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densities, we find good qualitative agreement with Yoshida et al.
(2008), which is the only study next to ours that evolves the collapse
into the optically thick regime. In both cases, the electron fraction
rises and the H2 fraction drops significantly at about 0.1 au, accom-
panied by an increase of the temperature to about 104 K. The exact
values have a relatively large scatter around those found in Yoshida
et al. (2008), where only a single minihalo was investigated.

3.2 Disc formation and fragmentation

After the first protostar has formed, the gas becomes fully rota-
tionally supported in a Keplerian disc. The stability of the disc
to perturbations may be quantified with the Toomre Q parameter
(Toomre 1964):

Q = cs!

!G"
, (9)

where ! is the epicyclic frequency of the disc, " the surface density
and cs the sound speed of the gas. We replace the epicyclic frequency
! with the orbital frequency #, which is appropriate for Keplerian
discs. The Q parameter determines whether perturbations in an
infinitely thin, isothermal disc can grow. For thick discs, as is the

case here, a similar criterion may be found that deviates only by a
factor of the order of unity (e.g. Wang et al. 2010). For Q ! 1, the
pressure of the gas and the shear by the differential rotation of
the disc are sufficient to prevent local collapse, while for Q " 1 the
disc fulfils the Toomre criterion and becomes unstable, leading to
the formation of spiral arms that transport mass inwards and angular
momentum outwards.

In Fig. 2, we show the surface density, sound speed, orbital fre-
quency and Q parameter in mass-weighted spherical shells around
the densest cell in each minihalo just before the first fragment forms.
We note that applying the same analysis exclusively to cells in the
disc gives very similar results, since the mass within radial shells
is dominated by the disc component. Within the central few au,
the surface density is up to four orders of magnitude higher than
in studies that have employed sink particles, and does not show a
central dip around the sink particles (e.g. Clark et al. 2011b). This is
not surprising, since these studies typically do not resolve the gas on
the scale of the accretion radius, and instead the mass is accreted on
to the sink particles. The Q parameter therefore does not diverge at
small radii, but decreases to well below unity, which is reflected by
the development of pronounced spiral arm patterns on sub-au scales
at very early times. The orbital frequency on these scales drops to

Figure 5. Density projections in a cube of side length 10 au that show the evolution of the protostellar system. Each row corresponds to a different minihalo.
The time after the formation of the primary protostar increases from left to right. The final times vary since the physical differences between the minihaloes
also result in different runtimes. The density of hydrogen nuclei is weighted by the density squared along the line of sight, which lies perpendicular to the
plane of the disc. The disc around the primary protostar fragments into a number of secondary protostars, most of which migrate towards the centre of the
cloud. However, some also obtain angular momentum from other protostars during close encounters and migrate to higher orbits. An example is the leftmost
protostar at the last output time in MH3. A more detailed analysis of this figure is presented in Section 3.3.
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densities, we find good qualitative agreement with Yoshida et al.
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into the optically thick regime. In both cases, the electron fraction
rises and the H2 fraction drops significantly at about 0.1 au, accom-
panied by an increase of the temperature to about 104 K. The exact
values have a relatively large scatter around those found in Yoshida
et al. (2008), where only a single minihalo was investigated.

3.2 Disc formation and fragmentation

After the first protostar has formed, the gas becomes fully rota-
tionally supported in a Keplerian disc. The stability of the disc
to perturbations may be quantified with the Toomre Q parameter
(Toomre 1964):

Q = cs!
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where ! is the epicyclic frequency of the disc, " the surface density
and cs the sound speed of the gas. We replace the epicyclic frequency
! with the orbital frequency #, which is appropriate for Keplerian
discs. The Q parameter determines whether perturbations in an
infinitely thin, isothermal disc can grow. For thick discs, as is the

case here, a similar criterion may be found that deviates only by a
factor of the order of unity (e.g. Wang et al. 2010). For Q ! 1, the
pressure of the gas and the shear by the differential rotation of
the disc are sufficient to prevent local collapse, while for Q " 1 the
disc fulfils the Toomre criterion and becomes unstable, leading to
the formation of spiral arms that transport mass inwards and angular
momentum outwards.

