
Aspen 2018

12 Mutch et al.

Figure 4. The ionisation state of a thin 8.5 Mpc produced by Meraxes. The volume averaged neutral fraction at the redshift of this
image is 0.3. Black and white shaded regions show the distribution of neutral hydrogen. The orange opaque bubbles demarcate the
interface between this neutral gas and the expanding ionised regions surrounding the first galaxies. Where the edges of these bubbles
extend past the edge of the selected slice, the distribution of the ionised hydrogen in their interiors can be seen (green and yellow shaded
regions). Redo with higher res and less alpha on bubbles. Put dots for galaxies on here as well (scale size with stellar
mass).

Table 2. Summary table of the di↵erent model runs explored in this work (see Section 4). �t
xHI=0.8!0.2 indicates the look-back time

spanned between a global neutral fraction of 80% and 20%. The z=5, 6 & 7 SMF ↵ parameters refer to the low mass slope of the
corresponding stellar mass functions fit with a standard Schechter function.
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Table 1. The fiducial parameter values used throughout this work. Values were constrained to visually reproduce the observed evolution
in the galaxy stellar mass function between z=5�7 (see Figure 3).

Parameter Prescription Equation Description Fiducial value

⌃norm star formation (§2.4) 5 critical cold gas surface density normalisation 0.2
↵SF – 7 star formation e�ciency 0.03

↵energy supernova feedback (§2.5) 13 energy coupling e�ciency normalisation 0.5
�energy – 13 coupling e�ciency Vmax scaling 2.0
Venergy – 13 coupling e�ciency Vmax normalisation 70.0
↵mass – 14 mass loading normalisation 6.0
�mass – 14 mass loading Vmax scaling 0.0
Vmass – 14 mass loading Vmax normalisation 70.0
✏max
mass – 14 maximum mass loading value 10.0
Y metal enrichment (§2.6) 22 mass of metals per unit mass of SN 0.03

fesc reionisation (§2.11) 30 ionizing photon escape fraction 0.3

Table 2. Summary table of the di↵erent model runs explored in this work (see §4). �t
xHI=0.8!0.2 indicates the look-back time spanned

between a global neutral fraction of 80% and 20%. The z=5, 6 & 7 SMF ↵ parameters refer to the low mass slope of the corresponding
stellar mass functions fit with a standard Schechter function.

SMF ↵
Model z

xHI=0.5 �t
xHI=0.8!0.2 (Myr) z=5 z=6 z=7

Fiducial 7.8 158 �1.85+0.01
�0.01 �1.92+0.02

�0.02 �2.07+0.03
�0.03

Homogeneous 7.8 163 �1.85+0.01
�0.01 �1.94+0.02

�0.02 �2.07+0.03
�0.04

No reionisation feedback 7.9 149 �1.88+0.01
�0.01 �1.96+0.02

�0.02 �2.07+0.03
�0.04

Half fesc 6.8 209 �1.85+0.01
�0.01 �1.94+0.02

�0.02 �2.06+0.03
�0.03

Double fesc 8.9 121 �1.83+0.01
�0.01 �1.92+0.02

�0.02 �2.06+0.03
�0.03

No SN feedback 11.2 71 �1.70+0.00
�0.00 �1.88+0.01

�0.01 �2.06+0.01
�0.01

No feedback 11.3 67 �2.05+0.00
�0.00 �2.14+0.01

�0.01 �2.23+0.01
�0.01

Figure 5. The z=5 and 7.5 galaxy stellar mass functions. Thick lines represent stellar mass bins within which greater than 98% of
haloes have had more than 100 particles in at some point in their history. The solid blue line indicates the result of the fiducial patchy
reionisation model. The small di↵erence introduced by omitting reionisation feedback (red dashed-dot) demonstrates the minor role which
this mechanism plays in regulating stellar mass growth. Conversely, the removal of supernova feedback (grey solid) produces a much
larger e↵ect. However, comparison between the no feedback (gold dashed) and no supernova feedback (grey solid) models shows that, in
the absence of the dominant supernova feedback, reionisation does suppress the number density of M⇤.109 M� galaxies. Furthermore,
by comparing the z=5 and z=7.8 panels, we can see that the magnitude of this suppression increases with time since reionisation whilst
that of supernova feedback decreases.
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Table 1. The fiducial parameter values used throughout this work. Values were constrained to visually reproduce the observed evolution
in the galaxy stellar mass function between z=5�7 (see Figure 3).

Parameter Prescription Equation Description Fiducial value

⌃norm star formation (§2.4) 5 critical cold gas surface density normalisation 0.2
↵SF – 7 star formation e�ciency 0.03

↵energy supernova feedback (§2.5) 13 energy coupling e�ciency normalisation 0.5
�energy – 13 coupling e�ciency Vmax scaling 2.0
Venergy – 13 coupling e�ciency Vmax normalisation 70.0
↵mass – 14 mass loading normalisation 6.0
�mass – 14 mass loading Vmax scaling 0.0
Vmass – 14 mass loading Vmax normalisation 70.0
✏max
mass – 14 maximum mass loading value 10.0
Y metal enrichment (§2.6) 22 mass of metals per unit mass of SN 0.03

fesc reionisation (§2.11) 30 ionizing photon escape fraction 0.3

Table 2. Summary table of the di↵erent model runs explored in this work (see §4). �t
xHI=0.8!0.2 indicates the look-back time spanned

between a global neutral fraction of 80% and 20%. The z=5, 6 & 7 SMF ↵ parameters refer to the low mass slope of the corresponding
stellar mass functions fit with a standard Schechter function.
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�0.01 �1.92+0.02
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No reionisation feedback 7.9 149 �1.88+0.01
�0.01 �1.96+0.02

�0.02 �2.07+0.03
�0.04

Half fesc 6.8 209 �1.85+0.01
�0.01 �1.94+0.02

�0.02 �2.06+0.03
�0.03

Double fesc 8.9 121 �1.83+0.01
�0.01 �1.92+0.02

�0.02 �2.06+0.03
�0.03

No SN feedback 11.2 71 �1.70+0.00
�0.00 �1.88+0.01

�0.01 �2.06+0.01
�0.01

No feedback 11.3 67 �2.05+0.00
�0.00 �2.14+0.01
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�0.01

Figure 5. The z=5 and 7.5 galaxy stellar mass functions. Thick lines represent stellar mass bins within which greater than 98% of
haloes have had more than 100 particles in at some point in their history. The solid blue line indicates the result of the fiducial patchy
reionisation model. The small di↵erence introduced by omitting reionisation feedback (red dashed-dot) demonstrates the minor role which
this mechanism plays in regulating stellar mass growth. Conversely, the removal of supernova feedback (grey solid) produces a much
larger e↵ect. However, comparison between the no feedback (gold dashed) and no supernova feedback (grey solid) models shows that, in
the absence of the dominant supernova feedback, reionisation does suppress the number density of M⇤.109 M� galaxies. Furthermore,
by comparing the z=5 and z=7.8 panels, we can see that the magnitude of this suppression increases with time since reionisation whilst
that of supernova feedback decreases.
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Figure 6. The fraction of baryons in the form of stars, f⇤=M⇤/(fbMvir), as a function of FOF group Mvir at z=5 and 7.8. Thick lines
represent the halo mass bins for which at least 98% of member haloes have had at least 100 particles at some point in their history.
The blue solid lines and surrounding shaded regions show the median result of the fiducial model and associated 68 and 95% confidence
intervals. The magnitude of these statistical uncertainties are representative of those of all of the models shown in each panel. The grey
shaded region at the left of each panel denotes halo masses below the atomic cooling mass threshold, Mcool(z), corresponding to a virial
temperature of 104 K. The green data points in the z=5 panel display the subhalo-abundance matching results of Behroozi et al. (2013)
which are in excellent agreement with our fiducial model. The black horizontal dashed line indicates f⇤=0.15, the redshift and mass
independent value commonly assumed by authors utilising 21cmFAST without the information provided by a coupled semi-analytic
model such as Meraxes. Comparison between the no feedback (gold dashed) and no supernova feedback (grey solid) lines demonstrates
that reionisation feedback is most e↵ective in low mass haloes. However, again we see that supernova feedback of the level required to
reproduce the observed high-z stellar mass functions still dominates the suppression of star formation across all halo masses.

Figure 8. The z=5 and 7.8 galaxy stellar mass functions. The solid blue line shows the result of the fiducial patchy reionisation model,
whilst other lines indicate the results of simple variations to the reionisation feedback process. Lower panels indicate the fractional
di↵erence of each model with respect to this fiducial case. Thick lines represent stellar mass bins within which greater than 98% of haloes
have had more than 100 particles in at some point in their history. There is remarkably little variation in the mass functions predicted
by each model, especially during reionisation (right panel). Importantly, the insensitivity of the z=5 mass function to the details of
reionisation suggests that we can calibrate our galaxy formation models to high redshift stellar mass/luminosity functions and then use
21 cm observations to constrain the dependence of the ionising escape fraction on properties such as mass, redshift and star formation
rate.

c� 2014 RAS, MNRAS 000, 1–16

No SN feedback 11.2 71 �1.70+0.00
�0.00 �1.88+0.01

�0.01 �2.06+0.01
�0.01

12 Mutch et al.

Table 1. The fiducial parameter values used throughout this work. Values were constrained to visually reproduce the observed evolution
in the galaxy stellar mass function between z=5�7 (see Figure 3).

Parameter Prescription Equation Description Fiducial value

⌃norm star formation (§2.4) 5 critical cold gas surface density normalisation 0.2
↵SF – 7 star formation e�ciency 0.03

↵energy supernova feedback (§2.5) 13 energy coupling e�ciency normalisation 0.5
�energy – 13 coupling e�ciency Vmax scaling 2.0
Venergy – 13 coupling e�ciency Vmax normalisation 70.0
↵mass – 14 mass loading normalisation 6.0
�mass – 14 mass loading Vmax scaling 0.0
Vmass – 14 mass loading Vmax normalisation 70.0
✏max
mass – 14 maximum mass loading value 10.0
Y metal enrichment (§2.6) 22 mass of metals per unit mass of SN 0.03

fesc reionisation (§2.11) 30 ionizing photon escape fraction 0.3

Table 2. Summary table of the di↵erent model runs explored in this work (see §4). �t
xHI=0.8!0.2 indicates the look-back time spanned

between a global neutral fraction of 80% and 20%. The z=5, 6 & 7 SMF ↵ parameters refer to the low mass slope of the corresponding
stellar mass functions fit with a standard Schechter function.
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�0.01 �1.92+0.02

�0.02 �2.07+0.03
�0.03
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�0.01 �1.94+0.02

�0.02 �2.07+0.03
�0.04

No reionisation feedback 7.9 149 �1.88+0.01
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�0.04

Half fesc 6.8 209 �1.85+0.01
�0.01 �1.94+0.02

�0.02 �2.06+0.03
�0.03

Double fesc 8.9 121 �1.83+0.01
�0.01 �1.92+0.02

�0.02 �2.06+0.03
�0.03

No SN feedback 11.2 71 �1.70+0.00
�0.00 �1.88+0.01

�0.01 �2.06+0.01
�0.01

No feedback 11.3 67 �2.05+0.00
�0.00 �2.14+0.01
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Figure 5. The z=5 and 7.5 galaxy stellar mass functions. Thick lines represent stellar mass bins within which greater than 98% of
haloes have had more than 100 particles in at some point in their history. The solid blue line indicates the result of the fiducial patchy
reionisation model. The small di↵erence introduced by omitting reionisation feedback (red dashed-dot) demonstrates the minor role which
this mechanism plays in regulating stellar mass growth. Conversely, the removal of supernova feedback (grey solid) produces a much
larger e↵ect. However, comparison between the no feedback (gold dashed) and no supernova feedback (grey solid) models shows that, in
the absence of the dominant supernova feedback, reionisation does suppress the number density of M⇤.109 M� galaxies. Furthermore,
by comparing the z=5 and z=7.8 panels, we can see that the magnitude of this suppression increases with time since reionisation whilst
that of supernova feedback decreases.
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Figure 4. The integrated free electron scattering optical depth,
⌧
e

, as a function of redshift. The grey horizontal line and shaded
region indicate the constraints on ⌧

e

from the Planck 2015 data
release (Planck Collaboration 2015). The blue solid line shows
the fiducial model which is constrained to reproduce the Planck
result. Add grid lines.

