it requires computing the metric at each time step instead of
omputing it once and for all. Moreo v er, because of the retardation
ffects in the FZ, one must also compute the metric in each cell in
rder to obtain the past orbital parameters. The computational cost 
s as heavy as the relation between the BHs and time is complex.
ere, a Newton–Raphson inversion is required to obtain the orbital 

eparation as a function of time during the inspiral phase (see
ection 2.1 ). 
We discuss here a second aspect of the BBH metric which is not

ominant at large distances but may be interesting for future studies
ncorporating the implementation presented throughout this paper, in 
articular in the GR ray-tracing step: frame-dragging around BBHs. 
o begin with, the Kerr metric exhibits a non-zero g t φ component for
on-zero spins (and only for non-zero spins). The radial deri v ati ve
f the associated shift vector βφ = α2 g t φ is responsible for the well-
nown (axisymmetric) Lense–Thirring effect around spinning BHs. 
he BBH metric exhibits such a non-zero and azimuthally varying 
omponent as well (in the centre of mass frame), therefore producing
 similar but azimuthally varying effect, while not needing the BHs
o be spinning. Interestingly, the azimuthally averaged amplitude of 
 r β

φ is comparable in the maximally rotating Kerr case and in the
BH case for an orbital separation of typically 10 M, at comparable
istances, showing that the amplitude of the effect is not minor. This
s an example of the interesting physical features arising from the
BH metric compared to the single BH metric. Finally, unlike for

he Kerr BH, the frame-dragging effect exhibited by a BBH is not
xisymmetric. 

Hence, we have shown here how specific features from the BBH
etric will alter either the gas dynamics or the trajectory of photons,

r both, with respect to the Kerr BH case. For a direct one-to-one
omponent comparison between the NZ metric and the Kerr metric, 
e refer the reader to Zilh ̃ ao et al. ( 2015 ). 

.2 Implementation of E-NOVAS 

.2.1 Hydrodynamics in a non-stationary space–time 

he first step in studying BBH systems is to generalize GR-AMRVAC
o take into account fully general time-dependent metrics. In order to
o that we slightly modified the definition of our set of conserv ati ve
ariables as well as the frame in which the corresponding Riemann
roblem is solved. 
The set of equations to be solved includes the local conservation

f baryon density and the local conservation of momentum in a
ime-dependent background metric, namely 

∂ t ( D) + ∂ j 
[
D 

(
αv j − βj 

)] = 0 , 

∂ t ( S i ) + ∂ j 

([ 
S i ( αv j − βj ) + αPδ

j 

i 

] )
= 

−( W D + P( W 

2 − 1)) ∂ i α + 

α

2 

(
S 

j v k + Pγ jk 
)
∂ i γjk + S j ∂ i β

j , 

(9) 
MNRAS 519, 2848–2861 (2023) 
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Figure 5. Emission map of a simple axisymmetric disc model incorporating 
the FZ metric in GYOTO . The BBH has q = 1 and individual spins 0 and 1. 
The source inclination angle is 85 deg (close to edge-on). Around a single 
static BH with an axisymmetric disc, the image would be distorted by various 
time-independent effects (lensing, gravitational boost, and the Lense-Thirring 
effect). Here, the distorsion of the disc image is time-dependent because it 
follows the BBH trajectory. 
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here α stands for the lapse function, γ ij for the spatial metric tensor
omponents, and β i for the shift vector components. The conserv ati ve
ariables in this fully general framework are the relativistic density
 = 

√ 

γW 

2 ρ and the relativistic momentum S i = W ( D + W P)v i .
n the previous definitions, 

√ 

γ stands for the square root of the
patial metric determinant, ρ is the rest density of the gas and v i its
ontravariant v elocity v ector. The Lorentz factor is noted as W = (1

g ij v i v j ) −1/2 while the local gas pressure P is linked to the pressure
 measured in the observer frame P = 

√ 

γP . Finally δj 

i stands for
he Kronecker symbol. As can be seen from the equation ( 9 ) abo v e,
eneralizing the code to non-stationary metrics, the spatial metric
eterminant now enters the definition of conserv ati ve v ariables, thus
aking into account effects of the non-stationarity of the gravity upon
he gas properties. 

