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ABSTRACT
We use cosmological hydrodynamical simulations to show that a significant fraction of the gas
in high redshift rare massive haloes falls nearly radially to their very centre on extremely short
time-scales. This process results in the formation of very compact bulges with specific angular
momentum a factor of 5–30 smaller than the average angular momentum of the baryons in
the whole halo. Such low angular momentum originates from both segregation and effective
cancellation when the gas flows to the centre of the halo along well-defined cold filamentary
streams. These filaments penetrate deep inside the halo and connect to the bulge from multiple
rapidly changing directions. Structures falling in along the filaments (satellite galaxies) or
formed by gravitational instabilities triggered by the inflow (star clusters) further reduce the
angular momentum of the gas in the bulge. Finally, the fraction of gas radially falling to the
centre appears to increase with the mass of the halo; we argue that this is most likely due to
an enhanced cancellation of angular momentum in rarer haloes which are fed by more isotrop-
ically distributed cold streams. Such an increasingly efficient funnelling of low angular mo-
mentum gas to the centre of very massive haloes at high redshift may account for the rapid
pace at which the most massive supermassive black holes grow to reach observed masses
around 109 M� at an epoch when the Universe is barely 1 Gyr old.

Key words: cosmology: theory – galaxies: evolution – galaxies: formation – galaxies: haloes
– galaxies: kinematics and dynamics – large-scale structure of Universe.

1 IN T RO D U C T I O N

Supermassive black holes (BH) have been established to be ubiq-
uitous at the centre of local galactic bulges and their mass has been
shown to correlate well with the stellar mass and perhaps even
more strongly with the stellar velocity dispersion of these bulges
(Magorrian et al. 1998; Tremaine et al. 2002; Häring & Rix 2004).
As the accretion of gas on to BHs can drive strong feedback from
active galactic nuclei (AGN) through spherical winds or colli-
mated jets, and can potentially self-regulate the growth of the BH
along with the cold baryon content of galaxies (Silk & Rees 1998;
Haehnelt, Natarajan & Rees 1998; King 2003) AGN feedback is a
natural candidate to explain the observed correlations. Indeed, this
picture has been further substantiated by several numerical imple-
mentations of such feedback using either semi-analytical models
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(Bower et al. 2006; Croton et al. 2006; Somerville et al. 2008)
or hydrodynamical simulations (Di Matteo, Springel & Hernquist
2005; Booth & Schaye 2009; Dubois et al. 2012).

The issue is further complicated by the fact that the most su-
permassive BHs (several 109 M�) seem to be already in place at
z ≈ 6–7, i.e. less than a Gyr after the big bang (Willott, McLure
& Jarvis 2003; Fan et al. 2006; Jiang et al. 2009; Mortlock et al.
2011). Growth to such large masses in such a short time-scale
constitutes a significant challenge for any model of BH evolution,
especially those with strong AGN feedback, as it requires sustained
feeding at close to the Eddington accretion rate (Haiman 2004;
Sijacki, Springel & Haehnelt 2009). However, considering that a
substantial fraction of the sky had to be surveyed to discover the
luminous quasi-stellar objects (QSOs) powered by these very mas-
sive high-redshift BHs (10−9 Mpc−3 comoving number density of
high-redshift quasars according to Fan et al. 2006), it appears likely
that the haloes hosting these BHs are the most massive formed at
these early times and thus are very rare objects. Obviously, the main
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caveat of this ‘rareness’ argument is that since these young BHs are
thought to be growing fast because of the presence of large amounts
of gas in their surroundings, a larger number of their quasar counter-
parts could possibly be obscured in optical wavebands (Alexander
et al. 2003; Treister et al. 2011; Willott 2011) and only be visible in
X-rays (e.g. Daddi et al. 2007) and the infrared. This selection effect
could increase the true number of very bright quasars/supermassive
BHs at high redshift considerably.

Nevertheless, even when adopting the view that these objects are
rare, one still needs to propose an effective mechanism to funnel low
angular momentum gas all the way down to the sphere of influence
of the BHs at the very centre of their very massive haloes hosts.
Hydrodynamical simulations suggest that high-redshift quasars are
accreting gas at rates close to their Eddington (or super-Eddington)
limit because large amounts of cold gas are indeed trapped in the
centre of galaxies, and that the fraction of Eddington-limited growth
of BHs diminishes with time as this gas reservoir is depleted (Sijacki
et al. 2007; Di Matteo et al. 2008; Dubois et al. 2012). Di Matteo
et al. (2012) have emphasized that filamentary infall of cold gas
is the major mode of gas supply for the continuous feeding of
BHs similar to what is discussed for the build-up of galaxies at
intermediate redshift (Kereš et al. 2005; Agertz, Teyssier & Moore
2009). Note that this is a very different mode of gas supply from
that due to the often invoked more episodic feeding of BHs due to
large amounts of gas driven to galactic nuclei by (major) mergers
(Mihos & Hernquist 1996; Kauffmann & Haehnelt 2000; Hopkins
et al. 2006; Mayer et al. 2010).

Pichon et al. (2011) and Kimm et al. (2011) have recently used
hydrocosmological Adaptive Mesh Refinement (AMR) simulations
to investigate the angular momentum properties and the infall of gas
in Milky Way class haloes at low and intermediate redshifts with
a view to study the formation and evolution of their central galaxy
discs. With a similar technique Bournaud et al. (2011) have per-
formed simulations of isolated galaxy discs with parsec resolution
to show that Toomre instabilities drive strong inflows of gas to the
centre of these discs.

We build here on this work by investigating the more massive and
rarer haloes expected to host the most massive supermassive BHs
at high redshift. We therefore concentrate our exploratory study on
the gas with the lowest angular momentum falling to the centre of
these rare, massive haloes.

Whilst Di Matteo et al. (2012) have recently investigated
this problem using a simulation with a large enough volume
(533 h−1 Mpc) to capture haloes sufficiently massive to plausibly
host these ∼109 M� BHs, we take a different approach here and
focus our study on two individual very massive haloes at high red-
shift which we follow using a high-resolution cosmological hydro-
dynamics re-simulation technique. The main aim here is to better
resolve the dynamics and angular momentum history of the inflow-
ing cold gas as it falls to the centre of haloes, forms a galactic bulge
and potentially feeds the growth of the central supermassive BH.

The paper is organized as follows. Section 2 describes the nu-
merical setup of our simulations. Section 3 investigates the angular
momentum evolution and the typical trajectories of the baryonic
material forming the bulge. Section 4 discusses the implications for
BH build up at high redshift while Section 5 gives our conclusions.

2 TH E N U M E R I C A L S I M U L AT I O N S

We have performed two simulations with two different constrained
initial conditions, generated using the CONSTRFIELD package of
MPGRAFIC (Prunet et al. 2008). The CONSTRFIELD package gener-

ates realizations of the initial density field, subject to constraints
(Bardeen et al. 1986; Hoffman & Ribak 1991) on the linear prop-
erties of an arbitrary set of spherical patches. A patch is defined
by its position, size (or mass) and the window function. Any of the
following patch properties, averaged over the window, can be spec-
ified as the constraints: the overdensity, the velocity, the velocity
shear, the gradient of the density (set to zero if a patch represents
the peak-patch progenitor of the collapsing halo) and the matrix of
the second derivatives of the density that defines the initial ellip-
ticity of the density profile in a patch. The MPGRAFIC realization of
CONSTRFIELD follows closely the code developed for Cosmic Web
studies in Bond, Kofman & Pogosyan (1996).

