WQQKBM; BM QM bmT2 K bbBp2 #H +F ?QH2
i?22B  : b +HQmM/ ?Qbi "2M/2 b i?2B" ++ 2iB
X aX"2+FK MM-CX .2p B2M/i- X aHvx

hQ +Bi2 i?Bb p2 ' bBQM,

X aX "2+FK MM-CX .2p B2M/i- X aHvXX WQQKBM; BM QM bmT2 K bbB
" b +HQmM/ ?2Qbi "2M/2 b i?2B" ++ 2iBQM 2TBbQ/B+X JQMi?Hv LQiB+2k
kyRN- 93j- TTXj933@j8yNX RyXRyYNjfKM  bfbivk3Ny X BMbm@yjdRRO

> G A/, BMbm@yjdRR9jk
2iiTh,ffBMbmX? HXb+B2M+2fBMbm@YyjdRR 9|

am#KBii2/ QM R CmH kykk

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X



of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 483,3488-3509 (2019)

doi:10.1093/mnras/sty2890

Advance Access publication 2018 November 10

Zooming in on supermassive black holes: how resolving their gas cloud
host renders their accretion episodic

R. S. Beckmanfi,}?

J. Devriendt® and A. SlyZ

1Sub-department of Astrophysics, University of Oxford, Keble Road, Oxford OX1 3RH, UK
2Institut d’Astrophysique de Paris, CNRS & Sorbonne Universites, UMR7095, 98bis Boulevard Arago, F-75014 Paris, France
SUniversie Lyon 1, ENS de Lyon, CNRS, Centre de Recherche Astrophysique de Lyon UMR5574, F-69230 Saint-Genis-Laval, France

Accepted 2018 October 22. Received 2018 October 3; in original form 2018 June 26

ABSTRACT
Bornin rapidly evolving mini-haloes during the rstbillion years of the Universe, supermassive &
black holes (SMBHs) feed from gas ows spanning many orders of magnitude, from thes
cosmic web in which they are embedded to their event horizon. As such, accretion on tg
SMBHSs constitutes a formidable challenge to tackle numerically, and currently requires thé
use of sub-grid models to handle the ow on small, unresolved scales. In this paper, we stuc§
the impact of resolution on the accretion pattern of SMBHs initially inserted at the heart of‘D
dense galactic gas clouds, using a custom super-Lagrangian re nement scheme to resolve &e
black hole (BH) gravitational zone of in uence. We nd that once the self-gravitating gas 2 o
cloud host is suf ciently well resolved, accretion on to the BH is driven by the cloud internal 3 5
structure, independently of the BH seed mass, provided dynamical friction is present durinﬁ
the early stages of cloud collapse. For a pristine gas mix of hydrogen and helium, a slim disg
develops around the BH on sub-parsec scales, turning the otherwise chaotic BH accretion dLﬁy
cycle into an episodic one, with potentially important consequences for BH feedback. In th%
presence of such a nuclear disc, BH mass growth predominantly occurs when infalling den@
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clumps trigger disc instabilities, fuelling intense albeit short-lived gas accretion episodes. &

w

Key words: accretion, accretion discs—black hole physics —hydrodynamics —methods: nu§
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and gas accretion in gas-rich mini haloes is expected to play a vital &

L INTRODUCTION role particularly in the early mass growth of potential SMBH. §
First observed to power quasars at redshift 6 (Fan et al2006), Understanding the early evolution of massive BHs therefore cru- g
supermassive black holes (SMBHs) formed during the rst billion cially depends on understanding the hydrodynamical evolution of 2
years of the Universe. This epoch saw not only the formation of gas in high-redshift mini-haloes housing SMBH progenitors. This .
SMBHSs but also many other key components of the Universe: the highly non-linear problem can only be tackled using simulations, but <
rst haloes collapsed, the rst gas streamed in and the rst stars numerical efforts are hampered by the vast range of scales involved. 3
ignited. Given the current paucity of observations from this era, we Including all relevant length scales to monitor the co-evolution of &

have to rely almost entirely on analytic considerations and simula- a single SMBH and its host galaxy, from the Mpc scales of cosmic
tions to understand the early evolution of SMBHSs. laments through the kpc and pc scales of the galaxy, down to the
Three viable channels have been proposed to form the progenitorssub-pc scales on which the BH accretes gas, in a single simulation
of SMBHSs. Stellar remnants are expected to have masses in theconstitutes a tremendous computational challenge.
range of 10-500 M, runaway cluster collapse black holes (BHs) The problem does not lend itself well to idealized simulations
are expected to form with masses in the range 6£10*M and because the evolution of a BH depends crucially on the evolution
direct collapse BHs have seed masses in excess df110(see of its host galaxy, and the host galaxy itself is evolving rapidly.
Volonteri 2010for a review). Whatever seed mass the BH forms Cosmological zoom simulations, where a high-resolution region
with, it needs to gain many orders of magnitude in mass to reach containing all the progenitors of a particular object is embedded in
the observational estimates ofl0°’M atz = 6 (Fan et al2006 a lower resolution background, is one way to maximize the range

E-mail: ricarda.beckmann@iap.fr

of scales resolved in a single simulation. Zoom simulations have
given crucial insight into galaxy evolution in the early Universe
(Di Matteo et al.2008 Dubois et al.2012h Ceverino, Glover &
Klessen2017, but even in the most resolved zoom simulations

¢ 2018 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society
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available to date, the BH environment remains underresolved. BH for grid codes that allows the BH gravitational zone of in uence to
physics, such as formation, accretion and feedback, therefore havebe resolved within the full context of its host galaxy at affordable
to be included as sub-grid algorithms that include the impact of computational cost. Embedded in a highly unsettled, gas-rich galaxy
unresolved scales using analytic or empirical models. intended to mimic a high-redshift mini halo, the simulations in
Any sub-grid model necessarily makes assumptions how the input this paper present a pilot study of early accretion on to potential
parameters relate to the accretion on to the BH. Arguably the most SMBHs candidates in a galactic context with unprecedented spatial
common way to describe unresolved accretion on to BHs is through resolution. They demonstrate the lasting impact of resolving the
the Bondi—Hoyle—Lyttleton (BHL) model (Hoyle & Lyttletot939 internal structure of the gas cloud feeding the BH, and the vital role
Bondi & Hoyle 1944 Bondi1952), discussed in Section 2.4. Inthis  played by dynamical friction in allowing the seed BH to accrete
model, the accretion rate is calculated from the local density and ef ciently during the early stages of cloud collapse.
sound speed, as well as the relative velocity between gas and BH. In  Section 2 details the simulation set-up and Section 3 presents the
galaxy evolution simulations, the main dif culty with such sub-grid  novel BH re nement algorithm. Section 4 establishes the key role
models lies in correctly estimating these local gas properties in the played by dynamical friction during cloud collapse, and why sub-
presence of limited resolution. grid models based on a local relative velocity measure are unreliable
To compensate for unresolved cold, dense gas, some authors adat high-resolution (see also Appendix A). Section 5 demonstrates S
vocate using a boost factor in the accretion rate (Booth & Schaye the importance of resolving the internal structure of the gas cloud =