Stepping into fully general metrics also affects the way the
magneto-)hydrodynamical solver addresses the Riemann problem.
ndeed, such a problem can be solved easily in any direction in a
at space–time, namely in a locally Minkowski frame. To do so,
e build a new basis { e ( ̂ μ) } ensuring that the inner product gives
 ( ̂ μ) · e ( ̂ ν) = η ˆ μˆ ν , where η ˆ μˆ ν is the Minkowski metric (more details in
ection 3.3 of White, Stone & Gammie 2016 ). The corresponding
rame transformations are performed using the matrices M 

μ
ˆ ν and M ̂

 μ
ν

rovided in Appendix A . 

.2.2 Ray-tracing in a non-stationary space–time 

nce we have the gas dynamics around the BBH, we still need to
ay-trace the emission back to the observer if we want to obtain
bservables. In order to do that we have implemented the same
etric as in GR-AMRVAC in GYOTO . While this was the first

ime a non-stationary space–time was added in it, the necessary
nfrastructure was already present in the general code and adding out
nalytical metrics was relatively straightforward after the work done
o implement it in GR-AMRVAC . 

After the implementation we check ed that, f ar from the BBH we
btain similar images compared to a unique Kerr BH of mass equal to
he total binary mass as is expected from the metric (see Section 2.2 ).

eanwhile, close to the BBH, rays show a strong deviation from the
ingle BH case and illustrate the influence that taking into account
he BBH can have on the ray-tracing step, and therefore on the light
urve and energy spectrum computed with it. The illustration of such
istorsions is given in Fig. 5 . 
Moreo v er, the spatial variations of the lapse scalar α shown in

ig. 3 , as well as its non-axisymmetry, suggest interesting effects
ssociated with the retardation of light rays coming close to the BBH,
s well as non-axisymmetric frame-dragging at small distances from
he BHs, as mentioned pre viously. Those ef fects have the potential to
ffect not only the emission at a given local time but also the timing
eatures of the source, since any non-axisymmetry associated to the
BH evolves on the binary period. 
Once we have the metric in which the photon evolves, GYOTO

ay-traces the photon backwards in time from the observer until the
ccretion disc is reached and uses the temperature map produced by
he GR simulation to compute the blackbody emission from it. 

The temperature map for each cases is produced using T ( t, r, φ) =
 in ( ρ( t, r, φ) /ρin ) γ

′ 
, where ρ in is the density at the inner edge of the

imulation box a t = 0, T in is the associated temperature, and γ
′ 

s the adiabatic index (see Section 4.1 ). Since we focus our study
n SMBHs, we use an observational template taken from Lin et al.
 2013 ). They fitted the energy spectrum of a M = 10 5 M � BH with
 blackbody model, deriving a temperature at the innermost stable
NRAS 519, 2848–2861 (2023) 
ircular orbit of about 0.1 keV. These values, along with a distance
f ∼500 Mpc, serve as a reference for the cgs fluxes to be computed.
s we want to span the mass range from 10 5 to 10 10 M �, co v ering
 wide range of masses of SMBBHs, we decided to use the mass
caling of the temperature presented in the standard disc model of
hakura & Sunyaev ( 1973 ). This gives T in ∝ ( M /M �) ( − 1/4) (see also
.g. Rees 1984 ). 

 I M PAC T  O F  R A D I AT I O N  Z O N E  EFFECTS  O N  

H E  C I R C U M B I NA RY  DISC  

s a first example of what E-NOVAS could do, we decided to focus
n the circumbinary disc, especially in the far zone that is much
ess studied than region closer to both BHs. While the existence of
 such circumbinary disc has not been confirmed observationally,
t could be formed when part of each BH’s initial disc material has
een expelled via gravitational interactions (e.g. tidal disc truncation,
 aczynski 1977 ; P apaloizou & Pringle 1977 ) to circularize around

he system as a circumbinary disc. In the case of SMBBHs, on which
e focus here, the initial material (if an y) is e xpected to come from

heir host galaxy-related gas, the same that powers luminous activity
n galactic centres, and follow them as they inspiral (Haiman et al.
009 ). It could also come from the partial or total tidal disruption
vent of a star originally orbiting close to one of the black holes,
he orbit of which was disturbed by the approaching secondary BH
Coughlin et al. 2019 ; Shu et al. 2020 ; Huang et al. 2021 ). 

