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4.7. Success Rate for Different Galaxy Types

In order to assess the spectroscopic success rate for different
types of galaxies, we split the UVJ diagram into three regions—
quiescent galaxies, blue star-forming galaxies, and red star-
forming galaxies—and give the success rate for each galaxy class
in Figure 16. For all redshift intervals, the success rate is highest
(∼90%) for blue star-forming galaxies. Red star-forming galaxies
have a lower success rate, which varies from 27% in the

highest redshift interval to 75% in the middle redshift interval.
Quiescent galaxies have the lowest success rate, varying from
9% in the low-redshift interval to 50% in the middle-redshift
interval.
We also show the fraction of confirmed to targeted galaxies

as a function of stellar mass, H-band magnitude, rest-frame
U V− color, and rest-frame V J− color in Figure 17. This
figure illustrates that success rate primarily correlates with rest-
frame U V− color. The success rate also slightly decreases

Figure 15. Example MOSFIRE spectra and corresponding multiwavelength SEDs for eightgalaxies in the middle MOSDEF redshift regime. The galaxies have
different SED shapes and are ordered by decreasing UV-to-optical flux. The lower panels show the rest-frame UV to near-IR photometry from the 3D-HST
photometric catalogs (Skelton et al. 2014) and the best-fit stellar population model. The dashed vertical lines indicate the wavelength intervals for which we show the
MOSFIRE spectra in the top panels. With the exception of COSMOS-11982, the top panels show both the 1D and 2D MOSFIRE spectra in the wavelength regions
around the [O II] doublet, Hβ and [O III], and Hα, [N II], and [S II], from left to right, respectively. Thus, we only show selected regions of the full MOSFIRE spectra.
For COSMOS-11982 we zoom in around the absorption lines Ca II H and K in the Jband and Mgb in the Hband. All 1D spectra except for COSMOS-11982 J-band
spectra are binned by threepixels in the wavelength direction, while excluding very noisy wavelengths (i.e., corresponding to the locations of sky lines), and are
shown in black. For the COSMOS-11982 Jband, we binned the spectra by sevenpixels. The binned noise spectra are shown in gray. For clarity, the 2D spectra have
been stretched in the vertical direction by a factor of two.
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Figure 2. Portions of MOSFIRE H-band (left) and K-band (right) spectra for 10 of the KBSS galaxies listed in Tables 1 and 2. The flux-calibrated spectra are
presented unsmoothed, with their original pixel sampling, with the wavelength scale shifted to each galaxy’s rest frame. The best-fit line profiles are superposed
(blue), while the 1� error spectrum (red) is offset, but on the same flux scale, as its corresponding galaxy spectrum. The stacked two-dimensional spectra from
which the 1-d spectra were extracted are shown in grayscale, over the same range of rest-wavelength. Each reduced 2-D spectrogram exhibits a positive (central)
image and 2 flanking negative images due to the differencing of spatially dithered exposures (see section 2.2) that is part of the background subtraction procedure.
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Straatman+(2016)

feature in the SED of a galaxy is the Balmer/4000Å break at
rest-frame 4000Å, which shifts into the near-IR at z1.5. For
high redshift surveys, it is therefore advantageous to split up
the canonical broadband J and H filters into multiple near-IR
medium-bandwith filters (van Dokkum et al. 2009), which
stradle the Balmer/4000Å break at 1.5z3.5. A set of
near-IR medium-bandwidth filters was used for the NEWFIRM
Medium-band Survey NMBS, a survey using NEWFIRM on

the Kitt Peak Mayall 4 m Telescope, with a limiting 5σ depth in
K of 23.5 ABmag for point sources and a photometric redshift
accuracy of σz/(1+z)∼1%–2% up to z=3 (Whitaker
et al. 2011).
The FourStarGalaxy Evolution Survey (ZFOURGE) aims

to advance further the study of intermediate to high redshift
galaxies by pushing to much fainter limits (25–26AB), well
beyond the typical limits of groundbased spectroscopy. This
provides a unique opportunity to study the higher redshift and
lower mass galaxy population in unprecedented detail, at cutting
edge mass completeness limits. The power of this deep survey is
demonstrated by Tomczak et al. (2014), who showed the stellar
mass functions of star-forming and quiescent galaxies can be
accurately traced down to 109Me at z=2, well below M*.
Papovich et al. (2015) showed that at this depth one can trace the
evolution of progenitors of present-day M* galaxies (like M31
and the Milky Way Galaxy) out to z∼3. Furthermore Straatman
et al. (2014) showed that a population of massive quiescent
galaxies with M>1010.6 was already in place at z∼4, while
Tilvi et al. (2013) used the FourStarmedium-bandwidth
filters to pinpoint Lyman Break galaxies at z∼7 and distinguish
them from cool dwarf stars.
In this paper we present the ZFOURGE data products,12

comprising 45 nights of observations with the FourStar near-
infrared Camera on the 6.5 m Magellan Baade Telescope at Las
Campanas in Chile (Persson et al. 2013). The survey was
conducted over three extragalactic fields: CDFS (R.A.
(J2000)=03:32:30, decl. (J2000)=−27:48:30) (Giacconi
et al. 2002), COSMOS (R.A.=10:00:30, decl.=+02:17:30)

Figure 2. The FourStar filters provide detailed sampling of the Balmer/
4000 Å break of galaxies at z1.5. Here we show the SEDs of three observed
galaxies in COSMOS with large Balmer/4000 Å breaks, at z=1.30, z=2.53
and z=3.58. With increasing redshift, the Balmer/4000 Å break moves
through the range defined by the FourStar bands. Observed datapoints are
shown as white or red dots with errorbars for ancillary and FourStar filters,
respectively. Upper limits (mostly in the UV) are indicated with downward
arrows. The solid curves are the EAZY best-fit SEDs (see Section 5). Observed
and fitted SEDs are normalized at rest-frame 4500 Å.

Figure 3. Seeing histograms of the FourStar single images, corresponding
to ∼1–1.5 hr observing blocks. Many of the images have a seeing
of ∼0 4–0 5.

12 Available for download at zfourge.tamu.edu.
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Figure 6. Stellar mass functions for all galaxies between 0.2 < z < 3 with error bars representing total 1σ uncertainties. We compare our SMFs to those from other
recent studies: Moustakas et al. (2013, Mo13), Santini et al. (2012, S12), Ilbert et al. (2013, I13), and Muzzin et al. (2013, Mu13). Data are only shown above the
reported mass-completeness limit for each study. There is excellent agreement where the SMFs overlap except with the z > 2 SMF from Santini et al. (2012).
(A color version of this figure is available in the online journal.)

Figure 7. Stellar mass functions in sequential redshift bins for all (black), star-forming (blue), and quiescent (red) galaxies. Open symbols correspond to data below
each subsample’s respective mass-completeness limit. We have used data from NMBS to supplement the high-mass end of each SMF down to the limits indicated by
the orange arrows. Best-fit Schechter functions to the total SMF are plotted as black lines. Even as far as z ∼ 2, the total SMF exhibits a low-mass upturn. Furthermore,
we show a clear decline in the quiescent SMF below M∗ toward high-z, which cannot be attributed to incompleteness.
(A color version of this figure is available in the online journal.)

where M = Log(M/M⊙), ∆M is the size of the mass bin, N
is the number of galaxies in the mass bin between the redshift
limits (zmin, zmax), and Vc is the comoving volume based on
the survey area and redshift limits. We refrain from using the

1/Vmax formalism (Avni & Bahcall 1980) to avoid introducing
any potential bias associated with evolution in the SMF over our
relatively wide redshift bins. Since we do not apply a 1/Vmax
correction, Vc is the same for all galaxies in a given redshift bin.
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from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by

48 P. Madau & M. Dickinson

Figure 11: The evolution of the stellar mass density. The data points with symbols are given in Table
2. The solid line shows the global stellar mass density obtained by integrating the best-fit instantaneous
star-formation rate density ψ(z) (Equations 2 and 15) with a return fraction R = 0.27.

However, at z > 0.5 their mass completeness limit is larger than 109.5 M⊙, so we have used

their points only below that redshift. At higher redshifts (as in Moustakas et al. 2013),
nearly all the modern estimates incorporate Spitzer IRAC photometry; we include only

one recent analysis (Bielby et al. 2012) that does not but that otherwise uses excellent

deep, wide-field NIR data in four independent sightlines. We also include measurements
at 0.1 < z ∼

< 4 from Arnouts et al. (2007), Pérez-González et al. (2008), Kajisawa et al.

(2009), Marchesini et al. (2009), Reddy & Steidel (2009), Pozzetti et al. (2010), Ilbert et al.

(2013), and Muzzin et al. (2013). We show measurements for the IRAC-selected sample of
Caputi et al. (2011) at 3 ≤ z ≤ 5 and for UV-selected LBG samples at 4 < z < 8 by Yabe

et al. (2009), González et al. (2011), Lee et al. (2012), and Labbé et al. (2013).
When needed, we have scaled from a Chabrier IMF to a Salpeter IMF by multiplying the

stellar masses by a factor of 1.64 (Figure 4). At high redshift, authors often extrapolate

their SMFs beyond the observed range by fitting a Schechter function. Stellar mass com-
pleteness at any given redshift is rarely as well defined as luminosity completeness, given

the broad range of M/L values that galaxies can exhibit. Unlike the LFs used for the SFRD

calculations where we have tried to impose a consistent faint luminosity limit (relative to
L∗) for integration, in most cases we have simply accepted whatever low-mass limits or in-

tegral values that the various authors reported. Many authors found that the characteristic
mass M∗ appears to change little for 0 < z < 3 (e.g., Fontana et al. 2006, Ilbert et al. 2013)

and is roughly 1011 M⊙ (Salpeter). Therefore, a low-mass integration limit similar to that
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Topics I will focus on (an incomplete list…)

• Stellar populations 

• Photo-ionisation 

• Environment  

• Kinematics
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Topics I will focus on

• Stellar populations 
– rest-frame optics absorption lines, star-
formation histories, abundances, ideally for mass-
complete samples 

• Photo-ionisation 

• Environment  

• Kinematics
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Fig. 1.— Spectra of evolved GDDS galaxies with z > 1.3. From top to bottom the ob-
jects shown are: GDDS-02-1255, 22-0189, 22-0674, 12-5869, 12-6072, 12-8895, 15-4367,

15-7543,15-5005. This includes all of the galaxies in Table 1 with 1.49 < z < 2.0, plus
GDDS-02-1255 (z = 1.34). The SDSS LRG composite has been overlaid on each spectrum

and an offset has been applied to each, in steps of 10−18 erg.s−1 cm−2 Å−1. The locations of
the stellar MgII2800 and MgI2852 lines are indicated by the dashed lines.

MgII MgI

McCarthy+(2004)
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Table 1
Properties of the Sample Galaxies

ID R.A. Decl. zspec M Mlog : re Sérsic n
(deg) (deg) (kpc)

254025 150.6187115 2.0371363 1.8228 ± 0.0006 11.64 0.03
0.15

-
+ 3.16 ± 0.61 3.4 ± 0.4

217431 150.6646939 1.9497545 1.4277 ± 0.0015 11.82 0.15
0.03

-
+ 7.19 ± 1.95 3.8 ± 0.6

307881 150.6484873 2.1539903 1.4290 ± 0.0009 11.75 0.11
0.03

-
+ 2.68 ± 0.12 2.3 ± 0.1

233838 150.6251048 1.9889180 1.8199 ± 0.0016 11.64 0.25
0.16

-
+ 2.25 ± 0.31 3.1 ± 0.3

277491 150.5833512 2.0890266 1.8163 ± 0.0038 11.56 0.12
0.11

-
+ 2.46 ± 0.11 1.0a

250093 150.6053729 2.0288998 1.8270 ± 0.0010 11.25 0.08
0.13

-
+ 3.00 ± 0.15 1.0a

263508 150.5677283 2.0594318 1.5212 ± 0.0009 11.11 0.21
0.10

-
+ 0.86 ± 0.03 3.2 ± 0.2

269286 150.5718552 2.0712204 1.6593 ± 0.0006 11.26 0.28
0.02

-
+ 1.03 ± 0.12 5.0 ± 0.7

240892 150.6432950 2.0073169 1.5494 ± 0.0009 11.29 0.13
0.19

-
+ 1.29 ± 0.13 3.0 ± 0.3

205612 150.6542714 1.9233323 1.6751 ± 0.0045 11.15 0.06
0.13

-
+ 2.08 ± 0.28 2.4 ± 0.3

251833 150.6293675 2.0336620 1.4258 ± 0.0006 10.99 0.05
0.27

-
+ 1.61 ± 0.09 2.1 ± 0.1

228121 150.5936156 1.9754018 1.8084 ± 0.0015 11.39 0.03
0.14

-
+ 2.78 ± 0.86 4.1 ± 0.9

321998 150.7093826 2.1863891 1.5226 ± 0.0009 11.28 0.09
0.12

-
+ 1.83 ± 0.34 4.4 ± 0.6

299038 150.7091894 2.1369001 1.8196 ± 0.0010 11.30 0.15
0.08

-
+ 0.96 ± 0.02 1.9 ± 0.0

519818 150.0124421 2.6406856 2.0879 ± 0.0010 11.37 0.24
0.28

-
+ 1.69 ± 0.36 5.4 ± 0.7

526785 150.0057599 2.6548908 1.2454 ± 0.0383 11.44 0.30
0.04

-
+ 4.95 ± 0.54 3.1 ± 0.1

528213 150.0199418 2.6592730 1.3950 ± 0.0004 11.33 0.22
0.32

-
+ 3.06 ± 0.27 3.2 ± 0.2

535544 150.0027420 2.6748955 1.2452 ± 0.0003 11.68 0.30
0.05

-
+ 5.73 ± 1.22 4.2 ± 0.5

531916 149.9828887 2.6689945 1.3569 ± 0.0333 11.14 0.41
0.28

-
+ K K

533754 150.0190505 2.6731339 1.3956 ± 0.0003 11.60 0.18
0.04

-
+ 2.42 ± 0.08 1.3 ± 0.1

543256 150.0179738 2.6948240 1.4340 ± 0.0008 11.29 0.22
0.19

-
+ 3.34 ± 0.39 3.7 ± 0.3

401700 150.2914647 2.3715033 1.6501 ± 0.0003 11.16 0.14
0.25

-
+ 1.73 ± 0.40 4.5 ± 1.0

411647 150.2915999 2.3956325 1.6525 ± 0.0008 11.56 0.31
0.08

-
+ 2.67 ± 0.41 1.8 ± 0.3

406178 150.2881135 2.3813900 1.5718 ± 0.0037 11.56 0.60
0.16

-
+ K K

Notes. Effective radii are circularized, i.e., r a qe = , where a and q are semimajor axis length and axis ratio, respectively.
a The GALFIT run was carried out by fixing n = 1 (see Onodera et al. 2012).