2009 Vogelsberger et al2013 DeGraf et al.2017), while other host at all times by presenting a comparative study of resolution §
authors prescribe scaling the accretion rate down to account for an-impact on BH accretion histories, a discussion of which can be &
gular momentum (Krumholz, McKee & Kleip004 Power, Nayak- found in Section 6. Conclusions are summarized in Section 7. g
shin & King 2011, Dubois et al20123 Rosas-Guevara et @015 3
Curtis & Sijacki2016. Negri & Volonteri (2017 study the accu- g
racy of BHL accretion for a BH with feedback, and nd that it can 2 THE SIMULATIONS £
lead to both over- and underestimates of the BH mass, dependingAll simulations presented in this work use the adaptive mesh re ne- §
on the resolution and the way variables are calculated. Gaspari,ment coderRAMSES(Teyssier2002. The Euler equations are solved §

Ruszkowski & Oh 2013 systematically break the assumptions of using a second-order unsplit Godunov scheme, and an HLLC Rie- =-
Bondi accretion by cooling, heating or stirring the gas, and nd that mann solver with a MinMod total variation diminishing scheme to °
the accretion rate is boosted several orders of magnitude above theeconstruct interpolated variables. The courant safety factor is set
Bondi value. MacLeod & Ramirez-Rui2Q15 study accretion on to a value of 0.6.
to a point mass in the presence of a pressure gradient at in nity,  Aroot grid of 64 cells is laid out on the entire simulation volume
and nd the accretion rate on to the BH to be reduced by up to two (a cube of siz& ., 0n a side), which is then adaptively re ned up to
orders of magnitude. levellgo, OUtside the zoom region around the BH, anl ggywithin

In light of these discrepancies, efforts have been made to developthis region (see Section 3.1 for details). The size of an individual
alternative accretion algorithms, which use large-scale properties of cell at levell is equal to x | = Lb"x Re nement is determined
the host galaxy to calculate the accretion rate on to the BH, and nat-using a quasi-Lagrangian criterlon a cell is split into eight when
urally account for the angular momentum of accreted gas.&ngl its total baryonic mass exceeds eight times the gas mass it initially
Alcazar,Ozel & Dawe (2013, building on a model by Hopkins & contained. To minimize numerical fragmentation (Truelove et al.
Quataert 2011), compute the accretion rate on to the BH based 1997, cells are also re ned so the local thermal jeans length exceeds
large scale gravitational torques in the galaxy. DeBuhr, Quataert & the cell size at all times. Gravitational contributions of all baryonic
Ma (2010 calculate the accretion rate on to the BH from the mean matter, including stars and BH as well as gas, are computed using
surface density of the galaxy, the angular rotation frequency and amultigrid Poisson solver (Guillet & Teyssi@011), where the total
free viscosity parameter, and Hobbs et aD11) use a ‘ballistic’ density of matter is found by assigning particles to the grid using a
accretion model based on the velocity dispersion of the gas in the cloud-in-cell interpolation algorithm.
bulge.

All these models estimate the mass accreted by the BH from
information on scales much larger than the gravitational zone of in-
uence of the BH itself. While this does represent an educated best In order to test our re nementalgorithmin a controlled environment,
estimate, and has led to many insights into the evolution of BHs, we set up an isolated cooling halo with a Navarro—Frenk—White
it can, on its own, only ever constitute an overly simplistic treat- (NFW) pro le for the dark matter component, similar to the one
ment of the problem. This is particularly true for the progenitors presented in Dubois & Teyssie2@08. The dark matter potential
of SMBHs, as their host galaxies are only just assembling during of the halo is modelled as a xed analytic potential, where
the BH early mass evolution. Embedded in a rapidly changing en- .
vironment and subject to strong feedback from the rst generations nFw(r) = )@+ o (1)
of stars, galaxy-wide properties are dif cult to de ne and measure s s
for proto-galaxies, and local gas properties can vary rapidly. High- SO the halo has a total integrated mass of
resolution simulations, which have to make fewer a priori assump- s .1l
tions about the state of galactic gas, are therefore the most viableM (<) =4 g In(L+1/rg) S
tool to study the origin of potential SMBHs, judge the importance
of gas accretion versus BH mergers in the formation of SMBHs, and wherersand sare the halo characterlstlc radlus and density, respec-
assess the viability of the three proposed seed formation channelgively. We take s = 200 . where .= ﬁ is the current critical
as SMBH progenitors. density, assuming a Hubble parameterigi= 70 km $1MpcS. To

With such a long-term goal in mind, this paper presents a study of de ne the characteristic radius, we set the concentration param-
BH accretion in collapsing clouds, using a new re nement algorithm eterc = rﬁ—g" = 3.5 in our simulation, and pickizg = 85 km S,

TG/88YE/E/E8Y/3101Ie/SBIUW/WOD

2.1 Initial conditions
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The halo is truncated at two virial radii, with densities outside setto ~ The BHL problem has two characteristic scale radii. For subsonic

a uniform value of gy = 3.27x 105¢ Hcm®3, and embedded in motion of the BH, wherd = C"S— < 1, the Bondi radius

a box ofLpox = 1.0 Mpc. We impose a universal baryon fraction of '

fbaryon = 15 per centwithin the halo, and distribute gas accordingto B _ GMagn ()
gas= 0.15 npw, with the initial pressure pro le setaccording to hy- cz

drostatic equilibrium. The total halo masdMg, = 5.1 x 10'*M . i . . _
When adding rotation (Sections 4 and 5 only), we dis- is the radius for which pressure forces balance the gravitational

tribute angular momentum according Jdr) = j ma™ L, fol- acceleration due to the hole. Gas ow outside this radius is subsonic
M Muir and almost uniform in density, while within this radius, the gas

lowing Bullock et al. 2001), normalized to a spin parameter . ; . .
= J|E|¥?/(GMZ?) = 0.04, whereJ andE are the total angu- evolves towards a free fall solution, rapidly becoming supersonic.

vir i i ] i i
lar momentum and energy, respectively. For supersonic relative motioW 1, the accretion radius
2GMgy
A —
R - V2 (5)

2.2 Cooling and heating
Ab 10K th i of H. H d elect . d de nes asphere that contains all accreted streamIRfeandRB can
ove € gaseous mix of [, 1€, and Iections IS assumed o nqerstood as the scale radius of the BH gravitational potential

to radiatively cool through collisions following the pristine cooling : . S :
; ) ) at a given relative velocity with respect to the background medium,
function tabulated by Sutherland & Dopith993. Below this tem- g 4 P g

perature radiative cooling occurs vig Emission following Grassi

et al. R014. The gas is kept metal-free throughout and follows
an ideal equation of state and is assumed to be mono-atomic with
adiabatic index = 5/3.

