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Star formation history of the Universe

19

Fig. 16.— Luminosity density and SFR density determinations, as a function of redshift (§7.3). These determinations are integrated to
!18 AB mag (0.06 L!

z=3). The lower set of points and shaded blue region are the observed luminosity densities and SFR density estimates
before dust correction. The upper set of points and shaded orange region indicates the SFR density estimates after dust correction. The
SFR density estimates assume ! 100 Myr constant SFR and a Salpeter IMF. Conversion to a Kroupa (2001) IMF would result in a factor
of "1.7 (0.23 dex) decrease in the SFR density estimates given here. At z " 2 dust corrections are from Schminovich et al. (2005), at z"3-6
from Bouwens et al. (2009b), and at z ! 7 they are assumed to be zero. The solid circles at z " 7 and z " 8 are the present determinations.
For context, we have also included the SFR density estimates at z"4-6 from Bouwens et al. (2007), at z"2-3 from Reddy & Steidel (2009),
and at z"2 from Schiminovich et al. (2005). The estimates at z " 10 (Bouwens et al. 2010c) are given with the blue circles and upper
limit. See Table 8 for a tabulation of the z ! 4 luminosity densities and SFR densities presented here.

SFR density estimates are included in Table 8 and on
Figure 16.
The UV luminosity densities we find to !18 AB mag

at z " 7 and z " 8 are just 28% and 17%, respectively,
of that found to the same limiting luminosity at z " 4.
The SFR densities we find to these limits are just 7%
and 4%, respectively. This provides some measure of
how substantial galaxy build-up has been in the "1 Gyr
from z"7-8 to z " 4 when the universe was closer to the
peak of the SF history.
In Figure 17, we compare the SFR density determina-

tions at z ! 4 with those implied from the stellar mass
density estimates given in Labbé et al. (2010a,b), Stark
et al. (2009), and Gonzalez et al. (2010: hatched red re-
gion). At z ! 8, the SFR densities can be inferred from
the stellar mass density at z " 8 (Labbé et al. 2010b).
However, since the stellar mass is just an integral quan-
tity (and there are a large range of plausible SF histories
that yield the observed stellar mass density), a redshift
dependence needs to be assumed. We adopt the same
scaling of the stellar mass density with redshift at z ! 8,
i.e.,(1 + z)!4.4, as Labbé et al. (2010b) found to fit the
observational results at z"4-8. In estimating the SFR
densities from the stellar mass densities, we corrected up
the stellar mass densities by a factor of 1/0.72 " 1.39
(appropriate for the Salpeter IMF assumed in the Labbé
et al. 2010b mass estimates and a "300 Myr typical age)

to account for the stellar mass lost due to SNe recycling
(Bruzual & Charlot 2003). At all redshifts, we included
a correction (typically 20%) for the fact that additional
galaxies will be entering our magnitude-limited selection
as a result of galaxy build-up (i.e., for example galaxies
not present in the z " 7 sample would grow enough from
z " 7 to z " 6 to enter magnitude-limited selections at
z " 6).
Interestingly, the SFR densities inferred from the stel-

lar mass density are only "40% higher than that inferred
from the UV LFs at z < 7 (where the stellar masses are
more well determined).12 This suggests that (1) the IMF
for SF galaxies at high redshift may not be that di!er-
ent from what it is at later times and more intermediate
redshifts (but see discussion in Chary 2008) and (2) the
stellar mass densities at z > 4 inferred from the Spitzer
IRAC photometry are reasonably accurate. This latter
conclusion is important since nebular emission line fluxes
have been suggested to dominate the measured light in
z # 7 galaxies with IRAC (Schaerer & de Barros 2010:
but see Finlator et al. 2010). These comparisons suggest
that nebular emission is not as dominant as some had
expected.

12 The di!erence increases slightly at earlier times where the
mass function is more poorly determined and extrapolations are
used.