In Fig. 2, we show the surface density, sound speed, orbital fre-
quency and Q parameter in mass-weighted spherical shells around
the densest cell in each minihalo just before the first fragment forms.
We note that applying the same analysis exclusively to cells in the
disc gives very similar results, since the mass within radial shells
is dominated by the disc component. Within the central few au,
the surface density is up to four orders of magnitude higher than
in studies that have employed sink particles, and does not show a
central dip around the sink particles (e.g. Clark et al. 2011b). This is
not surprising, since these studies typically do not resolve the gas on
the scale of the accretion radius, and instead the mass is accreted on
to the sink particles. The Q parameter therefore does not diverge at
small radii, but decreases to well below unity, which is reflected by
the development of pronounced spiral arm patterns on sub-au scales
at very early times. The orbital frequency on these scales drops to

Figure 5. Density projections in a cube of side length 10 au that show the evolution of the protostellar system. Each row corresponds to a different minihalo.
The time after the formation of the primary protostar increases from left to right. The final times vary since the physical differences between the minihaloes
also result in different runtimes. The density of hydrogen nuclei is weighted by the density squared along the line of sight, which lies perpendicular to the
plane of the disc. The disc around the primary protostar fragments into a number of secondary protostars, most of which migrate towards the centre of the
cloud. However, some also obtain angular momentum from other protostars during close encounters and migrate to higher orbits. An example is the leftmost
protostar at the last output time in MH3. A more detailed analysis of this figure is presented in Section 3.3.
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densities, we find good qualitative agreement with Yoshida et al.
(2008), which is the only study next to ours that evolves the collapse
into the optically thick regime. In both cases, the electron fraction
rises and the H2 fraction drops significantly at about 0.1 au, accom-
panied by an increase of the temperature to about 104 K. The exact
values have a relatively large scatter around those found in Yoshida
et al. (2008), where only a single minihalo was investigated.

3.2 Disc formation and fragmentation

After the first protostar has formed, the gas becomes fully rota-
tionally supported in a Keplerian disc. The stability of the disc
to perturbations may be quantified with the Toomre Q parameter
(Toomre 1964):
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where ! is the epicyclic frequency of the disc, " the surface density
and cs the sound speed of the gas. We replace the epicyclic frequency
! with the orbital frequency #, which is appropriate for Keplerian
discs. The Q parameter determines whether perturbations in an
infinitely thin, isothermal disc can grow. For thick discs, as is the

case here, a similar criterion may be found that deviates only by a
factor of the order of unity (e.g. Wang et al. 2010). For Q ! 1, the
pressure of the gas and the shear by the differential rotation of
the disc are sufficient to prevent local collapse, while for Q " 1 the
disc fulfils the Toomre criterion and becomes unstable, leading to
the formation of spiral arms that transport mass inwards and angular
momentum outwards.

In Fig. 2, we show the surface density, sound speed, orbital fre-
quency and Q parameter in mass-weighted spherical shells around
the densest cell in each minihalo just before the first fragment forms.
We note that applying the same analysis exclusively to cells in the
disc gives very similar results, since the mass within radial shells
is dominated by the disc component. Within the central few au,
the surface density is up to four orders of magnitude higher than
in studies that have employed sink particles, and does not show a
central dip around the sink particles (e.g. Clark et al. 2011b). This is
not surprising, since these studies typically do not resolve the gas on
the scale of the accretion radius, and instead the mass is accreted on
to the sink particles. The Q parameter therefore does not diverge at
small radii, but decreases to well below unity, which is reflected by
the development of pronounced spiral arm patterns on sub-au scales
at very early times. The orbital frequency on these scales drops to
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The time after the formation of the primary protostar increases from left to right. The final times vary since the physical differences between the minihaloes
also result in different runtimes. The density of hydrogen nuclei is weighted by the density squared along the line of sight, which lies perpendicular to the
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Figure 5. The fragmentation as the resolution is changed for haloes exposed to LW intensities of 4 J21 and 100 J21, respectively. The time of the snapshot,
!T, is given in the top right-hand corner of each panel and represents the age of the most massive SmartStar particle. Also given is the mass of the most
massive particle, the number of fragments recorded, the minimum spatial scale resolved, and the LW intensity. The width of the panel decreases from the left-
to right-hand side as indicated by the scale line, the scale is decreased so that the individual fragments are visible as the resolution is increased.

