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(2009b). We also discuss the 5 z ∼ 8 objects identi-
fied by Bouwens et al. (2009a). These galaxies are de-
tected in the first epoch ultra-deep WFC3/IR imaging
of the HUDF09 survey, which reaches ∼ 29 mag (5σ) in
Y105J125H160photometry over an area of 4.7 arcmin2 cov-
ering the Hubble ultra-deep field (HUDF; Beckwith et al.
2006). The 16 z ∼ 7 galaxy candidates are selected based
on their (z850−Y105) vs. (Y105−J125) colors using the Ly-
man Break Technique (e.g. Steidel et al. 1996) and have
an expected redshift distribution z ∼ 6.5−7.5 with a me-
dian at 〈z〉 = 6.8. Similarly, the z ∼ 8 sample is selected
based on their (Y105 − J125) vs. (J125 − H160) colors.
For more information on the survey and the galaxy sam-
ple we refer to Oesch et al. (2009b) and Bouwens et al.
(2009a). For studying the evolution of galaxy structure
across cosmic time, we include galaxies from z ∼ 4 − 6
identified as dropout galaxies in the optical HUDF data
for comparison with the z ! 6.5 population.

We adopt ΩM = 0.3, ΩΛ = 0.7, H0 = 70 kms−1Mpc−1,
i.e. h = 0.7. Magnitudes are given in the AB system
(Oke & Gunn 1983). We express galaxy UV luminosities
in units of the characteristic luminosity at z ∼ 3 being
M1600(z = 3) = −21.0 (Steidel et al. 1999).

2. MORPHOLOGIES AT Z ∼ 7

The z ∼ 7 galaxies are extremely compact as can be
seen from the contour plots in Figure 1, where we show
the individual summed Y105, J125, and H160 observations
of the five brightest sources and additionally a J125 stack
of the remaining 11 fainter ones. As can be seen, the
average z ∼ 7 galaxy appears to be very symmetric and
compact; with two exceptions, no extended features can
be identified. The two exceptions are:

a) The galaxy UDFz-42566566 is the brightest galaxy
in our sample and it consists of two clearly distinct com-
ponents, separated by 2 kpc. These two each contribute
about the same amount of light (1:1.2) with very similar
colors. They have individual half-light radii of 0.5 kpc
and 0.8 kpc, respectively, very similar to the compact
galaxies in our sample. One interpretation for the origin
of the individual components is therefore that they are
in a merging phase. The linear geometry of the whole
galaxy, however, may also suggest that the individual
clumps are star-forming regions within a disk structure,
similar to what has been found at z ∼ 2 in observations
and simulations.

b) The galaxy UDFz-39557176 also consists of at least
two components. The total light of this galaxy is dom-
inated by a slightly elongated central structure, which
has a fainter counterpart about 2 kpc away to the NW.
The flux ratio of these two is 1:1.4. It is worth noting
that this galaxy has been split into two sources in the
McLure et al. (2009) catalog. However, the two knots
are most probably physically connected and are about
to merge with each other. The fainter component to the
NW shows a significantly redder Y105 − J125 color com-
pared to the central core by 0.2 mag, and also a redder
J125−H160 color by 0.1 mag. This may indicate that the
second component consists of older stellar populations.
However, a more speculative explanation could be that
the second component is reddened due to dust from the
central core. This would imply that these galaxies con-
tain a more extended gas disk than what can be seen
from their UV light.
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Fig. 1.— Surface brightness contours of the five brightest galax-
ies in our sample and of a J125 stack of the remaining 11 fainter
galaxies (last panel in lower right). The first five images are super-
positions of Y105, J125, and H160 exposures, with the contour lines
corresponding to µYJH = 23.5 − 25.5 mag/arcsec2 in steps of 0.5
mag/arcsec2. The bar in the left corner indicates 2 kpc (physical)
at z = 6.8 the expected mean redshift of these galaxies. All images
are 1.′′8 on a side. The size (FWHM) of the J125 PSF is shown as
an inset in the lower right panel for comparison.

3. COMPARISON TO LBGS AT Z ∼ 4 − 6

In order to quantify the evolution of galaxy structures
across cosmic time, we compare the z ∼ 7 galaxies with
LBGs identified at z ∼ 4 − 6. We focus on three main
aspects: (1) the size evolution, (2) the evolution of the
average galaxy light profile, and (3) the evolution of the
surface density of star-formation in these galaxies.

