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Galaxies in the EoR

Introduction: Current State of the Art
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Spectroscopic confirmation of galaxies in the EoR

when assuming a more realistic case where the emission line
flux is distributed over a combination of lines (e.g.,
Hβ+[O III]), we can confidently invalidate such a solution.
The lower left panel in Figure 4 compares the measured grism
spectrum with that expected for the best-fit lower redshift
solution we had previously identified (Oesch et al. 2014). A
strong line emitter SED is clearly inconsistent with the data.
Apart from the emission lines, which we do not detect, this
model also predicts weak continuum flux across the whole
wavelength range. At <1.47 μm, this is higher than the
observed mean, while at >1.47 μm the expected flux is too low
compared to the observations. Overall the likelihood of a z∼2
extreme emission line SED based on our grism data is less than
10−6 and can be ruled out.

Note that in very similar grism observations for a source
triply imaged by a CLASH foreground cluster, emission line
contamination could also be excluded (Pirzkal et al. 2015). We
thus have no indication currently that any of the recent
z∼9–11 galaxy candidates identified with HST is a lower
redshift strong emission line contaminant (but see, e.g.,
Brammer et al. 2013, for a possible z∼12 candidate).

3.3. Excluding a Lower-redshift Dusty or Quiescent Galaxy

Another potential source of contamination for very high
redshift galaxy samples are dusty z∼2–3 sources with strong
4000 Å or Balmer breaks (Hayes et al. 2012; Oesch et al.
2012). However, the fact that the IRAC data for GN-z11 show
that it has a very blue continuum longward of 1.6 μm, together
with the very red color in the WFC3/IR photometry, already
rules out such a solution (see SED plot in Figure 4).
Nevertheless, we additionally explore what constraints the
grism spectrum alone can set on such a solution.

The expected flux for such a red galaxy increases gradually
across the wavelength range covered by the G141 grism, unlike
what we observe in the data (lower right in Figure 4).
Compared to our best-fit solution (see next section) we measure
a Δχ2=15 when comparing the data with the expected grism
flux. Apart from the extremely 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). Assuming that the
observed break at 1.47 μm corresponds to 4000 Å at z=2.7, a
galaxy with a maximally old SED (single burst at z=15)
would show a flux ratio of - <n nf f1 0.63short long( ) when
averaged over 560 Å bins. This is based on simple Bruzual &
Charlot (2003) models without any dust. As mentioned earlier,

the observed spectrum has a break of - >n nf f1 0.68short long( )
at 2σ, thus indicating again that we can marginally rule out a
4000Å break based on the spectrum alone without even
including the photometric 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
SED and even partially covers the rest-frame optical wave-
lengths in the IRAC 4.5 μm band (see Figure 6).
The photometry of GN-z11 is consistent with a SED of

~:M Mlog 9 using standard templates (Bruzual & Char-
lot 2003, see appendix). The UV continuum is relatively blue
with a UV spectral slope β=−2.5±0.2 as derived from a
powerlaw fit to the H160, 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 40Myr (<110 Myr at 1σ). GN-z11 thus formed its
stars relatively rapidly. The inferred star formation rate is 24 ±
10Me yr−1. All the inferred physical parameters for GN-z11
are summarized in Table 2. Overall, our results show that
galaxy build-up was well underway at ∼400Myr after the
Big Bang.

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

The spectrum of GN-z11 indicates that its continuum break
lieswithin theH160 filter (which covers∼1.4–1.7μm; see Figure 6).
The rest-frame UV continuum flux of this galaxy is therefore
∼0.4mag brighter than inferred from the H160 magnitude. The
estimated absolute magnitude is MUV=−22.1±0.2, which is
roughly a magnitude brighter (i.e., a factor 3×) than the
characteristic luminosity of the UV luminosity function at
z∼7–8 (Finkelstein et al. 2015; Bouwens et al. 2015b). With

Table 3
Assumed LFs for z ∼ 10–11 Number Density Estimates

Reference f * -10 5 *M α Nexp

(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. (2015) 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 f*, *M , and α represent the three parameters of the
Schechter UV LF taken from the different papers.