Figure 2. Composite rest-frame optical spectrum of the 24 quenched galaxies at z 1.6~ . (A): the number (left axis) and fraction (right axis) of spectra that have been
stacked at each wavelength. (B): the stacked spectrum and associated 1σ error (orange solid line and filled region, respectively). The green solid line shows the best-fit
combination of stellar spectra (Sánchez-Blázquez et al. 2006b), using pPXF (Cappellari & Emsellem 2004). The rectangles show the wavelength ranges used to
measure the Lick indices of the stacked spectrum, though the Hβ index is not used in our stellar population analysis.
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24 quiescent galaxies z~1.6 (Onodera+2015, MOIRCS)

local galaxies (Jørgensen & Chiboucas 2013, see also
Jørgensen et al. 1995; Jørgensen et al. 2005).

The α-to-iron abundance ratio measured for the z 1.6á ñ =
quenched galaxies, [ Fe] 0.31 0.12

0.12a = -
+ , or ∼2 times the solar

value, lies precisely on the z = 0 [α/Fe]–σ relation (Figure 5;
e.g., Kuntschner et al. 2010; Spolaor et al. 2010; Thomas et al.
2010), indicating little or no evolution at a given velocity
dispersion of the [α/Fe] ratio over the past ∼10 Gyr.

Thus, it appears that the chemical composition is indeed frozen
in during passive evolution from z 1.6á ñ = to 0. We conclude

that the stellar population content, i.e., their age, metallicity and
α-element enhancement of our z 1.6á ñ = galaxies, qualifies them
as possible progenitors of similarly massive quenched galaxies at
z = 0, from purely passive evolution.

5.3. SFHs of Quenched Galaxies at z 1.6á ñ =
and Their Precursors

We turn now to the other side in cosmic times, i.e., toward
higher redshifts and earlier epochs, trying to identify possible

Figure 5. Stellar population parameters as a function of stellar velocity dispersion (A), (C), (E), and redshift (B), (D), (F). Shown are the luminosity-weighted age
(A), (B), [Z/H] (C), (D), and the [α/Fe] ratio (E), (F) of stellar populations in quenched galaxies at various redshifts. In each panel, the red symbol represents our
measurement at z 1.6á ñ = . In the right panels, the thick and thin error bars correspond to the standard deviation and range of redshift of the sample, respectively. Blue
and orange symbols show z = 0 values within r 8e and re, respectively, of local quenched galaxies (Spolaor et al. 2010). In the right panels, blue and orange points are
the corresponding median properties of the local sample with 200s > km s 1- with the 1σ scatter of the corresponding distribution. The red arrowhead in panel (A)
shows the ending point of a purely passive evolution of the stellar populations of our sample galaxies down to z = 0. Gray circles in the right panels show the values
for massive quenched galaxies with log ( km s ) 2.241s >- in intermediate redshift clusters (Jørgensen & Chiboucas 2013). Their measurements were aperture
corrected in order to match the nuclear measurements at z = 0. In panel (B), the gray solid lines show, from thin to thick, the age of simple stellar populations made at
a formation redshifts from 1.5 to 4.0, as indicated in the insert.
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[OII] G bandCa H   Ca K + Hε HδH8H9H10H11
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Figure 1. HST images and MOSFIRE spectra for a sample of six galaxies with detected absorption lines. For each object, the ID and spectroscopic redshift are
indicated; the 4′′cutout shows the F160W image with a 10 kpc ruler; the observed spectrum (inverse-variance smoothed, black line), its uncertainty (divided by three,
light blue), and the best-fit model (red line) are plotted. Absorption and emission features are marked by gray dotted lines. For 4732, only ground-based data are
available, and the cutout is from the UltraVISTA H-band imaging (McCracken et al. 2012).

number of massive galaxies within the photometric redshift
range 2 < zphot < 2.5, using U − V and V − J rest-frame col-
ors to prioritize quiescent objects (Williams et al. 2009). Our
best pointing in the COSMOS field includes 21 targets, some of
which belong to the z ∼ 2.1 protocluster discovered by Spitler
et al. (2012).

2.2. Spectroscopic Data

Spectroscopic observations were undertaken using
MOSFIRE on 2013 April 17, and 2014 March 6 and 7 with
clear sky and 0.′′5–0.′′7 seeing. We observed in the J band using
a two-point dithering pattern and an exposure time of 120 s per
frame, for a total of 8 hr 20 minutes. The 0.′′8 slit width yielded a

spectral resolution of 45 km s−1. The data were reduced using the
MOSFIRE pipeline that performs flat fielding, sky subtrac-
tion and wavelength calibration, and outputs rectified two-
dimensional (2D) spectra, from which one-dimensional spectra
were optimally extracted. Telluric correction and flux calibra-
tion were performed using the spectra of A0 standard stars.

Continuum emission is detected in many spectra and six,
shown in Figure 1, exhibit absorption lines such as Ca ii H
and K and Balmer lines with well-defined redshifts in the range
2.092 < z < 2.439 consistent with our photometric selection.
Other features include the G band and the [O ii] λ3727, 3729
emission line. The continuum signal-to-noise ratios range from
5 to 18 per resolution element. Table 1 summarizes the obser-
vational data.

2
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NIRSpec team (Franx, Bunker, Ferruit, Maiolino, Arribas, Charlot, Rix, Willot,

Jakobsent)Starburst Post-starburst

AB=25

AB=26

AB=27

JWST
ZFOURGE
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Observed ancestors?
Need SFR > 1000 M�yr–1 at z>5

ALMA detection (Riechers et al. 2016), z=6.3  
SFR = 2900 M�yr–1   Stellar mass 3.7x1010 M�� 

����������������������������������Dynamical mass 2.7x1011 M�
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Topics I will focus on

• Stellar populations (JWST wins)  

• Photo-ionisation: puzzles 
       – z>2 emission lines now ‘easy’ from the ground  
       – we don’t know what is going on in the ISM…

• Environment  

• Kinematics
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‘Easy’ z~2 emission line spectra

Figure 5. Example MOSFIRE H- and K-band spectra from the COSMOS field. In the 1D spectra, the flux is shown in blue and the corresponding error in red. The 1σ
scatter of the flux value parametrized by the error level is highlighted around the flux value in cyan. Each 1D spectra are accompanied by the corresponding 2D spectra
covering the same wavelength range. Each panel shows the name of the object, the wavelength it was observed in, and the redshift quality of the object. Vertical
dashed lines show where strong optical emission lines ought to lie given the spectroscopic redshift.
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The GOOD news:  
‘Easy’ z~2

ZFIRE survey: Nanayakarra, KG,+2016

SF galaxies  
ONLY, 1–2h with  

MOSFIRE

141 objects with Hα detections (Qz = 2 or Qz = 3) and
1.90<zspec<2.66, galaxies identified as UVJ quiescent are
removed since the spectroscopic sample does not significantly
sample these (see Section 3.4). The remaining sample
comprises 140 UVJ blue (low dust attenuation) and red (high
dust attenuation) star-forming galaxies. Similarly, galaxies
from the ZFOURGE survey are selected with redshifts between
1.90<zspec<2.66 and all UVJ quiescent galaxies are
removed. The Ks magnitude and the stellar mass distributions
of the remaining 1106 ZFOURGE galaxies with the selected
ZFIRE sample are compared in Figure 8.

The top panel of Figure 8 demonstrates that the Hα detected
galaxies reach Ks>24. 80% of the detected ZFIRE-COSMOS
galaxies have Ks�24.11. The ZFOURGE input sample
reaches deeper to Ks�24.62 (80%-ile). The photometric
detection completeness limit of ZFOURGE is discussed in
detail in Straatman et al. (2014), but we note that at K = 24.62,
97% of objects are detected. It is important to understand if the
distribution in Ks of the spectroscopic sample is biassed
relative to the photometric sample. A two-sample K–S test for
Ks�24.1 is performed to find a p value of 0.03 suggesting
that there is no significant bias between the samples.

Similarly, the mass distribution of the Hα detected sample is
investigated in the bottom panel of Figure 8. Galaxies are
detected down to (log10 M*/Me)∼9. 80% of the Hα detected
galaxies have a stellar masses (log10 M*/Me)>9.3. A K–S
test on the two distributions for galaxies (log10 M*/Me)>9.3
gives a p value of 0.30 and therefore, similar to the Ks
magnitude distributions, the spectroscopic sample shows no
bias in stellar mass compared to the ZFOURGE photometric
sample.

This shows that the ZFIRE-COSMOS detected sample of
UVJ star-forming galaxies hasa similar distribution in
magnitude and stellar mass as the ZFOURGE distributions,
except at the very extreme ends. Removing UVJ dusty galaxies
from the star-forming sample does not significantly change this
conclusion.

A final test is to evaluate the photometric magnitude at which
continuum emission in the spectra can be typically detected. To
estimate this, a constant continuum level is fit to blank sky regions
across the whole K-band spectral range. This shows that the 2σ

spectroscopic continuum detection limit for the ZFIRE-COSMOS
sample is Ks;24.1 (0.05×10−17 erg s−1 cm−2 Å−1). More
detailed work on this will be presented in the IMF analysis
(T. Nanayakkara et al. 2016, in preparation).

3.4. Rest Frame UVJ Colors

The rest-frame UVJ colors are used to assess the stellar
populations of the detected galaxies. In rest frame U−V and
V−J color space, star-forming galaxies and quenched galaxies
show strong bimodal dependence (Williams et al. 2009). Old
quiescent stellar populations with strong 4000 Å and/or Balmer
breaks show redder U−V colors and bluer V−J colors, while
effects from dust contribute to redder V−J colors.
Figure 9 shows the UVJ selection of the COSMOS sample,

which lies in the redshift range between 1.99<zspec<2.66.
The selection criteria are adopted from Spitler et al. (2014) and
are as follows.Quiescent galaxies are selected by (U −
V) > 1.3, (V − J) < 1.6, (U − V )>0.867×(V−J)+0.563.
Galaxies that lie below this limitare considered to be star-
forming. These star-forming galaxies are further subdivided
into two groups depending on their dust content. Red galaxies
with (V−J)>1.2 are selected to be dusty star-forming
galaxies, which correspondto Av1.6. Blue galaxies with
(V−J)<1.2 are considered to be relatively unobscured.
MOSFIRE detected galaxies are shown as green stars while
the non-detections (selected using zphoto values) are shown as
black filled circles.
The total sampled non-detections are ∼23% for this redshift

bin. ∼82% of the blue star-forming galaxies and ∼70% of the
dusty star-forming galaxies were detected, but only 1 quiescent
galaxy was detected out of the potential 12 candidates in this
redshift bin. Galaxies in the red sequence are expected to be
quenched with little or no star formation and hence without any
strong Hα features;therefore,the low detection rate of the
quiescent population is expected. Belli et al. (2014) has shown
that ∼8 hr of exposure time is needed to get detections of
continua of quiescent galaxies with J∼22 using MOSFIRE.
The prominent absorption features occur in the Hband at
z∼2. ZFIRE currently does not reach such integration times
per object in any of the observed bands and none of the

Figure 7. Left: the distribution of Hα luminosity of all ZFIRE-COSMOS galaxies in log space. The green histogram (with horizontal lines) is for galaxies with a
quality flag of 3, while the ivory histogram is for galaxies with a quality flag of 2. The vertical dotted line is the Hα SFR for a typical Hα S/N of ∼5 at z=2.1.
Middle: similar to the left figure, but the distribution of Hα S/N of all ZFIRE-COSMOS detections are shown. The dashed vertical line is S/N = 5, which is the Hα
detection threshold for ZFIRE. Right: the Hα SFR vs. stellar mass distributions for the objects shown in the left histograms. The stellar masses and dust extinction
values are derived from FAST. The dashed line is the star-forming main sequence from Tomczak et al. (2014). The horizontal dotted line is the Hα SFR for a typical
Hα S/N of ∼5 at z=2.1.
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‘Easy’ z~2

quiescent galaxies show strong continuum detections. We note
that this is a bias of the ZFIRE survey, which may have
implications on the identification of weak star-forming and
quiescent cluster members by Yuan et al. (2014).

For comparison MOSDEF and VUDS detections in the
COSMOS field with matched ZFOURGE candidates are overlaid
in Figure 9. All rest-frame UVJ colors for the spectroscopic
samples are derived from photometry using the spectroscopic
redshifts. The MOSDEF sample, which is mainly H-band selected,
primarily includes star-forming galaxies independently of the dust
obscuration level. VUDS survey galaxies are biased toward blue
star-forming galaxies, which is expected because it is an optical
spectroscopic survey. This explains why their spectroscopic
sample does not include any rest-frame UVJ selected dusty star-
forming or quiescent galaxies.

3.5. Spatial Distribution

The COSMOS sample is primarily selected from a cluster
field. The spatial distribution of the field is shown in Figure 10.

