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FiBY Simulation Suite4 S. Khochfar et al.

Run L[Mpc/h] MSPH [M�/h] MDM [M�/h] NSPH NDM ✏ [pc] nSF [cm�3] zf colour

FiBY 5.68 890 4372 13683 13683 234 10 8.6 green
FiBY S 2.84 890 4372 6843 6843 234 10 6 red
FiBY M 5.68 7120 3.5⇥ 104 6843 6843 453 10 6 dark blue
FiBY L 11.36 56960 2.8⇥ 105 6843 6843 935 10 4 black
FiBY XL 22.72 455680 2.24⇥ 106 6843 6843 1870 10 4 light blue
FiBY LW 2.84 890 4375 6843 6843 234 10 6 yellow
FiBY EQ 2.84 890 890 6843 11213 143 10 6 purple
FiBY DMO 2.84 – 4375 – 6843 234 – 6 –

Table 1. Parameters for the set of FiBY simulations. The Plummer-equivalent gravitational softening length ✏ is given in co-moving
units. The colour in the last column refers to the colour of the symbol used throughout this manuscript. The simulations stop at redshift
zf . check softening for equal mass run

ulation volume of the FiBY is complementary to existing
simulations and covers a region previously neglected. The
physical motivation to focus on this part of parameter space
is that cooling via molecular Hydrogen starts becoming im-
portant at densities n > 1 cm�3 (e.g. Yoshida et al. 2006).
To capture the collapse of primordial gas in haloes below the
atomic cooling limit it is important to resolve the Jeans mass
at this point and follow the collapse to higher densities. The
halo mass resolved in the FiBY simulation increases from
mini-haloes with T (n = 1 cm�3) ⇠ 1000 K in the FiBY S to
atomic Hydrogen cooling haloes with T (n = 1 cm�3) ⇠ 104

K in the FiBY XL. As shown in Figure 1, the resolution of
the FiBY and FiBY S to FiBY L simulations does resolve
the Jeans mass of gas at these temperatures and densities
well. Only the FiBY XL marginally resolves the Jeans mass
at densities close to nSF .

Connected to the mass resolution is the ability to resolve
the underlying star formation with high enough temporal
resolution. In Appendix A we show that our simulations
fulfil this requirement and avoid biases due to the average
time scale for the conversion of fluid elements into stars.

2.8 Composite of Simulations

Our simulations cover di↵erent halo mass ranges and vol-
umes. Throughout the manuscript we will show composite
functions based on the di↵erent simulations. Figure 3 shows
the individual dark matter mass functions for sub-haloes
with number of dark matter particles NDM > 100 at z = 6
in our simulations. The mass functions align well with each
other without introducing any discontinuity or large scatter
allowing us in e↵ect to probe galaxies living in haloes from
⇠ 106 � 1011 M�. We thus will use in the following the halo
ranges shown here to generate composite functions of dif-
ferent baryonic galaxy properties across simulations over a
wide range in mass. In particular we will present two di↵er-
ent composite functions, one in which we consider sub-haloes
with NDM > 100 in all simulations under consideration and
then calculate from this set average quantities. We will label
this composite full-c. In practice this average for quantity X
is calculated by:

hXifull�c =
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Pnj
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nj
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The sum over j indicates the sum over the individual simu-
lations and nj is the number of sub-haloes above the particle
number threshold in each simulation. In addition to this, we

Figure 2. The mass function of dark matter sub-haloes in the
FiBY S, FiBY M, FiBY L, and FiBY XL simulations. We show
only haloes with more than 100 particles in the respective runs.
The mass functions show good agreement among the di↵erent
runs. Also shown as a solid black line and dashed yellow lines are
the full composite and the resolution composite of all sub-haloes,
respectively. Both agree well with each other further motivating
the use of composites for comparisons.

also calculate composite functions using the averages first
calculated for each simulation and then averaged among the
simulations. We will call this composite res-c. The detailed
calculation is done via:
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1
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with nsim as the number of simulations that are combined.
The latter approach weights the galaxy population towards
the higher resolved galaxies in the smaller boxes, while the
former approach weights the average towards the simula-
tions with larger volumes. In what follows we will show com-
posite function for sub-haloes with NDM > 100 to maximise
the overlap between the simulations and increase the num-
ber of objects in our sample. In Appendix B we show that
the composite functions are not strongly dependent on our
choice of minimum dark matter particle number.
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z=6
Resolve the Jeans mass at the onset of 
molecular hydrogen cooling. 

