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ABSTRACT

Black holes (BHs) are ubiquitous components of the center of most galaxies. In addition to their mass, the BH spin, through its
amplitude and orientation, is a key factor in the galaxy formation process, as it controls the radiative efficiency of the accretion disk
and relativistic jets. Using the recent cosmological high-resolution zoom-in simulations, NEWHORIZON and GALACTICA, in which
the evolution of the BH spin is followed on the fly, we have tracked the cosmic history of a hundred BHs with a mass greater than
2 X 10* M,,. For each of them, we have studied the variations of the three-dimensional angle (¥) subtended between the BH spins
and the angular momentum vectors of their host galaxies (estimated from the stellar component). The analysis of the individual
evolution of the most massive BHs suggests that they are generally passing by three different regimes. First, for a short period after
their birth, low-mass BHs (Mg < 3 x 10* M,) are rapidly spun up by gas accretion and their spin tends to be aligned with their
host galaxy spin. Then follows a second phase in which the accretion of gas onto low-mss BHs (Mpy < 103 M,,) is quite chaotic and
inefficient, reflecting the complex and disturbed morphologies of forming proto-galaxies at high redshifts. The variations of ¥ are
rather erratic during this phase and are mainly driven by the rapid changes of the direction of the galaxy angular momentum. Then,
in a third and long phase, BHs are generally well settled in the center of galaxies around which the gas accretion becomes much
more coherent (Mpy > 103 My,). In this case, the BH spins tend to be well aligned with the angular momentum of their host galaxy
and this configuration is generally stable even though BH merger episodes can temporally induce misalignment. We even find a few
cases of BH-galaxy spin anti-alignment that lasts for a long time in which the gas component is counter-rotating with respect to the
stellar component. We have also derived the distributions of cos('¥) at different redshifts and found that BHs and galaxy spins are
generally aligned. Our analysis suggests that the fraction of BH-galaxy pairs with low ¥ values reaches maximum at z ~ 4-3, and
then decreases until z ~ 1.5 due to the high BH-merger rate. Afterward, it remains almost constant probably due to the fact that BH
mergers becomes rare, except for a slight increase at late times. Finally, based on a Monte Carlo method, we also predict statistics for
the 2D projected spin-orbit angles A. In particular, the distribution of A traces the alignment tendency well in the three-dimensional
analysis. Such predictions provide an interesting background for future observational analyses.

Key words. methods: numerical — galaxies: evolution — galaxies: general — galaxies: interactions — galaxies: jets

1. Introduction

It is now well established that the evolution of supermas-
sive black holes (BHs) and their host galaxy is intimately
related (e.g., Silk & Rees 1998; Granatoetal. 2004). The
existence of strong scaling relations between BH masses and

galaxy properties, such as the velocity dispersion of their host
bulge (Magorrianetal. 1998; Merritt & Ferrarese 2001a,b;
Ferrarese & Merritt 2000; Hu 2008; McConnell & Ma 2013;
van den Bosch 2016; Batisteetal. 2017; Baldassare et al.
2020), the stellar mass of their host bulge (Marconi & Hunt
2003; Hiring & Rix 2004; Saglia et al. 2016; Sahu et al. 2019;
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Zhao et al. 2021), and the total stellar mass (Cisternas et al.
2011; Simmonsetal. 2011; Reines & Volonteri 2015; Davis
et al. 2019; Sahuetal. 2019; Dingetal. 2020; Bennert
et al. 2021) does indeed suggest that BHs coevolve with
their host galaxy.

Also, due to matter accretion, central BHs in galaxies often
exhibit powerful jets and winds, commonly referred to as active
galactic nuclei (AGNs). The resulting AGN feedback can heat
and/or expel the surrounding gas from the center of galaxies.
According to theoretical works, this mechanism is supposed
to play an important role in reshaping the gas, stellar, and
dark matter distributions in the central and outer parts of their
host (e.g., Peirani et al. 2008, 2017, 2019; Duffy et al. 2010;
Martizzi et al. 2013; Dubois et al. 2016; Ardila et al. 2021, and
references therein) and in quenching the star formation in mas-
sive galaxies, producing more realistic galaxy population that are
broadly consistent with observations (e.g., Di Matteo et al. 2005;
Springel et al. 2005; Schawinski et al. 2006; Croton et al. 2006;
Sijacki et al. 2007; Booth & Schaye 2009; Dubois et al. 2012;
Choi et al. 2015; Kurinchi-Vendhan et al. 2023).

Black holes are generally characterized by two classical
properties': their mass Mgy and their angular momentum vector
Ju. In addition, it is customary to introduce the dimensionless
spin parameter a assuming a Kerr metric for rotating bodies:

_ CJBH
CGME,

ey

where c is the speed of light and G is the gravitational constant.
Although one naturally expects that a ranges from 0 to 1, it is not
rare to find in the literature a ranges from —1 to 1 which gives
additional information on how the surrounding gas is accreted
onto the BH. If the gas accretion disk does indeed have a pro-
grade rotation, a > 0, while a < 0 for retrograde rotation.

From their initial values, both the BH the mass and spin
evolve according to successive gas accretion phases and BH
merger episodes. While the BH mass increases through cos-
mic time (though a small amount of mass is lost in the emis-
sion of gravitational waves during BH-BH mergers), the spin
magnitude may decrease via different mechanisms such as gas
accretion (Bardeen 1970), BH-mergers (Rezzolla et al. 2008;
Barausse & Rezzolla 2009) and energy extraction by feedback
(Blandford & Znajek 1977). However, the long-term evolution
of the BH mass and spin is not independent but generally con-
nected.

The amplitude and orientation of the BH spin control the effi-
ciency of the conversion of the accreted gas into energy as

Ly = &(@)Mgpuc?, ()

where Lpy is the BH accretion luminosity, Mgy the BH mass
accretion rate, ¢ then process. In addition, the spin of merging
BHs (especially their relative orientation) has a strong influence
on the gravitational wave emission and therefore on the expected
recoil velocity of the merger remnant (Campanelli et al. 2007,
Gonzalez et al. 2007; Lousto & Zlochower 2011, 2013). Thus,
modeling and characterizing the long-term evolution of the BH
spin and its impact on the host galaxies are a valuable effort for
many domains in modern astrophysics.

For this purpose, semi-analytical models and, above all, cos-
mological simulations are vital tools in characterizing BH mass
growth and spin evolution. The task has however proven to be

! A third one, the electric charge, is assumed to be negligible in most
astrophysical settings (Giirlebeck 2015).
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difficult. The different physical processes that govern the BH
evolution, in particular the gas accretion and the associated feed-
back processes, are still poorly understood and occur at physical
scales (<pc) much lower than the resolution limit of the simu-
lations. Therefore, one needs to employ empirical prescriptions
and sub-grid physics.

While BHs are now commonly incorporated in hydrody-
namical simulations generally as sink particles of a given mass,
their spin is often neglected (e.g., Di Matteo et al. 2008; Booth
& Schaye 2009; Dubois et al. 2014a; Vogelsberger et al. 2014;
Schaye et al. 2015; Kannan et al. 2022). Nevertheless, increas-
ing effort in the last decade has tried to fill the gap by propos-
ing improved modeling including spin evolution in traditional
cosmological simulations (e.g., Dotti et al. 2013; Dubois et al.
2014b, 2021; Fiacconi et al. 2018; Bustamante & Springel 2019;
Talbot et al. 2021; Hopkins et al. 2023; Dong-Pdez et al. 2023;
Husko et al. 2024; Rennehan et al. 2023) as well as in general rela-
tivistic magneto-hydrodynamical simulations (e.g., Fedrigo et al.
2024; Cuietal. 2023; Koudmanietal. 2023, and references
therein).

The bulk of the past effort on the cosmic evolution of
black hole spin has focused almost exclusively on its ampli-
tude and on its relative alignment with the gas disk using semi-
analytical models (e.g., Volonteri et al. 2005, 2013; Shapiro
2005; King et al. 2008; Berti & Volonteri 2008; Fanidakis et al.
2011; Dotti et al. 2013; Sesana et al. 2014; Griffin et al. 2019;
Izquierdo-Villalba et al. 2020) or cosmological simulations
(e.g., Duboisetal. 2014b,c; Bustamante & Springel 2019;
Beckmann et al. 2024; Sala et al. 2024). To date, there are only
a few attempts that compute the relative orientation of the BH
spin orientation with respect to that of their host galaxy.

A first detailed analysis of the evolution of the BH spin
and orientation from numerical study in a cosmological con-
text was presented in Dotti et al. (2013). They found the occur-
rence of two regimes. An early phase (Mpy < 107 M) in which
rapid alignment of the BH spin direction to the gas accretion
disk angular momentum in each single episode leads to erratic
changes in the BH spin orientation. For more massive BHs
(>107 M), a single accretion episode does not modify signifi-
cantly the BH spin direction, and the BH spin tends to align with
the direction of the angular momentum of the accreting material.

Also, a pioneering work based on cosmological simulation
was done by Dubois et al. (2014b). They found that BHs with
mass 107 < Mgy < 10% M, show a high level of alignment
with their host galaxy, as gas accretion is mostly responsible
for both the BH and stellar mass growth in this mass range.
As BHs become more massive, spins are more randomly ori-
ented with respect to their host galaxy angular momentum (see
their Fig. 10). Moreover, mergers rapidly change the orienta-
tion of galaxies, in addition to coalescence for BHs, but the lat-
ter does not necessarily follow the same evolution while they
merge. They also highlighted an early phase of misalignment
when gas was turbulent and the galaxy disk not have coherent
angular momentum structures. More recently, Beckmann et al.
(2024) used the HORIZON-AGN simulation from which black
hole spin evolution was post-processed following Dubois et al.
(2014b). One of the main results is that merger-free galaxies
tend to have higher BH spins which are preferentially aligned
with their host galaxy’s spin.

The aim of the present paper is to contribute to such the-
oretical efforts by presenting the most up-to-date detailed sta-
tistical study of the evolution of the BH spins relative to the
galaxy angular momentum vectors. This is a complementary
paper to Beckmann et al. (in prep.) which focuses on the
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evolution of the amplitude of the BH spin. Both analyses rely on
the NEWHORIZON simulation (Dubois et al. 2021) that presents
several advantages over HORIZON-AGN. First, it includes a
sophisticated prescription of the BH model, wherein the BH spin
is evolved for all BHs using accretion disk models, and the jets
are launched along the direction of the BH spin vectors, with
spin-dependent efficiencies. Second, it follows the evolution of a
statistical number of galaxies and black holes. Third, it has a high
spatial resolution (~34 pc) that accurately resolves a typical scale
height of galactic disks (see, for instance, Park et al. 2021), and
therefore allows for a reliable estimation of their stellar angu-
lar momentum. NEWHORIZON has also a sufficient resolution
to capture the injection scale of gas turbulence, and has a mul-
tiphase interstellar medium. Furthermore, existing observations
of outflows accelerated by active galactic nuclei suggest that
some radio jets are inclined with respect to the galaxy disk (e.g.,
Morganti et al. 2015; Venturi et al. 2021), which strongly sug-
gests misalignment between the central BH and the galaxy angu-
lar momentum. However, a recent observational analysis of a
sample of 3682 radio AGNs (with reliable radio and optical posi-
tion angle measurements) suggests a tendency of BH/galaxy spin
alignment, especially for lower radio luminosity (Zheng et al.
2024). These observational trends give therefore additional moti-
vation for this work.