(The ZFOURGE photometric redshifts are replaced with our
spectroscopic values where available.) A redshift cut between
2.0<z<2.2 is used to select galaxies in the cluster redshift
range. Using necessary ZFOURGE catalog quality cuts there
are 378 galaxies within this redshift window. Following Spitler
et al. (2012), these galaxies are used to produce a seventh
nearest neighbor density map. Similar density distributions are
calculated to the redshift window immediately above and
below 2.0<z<2.2. These neighboring distributions are used
to calculate the mean and the standard deviation of the
densities. The density map is plotted in units of standard
deviations above the mean of the densities of the neighboring
bins similar to Spitler et al. (2012). Similar density maps were
also made by Allen et al. (2015).
The figure shows that ZFIRE has achieved a thorough

sampling of the underlying density structure at z∼2 in the
COSMOS field. Between 1.90<zspec<2.66, in the COS-
MOS field the sky density of ZFIRE is 1.47 galaxies arcmin−2.
For MOSDEF and VUDS, it is 1.06 galaxies arcmin−2 and

Figure 8. Ks magnitude and mass distribution of the 1.90<z<2.66 galaxies from ZFOURGE (cyan) overlaid with the ZFIRE (green) detected sample for the
COSMOS field. The ZFOURGE distribution is derived using the photometric redshifts and spectroscopic redshifts (when available). The ZFIRE histogram uses the
spectroscopic redshifts. The histograms are normalized for area. UVJ quiescent galaxies (only 1 in ZFIRE) are removed from both the samples. Top: Ks magnitude
distribution. The black dashed line (Ks = 24.11) is the limit in which 80% of the detected sample lies below. Bottom: stellar mass distribution of the galaxies in log
space as a fraction of solar mass. Masses are calculated using FAST and spectroscopic redshifts are used where available. The black dashed line (Log10(M*/
Me)=9.3) is the limit down to where the detected sample is 80% mass complete.
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ONLY, 1–2h with  

MOSFIRE
0.26 galaxies arcmin−2, respectively. A detailed spectroscopic
analysis of the cluster from ZFIRE redshifts has been published
in Yuan et al. (2014).
Figure 11 shows the relative density distribution of the

1.90<zspec<2.66 galaxies. The MOSDEF sample is overlaid
on the left panel and a Gaussian best-fit functions are fit for
both ZFIRE (cluster and field) and MOSDEF samples. It is
evident from the distributions, that in general ZFIRE galaxies
are primarily observed in significantly higher density environ-
ments (as defined by the Spitler et al. metric) compared to
MOSDEF. Because of the explicit targeting of “cluster
candidate” fields, this is expected. In the right panel, the
density distribution of the confirmed cluster members of Yuan
et al. (2014) is shown.

4. COMPARING ZFIRE SPECTROSCOPIC REDSHIFTS
TO THE LITERATURE

The new spectroscopic sample, which is in well-studied deep
fields, is ideal to test the redshift accuracy of some of the most
important photometric redshift surveys, including the
ZFOURGE survey from which it is selected.

4.1. Photometric Redshifts from ZFOURGE and UKIDSS

The comparison of photometric redshifts and the spectro-
scopic redshifts for the ZFIRE-COSMOS sample is shown by
the left panel of Figure 12. The photometric redshifts of the
v3.1 ZFOURGE catalog are used for this purpose becausethey
represent the best calibration and photometric-redshift

Figure 9. Rest frame UVJ diagram of the ZFIRE-COSMOS sample with
redshifts 1.90<z<2.66. Quiescent, star-forming, and dusty star-forming
galaxies are selected using Spitler et al. (2014) criteria. The green stars are
ZFIRE detections (filledlQz=3, emptylQz=2) and the black circles
are the non-detections. Pink diamonds and yellow triangles are MOSDEF and
VUDS detected galaxies respectively, in the same redshift bin with matched
ZFOURGE counterparts. Rest frame colors are derived using spectroscopic
redshifts where available.

Figure 10. Spatial distribution of the ZFIRE-COSMOS sample. Galaxies that fall within 2.0<z<2.2 are used to produce the underlying seventh nearest neighbor
density map. The units are in standard deviations above the mean of redshift bins (see Section 3.5).The white crosses are the ZFOURGE galaxies with M>109.34

Me, which is the 80% mass completeness of the ZFIRE detections. Spectroscopically detected galaxies with redshifts between 1.90<zspec<2.66 have been overlaid
on this plot. The stars are ZFIRE-COSMOS detections (green filledlQz=3, white filledlQz=2) and the black circles are the non-detections. Galaxies outlined
in bright pink are the confirmed cluster members by Yuan et al. (2014). The light pink filled diamonds are detections from the MOSDEF survey. Yellow triangles are
from the VUDS survey.
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The BPT debate: what is up with ionisation?
KBSS; Steidel et al. (2014) MOSDEF; Shapley et al. (2014)

‘it’s ionisation parameter and
effective temperature’

‘it’s N/O abundance’
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Kewley et al. (2013a,b)
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Fig. 3.— The [N II]/Hα versus [O III]/Hβ diagnostic diagram showing the local SDSS galaxies (top panel), and our z = 2.095 COSMOS
cluster (bottom panel; red circles). Solid lines showing our theoretical predictions for the star-forming abundance sequence (left curves)
and the starburst-AGN mixing sequence (right curves) for z=0 (top) and z=2 (bottom) for 4 limiting model scenarios (columns). Column
(1): Normal ISM conditions, and metal-rich AGN NLR at high-z; Column (2): Normal ISM conditions, and metal-poor AGN NLR at
high-z; Column (3): Extreme ISM conditions, and metal-rich AGN NLR at high-z; Column (4): Extreme ISM conditions, and metal-poor
AGN NLR at high-z. Blue dotted lines in the lower panel show the position of the local models, for comparison.
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of the ZFIRE survey (black circles).

ter with field galaxies at the same redshift. We incor-
porate theoretical stellar evolution, photoionization, and
shock models into our analysis to investigate any changes
in ISM conditions, ISM pressure, or ionization parameter
as a function of redshift or as a function of environment.
We find that the COSMOS cluster optical line ratios
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Fig. 5.— The [N II]/[S II] ratio versus [O III]/Hβ for the COS-
MOS cluster for > 3σ detections of [SII] (red circles) and for
> 1σ detections of [SII] (orange circles), compared with the SDSS
(black). The colored curves show our theoretical photoionization
models for a range of metallicity (blue-green lines), and ionization
parameter (yellow-red lines), as indicated in the legends. The COS-
MOS cluster and field galaxies (black circles) have larger ionization
parameters than the majority of local SDSS galaxies.

are indistinguishable from field galaxies at the same red-
shift. We find no statistical difference among the ISM

Kewley et al. (2015)

Issues papers have raised: Denser SF regions? Density 
bound? Binaries? Stellar rotation? Abundance variations? 
IMF?



High Ionization Emission Lines are Common among 
Low Mass Lyman-alpha Emitters

•CIV + OIII] detection in gravitationally lensed LAE at z=6.11 with FIRE

Mainali+16, submitted, arXiv:1611.07125

•CIV1549+1551 EW ~ 24.5 Å 

Radiation field implies greater contribution to reionization than often assumed

Stark talk (Monday)
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Figure 13: The mean specific star-formation rate (sSFR≡ SFR/M∗) for galaxies with estimated stellar
masses in the range 109.4 − 1010 M⊙. The values are from the literature: Daddi et al. (2007) (cyan
triangle), Noeske et al. (2007) (blue dots), Damen et al. (2009) (magenta pentagons), Reddy et al. (2009)
(red dots), Stark et al. (2013) (green squares), and González et al. (2014) (orange dots). The error bars
correspond to systematic uncertainties. The high-redshift points from Stark et al. (2013) and González
et al. (2014) have been corrected upward owing to the effect of optical emission lines on the derived
stellar masses, using their “fixed Hα EW” model (Stark et al. 2013) and “RSF with emission lines” model
(González et al. 2014). The curve shows the predictions from our best-fit star-formation history.

most star-forming galaxies follow a reasonably tight relation between SFR and M∗, whose

normalization (e.g., the mean sSFR at some fiducial mass) decreases steadily with cosmic

time (decreasing redshift) at least from z = 2 to the present (Brinchmann et al. 2004, Daddi
et al. 2007, Elbaz et al. 2007, Noeske et al. 2007). A minority population of starburst galax-

ies exhibits elevated sSFRs, whereas quiescent or passive galaxies lie below the SFR–M∗

correlation. For the “main sequence” of star-forming galaxies, most studies find that the
average sSFR is a mildly declining function of stellar mass (e.g., Karim et al. 2011). This

implies that more massive galaxies completed the bulk of their star formation earlier than

that did lower-mass galaxies (Brinchmann & Ellis 2000, Juneau et al. 2005), a “downsizing”
picture first introduced by Cowie et al. (1996). Dwarf galaxies continue to undergo major

episodes of activity. The tightness of this SFR–M∗ correlation has important implications
for how star formation is regulated within galaxies, and perhaps for the cosmic SFH itself.

Starburst galaxies, whose SFRs are significantly elevated above the main-sequence corre-

lation, contribute only a small fraction of the global SFRD at z ≤ 2 (Rodighiero et al.
2011, Sargent et al. 2012). Instead, the evolution of the cosmic SFR is primarily due to the

steadily-evolving properties of main-sequence disk galaxies.

Figure 13 compares the sSFR (in Gyr−1) for star-forming galaxies with estimated stellar
masses in the range 109.4 − 1010 M⊙ from a recent compilation by González et al. (2014),

with the predictions from our best-fit SFH. At z < 2, the globally averaged sSFR (≡ ψ/ρ∗)

Cosmic Star-Formation History 55

Madau & Dickinson (2014) Carilli	&	Walter	(2013)
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Usual SFR measures (demographics) assume 
standard IMF and stellar populations…it’s been 

a very convenient assumption for the last 
decade but is it right?

Figure 13: The mean specific star-formation rate (sSFR≡ SFR/M∗) for galaxies with estimated stellar
masses in the range 109.4 − 1010 M⊙. The values are from the literature: Daddi et al. (2007) (cyan
triangle), Noeske et al. (2007) (blue dots), Damen et al. (2009) (magenta pentagons), Reddy et al. (2009)
(red dots), Stark et al. (2013) (green squares), and González et al. (2014) (orange dots). The error bars
correspond to systematic uncertainties. The high-redshift points from Stark et al. (2013) and González
et al. (2014) have been corrected upward owing to the effect of optical emission lines on the derived
stellar masses, using their “fixed Hα EW” model (Stark et al. 2013) and “RSF with emission lines” model
(González et al. 2014). The curve shows the predictions from our best-fit star-formation history.

most star-forming galaxies follow a reasonably tight relation between SFR and M∗, whose

normalization (e.g., the mean sSFR at some fiducial mass) decreases steadily with cosmic

time (decreasing redshift) at least from z = 2 to the present (Brinchmann et al. 2004, Daddi
et al. 2007, Elbaz et al. 2007, Noeske et al. 2007). A minority population of starburst galax-

ies exhibits elevated sSFRs, whereas quiescent or passive galaxies lie below the SFR–M∗

correlation. For the “main sequence” of star-forming galaxies, most studies find that the
average sSFR is a mildly declining function of stellar mass (e.g., Karim et al. 2011). This

implies that more massive galaxies completed the bulk of their star formation earlier than

that did lower-mass galaxies (Brinchmann & Ellis 2000, Juneau et al. 2005), a “downsizing”
picture first introduced by Cowie et al. (1996). Dwarf galaxies continue to undergo major

episodes of activity. The tightness of this SFR–M∗ correlation has important implications
for how star formation is regulated within galaxies, and perhaps for the cosmic SFH itself.

Starburst galaxies, whose SFRs are significantly elevated above the main-sequence corre-

lation, contribute only a small fraction of the global SFRD at z ≤ 2 (Rodighiero et al.
2011, Sargent et al. 2012). Instead, the evolution of the cosmic SFR is primarily due to the

steadily-evolving properties of main-sequence disk galaxies.

Figure 13 compares the sSFR (in Gyr−1) for star-forming galaxies with estimated stellar
masses in the range 109.4 − 1010 M⊙ from a recent compilation by González et al. (2014),

with the predictions from our best-fit SFH. At z < 2, the globally averaged sSFR (≡ ψ/ρ∗)
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1.4. Plan of thesis 41

Figure 1.9 Reproduction of the Kennicutt (1983) main analysis figure (Figure 4), which was
used to investigate the IMF in a population of local disk galaxies. The EW of H↵ + [N ii] is
plot against the optical (B–V) colours of the galaxies. The shaded areas represent galaxy
evolutionary tracks for various IMFs with associated distributions in dust corrections.
From top the to bottom the regions represent, � = �1, �1.35, and Miller & Scalo (1979)
IMF for the solar neighbourhood.
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1.4. Plan of thesis 41

Figure 1.9 Reproduction of the Kennicutt (1983) main analysis figure (Figure 4), which was
used to investigate the IMF in a population of local disk galaxies. The EW of H↵ + [N ii] is
plot against the optical (B–V) colours of the galaxies. The shaded areas represent galaxy
evolutionary tracks for various IMFs with associated distributions in dust corrections.
From top the to bottom the regions represent, � = �1, �1.35, and Miller & Scalo (1979)
IMF for the solar neighbourhood.
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Photoionisation problems

• To explain hi-z ISM we really 
just want to produce more/
harder ionising photons per 
unit SFR

• Resistance to IMF change is so 
we don’t have to re-calibrate 
our terribly convenient SFRs, 
stellar masses etc.

• However alternate solutions:

Stellar rotation

Excess binaries

Also require us to recalibrate! 
More palatable …? 

IMF
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Topics I will focus on

• Stellar populations (JWST wins)  

• Photo-ionisation: puzzles (to be solved by 
MOSFIRE etc. soon)  

• Environment  
       – ‘the killer app?’

• Kinematics
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Figure 6. Red fraction in SDSS as functions of stellar mass and environment.

steadily with cosmic epoch and does so at a faster rate for the
higher density environments. The galaxy population therefore
occupies a shifting locus in ρ on the unchanging ερ(ρ) curve,
progressively broadening in ρ and extending further up onto the
steeper part of the ερ(ρ) curve as time passes.

Environmental effects within the galaxy population therefore
develop and accelerate over time as the galaxy population
migrates to a broader range of densities. This can be seen in our
earlier zCOSMOS analyses of fred in Cucciati et al. (2009), and
the analogous analysis of morphology in Tasca et al. (2009),
in which we split the galaxy population by environmental
density quartiles as here. Both analyses showed a progressive
development of differences between the highest and lowest
density quartiles as the redshift decreased from z ∼ 1 to locally.
Environmental effects are much weaker at z ∼ 1 than today
simply because many fewer galaxies inhabit the high δ regions
where the (unchanging) environmental effects are strongest.

4.3.2. Physical Origin of Environment Quenching

In the previous subsection, we showed that the environment
apparently imprints itself on the galaxy population in a way that
is uniquely given by the environment (over-density), indepen-
dent of epoch and of the mass of the galaxy.