Dynamical range in mass, volume and 
resolution covered is complementary to 
existing simulations at z=6  

At ~1/ccm, H2 formation kicks in via:



Stellar Mass function
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Predicted low-mass-slope is lower 
than the one extrapolated from 
observations. 

Limited observed dynamical range of 
masses biases towards steeper 
slopes.  

Slope gets steeper at high z 
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Figure 10. The probability density function of the escape fraction in six different mass bins, at four different redshifts, for all haloes (grey) and haloes
containing at least one star particle younger than 5 Myr (red). The bins are evenly spaced in log; the width of each bin is 0.5 dex. The first two percentages
represent the fraction of haloes with fesc ≥ 10−4, i.e. the percentages of haloes shown in the plots, for all haloes (top) and haloes containing at least one star
particle younger than 5 Myr (middle). The third percentage is the fraction of the total ionizing photons that are produced by the stars in the halo mass bin. At
redshift 6, the data are from the FiBY_S simulation only, resulting in fewer haloes than the higher redshifts.

the shift towards a peaked distribution happens at lower redshifts
(z = 9), and the peak is at lower values of the escape fraction
(fesc ≈ 0.02). Only around 25 per cent of the haloes hosting young
stellar populations have fesc > 0.01. Although individual haloes in
this mass range form more stars than their lower mass counterparts,
they are not abundant enough to produce more than 10 per cent of
the total number of ionizing photons produced. Combined with the
lower escape fractions, this shows that these haloes are less efficient
sources of reionization compared to lower mass haloes. At z = 6,
most of the star formation is quenched by the UV background.

The highest mass bins we consider here are 5 × 108 and 1 ×
109 M⊙ (fifth and sixth rows in Fig. 10, respectively). It is very hard
for ionizing photons to escape from these haloes due to the high
column densities around the sources (see Fig. 4). Very few haloes
in this mass range have escape fractions higher than 10 per cent,
and the distribution is peaked towards escape fractions much lower
than that. Moreover, at z = 9 less than 10 per cent of the haloes in
this mass range have fesc > 0.01. This shows why the most massive
haloes in our sample are inefficient contributors to reionization: even
though the stars in these haloes produce many ionizing photons (at
z = 12 about 40 per cent of the ionizing photons are produced in

haloes with M200 ≥ 2 × 108 M⊙, rising to more than 90 per cent at
z = 9 when the UV background quenches the lower mass haloes),
the vast majority of the produced ionizing photons are absorbed in
the haloes themselves.

Our analysis shows that assuming a single value for the escape
fraction, as is done in many studies of reionization, or assuming for
example a mass-dependent escape fraction, does not do justice with
the large scatter that we find in our simulations. The escape fraction
is much better represented by the probability distributions we show
in Fig. 10. The origin of this scatter does not lie in other halo prop-
erties like specific star formation rate, baryon fraction or age, but
rather in the distribution of dense gas in the halo. To emphasize this
point, we show in Fig. 11 two haloes with similar properties: M200 ≈
6 × 107 M⊙, specific star formation rate ≈40 Gyr−1, fb ≈ 0.08 and
τ ⋆ ≈ 44 Myr. Despite these similarities, the escape fractions differ
by more than one order of magnitude: the halo in the upper panel
has an average escape fraction of 0.3, while the halo in the bottom
panel has an average escape fraction of 0.01. This is only due to
the distribution of dense gas. In the halo with high escape fraction,
there is a large hole in the dense gas through which ionizing pho-
tons can escape, while in the halo with low escape fraction there