The first simulation was chosen to produce a halo with a Virial
mass of Mvir = 2 × 1015 M� at z = 0 (which has a mass of
Mvir = 5 × 1011 M� at z = 6) and the second a halo with a mass
of Mvir = 2.5 × 1012 M� at z = 6. In the following, we will
refer to the two simulation as SH and LH, respectively. For our
chosen cosmological parameters (see below) the entire Universe
should contain about ∼2 × 104 haloes as massive as the one in
the SH simulation while we should find only one halo as massive
as the one in the LH simulation (but note that this depends very
sensitively on the assumed matter power spectrum normalization).
Our simulations should therefore represent a rare and a very rare
massive halo, respectively, and we refer to Table 1 for the basic
properties of the two haloes. Note that while the halo in the SH
simulation has a fairly typical spin parameter of λ = 0.05 at z = 6
the halo in LH has a value twice higher, due to an ongoing merger.
Such factor of two fluctuations of the spin parameter are not unusual
during the build up of haloes. To set up initial conditions, only the
overdensity and peak (zero gradient) constraints were used with
a top-hat window filtering that corresponds to the chosen masses.
Overdensity values were selected to ensure that the halo collapses
by the required redshift.

We assume a flat �cold dark matter cosmology with total mat-
ter density �m = 0.27, baryon density �b = 0.045, dark energy
density �� = 0.73, amplitude of the matter power spectrum σ 8 =
0.8 and Hubble constant H0 = 70 km s−1 Mpc−1 consistent with

Table 1. Main properties of the SH, SHhr and LH simulations at z = 6.
Stellar bulge versus disc masses are obtained with a bulge–disc decom-
position of the stellar mass profiles. Gas and DM masses in the bulge and
in the galaxy are measured at the radius where the stellar mass effectively
reaches the mass inferred from the bulge/disc decomposition.

SH SHhr LH

Mvir(M�) 5 × 1011 5 × 1011 2.5 × 1012

rvir(kpc) 36 36 60
Vvir(km s−1) 245 245 425

�x(pc) 135 17 135
Mres(M�) 1.3 × 106 1.3 × 106 1 × 107

M
bulge
star (M�) 2.2 × 1010 1.9 × 1010 3.6 × 1010

Mdisc
star (M�) 1.5 × 1010 2.9 × 1010 2.0 × 1010

M
disc+bulge
star (M�) 3.9 × 1010 5.6 × 1010 5.8 × 1010

M
bulge
gas (M�) 1.2 × 1010 1.0 × 109 2.2 × 1010

Mdisc
gas (M�) 2.8 × 1010 1.5 × 1010 2.9 × 1010

M
disc+bulge
gas (M�) 4.0 × 1010 1.6 × 1010 5.1 × 1010

M
bulge
DM (M�) 5.9 × 109 1.1 × 109 1.2 × 1010

Mdisc
DM (M�) 5.5 × 1010 2.9 × 1010 1.1 × 1011

M
disc+bulge
DM (M�) 6.1 × 1010 3.0 × 1010 1.2 × 1011

λDM(spin) 0.048 ± 0.002 0.051 ± 0.002 0.107 ± 0.012
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the Wilkinson Microwave Anisotropy Probe (WMAP) 7-year data
(Komatsu 2011). The box size of our simulations is Lbox =
100 h−1 Mpc for both simulations. We generate high-resolution ini-
tial conditions within a small Lagrangian region enclosing all dark
matter (DM) particles that end up within 2 rvir of the halo at z =
6. The DM particles have a mass of Mres = 9 × 105 h−1 M� and
7 × 106 h−1 M� in the SH and LH simulation, respectively. That
corresponds to an equivalent 40963 Cartesian grid for the SH (and
SHhr) simulation, and a 20483 grid for the LH simulation.

These simulations were run with the AMR code RAMSES (Teyssier
2002). The evolution of the gas was followed using a second-order
unsplit Godunov scheme for the Euler equations. The HLLC Rie-
mann solver with a first-order MinMod Total Variation Diminishing
scheme to reconstruct the interpolated variables from their cell-
centred values was used to compute fluxes at cell interfaces. Col-
lisionless particles (DM and star particles) were evolved using a
particle-mesh solver with a Cloud-In-Cell (CIC) interpolation.

The initial mesh is refined with up to nine levels of refinement.
The maximum spatial resolution is chosen to be constant at a value
�x = 95 h−1 pc in physical coordinates. We also performed a higher
resolution simulation with 12 levels of refinement, corresponding
to �x = 12 h−1 pc for the lower mass halo (SHhr). Grid cells are
refined following a quasi-Lagrangian criterion if more than eight
DM particles lie in a cell, or if the baryon mass exceeds eight times
the initial DM mass resolution.

Gas cooling is implemented assuming a fixed metallicity of
10−3 Z� with a solar composition for the gas (Sutherland & Dopita
1993). Heating from the UV background follows Haardt & Madau
(1996) with reionization occurring at zreion = 8.5. The cooling mod-
ule takes into account metal line cooling, allowing gas temperatures
to reach a 100 K temperature floor.

Star formation is assumed to occur in regions where the gas
density reaches nH > n0 = 1 H cm−3 for the SH and LH runs
(n0 = 50 H cm−3 for the SHhr run) and a random Poisson process
is used to spawn star cluster particles (see Rasera & Teyssier 2006
and Dubois & Teyssier 2008 for more details). The star formation
rate is assumed to scale according to the Schmidt–Kennicutt law
ρ̇∗ = ε∗ρ/tff , where ρ̇∗ is the star formation rate density, ε∗ the star
formation efficiency and tff the local free-fall time of the gas. We set
the efficiency of star formation to be ε∗ = 0.01 in good agreement
with observed star formation surface densities in galaxies (Kennicutt
1998), and observations of local giant molecular clouds (Krumholz
& Tan 2007). Star cluster particles are given a mass of m∗ = ρ0�x3,
with ρ0 = n0mp/XH, where mp is the proton mass and XH = 0.76
is the hydrogen fraction. The stellar mass resolution reaches 5.5 ×
104 h−1 M� for the low-resolution simulations (SH and LH) and
5.5 × 103 h−1 M� for the high-resolution simulation (SHhr). We
do not account for the effect of feedback due to supernovae (SNe)
or AGN as we want to focus here on the infall of material from the
cosmic web. We leave the effect of feedback for further work.

The top panels of Fig. 1 show the setting of the gas around the
two haloes at z = 6. Most of the gas flows in cold along pronounced
filamentary streams, and an accretion shock develops at the virial
radius, increasing the amount of hot gas being accreted with time
(Birnboim & Dekel 2003; Kereš et al. 2005; Ocvirk, Pichon &
Teyssier 2008; Brooks et al. 2009; Dekel et al. 2009b). The more
massive halo in the LH simulation has a larger shock-heated region
than the lower mass halo in the SH simulation, but nevertheless
shows a cold filamentary accretion component penetrating the virial
sphere as expected for this mass and redshift. Note that the stability
of the shock is determined by the shape of the cooling curve and,
thus, by the level of enrichment of the intergalactic medium (IGM)

(Birnboim & Dekel 2003). Here, as we do not include any SN
feedback, the value of the metal enrichment of the IGM is somewhat
lower than what is expected, and the shock is more stable. However,
SNe inject thermal energy to the surrounding gas and it is not clear
how this would modify the stability of the shock. The bottom panels
of Fig. 1 are zooms of the high-resolution simulation SHhr which
show a gravitationally central clumpy disc of gas (bottom left), and
stars (bottom right). Note, however, that as we will discuss later
a significant fraction of the gas streams directly into the compact
bulge at the centre without ever settling into a disc.

The black curves in Fig. 2 show the contribution of gas, stars
and DM to the circular velocity curves vcirc = √

GM/r of the two
haloes while the red curves show the measured rotational veloci-
ties, and the blue curves show the radial velocity dispersion. In both
haloes the baryons flowing to the centre become self-gravitating at a
radius of about 3 kpc. The compact density distribution of the stars
thereby leads to a significant inwards rise of the circular velocity,
with the rotational velocity (red dot–dashed lines) of the gas closely
matching the circular velocity of the total mass distribution in the
core of the halo r < 0.1 rvir. The higher resolution SHhr simula-
tion nicely resolves the peak of the rotation curve which reaches
900 km s−1 at a radius of 70 pc, that corresponds to a very compact
bulge. Note that the upwards jump in the circular velocity curve for
the LH simulation is due to the presence of a satellite galaxy at a
distance of 15 kpc from the centre of the main galaxy.