A natural contender for this characteristic of the environmen-
tal effect is the quenching of galaxies as they fall into larger dark

Figure 7. As for Figure 5, but for the zCOSMOS sample at 0.3 < z < 0.6.

matter haloes (Larson et al. 1980; Balogh et al. 2000; Balogh
& Morris 2000; van den Bosch et al. 2008). Examination of
the 24 COSMOS mock catalogs (Kitzbichler & White 2007)
shows that the fraction of galaxies, at a given mass, that are
satellite galaxies, fsat, is strongly environment dependent, but,
at fixed ρ or δ, is almost entirely independent of epoch (at least
since z = 0.7), and of galactic mass, m (especially for m <
1010.9 M⊙), as shown in Figure 10. These are precisely the same
two characteristics that we have identified empirically for our
“environment-quenching” process.

If we suppose that “satellite quenching” quenches some
fraction x of satellites as they fall into larger haloes, then it is easy
to see that x will be given by the ratio of ερ/fsat. Inspection of
Figure 10 shows that x takes a value that increases from about
30% at the lowest densities up to about 75% for our densest
environments with log (1 + δ) ∼2. Interestingly, this is in the
same range as the estimate (40%) of the fraction of satellites
that are quenched from van den Bosch et al. (2008).

Ram pressure stripping and strangulation are usually consid-
ered as the physical mechanisms through which satellite quench-
ing operates (see, e.g., Feldmann et al. 2010). Such processes
may efficiently quench star formation, but would probably not
lead to morphological transformations. Incorporation of mor-
phological information into our picture could help us better
understand this process, but this is beyond the scope of this
paper.
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Figure 2. Mean ⟨log SFR⟩ as functions of stellar mass and environment for star-
forming galaxies in SDSS, showing the independence of SFR on environment
at given mass.

The approximate constancy of sSFR with stellar mass in star-
forming galaxies has also been seen at higher redshifts, e.g.,
Elbaz et al. (2007) at z ∼ 1 and Daddi et al. (2007a) at z ∼ 2,
and a similar relation was derived by Pannella et al. (2009) using
a completely independent indicator of SFR (radio stacking). We
believe that contrary results in the literature (see, e.g., Maier et al.
2009) can often be ascribed to the inclusion of quenched very
low SFR galaxies, to the use of star formation indicators that are
more sensitive to the presence of dust, or to the selection of the
sample, since an SFR-selected sample will generally produce a
flattening of the sSFR–m relation.

In our analytic analysis below, we will follow the β depen-
dence exactly. A constant sSFR (at a given epoch), i.e., β close
to zero, is a good working hypothesis that we will adopt in our
numerical simulations. Our conclusions do not actually depend
on the accuracy of this assumption, and in fact our analysis
provides some independent support for this hypothesis—e.g.,
the fact that the faint end slope of the mass function of star-
forming galaxies does not change with redshift is a natural con-
sequence of a very weak dependence of sSFR on galactic stellar
mass.

Figure 3. Mean sSFR (at masses of 1010 M⊙) for blue star-forming galaxies as
a function of epoch from SDSS and zCOSMOS, with values from the literature
(Elbaz et al. 2007; Daddi et al. 2007a). The zCOSMOS points are also split
into highest and lowest quartiles of density, off-set from each other for clarity,
showing an insignificant dependence of sSFR on environment in zCOSMOS.

3.2. Independence of Specific Star Formation Rate and
Environment

The dependence of the star formation rate on environment
has not been so well explored. The two panels of Figure 1
show the SDSS data from B04 split into the lowest (D1)
and highest (D4) density quartiles of our SDSS density field
constructed as described in Section 2.2.3. There is no detectable
difference between the sSFR–mass relation for star-forming
galaxies between the two environments. This is further shown
in Figure 2, which shows the mean ⟨log(SFR)⟩ as a function of
galactic mass and environment in the B04 sample.

This invariance of the mean sSFR on environment should
not be confused with the clear evidence (see Section 4 below)
that the fraction of galaxies that are star forming does depend
quite strongly on this same environmental measure, leading
to a strong environment dependence of the average SFR for
the overall population. This distinction emphasizes that the
quenching of galaxies leading to the red sequence is a relatively
sharp transition. Those galaxies that are not quenched evidently
continue forming stars at the same rate, regardless of their
environment, despite the fact that the chance of having been
quenched evidently does depend strongly on the environment.

The same invariance of sSFR with environment is seen in
the zCOSMOS 10k data to z ∼ 1. This is shown in Figure 3.
Although this set of measurements is less complete and will be
somewhat biased because of (mass-dependent) reddening, etc.,
we find no statistically significant dependence of the mean sSFR
(of star-forming galaxies) on environment in zCOSMOS to
z ∼ 1.

3.3. Specific Star Formation Rate and Time

It has also recently become clear that the uniformity of the
sSFR described in the two previous subsections is also seen at
much higher redshifts (e.g., Daddi et al. 2007a; Elbaz et al. 2007;
Dunne et al. 2009; Pannella et al. 2009; Santini et al. 2009), but
with a characteristic sSFR that is substantially elevated, by a
factor of about 7 at z = 1 and by about 20 at z = 2. At z ∼ 2,
the characteristic timescale τ = sSFR−1 has thus fallen to about
0.5 Gyr, about seven times shorter than the Hubble time at that
redshift. Despite the fact that individual star formation rates have
reached those associated with ULIRGs in the local universe, it

Peng+2010 (SDSS, z~0.1)

what about z>0.5??
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Figure 6. Red fraction in SDSS as functions of stellar mass and environment.

steadily with cosmic epoch and does so at a faster rate for the
higher density environments. The galaxy population therefore
occupies a shifting locus in ρ on the unchanging ερ(ρ) curve,
progressively broadening in ρ and extending further up onto the
steeper part of the ερ(ρ) curve as time passes.
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migrates to a broader range of densities. This can be seen in our
earlier zCOSMOS analyses of fred in Cucciati et al. (2009), and
the analogous analysis of morphology in Tasca et al. (2009),
in which we split the galaxy population by environmental
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apparently imprints itself on the galaxy population in a way that
is uniquely given by the environment (over-density), indepen-
dent of epoch and of the mass of the galaxy.

A natural contender for this characteristic of the environmen-
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to see that x will be given by the ratio of ερ/fsat. Inspection of
Figure 10 shows that x takes a value that increases from about
30% at the lowest densities up to about 75% for our densest
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same range as the estimate (40%) of the fraction of satellites
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ered as the physical mechanisms through which satellite quench-
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Elbaz et al. (2007) at z ∼ 1 and Daddi et al. (2007a) at z ∼ 2,
and a similar relation was derived by Pannella et al. (2009) using
a completely independent indicator of SFR (radio stacking). We
believe that contrary results in the literature (see, e.g., Maier et al.
2009) can often be ascribed to the inclusion of quenched very
low SFR galaxies, to the use of star formation indicators that are
more sensitive to the presence of dust, or to the selection of the
sample, since an SFR-selected sample will generally produce a
flattening of the sSFR–m relation.

In our analytic analysis below, we will follow the β depen-
dence exactly. A constant sSFR (at a given epoch), i.e., β close
to zero, is a good working hypothesis that we will adopt in our
numerical simulations. Our conclusions do not actually depend
on the accuracy of this assumption, and in fact our analysis
provides some independent support for this hypothesis—e.g.,
the fact that the faint end slope of the mass function of star-
forming galaxies does not change with redshift is a natural con-
sequence of a very weak dependence of sSFR on galactic stellar
mass.

Figure 3. Mean sSFR (at masses of 1010 M⊙) for blue star-forming galaxies as
a function of epoch from SDSS and zCOSMOS, with values from the literature
(Elbaz et al. 2007; Daddi et al. 2007a). The zCOSMOS points are also split
into highest and lowest quartiles of density, off-set from each other for clarity,
showing an insignificant dependence of sSFR on environment in zCOSMOS.

3.2. Independence of Specific Star Formation Rate and
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The dependence of the star formation rate on environment
has not been so well explored. The two panels of Figure 1
show the SDSS data from B04 split into the lowest (D1)
and highest (D4) density quartiles of our SDSS density field
constructed as described in Section 2.2.3. There is no detectable
difference between the sSFR–mass relation for star-forming
galaxies between the two environments. This is further shown
in Figure 2, which shows the mean ⟨log(SFR)⟩ as a function of
galactic mass and environment in the B04 sample.

This invariance of the mean sSFR on environment should
not be confused with the clear evidence (see Section 4 below)
that the fraction of galaxies that are star forming does depend
quite strongly on this same environmental measure, leading
to a strong environment dependence of the average SFR for
the overall population. This distinction emphasizes that the
quenching of galaxies leading to the red sequence is a relatively
sharp transition. Those galaxies that are not quenched evidently
continue forming stars at the same rate, regardless of their
environment, despite the fact that the chance of having been
quenched evidently does depend strongly on the environment.

The same invariance of sSFR with environment is seen in
the zCOSMOS 10k data to z ∼ 1. This is shown in Figure 3.
Although this set of measurements is less complete and will be
somewhat biased because of (mass-dependent) reddening, etc.,
we find no statistically significant dependence of the mean sSFR
(of star-forming galaxies) on environment in zCOSMOS to
z ∼ 1.

3.3. Specific Star Formation Rate and Time

It has also recently become clear that the uniformity of the
sSFR described in the two previous subsections is also seen at
much higher redshifts (e.g., Daddi et al. 2007a; Elbaz et al. 2007;
Dunne et al. 2009; Pannella et al. 2009; Santini et al. 2009), but
with a characteristic sSFR that is substantially elevated, by a
factor of about 7 at z = 1 and by about 20 at z = 2. At z ∼ 2,
the characteristic timescale τ = sSFR−1 has thus fallen to about
0.5 Gyr, about seven times shorter than the Hubble time at that
redshift. Despite the fact that individual star formation rates have
reached those associated with ULIRGs in the local universe, it
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Discrete objects

L4 R. Shimakawa et al.

Figure 2. The kinematical structures of HAEs in PKS 1138 (left) and USS 1558 clusters (right). Grey dots represent HAE candidates detected in our NB
imaging (K13 and H12). Diamonds show the members newly confirmed in this study. Triangles are the confirmed Hα and Lyα emitters (LAE) in the previous
works (Kurk et al. 2000, 2004; Croft et al. 2005; Doherty et al. 2010). Blue and red symbols are separated by blue- and redshifted galaxies, respectively, relative
to the RGs (star mark). We identify three groups, namely PKS 1138-C1, USS 1558-C1 and USS 1558-C2, and they are shown by grey dashed circles. Solid
and dotted black circles indicate R200 and 0.5 × R200, respectively.

C2 as shown in Fig. 2(b) because of the poor kinematical separa-
tion between the latter two clumps, identified only spatially in the
previous study. We have now confirmed spectroscopically that the
two groups are actually located at the redshift of the RG and are
embedded in the large-scale structure. C2 is particularly rich, as it
confines 19 spectroscopically confirmed HAEs and 12 more can-
didates (not confirmed yet) within a radius of 0.6 Mpc and is the
densest system ever identified at high redshifts (z > 2). We note that
the RG itself seems to be offset from this densest clump, unlike the
PKS 1138 cluster.

Judging from the very high densities of the HAEs in compact
areas, we could reasonably assume a local virialization in these
regions and the corresponding dynamical masses and R200 are esti-
mated and listed in Table 2. The dynamical mass of C2 is estimated
at 0.87 × 1014 M⊙ from its velocity dispersion of 574 km s−1.

We find that there is a large-scale velocity gradient across the
cluster in the direction of the group alignment (north-east–south-
west). The velocity distribution and central value of the south-west
group (C2) are blueshifted from those of the north-east group (C1)
that hosts the RG (Fig. 2; see also Table 2). Therefore those groups
are probably physically aligned and gravitationally pulling each
other closer. They would eventually merge together and become a
single rich cluster in the near future.

4.3 Cosmic evolution of !SFR/Mcl

Finally, we investigate the cosmic SF history in galaxy clusters
represented by the integrated SFR ("SFR) normalized by cluster
dynamical mass (Fig. 3a). In order to compare our results directly
with the previous works compiled by Finn et al. (2005), we sum up
individual SFRs of the Hα (or [O II]) emitters within 0.5R200, in-
cluding the candidates whose membership has not been confirmed
yet. In this work, we calculate "SFR and Mcl for the main body of
the PKS 1138 cluster (C1) and the richest clump of the USS 1558

cluster (C2), respectively. We assume a uniform dust extinction of
AHα = 1 and A [O II] = 1.76AHα . To evaluate the uncertainties from
this assumption, we also estimate "SFR within R200, employing the
mass-dependent correction for dust extinction (Garn & Best 2010).
Although the absolute values of "SFR may have large systematic
errors, due to various factors such as sampling bias, active galac-
tic nucleus contribution and so on, the relative differences among
different clusters that we see here are more reliable. Koyama et al.
(2010, 2011) found that "SFR/Mcl in cluster cores increases dra-
matically to z ∼ 1.5 and scales as ∼(1 + z)6 (see also Smail et al.
2014). We find that this trend extends to even higher redshifts to z ∼
2.5, as our values of "SFR/Mcl within R200 estimated in this work
seem to more or less follow the extrapolated curve of the redshift
evolution.

In such comparisons of clusters at different redshifts, we must
be sure that we are comparing the right ancestors with the right
descendants. In fact, clusters grow in mass with cosmic time by a
large factor and therefore we should compare galaxy clusters tak-
ing into account such mass growth. Fig. 3(b) shows cluster masses
as a function of redshift. The red line and the pink zone show the
mass growth history of massive cluster haloes predicted by cos-
mological simulations (Shimizu et al. 2012; Chiang et al. 2013).
The data points show the measurements of the dynamical masses
of real clusters used for comparison. It turns out that our protoclus-
ters at z > 2 have large enough masses to be consistent with the
progenitors of the most massive class of clusters, like Coma. The
lower-z clusters, shown with filled squares, also follow the same
mass growth curve. Therefore we argue that we are comparing the
right ancestors with the right descendants and the redshift varia-
tion of the mass-normalized SFRs seen in the upper panel can be
seen as the intrinsic cosmic SF history of the most massive class of
clusters.