3.1. Size evolution

Galaxy sizes are measured using circular apertures
containing 50% of the galaxies’ light. We use the ob-
served half-light radius from SExtractor, robs

1/2,SE , and
correct it for PSF broadening according to r1/2,SE =
√

(robs
1/2,SE)2 − r2

PSF . The radius rPSF of a point source

is 0.′′12 in the J125, and 0.′′11 in the Y105 observations.
These measurements are checked against the higher res-
olution optical data for the z ∼ 5 population where size
measurement from both ACS (i775) and WFC3/IR (Y105)
are available. No significant differences are found, show-
ing the robustness of these size estimates even for such

Oesch+ (2009) - z≥7 Galaxies
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(2009b). We also discuss the 5 z ∼ 8 objects identi-
fied by Bouwens et al. (2009a). These galaxies are de-
tected in the first epoch ultra-deep WFC3/IR imaging
of the HUDF09 survey, which reaches ∼ 29 mag (5σ) in
Y105J125H160photometry over an area of 4.7 arcmin2 cov-
ering the Hubble ultra-deep field (HUDF; Beckwith et al.
2006). The 16 z ∼ 7 galaxy candidates are selected based
on their (z850−Y105) vs. (Y105−J125) colors using the Ly-
man Break Technique (e.g. Steidel et al. 1996) and have
an expected redshift distribution z ∼ 6.5−7.5 with a me-
dian at 〈z〉 = 6.8. Similarly, the z ∼ 8 sample is selected
based on their (Y105 − J125) vs. (J125 − H160) colors.
For more information on the survey and the galaxy sam-
ple we refer to Oesch et al. (2009b) and Bouwens et al.
(2009a). For studying the evolution of galaxy structure
across cosmic time, we include galaxies from z ∼ 4 − 6
identified as dropout galaxies in the optical HUDF data
for comparison with the z ! 6.5 population.

We adopt ΩM = 0.3, ΩΛ = 0.7, H0 = 70 kms−1Mpc−1,
i.e. h = 0.7. Magnitudes are given in the AB system
(Oke & Gunn 1983). We express galaxy UV luminosities
in units of the characteristic luminosity at z ∼ 3 being
M1600(z = 3) = −21.0 (Steidel et al. 1999).

2. MORPHOLOGIES AT Z ∼ 7

The z ∼ 7 galaxies are extremely compact as can be
seen from the contour plots in Figure 1, where we show
the individual summed Y105, J125, and H160 observations
of the five brightest sources and additionally a J125 stack
of the remaining 11 fainter ones. As can be seen, the
average z ∼ 7 galaxy appears to be very symmetric and
compact; with two exceptions, no extended features can
be identified. The two exceptions are:

a) The galaxy UDFz-42566566 is the brightest galaxy
in our sample and it consists of two clearly distinct com-
ponents, separated by 2 kpc. These two each contribute
about the same amount of light (1:1.2) with very similar
colors. They have individual half-light radii of 0.5 kpc
and 0.8 kpc, respectively, very similar to the compact
galaxies in our sample. One interpretation for the origin
of the individual components is therefore that they are
in a merging phase. The linear geometry of the whole
galaxy, however, may also suggest that the individual
clumps are star-forming regions within a disk structure,
similar to what has been found at z ∼ 2 in observations
and simulations.

b) The galaxy UDFz-39557176 also consists of at least
two components. The total light of this galaxy is dom-
inated by a slightly elongated central structure, which
has a fainter counterpart about 2 kpc away to the NW.
The flux ratio of these two is 1:1.4. It is worth noting
that this galaxy has been split into two sources in the
McLure et al. (2009) catalog. However, the two knots
are most probably physically connected and are about
to merge with each other. The fainter component to the
NW shows a significantly redder Y105 − J125 color com-
pared to the central core by 0.2 mag, and also a redder
J125−H160 color by 0.1 mag. This may indicate that the
second component consists of older stellar populations.
However, a more speculative explanation could be that
the second component is reddened due to dust from the
central core. This would imply that these galaxies con-
tain a more extended gas disk than what can be seen
from their UV light.
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Fig. 1.— Surface brightness contours of the five brightest galax-
ies in our sample and of a J125 stack of the remaining 11 fainter
galaxies (last panel in lower right). The first five images are super-
positions of Y105, J125, and H160 exposures, with the contour lines
corresponding to µYJH = 23.5 − 25.5 mag/arcsec2 in steps of 0.5
mag/arcsec2. The bar in the left corner indicates 2 kpc (physical)
at z = 6.8 the expected mean redshift of these galaxies. All images
are 1.′′8 on a side. The size (FWHM) of the J125 PSF is shown as
an inset in the lower right panel for comparison.