The accretion rate on to the sink particle therefore depends on
the properties of the gas from which it accretes. ‘At in nity’ is a
concept that is dif cult to de ne for a BH in a galactic context, but
the properties of gas in the cells immediately surrounding the sink
particle should provide a good approximation if the BH gravitational
zone of in uence is unresolved. To sample the local environment,
RAMSESuses so-called ‘cloud particles’, which are distributed with
Star formation proceeds according to a Kennicutt—Schmidt law constant spacing xmin/2 around the sink particle, lling a sphere

= [t ¢ (Kennicutt et al1998 Krumholz & Tan2007), where with radiusrcioud = 4 Xmin, Where  Xmin is the size of the smallest

= 0.02 is the (constant) star formation ef ciency,is the gas cellin the simulation. Each cloud particle samples the gas properties
density, andy is the free fall time of the gas. Star particles are of the cell that contains it.
generated following a Poisson random process (Rasera & Teyssier Mass-weighted gas properties for use in equation (@)s ¢ and
2006 Dubois & TeyssieR008 in cells that exceed the star forma- Ve, are calculated by summing over the cloud particles, weighted

2.3 Star formation

tion number density threshold ofy/um 4 = 4.73x 103 Hcm®3, using the cell mass and a Gaussian kernel
whererr_y is the mass of a hydroge_,\n atom gndk the mean molec- exp@r2i 2) ©)
ular weight. As a result, star particles are spawned with masses of K/

M = 1492M , or integer multiples thereof. No stellar feedback \ynerer is the distance of the cloud particle to the sink. The same
is included in this work. kernel is also used to weigh the amount of mass removed per cell
during accretionry is a scale radius, set according to

2.4 BH formation and accretion X min/ 4 ifrgpL < X min/ 4
rk = I'BHL if X min/4 TeHL  2X min (7

BH formation sites are identi ed on the y using the structure- 2X mn otherwise

nding algorithm PHEW (Bleuler et al.2015, which locates grav-

itationally bound, collapsing gas clumps in cells above a number depending on the size of the interpolated BHL radius

density threshold of H cm™3. After a formation site has been

identi ed, a sink particle (Krumholz et 82004 Dubois et al2010 leuL = ZGMiBHZ

is inserted in the clump densest cell, with a user-de ned initial Cscel t Vel

sink masMseeq TO CcOnserve mass and momentum, an equivalent

amount of gas mass is removed from the host cell, and the new

sink particle inherits Fhe ho_st cell velocity vector. Only one BH is of the gas in the cell containing the Bl cen, andvee. At each

allowed t_o form per 5|mulat|or_1. . . time-step, only up to 75 per cent of a given cell mass is allowed to
Accretlon proceeds according to the BHL_ accretion rate Interpo- o ramoved to avoid numerical issues arising from too important

lation formula (Hoyle & Lyttletor1939 Bondi & Hoyle 1944, instantaneous gas removal. For more details on the sink particle

4 G2M3, algorithm, see Krumholz et al2Q04 and Dubois et al.Z010.
T2 42 2 ®3) Contrary to many works on BH accretion, we do not employ a
boost factor in the Bondi accretion rate, as suggested in Booth &

which describes the amount of matter accreted by a point massSchaye 2009, as it is intended to compensate for the unresolved
Mg moving at a constant velocity through a gas background of ~ gravitational attraction of the BH. Nor do we reduce the accretion
uniform density ~ and sound speeti . Quantities ‘at in nity’ rate as advocated by Curtis & SijacRQ16 to account for the an-
are measured far from the gravitational zone of in uence of the BH. gular momentum of the accreted gas. We also do not limit accretion
The derivation assumes that the gas has no angular momentumto the Eddington rate,
does not cool, is not self-gravitating and, in the case of supersonic 4 GMeum

. : : _ BH!!lp
relative velocity, is pressureless. Meggq = —
r T

®

relative to the local resolution Xyn. rgnL is calculated on the y
using the BH massMgy, the sound speed and relative velocity

MghL =
2 +v

©
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Figure 1. Magnitude of the drag force on the sink particle due to dynamical
friction, which depends on the mach number. The dotted line denotes the

sonic point. This gure is based on the analytic formula by Ostrid@90). Figure 2. Schematic grid structure generated by the BH zoom re nement

algorithm for the case with two extra re nement levelgém = Igiob+ 2)
andneene = 4. All cells at levell;oom are highlighted in dark grey, cells

section is the proton mass. ands the speed of light in vacuum at levellgiop are shown in white, and intermediate cells are highlighted in
Mp P ’ P 9 ’ light grey. The BH is annotated as a lled black circle and solid black lines

but plot its value for comparison. The accretion rate is however de outline the grid structure. The zoom re nement radiysem, is represented
facto limited by the available local gas mass. Indeed, by virtue of ;g 5 white circle.
mass conservation, the maximum gas mass accreted per time-step is
always capped by the total amount of gas contained within the cells BH zoom re nement algorithm, which is shown schematically in
located at a distance smaller thauq from the BH, regardless of  Fig. 2. This super-Lagrangian re nement scheme surrounds the sink
whether the BHL accretion rate (equation 3) requires more mass beparticle with a spherical region at xed, user-de ned resolution
removed. X z00m= Lpox/ 27°m embedded in an adaptively re ned galaxy at
lower resolution, X giob = L pox/ 2lgob  wherel describes a re ne-
ment level. For simulations in which the BH zoom is activated,
Xz0om=  Xmin- The highly re ned spherical region around the BH
In Section 4, we explore the option of adding a sub-grid drag force has a radius of,0om = Nzoom X Xzoom Wheren,eom is a free pa-
on the BH to compensate for unresolved dynamical friction caused rameter kept xed throughout the simulation (see Section 3.2 for a
by the gaseous background. It follows the analytic solution of the convergence study). In order to minimize edge effects at grid bound-
problem given by Ostrikerl©99: aries, the high re nement region is surrounded by concentric shells
L 4G 2M2 of progressively lower re nement until g0, is reached, as can be
FP=§| = _BH § =FPy | (10) seen in Fig3. This ensures that neighbouring cells differ at most by
a single re nement level. The re nement region is centred on the
wherev is the unit vector of the relative velocity between gas ‘at  sink particle position at all times, tracking its movement through

where | is the radiative ef ciency, 1 is the Thompson cross-

2.5 Dynamical friction

v2

in nity’ and the BH, and the simulation box, with cells (de-)re ning as appropriate. As the
N M . ) time-step in RAMSES is limited in such a way that no particle can
_ 2 In" T=m SM ifmMo < (11) cross more than a single cell in any given time-step, the grid around
= 18 M% fin() fM > the BH is re ned and de-re ned suf ciently frequently to always