MNRAS 451, 2544–2563 (2015)

 at Royal O
bservatory Library on June 19, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

Escape Fractions

Paardekooper, SK et al.  2015



2556 J.-P. Paardekooper, S. Khochfar and C. Dalla Vecchia

Figure 10. The probability density function of the escape fraction in six different mass bins, at four different redshifts, for all haloes (grey) and haloes
containing at least one star particle younger than 5 Myr (red). The bins are evenly spaced in log; the width of each bin is 0.5 dex. The first two percentages
represent the fraction of haloes with fesc ≥ 10−4, i.e. the percentages of haloes shown in the plots, for all haloes (top) and haloes containing at least one star
particle younger than 5 Myr (middle). The third percentage is the fraction of the total ionizing photons that are produced by the stars in the halo mass bin. At
redshift 6, the data are from the FiBY_S simulation only, resulting in fewer haloes than the higher redshifts.

the shift towards a peaked distribution happens at lower redshifts
(z = 9), and the peak is at lower values of the escape fraction
(fesc ≈ 0.02). Only around 25 per cent of the haloes hosting young
stellar populations have fesc > 0.01. Although individual haloes in
this mass range form more stars than their lower mass counterparts,
they are not abundant enough to produce more than 10 per cent of
the total number of ionizing photons produced. Combined with the
lower escape fractions, this shows that these haloes are less efficient
sources of reionization compared to lower mass haloes. At z = 6,
most of the star formation is quenched by the UV background.

The highest mass bins we consider here are 5 × 108 and 1 ×
109 M⊙ (fifth and sixth rows in Fig. 10, respectively). It is very hard
for ionizing photons to escape from these haloes due to the high
column densities around the sources (see Fig. 4). Very few haloes
in this mass range have escape fractions higher than 10 per cent,
and the distribution is peaked towards escape fractions much lower
than that. Moreover, at z = 9 less than 10 per cent of the haloes in
this mass range have fesc > 0.01. This shows why the most massive
haloes in our sample are inefficient contributors to reionization: even
though the stars in these haloes produce many ionizing photons (at
z = 12 about 40 per cent of the ionizing photons are produced in

haloes with M200 ≥ 2 × 108 M⊙, rising to more than 90 per cent at
z = 9 when the UV background quenches the lower mass haloes),
the vast majority of the produced ionizing photons are absorbed in
the haloes themselves.

Our analysis shows that assuming a single value for the escape
fraction, as is done in many studies of reionization, or assuming for
example a mass-dependent escape fraction, does not do justice with
the large scatter that we find in our simulations. The escape fraction
is much better represented by the probability distributions we show
in Fig. 10. The origin of this scatter does not lie in other halo prop-
erties like specific star formation rate, baryon fraction or age, but
rather in the distribution of dense gas in the halo. To emphasize this
point, we show in Fig. 11 two haloes with similar properties: M200 ≈
6 × 107 M⊙, specific star formation rate ≈40 Gyr−1, fb ≈ 0.08 and
τ ⋆ ≈ 44 Myr. Despite these similarities, the escape fractions differ
by more than one order of magnitude: the halo in the upper panel
has an average escape fraction of 0.3, while the halo in the bottom
panel has an average escape fraction of 0.01. This is only due to
the distribution of dense gas. In the halo with high escape fraction,
there is a large hole in the dense gas through which ionizing pho-
tons can escape, while in the halo with low escape fraction there

MNRAS 451, 2544–2563 (2015)

 at Royal O
bservatory Library on June 19, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

Escape Fractions

Paardekooper, SK et al.  2015

2550 J.-P. Paardekooper, S. Khochfar and C. Dalla Vecchia

Figure 3. The total escape fraction in a halo as a function of N
(r<10 pc)
H at different redshifts. Here, N (r<10 pc)