In this Letter, we have presented the kinematical structures of the
two richest protoclusters at z > 2 and extended the cosmic evolution
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Figure 4. MOSFIRE spectroscopic redshifts in the cluster candidate field. Small black dots show the all the 180 galaxies with reliable spectroscopic redshift
identifications (“Qz=3” and “Qz=2” objects). Black crosses show the 44 objects with no detections (“Qz=1” objects). Empty blue circles show the spatial distri-
bution of the z=2.095 cluster members. The dashed-line rings A, B, C, D denote the four peaks on the seventh nearest-neighbor surface density maps as labeled
in Spitler et al. (2012). We adopt the brightest galaxy as an overdensity’s center. The coordinates for ABC centers are the same as Spitler et al. (2012) and for
D (10:00:17.739, +02:17:52.68, J2000) (Allen et al., in prep). The dotted lines marked the median position of the cluster members (10:00:22.646,+02:15:05.91).
The rings have a radius of 1 arcmin which corresponds to a proper scale of 500 kpc at the cluster redshift of 2.09.

was first discovered from the Magellan/FOURSTAR Galaxy
Evolution Survey (ZFOURGE) (Spitler et al. 2012). This
galaxy cluster was identified using rest-frame optical and
near-infrared imaging and is thus an important link between
the UV-selected systems at this epoch (e.g., Steidel et al.
2005; Digby-North et al. 2010) and massive clusters at lower-
redshift (e.g., Gal & Lubin 2004). Our successful spectro-
scopic campaign confirms the accuracy of the photometric
redshifts derived from ZFOURGE’s deep medium-bandwidth
photometry.

By combining MOSFIRE’s spectral capabilities with our
efficient selection of z ∼ 2 targets, we are able to identify
cluster members and accurately measure the cluster’s kine-
matics. We measure spectral redshifts for 180 objects and
identify 57 cluster members that have a mean redshift of
z=2.095. The redshifts for cluster members are determined
primarily from Hα and [N II] emission, and the cluster veloc-
ity dispersion is σv1D = 552 ± 52 km/s. Most of the cluster
galaxies (35) lie within a region with a projected radius of 1.3
Mpc.

This is the first study of a galaxy cluster at z ≥ 2.0 with

the combination of spectral resolution (∼ 26 km/s) and the
number of confirmed members (> 50) needed to study clus-
ter kinematics robustly and map members over a large field
of view (12 × 12 arcmin2). Our accurate velocity disper-
sion measurement of this clustering structure allows us to
use simulations to trace the cluster’s likely evolution to z=0.
Our simulation results show that the ZFOURGE cluster at
z = 2.095 should evolve into a Virgo-like system locally with
Mvir=1014.4±0.3M⊙.

Our results show that galaxy clusters at z ∼ 2 can now
be studied in the same detailed manner as clusters at z ! 1.
However, unlike galaxies in massive clusters at z ∼ 0, the
ZFOURGE cluster members show a wealth of Hα emission
and other signs of star formation activity. Our next work will
report the mass-metallicity relation, ionization parameter evo-
lution and other physical properties of the ZFOURGE cluster
at z = 2.095.

We would like to thank the referee for an excellent report
and comments that have improved this paper. We thank Pier-
luigi Cerulo for useful comments. KG, LS, TN, acknowledges
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Figure 3. Histogram for the redshift distribution of galaxies in our sample
that fall in the range of 2.0 ! z ! 2.3. The binsize is 0.003. Qz=3 objects
are shown in red, Qz=2 in black. A strong Gaussian-shaped spike is seen at
redshift z=2.095. There are 57 galaxies that fall within the 3-sigma Gaussian
width of the redshift peak. We denote those 57 galaxies as cluster members.
The spectroscopic redshifts for the brightest cluster galaxies (BCG-A, B, C,
D) in the over density maps of Spitler et al. (2012) are marked with downward
arrows. We have confirmed BCG-A and D to be the most massive red galaxies
in the z=2.095 cluster, whereas BCG-B and C are most likely associated with
two background structures.

km/s. The mean of the redshift distribution within identical
redshift interval is zc(mean)=2.09521 and standard deviation
σz (stdev)=0.00578, skewness= − 0.2318, and kurtosis= −
0.1753 consistent with a Gaussian normal distribution.

We define zc ± 3*σz as the redshift range for the cluster.
There are 57 galaxies that fall in this range, of which 52 are
Qz=3 objects, and 5 are Qz=2 objects. Whether the Qz=2
galaxies are included or not does not change our results.

With MOSFIRE’s spectral resolution and 57 confirmed
members, we are able to measure for the first time a ro-
bust cluster velocity dispersion at z ∼ 2. To calcu-
late the cluster velocity dispersion and errors, we boot-
strap (with replacement) the 57 galaxies 30000 times
and have: zc(boot)=2.09521 ± 0.00076 and disper-
sion σz(boot)=0.00571 ± 0.00053 or in velocity units
σv1D(boot)=553 ± 52 km/s. To compare with previous sam-
ple sizes (typically ∼10 members), we randomly select 10
galaxies from our 57 members and recalculate the boot-
strapped (with replacement) velocity dispersion, we obtain
σv1D(boot)=566 ± 169 km/s, i.e. the uncertainty in the ve-
locity dispersion would be ∼ 3 times larger.

Because our spectroscopic catalog is biased towards star-
forming galaxies, we are likely to have missed the quies-
cent/dusty galaxies or galaxies with faint emission lines below
our detection limit (Hα 1σ flux limit of our MOSFIRE survey
is 3.2× 10−18 ergs s−1 cm2; SFR∼0.8 M⊙ at z=2.1 without
dust correction). It has been shown that blue galaxies in clus-
ters have a larger velocity dispersion than red galaxies (e.g.,
Carlberg et al. 1997). Our velocity dispersion measurement
could be slightly over-estimated due to this bias. We defer the
full analysis of this bias to future work.

3.2. Spatial Distribution
The spatial distribution of our MOSFIRE targets are pre-

sented in Figure 4. As described in Spitler et al. (2012), 3
strong overdensities (A, B, C) in this field are found by com-
puting surface density maps in narrow δz=0.2 redshift slices

between z=1.5 − 3.5 using the 7th nearest-neighbor metric
(e.g., Papovich et al. 2010; Gobat et al. 2013). We also in-
clude another over-density region D (Figure 4) using the same
algorithm (Allen et al., in prep). In each over-density region,
massive (M > 1011 M⊙) galaxies are selected as candidate
brightest cluster galaxies (BCGs). The positions of the BCGs
are taken as the overdensity’s centers. We also labeled in Fig-
ure 4 Group E and F, which are groups of confirmed galaxies
that are spatially concentrated and separated from the main
structure.

Based on our MOSFIRE spectra, BCG-A and BCG-D are
confirmed to be quiescent galaxies that show only continua.
Unfortunately, our K-band and H-band observations do not
cover obvious stellar features for meaningful spectral tem-
plate fitting. We obtain the spectroscopic redshifts for BCG-
A (zspec=2.104) and BCG-D (zspec=2.092) from Belli et al.
(2014). Our MOSFIRE spectra clearly show that BCG-B and
BCG-C are star-forming emission-line galaxies that lie at red-
shift z=2.3010 ± 0.0001 and 2.1750 ± 0.0001 respectively.
The photometric redshift of BCG-B and C is 2.15+0.05

−0.06 and
2.19+0.04

−0.03, both are under-estimated, especially for BCG-B.
The number of members with projected radius of 500 kpc

for the original Spitler et al. (2012) ABC, and D overdensities
are 12, 5, 8, and 4 respectively (Figure 4), though we note that
what we called “BCGs” B,C are behind the main structure
indicating the dangers of studying membership based solely
on photometric data.

The 57 cluster members cover a total projected spatial
length of ∼ 3.7×5 Mpc2 (∼ 7.4 × 10 Mpc2 comoving). Tak-
ing the median position of the 57 cluster members (dotted
lines in Figure 4) as the cluster center, we show the radial
distance of members from this defined cluster center in Fig-
ure 5. Note there are 35 members that fall within the 1.3 Mpc
projected radius over the multiple over-density peaks.

4. COMPARISON WITH SIMULATIONS

To help us understand what our observed structure at
z=2.095 should evolve into at z=0, we employ the 21603

particle Gpc-volume (particle mass mp=1.1 × 1010M⊙)
GiggleZ-main simulation (Poole et al. 2014). We have com-
puted 1D velocity dispersions for all the friends-of-friends
(FoF) structures of the simulation at z=0 and z=2.2 (the clos-
est snapshot to our observed redshift) using substructures ex-
ceeding Mvir=4.3× 1011M⊙. Merger trees were used to de-
termine what each z=2.2 FoF structure evolves into at z=0.
We find that systems with velocity dispersions in the range
σ1D=552± 52 km/s at z=2.2 have virial masses in the range
Mvir=1013.5±0.2M⊙ and that they evolve into systems with
Mvir=1014.4±0.3M⊙ and σ1D=680+73

−110 km/s (all ranges are
68% confidence), in agreement with a Virgo-like cluster (de
Vaucouleurs 1961). 299 such systems are found in the simu-
lation suggesting an incidence of one per 2.5 square degrees
over the redshift range z=2.0 to 2.3. This corresponds to a
∼ 4% occurrence of such a cluster in the original ZFOURGE
survey area of 0.1 deg2.

These results are in good agreement with the z=2
σsub−Mvir relation of Munari et al. (2013) and with the re-
sults of Chiang et al. (2013) whose simulations indicate that a
1013.5M⊙ system should evolve to a mass of ∼1014.5M⊙ at
z=0.

5. CONCLUSIONS

We carry out MOSFIRE spectroscopic observations in the
z ∼ 2 galaxy cluster candidate with a red-sequence that

σ=552 ± 52 km/s
from 57 members 

z=2.095 cluster  
Yuan+2014

Spitler+2012

Yes you can do this with 
emission line redshifts! 
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Topics I will focus on

• Stellar populations (JWST wins)  

• Photo-ionisation: puzzles (to be solved by 
MOSFIRE etc. soon)  

• Environment (PFS wins)  
      

• Kinematics 
   – resolved spectroscopy, angular momentum 
and small-scale kinematics/morphology
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Figure 5. KMOS Hα velocity fields of the resolved KMOS3D galaxies at their approximate locations in the SFR−M∗ plane for the z ∼ 1 (top) and z ∼ 2 (bottom)
samples. Positioning of the maps, lines, and labels are the same as in Figure 4.
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Figure 5. KMOS Hα velocity fields of the resolved KMOS3D galaxies at their approximate locations in the SFR−M∗ plane for the z ∼ 1 (top) and z ∼ 2 (bottom)
samples. Positioning of the maps, lines, and labels are the same as in Figure 4.
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Figure 4. Observed-frame IJH composite images of the resolved KMOS3D galaxies are shown at their approximate locations in the SFR−M∗ plane for the z ∼ 1 (top)
and z ∼ 2 (bottom) samples. To avoid overlapping images small offsets are made in the two values to a clean area of parameter space. Offsets are always less than
0.2 dex in either M∗ or SFR, within the typical uncertainties in these properties. The solid line shows the canonical main sequence at z ∼ 1 and z ∼ 2, respectively,
from Whitaker et al. (2014) adjusted for evolution by interpolating between redshift bins. The dashed and dotted lines show this main sequence scaled up or down by
factors of ×4 and ×10, respectively. All sources are shown on the same angular scale, as denoted by the 1′′ scale bar at the bottom right of the plots; the orientation is
north up, east left for all objects.
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Figure 7. Histograms of disk galaxy velocity dispersion, σ0 and vobs measurements split into z ∼ 1 (black) and z ∼ 2 histograms (red). The velocity dispersion and
velocity histograms show only galaxies that show rotation and have a reliable σ0 measurement in the KMOS3D Survey. The arrows represent the mean values of
each distribution. The mean dispersion of the z ∼ 2 galaxies is 2× greater than the mean dispersion of the z ∼ 1 population. While there is a 6 km s−1 difference
between the average z ∼ 1 and z ∼ 2 velocity histograms, the populations are mostly overlapping. Average stellar masses for the distributions are 5 × 1010 M⊙ and
7 × 1010 M⊙ at z ∼ 1 and z ∼ 2.

their morphologies (e.g., Lotz et al. 2008; Schmidt et al.
2013; Stott et al. 2013) or kinematics (e.g., COS4_19753 and
COS3_21583). The kinematics of mergers and galaxy pairs
within the sample will be addressed in later papers as the number
of observed galaxies increases.

4.3. AGN

No criteria are imposed to exclude galaxies hosting AGNs
from the KMOS3D sample. AGN incidence at z > 1, particularly
on the MS, is expected to be between 5%–30% at log(M∗ [M⊙])
∼10–12, with the fraction increasing with increasing mass (e.g.,
Reddy et al. 2005; Daddi et al. 2007a; Brusa et al. 2009; Hainline
et al. 2012; Mullaney et al. 2012; Rosario et al. 2012; Bongiorno
et al. 2012). As reported in Genzel et al. (2014b), a similar
fraction of massive galaxies in the KMOS3D sample can be
classified as hosting an AGN from X-ray, optical, infrared, and
radio AGN indicators. These galaxies are found in a variety of
kinematic morphologies, most commonly unresolved or rotating
galaxies. One galaxy hosting an AGN is a member of one of the
z ∼ 2 close pairs.

5. VELOCITY DISPERSION OVER COSMIC TIME

Using the two KMOS3D redshift slices, we quantify the
evolution in ionized gas velocity dispersion from z = 2.3 to
z = 0.9—from the peak of cosmic star formation to the rapid
decline. A decrease in intrinsic velocity dispersion has been
reported from z ∼ 1 to z ∼ 0 (Kassin et al. 2012). However,
between z ∼ 2 and z ∼ 1 an accurate measurement of the degree
of evolution has not been possible due to a lack of consistent or
sizeable data sets (e.g., Epinat et al. 2012; Kassin et al. 2012).
For this analysis we use the disk galaxies from KMOS3D with
sufficiently high S/N per resolution element to constrain the
velocity dispersion in the outer regions of the galaxies. Figure 7
shows the distribution of velocity dispersion measurements from
these galaxies split into z ∼ 1 and z ∼ 2 redshift bins. The
samples have comparable stellar mass distributions with average
log(M∗[M⊙]) of 10.65 and 10.86, respectively. The means of

Figure 8. Galaxy velocity dispersion measurements from the literature at
z = 0–4 from molecular and ionized gas emission (including IFS and long-
slit). KMOS3D measurements at z ∼ 1 and z ∼ 2 are shown by black circles.
Filled circles represent disk galaxies or “rotators,” open circles represent all
other kinematic categories. Open squares are averages of surveys at z ! 1.
Sources for the literature data are given in Section 5. The dashed line shows a
simple (1 + z) evolution scaled by a factor of 18× to overlap with the data.

each σ0 distributions are 24.9 km s−1and 47.5 km s−1as shown
by the downward arrows—a factor of 2× evolution for disk
galaxies from z ∼ 2 to z ∼ 1. In contrast, the rotational velocity,
vrot, distributions are comparable in their peaks and widths with
a measured difference of the means at z ∼ 1 and z ∼ 2 of
6 km s−1.