ANt TO uo 1senb Aq ogogLIg/ggvg/s/ggv/ap!uwswuw/woa dno-aiwapede//:sdny wouy papeojumod

be quite accurately centred on the BH.
The magnitude of the drag force depends strongly on the Mach Once a BH particle has been created, the BH zoom algorithm <
number, as can be seen in FlgThe sub-grid algorithm iRAMSES is activated. To allow newly created cells to be distributed over o
evaluates the analytic formula in equations (10) using the same several processors and to minimize numerical artefacts due to the®
mass-weighted quantities also used in the BHL accretion ragte number of levels being added, cells are only allowed to be re ned

Ve, andcg ¢, as proxies for the same quantities at in nity. Iny(= by two extra levels per coarse time-step of the simulation. The
4.0 is the Coulomb logarithm, with the value chosen based on simulation is load-balanced after each coarse time-step during the
work in Beckmann, Slyz & Devriend2018. To circumvent the level triggering phase. Accretion on to the BH is only activated
discontinuity att (M ) = 1 and numerical instabilities &4 0, once the target levéloom has been reached to allow the structure of
we extrapolate linearly betweérfM = 0.99) andl (M 2 = 1.01), the gas ow to emerge and avoid contaminating the early accretion
and use a linear Taylor expansibn MT forM < 0.01. history. As explored in detail in Section 4, a maximum drag force

is applied to the sink during the initial level triggering phase, i.e.
we set the relative velocity between the sink particle and the gas
Ve = 0 at each time-step.

The mass of newly created star particles depends on the gas
mass contained by the cells in which they formed, so that at a
In order to reach high resolution in the vicinity of the BH, but given gas density smaller cells form lighter star particles. To avoid
keep the simulations numerically affordable, we developed a novel overwhelming the simulation with a large number of star particles

3 ZOOMING IN ON THE BH

3.1 Algorithm description

MNRAS 483,3488-3509 (2019)
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technique to deal with massive dark matter particles in cosmological
zoom simulations (e.g. Powell, Slyz & Devrierz11]).

3.2 Convergence of BH zoom

To quantify the impact of varying,.om in BH zoom simulations, a
BH of masdMgy = 260 M is placed at the centre of a non-rotating
version of the halo described in Section 2.1 and the gas is allowed to
cool. Simulations with 2 n,,om 16 are compared to two ducial
simulations using only the standard quasi-Lagrangian re nement,
called Chalo16 and Chalo20, respectively (see Taldléor details).
When not using the BH zoom, the BH host cell is forced to remain
atlgop to avoid spurious local de-re nement. For simulations using
BH zoom, lgip = 16, andl,oom = 20, leading to a resolution of

X z0om= 0.99 pc within the BH zoom region and a maximum of
X glob = 15.8 pc outside.

The initial density distribution is re ned up thyon, SO a higher
lgi00 leads to a more peaked initial density pro le. The BH is inserted
at the centre of the simulation volumetat 0 x t;/10%, wheret; is
the free fall time of the halo. The BH zoom levels are added during
the rst coarse time-steps of the simulation untiknin = Xz00m,
where Xmin i the size of the smallest cell in the simulation.

Fig.4 shows that BH zoom re nement allows the gas in the vicin-
ity of the BH to evolve from the initial conditions of a low-resolution
simulation, Chalo16, to the solution of the high-resolution simula-
tion, C_halo20. Convergence behaviour of mass-weighted density,

¢, and sound speed; ¢, is very good fomyeem 4. Whenn,gem
< 4, gas properties fail to converge as the maximum extent of the
cloud particles, set atioua = 4 Xz00m IS larger than the size of the
smallest BH zoom grid;;oom = Nzoom Xzo0om- When this happens,
the outermost cloud particles probe regions outsiglg, where gas
properties re ect the density pro le a factor of 2 further away than
if the cell were re ned an extra level.

In conclusion, in the accretion only case, the BH zoom scheme
is not sensitive to the choice ofoom as long asy,eom 4, SO that
the highest re nement region is larger than the accretion region, i.e.
lzoom  Tcloud-

Figure 3. Grid structure generated by the BH zoom re nement algorithm,
at different length scales, plotted over a gas density projection. The example
shown here has three extra levels)ggam= Igiob + 3. The BH position is
indicated by the white cross, and the radius of the BH zoom regjgéim, One notable feature of Figt is the discontinuity in the evolu-

by the white circle. Outside the BH zoom region, the galaxy is adaptively tion of the gas neat = 1.8t;/10%. At this point, the amount

re ned following a quasi-Lagrangian criterion. of mass scheduled for accretion (calculated using equation 3),
Mg X t = G2M3, et/ (V3+ c2¢)¥2, exceeds the total gas
mass available within the accretion region\Ve, whereVg is the
constant volume of the accretion region antlis the time-step.
Assuming BHL accretion, this occurs for a minimum BH mass of

3.3 Supply-limited accretion

that carry only a small amount of mass, star formation is prevented
in any cell with X< Xgiop. This has negligible in uence on the
total stellar mass of the galaxy (see Section 5).

RAMSESuUses a cloud-in-cell method to calculate the total density Ve

LT . . Msia =  ——(V&+ c2.)%2, 13
distribution to solve the Poisson equation, where the mass of each SLA G2t (Ve + Ce) (13)
particle is distributed over local grid cells according to As mass is conserveMg,; > Mg results in the maximum avail-

. 15| $ Xpl/ X xS Xo| X ablg mass being removed at each time-step, transition.ing the ac-
W(XS xp) = otherwise (12) cretion rate from being based on the BHL formula to being set by

the mass ux into the accretion region, so-called supply-limited ac-

wherex andx, are the position of the cell centre and particle, and cretion (SLA). This occurs approximately when the BH accretion
x is the cell size. In simulations with a large range of re nement scale radius becomes equal to the resolution.

levels, this can lead to spurious local maxima in the density eld The BH remains in SLA as long &g > Mg a. At xed lz00m,
if a massive particle is deposited into an extremely small cell. To Ve, and t are approximately constant. In the spherically symmet-
avoid this issue with the BH zoom, we deposit the mass of star ric case studied hereje 0, and Fig.4 shows thatcs ¢ varies
particles at a maximum levéjon, and use the OctTree structure of by less than a factor of two over the course of these simulations.
RAMSES to distribute mass into child cells at higher re nement For all intents and purposes, the right-hand side of equation (13)
levels (constant density extrapolation). This is a commonly used can therefore be considered constant, and the BH remains in SLA