Figure 7. The evolution of the volume weighted global neutral
fraction, x̄HI, as function of lookback time. The blue solid line
indicates the result of our fiducial model which matches both the
observed evolution of the galaxy stellar mass function (Figure 3)
and most recent electron scattering optical depth measurements
(Figure 4). The small perturbation to the neutral fraction history
caused by the omission of reionisation feedback (red dash-dot)
indicates that the Epoch of Reionisation is not self regulated. In-
stead, supernova feedback is almost entirely responsible for regu-
lating the production of ionising photons and the progression of
reionisation.

4.1 The relative e�ciencies of reionisation and
supernova feedback

4.2 Quantifying the e↵ect of reionisation on
galaxy growth

4.3 The importance of environment

5 CONCLUSIONS

In this work we have presented a new semi-analytic galaxy for-
mation model, Meraxes, developed as part of the Dark-ages

Figure 9. The evolution of the volume weighted global neutral
fraction, x̄HI. The blue solid line indicates the results of the fidu-
cial patchy reionisation model, calibrated to match both the evo-
lution of the high-z galaxy stellar mass function and the observed
optical depth to electron scattering. Purple dashed(/dotted) lines
show the result of halving(/doubling) the escape fraction of ion-
ising photons, moving reionisation to later(/earlier) times com-
pared to our fiducial value of fesc=0.3. The close agreement be-
tween the x̄HI evolution of the homogeneous and fiducial models
is by construction, however, as demonstrated in Section 4.3, im-
portant environmental e↵ects are missing in the former.

Reionisation And Galaxy Observables from Numerical Simula-
tions (DRAGONS) programme. Meraxeshas been specifically de-
signed to investigate the growth of the first galaxies and their role
in driving the Epoch of Reionisation, possessing the following key
features:

• A fully temporally and spatially coupled treatment of reion-
isation provided by the integration of the semi-numerical reioni-
sation model 21cmFAST (Section 2.11).

• The use of accurate hierarchical merger trees extracted from
a custom N-body simulation with the volume and mass resolution
su�cient to study the statistics of the reionisation structure as
well as the temporal resolution to required to resolve star forma-
tion and supernova feedback in the early Universe (Section 2.1).

• Galaxy formation physics based on the Croton et al. (2006)
semi-analytic model, with updates to deal with the high temporal
resolution provided by our input merger trees (Sections 2.2–2.10).

We have calibrated the free parameters of Meraxesagainst
the observed evolution of the galaxy stellar mass function between
76z65 as well as the latest Planck 2015 (Planck Collaboration
2015) constraints on the electron optical scattering depth (Sec-
tion 3). Through the investigation of a number of model runs with
varying reionisation and galaxy feedback parameters we then find
the following main results:

• Using our fiducial model, including both UV background sup-
pression of baryonic accretion and supernova feedback processes,
we find that the current electron scattering optical depth mea-
surements constrain the high-z escape fraction of ionising photons
to the range 0.1<fesc<0.6 (Section ??).

• When treated self-consistently, in a model with supernova
feedback strong enough to reproduce the observed high-z stellar
mass function, we find that the reionisation history of the inter-
galactic medium is largely insensitive to reionisation feedback.
This implies that the production of ionising photons is not self-
regulated (Section ??).

• Using our framework we are able to quantify the e↵ect
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Figure 6. The fraction of baryons in the form of stars, f⇤=M⇤/(fbMvir), as a function of FOF group Mvir at z=5 and 7.8. Thick lines
represent the halo mass bins for which at least 98% of member haloes have had at least 100 particles at some point in their history.
The blue solid lines and surrounding shaded regions show the median result of the fiducial model and associated 68 and 95% confidence
intervals. The magnitude of these statistical uncertainties are representative of those of all of the models shown in each panel. The grey
shaded region at the left of each panel denotes halo masses below the atomic cooling mass threshold, Mcool(z), corresponding to a virial
temperature of 104 K. The green data points in the z=5 panel display the subhalo-abundance matching results of Behroozi et al. (2013)
which are in excellent agreement with our fiducial model. The black horizontal dashed line indicates f⇤=0.15, the redshift and mass
independent value commonly assumed by authors utilising 21cmFAST without the information provided by a coupled semi-analytic
model such as Meraxes. Comparison between the no feedback (gold dashed) and no supernova feedback (grey solid) lines demonstrates
that reionisation feedback is most e↵ective in low mass haloes. However, again we see that supernova feedback of the level required to
reproduce the observed high-z stellar mass functions still dominates the suppression of star formation across all halo masses.

Figure 8. The z=5 and 7.8 galaxy stellar mass functions. The solid blue line shows the result of the fiducial patchy reionisation model,
whilst other lines indicate the results of simple variations to the reionisation feedback process. Lower panels indicate the fractional
di↵erence of each model with respect to this fiducial case. Thick lines represent stellar mass bins within which greater than 98% of haloes
have had more than 100 particles in at some point in their history. There is remarkably little variation in the mass functions predicted
by each model, especially during reionisation (right panel). Importantly, the insensitivity of the z=5 mass function to the details of
reionisation suggests that we can calibrate our galaxy formation models to high redshift stellar mass/luminosity functions and then use
21 cm observations to constrain the dependence of the ionising escape fraction on properties such as mass, redshift and star formation
rate.
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Figure 4. The integrated free electron scattering optical depth,
⌧
e

, as a function of redshift. The grey horizontal line and shaded
region indicate the constraints on ⌧

e

from the Planck 2015 data
release (Planck Collaboration 2015). The blue solid line shows
the fiducial model which is constrained to reproduce the Planck
result. Add grid lines.

Figure 7. The evolution of the volume weighted global neutral
fraction, x̄HI, as function of lookback time. The blue solid line
indicates the result of our fiducial model which matches both the
observed evolution of the galaxy stellar mass function (Figure 3)
and most recent electron scattering optical depth measurements
(Figure 4). The small perturbation to the neutral fraction history
caused by the omission of reionisation feedback (red dash-dot)
indicates that the Epoch of Reionisation is not self regulated. In-
stead, supernova feedback is almost entirely responsible for regu-
lating the production of ionising photons and the progression of
reionisation.

4.1 The relative e�ciencies of reionisation and
supernova feedback

4.2 Quantifying the e↵ect of reionisation on
galaxy growth

4.3 The importance of environment

5 CONCLUSIONS

In this work we have presented a new semi-analytic galaxy for-
mation model, Meraxes, developed as part of the Dark-ages

Figure 9. The evolution of the volume weighted global neutral
fraction, x̄HI. The blue solid line indicates the results of the fidu-
cial patchy reionisation model, calibrated to match both the evo-
lution of the high-z galaxy stellar mass function and the observed
optical depth to electron scattering. Purple dashed(/dotted) lines
show the result of halving(/doubling) the escape fraction of ion-
ising photons, moving reionisation to later(/earlier) times com-
pared to our fiducial value of fesc=0.3. The close agreement be-
tween the x̄HI evolution of the homogeneous and fiducial models
is by construction, however, as demonstrated in Section 4.3, im-
portant environmental e↵ects are missing in the former.

Reionisation And Galaxy Observables from Numerical Simula-
tions (DRAGONS) programme. Meraxeshas been specifically de-
signed to investigate the growth of the first galaxies and their role
in driving the Epoch of Reionisation, possessing the following key
features:

• A fully temporally and spatially coupled treatment of reion-
isation provided by the integration of the semi-numerical reioni-
sation model 21cmFAST (Section 2.11).

• The use of accurate hierarchical merger trees extracted from
a custom N-body simulation with the volume and mass resolution
su�cient to study the statistics of the reionisation structure as
well as the temporal resolution to required to resolve star forma-
tion and supernova feedback in the early Universe (Section 2.1).

• Galaxy formation physics based on the Croton et al. (2006)
semi-analytic model, with updates to deal with the high temporal
resolution provided by our input merger trees (Sections 2.2–2.10).

We have calibrated the free parameters of Meraxesagainst
the observed evolution of the galaxy stellar mass function between
76z65 as well as the latest Planck 2015 (Planck Collaboration
2015) constraints on the electron optical scattering depth (Sec-
tion 3). Through the investigation of a number of model runs with
varying reionisation and galaxy feedback parameters we then find
the following main results:

• Using our fiducial model, including both UV background sup-
pression of baryonic accretion and supernova feedback processes,
we find that the current electron scattering optical depth mea-
surements constrain the high-z escape fraction of ionising photons
to the range 0.1<fesc<0.6 (Section ??).

• When treated self-consistently, in a model with supernova
feedback strong enough to reproduce the observed high-z stellar
mass function, we find that the reionisation history of the inter-
galactic medium is largely insensitive to reionisation feedback.
This implies that the production of ionising photons is not self-
regulated (Section ??).

• Using our framework we are able to quantify the e↵ect
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• Simultaneously predicting the SMF, ionisation rate at z~5 and CMB 
optical depth suggests an evolving escape fraction
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Figure 9. Top two panels: The probability distributions of
integrated

::::::::::
instantaneous

:
ionising photon contribution as a func-

tion of FoF group mass for various global neutral fractions
in the fiducial

::::
(top)

:
and recalibrated no supernova feedback

:::::::
(bottom)

:
models. The inclusion of supernova feedback in the

fiducial model results in a broad distribution of halo masses
which contribute to reionisation.Bottom panel: The evolution of
the ionising emissivity in units of photons per baryon per Gyr.
The green data points are taken from works combining IGM
Lyman-↵ opacities with detailed hydrodynamical simulations
(Bolton & Haehnelt 2007; McQuinn et al. 2011) . The vertical
ticks along the top of the axis indicate the redshifts corresponding
to the distributions shown in the top panels. The model matches
the z=5 emissivity of the model by construction, however, the
absence of supernova feedback results in a more rapid evolution
in the former.

:::
due

::
to

::::::
stellar

::::::::
evolution)

:::::::
between

::::
two

::::::::::
consecutive

::::::::
snapshots

::::::::
separated

::
by

::
a

::::
time

::
�t. The data points present recent mea-

surements derived by combining observed IGM Lyman-↵
opacities with detailed hydrodynamical simulations includ-
ing radiative transfer (Bolton & Haehnelt 2007; McQuinn
et al. 2011).