The FZ is characterized by the retardation effects associated
ith the BBH potentials (Blanchet et al. 1998 ) consistent with the
ropagation of the GW produced by the inspiralling BBH. Thanks
o E-NOVAS , we can study how the radiation zone metric affects
he circumbinary disc and simultaneously explore how this impacts
tandard observables such as the energy spectrum and light curve of
he system. 
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.1 Circumbinary disc setup 

imulations are 2D, in the orbital plane of the binary. As the FZ metric
symptotically converges towards a Schwarzschild metric at large 
istances, we initialize our circumbinary disc as a disc at equilibrium 

n a Schwarzschild metric (with a BH of mass equal to the total mass
f the binary and located in its centre of mass, as done in e.g. Farris
t al. 2011 ) which will be close to equilibrium, at least in the far
egion in which we are interested in. The equilibrium is given by the
GR version of the) thermal pressure gradients and the centrifugal 
cceleration in an equi v alent Schwarzschild metric. The initial gas 
urface density profile given by: 

( r) = 0 . 5 ρ0 

(
1 − tanh 

(
r − 2500 

500 

))
r −3 / 4 + ρmin , (10) 

here ρ0 = 10. The tanh function is used to set a disc outer edge,
nd ρmin = 2 × 10 −4 prevents the density from becoming too small
here. Pressure is computed as p = p 0 ρ

γ ′ 
, where γ

′ = 5/3 is the
diabatic index with p 0 = 1.8 × 10 −4 . The resulting disc aspect
atio, as computed in Newtonian gravity, is H / r = 0.1–0.25. The
nitial azimuthal velocity is set so as to impose radial equilibrium in
n equi v alent Schwarzschild metric (see e.g. Casse et al. 2017 ) 

 

φ = c 
−∂ r β

φ ±
√ 

( ∂ r βφ) 2 + 2 αγ φφ∂ r γφφ( ∂ r α + α ∂ r P 

ρhW 

2 ) 

αγ φφ∂ r γφφ

, (11) 

s in Farris et al. ( 2011 ). Neglecting the disc self-gravity re-
tricts the value of the surface density normalization, ρ0 . Self- 
ravity is negligible as long as ρ/ H � M / r 3 (Frank, King &
aine 2002 ). This sets ρ0 � 10 13 ( M/ 10 5 M �) −2 g cm 

−2 , i.e. ρ �
 × 10 10 g cm 

−2 ( M/ 10 5 M �) −2 g cm 

−2 at r = 2100 M. 
The computational grid extends radially from 18.75 to 5000 M, and 

rom 0 to 2 π azimuthally. The resolution is n r × n φ = 476 × 140
ith logarithmic spacing in the radial direction resulting in the 
nest resolution of 4 M in the inner region of the FZ and 20 M
t its outer edge, which al w ays gives a resolution better than about
0 cells per gravitational wavelength. We checked that running a 
igher resolution simulations (see Section 4.2 ) leads to qualitatively 
nd quantitatively similar results. The inner and outer boundary 
onditions are null-gradient on primiti ve v ariables, i.e. the gas density

and the contravariant velocity vector components v i . Outflow 

onditions are imposed at the outer boundary of the simulation. 
We are using the global metric (NZ, FZ, and transition region, see

ection 2.2 ) with the NZ used to provide self-consistent boundaries 
o the region of interest, i.e. the region covered by the FZ. This
eans that while the computational grid is more extended, we focus

n the region covering [1000, 2100] M in radius where there is no
ontamination from effects related to the NZ as they have not had
ime to reach the region of interest. By doing so, we are assuming
hat (i) either the effects we will report are not dominated by any
uid perturbations originating from the NZ and slowly propagating 
ut to the FZ – indeed, the time it takes for spiral waves to reach r =
000 M at the local sound speed is ≈6 × 10 4 M, which is between
v e and twelv e times the inspiral time in the following simulations,
epending on the mass ratio, or (ii) that there is no disc in the NZ,
s could be the case during the formation of the circumbinary disc
r considering the more general case of diluted gas being located in
he radiation zone. In any case, this problem has not been addressed
n the literature and we propose to study it as an application case of
ur pipeline. If the effects we report here are eventually dominated 
y other BBH-related ones (but probably not acting at the same 
requency), then those will add up and our results will thus stand as
 lower limit on the influence of a BBH on its outer circumbinary
isc. Future studies, in this series of papers, will focus on the inner
egions of the circumbinary disc (Mignon-Risse, Varniere & Casse 
022a ). 