In Figure 8 we examine the evolution of velocity disper-
sion determined from KMOS3D within the wider redshift range
of IFS samples across z = 0–4, including all galaxy types
with dispersions measured from the ionized gas via Hα or
[Oiii] and molecular gas via millimeter interferometric obser-
vations of CO. While the scatter is large, there appears to be an
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that this central component in BX482 has ∼20% of the total disk
mass (Genzel et al. 2008; Förster Schreiber et al. 2011a, 2011b).
In either case the absence and/or weakness of emission from
the center has no influence on the analysis we discuss in the
following. Position angles and inclinations are determined as
above. The model data are then convolved with the angular and
spectral resolution profiles and sampled at the observed pixel
scales. The total dynamical mass Mdyn is then varied to achieve
a best-fit match to the observed rotation velocities. To study
the non-axisymmetric motions in a galaxy, the best-fit model
velocity and velocity dispersion maps are subtracted from the
respective observed maps.

We compare these residual maps with Hα surface bright-
ness maps derived from the observed data cubes. Likewise, we
constructed [N ii]/Hα ratio maps from integrated line emission
maps smoothed with a 3 pixel (0.′′15) kernel. We multiplied
these maps with a mask constructed from all pixels with Hα
emission at >3σ significance. We also constructed pixel–pixel
correlation plots of residual velocity dispersion (δσ = σ
(data) − σ (model)) versus Hα surface brightness, and
[N ii]/Hα line ratio versus Hα surface brightness. Before inves-
tigating possible trends in these correlations, we culled pixels
with large δσ or [N ii]/Hα uncertainties. In addition, in the case
of D3a15504 (which has a prominent central bulge, AGN and a
narrow line region), we also removed the nuclear region.

2.3. Determination of Star Formation Rates and Gas Masses

For calculating star formation rates and gas surface densities
from the Hα data, we used the conversion of Kennicutt (1998b)
modified for a Chabrier (2003) IMF (SFR = L (Hα)0/2.1 × 1041

erg s−1). We corrected the observed Hα fluxes for spatially
uniform extinction with a Calzetti (2001) extinction curve
(A (Hα) = 7.4 E(B – V)), including the extra “nebular”
correction (Agas = Astars/0.44) introduced by Calzetti (2001).
We determined E(B – V) from the integrated UV/optical
photometry of the galaxies (row 5 in Table 2). Förster Schreiber
et al. (2009) find that including the extra nebular correction
brings Hα- and UV-continuum-based star formation rates of
z ∼ 2 SINS galaxies into best agreement.

We estimated molecular surface densities (and masses, in-
cluding a 36% helium contribution) from Equation (8) of
Kennicutt et al. (2007), modified for the Chabrier IMF used
here,

log
(

Σmol−gas

M⊙ pc−2

)
= 0.73 log

(
Σstar−form

M⊙ yr−1 kpc−2

)
+ 2.91. (2)

Equation (2) is based on Hα, 24 µm, and CO observa-
tions of M51 and is similar to results for larger samples of
z ∼ 0 SFGs (e.g., Equation (4) in Kennicutt 1998a, and
Figure 4 of Genzel et al. 2010). It has the added advantage
of being based on spatially resolved measurements of the gas to
star formation relation with a similar spatial resolution (0.5 kpc)
as our high-z data and also covering a similar range of gas
surface densities (10–103 M⊙ pc−2). Figure 4 in Genzel et al.
(2010; see also Daddi et al. 2010b) also shows that to within the
uncertainties (of about a factor of two), z ∼ 0 and z ∼ 1–3 SFGs
(with galaxy-integrated measurements of CO luminosities and
SFRs) are fit by the same relation, although the gas masses from
the best fits of Genzel et al. (2010) are ∼20% larger than esti-
mated from Equation (2). In Equation (2) we did not correct the
data for the fraction of Hα emission from outflowing gas (see
Section 3.2). This correction is small, with the exception of the

brightest clumps where gas surface densities may be somewhat
overestimated.

The gas surface densities/masses and star formation rates
estimated from Equation (2) and listed in Table 2 are uncertain
by at least a factor of two to three. In addition to the well-
known issue of how to infer molecular gas column densities/
masses from the integrated line flux of an optically thick
CO rotational line (see the in-depth discussion in Tacconi
et al. 2008 and Genzel et al. 2010), and the question of
whether Equation (2) adequately describes the gas to star
formation relation for the physical conditions on clump scales at
z ∼ 2, there is the important issue of differential extinction. We
will argue in Section 3.2 that the asymmetry of broad Hα/[N ii]
line emission is direct evidence for such differential extinction.
It is unclear, however, what the general impact of the differential
extinction would be on clump scales. One might naively expect
that the effect increases gas column densities/masses relative to
averages on larger scales. However, there are almost certainly
also evolutionary effects, such that in a given aperture there
may be very high dust column densities in both neutral clouds
and H ii regions with relatively low extinction. Such spatial
separations of 300 pc to >1 kpc are seen in nearby spirals, such
as M51 (Rand & Kulkarni 1990), as well as at z ∼ 1 (Tacconi
et al. 2010). As a result, the Kennicutt–Schmidt scaling relation
in Equation (2) may break down or be significantly altered on
small scales (e.g., Schruba et al. 2010 in M33 on !80 pc scales).

2.4. Spatial Distribution of the Toomre Q-parameter

A rotating, symmetric and thin gas disk is unstable to
gravitational fragmentation if the Toomre Q-parameter (Toomre
1964) is !1. For a gas-dominated disk in a background potential
(of dark matter and an old stellar component) Q is related
to the local gas velocity dispersion σ 0 (assuming isotropy),
circular velocity vc, epicyclic frequency κ (κ2 = 4 (vc/Rdisk)2 +
Rdisk d(vc/Rdisk)2/dRdisk), gas surface density Σgas, and radius of
the disk Rdisk via the relation (Binney & Tremaine 2008; Escala
& Larson 2008; Elmegreen 2009; Dekel et al. 2009a)

Qgas = σ0κ

πGΣgas
=

(
σ0

vc

) (
a
(
v2

cRdisk/G
)

πR2
diskΣgas

)

=
(

σ0

vc

)(
aMtot

Mgas

)
=

(
σ0

vc

) (
a

fgas

)
. (3)

Here the constant a takes on the value of 1,
√

2,
√

3, and 2
for a Keplerian, constant rotation velocity, uniform density and
solid body disk; fgas is the gas fraction within Rdisk. If the disk
consists of molecular (H2 + He), atomic (H i + He), and stellar (∗)
components, Qtot

−1 = QH2
−1 + QHi

−1 + Q∗
−1 if all components

have similar velocity dispersions. If there is a (young) stellar
component distributed similarly to the gas, the combined gas
+ young star component will thus have a Qtot that is inversely
proportional to the sum of the gas and stellar surface densities.
In that case fgas should be replaced by the mass fraction fyoung of
that “young” component. Such a disk is unstable (or stable) to
fragmentation by gravity, depending on whether Qtot is less (or
greater) than unity. Equation (3) can be rewritten as

(
σ0

vc

)
=

(
z

Rdisk

)
=

Qfyoung

a
, (4)

where z is the z-scale height of the disk. Gas-rich, marginally
stable disks are thick and turbulent. The largest and fastest
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following. Position angles and inclinations are determined as
above. The model data are then convolved with the angular and
spectral resolution profiles and sampled at the observed pixel
scales. The total dynamical mass Mdyn is then varied to achieve
a best-fit match to the observed rotation velocities. To study
the non-axisymmetric motions in a galaxy, the best-fit model
velocity and velocity dispersion maps are subtracted from the
respective observed maps.

We compare these residual maps with Hα surface bright-
ness maps derived from the observed data cubes. Likewise, we
constructed [N ii]/Hα ratio maps from integrated line emission
maps smoothed with a 3 pixel (0.′′15) kernel. We multiplied
these maps with a mask constructed from all pixels with Hα
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[N ii]/Hα line ratio versus Hα surface brightness. Before inves-
tigating possible trends in these correlations, we culled pixels
with large δσ or [N ii]/Hα uncertainties. In addition, in the case
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narrow line region), we also removed the nuclear region.
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For calculating star formation rates and gas surface densities
from the Hα data, we used the conversion of Kennicutt (1998b)
modified for a Chabrier (2003) IMF (SFR = L (Hα)0/2.1 × 1041
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(A (Hα) = 7.4 E(B – V)), including the extra “nebular”
correction (Agas = Astars/0.44) introduced by Calzetti (2001).
We determined E(B – V) from the integrated UV/optical
photometry of the galaxies (row 5 in Table 2). Förster Schreiber
et al. (2009) find that including the extra nebular correction
brings Hα- and UV-continuum-based star formation rates of
z ∼ 2 SINS galaxies into best agreement.

We estimated molecular surface densities (and masses, in-
cluding a 36% helium contribution) from Equation (8) of
Kennicutt et al. (2007), modified for the Chabrier IMF used
here,
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Equation (2) is based on Hα, 24 µm, and CO observa-
tions of M51 and is similar to results for larger samples of
z ∼ 0 SFGs (e.g., Equation (4) in Kennicutt 1998a, and
Figure 4 of Genzel et al. 2010). It has the added advantage
of being based on spatially resolved measurements of the gas to
star formation relation with a similar spatial resolution (0.5 kpc)
as our high-z data and also covering a similar range of gas
surface densities (10–103 M⊙ pc−2). Figure 4 in Genzel et al.
(2010; see also Daddi et al. 2010b) also shows that to within the
uncertainties (of about a factor of two), z ∼ 0 and z ∼ 1–3 SFGs
(with galaxy-integrated measurements of CO luminosities and
SFRs) are fit by the same relation, although the gas masses from
the best fits of Genzel et al. (2010) are ∼20% larger than esti-
mated from Equation (2). In Equation (2) we did not correct the
data for the fraction of Hα emission from outflowing gas (see
Section 3.2). This correction is small, with the exception of the

brightest clumps where gas surface densities may be somewhat
overestimated.

The gas surface densities/masses and star formation rates
estimated from Equation (2) and listed in Table 2 are uncertain
by at least a factor of two to three. In addition to the well-
known issue of how to infer molecular gas column densities/
masses from the integrated line flux of an optically thick
CO rotational line (see the in-depth discussion in Tacconi
et al. 2008 and Genzel et al. 2010), and the question of
whether Equation (2) adequately describes the gas to star
formation relation for the physical conditions on clump scales at
z ∼ 2, there is the important issue of differential extinction. We
will argue in Section 3.2 that the asymmetry of broad Hα/[N ii]
line emission is direct evidence for such differential extinction.
It is unclear, however, what the general impact of the differential
extinction would be on clump scales. One might naively expect
that the effect increases gas column densities/masses relative to
averages on larger scales. However, there are almost certainly
also evolutionary effects, such that in a given aperture there
may be very high dust column densities in both neutral clouds
and H ii regions with relatively low extinction. Such spatial
separations of 300 pc to >1 kpc are seen in nearby spirals, such
as M51 (Rand & Kulkarni 1990), as well as at z ∼ 1 (Tacconi
et al. 2010). As a result, the Kennicutt–Schmidt scaling relation
in Equation (2) may break down or be significantly altered on
small scales (e.g., Schruba et al. 2010 in M33 on !80 pc scales).

2.4. Spatial Distribution of the Toomre Q-parameter

A rotating, symmetric and thin gas disk is unstable to
gravitational fragmentation if the Toomre Q-parameter (Toomre
1964) is !1. For a gas-dominated disk in a background potential
(of dark matter and an old stellar component) Q is related
to the local gas velocity dispersion σ 0 (assuming isotropy),
circular velocity vc, epicyclic frequency κ (κ2 = 4 (vc/Rdisk)2 +
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Fig. 13.— Left: the evolution of the stellar mass zeropoint with redshift, following Miller et al. (2012). The green datapoint with error
bars is for V2.2 from our survey at 2.0 < z < 2.5. The horizontal error bar indicates the standard deviation of redshift in our sample.
Results from other surveys (as quoted in the corresponding papers) are shown with symbols as indicated in the legend. The magnitude
of the systematic effects that we have corrected for are indicated by arrows in the middle of the panel, and we have also indicated the
effect of choice of velocity estimator (V2.2 or Vmax). Right: we corrected several results from literature for these effects, and found a more
consistent picture. We also show the predictions from semi-analytical models (solid lines), and we shifted our datapoint down by 0.06 dex
(yellow datapoint) to match Vmax used in the models. The dashed lines show the model results at the virial radius and the dotted line
indicates the evolution for the total baryonic mass.