MNRAS 483,3488-3509 (2019)
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Table 1. Parameters for simulations used in the convergence tests of Sections 3.2 and A.

ergence test simulations

Name Igiob Iz00m Xglob (PC) Xzoom (PC) Nzoom CPU hour$
C_120n2 16 20 18 pc Q99 pc 2 3.35
C.120n4 16 20 18 pc Q99 pc 4 3.21
C_120n8 16 20 18 pc Q99 pc 8 3.33
C_120n16 16 20 18 pc Q99 pc 16 3.54
C_halo1@® 16 - 158 pc - - 0.47
C_halo2@® 20 - Q99 pc - - 4.2
C_118n8 16 18 18 pc 39pc 8 1.61
C_120n8 16 20 18 pc Q99 pc 8 3.33
C.122n8 16 22 18 pc Q025pc 8 6.83
C_24n8 16 24 18 pc Q06 pc 8 9.37

2Perty of evolution on 12 cores.
bEquivalent to settingzoom= O.

popeojumog

in a single accretion step, so densest cells are emptied more slowl
(the middle panel of Fig). As evident in Fig4, the transition to
SLA is therefore not an instantaneous process.

The transition madls , does show an explicit resolution depen-
dence. For BH zoom, the BH is always located in a cell at maximum
resolutionsd/e = x 3. We can approximate the minimum time-
step of the simulation as the sound crossing time of the smallest cell

10; ‘ ‘ ‘ t=  Xgom/Cs. Equation (13) thjn shows thists, o depends lin-
8 — C_120n16 C_120n2 4 early onresolution, &g s ¥ = % X zoom- SiM-
g 77 — C120n8 C_halo20 1 ulations with smaller X,,ombut otherwise identical set-up therefore
£ 6\ — C_I20n4 — C_halol6 1 transition earlier to SLA, as shown and discussed in more detail in
. Z ‘ Appendix A. However, for the simple test case of a spherically
© 3| — | collapsing cloud, the delay in transition has no in uence on the
5 ‘ ‘ = ‘ long-term mass evolution of the BH, which converges for simula-
10° . . . . . tions spanning over two orders of magnitude iRqom AS both
%8:;: B, the BH and the gas are bound at the bottom of the gravitational

well, infalling gas not yet accreted by the BH simply collects in

its vicinity to be accreted during the transition to SLA. In a more

complex environment, the nite lifetime of the cloud feeding the

BH could become a concern, as gas not yet accreted could becom

‘ ‘ ‘ ‘ ‘ gravitationally unbound from the BH before the transition to SLA

0.0 0.5 1.0 1.5 2.0 2.5 3.0 occCurs.

time [t;,/10%] In conclusion, for suf ciently high resolution, accretion on to

the BH automatically transitions from being based on the analytic

Figure 4. Density (top panel), sound speed (middle panel), and accretion BHL model to being determined by the mass ux into the accretion

rate (bottom panel), as measured by the BH, for different radii of the BH region of the BH, i.e. to the so-called SLA mode.

Z0om regionfzoom= Nzoom Xzoom (S€€ Tablel). Convergence is achieved

for ngom 4.

asMgy > Mg a continues to hold. If there exists a non-negligible
relative velocityve > 0, conservation of momentum during accre-
tion decreases the relative velocity, lowerlg_, while increasing As laid outin the introduction to this paper, three different formation
Mgn and thus driving the system towards the SLA regime. In less channels have been proposed for SMBH progenitors, producing
idealized simulations, whexg ¢ andve can vary strongly, it is pos- seed BHs in the range of 10 (see Volonteri2010 for a
sible for the BH to transition back to BHL accretion, but again, gas review). In literature, itis frequently reported that stellar mass seeds
cooling and accretion will tend to reduce sound speed and relative fail to grow in comparison to more massive seed masses, which has
velocity, respectively, thus steering towards SLA. If the BH accre- been taken as tentative evidence in favour of the direct collapse
tion rate is further restricted, e.g. capped at the Eddington accretionBH seed model (Pelupessy, Di Matteo & Cia207 Pacucci,
rate given in equation (9), the transition mass will be unchanged but Volonteri & Ferrara2015. The failure of light seeds to grow is
the transition will be postponed as the BH will take (much) longer commonly attributed to their low masses that limit their ability to
to reach the SLA threshold mass. gravitationally capture gas, and to feedback blowing away their gas
During the transition to SLA, the central density structure is supply. In this section, we demonstrate that light seeds can fail to
accreted by the BH and replaced with a low-density accretion region grow simply because their dynamics are underresolved in a given
(see Figh), decreasing the kernel-weighted averageror reasons simulation. We then present an algorithm that produces a converged
of numerical stability, only 75 per cent of a cellmass can be removed dynamical evolution history for a BH seeded at a given time in a

4 BH ACCRETION IN COLLAPSING CLOUDS
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Figure 5. Density slices of the gas in the vicinity of the BH inl20n8 at various epochs during the transition from BHL accretion to SLA. The black cross
denotes the position of the Bh, andom is marked by the white circle.

Table 2. Parameters for simulations in Section 4. All simulations have with smaller seed masses,|P6_tiny and D 126_small do not grow

Nzoom= 8, lgiob = 20, andzoom= 26. This leads to a resolution ¥ gjon = appreciably in mass.
0.99 pc within the galaxy and& zoom= 0.015 pc in the BH vicinity. The accretion histories of light and heavy seeds are driven by their
- - - diverging dynamics. As can be seen in Hgthe cloud studied here
Disc galaxy simulations has suf cient angular momentum to collapse to a disc. BHs with
Name I z00m Mseed(M ) Drag force Mgy 10PM  remain within the plane of the disc during collapse
D.I26_tiny 26 260 None (theright columns of Figr). Lighter BHs (the left columns of Fig)
D_I26_small 26 5x 10° None oscillate perpendicularly to the disc, with a vertical amplitude that
D_126_medium 26 2.6¢ 10¢ None signi cantly exceeds the scale height of the disc. Therefore, massive
D_126_big 26 1x 10° None seeds withtMgy  10° M remain attached to dense gas features
D.126.huge 26 2.6¢ 10° None and accrete ef ciently, while lighter seeds spend the majority of their
O_126 26 260 Ostriker1999

time in low-density regions (see the third panel of Egabove and

E::;gj gg igi m:ﬁ below the disc and therefore .accrete I_ess. While it is possible that
F126.c 26 1 Max the choice of sub-grid accretion algorithm has some in uence on
F126.d 26 260 Max the results, the more stringent limitation clearly is the inability of
F.I26.e 26 1d Max the BH to remain attached to the cloud during the collapse phase.
F126.f 26 10 Max Keeping sink particles attached to gas features is a common chal-

lenge in hydrodynamical simulations (Sijacki et2007 Volonteri

et al.2016 Biernacki, Teyssier & Bleule2017). Physically, a BH

has two mechanism to exchange momentum with the gas: (i) ac-
cretion, which transfers momentum from the gas to the BH and
(ii) gravitational focusing of the gas into an overdense wake down-
stream of the BH, whose gravitational attraction acts as a drag force
(see Just & Kegel990for an analytic derivation). Resolving this
wake on the grid requires the local resolution to be comparable to