It is interesting to note the similarity of the spin-orbit orien-
tation between the BH-galaxy and star-planet systems. Planets
are occasionally found to have misaligned or even retrograde
orbits with respect to the direction of stellar rotation. Specifi-
cally, Kamiaka et al. (2019) found that a non-negligible fraction
(~20%) of hot Jupiters exhibits the projected spin-orbit angle
A > 30° (see also, e.g., Ohta et al. 2005; Winn & Fabrycky 2015;
Albrecht et al. 2022). The origin of those misalignment between
the stellar spin and planetary orbits is not yet well-understood.
Takaishi et al. (2020) performed a series of hydrodynamical sim-
ulations of the collapse of turbulent molecular cloud cores, and
suggested the presence of two regimes: at the initial epoch when
the protostar formed, ¥ (i.e., the angle between the protostellar
spin and the protoplanetary disk rotation axes) is very broadly
distributed within ~130°. With the subsequent mass accretion
from the proto-planetary disk to the protostar, however, the part
of the angular momentum of the disk is transferred to the stellar
spin, and ¥ gradually decreases and tends to be aligned (<20°).

Thus, they concluded that the isolated planetary disks formed
in the turbulent cloud cores are unlikely to explain the observed
misalignment, implying the importance of the interaction with
the nearby stellar systems, or the gravitational planet-planet scat-
tering after the gas disk dispersal.

Those results inspired us to ask the same question for the
orientation between the central BH spin and the host galaxy
angular momenta. Disk galaxies and planetary systems exhibit
several similarities: they are both dominated by a central object
(BH/star) and surrounded by either a galactic disk of stars and
gas or a planetary disk of accreting gas. One may naturally ask
whether the same physical mechanisms (inherent or external)
operate in the formation process of the two astrophysical objects.
It is definitely interesting to explore this possibility by explor-
ing the connection of BH-galactic disk and central star-planetary
disk as well as their mutual coevolution, to constrain the forma-
tion of planetary systems and galaxies, two major topics of con-
temporary astrophysics.

The paper is organized as follows. Section 2 briefly intro-
duces the NEWHORIZON simulation and the numerical modeling
used in this work (simulations and post-processing). Section 3
presents our main results on the 3D statistics of the BH-galaxy

spin angles while in Sect. 4 we derive statistics on the 2D pro-
jected angles to make predictions for future observational stud-
ies. We summarize our results and conclusions in Sect. 5.

2. Simulation data

Throughout this paper, we analyze the results of the
NEWHORIZON? simulation. The details of the simulation has
been described in detail in Dubois et al. (2021), so we only sum-
marize here its main features. Those who are interested in the
BH spin results may skip this section and move to Sect. 3.

2.1. General

NEWHORIZON is a high-resolution zoom-in simulation from the
HORI1ZON-AGN simulation (Dubois et al. 2014a), which extracts
a spherical sub-volume with a radius of 10comoving Mpc. A
standard ACDM cosmology was adopted with the total mat-
ter density Q,, = 0.272, the dark energy density Q5 = 0.728,
the baryon density Qp = 0.045, the Hubble constant Hy =
70.4kms~! Mpc~!, the amplitude of the matter power spec-
trum og = 0.81 and the power-law index of the primordial
power spectrum ng = 0.967, according to the WMAP-7 data
(Komatsu et al. 2011). The initial conditions have been gener-
ated with MPGRAFIC (Prunet et al. 2008) at the resolution of
4096° for NEWHORIZON in contrast to 1024 for HORIZON-
AGN. The dark matter mass resolution reaches 1.2 x 10° M,
compared to 8 X 107 M in HORIZON-AGN.

Both simulations were run with the RAMSES code (Teyssier
2002) in which the gas component is evolved using a second-
order Godunov scheme and the approximate Harten-Lax-
Van Leer-Contact (HLLC, Toro 1999) Riemann solver with
linear interpolation of the cell-centered quantities at cell inter-
faces using a minmod total variation diminishing scheme. In
NEWHORIZON, refinement is performed according to a quasi-
Lagrangian scheme with the highest resolution of Ax = 34pc
at z = 0. The refinement is triggered in a quasi-Lagrangian man-
ner, if the number of DM particles becomes greater than 8, or the
total baryonic mass reaches 8 times the initial DM mass resolu-
tion in a cell. Extra levels of refinement are successively added at
z=9,4,1.5and 0.25 (i.e.,a = 0.1,0.2, 0.4 and 0.8 respectively).
The NEWHORIZON simulation is currently completed at redshift
z = 0.18. Additionally, we have analyzed two other zoom sim-
ulations (nicknamed GALACTICA) focusing on isolated galaxies.
For them, we have used exactly the same physics and mass reso-
lution as NEWHORIZON but they are located in different regions
of HORIZON-AGN (see, for instance, Park et al. 2021).

2.2. Gas and stellar physics

The gas follows an equation of state for an ideal monoatomic
gas with an adiabatic index of vy, =5/3. Gas cooling is
modeled assuming equilibrium chemistry with rates tabu-
lated by Sutherland & Dopita (1993) above 10*K and by
Rosen & Bregman (1995) below 10* K. Gas is also heated via
a uniform ultraviolet radiation after the reionization epoch at
z = 10 following Haardt & Madau (1996). Star formation (SF)
is also included: stars can form out of gas cells with a hydrogen
number density greater than ny = 10cm™ and a temperature
lower than 2 x 10* K, following a Schmidt relation:

dp*/df = G*pgas/lffs (3)

2 https://new.horizon-simulation.org/
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where pg,, is the gas density, #g is the free-fall time of the gas,
and e, is the efficiency of star formation per free-fall time.

Contrary to HORIZON-AGN, NEWHORIZON adopts the effi-
ciency of star formation that depends on the local turbulent Mach
number and Jeans length (Kimm et al. 2017; Trebitsch et al.
2017, 2021). The initial mass function follows a Chabrier func-
tional form (Chabrier 2005) with cutoffs at 0.1 and 150 M.
Finally, a model of type II supernovae is based on the amount of
linear momentum injected at the adiabatic or snow-plow phase
(Kimm & Cen 2014; Kimm et al. 2015). The typical mass reso-
lution for star particles in NEWHORIZON is ~10* M.

2.3. Black hole physics

Here we summarize the BH sub-grid physics which is imple-
mented in NEWHORIZON, and particularly relevant to our cur-
rent investigation of BH-galaxy spin relative orientation. It
includes a model for BH mass growth and AGN feedback in
alternating radio/quasar (jet/heating) mode (Dubois et al. 2012)
coupled to a model of BH spin evolution (Dubois et al. 2014b).

2.3.1. Formation, mass growth and dynamics

First, supermassive BH seeds are allowed to form within any

cells satisfying the following criteria:

(i) Both the stellar and gas densities exceed the threshold for
star formation.

(ii) The local stellar velocity dispersion is larger than 20 km s~

(iii)) No preexisting BH can be found within a distance of
50 comoving kpc from the cell.

Then BHs form with an initial mass of 10* M, and a spin param-

eter of a = 0. Then, their mass grows at a rate Mgy over time

by accreting gas following an un-boosted Bondi-Hoyle-Lyttleton

accretion rate Mpongi and a spin-dependent radiative efficiency ¢;:

Mgy = (1 — &)Mpondi, (€]
& = fu(l = €isco) = fur (1 = VT =2/Brise0)) )

2
Wiionds = drp 51 ©)

(i + )2

where ejy, is the energy per unit rest mass energy of the inner-
most stable circular orbit (ISCO) of radius ris,, it is the aver-
age BH-to-gas relative velocity, ¢, the average gas sound speed
and p the average gas density. Those quantities are calculated
by averaging over a sphere of radius 4Ax (~150 pc) of the con-
sidered BH and using mass and kernel weighting (Dubois et al.
2012). risco is in units of the half of the Schwarzschild radius
and depends on the BH spin magnitude and its orientation with
respect to the gas accretion disk angular momentum.

Finally, the Bondi-Hoyle-Lyttleton accretion rate is capped
at the Eddington luminosity rate for the appropriate €;:

(N

where ot is the Thomson cross-section and m,, the proton mass.
According to Eq. (2), a fraction of the mass ¢ accreted is radiated
away, while the rest of the mass (1 — ¢) is accreted onto the BH
and increases the BH mass. We introduce the Eddington ratio y:

_ Mpongi/Mgaa  if MBondi <MEdd
1 if Mpgondi > Mgaa

®)
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and distinguish the different AGN feedback at the threshold
value of yyans = 0.01 as discussed in Sect. 2.3.3. We note that
in the case of the radio mode (see Sect. 2.3.3), & used to esti-
mate the effective growth of the BH is attenuated by a factor
Jfart = min(x'/ Xtrans, 1) following Benson & Babul (2009). We also
impose a maximum value of the BH spin at ap,x = 0.998 due to
the emitted photons by the accretion disk captured by the BH
(Thorne 1974).

Furthermore, BHs merge when they get closer than 4Ax
and the relative velocity of the pair is smaller than the escape
velocity of the binary. The less massive BH of the binary is
absorbed into the more massive one. It is then possible to know
for each (existing) black hole, the percentage of its mass that has
been gained through BH mergers at a specific redshift, fam merger-
SfBH.mereer = 0% means no mass contribution from BH mergers
while high values of fgH mereer indicate that a large percentage of
mass has been gained through mergers over the BHs history. It is
also worth mentioning that no recoil velocities have been applied
to BHs during the merger process.

Finally, due to the finite force resolution effect, an explicit
drag force is introduced for the gas onto the BH follow-
ing Ostriker (1999), in order to avoid any spurious motion
that can arise especially around high density gas regions. A
detailed analysis of BH mergers in NEWHORIZON is presented
in Volonteri et al. (2020), and an analysis of the population
statistics of intermediate mass BHs in dwarf galaxies is found
in Beckmann et al. (2023).

2.3.2. Spin evolution model

The BH spin is modeled on-the-fly in NEWHORIZON and
updated according to the gas accretion and BH-BH mergers.
This is a major improvement relative to HORIZON-AGN in
which the evolution of the BH spin was not included and
required some post-processing afterwards (Dubois et al. 2014b;
Beckmann et al. 2024). The spin evolution follows specifically
the model detailed in Dubois et al. (2014b,c) to which we refer
the readers for a full description and technical details. The only
difference is that a new model of spin evolution is adopted for
low accretion rates ¥ < Xins- W€ summarize the main points
here.