TABLE 3
Tully-Fisher variables

ID V2.2;TF S05;TF σTF

(km/s) (km/s) (km/s)
1814 112.8±29.2 92.7±18.6 47.2±10.6
2715 72.4±16.0 76.6±8.6 57.0±5.6
2723 276.3±21.6 207.3±14.5 69.4±6.1
2765 238.5±46.9 188.2±30.1 83.6±11.0
3074 149.3±18.8 132.1±12.7 79.4±11.7
3527 110.1±5.5 103.7±4.0 68.4±4.1
3598 183.8±30.4 150.5±19.7 75.8±12.8
3633 203.5±24.9 153.1±16.6 52.2±4.9
3655 296.7±35.7 211.6±25.1 27.3±10.5
3680 151.2±28.0 106.9±19.8 0.0±17.4
3714 129.2±12.4 115.2±7.4 70.2±4.4
3844 254.0±12.7 187.2±8.7 52.8±4.5
4010 73.4±18.4 116.8±10.5 104.6±9.8
4037 279.0±24.1 201.6±17.0 41.5±15.6
4099 85.2±13.3 65.6±8.9 25.8±5.2
4645 172.1±19.8 121.7±14.0 0.0±7.8
4930 73.7±18.6 72.2±10.1 50.0±5.1
5630 163.8±31.7 133.3±20.2 65.9±10.4
5870 75.7±10.2 57.6±7.7 21.1±10.1
6908 309.7±53.4 228.9±36.4 66.5±13.7
8108 192.1±27.5 143.3±19.2 45.6±16.8
9420 254.6±52.1 183.8±36.4 36.7±23.8

studies at different redshifts, several major caveats have
to be taken into account: studies use different galaxy se-
lections, different methodologies to derive velocity and
stellar mass, and different types of spectroscopic obser-

IMFs used in z = 0 studies. We verified the corrections applied
to each datapoint, but could not confirm the IMF-correction by
Conselice et al. (2005). The correction from Vergani et al. (2012)
was unclear.

vations. We will discuss these first and then review and
compare the studies.
The first is selection bias. At z > 2 star-forming

galaxies have different properties on average than at
z = 0. For example, they have higher SFRs, higher
gas masses and smaller sizes (e.g. Papovich et al. 2015;
van der Wel et al. 2014). At z > 2 dust-obscured galax-
ies are more common, and for these galaxies the Hα lumi-
nosity is attenuated (e.g. Reddy et al. 2005; Spitler et al.
2014). Samples that are UV or Hα selected may there-
fore not be a complete distribution of star-forming galax-
ies at high redshift and changes in incompleteness may
mimick evolution with redshift. Mergers and galax-
ies with irregular morphologies are also more common
than at z = 0 (e.g. Abraham & van den Bergh 2001;
Mortlock et al. 2013). These galaxies have less ordered
velocity fields (e.g. Kassin et al. 2007) higher velocity dis-
persions relative to circular velocities, and are often ex-
cluded from Tully-Fisher samples because it is difficult
to describe these galaxies with smooth rotating models
(Cresci et al. 2009; Gnerucci et al. 2011). At high red-
shift the angular extent of galaxies is often small com-
pared to the seeing, which may give the appearance that
the galaxy is dispersion dominated if the velocity gradi-
ent is unresolved (e.g. Miller et al. 2012). If the selection
requires ordered rotation, this leads to biases towards
larger galaxies.
Here we have attempted to introduce as little selection

bias as possible, but it could not be entirely avoided.
As described in Section 3.5, we have excluded galaxies
with poor fits, which tended to be galaxies with smaller
sizes and fainter magnitudes than the overall photometric
sample. Despite the large uncertainties on the velocities
of these poor fits, in Section 4.2 we have shown that
such a selection may indeed bias the result towards larger

Straatman, KG, +17 (ZFIRE)

Raw Methodology corrected
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Angular momentum: From haloes to galaxies
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Fig. 14.— Left-hand panel: The total intrinsic specific angular momentum of galaxies plotted against their total stellar mass. Symbols
show galaxy types according to the legend at the upper left. The points with error bars shown are based on the more detailed j⋆ estimator
[Equation (3)]; for the remainder of the galaxies, the approximate j⋆ estimator [Equation (6)] was used. The uncertainties are similar in
both cases. The deprojection from observed jp to intrinsic jt was accomplished using individual inclinations for the spirals, and median
deprojection factors for the lenticulars and ellipticals (see main text). The least massive early-type galaxy in the sample is the compact
elliptical NGC 4486B, which is probably in the process of being tidally stripped by the giant galaxy M87; the other low-j⋆ outlier is
NGC 1419. Both are marked with black × symbols and excluded from all fits in this paper. Dotted lines show the best fits for the Sb–Sm
and elliptical galaxies: these two galaxy types follow j⋆–M⋆ trends that are parallel but separated in j⋆ by ∼ 0.5 dex. Right-hand panel:
As left-hand panel, but now plotting spiral disks and bulges alone, along with elliptical galaxies, as indicated by the legend. The upper
line is now the fit to the disks (for all spiral types) rather than to the whole galaxies. Note that the slopes of the lines in this panel and the
left-hand one should not be compared by eye, owing to the different axis ranges. The uncertainties in j⋆ for the disks are typically ∼ 0.04
dex, and for the bulges at least ∼ 0.2 dex; the M⋆ uncertainties are systematic (see main text). Many of the most massive spiral bulges
appear to a follow a similar j⋆–M⋆ relation to the ellipticals.

from a new synthesis of modern photometric and kine-
matic data that the “missing” angular momentum in el-
lipticals does not emerge at large radii, as had been ex-
pected from some theoretical studies. As discussed in
Section 4.3, the new observations tend to show outer ro-
tation profiles that decline rather than rise. Even the
nearby galaxy NGC 5128 (Cen A), which is often con-
sidered to be an elliptical formed through a recent major
merger, shows a relatively low j⋆ when compared to spi-
rals of the same stellar mass. Whether or not these obser-
vations pose a genuine problem to major-merger expla-
nations for forming ellipticals will require renewed the-
oretical analysis, but as discussed in Section 4.3, there
seems to be a pattern in the literature of misdiagnoses of
high outer rotation from early, sparse data – which led
to premature claims of evidence for major mergers.6

The specific angular momentum difference between
spirals and ellipticals is also apparent from a simple, di-
rect consideration of the data in Section 4.3, where the
smaller sizes and rotation velocities for ellipticals sug-

6 Norris et al. (2012) also recently noted an emerging trend
for low rotation in elliptical-galaxy halos, at odds with major-
merger expectations. One possible counter-example is the S0
galaxy NGC 1316, which is generally thought to be a major-
merger remnant. Based on the new PN kinematics results
from McNeil-Moylan et al. (2012), we confirm the finding of
Arnaboldi et al. (1998) that the j⋆–M⋆ values for this galaxy are
close to the mean trend for spirals. However, we caution that our
photometric parameters and Υ⋆ value are particularly insecure for
this galaxy.

gested that they have lower j⋆. As an arbitrary bench-
mark, we use the median j⋆ at the L∗ characteristic lu-
minosity, which is log (L∗

K/LK,⊙) ∼ 11, corresponding
to log (M⋆/M⊙) ∼ 11. For ellipticals and Sb–Sm spi-
rals, we find projected values of jp ∼ 330 km s−1 kpc
and ∼ 1600 km s−1 kpc, respectively, and true values of
j⋆ = jt ∼ 540 km s−1 kpc and ∼ 1800 km s−1 kpc.
In more detail, we report fits to the j⋆–M⋆ data to-

ward the end of Table 2. The fitted slope for the ellip-
ticals is consistent with that for the Sb–Sm spirals, but
is significantly offset to lower j⋆ by a factor of ∼ 3.4
(∼ 0.5 dex). These findings are consistent with F83, ex-
cept that the gap has narrowed from a factor of ∼ 6
(∼ 0.8 dex).7 Note that if the K-band Υ⋆ for the ellipti-
cals were systematically higher than for the spirals by a
factor of ∼ 2 (perhaps owing to age or IMF differences;
cf. Section 3.4), then the j⋆ offset would increase to a

7 Our revised Sb–Sm relation is ∼ 0.1 dex lower than in F83,
partly owing to the inclusion of bulges, and partly to new estimates
for disk sizes and mass-to-light ratios. Our revised ellipticals re-
lation is ∼ 0.2 dex higher than in F83; this difference appears
to arise not so much from the rotation data (the extrapolations
to large radius by F83 turn out very good on average), but from
a refined treatment of the total angular momentum calculation
for spheroids. Our slopes of α = 0.53 ± 0.04 and 0.60 ± 0.09 for
the Sb–Sm and elliptical galaxies are shallower than the α = 0.75
slope suggested by F83; for the Sb–Sm galaxies, this difference is
driven mostly by our inclusion of bulges and of lower-mass galaxies
[log (M⋆/M⊙) ∼ 9]; while for the ellipticals, a shallower slope was
already apparent in F83.

Romanowsky	&	Fall	(2012)
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Fig. 14.— Left-hand panel: The total intrinsic specific angular momentum of galaxies plotted against their total stellar mass. Symbols
show galaxy types according to the legend at the upper left. The points with error bars shown are based on the more detailed j⋆ estimator
[Equation (3)]; for the remainder of the galaxies, the approximate j⋆ estimator [Equation (6)] was used. The uncertainties are similar in
both cases. The deprojection from observed jp to intrinsic jt was accomplished using individual inclinations for the spirals, and median
deprojection factors for the lenticulars and ellipticals (see main text). The least massive early-type galaxy in the sample is the compact
elliptical NGC 4486B, which is probably in the process of being tidally stripped by the giant galaxy M87; the other low-j⋆ outlier is
NGC 1419. Both are marked with black × symbols and excluded from all fits in this paper. Dotted lines show the best fits for the Sb–Sm
and elliptical galaxies: these two galaxy types follow j⋆–M⋆ trends that are parallel but separated in j⋆ by ∼ 0.5 dex. Right-hand panel:
As left-hand panel, but now plotting spiral disks and bulges alone, along with elliptical galaxies, as indicated by the legend. The upper
line is now the fit to the disks (for all spiral types) rather than to the whole galaxies. Note that the slopes of the lines in this panel and the
left-hand one should not be compared by eye, owing to the different axis ranges. The uncertainties in j⋆ for the disks are typically ∼ 0.04
dex, and for the bulges at least ∼ 0.2 dex; the M⋆ uncertainties are systematic (see main text). Many of the most massive spiral bulges
appear to a follow a similar j⋆–M⋆ relation to the ellipticals.

from a new synthesis of modern photometric and kine-
matic data that the “missing” angular momentum in el-
lipticals does not emerge at large radii, as had been ex-
pected from some theoretical studies. As discussed in
Section 4.3, the new observations tend to show outer ro-
tation profiles that decline rather than rise. Even the
nearby galaxy NGC 5128 (Cen A), which is often con-
sidered to be an elliptical formed through a recent major
merger, shows a relatively low j⋆ when compared to spi-
rals of the same stellar mass. Whether or not these obser-
vations pose a genuine problem to major-merger expla-
nations for forming ellipticals will require renewed the-
oretical analysis, but as discussed in Section 4.3, there
seems to be a pattern in the literature of misdiagnoses of
high outer rotation from early, sparse data – which led
to premature claims of evidence for major mergers.6

The specific angular momentum difference between
spirals and ellipticals is also apparent from a simple, di-
rect consideration of the data in Section 4.3, where the
smaller sizes and rotation velocities for ellipticals sug-

6 Norris et al. (2012) also recently noted an emerging trend
for low rotation in elliptical-galaxy halos, at odds with major-
merger expectations. One possible counter-example is the S0
galaxy NGC 1316, which is generally thought to be a major-
merger remnant. Based on the new PN kinematics results
from McNeil-Moylan et al. (2012), we confirm the finding of
Arnaboldi et al. (1998) that the j⋆–M⋆ values for this galaxy are
close to the mean trend for spirals. However, we caution that our
photometric parameters and Υ⋆ value are particularly insecure for
this galaxy.

gested that they have lower j⋆. As an arbitrary bench-
mark, we use the median j⋆ at the L∗ characteristic lu-
minosity, which is log (L∗

K/LK,⊙) ∼ 11, corresponding
to log (M⋆/M⊙) ∼ 11. For ellipticals and Sb–Sm spi-
rals, we find projected values of jp ∼ 330 km s−1 kpc
and ∼ 1600 km s−1 kpc, respectively, and true values of
j⋆ = jt ∼ 540 km s−1 kpc and ∼ 1800 km s−1 kpc.
In more detail, we report fits to the j⋆–M⋆ data to-

ward the end of Table 2. The fitted slope for the ellip-
ticals is consistent with that for the Sb–Sm spirals, but
is significantly offset to lower j⋆ by a factor of ∼ 3.4
(∼ 0.5 dex). These findings are consistent with F83, ex-
cept that the gap has narrowed from a factor of ∼ 6
(∼ 0.8 dex).7 Note that if the K-band Υ⋆ for the ellipti-
cals were systematically higher than for the spirals by a
factor of ∼ 2 (perhaps owing to age or IMF differences;
cf. Section 3.4), then the j⋆ offset would increase to a

7 Our revised Sb–Sm relation is ∼ 0.1 dex lower than in F83,
partly owing to the inclusion of bulges, and partly to new estimates
for disk sizes and mass-to-light ratios. Our revised ellipticals re-
lation is ∼ 0.2 dex higher than in F83; this difference appears
to arise not so much from the rotation data (the extrapolations
to large radius by F83 turn out very good on average), but from
a refined treatment of the total angular momentum calculation
for spheroids. Our slopes of α = 0.53 ± 0.04 and 0.60 ± 0.09 for
the Sb–Sm and elliptical galaxies are shallower than the α = 0.75
slope suggested by F83; for the Sb–Sm galaxies, this difference is
driven mostly by our inclusion of bulges and of lower-mass galaxies
[log (M⋆/M⊙) ∼ 9]; while for the ellipticals, a shallower slope was
already apparent in F83.
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1) Mass-Spin-Morphology plane
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j = specific angular momentum (J/M)
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~ 1

js / (1 + z)�1/2 ?

DYNAMO objects have low js
for their mass



Relation to halo angular 
momentum

• key question in galaxy 
formation physics - how is disk 
AM related to the halo AM 

• f* is fraction of gas that  forms 
stars; fj is fraction of angular 
momentum retained 

• Why are jhalo and jstar related?

*

f*
Dutton et al 2010

Romanowsky et al 2012

Harison et al 2016; Burket et al 2016

hint of ~ 30% drop in 
retention factor 

between z=0 and z=1

(Bower talk)
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gets from the halo to the galaxies. Currently, competing galaxy formation models lead to vastly di↵erent
cosmic evolutions of the angular momentum distribution, as illustrated in Fig. 1 (right).

(2) The evolution of star-forming clumps: It is now firmly established that high-redshift disks appear
to be globally unstable, leading to a large Jeans length and an irregular morphological appearance. This
instability appears to be driven by high gas fractions (e.g. Tacconi et al. 2013) or perhaps, more funda-
mentally by angular momentum (e.g. Obreschkow et al. 2015; Fig.1 left).

While there are testable theories for the formation of the largest star forming regions, the subsequent
evolution of “clumps” is contentious. Some numerical models suggest giant clumps contain a moderate
mass of stars (⇠ 109 M�) and survive for 0.5–1 Gyr (e.g. Ceverino et al. 2010). As the clumps migrate
inwards, they drive inside-out disk evolution and dominate the build-up of the central spheroid. Critically,
the inward migration of the clumps transfers angular momentum outward, increasing the overall angular
momentum that subsequently stabilises the disks. However, other high resolution numerical models
predict that the clumps are transient events, too short-lived to migrate (e.g. Oklopcic et al. 2016).