Our fiducial model shows good agreement with the
results of these works, however, we are unable to probe to
z<5 using our input N-body simulation, and therefore it is
currently unclear if our model will predict a flattening of the
emissivity towards lower redshifts as indicated by the data.
If the predicted emissivity continues to rise then this may be
an indication that the dominant sources of ionising photons
in the model are too biased (Mesinger et al. 2012) .

Also shown in the bottom panel of Figure 9 is the global
emissivity evolution of the

:
(

:
)
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predicts

:
a
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steep
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evolution
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of
::::::::
ionising

:::::::::
emissivity
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times
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than

:::
the
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observational

::::
data

:::
at

::::
z=5.

:::
By

:::::::::::
construction,

:::
the

:
recali-

brated no supernova feedback model . By construction, this

Figure 10.
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Both
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(solid
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blue)
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and

:
recalibrated no supernova feedback

::::
(solid

::::
grey)

::::::
models

:::::::::
over-predict

:::
the

:::::::::::
instantaneous

:::::::
ionising

::::::::
e�ciencies

::
by

:
a
:::::
factor

::
of
:::
⇠5

::
at

::::
z=5.

::::
The

:
half fesc ::::

model
::::::
(purple

:::::::
dashed),

::::
which

::
is

::::
only

::::::::
marginally

::::::::
consistent

:::
with

:::
the

::::::
Planck

:::::
optical

:::::
depth

:::::::::::
measurements,

::::
still

::::
fails

::
to

::::::::
reproduce

::::
the

::::::::::
observational

:::::
data.

::::
Only

:
a
:::::::::::
non-constant

:::::
escape

:::::::
fraction

::::::
(orange

:::::::::::
dash-dotted)

:::
can

:::::::::::
simultaneously

::::::::
reproduce

::::
the

:::::::
observed

:::
flat

:::::::::
emissivity

:::
and

:::
its

::::::::::
normalisation

::
at
:::::
z66.

::::::
Middle

::::
panel

:
:
::::
The

:::::
escape

:::::::
fraction

::
as

::
a

::::::
function

::
of
:::::::
redshift

::
for

::::
the z-varying fesc ::::

model
::::::
shown

::
in

:::
the

::::
panel

:::::
above.

::::::
Bottom

::::
panel

:
:
:::
The

::::::::
integrated

:::
free

::::::
electron

::::::::
scattering

:::::
optical

:::::
depth,

:::
⌧e,::

as
:
a
:::::::
function

::
of

::::::
redshift

:::
for

:::
the fiducial

:::
and

:
z-

varying fesc :::::
models.

::::
The

::::
grey

::::::::
horizontal

:::
line

:::
and

::::::
shaded

:::::
region

::::::
indicate

:::
the

:::::::::
constraints

::
on

::
⌧e:::

to
::::::
z⇠1100

::::
from

:::
the

::::::
Planck

::::
2015

:::
data

::::::
release

::::::::::::::::::::::
(Planck Collaboration 2015) .

model
:
( )

:
predicts a z=5 global emissivity in agreement

with the fiducial result. However, the absence of supernova
feedback leads to a steeper evolution with redshift

::
in

:::
the

::::::::::
recalibrated

:::::
model. This is due to the lower star formation

e�ciency causing a delay in the build up of significant stel-
lar mass, and therefore the onset of reionisation. As

:::::
shown

::
in

::::::
Figure

::
9,

::
as

:
galaxies grow with decreasing redshift, the

absence of supernova feedback ensures that low mass, low
bias haloes continue to dominate ionising photon produc-
tion. This leads to a more rapid growth in the global emis-
sivity and

:
a faster reionisation process for hxHIi . 0.5 (see

::
cf.

:
Figure 8above).
Finally, for reference, the green dashed line () of

Figure 8 shows the neutral fraction evolution of the
:::
The

::::
most

:::::::
obvious

::::::::
method

:::
by

::::::
which

::
to

:::::::
reduce

::::
the

:::::::
ionising

::::::::
emissivity

:::
of

:::
the

:
fiducial

::::::
model,

::::
and

::::
thus

:::::
bring

:::
it

::::
into

:::::::::
qualitative

:::::::::
agreement

::::
with

::::
the

::::::::::::
observational

::::::::::
constraints,

:
is
:::
to

:::::::
reduce

::::
the

:::::::
escape

:::::::
fraction

:::
of

::::::::
ionising

::::::::
photons.

::
As

::::::
shown

:::
in

:::::::
Figure

:::
4,

:::
the

::
half fesc model variation.
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Clustering and IM 

• Predictions for intensity maps  

• Bias of model galaxies in agreement with observations 

• Dependence on flux limit consistent with observations

6 Jaehong Park et al.

Figure A3. The predicted angular clustering of LBGs at z ⇠ 6 using Obs-LBGs and Intrinsic-LBGs, shown as a solid and dashed line,
respectively. The dotted lines represent the predicted angular clustering of dark matter computed using the linear dark matter power
spectrum. The name of the field is labelled on each panel. Filled circles with error bars show the observed ACF measured from the
individual field. The crosses with error bars show the observed combined ACF and are reproduced in each panel for reference. All errors
are 1� and estimated using bootstrap resampling (Ling et al. 1986). In each panel the bottom sub-panels show the predicted galaxy
bias, defined by w

LBGs

(✓)/w
DM

(✓).
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Figure A5. Comparison of the predicted galaxy bias with ob-
servations at z ⇠ 6. The galaxy bias is defined as �

8,g/�8

, where
�
8,g is the galaxy variance at 8h�1Mpc. The filled symbols with

error bars represent the measured bias by Barone-Nugent et al.
(2014) and the positions of x-axis indicate the detection limit
for Y

105

band magnitude corresponding to M
AB,1600. The empty

symbols represent the model predictions. Left, middle-left and
middle-right panels show the galaxy bias of all, bright and faint
LBGs, respectively. In these panels, horizontal dashed and dotted
liens represent, respectively, the measured bias and 1� error using
all samples from all fields. The right panel shows the galaxy bias
measured by Harikane et al. (2015) and the model prediction.

Figure A6. The same as Fig. A5, but at z ⇠ 7

Figure A7. The same as Fig. A5, but delete the plot of Harikane
et al. (2015)

Figure A8. The same as Fig. A6, but delete the plot of Harikane
et al. (2015)

Figure A9. The predicted galaxy bias as a function of redshift.
The grey coloured symbols represent the galaxy bias in each sur-
vey field. Survey fields are XDF, HUDF09-1, HUDF09-2, GS-
Deep, GS-Wide, GS-ERS, GN-Deep and GN-Wide from left to
right. The coloured crosses represent the model prediction. The
solid and dotted lines represent the dark matter halo bias from
the Sheth & Tormen (1999).

c� 2015 RAS, MNRAS 000, 1–??
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Structure of reionization and galaxy formation

• Reionization leaves a distinct mark on the power-spectrum of 21cm 
fluctuations 

• Galaxy evolution drives the shape of the 21cm power-spectrum 

• Goal to provide a connection between galaxy formation and ionised 
structure

10 P. M. Geil et al.
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Figure 8. Evolution of the dimensional 21cm power spectra for
our fiducial model. The redshifts and global neutral fractions
shown correpsond to those of the maps shown in Figure 2.

the maps in Figure 2. At early times, when the simulation
volume is fully neutral, the power spectrum traces the power
spectrum of the underlying density field. Soon after the first
regions ionize, the 21cm and density power spectra diverge
and the 21cm power spectrum drops briefly. This is due to
what Lidz et al. (2008) describe as an ‘equilibration phase’,
when overdense and underdense regions have similar bright-
ness temperatures due to the ‘inside-out’ nature of reion-
ization. As reionization progresses, ionized regions grow re-
sulting in an increase in large-scale power (small k) and a
supression of small-scale power. Power on scales correspond-
ing to k ⇠ 0.1–1 Mpc�1 tends to a maximum and the slope
of the power spectrum flattens when reionization approaches
its midpoint at x̄v

Hi

⇡ 0.5. Past this point power on all scales
falls until there is no signal.

Figure 9 shows the dimensional 21cm power spectra for
our models at z ⇡ 8.29 (x̄v

Hi

⇡ 0.7) when the models have
been most accurately matched. We see that the e↵ect of
di↵erent source prescriptions and feedback is significant on
spatial scales at which the current generation of radio inter-
ferometers are sensitive (e.g., k = 0.13 Mpc�1 correspond-
ing to ⇠ 50 Mpc). The di↵erences show that: i) without SNe
feedback there is ⇡ 21% less power than the fiducial model;
ii) using a constant steller to halo mass relationship results
in ⇡ 34% less power; iii) including only sources in the fidu-
cial model with host haloes of mass greater than 1010 M�
leads to ⇡ 45% more power, and; iv) using a constant steller
to halo mass relationship but including only sources with
haloes of mass greater than 1010 M� leads to ⇡ 25% more
power. These di↵erences are qualitatively the same as seen
in the results for the average size of ionized regions in Sec-
tion 3.2.

In order to demonstrate the evolution of spatial fluctu-
ations in the 21cm signal for our models we show the evo-
lution of their dimensional power spectra for specific pivot
wavenumbers (kp ⇡ 0.08, 0.19, 0.41 and 0.92 Mpc�1) in Fig-
ure 10. The top panels show evolution as a function of red-
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Figure 9. The dimensional 21cm power spectra for our models at
(z, x̄v

Hi

) ⇡ (8.29, 0.7) when the models have been most accurately
matched. The vertical dotted line shows a scale at which the new
generation of radio interferometers are sensitive.

shift while the bottom panels show evolution as a function of
global neutral fraction. The results at redshifts/global neu-
tral fractions further from when the models were matched
are less reliable on account of di↵erences in their under-
lying denisty fields. Any e↵ect due to these di↵erences is
weaker on large scales (small k values) as the density field
evolves more slowly on these scales than for smaller scales
(large k values). It can be seen that each model exhibits
similar evolutionary behaviour in general, but with di↵er-
ing levels of power. The exception is on the smaller scales
(k >⇠ 0.4 Mpc�1), where during the first half of reionization
(i.e., before the maximum) both of the mass-cut models do
not pass through a local minimum. These minima appear to
be a feature of models with populations of low-luminosity
ionizing sources.

The use of the power spectrum slope as a diagnostic of
reionization has been demonstrated by Lidz et al. (2008) and
Kim et al. (2013). While plotting slope as a function of global
neutral fraction is useful in illustrating di↵erences in critical
behaviour between reionization models, the global neutral
fraction is not directly measurable. We therefore explore the
evolution of the slope of the power spectra of 21cm bright-
ness temperature fluctuations as a function its amplitude;
both direct observables. Figure 11 shows loci of the power
spectrum gradient versus amplitude for our models. We see
that while there are di↵erences in slope between models, the
main di↵erence is on account of di↵erences in amplitude. We
do not find the same level of di↵erence between models with
and without supernova feedback as Kim et al. (2013), most
likely due to reasons mentioned in Section 3.2.