To study the formation and evolution of BHs in collapsing clouds the gravitational scale radius of the BH, iR = 257es
in a galactic context, rotation is added to the halo described in for a supersonically moving BH (as explored in detail in Beckmann
Section 2.1 and it is evolved for 100 Myr at a resolutionxofyo, = et al.2018, wherev s the relative velocity between the BH and
0.99 pc to allow the gas to cool and fragment. A collapsing cloud is the bulk of the gas. Resolving the drag force therefore depends on
identi ed using therHEW algorithm, and a sink particle of a given  the local cell size (identical for all 126 simulations) and the mass
masMsecq Which inherits the position and velocity of its parent cell, ~of the BH. Unfortunately, the drag force is not numerically self-
is inserted. Once the BH has been seeded, the BH zoom algorithmcorrecting in the same way that accretion is. Indee®if>  x

given gas cloud, taking advantage of the extra information revealed
by the BH zoom algorithm.

4.1 The impact of dynamical friction on early BH accretion

X zoom

220z AIne TO U0 1sanB Ag 080E 2 TS/88VE/E/E8Y/IoIIE/SRIUW /WO dNO"dIWapede//:Sdny WOy papeojumoq

re nes the BH environment tX ,oom= 0.01 pc, usingieom = 8. initially, the BH reduces its relative velocitygy, by transferring
The parameters for simulations in this section are summarized in momentum to the gas, increasiR{ further. By contrast, iR* <
Table2. x originally, the relative velocity remains high amf remains

Fig. 6 shows that the evolution of a BH depends crucially on the unresolved.
choice ofMseeq €VEN in the absence of feedback. The two simula- ~ The analytic work used to calculaf® assumes that gas on
tions with the most massive seeds)I®_big and DI26_huge, us- scales larger thaR® is homogeneous, uniform, not self-gravitating,
iNg Mgeea= 1% 10PM  andMsgeeq= 2.6 x 10°M , respectively, and not subject to a gravitational potential except that of the BH,
rapidly converge. For the remainder of the simulations, while not none of which are reasonable assumptions in the context presented
identical due to the chaotic nature of the problem, their accretion here. Despite these limitations, the nal panel of F&yshows
rates, density ¢, and relative velocityye, show the same trends  that the accretion raditR2, evaluated using local mass-weighted
(see central three panels of F&). After a delay of 06 Myr, and a quantities, remains a reliable test of drag force resolution. For the
prolonged growth phase, the mass ofB_medium also converges  two heaviest seeds, 26_big and DI26_huge,R2 > 10X zoom at
to the value reached by the two larger seed masses. By contrast BHll times. The two smallest simulations,|B6_small and DI26._tiny,
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Figure 6. Time evolution of mass-averaged quantities in the accretion re-
gion of BHs seeded with various BH seed masses in identical collapsing
clouds (see Tabl@ for details). The dashed lines on the second paviel,
represent the Eddington accretion rates. The bottom panel shows the scal
radii for each simulatiorR* andRB (see equations 5 and 4), in comparison
to the minimum resolution of the simulation,Xmin =  Xzoom, Which is
plotted as a grey dashed line.

by contrast havé{é << X z00m D-I26_medium has an accretion
radius R that is marginally resolved. The brief intervals when
R2 > X s00mproduce suf cient drag on the BH for the oscillations
around the disc plane to decay, allowing the BH to settle into the
disc att = 1007 Myr where it accretes the disc dense core and
converges to the same mass a¥b_big and DI26_huge.

Dynamical friction therefore clearly plays a decisive role in the
early evolution of BH accretion in collapsing clouds. Underresolv-
ing this force by choosing too light a seed mass has a lasting
impact on the BH dynamics and mass accretion history, making

Zooming in on supermassive black holes3495

massive, and too much mass is removed on pre-collapse scales,
smoothing out the internal structure of the cloud and polluting the
early evolution of the BH mass, the very process to be investigated.
Just right, and the BH mass evolution re ects the mass evolution
of the cloud core (see the mass convergence in the top panel of
Fig. 6). For the cloud studied in this section, at a resolution of

X glob = 0.99pc and x oom= 0.01pc, this yields a seed mass
range 5¢< 10°M < Mgeeq< 5% 10°M , which is quite narrow.
ChoosingMgeeqtherefore requires detailed prior knowledge about
the cloud in question at the chosen resolution, and the seed mass
will inevitably vary from cloud to cloud.

4.2 The choice of BH seed mass

As shown in the previous section, the mass accretion on to a BH g
embedded in a cloud collapsing under its own gravity is deter-
mined by the host cloud, not by the seed BH mass, if all relevant
physical processes are included. A sub-grid model for dynamical
friction therefore remains essential in order to reliably recover the
converged mass accretion history for a given cloud. This section
presents simulations with different drag force models in order to
highlight problems with the common approach and also presentsﬁ
a model that reliably returns the converged mass accretion history.§
Parameters for all simulations used in this section can be found in &
Table 2 , where the converged solution for massive seeds is rep-z:
resented by D26_big. All simulations with a sub-grid drag force
only apply the force whileR2 < 0.2X |oc, as work presented in
Beckmann et al.2018 shows that applying an analytic force based
on local quantities when the accretion radius is resolved can un-
physically accelerate the BH.x,. is the size of the BH host cell
at any given point in time.

Dynamical friction can be added as a sub-grid drag force on
the BH, for example using the analytic model by OstrikE999
brie y introduced in Section 2.5. The simulation calledl®6 com-
bines a seed mass bfseeq= 260 M with such a sub-grid model
for dynamical friction. As can be seen in the top panel of Big.
the model based on this linear analytic dynamical friction estimate
is unable to solve the problem: the BH inl@6 does not grow.
Comparing the Mach number for 26 to the ducial D_[26_big
shows that the drag force does not signi cantly in uence the motion
of the BH. Physically, the magnitude of the drag force due to the
wake is strongly dependent on the Mach number (seelfigvith
a pronounced peak in force magnitude nigar= 1, as increasing
the relative velocity of the perturber decreases the opening angle ofo

dny wouy papeojum

01sanb Aq 080£.TS/88YE/E/€8Y/31o1e/SeIuW/Wod dno oW

u

dhe gravitational wake, which reduces the wake mass and decreaseg

its gravitational attraction. As discussed in detail in Appendix A, <
the measure of the relative velocity between the sink particle and §
the gasye becomes very unreliable in highly resolved collapsing ™
clouds. This occurs because we are modelling a spherically sym-
metric gas ow using a Cartesian grid. As uxes at the bottom of the
potential well cancel imperfectly, an apparently signi cant residual
velocity between the BH and the local gas is measured even when
the global relative velocity between BH and host cloud is negligible.
This is one striking example of the phenomenon that local measures
of gas properties can become less reliable with increasing resolu-
tion, a topic discussed in more detail in Appendix A. As sub-grid
models crucially depend on the quality of their input parameters,
this seemingly benign numerical error turns out to have dramatic
consequences.