We apply a bulge/disc decomposition by fitting two exponentially
decreasing profiles on the stellar surface density (see appendix A of
Dubois et al. 2012). This decomposition provides us with a stellar
bulge (disc) mass M

bulge
star (respectively Mdisc

star ). To infer the mass of
gas (DM) into the bulge Mbulge

gas (respectively M
bulge
DM ), we measure

the radius that encloses M
bulge
star and compute the gas (respectively

DM) mass content within this radius. We apply the same proce-
dure for the total (disc+bulge) mass of gas (DM), and get the disc
component by differentiating Mdisc+bulge

gas with Mbulge
gas (respectively

M
disc+bulge
DM with M

bulge
DM ). The central bulge contains 14, 24 and 41 per

cent of the total baryonic mass for the LH, SHhr and SH simulation,
respectively (see Table 1). The gas fraction within it is 30 per cent
for the two lower resolution and 5 per cent for the higher resolution
simulations. The decrease of the gas fraction with increasing res-
olution is expected due to denser clumps with lower free-fall time
that form stars faster. Note that the stellar bulge rotates significantly
faster than the DM but the rotational velocities are typically still
a factor of 2–4 lower than the circular velocity. The stellar bulge,
while somewhat flattened is thus far from rotational support, and is
supported by the radial velocity dispersion σ ∗. At 0.1 < r < 2 kpc
the compact central bulge is surrounded by a massive gravitation-
ally unstable and rotationally supported gas disc. The stellar disc of
the SHhr galaxy at z = 6 is supported by its rotation and its veloc-
ity dispersion, which explains its large disc scale height (∼0.5 kpc)
compared to the gas disc component (∼0.1 kpc), and its old average
formation time (243 Myr) compared to its dynamical time (3 Myr).
The DM is essentially non-rotating and gets its support against grav-
itational collapse from the radial velocity dispersion σ DM of DM
particles.

Let us close this section with a brief discussion on how we will
investigate the geometry of the cold gas inflow into the haloes down
to z = 6. We make use of massless tracer particles (e.g. Mitchell
et al. 2009) to circumvent the difficulties that grid-based methods
pose for following the Lagrangian path of the gas through the cos-
mic web into collapsed structures. In contrast to standard particles
(DM or stellar particles), tracer particles are advected by using the
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Figure 1. Top panels: polychromatic view of the two haloes in the SH and the LH simulation at z = 6. Gas density is colour coded in green, gas temperature
in red and tracer particles in blue. The circles in the two top panels correspond to the virial radius rvir. The bottom-left panel displays the inner region of the
top-left panel simulated with higher resolution (SHhr), showing the transient disc and its connected filaments as discussed in the text. The circle corresponds
to 0.1 rvir (see Table 1 for numerical values). The bottom-right panel displays the stellar emission in the inner region of the bottom-left panel as it would be
observed in ugr filter bands. Note the compact bulge (the saturated spherical region at the centre) and the significant number of satellites flowing in along the
cold streams on their way to merge with the central galaxy. Finally, we point out that even though in projection the hot gas phase seems to dominate, this halo
is still mainly accreting cold gas.

updated velocity of the gas cells with the Riemann solver. Each
tracer particle has its own velocity computed from a CIC interpola-
tion. Tracer particles are uniformly distributed on the initial mesh
of the simulation. We checked that the tracer particle’s rotational
velocity profile closely matches its gas counterpart (see Appendix
A). Fig. 3 displays the particles of the SH simulation which are
identified to belong to the bulge of the central galaxy at z = 6 as
they are distributed at z = 9. The filamentary origin of the bulge
particles is very clear, confirming that a large fraction of the gas
does indeed stream to the centre of the haloes along the prominent
filaments making up the cosmic web.

3 MA S S AC C R E T I O N A N D A N G U L A R
M O M E N T U M T R A N S P O RT I N T H E H A L O

3.1 Tracking the evolution of angular momentum

We are mainly interested here in the gas settling in the central region
of the massive haloes. This gas thus necessarily has low angular
momentum. We therefore first compare the angular momentum of
the gas falling to the inner bulge region of the galaxy (as defined by
the scale length of the exponential fits performed for the bulge/disc
composition: 200 pc for the SH and LH runs, and 40 pc for the
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Figure 2. Circular velocities (black lines and inset), radial velocity dispersion (blue lines) and rotational velocities (red lines) of the DM (dotted lines), the
stars (dashed lines), the gas (dot–dashed lines) for the SHhr simulation (left-hand panel) and the LH simulation (right-hand panel) at z = 6. The blue line
corresponds to the SH run. The bulge radius for the SHhr simulation is shown as a vertical arrow. At this redshift, these galaxies have the rotation curve of very
compact ellipticals.

Figure 3. Distribution of tracer particles at z = 9 identified as belonging to the bulge of the SH halo at z = 6. From top to bottom and left to right, the observer
is spiralling in towards the centre of the web in the anti-clockwise direction around a vertical axis. The colour coding represents the local log density of tracer
particles (from blue: low density to yellow: high density). The size of the box is approximately 100 kpc across on the top-left panel. The web-like filamentary
structure of the gas distribution which ends up in the bulge is rather complex, though one filament embedded in a main wall dominates (best seen edge-on on
the top-left and bottom-right panels). Note the disc-like features (marked by vertical arrows) which have formed perpendicular to the filaments. The forming
bulge is marked by a horizontal arrow. We provide an animation which allows us to better see this at http://www.iap.fr/users/pichon/BH/.

SHhr run; see Fig. 1) to that of the gas settling into the central disc
surrounding the bulge.

In order to do this, we use the tracer particles to follow back in
time the angular momentum of gas that ends up at a given redshift
in either the central bulge or central disc, and we calculate its
specific angular momentum relative to the centre of mass, r , of
the same (large) ensemble of tracer particles (∼2.3 × 105 tracer
particles located in the bulge of the SH galaxy at z = 6). The
green, red and black solid curves in Fig. 4 show the specific angular

momentum evolution of gas identified in the bulge at z = 9, 7 and
6, respectively. Note that we have truncated the curves when the
gas has reached the resolution limit of the simulation. The dashed
curve is the evolution of the angular momentum of the gas that has
settled into the surrounding disc with 0.2 < r < 2 kpc at z = 6.
We also show the specific angular momentum of the DM as well as
the specific angular momentum of the tracer particles within rvir at
z = 6 in the two massive haloes. In each case we have calculated
the angular momentum as j ≡ |∑i(r i − r) × (vi − v)|. The mean
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Figure 4. Left-hand panel: evolution of the specific angular momentum of the gas traced by the tracer particles identified to be part of the disc at 0.2 < r <

2 kpc in the SH simulation (dashed line), for tracer particles identified to be part of the bulge at r ≤ 0.2 kpc (solid lines) (or at r ≤ 0.04 kpc for the SHhr
simulation, black dotted curve), and for tracer particles within rrvir (grey dotted line) or DM particles (green dotted line) within rrvir at z = 6. The bulge tracer
particles are identified as falling into the bulge at z = 6 (black solid curve for the SH simulation, black dotted curve for the SHhr simulation), z = 7 (red curve)
and z = 9 (green curve). The specific angular momentum is computed relative to the centre of mass of the ensemble of tracer particles (bulge, disc or halo)
at a given time. Right-hand panel: same as the left-hand panel for the LH simulation. The prominent drop in angular momentum is due to the cancellation of
angular momentum of material streaming into the bulge from different directions. The larger drop in the SHhr simulation is due to the more efficient migration
of clumps in the higher resolution simulation.

angular momentum of the DM and the gas in the halo grow in
reasonable agreement with tidal torque theory but, as discussed in
detail by Kimm et al. (2011) and Pichon et al. (2011) in simulations
with gas cooling, the angular momentum of the gas in the outer
parts of the halo (0.1 rvir < r < rvir) is higher than that of the DM
by a factor of 2–4, decreasing with increasing mass or redshift and
thus rareness of the halo. In our simulation we find a factor of 2
difference similar to the more massive haloes of Kimm et al. (2011)
and Pichon et al. (2011). As shown by the dotted lines in Fig. 4, the
average specific angular momentum of the baryons (gas + stars)
and DM within r < rvir in the two haloes is comparable.