Comparing to the results of Stacy et al. (2016), which is for the
zero-flux case, we achieve a similar resolution and similar results
to their very high resolution runs. While they investigate the build-
up of a Pop III IMF, we focus on simply identifying fragmentation
sites rather than individual star formation sites. Encouragingly, their
fragmentation levels are similar to ours [comparing our 4 J21 case to
their fiducial (0 J21) case]. After approximately 5 kyr, the ionization
front from the first star to form has slowed the accretion rates and
subsequent star formation in their simulations. They find that of the
order of 100, sink particles have formed after 5 kyr compared to our
81 sink particles. It is encouraging to see that, given our resolution
levels are comparable, we achieve similar fragmentation levels for
the low-flux cases when the dominant chemistry is still due to H2.

4 SU M M A RY A N D D I S C U S S I O N

We investigated here the degree of fragmentation of atomic cooling
haloes as a function of both the strength of the LW background
and as a function of resolution. The degree of fragmentation within
irradiated atomic cooling haloes is an important consideration in
understanding the zero-age main-sequence masses of SMSs (e.g.
Hosokawa et al. 2013b; Haemmerlé et al. 2017; Woods et al. 2017)
that are candidates for the SMBHs that exist as high redshift quasars
(Haiman 2006; Regan & Haehnelt 2009a; Volonteri 2010).

Haloes that are exposed to high LW backgrounds have delayed
collapse times and larger Jeans masses enabling them to form larger
objects. However, if fragmentation of the gas is prevalent, the final
masses of the (super) massive stars are likely to be greatly reduced.
The thermodynamic conditions of the gas are therefore critical in

estimating the initial and (by accounting for mass loss) the final
masses of these objects.

We find that haloes exposed to an LW background of J !10J21

experience progressively less fragmentation than haloes exposed
to lower LW backgrounds. Haloes exposed to an LW background
of J !10J21 have a significant fraction of their gas pushed on to
the atomic cooling track (see Fig. 4) and are much less prone to
fragmentation. The transition to the atomic cooling track is likely
then to be the most stringent indicator of fragmentation levels. The
increased temperature of the gas in the centre limits the degree of
fragmentation significantly, and for the highest irradiation levels
examined here fragmentation was eradicated almost entirely.

Comparing to the results of Stacy et al. (2016), we achieve simi-
lar resolution and similar results to their very high resolution runs.
While they investigate the build-up of a Pop III IMF, we focus on
simply identifying fragmentation sites rather than individual star
formation sites. Encouragingly, their fragmentation levels are sim-
ilar to ours [comparing our 4 J21 case to their fiducial (0 J21) case].
After approximately 5 kyr, the ionization front from the first star to
form has slowed the accretion rates and subsequent star formation
in their simulations. Given our resolution levels are comparable,
it suggests that our assertion that once the gas chemistry switches
to the atomic cooling regime fragmentation is likely to be strongly
suppressed, which is something they did not investigate.