H is the spherically averaged column density within
10 pc of a source, computed as an ionizing-emissivity-weighted average over all sources in a halo. Colour-coded is the 2D histogram of all the haloes within
a mass bin, the solid line represents the mean escape fraction in the same bin. The errors are the standard deviation around the mean. For clarity, haloes with
fesc < 10−4 are plotted at fesc = 10−4. The top row includes all haloes, the middle row only haloes with at least one star particle younger than 5 Myr and the
bottom row only haloes containing no star particle younger than 5 Myr. The dotted vertical line indicates the column density at which the Strömgren sphere
around a star particle of age 5 Myr or younger would be 10 pc. The histogram on the top shows the number of haloes in each bin (grey) and the number of
haloes containing at least one star particle younger than 5 Myr (red). At redshift 6, the data are from the FiBY_S simulation only, resulting in larger Poisson
errors than the higher redshifts.

defined in the previous section. The haloes we consider in this work
have virial masses in the range 2 × 106 M⊙ ! M200 ! 6 × 109 M⊙.
The lowest mass is set by the smallest haloes in which star formation
takes place, while the largest mass is a result of the size of the
simulation volume. Higher mass haloes than what we find do form

at these redshifts, but they form in rare high-sigma peaks that our
simulation volume does not capture. However, the mass range we
cover is where the majority of ionizing photons during reionization
are expected to be produced (Barkana & Loeb 2001). The stellar
mass in the haloes lies within 1250 M⊙ ! M⋆ ! 2 × 108 M⊙, where

Figure 4. The spherically averaged column density within 10 pc of a source, computed as an ionizing-emissivity-weighted average over all sources in a halo,
as a function of halo mass M200 for different redshifts. Colour-coded is the 2D histogram of all the haloes within a bin, the solid line represents the mean
column density in the same bin and the dashed line the mean column density for haloes containing at least one stellar particle with age equal to or less than
5 Myr. The errors are the standard deviation in the mean. The histogram on the top shows the number of haloes in each bin (grey) and the number of haloes
containing at least one star particle younger than 5 Myr (red). At redshift 6, the data are from the FiBY_S simulation only, resulting in larger Poisson errors
than the higher redshifts.
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The co-evolution of Pops II and III 1865

Figure 6. The ratio of the mass Mcoll,LW of pristine (red line) and metal-
enriched (green line) gas in collapsed haloes in the simulation with LW
feedback to that (Mcoll,NOLW) in collapsed haloes in the simulation without it.
The mass in collapsed pristine gas is almost always higher in the simulation
with LW feedback, due to the fact that the rate of Pop III SNe is lower in this
case and so less mass is blown out of haloes. Because less gas is blown out in
this case, despite the higher Pop II SFR and SN rate at z ! 10, a larger mass
of metal-enriched material remains collapsed in haloes at these redshifts. It
is because of this larger reservoir of collapsed metal-enriched gas that more
Pop II stars form in the simulation with LW feedback, as shown in Fig. 7.

Interestingly, however, the metal volume-filling fractions in the
two simulations begin to converge again at z ! 10. This is partly
due to the fact that the total SFR (and so also the metal production
rate) in the simulation with LW feedback actually exceeds that in
the simulation without it in this redshift range, as shown in Fig. 1.
Due to the relatively low Pop III SFR at these redshifts, it must be
differences in the Pop II SFR that drive this effect. The likely cause
of the enhanced Pop II SFR is the increased minimum halo mass
required for star formation in a halo subjected to LW radiation (e.g.
Machacek et al. 2001; O’Shea & Norman 2008), which results in
star formation taking place in larger haloes in the simulation with
LW feedback (see also Hummel et al. 2011; Wise et al. 2012). As
dense star-forming gas is more readily retained in more massive
haloes due to less efficient blow-away of the gas by SNe (e.g.
Kitayama & Yoshida 2005; Whalen et al. 2008), higher SFRs can
be maintained in the more massive haloes that first form stars in
the simulation with LW feedback. This is also consistent with the
lower metal volume-filling fraction we find in the simulation with
LW feedback shown in Fig. 5, as it implies that less gas is blown
out of haloes in this case.