.2 Impact of radiation zone effects on the density distribution 

n order to study the impact of radiation zone effects on the disc we
ecided to study three distinct mass ratios. First we will look at the
 = 1 case as a reference case. As a second case we will study the
 = 0.3 case as it is typical of the sources LISA could detect (Colpi
014 ) and therefore has a good potential to be observed. Lastly, we
ill look at an even smaller mass ratio of q = 0.1 to see how different

s its impact. 
Indeed, unequal mass ratios are naturally expected in the merger 

f SMBBHs, unless some mechanism(s) drives preferential accre- 
ion onto the least massive component of the binary (e.g. Farris
t al. 2014 ; Duffell et al. 2020 ; see also Bate 2000 and Mignon-
isse, Gonz ́alez & Commer c ¸on 2021 ; Mignon-Risse, Gonz ́alez &
ommer c ¸on 2023 in the protostellar context), but this question 

emains open (Siwek et al. 2022 ). 
In all the simulations we follow the inspiral motion of the binary

rom an orbital separation r 12 ( t = 0) = 15 M down to 8 M, where
he PN approximation breaks down. Let us note, however, that this
ortion of the BH trajectory is arbitrary and that these simulations
re not limited by their computational cost. Starting simulations of 
ircumbinary discs with a larger orbital separation is feasible but it
ould become increasingly rele v ant to take into account the potential

ndividual accretion structures feeding the black holes, which is not 
ur concern here. In addition, the FZ would be located further away
see Table 1 ), so the simulation box should be enlarged and the
bsence of self-gravity in our model may become a concern. The
omputational time is equi v alent to t ∼ 4000 M/c ∼ 10 P orb for q =
, where P orb is the initial orbital period; as the BBH orbit shrinks,
he orbital period decreases. 

Fig. 6 shows the map of the density deviation with respect to
he single BH case, with the BBH modelled using Newtonian gravity
upper panel) and using the BBH approximate metric (bottom panel), 
t t = 4000 M. In the Newtonian case, the density is axisymmetric
t these distances from the BBH. It weakly deviates from the single
H case because of a relaxation wave propagating outwards at local

ound speed, much smaller than the speed of light, with maximal
ensity deviation 5 × 10 −5 in absolute value. Meanwhile, a spiral 
n density deviation is clearly visible in the BBH case and has a
uch larger amplitude than the relaxation wave observed in the 
ewtonian case. This spiral is a consequence of the radiation zone

ffects, including retardation effects acting on the outer disc (as 
resented in Section 3.1 ), as they cannot be reproduced neither in
ewtonian gravity nor with the BBH metric without those retardation 

ffects. 
While seeing an impact of radiation zone effects on the disc is

nteresting, we need to quantify it, especially as function of time.
ig. 7 shows the time evolution of the maximal value of ( ρ( t ) −
Schw )/ ρSchw , where ρSchw is the equi v alent single BH case density,

or various mass ratios of interest. We see that the amplitude of the
piral structure increases with time, regardless of the mass ratio. 
e vertheless, the ef fect is rather weak, as expected: this quantity

s dimension-less and is � 10 −3 . In order to quantify its temporal
volution, we fit it with a power-law function for q = 1, shown by
he red curve. The power-law index is close to unity (0.99), so the
mplitude increase is roughly proportional with time. It is noteworthy 
hat this is also the case for q = 0.3 and q = 0.1. A natural explanation
ould be the nearly constant forcing e x erted by the metric. This may
MNRAS 519, 2848–2861 (2023) 
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Figure 6. Map of the density deviation, ( ρ( t ) − ρ( t = 0))/ ρSchw , where 
ρSchw is the single BH case density, in the case of equal-mass BHs in the 
Newtonian case (top) and in the BBH metric case (bottom), at t = 4000 M. In 
the Newtonian case an axisymmetric relaxation wave propagates outwards. 
In the BBH metric case, any non-axisymmetry arises as a reaction of the fluid 
being in the BBH metric rather than in a Kerr metric. Distances are in units 
of M . 