4 SUMMARY AND CONCLUSIONS

This work has demonstrated some of the capabilties of
the Dark-ages, Reionization And Galaxy formation Observ-
ables from Numerical Simulation (Dragons) project in in-
vestigating the morphology and statistics of the Epoch of
Reioinization. As explained in Section 2.3 and more fully
in Mutch et al. (2015), Dragons couples the galaxy prop-
erties modelled by the semi-analytic model Meraxes with

c� 2014 RAS, MNRAS 000, 1–??
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Figure 3. Ionization field of our models (columns) at three di↵erent volume-averaged global neutral fractions (x̄Hi

⇡ 0.7, 0.5 and 0.3,
top to bottom respectively). White regions are ionized and black regions are neutral. All panels are 100 Mpc on a side and 0.78 Mpc
deep. At x̄Hi

⇡ 0.7, the NoSNeFB, NoFB, CSHR and CSHR.Mcut models result in regions that are ⇡ 42% smaller, 37% smaller, 61%
smaller, and 88% larger in volume than those in the fiducial model, repectictively.

ulations can be seen in Figure 3, which shows slices through
the ionization field of our models at three di↵erent volume-
averaged global neutral fractions (x̄Hi

⇡ 0.7, 0.5 and 0.3, top
to bottom respectively). In this figure, white regions are ion-
ized and black regions are neutral. In order to help explain
the di↵erences that can be seen between the ionization fields
of our models, we calculate the median fraction of mass in
the form of stars as a function of FoF halo virial mass at
z ⇡ 8, weighted by the escape fraction of each model, i.e.,
fesc

f
M⇤/Mvir (Figure 4). This quantity acts as a proxy for

the average ionizing luminosity of sources as a function of
their host halo virial mass. The following features can be
observed in the ionization fields shown in Figure 3:

• The ionization field for the NoSNeFB model has a
slightly larger population of small ionized regions and its
overlapping regions tend to be smaller than those of the fidu-
cial model. Low-mass haloes, being less biased than more
massive haloes, populate the less dense regions of the simu-
lation volume creating isolated ionized regions. On the other
hand, high-mass haloes tend to cluster within the densest
regions forming large overlapping ionized regions. As evi-
dent in Figure 4, SNe feedback lowers the specific luminosity
of low-mass ionizing sources, but increases it for high-mass
sources. Therefore, without the feedback e↵ects of super-
novæ more small, isolated ionized regions will exist and the
overlapping regions will be smaller at fixed ionized fraction.

These e↵ects are in agreement with previous work investi-
gating the e↵ect of SNe feedback (see e.g., Kim et al. 2013a),
although the e↵ects are weaker in our results. We attribute
this di↵erence to Meraxes having an order of magnitude
higher temporal resolution than the Millenium-II simulation
(Boylan-Kolchin et al. 2009), which is required to resolve the
dynamical time at z > 6.

• The ionization field for the NoFB model is almost iden-
tical to that of the NoSNeFB model. This is due to the
dominance of supernova feedback over reionization feedback
in star-formation suppression and their e↵ect on the ioniza-
tion state of the IGM as discussed in Mutch et al. (2015).
Therefore, the same general argument holds here in explain-
ing the di↵erence in the ionization field as for the NoSNeFB
model above.

• The ionization field for the CSHR model has a larger
population of small ionized regions, including very small re-
gions, and its overlapping regions tend to be smaller than
those of the fiducial model. The same general argument holds
here as for the models above. As discussed in Mutch et al.
(2015), owing to both the galaxy formation modelling and
the star-formation supressing e↵ects of reionization and su-
pernova feedback, galaxies with low-mass FoF host haloes
in the fiducial model contain, on average, less stellar mass
than that expected using a CSHR prescription. This impor-
tant point of di↵erence bewteen Meraxes and purely semi-
numerical simulations shows that simply approximating the
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ulations can be seen in Figure 3, which shows slices through
the ionization field of our models at three di↵erent volume-
averaged global neutral fractions (x̄Hi

⇡ 0.7, 0.5 and 0.3, top
to bottom respectively). In this figure, white regions are ion-
ized and black regions are neutral. In order to help explain
the di↵erences that can be seen between the ionization fields
of our models, we calculate the median fraction of mass in
the form of stars as a function of FoF halo virial mass at
z ⇡ 8, weighted by the escape fraction of each model, i.e.,
fesc

f
M⇤/Mvir (Figure 4). This quantity acts as a proxy for

the average ionizing luminosity of sources as a function of
their host halo virial mass. The following features can be
observed in the ionization fields shown in Figure 3:

• The ionization field for the NoSNeFB model has a
slightly larger population of small ionized regions and its
overlapping regions tend to be smaller than those of the fidu-
cial model. Low-mass haloes, being less biased than more
massive haloes, populate the less dense regions of the simu-
lation volume creating isolated ionized regions. On the other
hand, high-mass haloes tend to cluster within the densest
regions forming large overlapping ionized regions. As evi-
dent in Figure 4, SNe feedback lowers the specific luminosity
of low-mass ionizing sources, but increases it for high-mass
sources. Therefore, without the feedback e↵ects of super-
novæ more small, isolated ionized regions will exist and the
overlapping regions will be smaller at fixed ionized fraction.

These e↵ects are in agreement with previous work investi-
gating the e↵ect of SNe feedback (see e.g., Kim et al. 2013a),
although the e↵ects are weaker in our results. We attribute
this di↵erence to Meraxes having an order of magnitude
higher temporal resolution than the Millenium-II simulation
(Boylan-Kolchin et al. 2009), which is required to resolve the
dynamical time at z > 6.

• The ionization field for the NoFB model is almost iden-
tical to that of the NoSNeFB model. This is due to the
dominance of supernova feedback over reionization feedback
in star-formation suppression and their e↵ect on the ioniza-
tion state of the IGM as discussed in Mutch et al. (2015).
Therefore, the same general argument holds here in explain-
ing the di↵erence in the ionization field as for the NoSNeFB
model above.

• The ionization field for the CSHR model has a larger
population of small ionized regions, including very small re-
gions, and its overlapping regions tend to be smaller than
those of the fiducial model. The same general argument holds
here as for the models above. As discussed in Mutch et al.
(2015), owing to both the galaxy formation modelling and
the star-formation supressing e↵ects of reionization and su-
pernova feedback, galaxies with low-mass FoF host haloes
in the fiducial model contain, on average, less stellar mass
than that expected using a CSHR prescription. This impor-
tant point of di↵erence bewteen Meraxes and purely semi-
numerical simulations shows that simply approximating the
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ulations can be seen in Figure 3, which shows slices through
the ionization field of our models at three di↵erent volume-
averaged global neutral fractions (x̄Hi

⇡ 0.7, 0.5 and 0.3, top
to bottom respectively). In this figure, white regions are ion-
ized and black regions are neutral. In order to help explain
the di↵erences that can be seen between the ionization fields
of our models, we calculate the median fraction of mass in
the form of stars as a function of FoF halo virial mass at
z ⇡ 8, weighted by the escape fraction of each model, i.e.,
fesc

f
M⇤/Mvir (Figure 4). This quantity acts as a proxy for

the average ionizing luminosity of sources as a function of
their host halo virial mass. The following features can be
observed in the ionization fields shown in Figure 3:

• The ionization field for the NoSNeFB model has a
slightly larger population of small ionized regions and its
overlapping regions tend to be smaller than those of the fidu-
cial model. Low-mass haloes, being less biased than more
massive haloes, populate the less dense regions of the simu-
lation volume creating isolated ionized regions. On the other
hand, high-mass haloes tend to cluster within the densest
regions forming large overlapping ionized regions. As evi-
dent in Figure 4, SNe feedback lowers the specific luminosity
of low-mass ionizing sources, but increases it for high-mass
sources. Therefore, without the feedback e↵ects of super-
novæ more small, isolated ionized regions will exist and the
overlapping regions will be smaller at fixed ionized fraction.

These e↵ects are in agreement with previous work investi-
gating the e↵ect of SNe feedback (see e.g., Kim et al. 2013a),
although the e↵ects are weaker in our results. We attribute
this di↵erence to Meraxes having an order of magnitude
higher temporal resolution than the Millenium-II simulation
(Boylan-Kolchin et al. 2009), which is required to resolve the
dynamical time at z > 6.

• The ionization field for the NoFB model is almost iden-
tical to that of the NoSNeFB model. This is due to the
dominance of supernova feedback over reionization feedback
in star-formation suppression and their e↵ect on the ioniza-
tion state of the IGM as discussed in Mutch et al. (2015).
Therefore, the same general argument holds here in explain-
ing the di↵erence in the ionization field as for the NoSNeFB
model above.

• The ionization field for the CSHR model has a larger
population of small ionized regions, including very small re-
gions, and its overlapping regions tend to be smaller than
those of the fiducial model. The same general argument holds
here as for the models above. As discussed in Mutch et al.
(2015), owing to both the galaxy formation modelling and
the star-formation supressing e↵ects of reionization and su-
pernova feedback, galaxies with low-mass FoF host haloes
in the fiducial model contain, on average, less stellar mass
than that expected using a CSHR prescription. This impor-
tant point of di↵erence bewteen Meraxes and purely semi-
numerical simulations shows that simply approximating the
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top to bottom respectively). White regions are ionized and black regions are neutral. All panels are 100 Mpc on a side and 0.78 Mpc
deep. At x̄Hi

⇡ 0.7, the NoSNeFB, NoFB, CSHR and CSHR.Mcut models result in regions that are ⇡ 42% smaller, 37% smaller, 61%
smaller, and 88% larger in volume than those in the fiducial model, repectictively.

ulations can be seen in Figure 3, which shows slices through
the ionization field of our models at three di↵erent volume-
averaged global neutral fractions (x̄Hi

⇡ 0.7, 0.5 and 0.3, top
to bottom respectively). In this figure, white regions are ion-
ized and black regions are neutral. In order to help explain
the di↵erences that can be seen between the ionization fields
of our models, we calculate the median fraction of mass in
the form of stars as a function of FoF halo virial mass at
z ⇡ 8, weighted by the escape fraction of each model, i.e.,
fesc

f
M⇤/Mvir (Figure 4). This quantity acts as a proxy for

the average ionizing luminosity of sources as a function of
their host halo virial mass. The following features can be
observed in the ionization fields shown in Figure 3:

• The ionization field for the NoSNeFB model has a
slightly larger population of small ionized regions and its
overlapping regions tend to be smaller than those of the fidu-
cial model. Low-mass haloes, being less biased than more
massive haloes, populate the less dense regions of the simu-
lation volume creating isolated ionized regions. On the other
hand, high-mass haloes tend to cluster within the densest
regions forming large overlapping ionized regions. As evi-
dent in Figure 4, SNe feedback lowers the specific luminosity
of low-mass ionizing sources, but increases it for high-mass
sources. Therefore, without the feedback e↵ects of super-
novæ more small, isolated ionized regions will exist and the
overlapping regions will be smaller at fixed ionized fraction.

These e↵ects are in agreement with previous work investi-
gating the e↵ect of SNe feedback (see e.g., Kim et al. 2013a),
although the e↵ects are weaker in our results. We attribute
this di↵erence to Meraxes having an order of magnitude
higher temporal resolution than the Millenium-II simulation
(Boylan-Kolchin et al. 2009), which is required to resolve the
dynamical time at z > 6.