Figure 7. Redshift and UV luminosities of known high-redshift galaxies from
blank field surveys. Dark filled squares correspond 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 distantmeasured
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.
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ALMA as a ‘redshift machine’

Uncertainty in photometric redshift requires 
a (long) scan of the frequency range



• Large fraction of 
sources (~50%) show 
‘extreme’ emission lines  

• UV-selected galaxies are 
likely metal poor (hard 
stellar radiation fields) or 
high sSFR (recent 
starburst)

Spitzer: high-equivalent width [OIII] lines 

Smit et al., 2014; 2015



Emission line signatures of Hα, [OIII] 

z~6.5 z~6.8 z~7.1

Smit et al. 2015



Spectroscopic 
redshifts with ALMA

Smit et al., 2018, Nature
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First low-resolution kinematic measurements

Smit et al., 2018, Nature



UV sizes of LBGs

mean size measurements from Bouwens et al. (2004), Oesch
et al. (2010), Ono et al. (2013), and Kawamata et al. (2014).
We refer the reader to Shibuya et al. (2015) for a discussion on
the size evolution using parametrizations other than the mean
(e.g., mode).

As the best-fit trend may be partially driven by the small
uncertainties on the lower-redshift points, the value of our new
z ∼ 9–10 size measurements for constraining the size evolution
is somewhat limited assuming a fixed size–redshift scaling.
Including our new z ∼ 9–10 size measurements and assuming a

+ -z(1 ) m scaling of size with redshift, the best-fit size–redshift
scaling m we find is 1.04 ± 0.09. Rederiving the scaling
without our new constraints at z ∼ 9–10, we find 1.01 ± 0.10.
Previously, Bouwens et al. (2004, 2006) and Oesch et al.
(2010) found a very similar dependence of mean size on
redshift (see also Shibuya et al. 2015). For lower-luminosity
(< =L0.3 z 3

* ) galaxies, the evolution is much less certain

( = om 0.8 0.1), though the + -z(1 ) 1.32 relation from Oesch
et al. (2010) also provides a reasonable fit. Such a dependence
is a generic expectation of theoretical models (e.g., Somerville
et al. 2008; Wyithe & Loeb 2011; Stringer et al. 2014, and
others).
While we note only marginal improvements in our

determination of the best-fit scaling including our new
measurement, this is in the context of a model where galaxies
are assumed to scale as a power of + z1 at all redshifts. It is
conceivable that at early enough times galaxy sizes could scale
differently (e.g., due to the impact of the UV ionizing
background on gas cooling). In this context, we have provided
the first published constraints on the size evolution of luminous
galaxies from ~z 10 to ~z 8.
To illustrate, one can fit the evolution at the earliest epochs

( ⩾z 5 ), where the statistical weight is no longer in the lowest
redshift points. We do so with and without our z ∼ 9–10
constraint for both the luminous (> L0.3 * ) and lower-
luminosity samples. We plot these fits to different redshift
ranges in Figure 8 and provide the best-fit parameters in
Table 5. Because so much weight is in the lower redshift points
( <z 5 ), the errors are obviously the smallest if one includes
the full redshift range ( = -z 2 10). However, the inclusion of
our latest high-redshift point improves the accuracy of the slope
dramatically if one concerns oneself with the high-redshift
evolution of sizes (Table 5).
While the present study confirms that source size follows an

approximate + -z(1 ) 1 scaling to very early times, it will be
interesting to explore how the redshift-effective radius relation
evolves for lower-mass galaxies as information on such
systems become available in the future. For example, better
relations between size and redshift, luminosity or mass will
become available through expanded z ∼ 9–10 samples based on
near-infrared photometric selections similar to the CANDELS
ones using the future Frontier Fields program (e.g., Kawamata
et al. 2014), an extension to z ∼ 9–10 for the BoRG program
(Trenti 2014) and in the very long term with the EUCLID
(Laureijs et al. 2011) or WFIRST (Spergel et al. 2013)
satellites.