We stress that the accretion disk is not resolved in the simula-
tion. Thus, at high accretion rates, a thin accretion disk solution
by Shakura & Sunyaev (1973) is adopted. Then the evolution of
the amplitude of the BH spin a through gas accretion is estimated

1 1 Mg,

following Bardeen (1970):

M, |’ v
n+1 = 3)risco Meron [4 [3rlsco (MBH,n+1 ) 2] , ®
where n refers to the value of the different variables at the nth
timestep.

We note that Eq. (9) assumes that BH spin and accretion disk
angular momentum are perfectly aligned or anti-aligned (i.e.,
only the BH spin amplitude changes but not its direction), which
is not the case in general. A misaligned accretion disk experi-
ences a torque due to the Lense-Thirring effect, and precesses the
spin axis of the BH and warps the innermost parts of the disk (for
large enough viscosity). The result of the Lense-Thirring effect
is that the BH spin and the accretion disk angular momentum
tend to align (or anti-align) with the total angular momentum. If
one defines the total angular momentum of the system BH-+disk
at the nth timestep by Jiotn = Jpun + Jan, the direction of the
new BH spin is obtained by Jpunt1 = Jwotn = JBun + Jdns
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due to the conservation of total angular momentum. Its co- or
counter-rotation with respect to the accretion disk is decided fol-
lowing criterion from King et al. (2005). In NEWHORIZON, the
orientation of the BH spin is updated first, and then its amplitude
(using Eq. (9)).

Finally, at lower accretion rates, y < 0.01, jets are assumed
to be powered by energy extraction from black hole rotation
(Blandford & Znajek 1977). Consequently, the black hole spin
only decreases and the variations of da/dt are obtained using the
polynomial fits in McKinney et al. (2012). The orientation of the
BH spin is updated following the same procedure as for high
accretion rates.

The BH-BH mergers are also taken into account in the sim-
ulation. The spin of the remnant is calculated according to the
spin of each BH prior the merger as well as the orbital angu-
lar momentum of the binary system. Specifically, we adopt the
analytical fit of Rezzolla et al. (2008), assuming a random orien-
tation between spins and the orbital angular momentum.

2.3.3. AGN feedback

The AGN feedback follows two different prescriptions, depend-
ing on the Eddington ratio y defined in Eq. (8). Energy is
released with an efficiency 7 after each accretion episode in the
form of

(10)

where R and Q stand for the radio and quasar heating mode,
respectively.

— X < Xuans (“radio mode”) BHs power jets that continuously
release mass, momentum and energy. Bipolar jets are assumed as
a cylinder of size Ax in radius and semi-height, centered on the
BH (Dubois et al. 2010). The AGN axis is aligned to the spin
of the BH direction (without any opening angle). The jets are
launched with a speed of 10* km s~!. We note that 7y is not a free
parameter but computed from the BH spin following the results
of McKinney et al. (2012; see also Dubois et al. 2021, for the
interpolating function).

— X > Xuwans (“quasar mode”) BHs release only thermal
energy into the gas (Teyssier et al. 2011) within a sphere of
radius Ax (isotropic and uniformly distributed). The efficiency
of the feedback in quasar mode is given by 17q = &7, where
1. = 0.15 is calibrated on the local Mgy-galaxy mass in lower
resolution (~kpc) simulations (Dubois et al. 2012).

w2
LagNRrQ = TRQMBHC,

2.4. Galaxy and black hole catalogs

Dark matter halos and galaxies are identified using the
ADAPTAHOP structure finder (Aubert et al. 2004; Tweed et al.
2009) at different redshifts using a local density threshold of
178 and 80 times the average DM and stellar densities, respec-
tively. ADAPTAHOP allows to separate substructures from their
host halos/galaxies. Since NEWHORIZON is a zoom simulation,
low-mass resolution dark matter particles might “pollute” some
halos, especially when they are located close to the boundary of
the high resolution area. We remove those DM halos and their
embedded galaxies in the following statistical analysis, except
in Appendix A where we present individual evolution histories
of several BHs in “contaminated” DM halos in which low reso-
lution DM particles represent less than 0.1% of the total mass of
the halos. Also, to give an order of magnitude, ~35% of galaxies
with a stellar mass greater than 10° M, at z = 0.18 lies in non
contaminated halos. In the following, we define the galaxy mass
by the value returned by ADAPTAHOP.

To link BHs to galaxies, we adopt the same methodol-
ogy developed in previous studies using either HORIZON-AGN
or NEWHORIZON (e.g., Volonteri et al. 2016; Smethurst et al.
2024; Beckmann et al. 2024). In the first step, we loop over all
galaxies, from the most to the least massive ones, and identify
and associate for each of them the most massive BH to be con-
tained within 2 effective radii of the galaxy’s center. Such objects
are then flagged as a primary BH, and removed from the list of
non-allocated BHs. Then we repeat the second loop, and label
all BHs within two effective radii as secondary BHs. All non-
allocated BHs are finally removed from the sample since they are
considered too far (“wandering”). In other words, a galaxy can
contain multiple BHs, but any BH is associated uniquely to a sin-
gle galaxy. In this scheme, we use a shrinking sphere approach
(Power et al. 2003) to determine precisely the galaxy center. We
also estimate the effective radius R, of each galaxy by taking the
geometric mean of the half-mass radius of the projected stellar
densities along each of the simulation’s Cartesian axes.

Initially, our sample extracted from NEWHORIZON contains
572 BHs (379 primary and 193 secondary BHs) at z = 0.18. This
sample is completed with two additional primary BHs provided
by the two GALACTICA zoom-in simulations. However, BHs with
mass below 2 x 10* M, are discarded from our statistical analy-
sis because they are too close to the initial seed BH mass and
likely to suffer from mass resolution. Furthermore, we mainly
focus on primary black holes. All of these constraints finally lead
to a sample of 102 primary BHs at z = 0.18.

3. Three-dimensional statistics
3.1. General

In this section, we mainly focus on the cosmic evolution of the
3D angle (hereafter V) between the BH spin vector, Jgy, and the
angular momentum vector of the host galaxy stellar component,
Jstar, s well as its correlations to specific galaxy and BH prop-
erties. If not specified, the galaxy spin is estimated from the total
angular momentum vector of all star particles associated with the
galaxy within one effective radius R.. The angle ¥, gy between
the two vectors is then simply computed by

Jstar ) JBH .
[V starll 1Bl

As such, W, gy can only lie between 0 and 180 degrees.

We similarly define the angles, ¥y, i and Wyar,gas between
the angular momentum of the gas accretion disk (Jg,) and the
BH spin and the stellar spin, respectively. We recall that the gas
accretion disk properties are estimated within the four closest
cells in radius from the BH position and using mass and kernel
weighting. Figure 1 presents a schematic view of the different
galaxy components as well as the relevant angles we are partic-
ularly interested in.

Let us begin the analysis by taking a look at the BH pop-
ulation properties as well as host galaxies at different redshift.
In Fig. 2, we plot the primary BHs mass against their host
galaxy mass at three different redshift (z = 2, 1 and 0.18).
We also use a color code to indicate the associated value of
coS(Wtargu). Since the volume covered by NEWHORIZON is
relatively small, and due to our tight constraints on BH and
galaxy selection, the total number of BHs in our analysis with
Mgy > 10° My, is quite low: at z = 2, only 7 BHs has been
identified, and this number goes up to 11 at lower redshifts. As
already pointed out in Dubois et al. (2021), on average, central
massive BHs in NEWHORIZON grow significantly only above a

(In

cos (Wstar,BH) =
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Gas accretion

Fig. 1. Schematic view of the different galaxy components and the rel-
evant angles studied throughout the paper. We note that W, gn is the
3D angle between the BH spin and the angular momentum of the host
galaxy. The latter was estimated by considering all star particles within
a sphere of radius R.. Furthermore, Wy, g is the 3D angle between the
BH spin and the gas accretion disk gas (J 4,) estimated within the four
closest cells (in radius) from the BH position and using mass and kernel
weighting.

stellar mass threshold of a few 10'° M,,. For galaxies with stel-
lar masses lower than 5x 10° M., however, BHs growth is in
general regulated and limited by supernovae feedback (see also
Dubois et al. 2015; Habouzit et al. 2017; Trebitsch et al. 2017;
Lapiner et al. 2021). Moreover, due to their low seed mass, BHs
may not remain strongly attached to the centers of their host
galaxies, especially in the dwarf galaxy regime as studied in
Beckmann et al. (2023). Consequently, most of the BHs popu-
lation grows little over the course of the simulation.

As far as the BH-galaxy spin orientation is concerned, two
trends seem to emerge. First, at high redshift (z = 2), most of
BHs tend to have their spin aligned with the host galaxy spin.
Second, the most massive BHs (>10° M) at all redshifts also
tend to have a spin aligned to J y,,. In the next sections, we inves-
tigate the origin of these different trends.

Finally, since we estimate the angular momentum of each
galaxy within one effective radius R., it is instructive to derive
the variations of R. as a function of the total stellar mass.
One major advantage of NEWHORIZON is its high resolution
(~34 pc), enabling to describe even the size of low-mass galaxy
(10°-107 M) with several resolution elements. As reported pre-
viously in Dubois et al. (2021), NEWHORIZON reproduces fairly
well the size-mass relation similar to observations at all redshifts
(see their Fig. 12).

3.2. Cosmic evolution of Wy, su
3.2.1. Individual histories

In order to have a better view on the cosmic evolution of relevant
BH properties and W, pu, we explore further in Figs. 3-8 the
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Fig. 2. Variations of the primary BH mass with respect to their host
(stellar) galaxy mass at three different redshifts. In each panel, the color
code indicates the value of the corresponding angle between the BH spin
and the angular momentum of the stellar component computed within
one effective radius. The most massive BHs (>10° M) tend to have a
spin well aligned to J g, at all redshifts.

evolution of four BHs that represent different histories. We also
present in Appendix A the evolution of other BHs (see Table 1).

The first BH, BH-G9685, is extracted from a GALACTICA
zoom. Its host galaxy is selected from the HORIZON-AGN vol-
ume, and exhibits a very quiet evolution, dominated by a smooth
accretion and no major merger. Before z = 1, the galaxy has a
clear disk with spiral arms but turns into an SO galaxy at a lower
redshift mainly due to the quenching of star formation. Its final
stellar mass is 2.4 x 10'° Mg, at z = 0. The projected distribution
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Table 1. Simulated BHs that are examined in detail throughout this
paper.