3. COMPARISON TO LBGS AT Z ∼ 4 − 6

In order to quantify the evolution of galaxy structures
across cosmic time, we compare the z ∼ 7 galaxies with
LBGs identified at z ∼ 4 − 6. We focus on three main
aspects: (1) the size evolution, (2) the evolution of the
average galaxy light profile, and (3) the evolution of the
surface density of star-formation in these galaxies.

3.1. Size evolution

Galaxy sizes are measured using circular apertures
containing 50% of the galaxies’ light. We use the ob-
served half-light radius from SExtractor, robs

1/2,SE , and
correct it for PSF broadening according to r1/2,SE =
√

(robs
1/2,SE)2 − r2

PSF . The radius rPSF of a point source

is 0.′′12 in the J125, and 0.′′11 in the Y105 observations.
These measurements are checked against the higher res-
olution optical data for the z ∼ 5 population where size
measurement from both ACS (i775) and WFC3/IR (Y105)
are available. No significant differences are found, show-
ing the robustness of these size estimates even for such

Oesch+ (2009) - z≥7 Galaxies
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(2009b). We also discuss the 5 z ∼ 8 objects identi-
fied by Bouwens et al. (2009a). These galaxies are de-
tected in the first epoch ultra-deep WFC3/IR imaging
of the HUDF09 survey, which reaches ∼ 29 mag (5σ) in
Y105J125H160photometry over an area of 4.7 arcmin2 cov-
ering the Hubble ultra-deep field (HUDF; Beckwith et al.
2006). The 16 z ∼ 7 galaxy candidates are selected based
on their (z850−Y105) vs. (Y105−J125) colors using the Ly-
man Break Technique (e.g. Steidel et al. 1996) and have
an expected redshift distribution z ∼ 6.5−7.5 with a me-
dian at 〈z〉 = 6.8. Similarly, the z ∼ 8 sample is selected
based on their (Y105 − J125) vs. (J125 − H160) colors.
For more information on the survey and the galaxy sam-
ple we refer to Oesch et al. (2009b) and Bouwens et al.
(2009a). For studying the evolution of galaxy structure
across cosmic time, we include galaxies from z ∼ 4 − 6
identified as dropout galaxies in the optical HUDF data
for comparison with the z ! 6.5 population.

We adopt ΩM = 0.3, ΩΛ = 0.7, H0 = 70 kms−1Mpc−1,
i.e. h = 0.7. Magnitudes are given in the AB system
(Oke & Gunn 1983). We express galaxy UV luminosities
in units of the characteristic luminosity at z ∼ 3 being
M1600(z = 3) = −21.0 (Steidel et al. 1999).

2. MORPHOLOGIES AT Z ∼ 7

The z ∼ 7 galaxies are extremely compact as can be
seen from the contour plots in Figure 1, where we show
the individual summed Y105, J125, and H160 observations
of the five brightest sources and additionally a J125 stack
of the remaining 11 fainter ones. As can be seen, the
average z ∼ 7 galaxy appears to be very symmetric and
compact; with two exceptions, no extended features can
be identified. The two exceptions are:

a) The galaxy UDFz-42566566 is the brightest galaxy
in our sample and it consists of two clearly distinct com-
ponents, separated by 2 kpc. These two each contribute
about the same amount of light (1:1.2) with very similar
colors. They have individual half-light radii of 0.5 kpc
and 0.8 kpc, respectively, very similar to the compact
galaxies in our sample. One interpretation for the origin
of the individual components is therefore that they are
in a merging phase. The linear geometry of the whole
galaxy, however, may also suggest that the individual
clumps are star-forming regions within a disk structure,
similar to what has been found at z ∼ 2 in observations
and simulations.