These contradictory predictions can be tested by our resolved AO observations: if the clumps are short
lived, then their individual properties (densities, ages, metallicities) should be similar to the underlying
local gas disk since they can not evolve far from those initial conditions. In contrast long lived clumps
should build up in size, mass and metal content and we should see strong radial trends in these properties,
and the internal angular momentum distribution. In both scenarios there are theoretical dependencies on
global disk properties which only a large well-resolved sample can test.

(3) Metallicity distribution and galaxy assembly: The cosmic star formation history is intimately par-
alleled by the cosmic evolution of the chemical abundance in galaxies: the more massive stars produced
during star-formation build up and eject the metals, which in turn catalyse the cooling and phase transi-
tion of pristine cold gas, hence accelerating and altering the way stars form. As with angular momentum,
much information about this relation between star formation and chemistry is encoded in the spatial dis-
tribution of the metals within galaxies and in its cosmological evolution. Pioneering IFS observations of
metals in a gravitationally lensed galaxy at z = 1.5 (Fig. 2 left) with AO on Keck-OSIRIS revealed a much
steeper metallicity gradient than observed in local disks (Fig. 2 middle). The steep gradient indicates that
the majority of the star formation has occurred in the centre of the galaxy.
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Figure 1: Left: Relation between stellar mass, specific angular momentum and morphology (bulge-to-total mass ratio). Each
ellipse represents a measurement of one galaxy – local spiral galaxies in black and local analogues of high-z clumpy disks
in colour (DYNAMO; Obreschkow et al. 2015). The di↵erent loci of the two samples suggest an evolutionary path of the
star-forming population, which we will test. Right: The cumulative distributions of specific angular momentum j(< r) of
M⇤-galaxies in the EAGLE simulation (lines) are consistent with observations in mass-matched galaxies at z=0 (black points).
Red and blue colours denote two di↵erent supernova feedback prescriptions: the complex variable feedback prescription of
the reference model and an alternative constant 100%-e�cient feedback (Lagos et al. in prep.). While the two prescriptions
lead to similar j-distributions at z = 0 (in normalized coordinates), they di↵er substantially at z=1.5, where no systematic
observations are available.
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Angular momentum explains HI content!
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Fig. 3.— Comparison of our model against data in the local
universe. The dark grey line is the first-order approximation of
Equation (9) with a 30% scatter shown as light-grey shading. Ob-
servational data is shown as round dots (see Section 3.1). For
clarity, only some typical error bars are shown. The two empty
circles are the LITTLE THINGS disks with the highest kinematic
and morphological asymmetries. Stars show outliers on the fatm-
mass relation (Figure 4).

As we shall see (Section 2.2), the core stability zone at
x < xcore, which only makes a minor mass contribution
(up to 26%, but often much smaller), is an artefact of
assuming a constant rotation velocity. It disappears for
most realistically rising rotation curves. We therefore
chose to remove this zone from fatm, simplifying Equa-
tion (6) to fatm(q) =

R1
x

hole

x e

�xdx. Hence,

fatm = (1 + xhole)e
�x

hole

. (8)

In the limit q ! 0+, Equation (8) yields the Taylor
approximation fatm =

p
2q + O(q2), explaining the ap-

proximate proportionality between j/M and fatm found
in Obreschkow et al. (2015b). Better first-order approxi-
mations are found in log-space. In the vicinity of q = 0.1,
this approximation truncated to fatm  1 reads

fatm = min{1, 2.5q1.12}. (9)

This approximation (thick grey line in Figure 2) yields
errors below 15% in fatm for fatm 2 (0.01, 0.6).
An immediate aside from this derivation is the testable

prediction for the inner H i radius. We expect that disks
transition from the star+H2-dominated part to the H i-
dominated part at the radius rhole = rdxhole, where

xhole = �W�1(�
p
2q) = �1�W�1(�fatm/e). (10)

This radius only exists if q < 1/(
p
2e). Otherwise, disks

are expected to be H i-dominated at all radii. We leave
the test of this side-result to future work.

2.2. Di↵erential rotation

The assumption of a constant rotation velocity v

brings the caveat of a diverging epicyclic frequency 

as r ! 0, making the galaxy unrealistically stable at
its centre (x < xcore). This divergence disappears if we
account for the linear increase of the velocity, v / r, in

the centre. Such linear behaviour is naturally provided
by the rotation curve model (Boissier et al. 2003),

v(r) = vmax

⇣
1� e

�r/r

flat

⌘
, (11)

where rflat is the kinematic radius and vmax the maxi-
mal rotation velocity reached asymptotically as r ! 1.
Note that adopting similar rotation curve models (e.g.
Courteau 1997) with the same asymptotic behavior leads
to very similar results. Our reason for choosing Equa-
tion (11) is that, following Equation (8) in OG14, the
specific angular momentum then takes the simple form

j = 2rdvmax

⇥
1� (1 + a)�3

⇤
, (12)

where a ⌘ rd/rflat. Using this expression for j, and sub-
stituting Equation (11) into Equation (5), Equation (2)
becomes

Qatm =
p
2qx�1

e

x

p
1� e

�ax

p
1 + (ax� 1)e�ax

1� (1 + a)�3
. (13)

Here, q remains as defined in Equation (7), but j is
now calculated via Equation (12). As expected, Equa-
tion (13) reduces to Equation (6) in the limit of rflat ! 0,
i.e. a ! 1, corresponding to a constant rotation. The
functions Qatm(x) of Equation (13) are shown in Fig-
ure 1 for a = 3 (dashed lines) and a = 1 (solid lines).
These two values approximate massive spiral galaxies
and dwarf galaxies, respectively (e.g. Figure 5 in OG14).
We cannot find explicit closed-form solutions for Equa-

tion (4) when Qatm is taken from Equation (13), but
precise numerical solutions can easily be obtained. The
solutions for a = 1 and a = 3 are shown in Figure 2.
Interestingly, these solutions are very similar to that of
a constant rotation curve. The approximate solution of
Equation (9) (grey line in Figure 2) remains valid for all
rotation curves, making it a universal approximation.

2.3. Physical interpretation of q

We have seen that fatm only depends on q but what
is its physical interpretation? It turns out that q is a
global analogue to the local Toomre stability parameter
Q, it depends only on global quantities and is a mass-
weight average of Q. For hQatmi =

R
y

0
Qatm x e

�xdx
with y ⌘ rmax/rd, we obtain

hQatmi = q⇥
(
y if v constant,
R

y

0

dx
p
1�e

�ax

p
1+(ax�1)e�ax

1�(1+a)�3

otherwise,

giving hQatmi / q within any radius. This proportional-
ity relation was already used as an Ansatz to explain the
j/M -morphology relation in large disk galaxies (OG14)
and to argue that massively star-forming disks owe their
clumpy structure to low j more than to high gas frac-
tions (Obreschkow et al. 2015a).

3. RESULTS & DISCUSSION

Let us now compare the model for fatm against em-
pirical data. Section 3.1 performs a direct comparison
between measurements of fatm and predictions based on
observed values of q. In Section 3.2, we will derive an
equation for the mean dependence of fatm on the disk
mass M , assuming a realistic distribution of angular mo-
menta, and compare this model against data.

Obreschkow, KG+(2016)
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Why GLAO? : Spatial resolution

138

Figure 7.23: The expected 5 σ limiting magnitude (AB) for star-forming galaxies at z ∼ 2 in broad-band
(K, left) and narrow-band (Brγ, right) achieved with the ULTIMATE-Subaru (GLAO) as a function of the
size (Re) of the galaxies. Filled circles, squares, and triangles show the limiting magnitude obtained with
GLAO correction at COSMOS, SDF, and SXDF. Open symbols show the limiting magnitude without
GLAO correction in each field. Thin solid line shows the expected limiting magnitude with SCAO
(diffraction limit). Horizontal dashed, dotted, and dot-dashed lines show the expected limiting magnitude
for point sources in COSMOS, SDF, and SXDF, respectively, with and without GLAO correction. Since
we found that the field dependence of the limiting magnitude for the galaxies is small, we only show the
limiting magnitude in the COSMOS field for the NB imaging in the right panel. In the lower panel, we
show the sensitivity gain due to the GLAO correction over the seeing condition.

Figure 7.24: Simulated S/N maps of Hα emitters at z ∼ 2.3 obtained by the ULTIMATE-Subaru NB
(Brγ) imaging with 5 hours integration time. Top and bottom panels show the maps with and without
GLAO correction, respectively.
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GLAO correction is essential for studying                                     
internal structure of galaxies at “Cosmic noon”.

Minowa+16
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7.2 Wide-field Imager

Takashi Hattori1, John Pazder2, Tomoyasu Yamamuro3, and Yoko Tanaka1

1 Subaru Telescope, National Astronomical Observatory of Japan,
2 Herzberg Institute of Astrophysics, National Research Council of Canada, 3 OptCraft

7.2.1 Four barrel imager design (J. Pazder, HIA)

Here we summarize a conceptual study by John Pazder (NRC-NSI-AST/HIA) based on his technical
note ”Subaru concentric corrector and four barrel GLAO imager Optical Design Concept” (5/29/2013).
Because the available field-of-view at Subaru Cassegrain focus was still under study at the time when
this technical note was written, ∼ φ20′ is assumed in this study.

The concentric corrector consists of two elements of Infrasil-302 with spherical surfaces and 690mm
in diameter. It provides a universal 22′.8 diameter field of view (at f/12.4) with residual optical design
aberrations less than 66mas. This corrector is designed to feed multi-barrel optical systems without pupil
miss-match.

The imager design concept is a four-barrel imaging system feed by this corrector with each barrel
having a 4k×4k H4RG detector covering a 6′.8 × 6′.8 field of view (0′′.1/pixel sampling). The total
imager field of view is 185 square arc minutes.

Figure 7.1 shows the optical layout of this system. The cameras are within a volume of 2.1 m in length
and 0.8 m in diameter. A window has been put at the entrance to the cameras, with the intention of the
cameras being enclosed in the Dewar with the corrector and wave front sensors outside the Dewar. The
cameras have been designed with a sharp pupil image.

Figure 7.1: Optical layout of the corrector and imager system (J. Pazder, section 7.2.1)

The image quality is shown in Figure 7.2. Spot quality is less than pixels at all points except at the
outside corner where the image quality is marginally more at 16 µm RMS spot diameter.
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Table 7.7: Instrument parameters of Starbug based IFU spectrograph
IFUs

Number of IFUs 8-13a

Number of elements per IFU 61 Hexagonally packed
Spatial sampling per element 0.15 arcsec
Total field of view per IFU 1.18 square arcsec
Total patrol area φ ∼ 15 arcminb

Minimum separation between IFUs 25 arcsec
Spectrograph (MOIRCS)

Wavelength coverage 0.9-1.8 µm
Spectral resolving power 500-3000
Dispersion 1.6 Å per pix (J), 2.1 Å per pix (H)
Sampling 2-5 pixels in FWHM

Combined properties
Total efficiency 9% (J), 12% (H)
a This number can be increased by using a new larger spectrograph.
b FoV of the wide field corrector.

Figure 7.16: Block diagram of the starbug-based multi fiber IFU system, showing the sub-systems.
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fibres (fiducials) on each Starbug, as shown in Figure 7.19. The IFU axis is defined with respect to these
metrology fibres. Additionally there are a number (∼ 16) of circumferential fiducials on the glass-field
plate. Thus, fine positioning is then achieved while the telescope is on target by referencing the Starbug
fiducials to the field-plate fiducials. Acquisition is then achieved by aligning guide bundles to guide
stars.The positional accuracy of Starbugs is better than 5 microns, corresponding to 10 milli-arcseconds
on sky, and typical reconfiguration times are achievable within the time taken to slew the telescope.

Figure 7.19: (Left) Starbugs on a field-plate, showing the green back-lit metrology fibres, and the red
slippers. (Right) Schematic view of the Starbug, showing the payload dock tube, metrology fibres, vacuum
port and wires access ports on the backside. The Starbug system used in the ULTIMATE instrument
shares much of the technology with the TAIPAN system which is currently working in the laboratory
and will be demonstrated its on-sky feasibility in early 2016.

The Starbug fiber positioner is a new technology developed by AAO. The Starbug will be used for
the TAIPAN instrument at the UK Schmidt telescope. TAIPAN is being built by AAO to carry out a
comprehensive spectroscopic survey and to prove the concept of the Starbug positioner, which is proposed
to use on the Giant Magellan Telescope. TAIPAN will start its commissioning in early 2016 and demon-
strate the feasibility of the Starbug technology, reducing the risk for the future ULTIMATE instrument.
The ULTIMATE Starbugs differ from the TAIPAN Starbugs in that they have a larger diameter, carry
a heavier payload, and will operate at a lower atmospheric pressure. Therefore the vacuum necessary
to adhere the Starbugs to the field-plate and allow normal operation will be tested by prototyping the
Starbugs for the ULTIMATE instrument.

Integral field unit

The IFU unit consists of three main components, the fore-optics, the lenslet array, and the fiber array.
These components are aligned and glued into position in a stainless tube and then the tube is inserted
into the Starbug.

The fore-optics magnify the beam from the telescope to provide an appropriate plate scale for the
lenslet array (magnification is about 3.5 to have a lenslet width of 250 µm for a sampling of 0′′.15 per
lenslet). In principle, one could place the lenslet array directly at the focal plane of the WFC without
using the fore optics. However, there are advantages to a larger physical lenslet size. Most fundamentally,
a large lenslet size compared to the fibre core diameter minimize shifts in the pupil image and geometric
focal ratio degradation (FRD). Secondly, small lenslets are not readily available from manufacturers and
are likely to be expensive and to pose a significant risk in meeting the required specifications. AAO has
significant experience working with larger lenslets, having used a 40×25 250 µm lenslet array. Additionally
the use of fore-optics has advantages other than its effect on lenslet size. First, the spatial sampling of
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Multi-Object IFU spec.

Multi-Object slit spec.

Instrument overview for more details

13 IFUs
15 arcmin FOV
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Summary

• Stellar populations (JWST wins)  

• Photo-ionisation puzzles (to be solved by 
MOSFIRE etc. soon…?)  

• Environment (PFS wins, SDSS at z~1, finally)  

• Kinematics (ULTIMATEly a bright future from the 
ground)