5. DISCUSSION

In this paper we take advantage of six new bright z ∼ 9–10
candidate galaxies within CANDELS (Oesch et al. 2014) and

Figure 8. The effective radius as a function of redshift for our sample for both
bright ( > =L L0.3 z 3

* , top panel) and lower-luminosity galaxies ( < =L L0.3 z 3
* ,

bottom panel). For comparison, we show the mean sizes from earlier epochs from
Bouwens et al. (2004), Oesch et al. (2010), Ono et al. (2013), and Kawamata
et al. (2014). The mean size of the six potential interlopers to a z ∼ 9–10 selection
(see Section 4.1) is well above any expected relation at ~z 9 . We do not include
the Bouwens et al. (2011a) ~ ~z z2 12 candidate as there is considerable
doubt as to whether it is at ~z 12 (Bouwens et al. 2013; Brammer et al. 2013;
Capak et al. 2013; Ellis et al. 2013; Pirzkal et al. 2013). The dotted line shows the
best fits from Oesch et al. (2010). The dashed lines are our fits to the Bouwens
et al. (2004) and Oesch et al. (2010) values combined with our mean size
constraints at z ∼ 9–10. We exclude the Ono et al. (2013), and Kawamata et al.
(2014) points because these were derived using different methods. The solid gray
line the best fit for the high redshift ( >z 5 ) points alone. The mean size of
> =L L0.3 z 3

* galaxies scale as + -z(1 ) 1.

Table 5
The Best-fit Parameters, Intercept and Slope, for the Luminous and Lower-

luminosity Samples Fit Over Different Redshift Ranges.

Redshift Intercept Slope
z =R z( 4 )0 m

>L L0.3 *
2–8 1.38 ± 0.04 1.01 ± 0.10
2–10 1.37 ± 0.04 1.04 ± 0.09
5–8 1.62 ± 0.60 1.64 ± 1.17
5–10 1.48 ± 0.26 1.32 ± 0.43
<L L0.3 *

5–8 0.80 ± 0.03 0.71 ± 0.11
5–10 0.81 ± 0.03 0.76 ± 0.12

Note. If one includes the z ∼ 9–10 data in the high-redshift ( >z 5 ) fits, the
accuracy improves significantly.

8

The Astrophysical Journal, 808:6 (10pp), 2015 July 20 Holwerda et al.

mean size measurements from Bouwens et al. (2004), Oesch
et al. (2010), Ono et al. (2013), and Kawamata et al. (2014).
We refer the reader to Shibuya et al. (2015) for a discussion on
the size evolution using parametrizations other than the mean
(e.g., mode).

As the best-fit trend may be partially driven by the small
uncertainties on the lower-redshift points, the value of our new
z ∼ 9–10 size measurements for constraining the size evolution
is somewhat limited assuming a fixed size–redshift scaling.
Including our new z ∼ 9–10 size measurements and assuming a

+ -z(1 ) m scaling of size with redshift, the best-fit size–redshift
scaling m we find is 1.04 ± 0.09. Rederiving the scaling
without our new constraints at z ∼ 9–10, we find 1.01 ± 0.10.
Previously, Bouwens et al. (2004, 2006) and Oesch et al.
(2010) found a very similar dependence of mean size on
redshift (see also Shibuya et al. 2015). For lower-luminosity
(< =L0.3 z 3

* ) galaxies, the evolution is much less certain

( = om 0.8 0.1), though the + -z(1 ) 1.32 relation from Oesch
et al. (2010) also provides a reasonable fit. Such a dependence
is a generic expectation of theoretical models (e.g., Somerville
et al. 2008; Wyithe & Loeb 2011; Stringer et al. 2014, and
others).
While we note only marginal improvements in our

determination of the best-fit scaling including our new
measurement, this is in the context of a model where galaxies
are assumed to scale as a power of + z1 at all redshifts. It is
conceivable that at early enough times galaxy sizes could scale
differently (e.g., due to the impact of the UV ionizing
background on gas cooling). In this context, we have provided
the first published constraints on the size evolution of luminous
galaxies from ~z 10 to ~z 8.
To illustrate, one can fit the evolution at the earliest epochs

( ⩾z 5 ), where the statistical weight is no longer in the lowest
redshift points. We do so with and without our z ∼ 9–10
constraint for both the luminous (> L0.3 * ) and lower-
luminosity samples. We plot these fits to different redshift
ranges in Figure 8 and provide the best-fit parameters in
Table 5. Because so much weight is in the lower redshift points
( <z 5 ), the errors are obviously the smallest if one includes
the full redshift range ( = -z 2 10). However, the inclusion of
our latest high-redshift point improves the accuracy of the slope
dramatically if one concerns oneself with the high-redshift
evolution of sizes (Table 5).
While the present study confirms that source size follows an

approximate + -z(1 ) 1 scaling to very early times, it will be
interesting to explore how the redshift-effective radius relation
evolves for lower-mass galaxies as information on such
systems become available in the future. For example, better
relations between size and redshift, luminosity or mass will
become available through expanded z ∼ 9–10 samples based on
near-infrared photometric selections similar to the CANDELS
ones using the future Frontier Fields program (e.g., Kawamata
et al. 2014), an extension to z ∼ 9–10 for the BoRG program
(Trenti 2014) and in the very long term with the EUCLID
(Laureijs et al. 2011) or WFIRST (Spergel et al. 2013)
satellites.