b) The galaxy UDFz-39557176 also consists of at least
two components. The total light of this galaxy is dom-
inated by a slightly elongated central structure, which
has a fainter counterpart about 2 kpc away to the NW.
The flux ratio of these two is 1:1.4. It is worth noting
that this galaxy has been split into two sources in the
McLure et al. (2009) catalog. However, the two knots
are most probably physically connected and are about
to merge with each other. The fainter component to the
NW shows a significantly redder Y105 − J125 color com-
pared to the central core by 0.2 mag, and also a redder
J125−H160 color by 0.1 mag. This may indicate that the
second component consists of older stellar populations.
However, a more speculative explanation could be that
the second component is reddened due to dust from the
central core. This would imply that these galaxies con-
tain a more extended gas disk than what can be seen
from their UV light.

2 kpc

UDFz!42566566

2 kpc

UDFz!44716442

2 kpc

UDFz!38807073

2 kpc

UDFz!39557176

2 kpc

UDFz!42577314

2 kpc

J!band Stack

Fig. 1.— Surface brightness contours of the five brightest galax-
ies in our sample and of a J125 stack of the remaining 11 fainter
galaxies (last panel in lower right). The first five images are super-
positions of Y105, J125, and H160 exposures, with the contour lines
corresponding to µYJH = 23.5 − 25.5 mag/arcsec2 in steps of 0.5
mag/arcsec2. The bar in the left corner indicates 2 kpc (physical)
at z = 6.8 the expected mean redshift of these galaxies. All images
are 1.′′8 on a side. The size (FWHM) of the J125 PSF is shown as
an inset in the lower right panel for comparison.

3. COMPARISON TO LBGS AT Z ∼ 4 − 6

In order to quantify the evolution of galaxy structures
across cosmic time, we compare the z ∼ 7 galaxies with
LBGs identified at z ∼ 4 − 6. We focus on three main
aspects: (1) the size evolution, (2) the evolution of the
average galaxy light profile, and (3) the evolution of the
surface density of star-formation in these galaxies.

3.1. Size evolution

Galaxy sizes are measured using circular apertures
containing 50% of the galaxies’ light. We use the ob-
served half-light radius from SExtractor, robs

1/2,SE , and
correct it for PSF broadening according to r1/2,SE =
√

(robs
1/2,SE)2 − r2

PSF . The radius rPSF of a point source

is 0.′′12 in the J125, and 0.′′11 in the Y105 observations.
These measurements are checked against the higher res-
olution optical data for the z ∼ 5 population where size
measurement from both ACS (i775) and WFC3/IR (Y105)
are available. No significant differences are found, show-
ing the robustness of these size estimates even for such

Oesch+ (2009) - z≥7 Galaxies Fan+ (2005) - QSOs
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(2009b). We also discuss the 5 z ∼ 8 objects identi-
fied by Bouwens et al. (2009a). These galaxies are de-
tected in the first epoch ultra-deep WFC3/IR imaging
of the HUDF09 survey, which reaches ∼ 29 mag (5σ) in
Y105J125H160photometry over an area of 4.7 arcmin2 cov-
ering the Hubble ultra-deep field (HUDF; Beckwith et al.
2006). The 16 z ∼ 7 galaxy candidates are selected based
on their (z850−Y105) vs. (Y105−J125) colors using the Ly-
man Break Technique (e.g. Steidel et al. 1996) and have
an expected redshift distribution z ∼ 6.5−7.5 with a me-
dian at 〈z〉 = 6.8. Similarly, the z ∼ 8 sample is selected
based on their (Y105 − J125) vs. (J125 − H160) colors.
For more information on the survey and the galaxy sam-
ple we refer to Oesch et al. (2009b) and Bouwens et al.
(2009a). For studying the evolution of galaxy structure
across cosmic time, we include galaxies from z ∼ 4 − 6
identified as dropout galaxies in the optical HUDF data
for comparison with the z ! 6.5 population.