We note also that any mechanism that suppresses H2 for-
mation and forces a transition to the atomic cooling track is
likely to achieve a similar outcome. For example, in the sim-
ulations conducted by Schauer et al. (2017), collapsing haloes
are exposed to streaming velocities of up to 18 km s!1 at z =
200. The streaming velocities act in a similar way to an LW
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disrupt H2 abundances removing a coolant, allowing a halo to grow
sufficiently without Pop III formation (Shang, Bryan & Haiman
2010; Regan, Johansson & Wise 2014b, 2016). Haloes that ac-
crete unusually rapidly through a succession of mergers provide
another pathway (Yoshida et al. 2003) as do streaming velocities
(Tanaka & Li 2014; Schauer et al. 2017) left over from the decou-
pling of baryons and dark matter after recombination. A combina-
tion of one or more of these scenarios is also possible. We focus here
on haloes that are exposed to a nearby source of LW radiation as it
illustrates the necessary points and is straightforward to implement.
The fragmentation of gas inside a collapsing halo could potentially
disrupt the formation of an SMS if the gas were to fragment into
sufficiently distant clumps to avoid the formation of a single (or
small multiple) of very massive stars at the centre of a collapsing
atomic cooling halo.

We note that any mechanism (with or without an LW component)
that suppresses Pop III star formation and induces the same kind
of thermodynamic change to the gas as an external LW field will
also likely impact fragmentation in the same way. Although the frag-
mentation of primordial haloes has been thoroughly investigated for
the case of Pop III formation (e.g. Bromm, Coppi & Larson 1999;
Abel, Bryan & Norman 2000; Clark et al. 2011; Safranek-Shrader
et al. 2016; Stacy, Bromm & Lee 2016), it has not been as system-
atically probed for the case of irradiated haloes [but see Safranek-
Shrader et al. 2012, Latif et al. 2014 (L14b), Regan et al. 2014a, and
Inayoshi & Haiman 2014 for some preliminary work]. Here, we in-
vestigate this scenario more systematically, varying the intensity
of the radiation and investigating the degree of fragmentation as a
function of resolution and radiation intensity.

The goal of this study is to identify fragmentation sites in col-
lapsing metal-free atomic cooling haloes that are irradiated by a
uniform LW background. As noted above, these pristine haloes are
expected to be ideal cradles for SMS formation if the H2 abundances
can be suppressed. If fragmentation levels are reduced in the face
of impacting LW radiation, as expected, this would be favourable
for monolithic collapse of a single massive object. We probe this
scenario in this work.

The paper is laid out as follows: In Section 2, we describe the
model setup and the numerical approach used as well as introducing
our star particle formulation; in Section 3, we describe the results of
our numerical simulations; in Section 4, we discuss the importance
of the results and present our conclusions.

Throughout this paper, we assume a standard ! cold dark matter
cosmology with the following parameters (Planck Collaboration
XVI 2014, based on the latest Planck data), "!, 0 = 0.6817, "m, 0

= 0.3183, "b, 0 = 0.0463, # 8 = 0.8347, and h = 0.6704. We further
assume a spectral index for the primordial density fluctuations of
n = 0.9616.

2 N U M E R I C A L F R A M E WO R K

In this study, we have used the publicly available adaptive mesh
refinement code ENZO1 to study the fragmentation properties of gas
within haloes irradiated by a background LW field. Into ENZOwe have
added a new star particle type, which we have dubbedSmartStar.
We now describe both components.

1 http://enzo-project.org/

2.1 ENZO

ENZO 2 (Bryan et al. 2014) is an adaptive mesh refinement code
ideally suited for simulations of the high redshift universe. Grav-
ity in ENZOis solved using a fast Fourier technique (Hockney &
Eastwood 1988), which solves the Poisson equation on the root
grid at each time-step. On subgrids, the boundary conditions are
interpolated to the subgrids and the Poisson equation is then solved
at each time-step. Dark matter is represented using particles, each
particle is stored on the highest refinement grid available to it, and,
thus, the particle has the same time-step as the gas on that grid.
The particle densities are interpolated on to the grid and solved at
the same time as the gas potential. ENZOcontains several hydrody-
namics schemes to solve the Euler equation. We use the piecewise
parabolic method that was originally developed by Berger & Oliger
(1984) and adapted to cosmological flows by Bryan et al. (1995).
The PPM solver is an explicit, higher order accurate version of
Godunov’s method for ideal gas dynamics with a spatially third
accurate piecewise parabolic monotonic interpolation scheme em-
ployed. A non-linear Riemann solver is used for shock capturing.
The method is formally second-order accurate in space and time
and explicitly conserves mass, linear momentum, and energy, mak-
ing the scheme extremely useful for following the collapse of dense
structures.