The specific angular momentum of tracer particles ending up in
the disc of the central galaxy also appears to grow at late times. The
specific angular momentum oscillates and globally decreases rather
than increases due to gravitational perturbations (clump migration,
mergers, etc.) which lead to inwards mass and outwards angular
momentum transfer in part to the outer parts of the disc presumably,
but most likely to the stellar and diffuse gaseous component of
the halo. However, we are mainly interested here in the gas with
the lowest angular momentum which forms the bulge. Initially, the
specific angular momentum of the gas ending up in this central
bulge is lower than that settling into the disc, up to a factor of 2
in the case of the more massive halo. At later times, when most of
the mass actually assembles into the bulge, its evolution decouples
from that of the central disc and its gas loses another factor of 5–10
in angular momentum.

In the following, we use tracer particles to investigate in detail
the trajectories of the flow of gas towards the bulge and discuss
how it achieves sufficient angular momentum loss to settle into as
compact a bulge as observed in our simulations.

3.2 Building up bulge from baryons in the cosmic web

Let us now take a closer look at Fig. 3 and interpret it taking ad-
vantage of the fact that we can follow the trajectories of the gas
flow using tracer particles. The ensemble of these particles ending
up at the centre of the galaxy is initially distributed in a sheet-

like structure within which is embedded a dominant filament. The
tracer particles flow from this sheet into filaments where they form
‘protogalaxies’. The gas in the sheet typically has a non-zero im-
pact parameter relative to the filament axis and protogalaxies thus
acquire spin parallel to the filament in which they form (see also
Codis et al. 2012). The gas then streams along these filaments into
the dominant halo forming at the centre of the zoom region. These
cold filamentary streams directly feed the central disc and bulge dis-
cussed in the last section. The protogalaxies falling in along these
streams lead to minor mergers and are dragged in by dynamical
friction and torquing. The (orbital and spin) angular momentum of
the inflowing gas and that of the merging protogalaxies originat-
ing from different directions thereby add up incoherently (vector
cancellation). Part of the inflowing matter directly feeds the com-
pact bulge and another part settles temporarily into the surrounding
disc. This is nicely demonstrated in the left-hand panel of Fig. 5
which shows the distance to the galaxy centre of 15 randomly cho-
sen tracer particles ending up in the bulge at z = 6 as a function
of time. The particles enter the halo and once they pass the virial
radius, they quickly fall to the centre. A sizable fraction of them
hangs around 0.1 rvir for a while and settles into this gravitationally
unstable central disc, but more than half fall straight into the central
bulge. We also see that the gas that settles into the bulge later in
time comes from regions on the outskirts of the initial patch. The
right-hand panel of Fig. 5 also shows that outside the virial radius
of the halo, the particles that originated from further away generally
tend to have a larger angular moment. The evolution of the angular
momentum of the tracers has a significant stochastic component,
but once they cross rvir, these tracers of the bulge gas are seen to
lose the angular momentum while sinking in.

Fig. 6 shows the angular distribution of the mass influx at the virial
radius on the left-hand side and deep within the halo at a tenth of the
virial radius on the right-hand side in the form of Mollweide maps
(constructed using HEALPIX; Górski et al. 2005) at three redshifts
z = (6.4, 6.2, 6.0). The maps also show the tangential velocity
field in the form of arrows (the longer the arrow, the larger the
tangential velocity). At the virial radius, the angular pattern is very
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Figure 5. Left-hand panel: distance from the galaxy centre of 15 tracer particles randomly selected from the bulge tracer particles identified at z = 6 in the
SHhr halo. Solid curves are for particles tracing matter directly accreted from the CGM into the bulge, whereas dotted curves trace matter accreted through
the central disc. Solid black curves show rvir and 0.1 rvir. Note that the tracer particles always rapidly sink as they enter rvir, but sometimes linger in the CGM
around 0.1 rvir. Right-hand panel: specific angular momentum of the same tracer particles as in the left-hand panel relative to the centre of the bulge as a
function of the distance to the centre of the galaxy.

stable reflecting the inflow from the sheets and filaments constituting
the large-scale cosmic web. The tangential velocity field shows the
expected drift of matter from voids into sheets/walls (the 2D bridges,
e.g. north-west to south-east in left-hand panels) and filaments (the
2D peaks on these maps; Pichon et al. 2011; Danovich et al. 2012).
In contrast, the flow at 0.1 rvir is much more stochastic in both time
and direction, and is a signature of a rapid redistribution/segregation
of angular momentum within the collapsed halo (Kimm et al. 2011).

As a next step, let us now take a look at the geometry of the
trajectories of the tracer particles as they stream together with the
gas from the cosmic web into the bulge. In Fig. 7 we show a selection
of such trajectories starting at z = 9 for the SHhr simulation on three
different scales as indicated on the plot. In the three panels a small
subset of tracer particles are chosen randomly and are followed for
a fraction of the remaining simulation time. Time increases from
left- to right-hand panel. On large scales (at early times), we note
that the flow is indeed dominated by the winding of gas streaming
from the main wall visible in Fig. 3 around the main filament.
The tracer particles start perpendicular to the filament within the
walls. As they reach the filament, they take a (sharp) turn losing
their transverse motion and flow along the filament (left-hand panel
of Fig. 7). This complex structure converges into a quite narrow
and elongated ‘plait’ on either side of the forming disc. The disc
will advect further infalling gas at its periphery preferentially along
its spin axis (middle panel of Fig. 7). The gas falling towards the
disc from the Circumgalactic Medium (CGM) also shocks as it
approaches the disc and takes (another) sharp turn aligning itself
with the (transient) spinning disc. This flow drags along satellites
(collapsed structures/protogalactic clumps that formed outside the
halo in the cosmic web) and cold filamentary non-star-forming gas
(right-hand panel of Fig. 7).

3.3 The radial evolution of fluxes

Let us define different phases for the gas: the star-forming gas with
ρ ≥ ρ0, the hot diffuse gas phase with temperature T ≥ 105 K and
ρ < ρ0, the cold filamentary phase with T < 105 K and 100 ρ̄b ≤
ρ < ρ0 (ρ̄b is the average baryon density of the Universe), and
the cold diffuse phase with T < 105 K and ρ < 100 ρ̄b. A careful

inspection of the mass flux at 0.1 rvir and rvir shows that the infall in
the SHhr halo is largely dominated by the cold filamentary (non-star-
forming) gas with high accretion rate Ṁacc = 100–200 M� (left-
and right-hand panels of Fig. 8), high enough to bring sufficient
amounts of gas that drives a recurrent Toomre unstable disc (bottom-
left panel of Fig. 1) with typical Toomre parameter of the order
of Q ∼ 1 in the central galaxy of the SHhr simulation (see also
Dekel, Sari & Ceverino 2009a; Ceverino, Dekel & Bournaud 2010).
Multiple clumps are observed in the disc and very few are accreted
through mergers (ex situ). When measured at rvir for the SHhr
halo at z = 6, 10 per cent of the total accreted mass of gas is in
the form of compact star-forming clumps, 55 per cent is accreted
through cold streams and the rest 35 per cent is a diffuse accretion.
This proves that clumps form within the galaxy (in situ) via strong
disc instabilities (see also Fig. 9). This process occurs generically,
but for rare peaks, the larger number of connected filaments and
the importance of minor merger accelerate the radial migration.
This rapid inflow of fresh gas is the result of comparable levels
of accretion at rvir, which suggests that the gas falls quickly into
the centre of the halo from large distance in a time comparable to
the halo free-fall time. The clumps that are formed in situ migrate
rapidly inwards while releasing their residual angular momentum
to the stellar component surrounding the bulge (Immeli et al. 2004;
Elmegreen, Bournaud & Elmegreen 2008; Bournaud et al. 2011).