We adopt ΩM = 0.3, ΩΛ = 0.7, H0 = 70 kms−1Mpc−1,
i.e. h = 0.7. Magnitudes are given in the AB system
(Oke & Gunn 1983). We express galaxy UV luminosities
in units of the characteristic luminosity at z ∼ 3 being
M1600(z = 3) = −21.0 (Steidel et al. 1999).

2. MORPHOLOGIES AT Z ∼ 7

The z ∼ 7 galaxies are extremely compact as can be
seen from the contour plots in Figure 1, where we show
the individual summed Y105, J125, and H160 observations
of the five brightest sources and additionally a J125 stack
of the remaining 11 fainter ones. As can be seen, the
average z ∼ 7 galaxy appears to be very symmetric and
compact; with two exceptions, no extended features can
be identified. The two exceptions are:

a) The galaxy UDFz-42566566 is the brightest galaxy
in our sample and it consists of two clearly distinct com-
ponents, separated by 2 kpc. These two each contribute
about the same amount of light (1:1.2) with very similar
colors. They have individual half-light radii of 0.5 kpc
and 0.8 kpc, respectively, very similar to the compact
galaxies in our sample. One interpretation for the origin
of the individual components is therefore that they are
in a merging phase. The linear geometry of the whole
galaxy, however, may also suggest that the individual
clumps are star-forming regions within a disk structure,
similar to what has been found at z ∼ 2 in observations
and simulations.

b) The galaxy UDFz-39557176 also consists of at least
two components. The total light of this galaxy is dom-
inated by a slightly elongated central structure, which
has a fainter counterpart about 2 kpc away to the NW.
The flux ratio of these two is 1:1.4. It is worth noting
that this galaxy has been split into two sources in the
McLure et al. (2009) catalog. However, the two knots
are most probably physically connected and are about
to merge with each other. The fainter component to the
NW shows a significantly redder Y105 − J125 color com-
pared to the central core by 0.2 mag, and also a redder
J125−H160 color by 0.1 mag. This may indicate that the
second component consists of older stellar populations.
However, a more speculative explanation could be that
the second component is reddened due to dust from the
central core. This would imply that these galaxies con-
tain a more extended gas disk than what can be seen
from their UV light.
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Fig. 1.— Surface brightness contours of the five brightest galax-
ies in our sample and of a J125 stack of the remaining 11 fainter
galaxies (last panel in lower right). The first five images are super-
positions of Y105, J125, and H160 exposures, with the contour lines
corresponding to µYJH = 23.5 − 25.5 mag/arcsec2 in steps of 0.5
mag/arcsec2. The bar in the left corner indicates 2 kpc (physical)
at z = 6.8 the expected mean redshift of these galaxies. All images
are 1.′′8 on a side. The size (FWHM) of the J125 PSF is shown as
an inset in the lower right panel for comparison.

3. COMPARISON TO LBGS AT Z ∼ 4 − 6

In order to quantify the evolution of galaxy structures
across cosmic time, we compare the z ∼ 7 galaxies with
LBGs identified at z ∼ 4 − 6. We focus on three main
aspects: (1) the size evolution, (2) the evolution of the
average galaxy light profile, and (3) the evolution of the
surface density of star-formation in these galaxies.

3.1. Size evolution

Galaxy sizes are measured using circular apertures
containing 50% of the galaxies’ light. We use the ob-
served half-light radius from SExtractor, robs

1/2,SE , and
correct it for PSF broadening according to r1/2,SE =
√

(robs
1/2,SE)2 − r2

PSF . The radius rPSF of a point source

is 0.′′12 in the J125, and 0.′′11 in the Y105 observations.
These measurements are checked against the higher res-
olution optical data for the z ∼ 5 population where size
measurement from both ACS (i775) and WFC3/IR (Y105)
are available. No significant differences are found, show-
ing the robustness of these size estimates even for such