BH id BH mass z Figures Comments
166 1.4 x 108 M, 5,6 BH-mergers
455 6.9x 10" M, Al BH-mergers
1049 1.8 x 107 M, 7,8,10  Anti-aligned spin
936 3.3x10° M, A.l Smooth accretion
549 58x10°M, 0.18 9,A.1 Anti-aligned spin
132 1.5%x10° M, Al Off centered BH
146 7.8x 107 My A2 <1% LR DM cont.
348 7.1x107" My A2 <1% LR DM cont.
541 3.5x 107 My A2,10 <1% LR DM cont.
G9685  4.8x10° M, 0 3,4,10 Smooth accretion
G648 1.6x10" M, 0.26 A2 Smooth accretion

Notes. The upper part of the table indicates primary BHs extracted from
NEWHORIZON at z = 0.18. The first five lines correspond to the most
massive BHs of our fiducial sample while BH-549 and BH-132 present
specific features namely an anti-aligned BH-galaxy spin configuration
and a off-centered BH respectively. The last three lines gathers three
other massive primary BHs but with a “contamination” of <0.1% in
mass from lower resolution (LR) DM particles. For these latter, we just
show their evolution in Appendix A while they are discarded from any
statistical analysis. The lower part of the table is related to the additional
two BHs from the GALACTICA zooms, G9685 and G648.

of the gas density and stars (using u — g — r bands) at different
redshifts is shown in Fig. 3. The associated BH is seeded at red-
shift z = 7.5 (TUniverse = 0.7 Gyr) and “survives” until z = 0 (i.e.,
it did not merge with a more massive BH). It reaches the final
mass of 4.8 x 10° M,,. It exhibits very quiet evolution as well, as
indicated in the upper panel of Fig. 4.

This BH underwent only two merger episodes with other
BHs in its life; a major merger at z ~ 4 and a minor one at
z ~ 1 (minor and major merger are delimited by a 1:4 mass
ratio). The percentage of its mass gained through the BH merg-
ers iS feHmerger = 1.53% at z = 0. For a very short period right
after its birth, the BH is rapidly spun up (Ja| reaches 0.865),
driven by gas accretion. During this early phase, its spin tends
to be aligned with its host (Wsargu < 50°). Then, the evolu-
tion of the BH encompassed two long phases. The first one lasts
until Typiverse ~ 3.9 Gyr (z ~ 1.7), and is characterized by accre-
tion of gas that is rather chaotic, suggested by the evolution of
the Wgas r, and inefficient (i.e., low Eddington rates), mainly
caused by the complex and disturbed morphology of the form-
ing proto-galaxy at high redshifts (see for instance the upper
panel of Fig. 3). Note also that the BH tends to be in radio mode
and the amplitude of its spin generally decreases because the
extracted spin energy powers the jets. Consequently, its mass
does not grow significantly. During this phase, the BH is in gen-
eral not settled at the center of its host (Bellovary et al. 2019;
Pfister et al. 2019). Also, the time evolution of the polar angle
Oy indicates that the orientation of the BH spin does not vary
significantly but instead, is almost fixed for a long period. On
the contrary, the orientation of the angular momentum of the star
component, through the evolution of f,, exhibits rapid vari-
ations which lead to the erratic variations seen in the evolu-
tion of Wy, . This is consistent with Lodato & Pringle (2006)
and Lodato & Gerosa (2013) who showed that for low accretion
rates, if the Eddington ratio is sufficiently low, the alignment
time between BH spin and disk becomes very long.

The second long phase starts once the BH is well settled in
the center of the galaxy with a mass close to 10° Mg, where the

B BH-G9685

Tuniv=1.79 Gyr
z=0.85 BH-G9685

Tuniv=6.65 Gyr
z=0.0 BH-G9685

Tuniv=13.76 Gyr

Fig. 3. Projected distribution of the gas density (left column) and stars
(u — g — r band images using SUNSET, right column) for BH-G9685
and its host galaxy at three different epochs. Vectors correspond to the
spin of the stellar (cyan), gas accretion disk (red) and BH (black). ®
At high redshift, a proto-galaxy is forming and is displaying a disturbed
morphology. @ Once the galactic disk is formed, the three spins are
well aligned. @ This Galaxy has a very quiet evolution and turns to a SO
galaxy due to the quenching of star formation. The three spins remains
aligned.

spatial separation of its position and the center of its host galaxy
tends to zero. The BH mass and spin start to increase again
mainly through the accretion of gas that is now more coherent,
characterized by high Eddington ratios. The BH spin is also well
aligned with the spin of the galaxy and this configuration contin-
ues down to z = 0. The lower panel of Fig. 4 shows the evolution
of the polar angle 0 that describes the BH/gas/star spins direction
relative to a fixed coordinate system of the simulation. This angle
contains information on how much redirection the BH/gas/star
spin vectors have experienced. We note that the 3D orientation
of these three vectors are coherently changing over the time dur-
ing the third phase. The correlation between J s, and J g, can be
indeed explained by the fact that, on one hand, J s, is correlated
with the angular momentum of the gas component at galactic
scales (a few kpc), which is expected for instance in regular SO
or disk galaxies. On the other hand, we also found that the gas
angular momentum vector at those galactic scales shows a sig-
nificant degree of correlation with the gas angular momentum at
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Fig. 4. Evolution of relevant properties of the central black hole in the GALACTICA run G9685. From top to bottom: (1) BH mass evolution. The
red and green dashed lines indicate epochs of major and minor mergers episodes respectively; (2) BH spin evolution |a|. Red colors indicates when
the gas accretion disk is in counter-rotation (i.e., a < 0); (3) the Eddington ratio evolution (x). The red line delimits the quasar dominant mode
(x > 0.01) and the radio dominant mode (y < 0.01); (4) the evolution of the radiative efficiency of the gas accretion disk (¢;); (5) the variation of
the distance separation between the location of the BH and the center of its host galaxy (dsar.sn); (6) the evolution of the angle W, g between the
BH spin and the angular momentum of the stellar component (blue) estimated within one effective radius. We also plot the angle between the BH
spin and the angular momentum of the gas accretion disk (green) as well as the angle between the stellar and the accreted gas component (red); (7)
the evolution of the polar angle 8 describing the orientation of the BH spin (blue), the stellar (red) and gas accretion disk (green) angular momenta
relative to a fixed reference frame of the simulation. The fraction of mass gained through BH mergers is fgymerger = 1.53%. The cosmic evolution

of Warpu follows three different regimes.

scales 4Ax ~ 136 pc (i.e., within which the properties of the gas
accretion disk are estimated in the simulation due to the spatial
resolution limit), in agreement with Dubois et al. (2014c).

The second example, BH-166, is extracted from the
NEWHORIZON simulation. The projected images of the stellar
and gas distributions of its host galaxy at different redshifts are
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displayed in Fig. 5. The evolution of its main properties is plot-
ted in Fig. 6. The BH was born at z = 9.4 (Tupiverse = 0.53 Gyr)
and became quite massive, Mpy = 1.4 x 10% M, at z = 0.18 (the
last output of simulation). It is hosted by a galaxy with a final
mass of 2.4 x 10'! M. Its evolution significantly differs from
BH-G9685 due to the frequent mergers experienced (3 major and
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5 kpc TLII]/V=1'94: Gyr

4
Tuniy=5.02 Gyr __3 KPS

z=0.39 BH-166

Tuniv=5.02 Gyr

Tuniv=9.57 Gyr

Fig. 5. Same as Fig. 3 but for BH-166 and its host galaxy. We can notice
the presence of other BHs (black dots) that are going to merge soon
with the main one (associated with the spin vector). O At high redshift,
the proto-galaxy has again a disturbed morphology. The accretion of
gas onto the BH is rather chaotic. @ Here also, once the galactic disk
is formed, the three spins are well aligned. @ Although the main BH
experience several mergers and its host galaxy one minor merger, the
galactic disk is stable with all spin remaining aligned.

9 minor mergers). As a result, it acquired a high fraction of the
mass through the BH mergers, faumerger = 27.3% at z = 0.18.

Nevertheless, the evolution of the main properties of BH-166
is quite similar to BH-G9685. Just after its birth, the amplitude
of its spin shortly reaches the value a = 0.42. We note that from
its birth to Tyniverse = 0.81 Gyr, we were unable to estimate the
variations of W, g as this BH is not associated to a galaxy
yet following our selection criteria (i.e., it is a “wandering” BH).
BH-166 also experienced a long phase of an inefficient gas accre-
tion until Typiverse ~ 2.5 Gyr. During this period, its mass grows
merely through BH mergers, and the BH spin magnitude, along
with its direction, does not evolve significantly. Yet, the varia-
tions of Wy, pu are erratic simply due to the rapid changes of
the stellar component spin, as suggested by the evolution of Oy,

After its mass exceeds 10° My at z ~ 1.9 (Tuniverse ~
3.5 Gyr), the BH starts to be settled in the host galaxy as sug-
gested by the evolution of dy,, gy, and evolves through a smooth
gas accretion and minor merger episodes.

At z = 0.27 (Tuniverse ~ 10.6 Gyr), BH-166 experienced a
major merger with BH-796 (merger mass ratio: 1-1.4). This

resulted in the decrease of the spin amplitude and misalign-
ment of the spin orientation with respect to the galaxy spin
(up to 50°). However, this misalignment lasts only for a short
period (At ~ 100Myr), after which the BH spin is rapidly
realigned to the spin of the host galaxy. As in the case of
BH-G9685, the spin orientations of the BH, accreted gas, and
the galaxy are coherently changing over time during this last
phase.

The third example, BH-1049, is also a massive object with
Mgy = 1.8 x 10" My, at z = 0.18, hosted by a galaxy with a
final mass of 5.3 x 10'° M. Images of the projected distribu-
tion of stars and gas at different redshifts are displayed in Fig. 7,
and the evolution of its main properties is presented in Fig. 8.
Its mass evolution is dominated by a smooth accretion with one
major merger at z ~ 2.6 and four subsequent minor mergers,
leading to a value of fgymerger = 0.79% at z = 0.18. Right after
being seeded at z = 7.5 (Tuniverse = 0.7 Gyr), its spin magnitude
increases until it reaches a maximum value (¢ = 0.998) with
Yoarsg < 50°. Similarly to the previous two cases, BH-1049
crosses a regime dominated by chaotic gas accretion until it is
completely settled at the center of its host galaxy at Tuypiverse ~
3.6 Gyr (Mgy > 10° My). Since then, its spin is well aligned
with Jar, and this configuration remains for about 5.6 Gyr until
Tuniverse ~ 9.2 Gyr-

Later, its evolution exhibits a much more complex behavior.
One can notice from the time evolution of Wy, gas and WytarBH, at
Tuniverse ~ 7.8 Gyr, that the gas accretion disk does indeed start a
retrograde rotation relative to the BH spin and stellar component.
This state lasts until Typiverse ~ 9.8 Gyr. During this phase, the
BH spin also starts to be misaligned with that of the galaxy, and
eventually becomes fully anti-aligned. Then, it becomes gradu-
ally realigned with the galaxy spin down to z = 0.18. In fact,
the host galaxy undergoes two successive phases of the cosmic
gas accretion from larger scales. As a result, two gas disks with
different rotations emerged and coexisted: the original one in the
inner parts (and corotating with the stellar disk) and a second
one in the outer parts which is counter-rotating. The original one
is progressively replaced by the new counter-rotating disk until
it totally disappears at Typiverse ~ 7.8 Gyr when the gas accretion
disk spin flips. Meanwhile, such retrograde accretion decreases
the spin magnitude toward @ = 0O and then grows increasingly
negative a < 0, which drives the BH spin orientation toward
anti-alignment.