Fig. 6 demonstrates that there is indeed a larger reservoir of metal-
enriched gas in the simulation including LW feedback. Shown is
the ratio of the mass Mcoll,LW of gas in collapsed haloes in the
simulation with LW feedback to the ratio of the mass Mcoll,NOLW in
the simulation without it. The red line shows the ratio of pristine
collapsed gas masses, while the green line shows the ratio of metal-
enriched collapsed gas masses. In the simulation with LW feedback,
the mass of collapsed pristine gas is almost always higher than that
in the simulation without it. We attribute this to the fact that, due
to the lower Pop III star formation and SN rates with LW feedback
on, less pristine gas is blown out of collapsed haloes. The mass of
collapsed metal-enriched gas is at first much less in the case with
LW feedback, due to the decreased rate of Pop III star formation
and metal enrichment via SNe. However, by z ! 10 this trend is
reversed and the collapsed mass in metal-enriched gas becomes

Figure 7. The mass in Pop III (dotted lines) and in both Pop II and Pop III
(solid lines) stars formed by redshift z, in our simulations with (red) and
without (yellow) H2-dissociating LW feedback. As expected, fewer Pop III
stars are formed in the simulation including LW feedback. However, the
total mass in stars formed is actually higher in the simulation with LW
feedback. As LW radiation delays the onset of star formation in low-mass
DM haloes, they grow to larger masses before star formation begins. In turn,
as SN feedback is less efficient at blowing the gas out of more massive
haloes, more second-generation Pop II star formation takes place in haloes
when accounting for LW feedback.

greater in the simulation with LW feedback. Thus, there is indeed a
larger reservoir of collapsed metal-enriched gas in this case, and this
is consistent with the enhanced Pop II SFR at late times shown in
Fig. 1. Furthermore, the fact that the total collapsed mass is higher
with LW feedback at the low redshifts at which the SFR is also
higher strongly suggests that gas is more tightly bound in haloes
due to LW feedback, consistent with the explanation given above
for the enhanced Pop II SFR at late times.

While the total SFR is increased by only a factor of !2 at z ! 11
as a result of LW feedback, Fig. 7 shows that this enhancement is
strong enough that it has the effect of increasing the total mass in
stars that are formed at z ! 10. As this figure also shows, the mass
in Pop III stars is substantially lowered due to LW feedback, as
expected from the reduction in the Pop III SFR shown in Fig. 1.
Thus, the increase in stellar mass is entirely in metal-enriched Pop II
stars. We note also that an added effect of the haloes retaining more
gas in the case with LW feedback is that the gas is retained at
higher densities and so is less susceptible to photoheating in our
prescription for reionization. This may also account in part for the
higher Pop II SFR at z ! 12, when reionization feedback is turned
on.

3.1.3 Comparison with observational data

In the top panel of Fig. 1, we compare the SFRs that we find in
our simulations to those inferred from observations of high-redshift
galaxies, compiled from Hopkins & Beacom (2006), Mannucci
et al. (2007) and Bouwens et al. (2008). While our results are
broadly consistent with the SFRs reported by these authors, there
are significant differences which may be due to the assumptions on
the galaxy luminosity function and/or the stellar IMF which were
made in order to estimate SFRs from the observations (for more
discussion on this, see Khochfar et al., in preparation). Despite these
uncertainties in the modelling, the fact that our results roughly agree
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SFR Main Sequence
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SFR-Metallicity



Summary
Supernovae feedback regulates the low-mass slope of the GSMF, 
through two modes: 1. directly regulating SF in the lowest mass 
galaxies; 2. reducing the baryon fraction accreting onto more massive 
haloes  

Low mass slopes are > -2 at z > 10 

Escape fractions decline towards massive galaxies, and low mass 
galaxies drive re-ionization the Universe 

The metallicity of the ISM for SFRs ~ 10 solar masses/yr is on average 
0.5 solar but shows a large scatter 

Cold accretion flows are enriched in the ISM before getting converted 
into stars