Oesch+ (2009) - z≥7 Galaxies Fan+ (2005) - QSOs Wolfe+ (2005) - DLAs
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(2009b). We also discuss the 5 z ∼ 8 objects identi-
fied by Bouwens et al. (2009a). These galaxies are de-
tected in the first epoch ultra-deep WFC3/IR imaging
of the HUDF09 survey, which reaches ∼ 29 mag (5σ) in
Y105J125H160photometry over an area of 4.7 arcmin2 cov-
ering the Hubble ultra-deep field (HUDF; Beckwith et al.
2006). The 16 z ∼ 7 galaxy candidates are selected based
on their (z850−Y105) vs. (Y105−J125) colors using the Ly-
man Break Technique (e.g. Steidel et al. 1996) and have
an expected redshift distribution z ∼ 6.5−7.5 with a me-
dian at 〈z〉 = 6.8. Similarly, the z ∼ 8 sample is selected
based on their (Y105 − J125) vs. (J125 − H160) colors.
For more information on the survey and the galaxy sam-
ple we refer to Oesch et al. (2009b) and Bouwens et al.
(2009a). For studying the evolution of galaxy structure
across cosmic time, we include galaxies from z ∼ 4 − 6
identified as dropout galaxies in the optical HUDF data
for comparison with the z ! 6.5 population.

We adopt ΩM = 0.3, ΩΛ = 0.7, H0 = 70 kms−1Mpc−1,
i.e. h = 0.7. Magnitudes are given in the AB system
(Oke & Gunn 1983). We express galaxy UV luminosities
in units of the characteristic luminosity at z ∼ 3 being
M1600(z = 3) = −21.0 (Steidel et al. 1999).

2. MORPHOLOGIES AT Z ∼ 7

The z ∼ 7 galaxies are extremely compact as can be
seen from the contour plots in Figure 1, where we show
the individual summed Y105, J125, and H160 observations
of the five brightest sources and additionally a J125 stack
of the remaining 11 fainter ones. As can be seen, the
average z ∼ 7 galaxy appears to be very symmetric and
compact; with two exceptions, no extended features can
be identified. The two exceptions are:

a) The galaxy UDFz-42566566 is the brightest galaxy
in our sample and it consists of two clearly distinct com-
ponents, separated by 2 kpc. These two each contribute
about the same amount of light (1:1.2) with very similar
colors. They have individual half-light radii of 0.5 kpc
and 0.8 kpc, respectively, very similar to the compact
galaxies in our sample. One interpretation for the origin
of the individual components is therefore that they are
in a merging phase. The linear geometry of the whole
galaxy, however, may also suggest that the individual
clumps are star-forming regions within a disk structure,
similar to what has been found at z ∼ 2 in observations
and simulations.

b) The galaxy UDFz-39557176 also consists of at least
two components. The total light of this galaxy is dom-
inated by a slightly elongated central structure, which
has a fainter counterpart about 2 kpc away to the NW.
The flux ratio of these two is 1:1.4. It is worth noting
that this galaxy has been split into two sources in the
McLure et al. (2009) catalog. However, the two knots
are most probably physically connected and are about
to merge with each other. The fainter component to the
NW shows a significantly redder Y105 − J125 color com-
pared to the central core by 0.2 mag, and also a redder
J125−H160 color by 0.1 mag. This may indicate that the
second component consists of older stellar populations.
However, a more speculative explanation could be that
the second component is reddened due to dust from the
central core. This would imply that these galaxies con-
tain a more extended gas disk than what can be seen
from their UV light.
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Fig. 1.— Surface brightness contours of the five brightest galax-
ies in our sample and of a J125 stack of the remaining 11 fainter
galaxies (last panel in lower right). The first five images are super-
positions of Y105, J125, and H160 exposures, with the contour lines
corresponding to µYJH = 23.5 − 25.5 mag/arcsec2 in steps of 0.5
mag/arcsec2. The bar in the left corner indicates 2 kpc (physical)
at z = 6.8 the expected mean redshift of these galaxies. All images
are 1.′′8 on a side. The size (FWHM) of the J125 PSF is shown as
an inset in the lower right panel for comparison.

3. COMPARISON TO LBGS AT Z ∼ 4 − 6

In order to quantify the evolution of galaxy structures
across cosmic time, we compare the z ∼ 7 galaxies with
LBGs identified at z ∼ 4 − 6. We focus on three main
aspects: (1) the size evolution, (2) the evolution of the
average galaxy light profile, and (3) the evolution of the
surface density of star-formation in these galaxies.