Figure 7. Evolution of the amplitude of the spiral structure, shown as 
max ( ρ( t ) − ρSchw )/ ρSchw , where ρSchw is the single BH case density, as 
a function of time until an orbital separation of 8 M is reached. Several values 
of the mass ratio parameter q are explored: q = 1 (black curve), q = 0.3 
(dark gray dashed curve), q = 0.1 (light gray dotted curve). The red curve is 
a power-law fit to the q = 1 case between 2 and 10 P orb . The plot co v ers 10, 
14, and 24 orbital periods for q = 1, 0.3, 0.1, respectively. The time to merger 
is a few days for M = 10 7 M � (more than ten days for q = 0.1). 
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3 These have been computed from spinning BBHs (with the corresponding 
GR-AMRVAC simulations), as our metric construction allows us to. More 
details in Mignon-Risse, Varniere & Casse ( 2022b ). 
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ound surprising as GR effects should gain amplitude as the BBH
pproaches merger: for instance, the amplitude of the oscillation
eported in the lapse radial deri v ati ve increases during the inspiral.
o we ver, this is moderated by two effects. First, the inspiral EOM
ictates a separation shrinking as r 12 ∝ ( t − t merger ) 1/4 , so the binary is
t nearly constant orbital separation during most of the computational
ime. Secondly, the gas in the radiation zone is located beyond
000 M from the binary, hence at the time the simulation stops
ecause the orbital separation reaches 8 M, the gas actually reacts to
he influence of the BBH at a larger separation ( ≈11 M for q = 1,
ee Fig. 1 ). Therefore, the metric forcing, as felt by the gas located
n the far zone, is nearly constant o v er the BBH trajectory portion
e have studied. 
NRAS 519, 2848–2861 (2023) 
Finally, we also find the amplitude to increase with q , and therefore
o be the largest in the equal-mass case. As a side note, the difference
n run duration in Fig. 7 comes from the impact of the mass ratio
n the inspiral time. Indeed, our simulations co v er the inspiral phase
rom r 12 = 15 M to r 12 = 8 M, which takes more time for smaller q
alues (see Fig. 1 ). 

Let us also note that we performed higher resolution runs with
 r × n φ = 952 × 280 (labelled HR run), and n r × n φ = 1428 × 420
 VHR run), i.e. a twice and three times as better resolution in
oth directions, respectively. We computed the relative difference
n the aforementioned quantity when increasing the resolution. From
he fiducial run to run HR , the relati ve dif ference asymptotically
ecreases with time and remains below 0 . 5 per cent after ∼2 orbits.
rom run HR to VHR , it remains below 0 . 5 per cent after less than 1
rbit. Hence, convergence is achieved. 
We found that radiation zone effects associated with inspiralling

BHs, and dominated by retarded potential contributions, produce
on-axisymmetries in their circumbinary disc in the form of a spiral
tructure. While we found this structure to have a small, but growing,
mplitude it is worth looking at its electromagnetic emission to see if
he departure from axisymmetry would have an impact on it as well.

 IS  T H E R E  A N Y  OBSERVABLE  I MPRI NT  

RO M  R A D I AT I O N  Z O N E  EFFECTS  O N  T H E  

I R C U M B I NA RY  DI SC?  

n this section, we look at the impact of the spiral structure related to
he radiation zone effects on an SMBBH circumbinary disc on the EM
bservables. To create synthetic light curves and spectra, we post-
rocessed the simulations with the GYOTO code under the assumption
hat the circumbinary disc emits thermal blackbody radiation. While
he direct impact of the metric on the disc was small, as the photon
ill be travelling through the same space–time on their way to the
bserv er, the y will also be affected by the metric which could boost,
lightly, the effect. 

.1 Energy spectrum for various BBH masses 

he first general observable for SMBHs is their energy spectrum
 v er large energy bands and it is therefore the first place to look
or potential differences between a BBH and a single BH. We first
ompute the full energy spectrum coming from the circumbinary
isc as it indicates to us in which frequency band those systems
ould be observed. Contrary to the previous plots, those spectra are
omputed o v er the full domain of the simulation in order to be a good
epresentative of the energy band even though the inner region is not
ur main focus here and therefore is not fully resolved. 
Fig. 8 shows the multicolour body emission spectrum of the

ircumbinary disc around an equal-mass BBH. 3 This figure illustrates
ow the peak of the energy spectrum is shifted to lower energies as
he BBH mass increases (Rees 1984 ; Alston et al. 2022 ), while the
 v erall flux increases. Let us note that the emission model is defined
side from the self-consistent simulations. Therefore, it allows for
dditional degrees of freedom. While we have chosen to directly
ink the circumbinary disc maximal temperature to observational
onstraints (Lin et al. 2013 ), an alternative point of view is to derive
he temperature from the cooling function used in the simulation
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Figur e 8. Ener gy spectrum at t 8M 

, for q = 1 ranging BBH masses from 

10 5 to 10 10 M �, at a distance of 500 Mpc. To illustrate the capabilities of 
E-NOVAS , the displayed spectra were computed for spinning BBHs with spin 
parameter χS = 0.9; the quantitati ve dif ference with respect to χS = 0 is, 
ho we v er, v ery small (Mignon-Risse et al. 2022b ). 
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Figure 9. Flux divided by the mean flux, as a function of time in the q = 

1 case for a system seen at the inclination angles 20 deg and 70 deg , where 
0 deg means face-on. The orbital period is ≈200 M. 