3.4 Inflow through the disc versus direct CGM infall

We now investigate how much gas flows directly from the CGM
into the bulge and how much gas passes through the central disc
surrounding the bulge first. We define disc1 tracer particles that
have passed through the disc surrounding the bulge before settling
into the bulge as those that have stayed at a distance rb < r <

0.1 rvir (where the scale length of the bulge rb = 200 pc for the
SH and LH runs, and rb = 40 pc for the SHhr run) for a time tacc

larger than the time required to complete a full rotation at 0.1rvir,
tcirc(0.1 rvir) = 2π(0.1 rvir)/vcirc(0.1 rvir), with vcirc(0.1 rvir) being

1 Note that this definition differs from that given in Fig. 4.
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Figure 6. Left-hand panels: angular distribution of the mass flux of gas passing through the virial radius rvir together with the tangential velocity field at z =
6.4, 6.2 and 6 (from top to bottom). Note the consistency of the characteristic patterns of sheets feeding the halo, with the largest inflow rates located at the
position of the filaments, i.e. at the intersections of the sheets. Note also the coherent tangential velocity field on large angular scales with matter flowing away
from the voids into the walls and along the filaments. Right-hand panels: same at 0.1 rvir. The angular distribution at the smaller radius changes rapidly with
time, reflecting the complex non-linear dynamics within the core of the halo. These maps are constructed from the high-resolution SHhr simulation.

computed from the mass of gas, stars and DM at 0.1rvir. Looking
again at the selection of tracer particles shown in Fig. 5, most of the
bulge tracer particles accreted from the CGM fall very rapidly into
the bulge, with a few that appear to have their trajectories perturbed
during their infall but before reaching the disc (0.1 rvir). Some other
tracer particles hang around in the disc for some time after reaching
0.1 rvir at an almost constant distance from the centre before being
accreted into the bulge. These latter particles are the ones which
migrate from the disc to the bulge.

This is further quantified in Fig. 10 which shows number counts
of tracer particles identified as belonging to the bulge at z = 6.
The figure shows how much time tacc (as a function of tcirc) the
tracer particles spend at radii rb < r < 0.1 rvir as a function of the
time before they reach rb. The time to complete one rotation at
0.1 rvir, tcirc, increases with time, thus, the increase seen in Fig. 10
corresponds to a net increase of accretion time for baryons before

being accreted into the bulge. Tracer particles that are accreted
earlier fall rapidly into the bulge, while particles accreted later
spend more time within the disc. Indeed, the particles accreted later
have typically a larger angular momentum modulus (Pichon et al.
2011), hence are expected to settle into the disc before they reach
the bulge. This pattern is the same for all three simulations: for any
given patch of material, late-time infalling material does so with
increasing angular momentum.

We now measure the evolution of the average relative accretion
time with redshift tacc/tcirc = τ (1 + z)α for our three different simu-
lations. We find τ = 3.4, 3.1, 1.4 and α = −3.6, −3.4 and −1.6 for
the SH, SHhr and LH haloes, respectively. In the most massive LH
halo, we clearly have shorter relative accretion time compared to the
lower mass SH halo (middle panel of Fig. 10), suggesting that the
bulge in this most massive structure acquires more gas by direct in-
fall from the CGM. For the smaller mass halo, in the high-resolution
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Figure 7. The trajectories of bulge tracer particles in the outer region (left-hand panel) on intermediate scales (middle panel) and in the inner region of the
halo (right-hand panel). On superhalo scales, the gas flows out of the voids into the walls/sheets (red arrows) and winds around the filaments (green arrows, see
also Fig. 6). The gas and protogalactic clumps flow along the filaments and merge with the most massive clump which will later become the compact central
bulge (middle panel). A large fraction of the gas is funnelled directly to the compact bulge at the centre, while the rest settles briefly into the surrounding disc.
The disc gets continuously disturbed by merging clumps and is thus unstable and transient. As a result, the gas in the disc rapidly loses angular momentum and
contributes to the growth of the gas-rich bulge (right-hand panel; the horizontal bar corresponds to the Virial radius of SHhr at z = 6).

Figure 8. Left-hand panel: inwards flux measured at rvir for the SHhr simulation for the star-forming gas (dotted line), the cold filamentary gas (dashed line),
the cold diffuse gas (green line), the hot shock-heated gas (red line), and the total (solid line). Middle panel: same as the left-hand panel measured at 0.1 rvir.
The gas is essentially accreted through cold infall (diffuse and filamentary) at rvir, and through cold filaments at 0.1 rvir, with very few star-forming clumps
contributing to the overall mass infall. Right-hand panel: net inwards flux [−F = −(Fin + Fout)] measured at twice the bulge radius 2rb = 80 pc. The gas
entering the bulge of the galaxy is composed of star-forming clumps with a bursty accretion of gas. The vertical arrow marks the burst corresponding to the
accretion event seen in Fig. 9. The massive burst of accretion at z = 6.1 corresponds to the capture of a satellite galaxy.

Figure 9. Time sequence (from left to right) of the gas density evolution in the central SHhr galaxy illustrating the migration of a dense clump of gas (indicated
by the black arrow) into the central bulge. This radial migration of in situ clumps is consistent with the inflow burst of Fig. 8 (right-hand panel, vertical arrow).

simulation SHhr, the particles have slightly shorter accretion times
than the low-resolution simulation SH. The SHhr simulation is able
to follow the formation of smaller clumps which have shorter accre-
tion times than matter falling in diffusely. This is in agreement with
clumps in the galaxy having shorter migration times towards the
bulge than gas being accreted by secular disc instabilities such as
bars, or spiral arms (Bournaud, Combes & Semelin 2005; Bournaud
et al. 2011).

If we similarly consider the time it takes for these particles to
travel from the virial radius, rvir, to the disc, 0.1 rvir, it becomes ap-

parent that these same particles on average never complete one
full rotation corresponding to tcirc(rvir) (τ = 0.6, 0.3, 0.8 and
α = −1.5, −1.1 and −1.6 for the SH, SHhr and LH haloes; see
right-hand panel of Fig. 10). In fact, it takes them a time compara-
ble to the halo free-fall time (tff = tcirc/

√
32) to reach the galaxy.

For these massive haloes at high redshift, the gas that makes up
the compact bulges is brought in from the IGM almost directly.
This is in good agreement with our previous finding that the ac-
cretion rate at 0.1 rvir is comparable to the accretion rate at rvir

(see Fig. 8).
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Figure 10. Left-hand panel: the number of tracer particles identified in the bulge at z = 6 in the SH simulation as a function of the time (normalized to
tcirc(0.1rvir) spent at radii r < 0.1 rvir) for different accretion redshifts as colour coded on the plot. The vertical ticks correspond to the average accretion time
for tracer particles entering the bulge at the corresponding redshift. Middle panel: average normalized accretion time of bulge tracer particles at z = 6 to travel
from 0.1 rvir to rb. The number of completed orbits spent in the disc is still rather small (less than 2). As expected, the later the infall, the larger the number of
completed orbits. Right-hand panel: same as middle panel but to travel from rvir to 0.1 rvir for the three different simulations, LH (blue diamonds), SH (red
stars) and SHhr (black plus). Particles travel in the halo very quickly in less than a fourth of a rotation (i.e. in a free-fall time).

Figure 11. Left-hand panel: cumulative mass of gas (tracer particles) accreted into the bulge as a function of cosmic time, for gas directly accreted from the
CGM (dashed curves) and gas accreted through a disc instability (dotted curves). Blue curves correspond to the SH, red curves to the LH and black curves to
the SHhr simulations. Right-hand panel: fraction of tracer particles accreted directly from the CGM (dashed curves) or through the disc (solid curves). The
colour coding is the same as for the left-hand panel. At high redshift infall is predominantly directly from the CGM, while by redshift z = 6, about half of the
particles spend more than one tcirc(0.1rvir) in the disc.