Chemistry is an important component is following the collapse
of (ideal) gas. We use the Grackle3,4 (Smith et al. 2017) library
to follow the evolution of 10 individual species: H, H+, He, He+,
He++, e!, H2, H+

2 H!, and HeH+. We adopt here the 26-reaction
network determined by Glover (2015a) as the most appropriate
network for solving the chemical equations required by gas of pri-
mordial composition with no metal pollution and exposed to an
external radiation source. The network includes the most up to date
rates as described in Glover & Jappsen (2007), Glover & Abel
(2008), Glover & Savin (2009), Coppola et al. (2011, 2012), Glover
(2015a), Glover (2015b), and Latif et al. (2015). The cooling mech-
anisms included in the model are collisional excitation cooling, col-
lisional ionization cooling, recombination cooling, bremsstrahlung,
and Compton cooling off the CMB.

2.2 Simulation set-up

All simulations are run within a box of 2 h!1 Mpc (comoving), the
root grid size is 2563, and we employ three levels of nested grids.
The grid nesting and initial conditions were created using MUSIC
(Hahn & Abel 2011). Within the most refined region (i.e. level 3),
the dark matter particle mass is "103 M#. In order to increase
further the dark matter resolution of our simulations, we split the
dark matter particles according to the prescription of Kitsionas &
Whitworth (2002) and as described in Regan, Johansson & Wise
(2015). We split particles centred on the position of the final collapse
as found from lower resolution simulations within a region with a
comoving side length of 43.75 h!1 kpc. Each particle is split into
13 daughter particles, resulting in a final high resolution region
with a dark matter particle mass of "8 M#. The particle splitting
is done at a redshift of 40 well before the collapse of the target
halo. Convergence testing to study the impact of lower dark matter
particle masses was discussed in Regan et al. (2015).

2 Changeset:fedb30ff370b.
3 https://grackle.readthedocs.org/
4 Changeset:482876c71f73.
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Table 1. Simulation parameters.

Sim namea Jb
21 Maximum resolutionc (pc) Collapse redshiftd Num fragmentse M

f
core (M!) M

g
halo (M!)

Ctrl_Ref16 0.0 0.01 z = 32.68 1,1,2 2186 1.07 " 106

1J21_Ref16 1.0 0.01 z = 30.5 1,3,5 6571 3.00 " 106

2J21_Ref16 2.0 0.01 z = 29.91 2,5,6 5101 3.72 " 106

4J21_Ref16 4.0 0.01 z = 28.87 5,6,4 9219 5.55 " 106

4J21_Ref20 4.0 0.004 z = 28.87 22,–,– 12386 5.56 " 106

4J21_Ref24 4.0 0.001 z = 28.87 –,–,– 12405 5.56 " 106

10J21_Ref16 10.0 0.01 z = 27.15 1,1,4 12917 1.21 " 107

50J21_Ref16 50.0 0.01 z = 25.36 2,4,3 15157 1.22 " 107

100J21_Ref16 100.0 0.01 z = 24.73 1,1,1 16648 1.38 " 107

100J21_Ref20 100.0 0.004 z = 24.72 4,–,– 20169 1.38 " 107

100J21_Ref24 100.0 0.001 z = 24.72 –,–,– 20359 1.38 " 107

Notes. The details of each of the realisations used in this study. (a) The simulation name, (b) The LW intensity in units of J21, (c) the
maximum comoving resolution, (d) the collapse redshift (i.e. the redshift at which the first smartstar forms), (e) The number of fragments
at 80 kyr, 135 kyr and 650 kyr respectively (f) mass within the central 1 pc just before the first SmartStar forms (i.e. initial mass
surrounding the fragmentation site) in solar masses and (g) is the halo virial mass in solar masses. Note that for the higher resolution
runs (i.e. those with 20 and 24 levels of refinement) we were not able to follow the evolution for more than 80 kyrs for the 20 levels run
and only for a few tens of kyrs for the 24 level runs.