Figur e 10. Ener gy spectrum at t 8M 

, for 10 5 M �, for a single non-spinning 
BH and for BBHs ranging mass ratios q = 0.1 to q = 1, at a distance of 
500 Mpc. 
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no such cooling function is used in the present work), as done in
’Ascoli et al. ( 2018 ). Despite these distinct methods, we find an

nergy peak of the spectrum in rough agreement with the values 
btained in D’Ascoli et al. ( 2018 ) for a 10 6 M � BBH (which would
e located somewhere between our 10 5 and 10 7 M � cases). Our 
eak is, ho we ver, located a much lo wer energies than the v alue of
1 keV ∼10 17 Hz obtained analytically in Tang, Haiman & Mac- 
adyen ( 2018 ) in post-processing numerical simulations. According 

o D’Ascoli et al. ( 2018 ), this discrepancy can arise from an accretion
ate assumed to be � 10 4 greater in Tang et al. ( 2018 ) than theirs. 

.2 T iming featur es associated with the spiral 

hile the direct impact of spiral waves on the energy spectrum is
arely detected in observations as it can be absorbed through other 
tting parameters associated with the disc model (Varniere, Mignon- 
isse & Rodriguez 2016 ; Varniere 2022 ), it is much easier to look
t it in the Fourier space or, in the case of numerical simulation,
y looking at the normalized light curve over a few periods. It is
ven better to look at high-inclination systems, as spiral structures in 
iscs produce timing features that depend strongly on the inclination 
Varniere & Vincent 2016 ). Hence, we computed the light curve 
ssociated with the previous simulations to extract any observable 
iming feature having the potential to distinguish a BBH from a 
ingle BH. When computing the light curves, we do not vary the
otal mass. Indeed, as we renormalize the following light curves by 
he mean flux, any timing feature reported here is independent of the
istance and of the total mass of the binary (naturally, the total flux
s ho we ver determinant for detectability issues). GYOTO deli vers a
ultifrequency emission map of the source. Integrating the emission 
ap o v er the frequencies and o v er the source extent, we obtained

ach point of the light curve. 
The light curve is displayed in Fig. 9 in the equal-mass case for

he two extremes of low- and high-inclination systems. As expected 
rom the presence of the spiral, we found that the light curve exhibits
 clear modulation at the semi-orbital period of the binary ( ≈200 M).
e looked at the 20 deg inclination case as a potential worst case

cenario to observe the impact of a spiral structure. Moreover, the 
mplitude of the modulation increases with the inclination of the 
ource. This trend is expected and is due to the modulation being
roduced by the existence of a non-axisymmetric density structure 
n the disc. The amplitude of the modulation is rather weak, less than
 per cent , for inclinations 20 ◦ and 70 ◦. This naturally depends on
he energy band chosen; we chose an energy band optimal for the
uter disc emission. Otherwise, the contamination from the tail of 
he inner disc emission is found to reduce this amplitude by roughly
 factor of two. 

While this amplitude is small, it nearly reaches the order of
agnitude of the weakest high-frequency quasi-periodic oscillations 

eported in microquasars and techniques to search for such small 
uasi-periodic signals exist (Remillard et al. 2002 ), though applying 
hem to low-flux sources such as the source of interest here is more
ifficult. 

.3 Can we draw the inner mass distribution from the EM 

bser v ables? 

he previous plots were all made for the higher amplitude case of
qual-mass ratio and while it gives rise to a relatively small signal, it
s not beyond what current timing capabilities have observed in low-

ass systems. It is therefore interesting to see how those features
epend on the mass ratio and if they could be used to rule out some
ass distribution inside the circumbinary disc, especially focusing 

n the two extreme cases that go from a single BH to an equal-mass
BH. 
We first focus solely on the energy spectrum which has the least

mpact from the spiral. Fig. 10 shows the energy spectrum for various
 values and the equi v alent Schwarzschild BH, with a total mass of
0 5 M �. As an extreme representation of the mass ratio, we choose
o compare with a single Schwarzschild BH as the rest of the mass
atios were also done with no spin for the BBH. We also choose an
xisymmetric disc located at 34M, to be coherent with the radius of
he circumbinary disc inner edge in the q = 1 case; a disc blackbody
pectrum is computed out of it, using the same temperature profile
MNRAS 519, 2848–2861 (2023) 
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M