Once the BH spin and the angular momentum of the gas
are re-aligned (9.4 < Tuniverse S 9.8 Gyr), the BH spin, radia-
tive efficiency and mass significantly increase. However, due
to the second phase of cosmic accretion of gas, the same phe-
nomenon happens (coexistence of two gas disks) and the sit-
uation reverses: once the inner disk has been replaced by the
new gas disk (Tupiverse ~ 9.8 Gyr), the angular momentum of
the gas accretion disk becomes aligned with that of the stellar
component (second spin flip) until the end of the simulation.
Consequently, the BH spin and accretion disk angular momen-
tum start to be anti-aligned again (T'ypiverse ~ 9.8 Gyr). In the
final phase of the evolution of Wy, pu, the accretion disk drives
the orientation of the BH spin toward alignment. While this
example may be an extreme case, it illustrates very well how the
long phase of cosmic inflow of gas from larger scales affects the
orientation of the BH spin. The detailed study of this galaxy will
be presented in a separate paper (Peirani et al., in prep.) which
focuses on the formation and evolution of counter-rotating gas
and stellar disks.
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Fig. 6. Same as Fig. 4 bur for thee Cosmic evolution of BH-166. Its evolution differs from BH-G9685 mainly by a higher number of encountered
major and minor mergers during its life, respectively 3 and 9. Hence, the mass gained through BH mergers is here much higher, with a value of
SBH.merger = 27.3% at z = 0.18. Note that from its birth to T'yyiverse = 0.81 Gyr, we were unable to estimate the variations of Wy, gy as this BH is not
affected to a galaxy yet following our selection criteria (it is a “wandering” BH).

The fourth and last example concerns the BH-549. Here
again, Fig. 9 shows images of the projected distribution of
stars and gas at different redshifts. The evolution of its main
properties is plotted in Fig. A.1. BH-549 is an interesting case
since the time evolution of W, gy indicates that its spin is anti-
aligned with the galaxy spin during the last ~4.5 Gyr. We find
that the anti-alignment is triggered by the merger with another
galaxy at Tupiverse ~ 7.2 Gyr that destroyed the galactic gas disk,
as also demonstrated by Park et al. (2019) by studying other
NEWHORIZON galaxies. Then, a new disk of gas is rebuilt. Due
to the specific impact parameter of the merger, however, the new
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gas disk is counter-rotating with respect to the original stellar
component. This leads to a stable configuration in which the BH
and galaxy spins are anti-aligned over ~4.5 Gyr. It is worth men-
tioning that Capelo & Dotti (2017) found similar trends using
idealized simulation of galaxy mergers while highlighting the
role of the ram pressure shocks in the modification of the angular
momentum budget of the gas distribution. Appendix A presents
the evolution of other BHs as well. Our analysis of typical cases
identified the occurrence of three successive phases that an inter-
mediate mass BH (>10° M) experiences during its lifetime. We
summarize those phases in Fig. 10 that shows the coevolution of
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z=0.84 BH-1049

Tuniv=6.67 Gyl
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BH-1049

Tuny=7-84 Gyr 5 Kpc
BH-1049
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Fig. 7. Same as Fig. 3 but for BH-1049 and its host galaxy. This system
has a much more complex evolution than BH-G9685 and BH-166 as the
host galaxy is passing by two successive phases of cosmic gas accretion
with a retrograde rotation with respect to the galactic disk. We illustrate
here the first phase: @ Due to a cosmic inflow of gas, there is the coex-
istence of two disks of gas rotating in opposite direction. The central
and original one (dark blue) is progressively disappearing and replacing
by the new disk (light blue) from the outer parts. All the spins are still
aligned. @ Once the original disk has completely disappeared, The spin
of the accreted gas (red) flips to follow the rotation of the newly formed
disk. This latter one is counter-rotating with respect to the stellar com-
ponent. The BH is still aligned with the spin of the galaxy. ® After some
time, the BH aligns with the spin of the gas accretion disk and becomes
anti-aligned with the galaxy spin. We note that a new episode of (ret-
rograde) cosmic gas accretion is already in progress and will repeat the
same scenario.

three BH-galaxy systems using the color code according to the
value of cos(WstarBH)-

3.2.2. Statistical analysis

We now turn to examining the statistical evolution of W pn
using the whole samples of BHs at different redshifts.
In particular, we examine if the distribution of cos(Wgurnn)
exhibits a departure from the uniform distribution expected from
the isotropic BH spin orientation.

Figure 11 plots the normalized distribution of cos(Wstrn)
for our sample of primary BHs at three different redshifts. The

left panels are derived from our fiducial samples of Mgy >
2 x 10* M. The general tendency of alignment (cos(¥rpH)
close to 1) is clearly seen between the black hole spin and the
angular momentum of the host galaxy at high (z = 2), intermedi-
ate (z = 1) and low redshifts (z = 0.18). In Sect. 3.3, we study in
detail to what extent the values of Wy, gu depend on the system
properties including the BH mass, the host galaxy mass, the BH
spin magnitude, the fraction of mass gained through BH merg-
ers, the distance between the BH position and the center of the
galaxy, and the morphology of host galaxies.

We confirmed that changing the definition of the radius
within which we estimate the angular momentum of the host
galaxies (i.e., R.) has no significant impact on the distribution.
For instance, the same trends are also seen even if we compute
the angular momentum of the galaxies within 5 R. (black lines)
and 0.2 R, (red dotted lines). It is also the case when we take
into account all star particles selected by ADAPTAHOP, as it was
considered in Dubois et al. (2014b) and Beckmann et al. (2024).
For clarity, we do not show the results in Fig. 11. We note that for
the result with 0.2 R, at high redshift, the alignment seems to be
less pronounced than for those with R, and 5 R., but it is likely
due to the resolution limit required to estimate Jg, accurately
for regions within 0.2 R...

Finally, we also investigate how the results depend on the
lower limit of the BH mass. The right panels of Fig. 11 show the
distributions for BHs with Mgy > 4 x 10* M. They present an
even stronger trend of the BH-galaxy spin alignment. Although
our study is focused on primary BHs, it is also interesting to take
alook at trends obtained from the sample of secondary BHs with
Mgy > 2 x 10* M at z = 0.18. Only 30 BHs satisfy the criteria.
Secondary BHs are indeed mainly off-centered from the galaxy
center by definition, and therefore their mass growth is very
modest due to an inefficient gas accretion. In this case, the dis-
tribution of cos(Wy.rsn) (Fig. 12) tends to be more uniform (i.e.,
there is no preferential orientation between the BH and galaxy
spins), in contrast to the primary BHs. This may be explained by
the fact that off-centered BHs have generally low accretion rates
and low Eddington ratios (see for instance the evolution of BH-
132 in Fig. A.1). Consequently, and as mentioned before, the re-
alignment between BH spin and the accretion disk takes a long
time (Lodato & Pringle 2006; Lodato & Gerosa 2013). Thus, the
direction of the BH spin remains virtually unchanged. On the
contrary, the orientation of the stellar spin changes more rapidly
and can explain the distribution in Fig. 12.

A complementary way to characterize the statistics of
Yiarsy 1S the cumulative distribution of cos(Wsrsn), from
which one can easily extract the percentage of the aligned BH-
galaxy systems below a given angle. The upper panel of Fig. 13
plots those at z = 3, 2, 1, and 0.18. It appears that the BH-galaxy
systems tend to be more aligned at higher redshifts. About ~44%
of our BH sample have W, g < 30° at z = 3, while this num-
ber drops to ~24% at z = 0.18. Yet, we notice that the trend
is reversed between z = 1 and z = 0.18. To see more clearly
the variation of such quantities, we plot in the lower panel of
Fig. 13, the time evolution of the fraction of BH-galaxy pairs
that satisfy W g < 45° (green line), W u < 30° (blue line)
and Wy py < 15° (red line). Two different regimes are clearly
visible. First, until z ~ 1.5, the fraction of aligned BH-galaxy
pairs is decreasing, independently of the choice of the W n
maximum value. Then it seems to remain approximately con-
stant until the end of the simulation. However, we note a slight
increase from Typiverse Close to 11 Gyr. We subsequently see in
the next section that these variations are strongly correlated with
the BH merger rate. However, it is worth mentioning that we
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Fig. 8. Same as Fig. 4 but for the cosmic evolution of BH-1049. This example displays a phase in which the accretion of gas onto the BH has a
retrograde accretion (7.8 < Tuniverse S 9.8 Gyr) which drives the orientation of Jgy toward anti-alignment with respect to the stellar component.

cannot exclude that adding an extra refinement level in the sim-
ulation at z ~ 1.5 and z ~ 0.25 might cause the spurious artifacts
in the evolution shown in the lower panel of Fig. 13. The refine-
ment results indeed in a sudden better force resolution and an
enhanced gas condensation, which may temporally impact the
gas accretion in the BH.

3.2.3. Effect of BH mergers

The individual evolution of BHs presented in Figs. 4-8 and in
Appendix A suggests that the BH mergers suddenly decreases
the BH spin magnitude as well as the rapid change of its 3D
orientation. We dedicate this section to study their impact statis-
tically.
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Let us first examine the correlation of cos(W,:py) with the
BH mass and the BH spin parameter. It is shown in Fig. 14 for
primary BHs with a mass greater than 2 x 10* M, where the
color of the symbols indicates the percentage of mass gained
through BH-merger (fgH,merger)- At z = 3, most BHs with Mgy ~
afew10* M, (i.e., have doubled or tripled their seed mass) have
in general |a| close to unity; they are still in the process of spin-
ning up through early gas accretion as suggested by fgHmerger
close to 0%. This behavior was already seen in the individual
evolution of black hole right after their birth in Figs. 4 and 8
(see also Fig. 23 of Dubois et al. 2021). During this phase, their
spin is more likely to be aligned with the angular momentum
of the stellar component. We also note the existence of a popu-
lation of BHs with very low fgHmerger and high W gy values.
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Tuniv=1.69 Gyr

Tuniv=6.93 Gyr

z=0.18 BH-549

Tuniv=11.55 Gyr

Fig. 9. Same as Fig. 3 but for BH-549 and its host galaxy. This system
is displaying an interesting feature since from high redshift to z ~ 0.7,
there is no stable disk and coherent gas accretion onto the BH. However,
the host galaxy merges with another galaxy at this specific epoch as
illustrated in the panel @. After the merger, a gas of disk if forming but
rotating in counter-rotation with respect to the stellar component. As a
result, the BH spin aligns with the accreted material angular momentum
vector and becomes anti-aligned with the galaxy spin as illustrated in 3.