• The ionization field for the NoFB model is almost iden-
tical to that of the NoSNeFB model. This is due to the
dominance of supernova feedback over reionization feedback
in star-formation suppression and their e↵ect on the ioniza-
tion state of the IGM as discussed in Mutch et al. (2015).
Therefore, the same general argument holds here in explain-
ing the di↵erence in the ionization field as for the NoSNeFB
model above.

• The ionization field for the CSHR model has a larger
population of small ionized regions, including very small re-
gions, and its overlapping regions tend to be smaller than
those of the fiducial model. The same general argument holds
here as for the models above. As discussed in Mutch et al.
(2015), owing to both the galaxy formation modelling and
the star-formation supressing e↵ects of reionization and su-
pernova feedback, galaxies with low-mass FoF host haloes
in the fiducial model contain, on average, less stellar mass
than that expected using a CSHR prescription. This impor-
tant point of di↵erence bewteen Meraxes and purely semi-
numerical simulations shows that simply approximating the
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• Two simulated galaxies in search volume with Mstar >109 Msolar, and M1600 ~ 
-22 

GN-z11: luminous high redshift galaxy

Our DRAGONS simulation has a box size similar to the quoted survey volume in the Oesch z~11 
galaxy paper. The simulation is calibrated to the z~5-7 luminosity function, and so we therefore 
looked to see whether there is a prediction for very massive galaxies like the one observed. 

There are two galaxies at z~11 in our volume with stellar masses greater than 10^9 solar masses. A 
couple of properties of these are below. They have SEDs similar to observations, in shape and 
amplitude. They have high starformation rates, at the level of a few 10s of solar masses per year.

Below are figures with the SEDs, star formation rate histories, halo mass growth histories and the 
distribution of spin parameters (for all halos at that redshift). Blue and red are the second most 
massive and most massive stellar systems respectively. 

The halos are the most massive at z~11 and have low spin. These turn out to me more regulation 
galaxies by z~5, having been overtaken by other systems.

DRAGONS—UV luminosity functions 7

Figure 3. Model UV LFs at z⇠5–10 from Meraxes. Blue solid lines show selected LBGs with 1� Poisson uncertainties shown as
shaded regions at bright end. Black circles and red squares are observational data from Bouwens et al. (2015b) (z⇠5, 6, 7, 8 and 10)
and Bouwens et al. (2015c) (z⇠9 and 10) respectively. The red dashed line at z⇠5 shows the UV LF for all model galaxies without the
LBG selection. We see a close agreement between the model and observations.

Figure 4. Model UV LFs from Meraxes for all model galaxies extended to low luminosities, illustrating the predicted flattening fainter
than M

1600

⇠�14. Red circles and red squares show the observed UV LF from (Bouwens et al. 2015b) and Atek et al. (2015) at z⇠7
respectively.
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explore what constraints the grism spectrum alone can
set on such a solution.
The expected flux for such a red galaxy increases grad-

ually across the wavelength range covered by the G141
grism, unlike what we observe in the data (lower right
in Fig 4). Compared to our best-fit solution (see next
section) we measure a ��2 = 15 when comparing the
data with the expected grism flux. Apart from the ex-
tremely large discrepancy with the IRAC photometry, we
can thus exclude this solution at 98.9% confidence based
on the spectrum alone.
Similar conclusions can be drawn from the break

strength alone (see e.g. Spinrad et al. 1998). Assum-
ing that the observed break at 1.47 µm corresponds to
4000 Å at z = 2.7, a galaxy with a maximally old spec-
tral energy distribution (single burst at z = 15) would
show a flux ratio of (1 � fshort

⌫

/f long

⌫

) < 0.63 when av-
eraged over 560 Å bins. This is based on simple Bruzual
& Charlot (2003) models without any dust. As men-
tioned earlier, the observed spectrum has a break of
(1 � fshort

⌫

/f long

⌫

) > 0.68 at 2�, thus indicating again
that we can marginally rule out a 4000 Å break based
on the spectrum alone without even including the pho-
tometric constraints.

4. DISCUSSION

4.1. Physical Properties of GN-z11

Despite being the most distant known galaxy, GN-z11
is relatively bright and reliably detected in both IRAC
3.6 and 4.5 µm bands from the S-CANDELS survey
(Ashby et al. 2015). This provides a sampling of its rest-
frame UV spectral energy distribution and even partially
covers the rest-frame optical wavelengths in the IRAC
4.5 µm band (see Figure 6).
The photometry of GN-z11 is consistent with a spectral

energy distribution (SED) of logM/M� ⇠ 9 using stan-
dard templates (Bruzual & Charlot 2003, see appendix).
The UV continuum is relatively blue with a UV spectral
slope � = �2.5±0.2 as derived from a powerlaw fit to the
H

160

, K, and [3.6] fluxes only, indicating very little dust
extinction (see also Wilkins et al. 2016). Together with
the absence of a strong Balmer break, this is consistent
with a young stellar age of this galaxy. The best fit age
is only 40 Myr (< 110 Myr at 1�). GN-z11 thus formed
its stars relatively rapidly. The inferred star-formation
rate is 24±10 M�/yr. All the inferred physical parame-
ters for GN-z11 are summarized in Table 2. Overall, our
results show that galaxy build-up was well underway at
⇠ 400 Myr after the Big Bang.

4.2. The Number Density of Very Bright z > 10
Galaxies

The spectrum of GN-z11 indicates that its contin-
uum break lies within the H

160

filter (which covers
⇠ 1.4�1.7 µm; see Fig 6). The rest-frame UV continuum
flux of this galaxy is therefore ⇠0.4 mag brighter than
inferred from the H

160

magnitude. The estimated abso-
lute magnitude is M

UV

= �22.1± 0.2, which is roughly
a magnitude brighter (i.e., a factor 3⇥) than the char-
acteristic luminosity of the UV luminosity function at
z ⇠ 7�8 (Bouwens et al. 2015b; Finkelstein et al. 2015).
With z

grism

= 11.09, the galaxy GN-z11 is thus surpris-
ingly bright and distant (see Figure 5). While one single
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Fig. 6.— Top – The photometry (red) and best-fit spec-
tral energy distribution (SED; gray) of GN-z11 at the measured
grism redshift of z = 11.09. Upper limits correspond to 1� non-
detections. The black squares correspond to the flux measurements
of the best-fit SED. Inset negative images of 600⇥600 show the HST
J
125

, JH
140

, and H
160

bands as well as the neighbor-cleaned IRAC
4.5 µm image. GN-z11 is robustly detected in all bands longward
of 1.4 µm, resulting in accurate constraints on its physical param-
eters. The photometry is consistent with a galaxy stellar mass
of logM/M� ⇠ 9.0 with no or very little dust extinction and a
young average stellar age. Middle – A zoom-in around the wave-
length range probed by the G141 grism. The rebinned grism data
are shown by the blue line with errorbars. The grism flux is con-
sistent with the photometry (red points) and the best-fit SED at
z = 11.09 (gray line). The red horizontal errorbars represent the
wavelength coverage of the di↵erent HST filters, indicating that
the break of GN-z11 lies within the H

160

band. Bottom – The
redshift probability distribution functions, p(z), when fitting only
to the broad-band photometry (red) or when including both the
photometry and the grism in the fits (blue). The photometric p(z)
peaks at significantly lower redshift, but contains an extended tail
to z > 11. The addition of the grism data significantly tightens the
p(z) resulting in uncertainties of �z ' 0.1. The fits that include
the old, shallower JH

140

photometry are shown in gray, while those
that use the grism data alone, without any photometric constraints,
are shown in green.
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A REMARKABLY LUMINOUS GALAXY AT Z=11.1 MEASURED WITH HUBBLE SPACE TELESCOPE
GRISM SPECTROSCOPY
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ABSTRACT

We present Hubble WFC3/IR slitless grism spectra of a remarkably bright z & 10 galaxy candidate,
GN-z11, identified initially from CANDELS/GOODS-N imaging data. A significant spectroscopic
continuum break is detected at � = 1.47 ± 0.01 µm. The new grism data, combined with the pho-
tometric data, rule out all plausible lower redshift solutions for this source. The only viable solution
is that this continuum break is the Ly↵ break redshifted to z

grism

= 11.09+0.08

�0.12

, just ⇠400 Myr after
the Big Bang. This observation extends the current spectroscopic frontier by 150 Myr to well before
the Planck (instantaneous) cosmic reionization peak at z ⇠ 8.8, demonstrating that galaxy build-up
was well underway early in the reionization epoch at z > 10. GN-z11 is remarkably and unexpectedly
luminous for a galaxy at such an early time: its UV luminosity is 3⇥ larger than L⇤ measured at
z ⇠ 6� 8. The Spitzer IRAC detections up to 4.5 µm of this galaxy are consistent with a stellar mass
of ⇠ 109 M�. This spectroscopic redshift measurement suggests that the James Webb Space Telescope
(JWST ) will be able to similarly and easily confirm such sources at z > 10 and characterize their
physical properties through detailed spectroscopy. Furthermore, WFIRST, with its wide-field near-IR
imaging, would find large numbers of similar galaxies and contribute greatly to JWST ’s spectroscopy,
if it is launched early enough to overlap with JWST .
Subject headings: galaxies: high-redshift — galaxies: formation — galaxies: evolution — dark ages,

reionization, first stars

1. INTRODUCTION

The first billion years are a crucial epoch in cosmic
history. This is when the first stars and galaxies formed
and the universe underwent a major phase transition
from a neutral to an ionized state. Our understand-
ing of galaxies in this early phase of the universe has
been revolutionized over the last few years thanks to
the very sensitive WFC3/IR camera onboard the Hubble
Space Telescope (HST ) in combination with ultra-deep
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Spitzer/IRAC imaging. WFC3/IR has pushed the ob-
servational horizon of galaxies to the beginning of the
cosmic reionization epoch at z ⇠ 9 � 11, less than 500
Myr from the Big Bang. Several large extragalactic sur-
veys have now resulted in the identification of a large
sample of more than 800 galaxies at z ⇠ 7� 8 (Bouwens
et al. 2015b; McLure et al. 2013; Finkelstein et al. 2015;
Bradley et al. 2014; Schmidt et al. 2014) and even a small
sample of z ⇠ 9�11 candidates (Oesch et al. 2013, 2014,
2015a; Ellis et al. 2013; Zheng et al. 2012; Coe et al. 2013;
Zitrin et al. 2014; Bouwens et al. 2015a; McLeod et al.
2015; Ishigaki et al. 2015; Infante et al. 2015; Kawamata
et al. 2015; Calvi et al. 2016).
Spectroscopic confirmations of very high-redshift can-

didates remain limited, however. The primary spectral
feature accessible from the ground for these sources, the
Ly↵ line, is likely attenuated by the surrounding neutral
hydrogen for all z > 6 galaxies (Schenker et al. 2012;
Treu et al. 2013; Pentericci et al. 2014). Therefore, de-
spite the large number of candidates from HST imaging,
only a handful of galaxies in the epoch of reionization
have confirmed redshifts to date (Vanzella et al. 2011;
Ono et al. 2012; Shibuya et al. 2012; Finkelstein et al.
2013; Oesch et al. 2015b; Roberts-Borsani et al. 2015;
Zitrin et al. 2015).
Given the low success rate of Ly↵ searches, a viable

alternative approach is to search for a spectroscopic con-
firmation of the UV continuum spectral break (see e.g.
Dow-Hygelund et al. 2005; Malhotra et al. 2005; Vanzella
et al. 2009; Rhoads et al. 2013; Watson et al. 2015; Pirzkal
et al. 2015). This break is expected owing to the near-
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TABLE 2
Summary of Measurements for GN-z11