Bouwens et al. (2011)
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Why is GNIRS the ideal instrument to 
observe galaxies at z=2-3?
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Typical massive galaxy at 2<z<3 is red

• Optically red

‣ J-K = 2.48

‣ (U-V)0=0.62

• Faint in the 
observed optical

‣ RAB = 25.9
van Dokkum et al. 2006
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Full near-infrared wavelength coverage
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Targeted lines for z ≈ 2.3

Shapley, Kriek et al. Keck I/MOSFIRE, 2012B U018M 4

Fig. 2.— Left: Schematic representation of proposed emission-line observations in each of the 3 target redshift ranges:
z = [1.37, 1.70] (bottom); z = [2.09, 2.61] (middle); and z = [2.95, 3.80] (top). The wavelengths of strong rest-frame optical
emission lines are marked for representative redshifts within each target range. MOSFIRE Y , J , H, and Ks filter curves
are overlaid to show the features covered in a given instrumental set up at each redshift. For the z = [1.37, 1.70] range,
Hβ, [OIII], Hα, [NII], and [SII] fall in J and H, while [OII] falls in Y for z = [1.61, 1.70]. Right: Simulated MOSFIRE
absorption-line spectra. Using the z = 2.2 quiescent galaxy spectrum from Kriek et al. (2009b) and the MOSFIRE
expected sensitivity and resolution of R = 3000, we have simulated the detection of stellar absorption lines for sources
with K = 21, 23, and 23 mag (AB) in 2 hours of integration time. These spectra have been median-binned, using bins
of 5, 12, and 31 Å, respectively, for K = 21, 22, and 23. Absorption lines are clearly detected down to K = 22, and will
be useful for redshift measurements down to K = 23. Stacking of fainter galaxy spectra will also highlight the stellar
absorption properties of galaxies as a function of galaxy property.

Fig. 3.— MOSFIRE target surface densities and stellar mass completeness. In each panel, statistics for 1.37 < z < 1.70
are indicated in black, 2.09 < z < 2.61 in red, and 2.95 < z < 3.80 in blue. Left: Number of targets per MOSFIRE field
as a function of limiting K (AB) magnitude. Statistics for the COSMOS field are indicated with solid curves (based on
NEWFIRM Medium Band Survey data; Whitaker et al. 2011). Dotted curves are based on the CDF-S FIREWORKS
catalog (Wuyts et al. 2008). Dashed curves are from the UDS catalog of Williams et al. (2009), while dot-dashed curves
indicate sources from the 3D-HST survey with detected rest-frame optical emission lines (Brammer et al. 2012, in prep).
Deeper near-IR will soon be available for both COSMOS and UDS. Center: Number of targets per MOSFIRE field as
a function of limiting stellar mass (assuming a Chabrier IMF). The K-band limit for each catalog is listed at the upper
right. Line style is the same as in the left panel. Right: Stellar mass-completeness limit as a function of limiting K-band
magnitude. Each band corresponds to the relationship between mass completeness and Klim across the relevant target
range.

Shapley, Kriek et al. Keck I/MOSFIRE, 2012B U018M 4

Fig. 2.— Left: Schematic representation of proposed emission-line observations in each of the 3 target redshift ranges:
z = [1.37, 1.70] (bottom); z = [2.09, 2.61] (middle); and z = [2.95, 3.80] (top). The wavelengths of strong rest-frame optical
emission lines are marked for representative redshifts within each target range. MOSFIRE Y , J , H, and Ks filter curves
are overlaid to show the features covered in a given instrumental set up at each redshift. For the z = [1.37, 1.70] range,
Hβ, [OIII], Hα, [NII], and [SII] fall in J and H, while [OII] falls in Y for z = [1.61, 1.70]. Right: Simulated MOSFIRE
absorption-line spectra. Using the z = 2.2 quiescent galaxy spectrum from Kriek et al. (2009b) and the MOSFIRE
expected sensitivity and resolution of R = 3000, we have simulated the detection of stellar absorption lines for sources
with K = 21, 23, and 23 mag (AB) in 2 hours of integration time. These spectra have been median-binned, using bins
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Figure from A. Shapley
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A GNIRS Survey for massive galaxies at 
z ≈ 2.3

• Selection: 

‣ MUSYC survey: UBVRIzJHK photometry 

‣ Kvega < 19.7

‣ 2 < zphot < 3 

• Total sample: 36 galaxies

• Follow-up: SPITZER/IRAC, SPITZER/MIPS, Magellan/
LDSS3, HST/NICMOS, Keck/NIRC2-AO

• Fully reduced spectra and data products available at: 
www.astro.berkeley.edu/~mariska

http://www.astro.princeton.edu/~mariska
http://www.astro.princeton.edu/~mariska
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Examples of emission line spectra

Hα
[NII]