This population of BHs most likely experienced the phase of
chaotic gas accretion seen again in the individual evolution of
BHs. We also note that other BHs have already undergone major
mergers (red filled circles), which tend to decrease the magni-
tude of their spin while increasing the scatter in the distribution
of cos(Wsuru). At low redshifts, the same trend is observed in
the cos(Wsrsu)—lal diagram; BH mergers tend to decrease the
magnitude of the BH spin. Regarding the correlation between
cos(Wstar,gH) and fgH merger NO clear trend is visible. In fact, even
BHs with high fgH merger can have their spin well-aligned with
their host. This is because their spin can be realigned rapidly
as suggested by the evolution of BH-166 in Fig. 6 and several
BHs in Appendix A. This is the case for the two most massive
black holes of our sample, BH-166 and BH-455, which have a
high fgH merger Value (27.3% and 23.8% respectively) while hav-
ing low values of W gy (7.7° and 4.9° respectively).

We also study the correlation of fgH merger With cOS(Wstar,BH)
in the first column of Fig. 18, at z = 2, 1 and 0.18. A visual
inspection indicates that BHs which have experienced a few
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Fig. 10. Variations of the BH mass vs the galaxy mass with color
coding according to the value of cos(Wgwrpn). We show three typical
evolutions of intermediate mass BHs to illustrate the three different
regimes followed by the variations of W, gy: (1) a tendency to BH-
galaxy spin alignment right after their birth and for relatively short
periods (Mpy < 3 x 10* M, and My, < 2 x 107 My,), (2) erratic vari-
ations (Mpy < 10° My), (3) new tendency to alignment at late time
(5% 10° My < Mg,). Note that in the case of BH-1049, the blue region
at late time corresponds to the BH spin anti-alignment situation.

merger episodes in their life, for instance those with faH merger <
10% (blue filled circles), are more likely to have their spin
aligned with the angular momentum of their host galaxy. This
trend is clearly visible at every redshift. On the contrary, BHs
that have undergone more merger episodes and characterized by
high faH merger Values (€.g., fBHmerger > 10%, red filled circles),
have their spins more uniformly distributed at z = 2 and z = 1.
This is not the case at z = 0.18 because, as explained in the
next paragraph, BH spins tend to be realigned to the galaxy spins
since the subsequent BH mergers occur rarely.

Finally, Fig. 15 plots the BH merger rate of our primary BHs
in the volume of the studied simulation. We note first an increase
of the number of BH mergers prior to z = 2, which is associated
with a period of BH formation. Between z = 2 and z = 1, on the
other hand, the number of BH mergers decreases, and becomes
nearly constant after z = 1. Such trends are clearly correlated
with the global evolution presented in the lower panel of Fig. 13.
At high redshift, the number of BHs that are aligned below a
threshold angle decreases due to the high BH merger rate. At
lower redshifts, BH mergers become rarer and have less impact
on the variations of Wy, gu. Thus, the BH spin becomes pro-
gressively realigned with the galaxy spin. This also explains the
trend in the left panels of Fig. 18 at z = 2 and z = 1: BHs that
have undergone more merger episodes (red filled circles) have
generally exhibited the spin misalignment relative to the galaxy
spin. Between z = 1 and z = 0.18, as BH mergers become
less frequent, their impact of the BH-galaxy spin alignment is
reduced. Thus, during the last 5 Gyr, BH spins become realigned
with their host galaxy spin. This explains why at z = 0.18
even merger-dominated BHs can have their spin aligned with
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Fig. 12. Normalized distribution of cos(Warpn) for secondary BHs at
z = 0.18. The sample consists of 30 BHs with a mass greater than
2% 10* M,,. Contrary to primary BHs, the distribution tends to be uni-
form suggesting no privileged orientation between the BH spin and the
angular momentum of their host galaxies.

Jstar- These results are in good agreement with Beckmann et al.
(2024), who found from HORIZON-AGN that BHs dominated
by non-merger growth (fgHmerger < 10%) are more likely to
be aligned to their galaxy spins than BHs dominated by merger
growth.

3.3. Dependence on BH and galaxy properties

Finally, we investigate the potential dependence of cos(Wgtrsn)
on the BH and galaxy properties. Let’s consider first the correla-
tion of cos(Wsrpr) and the BH mass. The normalized distribu-
tion of cos(Wrpr) for our samples of primary BHs are shown
in the left panels of Fig. 16. For clarity, we have divided our
sample into two groups: BHs with mass lower (blue filled cir-
cles) or greater (red filled circles) than 10° My, As already found
in the last sections, BHs with Mgy > 10° M preferentially
show the spin alignment with Jg,,. This result is consistent with
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Dubois et al. (2014b). However, they also found that for more
massive BHs (Mpy > 108 My), spins seem to be more randomly
oriented with respect to their host galaxy angular momentum.
Their finding was not confirmed in the present analysis, mainly
because our sample lacks in very massive black holes due to the
limited volume size. The spins of less massive BHs are more
likely to be aligned at high-z since most of them are still in the
process of spinning up through an early efficient gas accretion.
This effect is less visible for intermediate mass BHs at low red-
shifts, as already indicated in Fig. 2.

Second, we examine the correlation between cos(Wrpn)
and the host galaxy mass; see middle panels of Fig. 16 for
two separated samples of galaxies selected with a mass lower
(blue circles) or greater (red circles) than 10° M. In general,
the two subsamples present a quite similar trend that BH-galaxy
spins are more likely to be aligned in both samples. However, as
already noticed in Fig. 2, the trend is more prominent for low-
mass galaxies at high redshifts; see the blue histogram at z = 2.

Finally, the right panels of Fig. 16 plot the correlations
between cos(Wy,rpu) and the dimensionless BH spin parame-
ter. At high redshift (z > 1), BHs with a higher spin magnitude
(lal > 0.8) tend to have a spin more aligned with the galaxy spin
than those with |a| < 0.8. This is consistent since BHs spin up
rapidly due to an efficient gas accretion (Volonteri et al. 2013).
In this case, the angular momentum transferred to the black hole
at the accretion phase is sufficient to keep the BH spin mostly
aligned, in agreement with Bustamante & Springel (2019). At
low redshifts, the trends are even more pronounced. This is due
to the fact that minor/major mergers become less frequent. Con-
sequently, BH spin magnitudes tend to increase through a coher-
ent gas accretion, which efficiently aligns their spin to the angu-
lar momentum vector of the stellar component.

Additionally, we consider the effect of retrograde gas accre-
tion disks. Figure 17 shows the correlation of cos(Wstrpn) and
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Fig. 13. Cumulative distributions of cos(WWurpn) at different redshifts
(upper panel). The black line represents the cumulative distribution of a
uniform distribution. In the lower panel, we show additionally show the
evolution of the percentage of BHs or BH-galaxy systems that present
an alignment angle W, g lower than 45° (red line), 30° (blue line), or
15° (red line). The two vertical dashed lines indicate the epochs where
an additional level of refinement was added in the simulation.

a; the positive and negative signs of a indicate the prograde (red)
and retrograde or counter-rotating (blue) gas disks, respectively.
The two histograms in the upper panel indicate counter-rotating
gas disks generally lead to BH-galaxy spins less aligned.
Middle panels of Fig. 18 plot the distances between the BH
positions and the center of their host galaxy, dy,.pn, against
coS8(Wstarsu)- Those BHs located closer to the center of their host
galaxy (<1 kpc) have generally their spin well-aligned with J ;.

On the contrary, for off-centered BHs, the values of cos(W5y)
tend to be more uniformly distributed. This trend was already
noticed when studying a sample of secondary BHs that are off-
centered according to our definition.

Finally, we look into the dependence of cos(W, i) on the
morphology type of the host galaxies. For each galaxy, we have
computed the radial, tangential and vertical velocity components
of stellar particles. In doing so, we choose the z-axis of the cylin-
drical coordinate as the total angular momentum vector direction
of the stellar component. Then, we estimate the rotation veloc-
ity V of the galaxy by averaging the tangential velocity com-
ponent. We also compute the velocity dispersion o from the
dispersion of the radial o, the tangential oy and the vertical
velocity o, components with respect to their averaged values;
o= (02 + 0'5 + o-f) /3. In what follows, we use the quantity V/o
as a proxy of galaxy morphology.

The right panels in Fig. 18 show the correlation between
coS(Wstarsu) and V/o. In those panels, we select more rotation-
dominated galaxies with V/o > 0.6, and more dispersion-
dominated galaxies with V/o < 0.6. In general, disk galaxies
(i.e., objects with high V/o values) clearly have their spin well-
aligned with that of the associated BH spin. The trend is how-
ever less pronounced for more spheroidal galaxies, especially
at high redshifts. This can be explained by the fact that BH
spins tend to align with the angular momentum of the accreted
material, which is in general related to the large scale kine-
matics of the galaxy. To this regard, Sesana et al. (2014) found
that different galaxy morphologies result in different spin dis-
tributions, in particular that BHs hosted in ellipticals tend to
have lower spins than those hosted in spirals. Another possi-
ble explanation for this discrepancy is that mergers contribute
more significantly to the build-up of such galaxies at high
redshifts (e.g., Boylan-Kolchin et al. 2006; Trujillo et al. 2011;
Volonteri & Ciotti 2013). It could also be a selection effect since
galaxies with low V/o values tend to be less massive and char-
acterized by a more turbulent gas. Consequently, BHs lie in
a gas environment owing a more random angular momentum
which affects their spin direction. Yet, at z = 0.18, the trend
looks quite similar for the two subsamples. This is consistent
with Beckmann et al. (2024) who have derived the distribution
of cos(Wsirpu) from the HORIZON-AGN simulation at z = 0
by classifying the galaxy morphology according to the bulge-
to-total ratio (B/T). They found that bulgeless systems (with
B/T <0.1) exhibit no statistical difference in the BH-galaxy spin
alignment relative to the rest of the sample (B/T > 0.1).

4. Projected angles statistics

From an observational point of view, the accurate measurement
of the “true” 3D angle W, gy may prove to be a difficult task
since the stellar component as well as spin vectors are “seen” in
2D projection on the sky. Instead, it might be relevant to focus
on the so-called 2D projected angles A (e.g., Ohta et al. 2005;
Benomar et al. 2014), which is the angle between the projected
BH spin and the galaxy spin on the sky as schematically shown
in Fig. 19. As for P, A lies between 0 and 180°.

We therefore would like to present relevant statistics of A
which can be directly derived from our 3D statistical analysis.
This could potentially help the interpretation of future observa-
tions of BH-galaxy spin alignment through the measurement of
A, for instance by combining the projected velocity field (to esti-
mate the direction of J,) and the direction of jet to infer the
direction of the BH spin.
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Fig. 15. Evolution of the merger rates of primary black holes with a
mass greater than 2 x 10* My, in the simulated volume (green line). The
red and blue lines correspond respectively to major and minor mergers
delimited by a 1:4 mass ratio. We have slightly smoothed the curves to
emphasis the general trends.