In the example studied her®l ¢, 7 even at the point when

the choice of seed mass just as crucial as the choice of accretionthe BH is seeded (see_I26 in the third panel of Fig8), as its

or feedback algorithm. Too light, and the BH never grows. Too

relative velocity is measured using cloud particles spread across

MNRAS 483,3488-3509 (2019)
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(left columns) and D26_huge (right columns) at ve consecutive points in time. The BH location is marked by a black cross in each panel.
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Figure 8. Time evolution of BH related quantities for a range of different ¥ Ao - T aco a- 5
seed masses and drag force algorithms (see Tafdedetails), including o| cf e e O| o| e e g
the magnitude of the drag forde?, and the Mach numbe¥] ¢ . All curves [pcl [pcl =
are time averaged over 200 data points for clarity. The second to last panel E
also |nf|udes the mlnlmum‘cell size of the snmulatlor) as a_dashed grey Ilpe, Figure 9. Edge-on and face-on density slices faf26.c (Mseeq= 1M ) N
Xmin = Xzoom, fOr comparison. Parameters for all simulations used in this - . : N
at various epochs, when applying the maximum drag force wRfle< N

section can be found in Tabi 0.2X 1oc- The BH position is marked by the black cross.

several cells, the measure inevitably picks up some of the local

velocity dispersion. The magnitude of dynamical friction falls off each ne time-step of the simulation allows BHs to remain attached

rapidly forM > 5 (see Fig.1), and its impact therefore remains to the host cloud core independently of seed mass. It produces

very low throughout the simulation (see bottom panel), so the BH converged mass evolutions for all seed masses tested, allowing even

fails to settle in the disc. As clearly demonstrated by this example, BHs with very small seed massesI@6_c hasMgeeqg= 1M ) to

any analytic sub-grid model is only as good as its input parameters, settle smoothly into the emerging gas disc (see the density slices

so that unreliable measures of the gas properties it requires canof F_I26_c in Fig.9). Once a BH is suf ciently massive to accrete

completely undermine its usefulness. the cloud core and transition to SLA, all mass evolutions converge.
To circumvent the issue, we propose updating the BH velocity At this point,RZ > 0.2X ,00mand the sub-grid dynamical friction

along with the evolving velocity of the gas in its host cell during algorithm becomes inactive.

cloud collapse, by simply subtracting the relative velocity (which is Inthe most extreme caseZ6_a, WithMggeq= 1052M growth

equivalent to applying the maximum possible drag force). As can be is delayed as the BH seed mass is initially well below the SLA

seen in Fig8 (see simulations i26_a - F126_f), forcingve = 0 at transition mass (equation 13) in spite of the 0.01 pc resolution, and
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so it initially grows via BHL accretion. While in the BHL regime,  one simulation without BH zoom, fR0 (see Table3 for details).

the drag force remains active (see the bottom panel ingfjgand The seed masses for all four simulations were chosen according to

the BH remains attached to the cloud core (see the density slices inthe criterionR? Xz00m Proposed at the end of Section 4.2. All

Fig. 10). Like in the spherical collapse case presented in Section A, four simulations havie, = 20 andne ne = 8. The cooling halo and

gas and BH are gravitationally bound so the delay in accretion has seed formation location are identical to the simulations presented

no in uence over the long-term evolution of the BH mass. However, in Section 4.

this could change in the presence of feedback that could disrupt the Improving resolution in the vicinity of the BH has an immediate

cloud before the BH is suf ciently massive. If the accretion rate had and signi cant impact on its evolution, as can be seen in Eig.

been capped at the Eddington accretion rate (see equation 9), thidVhile it may seem to only mildly affect the BH’s rapid initial mass

period of low accretion before convergence with the larger seeds growth (all four simulations produce a BH in the mass range of

would have been much longer, yet sti ing mass growth and delaying 3-6x 10° M in less than 0.1 Myr, despite starting from orders of

the point in time when the transition madls,  is reached. magnitude different seed masses), the later accretion patterns and
As previously stated, the dif culty stems from the fact that ap- gas properties in the immediate vicinity of the BH differ so notably

plying any analytic drag force model inherently requires a measure that the simulations never converge.

of the relative velocity of the BH, which can be de ned in sev- The similar magnitudes of BH masses after only 0.1 Myr of evo-

eral ways. As shown in Appendix A is the better choice for a  lution, despite seed masses spanning over two orders of magnitude,

ojumog

spherically symmetric collapse, where the relative velocity of the strengthen the conclusion from Section 4.2 that the value of the &
BH with respect to its host celljee, is even more overestimated BH seed mass is inconsequential, as long as it is below the mass &
than with respect to the bulk relative velocity. In non-spherically acquired during the initial mass boost and above the SLA transition &'
symmetric cases, like the ones discussed in this section, where themass for a given resolution. Both conditions are met for all four 3
scale height of the disc is smaller than the radius of the accretion simulations presented in this section. g
region and cloud particles probe both sides of the disc simultane-  Structures on pc scale and larger remain similar in all four simula- 2
ously, the local velocity dispersion will increaggrelative tovegj. tions, as can be seen by looking at the density projections presented§

Settingve = 0 allows the BH to remain suf ciently attached to the  in Fig. 12. This is con rmed by the mass pro les plotted in Fi§j3,
cloud to continue accreting fromits core until its dynamical friction  which show thatv,,; andM converge for all four simulations on
is self-consistently resolved (compare right two columns of FFigs scales above 4 pc, the size of the accretion region bR
9) and an analytic drag force becomes irrelevant. This ‘maximum By contrast, on smaller scales, the BH inl® accretes the
drag force’ prescription is more robust than an imprecise relative entire dense core of the cloud (Fit, middle column), emptying
velocity estimate due to its self-correcting nature for a force linearly an irregularly shaped accretion region whose size is of the same
proportional to relative velocity. The reader is however cautioned order as in-falling clumps. Any cloud that subsequently falls into
that it does not necessarily guarantee that the BH remains perfectlythe centre is disrupted and accreted immediately by the BH, without
attached to the cloud core at all times. In fact, to minimize the need re-forming a dense core. On the other hand, the accretion region
for any drag force prescription, the seed mass should be chosernof BHs in the BH zoom simulations, R3, R 126 and RI28, is
such thaRB = C?—”' X z00m Wherecs ceir is the sound speed of  signi cantly smaller than the physical extent of the core. Instead
the host cell at formation, so that the accretion radius is marginally ©f being accreted, the core collapses into a nuclear gas disc whose
resolved at the end of cloud collapse. Applying a maximum drag rotationally supported structure is captured by the simulation.
force while dynamical friction is unresolved should only be consid-
ered as a way to ensure that the outcome of the simulation will not 5 1 The nuclear disc
sensitively depend on this choice.