Figure 11. Flux divided by the mean flux, as a function of time, for two mass 
ratios, q = 1 (black dots) and q = 0.1 (red crosses). A sinusoidal curve has 
been added to the plot to show the periodic behaviour of the LC. The binary 
period is ≈400 M. 

a  

r  

s  

s  

b  

s  

a  

m  

t  

r  

G  

c  

M  

H  

D  

2  

p  

t  

S  

b  

 

n  

i  

p  

S  

m  

e  

r  

t  

2  

a  

e  

I  

i  

t  

a  

a  

d  

l  

c  

r
 

a  

r  

p  

M  

i  

q  

m  

B
 

u  

w  

o  

b  

a

6

T  

t  

c  

s  

e  

c  

i  

t  

M  

t  

c  

c  

o
t  

E  

(  

G  

a
 

o  

e  

a  

i  

d  

b  

w  

e  

s  

t  

t  

s  

w  

n  

N  

s  

t  

m  

b  

l
 

f  

T  

i  

a  

p  

t  

a  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/2/2848/6960585 by IN
IST-C

N
R

S IN
SU

 user on 07 April 2023
s before. We see on Fig. 10 that, while the spectrum in the X-
ay shows some differences, all of them are compatible with the
ingle-Schwarzschild case (since the flux differences and fluxes are
mall), which mean that the three mass ratio SEDs could be fitted
y an equi v alent Schwarzschild BH with a disc away from its last
table orbit. While such a far away disc would raise some questions
s to what is pushing it away, it would require to have a precise
easurement of the mass inside to be certain that the inner edge of

he fitted disc is not at the last stable orbit. This is a somehow similar
esult to the spectrum deficit already reported in several papers (e.g.
 ̈ultekin & Miller 2012 ; Shi & Krolik 2016 ) because of the gap

leared by the BBH (e.g. Artymowicz & Lubow 1994 ; MacFadyen &
ilosavljevic 2008 ; Noble et al. 2012 ; Shi et al. 2012 ; D’Orazio,
aiman & MacFadyen 2013 ; Farris et al. 2014 ; M ̈osta; Taam &
uf fell 2019 ; Duf fell et al. 2020 ; Noble et al. 2021 ; Siwek et al.
022 ). Exploring this in more details is beyond the scope of this
aper, more focused on the radiation zone, but it would be interesting
o look at cases where we know that the inner edge of the disc in
MBH is f ar aw ay from its last stable orbit and see if a BBH would
e able to give a more physical explanation for such a far away disc.
As the spiral impact was more visible in the time domain, it is

atural to investigate how the mass ratio impacts the modulation seen
n the light curve. Hence, Fig. 11 shows the light curve for our three
revious mass ratios in the case where the system is viewed at 60 deg .
uch an inclination angle is sufficient to observe the aforementioned
odulation while giving a more intermediate viewing angle. As

xpected, the period of the modulation is not sensitive to the mass
atio. Indeed, the mass ratio is not a leading-order effect in the
heoretical orbital period (equation 4.2 of Johnson-McDaniel et al.
009 ). More surprisingly, the amplitude of the modulation is not
ffected by the mass ratio, while we see it impacted the temporal
volution of the amplitude of the spiral in the simulation (Fig. 7 ).
t suggests that, due to the weak amplitude of the spiral structure
n the disc ( � 10 −3 ), the major contribution to the modulation in
he light curve comes from the existence of the spiral (i.e. a non-
xisymmetry) and temporal variations along it, rather than its exact
mplitude. From theoretical modelling of the spiral impact in the
isc, if the amplitude of the spiral structure were to reach a higher
evel ( � 1 per cent ), the impact of the varying amplitude on the light
urve may have the potential to become detectable then and could
each to differences between mass-ratio values. 