We recall that for a 3D isotropic distribution of BH spins, the
distribution of cos(Wstarsr) is uniform. In 2D, it is the distribu-
tion of A which is uniform and for this reason, we study in the
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following the probability density function P(A|'Y, i,), where i, is
the galaxy disk inclination relative to the observer.

4.1. 3D and 2D projected angle relation

We use a simple Monte-Carlo method to derive the projected
angle from a given BH-galaxy pair of our samples with a ran-
dom orientation in space as well as a random #,. We describe the
main steps here. First, for a given studied BH-galaxy pair, we
have rotated both the angular momentum of the stellar compo-
nent (galaxy spin, J,r) and the associated BH spin from their
original 3D orientation in space in the simulation so that J g,
coincides now exactly with the z-axis of the frame presented in
Fig. 19. Then we have randomly drawn an angle between 0 and
27 and rotate accordingly the BH spin with respect to the z-axis
to generate a new configuration. This operation does not modify
the original value of the 3D angle W, gu. The final step consist
in applying an orbital inclination i,. To do so, we randomly draw
an angle between 0 and 7/2 and rotate the BH spin with respect
to the y-axis. The projected angle is then the angle between the
z-axis and the projection of the 3D BH spin onto the x = 0
plane.

The relation between the 3D (V) and 2D projected (1) angles
has already been studied in works related to the stellar spin-orbit
misalignment angle in planetary systems (Fabrycky & Winn
2009; Crida & Batygin 2014). But in the majority of cases, i,
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BH sample into two subsamples, characterized by the blue and red colors, and show the corresponding distributions of W, pn in the upper part of
the panels. Here, the angular momentum of each associated galaxy is calculated within spheres of radius R..
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is close to /2 since the observer is almost exactly in the orbital
plane of the transiting planets. In that case, a simple analytical
expression of the probability density function of A for fixed P,
PQY, i, = m/2), can be derived: Eq. (4) in Crida & Batygin
(2014) or Eq. (19) in Fabrycky & Winn (2009).

To test the validity of our sampling, we compute P(A|Y, i, =
n/2) for two BH-galaxy pairs from our sample at z = 0.18 for
which W g =7.7° (BH-166) and W g = 153.2° (BH-549),
respectively. For each of them, we have generated 10 000 random
realizations using the steps described above, and computed the
corresponding projected angles. The probability density func-
tions are shown in Fig. 20. The good agreement with the ana-
lytical expressions derived by Crida & Batygin (2014) ensures
that our sampling is reliable. Moreover, it is instructive to see
that for i, = 7/2, the projected angle can take many values rang-
ing from [0-Y] (if ¥ < x/2) or from [V-n] Gf ¥ > n/2).
We have also checked that our sampling is in good agreement
with analytical solutions for more complex cases (i, # 7/2). For
instance we have correctly reproduced the probability functions
PQAY, i, = 80°) presented in Fig. 3 of Fabrycky & Winn (2009).

4.2. 2D projected angles statistics

Now, since cos(Wgyep) and therefore Wy, pu have their own
distribution at z 0.18 (the lower left panel of Fig. 11 for
cos(Wsr)), What is the corresponding distribution of 1?7

To answer this question, we have applied the Monte-Carlo
method to the 102 BH-galaxy pairs of our sample at z = 0.18.
For each original BH-galaxy pair, we have generated 500 ran-
dom configurations and computed the corresponding projected
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(third column).

Fig. 19. Schematic view of the projected angle. The x-axis is pointing
toward an observer. The angle i, is the inclination which defines the
angle through which the galactic plan is seen by the observer. The pro-
jected angle A of the 3D angle Wy, pu i contained in the y—z plane
(with x =0).
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angles. The resulting distribution of A is shown in the upper left
panel of Fig. 21. We also show the spline interpolated function
to describe it. The tendency of spin alignment seen in the 3D
analysis is still observable in the 2D case. In the lower left panel,
we show the different distributions obtained using spline func-
tions for different values of i, (every 10°). Since observational
measurements might be preferentially obtained for high i, val-
ues (i.e., close to 7/2), this result could reveal some selection
effects. We notice that the tendency of alignment is less and
less clear as i, decreases (more face-on views). Note that we
have assumed in our model a uniform distribution of i,. How-
ever, it is now well known that galaxies do not form every-
where but in filaments and nodes implying some preferred direc-
tions for the orientation of the spins within the cosmic web,
as suggested by numerical simulations (e.g., Codis et al. 2018;
Kraljic et al. 2020; Zhang et al. 2023) or observational analy-
sis (e.g., Welker et al. 2020; Kraljic et al. 2021; Desai & Ryden
2022). This effect could be taken into account for even more
realistic modeling.

If the orientation of jets is used as a proxy to the direc-
tion of the projection of any BH spin vector, the sense of its
rotation actually cannot be known. Thus, to be more consistent
with future observational measurements based on jet orienta-
tion, we plot in the right side of Fig. 21 the same statistics as
the left part by redefining A in the range between 0 and n/2.
In that case, among the two possible projected angles A and



Peirani, S., et al.: A&A, 686, A233 (2024)

io=11/2

1.4

12

Analytical solution

(Crida & Batygin 2014)

1.0

0.8

0.6

P()\|wstan BH)

0.4

0.2

0.0

(=5

i 2 3 a
ATl
fo=m1/2

wSta(J BH=153.2°

0.20

P(A | wstar, BH)

0.15

0.10

0.05

0.00 |
155 160 165 170 175 180

ATl
Fig. 20. Probability density function P(A|Y, i, = n/2) of the 2D pro-
jected angle () for two fixed values of Wy pn, 7.7° (top panel) and
153.2° (lower panel). In the two cases, we have considered an orbital
inclination of i, = x/2. The histograms are the results obtained from a
Monte Carlo method (using 10 000 random lines-of-sight) while the red
lines are analytical solutions.

n—A, we always choose the smallest angle which ranges from
0 to /2. We note that the tendency of spin alignment is still
present but less pronounced than when taking into account the
sense of the BH spins. Note also that, for a higher consistency,
only BHs with a low Eddington ratio at the studied redshift (or
in an redshift interval) should be considered. For instance, at
z = 0.18, there are only 5 and 8 BHs that have a Eddington
ratio greater that 0.01 and 0.001 respectively. We have checked
that the main trends displayed in the right part of Fig. 21 remain
similar even if we remove these BHs from the sample. Addition-
ally, we have considered the whole sample of BHs (102 in total)
within a small redshift interval (for instance 0.18 < z < 0.28
which corresponds to the last 1 Gyr), and focused on those BHs
when their Eddington ratio was low (i.e., radio mode). Even in
those cases, we made sure that our trends remain the same. Also,
it is worth mentioning that the orientation of radio jets might
not be necessarily aligned with BH spins because the propa-
gation of jets from the accretion disk up to galactic scale can
be strongly perturbed by the multiphase structure of the inter-
stellar medium (e.g., Mukherjee et al. 2018; Cielo et al. 2018;
Junor et al. 1999), or because of the jet precession (Dunn et al.
2006; Krause et al. 2019; Ubertosi et al. 2024), or also due to rel-
ative motions between the jets and the hot atmosphere in intra-
galaxy clusters (e.g., Heinz et al. 2006; Morsony et al. 2010,

2013; O’Dea & Baum 2023, and references therein). All of these
effects might affect the observed distribution of A.

Additional statistics on the 2D projected angles according to
the galaxy morphology are derived in Appendix B.

5. Conclusion and discussion

The BH spin is a key parameter in black hole physics as well
as in the formation process of the host galaxies. Characterizing
the evolution of its amplitude and orientation through cosmic
time helps distinguish among different scenarios for BH-galaxy
coevolution. Using the NEWHORIZON and GALACTICA simula-
tions, we have investigated the long-term evolution of the 3D
angle between BH spins and the angular momentum vectors of
their host galaxies. These simulations have sufficient resolution
to capture the injection scale of gas turbulence, and has a mul-
tiphase interstellar medium. Catalogs of BH-galaxy pairs have
been produced by selecting primary BHs with mass greater than
2 x 10* My, and the angular momentum of each galaxy has been
estimated using all star particles within one effective radius. Our
main conclusions can be summarized as follows:

1. The analysis of typical individual evolution of the most
massive BHs of our catalogs suggests the occurrence of three
phases in the evolution of Wy, pi:

— Right after being seeded with an initial mass of 10* M
and no spin, most of BHs are rapidly spun up to a high or a
maximum spin value as they double or triple their mass through
gas accretion (Fig. 14), in agreement with Dubois et al. (2021),
Bustamante & Springel (2019), and Sala et al. (2024). During
this relatively short period, BH spins are likely to be well aligned
with the spin of their host galaxies. And as a consequence,
low-mass BHs at high redshift present in general low values of
cos(Warpu) (Figs. 2, 10, and 14);

— A second phase (Mgy < 10° Mp) is dominated by a
rather chaotic and inefficient gas accretion, reflecting the patchy
morphology of forming proto-galaxies. In this phase, Wgurpn
presents erratic variations mainly driven by the rapid change
of the stellar angular momentum orientation, rather than that
of the BH spin direction (see the evolution of Ogy and 6y,
in the individual evolution shown in Figs. 4-8, A.1, and A.2).
This phase is indeed characterized by low accretion rates and
low Eddington ratios, which favor a very long alignment time
between BH spin and the accreted material (Lodato & Pringle
2006; Lodato & Gerosa 2013).

— The last phase follows, in which the gas accretion becomes
much more coherent and in which BHs are generally well settled
in the center of their host (10° My < Mpy). From the study of
the most massive BHs of our samples, the transition happens
generally when the host galaxy has a mass ranging from 5 x 10°
to 5x 10'Y M. The BH spins are likely to be well aligned with
the angular momentum of the galaxy, and this configuration can
last over Gyr time periods, even though BH merger episodes can
temporally misalign their spin.

2. The majority of the most massive BHs of our samples
(Mg > 10° M) have BH spins highly aligned with J s, even
at low redshift z = 0.18. This result is consistent with those from
Dubois et al. (2014b). However, in that paper they also found
that for more massive BHs (Mpy > 108 M), spins are more ran-
domly oriented with respect to their host galaxy angular momen-
tum and tend toward cos(Wswrpn) =0. In these galaxies, BHs
indeed accrete, at very low levels, from the turbulent hot intra-
cluster gas that bears no connection to the angular momentum
of the stellar component of the galaxies. Such trend could not
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the sense of the BH vector to maintain consistency with observations.

be confirmed in the present analysis since our sample of very
massive black holes is too limited.

3. Statistically, the distribution of cos(Wswrpn) at a given
redshift indicates that BH spins are more likely to be aligned
with their host galaxy spin, in agreement with Beckmann et al.
(2024) and with a recent observational analysis (Zheng et al.
2024). This tendency to alignment is more pronounced at
high redshift (z = 3-2), while it decreases until z ~ 1.5
due to BH-merger events, and becomes nearly constant. We
also note that at late time, BH spin starts again to be more
aligned with the galaxy spin since the BH mergers become less
frequent.