In summary, a small BH seed mass, in combination with forcing The density projgctions in Fig.2 show that the physical extent of
Ve = 0 until the dynamical friction of the gas on the BH is resolved, the nuclear disc is the same inl®6 and RI28. With a factor of 4
is a robust way of producing a BH mass evolution that re ects the higher resolution, R28 captures more of the internal structure of
emerging structure of the collapsing cloud from which it forms. The the core, in the form of spiral features, thari® in which the core
resulting accretion history becomes independent of the somewhat@PPears smoother (compareZ and RI28 in the right column of
arbitrary BH seed mass choice if no feedback is included, as ac- Fig. 12). Despite the internal structure, the gas density, temperature,
cretion on to the BH is driven by the self-gravity of the host cloud anddischeightpro lesinFigl4show thatthe Keplerian discis self-
rather than by the gravitational potential of the BH itself. In the ab- Similar, with single power-law pro les extending smoothly up to a
sence of any kind of feedback process to alter the cloud collapse, the"adius of about 1 pc. In-between accretion events, the disc pro les
three competing BH formation mechanisms previously mentioned Vary little over the 5 Myr studied here, far longer than the dynamical
cannot be distinguished from one another: the BH initial mass is fime scale of the disc, which we estimate ar& 0.1 Myr for
quickly washed out by ef cient gas accretion. Bearing this caveatin I = 1PC. The nuclear disc has a maximum radiusréf 1pc,
mind, we investigate in the next section the impact on BH accretion where it self-gravitates and fragments. This can be seen visually in

of better resolving the internal structure of the cloud. the density projections in Fig2, and is con rmed by the value of
the Toomre paramet&) = ¢/ ( G ), which falls below one at

r = 1.1 pc, when calculated using the power-law ts from Fig.

The inner edge of the disc is determined by the extend of the BH
accretion region at 4xmi,. Between the inner and outer edges,
the disc is Keplerian and entirely dominated by the gravitational
If accretion on to the BH is driven by the internal structure of the host potential of the BH (see the top panel of Fitd). The disc is
cloud, then resolving the cloud further may have a decisive impact rotationally supported, as can be seen by the fact that it rotates at
on the BH mass evolution. To investigate this issue, three simula- the Keplerian velocity of the potential, and the ratio of tangential
tions with differentl ,oom, R123, R126, and RI28 are compared to velocity to sound speed, /cs > 20, at all radii.
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Figure 10. Density slices of H26_a at three points in time. The location of the BH is marked by a black cross, and the sjggdy a white circle.
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Table 3. Parameters for simulations in Section 5. All simulations have to be primordial and therefore metal-free throughout, so that for &

lglob = 20 and the three zoom simulations haygom = 8. temperatures below a few 38 (corresponding to the bottom of f%)

the cooling curve for atomic hydrogen), radiative cooling can only =

Disc galaxy simulations proceeds via molecular hydrogen transitions. As discussed in detailg

Name I z00m Xmin (PC)  Mseed(M ) CPUhour8 in Grassi et al.2014, molecular hydrogen cooling is inef cientfor =

R 120 20 0992 5 108 10 gas densities in the range of*#.0:° cm>? due to the low fractionof 5

R.I23 23 0.124 700 62 molecular hydrogen present. Indeed, for a total gas number densitys
R 126 26 0.016 40 404 of n = 10-1F cm°3, this fraction is on the order of £8. Unable

R_128 28 0.004 10 2,122 to cool ef ciently with a radiative cooling rate

aPer Myr of evolution on 36 Intel X5650 (2.67 GHz) cores. “ <
Qrad = Hznmif |32 (erg st CmSZ)’ (14)
p

the temperature pro le of the disc is set by the advective cooling

3 107+ /_f/—/’—/ rate

< —

= T - -

Z 1061 Qagy= Te (ergstcmd?), (15)
= Mp

— RI20 — R.I26 r

R_I23 —— R_I28 which exceed€Q,,q by an order of magnitude within the entire
nuclear disc (see Fid.5). In these equations f@ g andQagy,
n, T, andv, are the surface density, number density, temperature,
and radial velocity prole ts from Fig.14, and = S 0.65 is
a dimensionless parameter following Chen et 4B99. 42 is
the molecular gas cooling function in (erg*sn?®) andfy; is the
molecular fraction.

Note, however, that such a nuclear disc differs from traditional op-
tically thick slim discs in that the gas remains optically thin. Indeed,
primordial gas only becomes optically thick aroung 10'°cm®?,
which is above the maximum density Bf.c = 10° cm®? reached
in our simulations. At densities abome= 10*°cm3, f,y, also dras-
tically increases due to three-body interactions (Grassi 2044),
invalidating the assumption that the gas is mono-atomic and that

AInt 10 uo 1s8nb Aq 080€ 2 TS/887E/E/E8Y/3101IB/SRIUW/WO0 dNO"djWapeD

N
5/3. We therefore conclude that to extend our simulations to scales§
smaller than an inner disc radiusrgf  5x 103 pc, whichis of the
100 101 102 103 104 105 order of 18 Schwarzschild radiiRss) for the BH masses studied
time [Myr] here, one would need to account for such a change of regime. This

caveat notwithstanding, we expect the disc morphology to change
Figure 11. Time evolution of BH and local gas properties at different  signi cantly on scales below T pc. As can be seen in Fig5, the

resolutions (see Tablg for details). The dashed line on the middle panel  expected largefi;, allows Qg to dominate oveQ,q, at such small
represents the Eddington accretion rate. All data are time averaged over 100radii which we speculate will turn the disc from slim to thin.
data points for clarity. '

With a disc heightpro leoH  r%74 the nuclear disc is too thick
to be a classical Shakura—Sunyaev disc (Shakura & Sury@&s3),
and instead resembles the slim discs discussed in Abramowicz et al The difference between accreting the entire core directly or embed-
(1988, Chen et al. 1995, and Sadowski et al2014). Such a large ding the BH at the centre of a resolved core results in a factor of
disc scale height is a consequence of inef cient radiative cooling 5 difference in BH mass after just®Myr of evolution and has a
within the disc. In the simulations presented here, the gas is assumedasting in uence on BH accretion.

5.2 Consequences for BH accretion
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