3.1. Size evolution

Galaxy sizes are measured using circular apertures
containing 50% of the galaxies’ light. We use the ob-
served half-light radius from SExtractor, robs

1/2,SE , and
correct it for PSF broadening according to r1/2,SE =
√

(robs
1/2,SE)2 − r2

PSF . The radius rPSF of a point source

is 0.′′12 in the J125, and 0.′′11 in the Y105 observations.
These measurements are checked against the higher res-
olution optical data for the z ∼ 5 population where size
measurement from both ACS (i775) and WFC3/IR (Y105)
are available. No significant differences are found, show-
ing the robustness of these size estimates even for such

Oesch+ (2009) - z≥7 Galaxies Fan+ (2005) - QSOs Wolfe+ (2005) - DLAs
(Leo I, SDSS) Local dSphs
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I Zwicky 18
Credit: NASA, ESA, Y Izotov, T.  Thuan
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ENZO
• AMR

• Physics: Hydro, Gravity, 
Non-equilibrium chemistry, 
MHD, radiation transport

• Refinement:

•DM / Baryon overdensity
• Jeans length by >4 cells

• Stable to 41 levels (1014 
dynamical range)

Bryan & Norman (1997)
O’Shea et al. (2004)
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ADAPTIVE RAY TRACING
• Minimize work by splitting photons 

in high-resolution regions or at large 
radius.

• Require multiple (3-5) rays per cell.

• Direction of the rays and splitting 
are determined by HEALPix.

• Fully integrated and coupled with 
Enzo’s hydro, chemistry, and energy 
solvers.

• MPI parallelized.  Scalable (so far) to 
512 processors.

Abel & Wandelt (2002)
Wise & Abel (2010); arXiv: 1012.2865
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SIMULATION SETUP
• 1 Mpc comoving box, 2563 resolution, 12 levels of AMR, zfinal = 7
• 1840 M⊙ dark matter resolution
• 1 comoving pc spatial resolution
• 142 million AMR cells ≈ 5213 cells
• 512 cores, 500k CPU hours on NASA’s Pleiades and Discover

• Primordial non-equilibrium chemistry (metal cooling simulations are 
underway)
• Radiative feedback; Pop III → II transition at [Z/H] = –4; distinguish 

metal enrichment from Pop II and III stars
• Assume a Kroupa-like IMF for Pop III stars with mass-dependent 

luminosities, lifetimes, and endpoints.

Wise, Turk, Norman, & Abel, arXiv:1011.2632

f(M)dM = M−1.3 exp

�
−

�
Mchar

M

�−1.6
�

, Mchar = 100M⊙
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Heger et al. (2003)

SNe
SNe

BHs
BHs
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• To form Pop II stars, the halo doesn’t necessarily need Tvir > 104 K

• Wide spread in M/L in low-luminosity galaxies, similar to Local Group dSphs

• “Intense” galaxy is undergoing a merger-induced starburst, having M/L ~ 3.
Strigari+ (2008)
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10 kpc

z = 7.2
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•Most massive halo 
(109 M⊙) at z=7

•Undergoing a major 
merger

•Bi-modal [Z/H] 
originates from 
progenitors

•Few stars with [Z/H] 
< -3 from Pop III 
metal enrichment

• Induced SF makes 
less metal-poor stars 
formed near SN 
blastwaves
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• Steadily grows in total and stellar mass with accretion and mergers.

• Gas fraction recovers after initially being gas poor from outflows

• Self-enrichment after starburst when reaching Tvir = 104 K.
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THE NEXT STEP

• Planned simulation: 30 Mpc/h, 30723 effective resolution → 
104 DM mass resolution, 1 pc maximal spatial resolution

• Following the formation of 1010-11 M⊙ galaxies at z = 6.

• >50,000 radiation sources, >3 billion AMR cells, >100k AMR 
grids.

•Need better scalability (i.e. algorithmic development) to run to 
completion!  Running on NICS Kraken.
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ENZO 2.0 – RT INCLUDED!
ENZO.GOOGLECODE.COM
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CONCLUSIONS

• Radiative and chemical feedback plays an important role in the 
formation of the first galaxies and starting reionization

• Further scalability is needed for larger simulations.  However more 
local physics will partially delay this need.

• Established gas metallicity floor of [Z/H] = –3 with a Mchar = 100 
M⊙ Pop III IMF.  Connections to DLAs or metal-poor stars in local 
dSphs and MW halo?
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