5. DISCUSSION

In this paper we take advantage of six new bright z ∼ 9–10
candidate galaxies within CANDELS (Oesch et al. 2014) and

Figure 8. The effective radius as a function of redshift for our sample for both
bright ( > =L L0.3 z 3

* , top panel) and lower-luminosity galaxies ( < =L L0.3 z 3
* ,

bottom panel). For comparison, we show the mean sizes from earlier epochs from
Bouwens et al. (2004), Oesch et al. (2010), Ono et al. (2013), and Kawamata
et al. (2014). The mean size of the six potential interlopers to a z ∼ 9–10 selection
(see Section 4.1) is well above any expected relation at ~z 9 . We do not include
the Bouwens et al. (2011a) ~ ~z z2 12 candidate as there is considerable
doubt as to whether it is at ~z 12 (Bouwens et al. 2013; Brammer et al. 2013;
Capak et al. 2013; Ellis et al. 2013; Pirzkal et al. 2013). The dotted line shows the
best fits from Oesch et al. (2010). The dashed lines are our fits to the Bouwens
et al. (2004) and Oesch et al. (2010) values combined with our mean size
constraints at z ∼ 9–10. We exclude the Ono et al. (2013), and Kawamata et al.
(2014) points because these were derived using different methods. The solid gray
line the best fit for the high redshift ( >z 5 ) points alone. The mean size of
> =L L0.3 z 3

* galaxies scale as + -z(1 ) 1.

Table 5
The Best-fit Parameters, Intercept and Slope, for the Luminous and Lower-

luminosity Samples Fit Over Different Redshift Ranges.

Redshift Intercept Slope
z =R z( 4 )0 m

>L L0.3 *
2–8 1.38 ± 0.04 1.01 ± 0.10
2–10 1.37 ± 0.04 1.04 ± 0.09
5–8 1.62 ± 0.60 1.64 ± 1.17
5–10 1.48 ± 0.26 1.32 ± 0.43
<L L0.3 *

5–8 0.80 ± 0.03 0.71 ± 0.11
5–10 0.81 ± 0.03 0.76 ± 0.12

Note. If one includes the z ∼ 9–10 data in the high-redshift ( >z 5 ) fits, the
accuracy improves significantly.

8

The Astrophysical Journal, 808:6 (10pp), 2015 July 20 Holwerda et al.

Holwerda et al. 2015

Even for bright 
LBGs the sizes 

of z>6 are 
typically <1kpc

Bowler et al., 2017



First low-resolution kinematic measurements

Smit et al., 2018, Nature

Smooth accretion from the cosmic web as an 
important mechanism for galaxy growth at z~7? 



First low-resolution kinematic measurements

Smit et al., 2018, NatureBowler et al., 2017



Dynamical properties

Smit et al., 2018, Nature

No. 2, 2009 SINS SURVEY OF HIGH-REDSHIFT GALAXIES 1403

Figure 17. Velocity fields for 30 of the 62 galaxies of the SINS Hα sample. The velocity fields correspond to that derived from the Hα line emission as described in
Section 5.1 (the exception is K20–ID5 for which it was obtained from the [O iii] λ 5007 line instead). The color coding is such that blue to red colors correspond to the
blueshifted to redshifted line emission with respect to the systemic velocity. The minimum and maximum relative velocities are labeled for each galaxy (in km s−1).
All sources are shown on the same angular scale; the white bars correspond to 1′′, or about 8 kpc at z = 2. The galaxies are approximately sorted from left to right
according to whether their kinematics are rotation-dominated or dispersion-dominated, and from top to bottom according to whether they are disk-like or merger-like
as quantified by our kinemetry (Shapiro et al. 2008). Galaxies observed with the aid of adaptive optics (both at the 50 and 125 mas pixel−1 scales) are indicated by the
yellow rounded rectangles.
(A color version of this figure is available in the online journal.)