The baryon resolution is set by the size of the grid cells, in
the highest resolution region this corresponds to approximately
0.48 h#1 kpc comoving (before adaptive refinement). We vary the
maximum refinement level (see Table 1) to explore the impact of
resolution on our results. Refinement is triggered in ENZOwhen the
refinement criteria are exceeded. The refinement criteria used in
this work were based on three physical measurements: (1) the dark
matter particle overdensity, (2) the baryon overdensity, and (3) the
Jeans length. The first two criteria introduce additional meshes when
the overdensity ( !"

"mean
) of a grid cell with respect to the mean den-

sity exceeds 8.0 for baryons and/or DM. Furthermore, we set the
MinimumMassForRefinementExponent parameter to #0.1, making
the simulation superLagrangian and therefore reducing the thresh-
old for refinement as higher densities are reached. For the final
criteria, we set the number of cells per Jeans length to be 32 in these
runs.

We use 16 levels of refinement as our fiducial refinement level.
This corresponds to a minimum cell size of !x $ 0.01 pc h#1 co-
moving ($6 " 10#3 pc at z $ 30). We set the effective temper-
ature of the background radiation field to T eff = 30 000 K. This
background temperature suitably models the spectrum of a popu-
lation of young stars (Wolcott-Green & Haiman 2012; Sugimura,
Omukai & Inoue 2014; Latif et al. 2015). The effective temperature
of the background is important as the radiation temperature deter-
mines the dominant photo-dissociation reaction set in the irradiated
halo. This, in turn, leads to a value of Jcrit – the flux above which
complete isothermal collapse of the irradiated halo is observed due
to the complete suppression of H2. The actual value of Jcrit depends
on the nature of the source spectrum (Shang et al. 2010; Sugimura
et al. 2014; Agarwal & Khochfar 2015).

Agarwal et al. (2016) proposed that the Jcrit needed from a given
stellar population modelled using realistic stellar spectra can vary
widely over 2–3 orders of magnitude. They argue that in an ex-
ternal pristine atomic cooling halo, direct collapse black hole for-
mation is better parametrized by using a critical curve in the H2

and H# photo-destruction rate parameter space (further confirmed
by Wolcott-Green, Haiman & Bryan 2017). Although our choice of
T eff = 30 000 K falls well within the range advocated by these stud-
ies, including a realistic source spectrum derived from population
synthesis models is beyond the scope of this work and remains to
be explored in a future study. It should also be noted that Sugimura
et al. (2014) found that Jcrit is only very weakly dependent on the
nature of the source spectrum in tension with the results of both

Agarwal et al. (2016) and (Wolcott-Green et al. 2017); however,
they explored a somewhat smaller parameter space.

2.3 Smart stars

As the gas density increases in high density regions, hydro codes,
including ENZO, require a method to convert the high density gas
into stars in many cases. This is done to allow gas that has reached
the maximum allowed refinement level of the simulation and for
which further collapse is being artificially suppressed through arti-
ficial pressure support to be dealt with. In this case, it can often be
prudent to introduce particles into the calculation to mimic the act
of real star formation. It should however be noted that in many cases
there is only a loose correspondence between the numerical particle
and resolving actual star formation. Depending on the level of reso-
lution, primarily, the numerical particle may represent a single star
or an entire cluster of stars. In our study here, the numerical particle
introduced will be a proxy for star formation (fragmentation) sites
and represent only regions in which we expect star formation to be
likely to occur. Star (sometimes also known as sink) particles were
initially introduced into grid codes by Krumholz, McKee & Klein
(2004). The SmartStar implementation used here also follows
this model with some modifications. We employ the same model for
gas accretion as Krumholz et al. (2004) for our star particles using
a fixed accretion radius of four cells and accreting gas based on
the Bondi–Hoyle prescription. However, although Krumholz et al.
(2004) use only two criteria to evaluate the formation of sink parti-
cles; that the gas is at the highest refinement level and that the cell
density exceeds the Jeans density (see equation 6 in Krumholz et al.
2004), we also employ additional sink particle formation criteria.
Similar to the prescriptions described by Federrath et al. (2010), we
only form sink particles when the following criteria are met:

(i) The cell is at the highest refinement level.
(ii) The cell exceeds the Jeans Density.
(iii) The flow around the cell is converging along each axis.
(iv) The cooling time of the cell is less than the freefall time.
(v) The cell is at the minimum of the gravitational potential.

We calculate the gravitational potential in a region of twice the
Jeans length around the cell. We experimented with also including
the additional conditions relating to the gas boundedness and the
Jeans instability test (see Federrath et al. (2010) for more details).
However, we found that these additional tests were sub-dominant

MNRAS 475, 4636–4647 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/475/4/4636/4810577
by Kyoto University user
on 09 May 2018

(Regan and Downes 2018)

Grid code + sink particle



AMR:
ADAPTIVE-MESH REFINEMENT

• create and destroy grid 
patches dynamically (block-
structured)

• grids at multiple resolutions
• multiple refinement criteria:

• density (gas or dark matter)
• gradients, shocks
• cooling time
• Jeans length
• refine regions around particles

• easy to create new criteria



https://enzo-project.org/

Enzo v2.6 is now available!



(density, x-y plane)

Initial conditions

cloud mass = 1.8 x 104 [Ms] 
mean density = 1.7 x 10-20 [g/cc] 
rotation speed = 2.6 x 10-14 [rad/s]

collapse

1 pc

(an ideal rotating sphere)



run1: refinement level = 12

run2: refinement level = 14

run3: refinement level = 16

r_sink = 1.5e-04 pc = 31 AU

r_sink = 7.6e-05 pc = 8 AU

r_sink = 3.8e-05 pc = 1 AU

Resolution dependency test

with sink particles with smart starsv.s.



The number of particles v.s. time



The number of particles v.s. time



What is the difference?

sink particle smart star



(Federrath et al. 2010)

+ gravitational potential minimum
�center  �(i, j, k)

+ Jeans-unstable
|Egrav| > 2Eth

+ is bound
Egrav + Eth + Ekin < 0

+ over density
+ on the highest level of refinement

+ converging flow 

Sink particle creation

+ not within the radius of an existing sink

(additional checks)sink radius
racc

<latexit sha1_base64="GKYudEs27NZth1tMIV7YQVkGYDA="></latexit>

⇠ �J
<latexit sha1_base64="O47/tWgsUnOtgybHSWFGLJ1wim4="></latexit>



Gas accretion into sinks

sink radius (bound)

ri < racc
<latexit sha1_base64="2okWBsktvnp9pA8piidOOXvGdDk="></latexit>

racc
<latexit sha1_base64="GKYudEs27NZth1tMIV7YQVkGYDA="></latexit>

⇢gas > ⇢crit
<latexit sha1_base64="0hXJJqPjr13GZrfw7FQXN0JOU40="></latexit>

vrad < 0
<latexit sha1_base64="N1t14EA7yiy111lbSkYXolhvvAM="></latexit>

ekin + egrav < 0
<latexit sha1_base64="lfkvd1wFFUW7chN9s6GMivuZ6Vs="></latexit>

(incoming)

(overdense)

⇠ �J
<latexit sha1_base64="O47/tWgsUnOtgybHSWFGLJ1wim4="></latexit>

(within the radius)

criteria for gas accretion

(Federrath et al. 2010)



Summary

We performed simulations of primordial gas disk fragmentation 
varying the resolution with two different sub-grid model.

Both of them are based on the same model (Federrath et al. 2010).
However, the results are different. 
(the number of formed particles, the mass evolution)

sink particle smart starv.s.