We showed the presence of a modulation in the light curve
ssociated with the presence of the spiral structure produced by
adiation zone effects. The properties of this modulation (amplitude,
eriod) do not allow us to derive the q parameter of the BBH.
NRAS 519, 2848–2861 (2023) 
eanwhile, an axisymmetric disc around a non-GW emitting system,
.e. a single BH, would produce a constant light curve, hence
ualitati vely dif ferent from those produced here. Thus, while this
odulation does not allow us to capture the exact mass ratio among
BHs, it could permit us to distinguish a BBH from a single BH. 
Overall, no spectral feature associated with the light-curve mod-

lation allows us to directly differentiate a BBH from a single BH
ithout having a good measure of the mass. Thus, in the outer regions
f a circumbinary disc studied in this work, a timing study has the
est chance to provide direct hints of a BBH, even though it does not
llow us to infer the q parameter. 

 C O N C L U S I O N S  

his is the first paper of a series of papers in which we aim to study
he pre-merger phase of BBHs and, in particular, look for ways to
haracterize them. In order to perform this study and model a BBH
pace–time, se veral numerical de velopments were done. First, we
xtended GR-AMRVAC (Casse et al. 2017 ), a GR-MHD code, to
ompute the fluid dynamics in any type of space–time. Secondly, we
mplemented a BBH approximate analytical space–time including
he so-called near and far zones (Johnson-McDaniel et al. 2009 ;

undim et al. 2014 ; Ireland et al. 2016 ) in GR-AMRVAC and in
he GR ray-tracing code GYOTO (Vincent et al. 2011 ). Those two
odes form the E-NOVAS framework we are using to study accreting
ompact objects, from fluid simulations to the production of synthetic
bservables, each step including full GR effects. As the BBH space–
ime relies on the trajectory of each black hole, we solved their
OM in the GW-dominated regime, as done in e.g. Combi et al.
 2021 ). Overall, we demonstrated the capability of GR-AMRVAC and
YOTO to handle non-stationary space–times. Such developments
re of major interest in the multimessenger astronomy era to come. 

In this first paper, we were interested in the potential impact
f radiation zone effects, which combine the propagation of GWs
mitted by inspiralling BBHs through their circumbinary disc and
nd the associated retardation effects. First, we found a deviation
n the lapse radial deri v ati ve with respect to the Schwarschild case,
eviation that increases with distance and takes the form of a spiral
ecause of the BBH trajectory. This deviation cannot be reproduced
ith Newtonian retarded potentials. We attribute it to the retardation

ffects in the BBH potential deriving from the diagonal part of its
tress–energy tensor and contributing to the metric. We found that
he radiation zone effects create a steady spiral structure affecting
he disc density, saturating at the 0 . 1 per cent level in the best case
cenario, i.e. equal-mass BBH. As expected from this small impact,
e found that the energy spectrum is not sufficiently affected by the
on-axisymmetric density distribution to leave a detectable imprint.
ev ertheless, the e xistence of a spiral creates a small – slightly

maller than 1 per cent – but potentially detectable modulation of
he light curves at the semi-orbital period. The amplitude of the

odulation is not found to depend on the mass ratio (from 0.1 to 1),
ut, as is generally the case for spirals, the modulation is larger at
arger inclination angles (edge-on view of the disc). 

In this series of papers, we aim at predicting possible EM signals
rom inspiralling, GW-emitting, SMBBHs, to be detected with LISA.
he light-curve modulation we report is precious in that view, as it

s absent in axisymmetric disc models around single BHs. While its
mplitude is small, it nearly reaches the level of the weakest quasi-
eriodic oscillations detected (see Remillard et al. 2002 ). Moreo v er,
he timing features presented here are independent of the source mass
nd could apply to LIGO/Virgo/Kagra sources as well (Mignon-Risse
t al. 2022b ). By focusing on the outer parts of the circumbinary
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isc, our study is complementary to those investigating inner disc 
ariabilities (e.g. Westernacher-Schneider et al. 2021 ; Guti ́errez et al. 
022 ) which will dominate in different energy bands. Moreo v er, the
ffect we report is somehow more universal and permanent than 
eatures produced in the inner regions of the disc, such as spiral
ensity waves. Indeed, it is linked to how matter responds to the
pace–time and to GWs propagating at the speed of light, while spiral
ensity waves travel at the much slower local sound speed and are,
onsequently, also affected by the local thermodynamics. In any case, 
he small amplitude oscillation we report can be understood as a lower
imit on the gravitational impact of a BBH on its circumbinary disc,
rst because spiral density propagating outwards would increase the 
on-axisymmetry of the system and secondly because the amplitude 
f the effect we report is likely to increase as the binary gets closer
o the merger. 
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PPENDIX  A :  FRAME  TRANSFORMATION  MAT
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