[NII]
Hα

Kriek et al.  (2007)
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Examples of continuum spectra
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• 8 galaxies at z < 2

• 28 galaxies at 2 < z < 3 
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Galaxies without detected emission 
lines

Kriek et al.  (2006)
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Continuum redshifts

Kriek et al.  (2008)
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Overview

• 8 galaxies at z < 2

• 28 galaxies at 2 < z < 3 

‣ 11 Galaxies without detected emission lines 

‣ 17 Emission line galaxies (see Kriek et al. 2007)
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Kriek et al.  (2007)

Emission line galaxies: AGN or star 
forming?
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Overview

• 8 galaxies at z < 2

• 28 galaxies at 2 < z < 3 

‣ 11 Galaxies without detected emission lines 

‣ 17 Emission line galaxies

• 12 star-forming galaxies

• 5  AGN host galaxies
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A Red Sequence at z ≈ 2.3 ?

Kriek et al.  (2008)
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Red Sequence Galaxies at z ≈ 2.3

average best-fit model

average spectrum 2 Gyr SSP

Kriek et al.  (2008)
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Massive galaxy distribution at z ≈ 2.3

Kriek et al.  (2009)
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Massive galaxy distribution at z ≈ 2.3

Kriek et al.  (2009)

Compact 
quiescent galaxies

Extended (clumpy) 
star-forming galaxies
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Morphologies of massive, quiescent 
galaxies at z ≈ 2.3 

2 Sizes of Quiescent Galaxies at z! 2.3

FIG. 1.— HST NIC2 images of the nine confirmed quiescent z > 2 galaxies from Kriek et al. (2006). Each panel spans 3.!!8! 3.!!8; North is
up and East is to the left. The small panels below each galaxy show the best-fitting Sersic model (convolved with the PSF) and the residual
after subtraction of the best-fitting model. The red ellipses are constructed from the best-fitting effective radii, axis ratios, and position angles.
Note that the ellipses are significantly smaller than 10 kpc, which is the effective diameter of typical massive elliptical galaxies in the nearby
Universe. Gemini GNIRS spectra from Kriek et al. (2006) are also shown. Insets show Keck LGS/AO images of three galaxies.

Each orbit was split in two (dithered) exposures. The reduc-
tion followed the procedures outlined in Bouwens & Illing-
worth (2006), and R. Bouwens et al., in preparation. Before
combining, the individual exposures were drizzled to a new
grid with 0.!!0378 pixels to ensure that the PSF is well sam-
pled. Images of the nine galaxies are shown in Fig. 1.
Three of the galaxies (1030–1813, 1256–0, and 1256–1967)

were also observed with Keck, using laser guide star assisted
adaptive optics to correct for the atmosphere. The data were
obtained on 2007 May 14 and 2008 January 13 using the
NIRC2 wide field camera, which gives a pixel size of 0.!!04.
The reduction followed standard procedures for near-IR imag-
ing data. The Keck images are shown as insets in Fig. 1. They
show the same qualitative features as the NICMOS data.

3. FITTING

Each galaxy was fitted with a Sersic (1968) radial surface
brightness profile, using the 2D fitting code GALFIT (Peng
et al. 2002). The Sersic n parameter allows for a large range
of profile shapes, and provides a crude estimate of the bulge-
to-disk ratio. For each galaxy a synthetic NIC2 PSF was cre-
ated by generating subsampled PSFs with Tiny Tim 6.3 (Krist
1995), shifting them to replicate the location of the galaxy on
the individual exposures, binning these to the native NIC2 res-
olution, and finally drizzling these “observations” to the grid
of the galaxy images. The resulting fit parameters are listed
in Table 1; ellipses corresponding to the best-fit parameters
are indicated in red in Fig. 1. The (circularized) effective
radii were transformed to kpc using H0 = 70 km s

!1 Mpc!1,
!m = 0.3, and !! = 0.7.
Uncertainties in the structural parameters of faint galaxies

are difficult to estimate, as they are usually dominated by sys-
tematic effects. For each galaxy, we added the residual image
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van Dokkum et al. (2008)
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Structural evolution from z ≈ 2.3 to the 
present

van Dokkum et al. 3

FIG. 2.— Relations between size and (total) stellar mass (left panel) and between the average stellar density inside the effective radius and
stellar mass (right panel). Large symbols with errorbars are the quiescent z ! 2.3 galaxies. Small symbols are SDSS galaxies, with galaxies
that are not on the red sequence in light grey. Broken lines indicate the expected location of galaxies with stellar velocity dispersions of 200,
300, and 500 km s!1. The high redshift galaxies are much smaller and denser than SDSS galaxies of the same stellar mass.

of each of the other galaxies (excluding 1256-1967) in turn,
repeated the fit, and determined the rms of the seven values
obtained from these fits. The uncertainties listed in Table 1
are 2! these rms values, to account for additional systematic
uncertainties. These were assessed by changing the size of the
fitting region, scrambling the subpixel positions of the galax-
ies, and changing the drizzle grid.