We can now define gas as flowing directly into the bulge from the
CGM as gas for which the time to reach the bulge from 0.1 rvir is
smaller than the time to make a full revolution at 0.1 rvir i.e. tacc <

tcirc. Correspondingly for gas flowing into the bulge through the
disc driven inwards by disc instabilities, tacc ≥ tcirc. Fig. 11 shows
that the fraction of baryons accreted directly from the CGM into
the bulge defined in this way is dominant early on and decreases to
about half by z = 6. Disc instabilities are increasingly important for
the feeding of the bulge component of the galaxy at late times. This
is in good qualitative agreement with the prediction of Pichon et al.
(2011): early infalling gas has very low angular momentum, and can
directly supply the fuel for the growth of the massive compact bulge;
gas accreted at late times coming from larger distance in the IGM
and with higher angular momentum contributes to the formation of
a compact and gravitationally unstable disc. This is consistent with
the disc size evolution with time (increased angular momentum) that
grows from 100 pc at z = 9 to 350 pc at z = 6 in the SHhr simulation.
The total baryonic mass accreted into the bulge, as indicated by the
amount of tracer particles accumulated into this compact region,
is larger than the total mass of gas plus stars measured at z = 6
into the bulge by a factor of 1.5–3 (Table 1). As the tracer particles

do not account for the amount of gas mass lost to star formation
and that stars can be expelled from the compact bulge by mergers,
tidal stripping, etc., we systematically overestimate the amount of
baryons ending up in the bulge with this method.

Still, there clearly is a sufficient amount of gas in the bulge at all
times to potentially feed a very massive BH with mass ∼109 M�
(see numbers in Table 1). The BH mass-to-bulge mass ratio � =
MBH/Mbulge evolves with redshift as seen in observations (Decarli
et al. 2010; Merloni 2010) and predicted by cosmological simula-
tions (Di Matteo et al. 2008; Booth & Schaye 2011; Dubois et al.
2012). With the extrapolation of the observational fit from Decarli
et al. (2010) (obtained between 0 < z < 3) up to z = 6 (� = 0.096),
we expect the BH mass to be MBH ∼ 2 × 109 M�. The amount of
gas in the bulge of the SHhr galaxy at z = 6 could seem insufficient
to feed a BH as massive as 2 × 109 M�. However, the accretion
and consumption of gas on to the BH are in competition with the
consumption of gas through the star formation process, and a non-
negligible amount of gas that is turned into stars could be captured
by the central BH if there was any.

When measuring the gas mass flux around the galactic bulge in
the SHhr galaxy (right-hand panel of Fig. 8), it becomes evident that
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the accretion is very irregular and proceeds by bursts of very dense
clumps of gas, with a high level of ∼200 M� yr−1 gas accretion
rate towards the bulge maintained. Such a mode of accretion on
to the bulge is illustrated in Fig. 9, where we can observe a dense
clump of star-forming gas migrating into the centre of the galaxy
and being absorbed by the bulge. From this stochastic accretion
mode, we expect the central AGN to release energy in rapid bursts
interspersed with longer periods of very little activity. Capture of
galaxy satellites (burst of accretion at z = 6.1) is a rarer event that
brings huge amounts of gas (>1000 M� yr−1) and can potentially
disperse all the galactic gas while triggering a strong AGN activity
(Di Matteo et al. 2005).

3.5 How the gas loses angular momentum to form bulges

If we look back at the angular momentum evolution plotted in
Fig. 4, we realize that bulge tracer particles sample material which
has a factor of ∼3 less specific angular momentum to begin with
in the LH run than the average specific angular momentum of the
baryons in the halo. This is obviously a segregation effect. Amongst
all the material flowing into the halo, it is the early infalling low
angular momentum gas that preferentially settles (and much of this
directly from the CGM) into the bulge as discussed extensively
in the last section and in Pichon et al. (2011). This is, however,
not quite sufficient to explain the factor of 10–30 lower angular
momentum of the gas and stars in the bulge. The right-hand panel
of Fig. 5 shows how the angular momentum of the ensemble of
tracer particles, which we have discussed earlier, lose their angular
momentum as they sink to the central bulge. The angular momentum
loss is complex with some of the particles losing it rather gradually,
but there are also sudden drops by factors of a few, indicative of
what we may call angular momentum cancellation, followed by
smaller gains of specific angular momentum.

In the left-hand panel of Fig. 12 we compare the PDF of the
projected angular momentum of bulge tracer particles at 0.1 rvir at
z = 6 with the angular momentum of tracer particles at rvir (van den
Bosch et al. 2002; Sharma & Steinmetz 2005).

As discussed by Kimm et al. (2011), if the gas is allowed to
cool, this specific angular momentum distribution becomes very
broad. A significant fraction of the baryons is actually rotating in
the direction opposite to the overall rotation of the halo. Filaments
and clumps of material with very different angular momentum ori-
entation will reach the centre in turn, with low specific angular
momentum material getting there first. This explains why in the
right-hand panels of Fig. 6 the angular distribution of the mass
influx changes rapidly with time deep inside the halo. The figure
clearly demonstrates that the randomly oriented angular momen-
tum of the material that reaches the bulge cancels each other out
resulting in a steep spike around zero in the PDF of the angular
momentum. This together with the usual means of losing angu-
lar momentum like the transfer between spin and orbital angular
momentum, dynamical friction acting on in-spiralling clumps and
gravitational instabilities (bar-like and clumping) in the disc results
in a very compact but nevertheless only moderately rotating bulge.
Note that a similar ‘cancellation’ of angular momentum is seen as
the tracer particles approach the halo (right-hand panel of Fig. 12).

3.6 What is different in rare haloes?

Why is this angular momentum segregation so efficient in the two
massive rare haloes we have studied here? To answer this properly
would require a systematic study of a wider range of halo masses
and redshifts. Here, we formulate a brief argument based on a
comparison with the previous work (Kimm et al. 2011; Pichon et al.
2011).

Expanding locally on the work of Bond et al. (1996), these authors
showed that the large-scale distribution of the angular momentum
in a collapsing patch produces a consistent secondary inflow: gas is
draining out of the prominent surrounding voids in the cosmic web,
into the sheets and filaments before it finally gets accreted on to viri-
alized haloes along cold flows. As these sheets/filaments constitute
the boundaries of generally asymmetric voids, they acquire a net
transverse motion relative to their host halo, which becomes the seed
of the advected angular momentum along filaments. They argued

Figure 12. Left-hand panel: PDF of the projected specific angular momentum of bulge tracer particles of the SH simulation selected at z = 6 at the virial
radius (black line) and at 0.1 rvir (red line). The specific angular momentum of each particle is projected along the normalized specific angular momentum
of the patch containing all tracer particles in each region. The specific angular momentum is computed relative to the centre of the bulge. Note the overall
contraction of the angular momentum distribution towards the centre of the halo. Right-hand panel: PDF of the projected specific angular momentum of the
tracer particles of the bulge at z = 6 along the angular momentum of the patch for different redshifts z = 10 (black line), z = 9 (red line), z = 8 (green line) and
z = 7 (blue line). The specific angular momentum is computed relative to the centre of mass of the patch of bulge tracer particles. Note again the contraction
of the accumulated angular momentum PDF as a function of cosmic time.
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that this large-scale-driven consistency explains why cold flows are
so efficient at building up discs from the inside out. Kimm et al.
(2011) and Pichon et al. (2011) also reported using the MareNos-
trum hydrodynamical simulations (Ocvirk et al. 2008) that, unlike
that of DM,2 the spin parameter of the baryons decreases (i) as the
halo mass increases and (ii) as redshift increases for a halo of fixed
mass [in their fig. 4 for the angular momentum flux of the gas at
the virial radius, and in fig. 8 of Kimm et al. (2011) for the specific
angular momentum of the gas within 0.1 rvir < r < rvir]. This sug-
gests a decrease of the overall gas spin parameter for rarer (and thus
more massive) haloes.