R.A. 12 : 36 : 25.46
Dec. +62 : 14 : 31.4
Redshift z

grism

11.09+0.08
�0.12

a

UV Luminosity MUV �22.1± 0.2
Half � Light Radiusb 0.6± 0.3 kpc
logMgal/M� c 9.0± 0.4
log age/yr c 7.6± 0.4
SFR 24± 10 M� yr�1

A
UV

< 0.2 mag
UV slope � (f� / ��) �2.5± 0.2d

a Age of the Universe at z = 11.09 using our cosmol-
ogy: 402 Myr
b From Holwerda et al. (2015)
c Uncertainties are likely underestimated, since our
photometry only partially covers the rest-frame opti-
cal for GN-z11
d See also Wilkins et al. (2016)

to estimate how many such galaxies we could have ex-
pected based on (1) the currently best estimates of the
UV LF at z > 8 and (2) based on theoretical models and
simulations.
Our target was found in a search of the GOODS fields,

which amount to ⇠ 160 arcmin2. However, in a sub-
sequent search of the three remaining CANDELS fields
no similar sources were found with likely redshifts at
z & 10 (Bouwens et al. 2015a). We therefore use the
full 750 arcmin2 of the CANDELS fields with match-
ing WFC3/IR and ACS imaging for a volume estimate,
which amounts to 1.2⇥106 Mpc3 (assuming �z = 1).
Using the simple trends in the Schechter parameters of

the UV LFs measured UV at lower redshift (z ⇠ 4 � 8)
and extrapolating these to z = 11, we can get an empir-
ical estimate of the number density of very bright galax-
ies at z ⇠ 11. This amounts to 0.06 (Bouwens et al.
2015b) or 0.002 (Finkelstein et al. 2015) expected galax-
ies brighter thanM

UV

= �22.1 in our survey correspond-
ing to less than 0.3 per surveyed square degree. Simi-
larly, recent empirical models (Mashian et al. 2016; Ma-
son et al. 2015; Trac et al. 2015) predict only 0.002�0.03
galaxies as bright as GN-z11 in our survey or 0.01�0.2
per deg2. All the assumed LF parameters together with
the resulting estimates of the number of expected bright
galaxies N

exp

are listed in Table 3.
The above estimates illustrate that our discovery of

the unexpectedly luminous galaxy GN-z11 may challenge
our current understanding of galaxy build-up at z > 8.
A possible solution is that the UV LF does not follow
a Schechter function form at the very bright end as has
been suggested by some authors at z ⇠ 7 (Bowler et al.
2014), motivated by ine�cient feedback in the very early
universe. However, current evidence for this is still weak
(see discussion in Bouwens et al. 2015b). Larger area
studies will be required in the future (such as the planned
WFIRST High Latitude Survey; Spergel et al. 2015) sur-
veying several square degrees to determine the bright end
of the UV LF to resolve this puzzle.

5. SUMMARY

In this paper we present HST slitless grism spectra
for a uniquely bright z > 10 galaxy candidate, which
we previously identified in the GOODS-North field, GN-
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Fig. 7.— The redshift and UV luminosities of known high-
redshift galaxies from blank field surveys. Dark filled squares corre-
spond to spectroscopically confirmed sources, while small gray dots
are photometric redshifts (Bouwens et al. 2015b). GN-z11 clearly
stands out as one of the most luminous currently known galaxies at
all redshifts z > 6 and is by far the most distant measured galaxy
with spectroscopy (black squares; see Oesch et al. 2015b, for a full
list of references). Wider area surveys with future near-infrared
telescopes (such as WFIRST) will be required to determine how
common such luminous sources really are at z > 10.

TABLE 3
Assumed LFs for z ⇠ 10� 11 Number Density Estimates

Reference � ⇤ /10�5 M⇤ ↵ N
exp

[Mpc�3] [mag] (< �22.1)

Bouwens et al. (2015b) 1.65 -20.97 -2.38 0.06
Finkelstein et al. (2015) 0.96 -20.55 -2.90 0.002
Mashian et al. (2016) 0.25 -21.20 -2.20 0.03
Mason et al. (2015) 0.30 -21.05 -2.61 0.01
Trac et al. (2015) 5.00 -20.18 -2.22 0.002

Note. — The parameters �⇤, M⇤, and ↵ represent the three
parameters of the Schechter UV LF taken from the di↵erent papers.

z11. Our 2D data show clear flux longward of ⇠ 1.47 µm
exactly along the trace of the target galaxy and zero
flux at shorter wavelengths, thanks to our comprehensive
and accurate treatment of contamination by neighboring
galaxies. The interpretation that we indeed detect the
continuum flux from GN-z11 is supported by the mor-
phology of the spectrum, the fact that the counts fall o↵
exactly where the sensitivity of the G141 grism drops, as
well as the consistency of the observed counts with the
H-band magnitude of GN-z11 (see e.g. Fig 3).
The grism spectrum, combined with the photometric

constraints, allows us to exclude plausible low-redshift
SEDs for GN-z11 at high confidence. In particular, we
can invalidate a low redshift SED of an extreme line emit-
ter galaxy at z ⇠ 2 (see section 3 and Fig 4). Instead,
the grism spectrum is completely consistent with a very
high-redshift solution at z

grism

= 11.09+0.08

�0.12

(see Figures
3 and 5). This indicates that this galaxy lies at only
⇠ 400 Myr after the Big Bang, extending the previous
redshift record by ⇠ 150 Myr.
GN-z11 is not only the most distant spectroscopically

measured source, but is likely even more distant than
all other high-redshift candidates with photometric red-
shifts, including MACS0647-JD at z

phot

= 10.7+0.6

�0.4

(Coe

8 Oesch et al.

TABLE 2
Summary of Measurements for GN-z11

R.A. 12 : 36 : 25.46
Dec. +62 : 14 : 31.4
Redshift z

grism

11.09+0.08
�0.12

a

UV Luminosity MUV �22.1± 0.2
Half � Light Radiusb 0.6± 0.3 kpc
logMgal/M� c 9.0± 0.4
log age/yr c 7.6± 0.4
SFR 24± 10 M� yr�1

A
UV

< 0.2 mag
UV slope � (f� / ��) �2.5± 0.2d

a Age of the Universe at z = 11.09 using our cosmol-
ogy: 402 Myr
b From Holwerda et al. (2015)
c Uncertainties are likely underestimated, since our
photometry only partially covers the rest-frame opti-
cal for GN-z11
d See also Wilkins et al. (2016)

to estimate how many such galaxies we could have ex-
pected based on (1) the currently best estimates of the
UV LF at z > 8 and (2) based on theoretical models and
simulations.
Our target was found in a search of the GOODS fields,

which amount to ⇠ 160 arcmin2. However, in a sub-
sequent search of the three remaining CANDELS fields
no similar sources were found with likely redshifts at
z & 10 (Bouwens et al. 2015a). We therefore use the
full 750 arcmin2 of the CANDELS fields with match-
ing WFC3/IR and ACS imaging for a volume estimate,
which amounts to 1.2⇥106 Mpc3 (assuming �z = 1).
Using the simple trends in the Schechter parameters of

the UV LFs measured UV at lower redshift (z ⇠ 4 � 8)
and extrapolating these to z = 11, we can get an empir-
ical estimate of the number density of very bright galax-
ies at z ⇠ 11. This amounts to 0.06 (Bouwens et al.
2015b) or 0.002 (Finkelstein et al. 2015) expected galax-
ies brighter thanM

UV

= �22.1 in our survey correspond-
ing to less than 0.3 per surveyed square degree. Simi-
larly, recent empirical models (Mashian et al. 2016; Ma-
son et al. 2015; Trac et al. 2015) predict only 0.002�0.03
galaxies as bright as GN-z11 in our survey or 0.01�0.2
per deg2. All the assumed LF parameters together with
the resulting estimates of the number of expected bright
galaxies N

exp

are listed in Table 3.
The above estimates illustrate that our discovery of

the unexpectedly luminous galaxy GN-z11 may challenge
our current understanding of galaxy build-up at z > 8.
A possible solution is that the UV LF does not follow
a Schechter function form at the very bright end as has
been suggested by some authors at z ⇠ 7 (Bowler et al.
2014), motivated by ine�cient feedback in the very early
universe. However, current evidence for this is still weak
(see discussion in Bouwens et al. 2015b). Larger area
studies will be required in the future (such as the planned
WFIRST High Latitude Survey; Spergel et al. 2015) sur-
veying several square degrees to determine the bright end
of the UV LF to resolve this puzzle.

5. SUMMARY

In this paper we present HST slitless grism spectra
for a uniquely bright z > 10 galaxy candidate, which
we previously identified in the GOODS-North field, GN-
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Fig. 7.— The redshift and UV luminosities of known high-
redshift galaxies from blank field surveys. Dark filled squares corre-
spond to spectroscopically confirmed sources, while small gray dots
are photometric redshifts (Bouwens et al. 2015b). GN-z11 clearly
stands out as one of the most luminous currently known galaxies at
all redshifts z > 6 and is by far the most distant measured galaxy
with spectroscopy (black squares; see Oesch et al. 2015b, for a full
list of references). Wider area surveys with future near-infrared
telescopes (such as WFIRST) will be required to determine how
common such luminous sources really are at z > 10.

TABLE 3
Assumed LFs for z ⇠ 10� 11 Number Density Estimates

Reference � ⇤ /10�5 M⇤ ↵ N
exp

[Mpc�3] [mag] (< �22.1)

Bouwens et al. (2015b) 1.65 -20.97 -2.38 0.06
Finkelstein et al. (2015) 0.96 -20.55 -2.90 0.002
Mashian et al. (2016) 0.25 -21.20 -2.20 0.03
Mason et al. (2015) 0.30 -21.05 -2.61 0.01
Trac et al. (2015) 5.00 -20.18 -2.22 0.002

Note. — The parameters �⇤, M⇤, and ↵ represent the three
parameters of the Schechter UV LF taken from the di↵erent papers.

z11. Our 2D data show clear flux longward of ⇠ 1.47 µm
exactly along the trace of the target galaxy and zero
flux at shorter wavelengths, thanks to our comprehensive
and accurate treatment of contamination by neighboring
galaxies. The interpretation that we indeed detect the
continuum flux from GN-z11 is supported by the mor-
phology of the spectrum, the fact that the counts fall o↵
exactly where the sensitivity of the G141 grism drops, as
well as the consistency of the observed counts with the
H-band magnitude of GN-z11 (see e.g. Fig 3).
The grism spectrum, combined with the photometric

constraints, allows us to exclude plausible low-redshift
SEDs for GN-z11 at high confidence. In particular, we
can invalidate a low redshift SED of an extreme line emit-
ter galaxy at z ⇠ 2 (see section 3 and Fig 4). Instead,
the grism spectrum is completely consistent with a very
high-redshift solution at z

grism

= 11.09+0.08

�0.12

(see Figures
3 and 5). This indicates that this galaxy lies at only
⇠ 400 Myr after the Big Bang, extending the previous
redshift record by ⇠ 150 Myr.
GN-z11 is not only the most distant spectroscopically

measured source, but is likely even more distant than
all other high-redshift candidates with photometric red-
shifts, including MACS0647-JD at z

phot

= 10.7+0.6

�0.4

(Coe

Redshift
MUV

log10(M★/M⊙)