TABLE 1
STRUCTURAL PARAMETERS

ID z r(1)e ± n ± b/a ±

1030-1813 2.56 0.76 0.06 1.9 0.5 0.30 0.03

1030-2559 2.39 0.92 0.18 2.3 0.6 0.39 0.04

1256-0 2.31 0.78 0.17 3.2 0.9 0.71 0.10

1256-1967 2.02 1.89 0.15 3.4 0.1 0.75 0.07

1256-142 2.37 0.93 0.04 0.9 0.3 0.35 0.04

ECDFS-5856 2.56 1.42 0.35 4.5 0.4 0.83 0.07

ECDFS-11490 2.34 0.47 0.03 2.8 0.8 0.63 0.07

HDFS1-1849 2.31 2.38 0.11 0.5 0.2 0.29 0.02

HDFS2-2046 2.24 0.49 0.02 2.3 0.8 0.76 0.08

(1) Circularized effective radius in kpc.

The Keck images offer an independent test of the reliability
of the parameters listed in Table 1, as the PSF is very different
from that of NICMOS. Fitting the Keck images with a range
of PSFs (obtained on the same nights as the observations, and
including stars that happened to fall in the field-of-view) gives
results that are consistent with the NIC2 fits within the listed
uncertainties.

4. SIZES AND DENSITIES

The most remarkable aspect of the z " 2.3 galaxies is their
compactness. The circularized effective radii range from 0.5
– 2.4 kpc, and the median is 0.9 kpc. To put this in con-
text, this is smaller than many bulges of spiral galaxies (in-
cluding the bulges of the Milky Way and M31, which have
re # 2.5 kpc; van den Bergh 1999). In the left panel of Fig. 2

the sizes are compared to those of SDSS galaxies. The SDSS
data were taken from the NYU Value Added Galaxy Catalog
(Blanton et al. 2005) in a narrow redshift range, with various
small corrections (see Franx et al. [2008] for details). Dark
grey points are galaxies on the red sequence, here defined as
u!g = 0.1log(M)+ (0.6±0.2). Stellar masses for the z" 2.3
galaxies were taken from Kriek et al. (2008a) and corrected to
a Kroupa (2001) IMF. The median mass of the z" 2.3 galax-
ies is 1.7! 1011 M!. The median re of SDSS red sequence
galaxies with masses 1.5! 1.9! 1011M! is 5.0 kpc, a factor
of" 6 larger than the median size of the z" 2.3 galaxies.
The combination of small sizes and high masses implies

very high densities. The right panel of Fig. 2 shows the rela-
tion between stellar density and stellar mass, with density de-

fined as ! = 0.5M/( 4
3
"r3e ) (i.e., the mean stellar density within

the effective radius, assuming a constant stellar mass-to-light
(M/L) ratio with radius). The median density of the z " 2.3
galaxies is 3!1010 M! kpc

!3 (with a considerable rms scatter
of 0.7 dex), a factor of" 180 higher than the densities of local
red sequence galaxies of the same mass.
We note that it is difficult to determine the morphologies of

the galaxies, as they are so small. Nevertheless, it is striking
that several galaxies are quite elongated (see Fig. 1). Themost
elongated galaxies are also the ones with the lowest n values
(the correlation between n and b/a is formally significant at
the > 99% level8), and a possible interpretation is that the
light of a subset of the galaxies is dominated by very compact,
massive disks (see § 5).

5. DISCUSSION

We find that the nine quiescent, massive galaxies at $z% = 2.3
spectroscopically identified by Kriek et al. (2006) are ex-
tremely compact, having a median effective radius of only
0.9 kpc. This result extends previous work at z" 1.5 (Trujillo
et al. 2007; Cimatti et al. 2008), and confirms other studies

8 There is no significant correlation between re and n, or re and b/a.

van Dokkum et al. (2008)
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Inside-out growth

Bezanson et al. (2009)
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Inside-out growth due to minor 
mergers?