Therefore, we now argue that with the formation of the very
compact bulges in the extremely rare haloes that we studied, we
see a continuation of this trend which feeds through to the angular
momentum segregation and cancellation during the non-linear evo-
lution (‘collapse’) of the halo. In other words, the cold gas streaming
to the centre avoids significant mixing in the outskirts of the dark
halo. It thus inherits the decrease of spin parameter of the gas with
increasing rareness of the density peak seeding the formation of the
halo.

This trend is expected on theoretical grounds. Indeed, Pichon
et al. (2010, fig. 4, bottom panel) demonstrate that in Lagrangian
space (corresponding to the large redshift Gaussian initial condi-
tions for structure formation), the rarer the peak, the larger the
number of filaments connected to it (as the high contrast requires
large negative curvature in all directions, which implies isotropy
of the peak, this isotropy allows for connections to filaments from
all directions). Hence, we would expect that the larger number of
connected filaments leads to more efficient cancellation of their
specific angular momentum resulting in a low overall spin for the
bulge. Part of this cancellation already occurs on large scales in
the cosmic web during shell crossing of the DM in the cosmic
walls/sheets and filaments, and continues when the gas with the low
angular momentum advected along the filamentary streams reaches
the bulge at the centre of the halo. Note that tidal torque theory
also predicts a weak anti-correlation (Heavens & Peacock 1988)
between the spin parameter and the mass of haloes, as the amount
of torquing between a rare density peak and its (more spherical)
tidal field decreases with the rareness of the peak. For the baryons,
this anti-correlation is amplified by the shock-induced segregation
which takes place in the cosmic web (walls, filaments).

Let us revisit the early stage of the bulge formation in our sim-
ulations in view of these theoretical priors. First, the low angular
momentum cold gas streams right along a couple of filaments into
the seed of a bulge. Gas falling in later along other filaments is
unlikely to have low angular momentum with respect to that frame
(and typically will have larger angular momentum amplitude) so
will recurrently form a transient disc. This disc gets disturbed by
minor mergers which also sink-in via angular momentum loss with
the stellar component at these radii. The competing effects of disc
formation and disc disruption depend on the rareness of the peak as
well as cosmic time. The rarer the peak, the lower the spin param-
eter of the advected gas. The later the infall of the gas, the larger
the amount of advected angular momentum. The two haloes in our
SH and LH simulations are rather extreme examples in terms of
rareness and appear to confirm this picture. Hence the formation
of the very compact galactic bulges in the two simulations corre-
sponds to the early stage where low angular momentum gas streams

2 Though Knebe & Power (2008) report a small trend of spin parameter
decreasing with halo mass at high redshift.

directly to the bulge and the rotationally supported disc is small and
constantly destroyed and recreated. The later stages, when higher
angular momentum gas accumulates and settles into a robust disc as
described in Pichon et al. (2011), may occur later depending on the
nature of the Lagrangian peak. For very rare massive haloes such
as those simulated here, the opportunity to reach this second stage
has not occurred by redshift z = 6.

4 D I SCUSSI ON

4.1 Limitations and caveats

We would like to stress again that we have performed in this paper
an exploratory study that consists in the analysis of high-resolution
simulations of only two massive haloes. These simulations do not
include any model for the growth of a central BH, and perhaps more
importantly neither AGN nor stellar feedback. We have mainly con-
centrated here on describing some of the physical mechanisms of the
inflow of gas in these massive haloes with a particular emphasis on
the role played by angular momentum. AGN (and stellar) feedback
together with the effect of changing the details of star formation in
the simulations are probably the most important factors that would
impact the results of our study.

In particular, spherical winds driven by radiative pressure could
dramatically alter the flow of the cold filamentary accretion once
the BH has become sufficiently massive and may – at least in prin-
ciple – prevent the stellar bulge from becoming as tightly bound
and massive as we found in our simulations. A simple calculation
of the potential effect of AGN feedback on the binding energy of
the bulge component shows that a MBH = 109 M� BH has enough
energy EAGN = η × 0.1MBHc2 = η × 2 × 1062 erg to efficiently
remove all baryons from the bulge with a total energy of a few 1059

erg, even considering low conversion efficiency of AGN luminos-
ity into mechanical energy output (e.g. η = 0.01). It is, however,
not obvious what level of feedback would be needed to stop the
accretion flow, because observed AGN feedback is often focused
into a small/moderate solid angle (blazars, jets) and may therefore
not significantly impact the cold filamentary accretion or the cap-
ture of star-forming clumps (as illustrated in Fig. 9). It is also not
obvious to what extent feedback schemes currently implemented in
numerical simulations actually properly capture the coupling of the
released energy and momentum to the interstellar and circumgalac-
tic media. This problem will thus not be straightforward to address,
and we postpone this issue to a future study of the impact of AGN
feedback on the gas inflow on to the central BH by testing differ-
ent modes of AGN feedback [collimated jets or spherical winds
following the Dubois et al. (2012) model]. The detailed mode and
efficiency of star formation will also strongly affect how compact
the bulge will become (Agertz, Teyssier & Moore 2011) and, more
importantly, how much gas will be left over for the feeding of the
central supermassive BH.

Last but not least, there are still numerical issues with the sinking
of cold gas in hot gaseous atmospheres, which in the past have led
to the formation of overly prominent galactic bulges. This appears
to be, however, a more serious problem for SPH codes than for
AMR-based hydrodynamical codes like RAMSES (Torrey et al. 2011;
Scannapieco et al. 2012). The fact that RAMSES simulations of more
common haloes at lower redshifts with a very similar setup to ours
result in prominent extended disc and moderately dominant and less
compact bulges provides some reassurance here. We hope to be able
to report progress on some of these issues in a forthcoming study.
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4.2 Implications for the formation/build-up of compact bulges
and their central supermassive BHs

The most striking result of our simulations is the large fraction
of gas that settles into a very compact bulge. In fact, the circular
velocity of the bulge significantly exceeds the circular velocity of the
host halo and with a circular velocity of 900 km s−1 is significantly
larger than that of even the most massive galactic bulges at low
redshift. The absence of such strongly bound galactic bulges in the
nearby Universe is not necessarily an observational concern. As we
have discussed earlier, only about 10 000 or less of such objects are
expected to have formed in the whole Universe. Furthermore, such
an ultra-compact central region would not be easy to detect in a
much larger and more massive galactic bulge surrounding it. It may
in fact be mistaken as the direct signature of a central BH. A strong
evolution of the characteristic sizes of galactic bulges is actually
observed. Galactic bulges appear to be about a factor of 3–5 smaller
at z ∼ 2–3 (Daddi et al. 2005; Cimatti et al. 2008; van Dokkum et al.
2008; Oser et al. 2012; Whitaker et al. 2012) than they are at z =
0. Measuring stellar velocity dispersions at these redshifts is very
difficult and expensive in terms of telescope time but there is the
intriguing case described by van Dokkum, Kriek & Franx (2009)
with a claimed velocity dispersion of 510 km s−1 at z = 2.1. At the
redshifts we are considering here (z ∼ 6) the only observational data
probing the depth of the potential wells of the galaxies hosting the
billion solar mass BHs are a few CO measurements with rather low
velocity width (Wang et al. 2010), but it is far from clear to what
extent this actually probes the depth of the central potential well of
the galactic bulge presumably hosting these supermassive BHs.