Oesch et al. (2016)
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• These GN-z11 analogs lie at the center of large isolated regions until late 
in reionization, and could be resolved by SKA-low at z<10

HII regions around GN-z11 analogs 
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HII regions around GN-z11 analogs 

• Probe reionization through searches for large HII regions around 
massive galaxies
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Stacking HII regions around GN-z11 analogs 

• 100s of galaxies in the WFIRST High 
Latitude Survey per SKA field 

• HII regions will be detectable in 
stacked spectra along the line-of-sight 
to the most luminous galaxies 
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Summary

• Simulation can be used to link galaxy formation 
with ionisation structure to be measure with SKA-
low 

• Power-spectrum is sensitive to some details of 
galaxy formation, particularly feedback in low mass 
galaxies 

• Luminous galaxies such as GN-z11, which will be 
discovered in large numbers by WFIRST likely drive some 
the largest bubbles during early reionization

• These will provide targets for observations of HII regions 
and probe the galaxy — re-ionisation connection

12 Mutch et al.

Figure 4. The ionisation state of a thin 8.5 Mpc produced by Meraxes. The volume averaged neutral fraction at the redshift of this
image is 0.3. Black and white shaded regions show the distribution of neutral hydrogen. The orange opaque bubbles demarcate the
interface between this neutral gas and the expanding ionised regions surrounding the first galaxies. Where the edges of these bubbles
extend past the edge of the selected slice, the distribution of the ionised hydrogen in their interiors can be seen (green and yellow shaded
regions). Redo with higher res and less alpha on bubbles. Put dots for galaxies on here as well (scale size with stellar
mass).

Table 2. Summary table of the di↵erent model runs explored in this work (see Section 4). �t
xHI=0.8!0.2 indicates the look-back time

spanned between a global neutral fraction of 80% and 20%. The z=5, 6 & 7 SMF ↵ parameters refer to the low mass slope of the
corresponding stellar mass functions fit with a standard Schechter function.

SMF ↵

Model z
xHI=0.5 �t

xHI=0.8!0.2 (Myr) z=5 z=6 z=7
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Table 1. The fiducial parameter values used throughout this work. Values were constrained to visually reproduce the observed evolution
in the galaxy stellar mass function between z=5�7 (see Figure 3).

Parameter Prescription Equation Description Fiducial value

⌃norm star formation (§2.4) 5 critical cold gas surface density normalisation 0.2
↵SF – 7 star formation e�ciency 0.03

↵energy supernova feedback (§2.5) 13 energy coupling e�ciency normalisation 0.5
�energy – 13 coupling e�ciency Vmax scaling 2.0
Venergy – 13 coupling e�ciency Vmax normalisation 70.0
↵mass – 14 mass loading normalisation 6.0
�mass – 14 mass loading Vmax scaling 0.0
Vmass – 14 mass loading Vmax normalisation 70.0
✏max
mass – 14 maximum mass loading value 10.0
Y metal enrichment (§2.6) 22 mass of metals per unit mass of SN 0.03

fesc reionisation (§2.11) 30 ionizing photon escape fraction 0.3

Table 2. Summary table of the di↵erent model runs explored in this work (see §4). �t
xHI=0.8!0.2 indicates the look-back time spanned

between a global neutral fraction of 80% and 20%. The z=5, 6 & 7 SMF ↵ parameters refer to the low mass slope of the corresponding
stellar mass functions fit with a standard Schechter function.

SMF ↵
Model z

xHI=0.5 �t
xHI=0.8!0.2 (Myr) z=5 z=6 z=7

Fiducial 7.8 158 �1.85+0.01
�0.01 �1.92+0.02

�0.02 �2.07+0.03
�0.03

Homogeneous 7.8 163 �1.85+0.01
�0.01 �1.94+0.02

�0.02 �2.07+0.03
�0.04

No reionisation feedback 7.9 149 �1.88+0.01
�0.01 �1.96+0.02

�0.02 �2.07+0.03
�0.04

Half fesc 6.8 209 �1.85+0.01
�0.01 �1.94+0.02

�0.02 �2.06+0.03
�0.03

Double fesc 8.9 121 �1.83+0.01
�0.01 �1.92+0.02

�0.02 �2.06+0.03
�0.03

No SN feedback 11.2 71 �1.70+0.00
�0.00 �1.88+0.01

�0.01 �2.06+0.01
�0.01

No feedback 11.3 67 �2.05+0.00
�0.00 �2.14+0.01

�0.01 �2.23+0.01
�0.01

Figure 5. The z=5 and 7.5 galaxy stellar mass functions. Thick lines represent stellar mass bins within which greater than 98% of
haloes have had more than 100 particles in at some point in their history. The solid blue line indicates the result of the fiducial patchy
reionisation model. The small di↵erence introduced by omitting reionisation feedback (red dashed-dot) demonstrates the minor role which
this mechanism plays in regulating stellar mass growth. Conversely, the removal of supernova feedback (grey solid) produces a much
larger e↵ect. However, comparison between the no feedback (gold dashed) and no supernova feedback (grey solid) models shows that, in
the absence of the dominant supernova feedback, reionisation does suppress the number density of M⇤.109 M� galaxies. Furthermore,
by comparing the z=5 and z=7.8 panels, we can see that the magnitude of this suppression increases with time since reionisation whilst
that of supernova feedback decreases.
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Fiducial 7.8 158 �1.85+0.01
�0.01 �1.92+0.02

�0.02 �2.07+0.03
�0.03
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Table 1. The fiducial parameter values used throughout this work. Values were constrained to visually reproduce the observed evolution
in the galaxy stellar mass function between z=5�7 (see Figure 3).

Parameter Prescription Equation Description Fiducial value

⌃norm star formation (§2.4) 5 critical cold gas surface density normalisation 0.2
↵SF – 7 star formation e�ciency 0.03

↵energy supernova feedback (§2.5) 13 energy coupling e�ciency normalisation 0.5
�energy – 13 coupling e�ciency Vmax scaling 2.0
Venergy – 13 coupling e�ciency Vmax normalisation 70.0
↵mass – 14 mass loading normalisation 6.0
�mass – 14 mass loading Vmax scaling 0.0
Vmass – 14 mass loading Vmax normalisation 70.0
✏max
mass – 14 maximum mass loading value 10.0
Y metal enrichment (§2.6) 22 mass of metals per unit mass of SN 0.03

fesc reionisation (§2.11) 30 ionizing photon escape fraction 0.3

Table 2. Summary table of the di↵erent model runs explored in this work (see §4). �t
xHI=0.8!0.2 indicates the look-back time spanned

between a global neutral fraction of 80% and 20%. The z=5, 6 & 7 SMF ↵ parameters refer to the low mass slope of the corresponding
stellar mass functions fit with a standard Schechter function.

SMF ↵
Model z

xHI=0.5 �t
xHI=0.8!0.2 (Myr) z=5 z=6 z=7

Fiducial 7.8 158 �1.85+0.01
�0.01 �1.92+0.02

�0.02 �2.07+0.03
�0.03

Homogeneous 7.8 163 �1.85+0.01
�0.01 �1.94+0.02

�0.02 �2.07+0.03
�0.04

No reionisation feedback 7.9 149 �1.88+0.01
�0.01 �1.96+0.02

�0.02 �2.07+0.03
�0.04

Half fesc 6.8 209 �1.85+0.01
�0.01 �1.94+0.02

�0.02 �2.06+0.03
�0.03

Double fesc 8.9 121 �1.83+0.01
�0.01 �1.92+0.02

�0.02 �2.06+0.03
�0.03

No SN feedback 11.2 71 �1.70+0.00
�0.00 �1.88+0.01

�0.01 �2.06+0.01
�0.01

No feedback 11.3 67 �2.05+0.00
�0.00 �2.14+0.01

�0.01 �2.23+0.01
�0.01

Figure 5. The z=5 and 7.5 galaxy stellar mass functions. Thick lines represent stellar mass bins within which greater than 98% of
haloes have had more than 100 particles in at some point in their history. The solid blue line indicates the result of the fiducial patchy
reionisation model. The small di↵erence introduced by omitting reionisation feedback (red dashed-dot) demonstrates the minor role which
this mechanism plays in regulating stellar mass growth. Conversely, the removal of supernova feedback (grey solid) produces a much
larger e↵ect. However, comparison between the no feedback (gold dashed) and no supernova feedback (grey solid) models shows that, in
the absence of the dominant supernova feedback, reionisation does suppress the number density of M⇤.109 M� galaxies. Furthermore,
by comparing the z=5 and z=7.8 panels, we can see that the magnitude of this suppression increases with time since reionisation whilst
that of supernova feedback decreases.
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No reionisation feedback 7.9 149 �1.88+0.01
�0.01 �1.96+0.02

�0.02 �2.07+0.03
�0.04
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Figure 6. The fraction of baryons in the form of stars, f⇤=M⇤/(fbMvir), as a function of FOF group Mvir at z=5 and 7.8. Thick lines
represent the halo mass bins for which at least 98% of member haloes have had at least 100 particles at some point in their history.
The blue solid lines and surrounding shaded regions show the median result of the fiducial model and associated 68 and 95% confidence
intervals. The magnitude of these statistical uncertainties are representative of those of all of the models shown in each panel. The grey
shaded region at the left of each panel denotes halo masses below the atomic cooling mass threshold, Mcool(z), corresponding to a virial
temperature of 104 K. The green data points in the z=5 panel display the subhalo-abundance matching results of Behroozi et al. (2013)
which are in excellent agreement with our fiducial model. The black horizontal dashed line indicates f⇤=0.15, the redshift and mass
independent value commonly assumed by authors utilising 21cmFAST without the information provided by a coupled semi-analytic
model such as Meraxes. Comparison between the no feedback (gold dashed) and no supernova feedback (grey solid) lines demonstrates
that reionisation feedback is most e↵ective in low mass haloes. However, again we see that supernova feedback of the level required to
reproduce the observed high-z stellar mass functions still dominates the suppression of star formation across all halo masses.

Figure 8. The z=5 and 7.8 galaxy stellar mass functions. The solid blue line shows the result of the fiducial patchy reionisation model,
whilst other lines indicate the results of simple variations to the reionisation feedback process. Lower panels indicate the fractional
di↵erence of each model with respect to this fiducial case. Thick lines represent stellar mass bins within which greater than 98% of haloes
have had more than 100 particles in at some point in their history. There is remarkably little variation in the mass functions predicted
by each model, especially during reionisation (right panel). Importantly, the insensitivity of the z=5 mass function to the details of
reionisation suggests that we can calibrate our galaxy formation models to high redshift stellar mass/luminosity functions and then use
21 cm observations to constrain the dependence of the ionising escape fraction on properties such as mass, redshift and star formation
rate.
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Table 1. The fiducial parameter values used throughout this work. Values were constrained to visually reproduce the observed evolution
in the galaxy stellar mass function between z=5�7 (see Figure 3).