4. BH merger events is one of the main drivers of 3D angle
misalignment. Our analysis suggests that BHs which have under-
gone more merger episodes in their history, and characterized by
high fgHmerger Values, are more likely to have their spin mis-
aligned than those dominated by a smooth gas accretion (Fig. 14
and first column in Fig. 18). This is expected since the orbital
angular momentum is redistributed in BH mergers. Our investi-
gation of individual BH history also suggests that after a BH-
merger episode, the BH spin tends to realign to the galaxy
spin in a relatively short period (At ~ 100-200 Myr). A sim-
ilar timescale is suggested in Fig. 9 of Bustamante & Springel
(2019) regarding the average variations of the W4, gy after a
merger.

5. Long phase of retrograde accretion of gas induced by
either cosmic inflows or galaxy mergers can produce strong
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effects, by anti-aligning the BH-spin in a long period, as sug-
gested by the evolution of BH-1049 and BH-549. From a sta-
tistical point of view, counter-rotating gas disk with respect to
the stellar component are more likely to lead to BH-galaxy
spin misalignment (Fig. 17). Dubois et al. (2014b) found that
about 10-30% of BHs have spins counter-aligned with their host
galaxy. This occurs in galaxies where the central regions have
been deprived of cold gas or because BH coalescences have
flipped the spin direction. Bustamante & Springel (2019) con-
firmed this statement and found that 20% of BH merger events
may lead to momentarily counter-rotating gas disk. The individ-
ual evolution of BH-1049 and BH-549 present different scenar-
ios as the retrograde gas accretion onto the BH is not induced
by a punctual effect (such as a BH merger). Instead, it is due
to the continuous accretion supplied by the galactic gas disk. For
this reason, a BH-galaxy spin anti-alignment configuration could
persist for an extended period, 0.5 Gyr and >4 Gyr for BH-1049
and BH-547 respectively. The present work therefore predicts
that galaxies presenting strong star-gas spin angle misalignment
(e.g., from the ManGA survey: Beom et al. 2022; Xu et al. 2022;
Katkov et al. 2024) are likely to host BHs owning to a clear mis-
aligned or anti-alignment with respect to the stellar component.
We will present in a forthcoming paper, a detailed analysis about
the formation of counter-rotating gas/stellar disks (Peirani et al.,
in prep.).

6. The analysis of the 2D misalignment angle (1) revealed
that the distribution tends to keep record of the alignment
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tendency seen in the 3-dimensional predictions. It might then
be possible to identify such signal from observational analysis
measuring 2D misalignment angles (Lin et al., in prep.).

This paper is complementary to Beckmann et al. (in prep.)
which focuses on the cosmic evolution of BH spin magni-
tude using NEWHORIZON and the same BHs catalogs. They
also found that the evolution of BH spins follow three dis-
tinct phases while highlighting the role of BH mergers during
the second phase which tend to increase the scattering of |al.
This is consistent as the magnitude and orientation of spins are
connected: high/low values of spin magnitude are generally
associated with BH-galaxy spin alignment/misalignment, as sug-
gested by Figs. 14 and 16.

The theoretical predictions presented in this paper heavily
rely on sub-grid models, which may not completely follow all
relevant physical processes, even in the currently best simula-
tions. In particular, sub-grid modeling of BH physics should be
interpreted with caution. For instance, the gas accretion disk
falling onto the BH is not spatially resolved in our simulation.
Thus, we have assumed that the gas accretion disk around the
BH retains the same angular momentum of gas component esti-
mated at 4Ax ~ 136pc from the location of each BH. While
this scale is much larger than the physical scale of the accre-
tion disk, it is expected to be a reasonably good approximation
to assume that its angular momentum, especially its orientation,
is conserved during the accretion process of the gas toward the
disk. This is consistent with the result of Maio et al. (2013) using
high resolution simulations down to 1 pc, and even in the pres-
ence of strong star formation feedback. Yet, we note that there
are different suggestions in the literature. Levine et al. (2010)
found that the angular momentum vector on scales ~100 pc may
vary substantially from the direction of angular momentum on
kiloparsec scales between z = 4 and z = 3. This is mainly due to
the interaction of clump of gas moving toward the center of the
disk, which results in dramatic change of the nuclear gas angular
momentum. Hopkins et al. (2012) also predicted a weak correla-
tion between the nuclear axis and the large-scale disk axis, using
high-resolution simulations of gas inflows from galaxy to parsec
scales around AGN. Sudden misalignments may be caused either
by single massive clumps falling into the center slightly off-axis,
or due to gravitational instabilities. The two latter works, how-
ever, focused on gas rich galaxies at high redshifts where the gas
turbulence may still play a strong role in the gas angular momen-
tum alignment.

Another important assumption in the present work is that two
BHs instantly merge when they come close less than 4Ax. In
reality, however, they would first form a binary for a while. If
there is a sufficient amount of gas supply, the BH spins may
evolve during the merger process. If the circumbinary disk is
misaligned with respect to the BH binary orbital plane, it leads
to tearing or warping of the disk structure, which may affect the
spin alignment (or not) between the two BHs (see, for instance,
Nixon et al. 2011, 2013; Gerosa et al. 2015; Moody et al. 2019;
Nealon et al. 2022; Bourne et al. 2023). However, our analysis
suggests that BH spins tend to rapidly align after the BH merger
especially during long and coherent phases of gas accretion.
Thus, we expect that these missing processes should not signifi-
cantly affect our predictions, at least statistically.

We should also note that we have not included any analyt-
ically model for the unresolved dynamical friction experienced
by BHs from stars and DM particles. This has been shown to
play a crucial role in sinking BHs closer to the galaxy cen-
ter, and also in enhancing the BH merger rate (Pfister et al.
2019; Chen et al. 2022; Ma et al. 2023). The dynamical fric-

tion from gas is expected, however, to have a lower impact
especially at increased resolution due to instabilities in the
wake (Beckmann et al. 2018) and the turbulent nature of the
gas (Lescaudron et al. 2023). The absence of dynamical friction
in our model might at some point delay the alignment of the
BH spin since off-centered BHs are more likely to have mis-
aligned spins. On the contrary, a higher BH merger rate should
statistically reduce the tendency of alignment. Thus, more quan-
titative and reliable predictions need the refinement of the sub-
grid physics.

Finally, we have assumed that all BH at birth have an initial
mass of 10* M, with no spin. Depending on the initial BH spin,
however, accretion onto the BH after birth can alter the spin mag-
nitude and/or torque the BH spin alignment (McKernan & Ford
2023). Furthermore, Sala et al. (2024) recently employed a very
similar numerical scheme to compute the BH spin evolution
in idealized or cosmological simulations. They found the rapid
increase of the spin parameter for 5 x 10° My < Mgy < 10° M,
(see their Fig. 13), which is consistent with ours qualitatively (or
see Fig. 23 of Dubois et al. 2021, for a more direct comparison).
Since the mass range is very close to their initial BH seed mass
of 5 x 10° M, the result may be suspected to be biased due to
the mass resolution. In fact, our BH seed mass is 10* Mo, 50
times smaller than theirs, and we found the similar trend around
10* My < Mgy < 2 x 10* M. Even though we selected BHs
of Mgy > 2 x 10* M, it is likely that they still suffer from
the numerical artefact to some extent. A similar statement can
be drawn from Fig. 7 of Bustamante & Springel (2019) as they
used a seed mass close to ~10° M. This is why we examined
the behavior of four examples in detail (BH-G9685, BH-166,
BH-1049 and BH-541), which are supposed to be free from such
possible numerical effects, at least in the late epochs (z < 2). In
any case, our primary focus is the orientation of the BH spin and
galaxy orbit, and thus the present paper is very complementary
to those previous works that are more focused on the cosmic evo-
lution of the amplitude of the BH spin (e.g., Dubois et al. 2014b,
2021; Bustamante & Springel 2019; Sala et al. 2024).
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Appendix A: Other individual evolutions

We present in this appendix additional individual evolution of
BHs summarized in Table 1. Most of them are displaying a
typical Wy, gy evolution with different regimes described in
Section 3.2.1. This is the case for the BH-146, BH-348 and BH-
541 owing mass greater that 107 M, but are contaminated with
less than 0.1% of their mass with low resolution DM particles.
We reasonably believe that this should not affect the results, in

particular the estimation of Ju,, though such objects are dis-
carded from the statistical study conducted in Section 3. On the
contrary, BH-549 and BH-132 show different evolutions. BH-
549 is displaying a long phase where its spin is anti-aligned
with the stellar angular momentum (see Fig. 9 and the end
Section 3.2.1 for more details). As far as BH-132 is concerned,
it is off-centered from the galaxy center. The efficiency of both
the gas accretion and the Eddington ration are generally low and
the BH spin is most of the time mis-aligned with J ;.
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Fig. A.1. Cosmic evolution of BH-455 (upper left panel), BH-936 (upper right), BH-549 (lower left panel), and BH-132 (lower right panel). Same
as Fig. 4 but for BH-455 and BH-936 display typical W, su evolution. BH-549 is displaying a long phase where its spin is anti-aligned with the
stellar angular momentum. In this example, the gas accretion disk is in counter-rotation with respect to the stellar component. As far as BH-132

is concerned, it is off-centered from the galaxy center. In this latter case,

BH spin is mis-aligned with J ;.
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Fig. A.2. Cosmic evolution of BH-G648 (upper left panel), BH-146 (upper right), BH-348 (lower left panel), and BH-541 (lower right panel).
BH-G648 is a black hole from a GALACTICA zoom. The other BHs are extracted from NEWHORIZON and are hosted by DM halos that have less

than 0.1% of their mass composed by low resolution particles (contamination).
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z=0.18 | BH-936 BH-936

z=0.18 BH-146 z=0.18 BH-541

z=0.18| BH-132

Fig. A.3. Projected distribution of gas and starts (u-g-r band images) at z=0.18 of the different BH-galaxy pairs studied in this Appendix.
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Appendix B: 2D projected angles statistics and
galaxy morphologies
In order to help the comparison with observational analysis, we

derive some statistics on the 2D projected angles depending on
the galaxy morphology. We select from our BH-galaxy sample

at z = 0.18, either galaxies with V/o < 0.4 (i.e., spheroidal-
57 BHs x 500 random los
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dominated galaxies, see the definition at the end of section 3.3)
or V/o > 0.6 (i.e., disk-dominated galaxies).

We then repeat our Monte-Carlo method and derive the new
distributions of A with and without specifying the sense of the
BH vector in Figs. B.1 and B.2. Nevertheless, the results are
quite similar to those of presented Fig. 21 without any constraint
on galaxy morphology.
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Fig. B.1. Same as Fig. 21, but selecting galaxies with V/o > 0.6, i.e., preferentially disk-dominated galaxies (and discard spheroidal-dominated

galaxies).
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Fig. B.2. Same as Fig. 21, but selecting galaxies with V/o < 0.4, i.e., preferentially spheroidal-dominated galaxies.
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