With the resolution of our simulation there is still some way to
go to reach the sphere of influence even of a billion solar mass BH
but there is definitely enough low angular momentum gas funnelled
to the centre to build-up the masses reported for the most luminous
QSOs at z ∼ 6–7. In fact, if we take the circular velocity of the
galactic bulges in our simulations at face value, a non-evolving
MBH/σ relation would predict BHs well in excess of ten billion
solar masses. More important is that the gas arrives at the centre
continuously as required to explain the sustained gas supply at close
to the Eddington rate over cosmological time-scales which has also
been reported by Sijacki et al. (2009) and Di Matteo et al. (2012)
from their simulations. As we have discussed, a significant fraction
of this gas streams straight into the bulge without ever properly
settling into a disc. In fact, a fraction of the gas actually streams
straight into the centre of the bulge as defined by the resolution
limit of our simulations. This gas spirals inwards in about two
dynamical times from a tenth of the virial radius and while the
streams carrying the gas into the halo are aligned in a preferred
plane at large radii, at small radii the inflow is largely coming from
random directions in good agreement with the lack of correlation of
the observed directions of accretion-driven jets with the orientation
of galaxies (King & Pringle 2007; Hopkins et al. 2011). The largest
remaining uncertainty in this regard is the competition between
accretion on to the central supermassive BH and consumption of
gas by star formation as well as the efficiency of stellar and AGN
feedback which we have not addressed here. However, measured
accretion rates on to the bulge (200 M� yr−1) are largely sufficient
to continuously supply gas for a BH accreting at its Eddington
limit or above (ṀEdd = 22 M� yr−1 for a 109 M� BH). Bulges
as strongly gravitationally bound as those in our simulation here
would, however, ensure that even extreme feedback would have a
hard time to revert the continuous inflow of gas. It may indeed take
supermassive BHs with several billion solar masses to do this and

limit further growth as discussed by Sijacki et al. (2009) and Di
Matteo et al. (2012). We leave a further investigation of these issues
to future work.

Note that the picture presented here offers an attractive explana-
tion for the apparent change in the nature of build up of supermassive
BHs and galactic bulges with redshift (see Haehnelt & Rees 1993
for some early ideas). At high redshift rare haloes are continuously
fed (Shankar, Weinberg & Miralda-Escude’ 2011) with low angular
momentum gas streaming in along the filaments penetrating straight
to the compact bulge. At intermediate redshift (say z ∼ 2–4) and
probably also in less rare haloes at high redshift the gas is fed into
the haloes with progressively more angular momentum and hangs
around more and more in a disc which is intermittently gravita-
tionally unstable. The role of major (and minor) mergers becomes
more important but not necessarily dominant. The duty cycle of
AGN powered by accretion on to supermassive BHs decreases. At
low redshift it becomes harder and harder for the cold filamentary
streams to penetrate deep into the haloes (Dekel & Birnboim 2006),
many especially massive galaxies are now incorporated in galaxy
groups and clusters where their direct connection to the cosmic web
is interrupted and this mode of feeding AGN ceases. The cold gas
still present at low redshift now sits preferentially in lower mass
haloes (see Kauffmann & Heckman 2009 for an extensive discus-
sion of the fuelling of AGN at low redshift). The gas in these lower
mass haloes has high angular momentum which it has to lose by
secular processes to reach the central BH. The more massive haloes
can support a hot atmosphere at low redshift (or have been incorpo-
rated into a galaxy group or cluster). Continuous slow accretion of
hot gas through cooling flows starts therefore to dominate instead
the feeding of the BHs in the massive haloes at low redshift (Dubois
et al. 2010, 2011).

5 C O N C L U S I O N S

We have investigated here the formation of a compact central bulge
in two rare, very massive haloes at redshift z = 6. Our main results
are as follows.

(i) The typical path for a parcel of fluid entering a halo and
eventually ending up in the bulge is to stream out of a void into
the surrounding wall, from there into the filaments defining the
intersection of the cosmic walls/sheets, and then along the filaments
which penetrate deep into the halo.

(ii) Early on, most of the baryons ending up in the bulge stream
nearly radially along the cold filamentary infall directly into a very
compact bulge. As time progresses an increasing fraction of the
baryons settles first into a compact gravitationally unstable transient
central disc from where they progress rapidly into the bulge. By
redshift z = 6 about half the baryons forming the bulge move first
through this surrounding disc before reaching the bulge.

(iii) In the outer part of the halo the angular distribution of the
baryonic inflowing matter is stable and reflects the angular distribu-
tion of the cosmic web, while well inside the virial radius the angular
distribution becomes much more random and changes rapidly.

(iv) A small fraction (∼10 per cent) of the baryons in the haloes
falls directly from the structures of the cosmic web into the centre
of the haloes in the form of protogalactic clumps; these clumps are
carried along the filamentary streams that represent more than half
of the total accretion of gas, and join the compact central bulge as
minor mergers.

(v) In our simulations most of the baryons in the bulge turn
into stars with a remaining gas fraction of 5–30 per cent. The gas
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fraction is, however, strongly dependent on the resolution and the
star formation criterion of the simulation. The gas fraction should
also be strongly affected by feedback both from the stars and, even
more, from the accreting central supermassive BH once the BH has
become sufficiently massive. Note again that the simulations used
here do not include any feedback.

(vi) The baryon-dominated bulge has angular momentum of a
factor of 10–30 lower than the average specific angular momentum
of the baryons in the two simulated haloes. The baryonic mate-
rial, which is mainly in the form of stars, is extremely strongly
bound and compact with a peak of the circular velocity approach-
ing 1000 km s−1 at a radius <100 pc.

(vii) The low value of the angular momentum is due to three
effects. First, the bulge is preferentially made from material that
already has a somewhat lower specific angular momentum than av-
erage as it enters the halo along the filaments of the cosmic web.
Secondly, the baryonic matter entering the halo from the cosmic en-
vironment does so with a broad angular momentum distribution. As
the gas streams in cold the lower angular momentum material falls
quickly to the centre of the halo due to the lack of pressure sup-
port where the randomly oriented angular momentum effectively
cancels. Thirdly, there is additional angular momentum loss due to
dynamical friction on in-spiralling protogalactic clumps, exchange
between spin and orbital angular momentum, and gravitational in-
stabilities in the disc.

(viii) The fraction of gas streaming nearly radially to the centre
of the halo making up the low-angular momentum bulge appears
to strongly increase for rare haloes. We argue that this is due to
the fact that isolated rare haloes are connected to the cosmic web
more isotropically and with a larger number of filaments. This
leads both to lower specific angular momentum when the baryonic
matter enters the halo and to more complete angular momentum
cancellation when the low angular momentum material streams
cold into the compact bulge.

Numerical simulations of galaxy formation are still subject to a
range of uncertainties both numerical and in terms of the imple-
mented physics in particularly with respect to feedback due to stars
and AGN. The filamentary cold inflow of gas appears nevertheless
to emerge as the key ingredient in the formation of the observed
compact discs and bulges at high redshift. As we have discussed
here, it may also be key to the efficient build up of the several billion
solar mass BHs inferred to exist as early as z ∼ 6–7.
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Figure A1. Gas-specific angular momentum computed on the actual AMR
grid (solid line), or using tracer particles (dashed line) for the SHhr halo at
z = 6. Profiles are in a very good agreement.

A P P E N D I X A : T R AC E R PA RT I C L E S TO
F O L L OW T H E L AG R A N G I A N FL OW O F G A S

Tracer particles can be used in Eulerian techniques to follow the
Lagrangian path of gas elements. They are passively advected with
the gas flow using a simple forward Eulerian step

xn+1
i = xi + vn

i · �tn , (A1)

using the surrounding gas velocity vn
i at time tn from the xn

i posi-
tion of the ith tracer particle. The gas velocity is interpolated using
a CIC interpolation scheme on the grid with the size of the cloud
equal to the size of host cell. It is a crude, but simple, interpolation
of the true gas flow determined by the Euler scheme. More precise
(and more complicated) updates of tracer positions could be used
(such as Runge–Kutta updates) using velocity of the gas at different
times. We evaluated the agreement between the gas and tracer par-
ticles specific angular momentum profiles in the SHhr simulation at
z = 6 and find very good agreement between the two (Fig. A1).
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