Parameter Prescription Equation Description Fiducial value

⌃norm star formation (§2.4) 5 critical cold gas surface density normalisation 0.2
↵SF – 7 star formation e�ciency 0.03

↵energy supernova feedback (§2.5) 13 energy coupling e�ciency normalisation 0.5
�energy – 13 coupling e�ciency Vmax scaling 2.0
Venergy – 13 coupling e�ciency Vmax normalisation 70.0
↵mass – 14 mass loading normalisation 6.0
�mass – 14 mass loading Vmax scaling 0.0
Vmass – 14 mass loading Vmax normalisation 70.0
✏max
mass – 14 maximum mass loading value 10.0
Y metal enrichment (§2.6) 22 mass of metals per unit mass of SN 0.03

fesc reionisation (§2.11) 30 ionizing photon escape fraction 0.3

Table 2. Summary table of the di↵erent model runs explored in this work (see §4). �t
xHI=0.8!0.2 indicates the look-back time spanned

between a global neutral fraction of 80% and 20%. The z=5, 6 & 7 SMF ↵ parameters refer to the low mass slope of the corresponding
stellar mass functions fit with a standard Schechter function.
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Model z

xHI=0.5 �t
xHI=0.8!0.2 (Myr) z=5 z=6 z=7

Fiducial 7.8 158 �1.85+0.01
�0.01 �1.92+0.02
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�0.03
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Figure 5. The z=5 and 7.5 galaxy stellar mass functions. Thick lines represent stellar mass bins within which greater than 98% of
haloes have had more than 100 particles in at some point in their history. The solid blue line indicates the result of the fiducial patchy
reionisation model. The small di↵erence introduced by omitting reionisation feedback (red dashed-dot) demonstrates the minor role which
this mechanism plays in regulating stellar mass growth. Conversely, the removal of supernova feedback (grey solid) produces a much
larger e↵ect. However, comparison between the no feedback (gold dashed) and no supernova feedback (grey solid) models shows that, in
the absence of the dominant supernova feedback, reionisation does suppress the number density of M⇤.109 M� galaxies. Furthermore,
by comparing the z=5 and z=7.8 panels, we can see that the magnitude of this suppression increases with time since reionisation whilst
that of supernova feedback decreases.
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Figure 4. The integrated free electron scattering optical depth,
⌧
e

, as a function of redshift. The grey horizontal line and shaded
region indicate the constraints on ⌧

e

from the Planck 2015 data
release (Planck Collaboration 2015). The blue solid line shows
the fiducial model which is constrained to reproduce the Planck
result. Add grid lines.

Figure 7. The evolution of the volume weighted global neutral
fraction, x̄HI, as function of lookback time. The blue solid line
indicates the result of our fiducial model which matches both the
observed evolution of the galaxy stellar mass function (Figure 3)
and most recent electron scattering optical depth measurements
(Figure 4). The small perturbation to the neutral fraction history
caused by the omission of reionisation feedback (red dash-dot)
indicates that the Epoch of Reionisation is not self regulated. In-
stead, supernova feedback is almost entirely responsible for regu-
lating the production of ionising photons and the progression of
reionisation.

4.1 The relative e�ciencies of reionisation and
supernova feedback

4.2 Quantifying the e↵ect of reionisation on
galaxy growth

4.3 The importance of environment

5 CONCLUSIONS

In this work we have presented a new semi-analytic galaxy for-
mation model, Meraxes, developed as part of the Dark-ages

Figure 9. The evolution of the volume weighted global neutral
fraction, x̄HI. The blue solid line indicates the results of the fidu-
cial patchy reionisation model, calibrated to match both the evo-
lution of the high-z galaxy stellar mass function and the observed
optical depth to electron scattering. Purple dashed(/dotted) lines
show the result of halving(/doubling) the escape fraction of ion-
ising photons, moving reionisation to later(/earlier) times com-
pared to our fiducial value of fesc=0.3. The close agreement be-
tween the x̄HI evolution of the homogeneous and fiducial models
is by construction, however, as demonstrated in Section 4.3, im-
portant environmental e↵ects are missing in the former.

Reionisation And Galaxy Observables from Numerical Simula-
tions (DRAGONS) programme. Meraxeshas been specifically de-
signed to investigate the growth of the first galaxies and their role
in driving the Epoch of Reionisation, possessing the following key
features:

• A fully temporally and spatially coupled treatment of reion-
isation provided by the integration of the semi-numerical reioni-
sation model 21cmFAST (Section 2.11).

• The use of accurate hierarchical merger trees extracted from
a custom N-body simulation with the volume and mass resolution
su�cient to study the statistics of the reionisation structure as
well as the temporal resolution to required to resolve star forma-
tion and supernova feedback in the early Universe (Section 2.1).

• Galaxy formation physics based on the Croton et al. (2006)
semi-analytic model, with updates to deal with the high temporal
resolution provided by our input merger trees (Sections 2.2–2.10).

We have calibrated the free parameters of Meraxesagainst
the observed evolution of the galaxy stellar mass function between
76z65 as well as the latest Planck 2015 (Planck Collaboration
2015) constraints on the electron optical scattering depth (Sec-
tion 3). Through the investigation of a number of model runs with
varying reionisation and galaxy feedback parameters we then find
the following main results:

• Using our fiducial model, including both UV background sup-
pression of baryonic accretion and supernova feedback processes,
we find that the current electron scattering optical depth mea-
surements constrain the high-z escape fraction of ionising photons
to the range 0.1<fesc<0.6 (Section ??).

• When treated self-consistently, in a model with supernova
feedback strong enough to reproduce the observed high-z stellar
mass function, we find that the reionisation history of the inter-
galactic medium is largely insensitive to reionisation feedback.
This implies that the production of ionising photons is not self-
regulated (Section ??).

• Using our framework we are able to quantify the e↵ect
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Figure 6. The fraction of baryons in the form of stars, f⇤=M⇤/(fbMvir), as a function of FOF group Mvir at z=5 and 7.8. Thick lines
represent the halo mass bins for which at least 98% of member haloes have had at least 100 particles at some point in their history.
The blue solid lines and surrounding shaded regions show the median result of the fiducial model and associated 68 and 95% confidence
intervals. The magnitude of these statistical uncertainties are representative of those of all of the models shown in each panel. The grey
shaded region at the left of each panel denotes halo masses below the atomic cooling mass threshold, Mcool(z), corresponding to a virial
temperature of 104 K. The green data points in the z=5 panel display the subhalo-abundance matching results of Behroozi et al. (2013)
which are in excellent agreement with our fiducial model. The black horizontal dashed line indicates f⇤=0.15, the redshift and mass
independent value commonly assumed by authors utilising 21cmFAST without the information provided by a coupled semi-analytic
model such as Meraxes. Comparison between the no feedback (gold dashed) and no supernova feedback (grey solid) lines demonstrates
that reionisation feedback is most e↵ective in low mass haloes. However, again we see that supernova feedback of the level required to
reproduce the observed high-z stellar mass functions still dominates the suppression of star formation across all halo masses.

Figure 8. The z=5 and 7.8 galaxy stellar mass functions. The solid blue line shows the result of the fiducial patchy reionisation model,
whilst other lines indicate the results of simple variations to the reionisation feedback process. Lower panels indicate the fractional
di↵erence of each model with respect to this fiducial case. Thick lines represent stellar mass bins within which greater than 98% of haloes
have had more than 100 particles in at some point in their history. There is remarkably little variation in the mass functions predicted
by each model, especially during reionisation (right panel). Importantly, the insensitivity of the z=5 mass function to the details of
reionisation suggests that we can calibrate our galaxy formation models to high redshift stellar mass/luminosity functions and then use
21 cm observations to constrain the dependence of the ionising escape fraction on properties such as mass, redshift and star formation
rate.
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Figure 4. The integrated free electron scattering optical depth,
⌧
e

, as a function of redshift. The grey horizontal line and shaded
region indicate the constraints on ⌧

e

from the Planck 2015 data
release (Planck Collaboration 2015). The blue solid line shows
the fiducial model which is constrained to reproduce the Planck
result. Add grid lines.

Figure 7. The evolution of the volume weighted global neutral
fraction, x̄HI, as function of lookback time. The blue solid line
indicates the result of our fiducial model which matches both the
observed evolution of the galaxy stellar mass function (Figure 3)
and most recent electron scattering optical depth measurements
(Figure 4). The small perturbation to the neutral fraction history
caused by the omission of reionisation feedback (red dash-dot)
indicates that the Epoch of Reionisation is not self regulated. In-
stead, supernova feedback is almost entirely responsible for regu-
lating the production of ionising photons and the progression of
reionisation.

4.1 The relative e�ciencies of reionisation and
supernova feedback

4.2 Quantifying the e↵ect of reionisation on
galaxy growth

4.3 The importance of environment

5 CONCLUSIONS

In this work we have presented a new semi-analytic galaxy for-
mation model, Meraxes, developed as part of the Dark-ages

Figure 9. The evolution of the volume weighted global neutral
fraction, x̄HI. The blue solid line indicates the results of the fidu-
cial patchy reionisation model, calibrated to match both the evo-
lution of the high-z galaxy stellar mass function and the observed
optical depth to electron scattering. Purple dashed(/dotted) lines
show the result of halving(/doubling) the escape fraction of ion-
ising photons, moving reionisation to later(/earlier) times com-
pared to our fiducial value of fesc=0.3. The close agreement be-
tween the x̄HI evolution of the homogeneous and fiducial models
is by construction, however, as demonstrated in Section 4.3, im-
portant environmental e↵ects are missing in the former.

Reionisation And Galaxy Observables from Numerical Simula-
tions (DRAGONS) programme. Meraxeshas been specifically de-
signed to investigate the growth of the first galaxies and their role
in driving the Epoch of Reionisation, possessing the following key
features:

• A fully temporally and spatially coupled treatment of reion-
isation provided by the integration of the semi-numerical reioni-
sation model 21cmFAST (Section 2.11).

• The use of accurate hierarchical merger trees extracted from
a custom N-body simulation with the volume and mass resolution
su�cient to study the statistics of the reionisation structure as
well as the temporal resolution to required to resolve star forma-
tion and supernova feedback in the early Universe (Section 2.1).

• Galaxy formation physics based on the Croton et al. (2006)
semi-analytic model, with updates to deal with the high temporal
resolution provided by our input merger trees (Sections 2.2–2.10).

We have calibrated the free parameters of Meraxesagainst
the observed evolution of the galaxy stellar mass function between
76z65 as well as the latest Planck 2015 (Planck Collaboration
2015) constraints on the electron optical scattering depth (Sec-
tion 3). Through the investigation of a number of model runs with
varying reionisation and galaxy feedback parameters we then find
the following main results:

• Using our fiducial model, including both UV background sup-
pression of baryonic accretion and supernova feedback processes,
we find that the current electron scattering optical depth mea-
surements constrain the high-z escape fraction of ionising photons
to the range 0.1<fesc<0.6 (Section ??).

• When treated self-consistently, in a model with supernova
feedback strong enough to reproduce the observed high-z stellar
mass function, we find that the reionisation history of the inter-
galactic medium is largely insensitive to reionisation feedback.
This implies that the production of ionising photons is not self-
regulated (Section ??).

• Using our framework we are able to quantify the e↵ect
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