technique developed by the SAURON team for analysis of local
galaxies (Krajnović et al. 2006) to applications for high-redshift
studies. It provides a measure of the degree of asymmetry
in the observed velocity and velocity dispersion maps, where
the lower (higher) the asymmetry, the more disk-like (merger-
like) the object. Of the first 11 SINS galaxies classified by
kinemetry, eight are disks and three are mergers (see Shapiro
et al. 2008). This initial set has now been expanded to include the
analysis of four additional sources, two of which are classified as
disk-like and two as merger-like. The kinemetric classification is
reported in Table 9. The resulting fractions of disk- and merger-
like systems is thus 2/3 and 1/3, respectively. The uncertainties
of our method are discussed by Shapiro et al. (2008), to which
we refer for details. Based on these, we expect to correctly
classify ∼89% of disks and ∼80% of mergers, implying that
∼1 of the 10 disks may be misclassified as merger, and ∼1 of
the five mergers may be misclassified as disk.

For the more compact objects or for data sets with lower
S/N, kinemetry is too uncertain or impossible. In those cases,
we sorted the galaxies based on a qualitative assessment of the

asymmetry in the velocity field and dispersion map (essentially,
the same criteria as for our quantitative kinemetry). We find in
this way similar fractions of ∼2/3 of the objects that appear
to have Hα kinematics consistent with rotation in a single
disk, and ∼1/3 with asymmetric or irregular Hα kinematics
suggestive of a merger. We note that for the 15 objects classified
quantitatively, our kinemetry confirmed in all cases our prior
qualitative assessment (see Förster Schreiber et al. 2006a;
Genzel et al. 2006, 2008; Shapiro et al. 2008). As noted in
Section 2, the SINS Hα sample includes three pairs of galaxies at
approximately the same redshift and with projected separations
of ≈ 15–30 kpc. The individual components can in principle be
counted and inspected separately (see Section 9.4) or taken as
three merging systems, but this has little consequences on our
overall classification.

Another important characteristic of galaxies is the amount of
dynamical support provided by rotational/orbital motions and
by turbulent/random motions. Ideally, the distinction between
“rotation-dominated” and “dispersion-dominated” kinematics
would rely on detailed and accurate dynamical modeling, from

SINS survey before AO - 
Forster-Schreiber et al. 2009



Dynamical properties

Smit et al., 2018, Nature

z~7 [CII] emitters appear to have similar 
kinematics to z~2 Hα emitting galaxies



Simulation predictions for [CII]

see also Pawlik et al. 2011, Romano-Diaz et al. 2011, Feng et al. 2015

Simulations predict highly time 
variable morphologies, but 
ordered rotation is common 
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Zooming in on a ‘typical’ LBG

Smit, et al., in prep

UV dust [CII]

Deep, modest resolution ALMA 
imaging of a galaxy with  

SFRUV ~ 19 M⦿/yr, SFRIR ~ 16 M⦿/yr 



Zooming in on a gas disk with ALMA

Smit, et al., in prep



Zooming in on a gas disk with ALMA

Smit, et al., in prep



ALMA kinematics limited to available samples

Schouws, RS, et al., in prep.

z=7.060

z=6.750

z=6.753



REBELS: an ALMA 
Cycle 7 LP

• REBELS: Reionization 
Era Bright Emission 
Line Survey


• 70 hr scanning 40 
bright LBGs for [CII] / 
[OIII] at 6.5<z<9.5 

Core team: Rychard 
Bouwens (PI), Rebecca 

Bowler, Valentino Gonzalez, 
Ryan Endsley, Hanae Inami, 

Pascal Oesch, Sander 
Schouws, Renske Smit, 

Daniel Stark, Mauro Stefanon



Summary

• ALMA is starting to fulfil it’s promise as ‘redshift machine’ 
for the first generations of galaxies 

• Dust continuum and [CII] can show markedly different 
morphologies from their UV counterparts  

• First [CII] kinematics suggest smooth accretion might 
contribute significantly to galaxy growth 

• First modest spectroscopic samples might soon become 
available with the upcoming REBELS program



COS-3018 COS-2987

Smit, et al., in prep

z~7

[OIII] alignment with the UV



Dynamical masses