Bezanson et al. (2009)
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29 hrs GNIRS spectrum of a quiescent 
galaxy at z=2.2

Kriek et al. (2009)
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A high velocity dispersion for at z=2.2 
galaxy

Velocity Dispersion of a Compact Galaxy 7

Figure 1 | Spectrum and HST images of 1255–0 at z = 2.186. a, Spectrum that was used

to measure the velocity dispersion. Light grey shows the spectrum at a resolution of 5 Å (!

100 km s!1), which was used for the actual measurement. A smoothed version of the same

data (using a 25 Å boxcar filter) is shown in black. Regions around detected emission lines

are shown in orange and were excluded from the fits. The most prominent absorption lines

are H! at "4861 Å and Mg at "5172 Å. The best-fitting stellar population synthesis model,14

smoothed to the best-fitting velocity dispersion, is shown in red. The inset shows the results

of Monte Carlo simulations to determine the uncertainty in the best-fitting velocity dispersion.

The curves show how often a dispersion of 510 km s!1 is measured given the true dispersion

and noise. The two curves are for two different methods of simulating noise: shuffling the

residuals of the fit in the wavelength direction (blue curve), and extracting “empty” 1D spectra

from the 2D spectrum (red curve). b-d, The HST NICMOS2 image of the galaxy in the H160

filter, the best-fitting model of the galaxy (with the effective radius indicated in red), and the

residual obtained by subtracting the model from the data. The galaxy is a single, very compact

object with an effective radius of 0.78 kpc. Its coordinates are # = 12h54m59.6s, $ = +01"11m30s

(J2000), its K band observed magnitude is 19.26 (Vega) and its R band observed magnitude is

24.98 (Vega).16 Alternative names that have been used for this object are 1256-15115 and 1256-

0.3,16

van Dokkum et al. (2009)
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Figure 2 | Properties of 1255–0 compared to nearby galaxies. a, Relation between stellar

mass and dynamical mass. Small symbols are galaxies in the SDSS6 in the redshift range 0.05!

0.07, and the large red symbol is galaxy 1255–0 at z = 2.186. Our definition of dynamical

mass, log Mdyn = 5.87+2 log(!)+log(re), leads to a one-to-one correspondence between stellar

mass and dynamical mass for SDSS galaxies. Despite its small size 1255–0 has a very high mass,

similar to elliptical galaxies today. The dynamical mass is consistent (within 1!) with the stellar

mass that was estimated14 from fitting stellar population synthesis models to the photometry.

b-d, Relations between velocity dispersion, effective radius, and dynamical mass. Note that

these three panels do not depend on stellar populations (except indirectly through the fact that

the spectrum and the Hubble Space Telescope image are weighted by luminosity, not mass). It

is clear that the structure and kinematics of 1255–0 are fundamentally different from those of

nearby galaxies, and significant evolution is required to bring this object to the local relations.

van Dokkum et al. (2009)
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Figure 2. HST/WFC3 F160W imaging of our sample of massive, quiescent z ! 2 galaxies (all with HF160W < 23). The deconvolved images are shown directly below
the original images. Photometric redshifts, stellar masses (in units of 1011 M"), Sersic indices, and axis ratios from one-component profile fits, as well as the scale of
the images, are indicated. Ellipses indicate best-fitting axis ratios and sizes from GALFIT—the area of the ellipse corresponds to that of a circle with a radius that is
twice the circularized half-light radius. All galaxies are clearly resolved and many are flattened in projection, indicative of a disk-like stellar structure.
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Rb, eff = 0.71 kpc
Rd = 3.7 kpc

B/T = 0.52

Figure 3. Top: F098N+F160W color composites for galaxies 11, 8, 2, and 5 from Figure 2, ordered by axis ratio. These four examples are chosen because of their
flatness, with the exception of no. 5, which appears to have a compact bulge-like component surrounded by a more extended, disk-like component. There is no strong
indications for color gradients, suggesting that the disk components of these galaxies are not strongly star forming. Bottom: two-component model fits (without PSF
smearing) for the same galaxies. The white and black ellipses indicate twice the size of the half-light ellipses for bulge-like and disk-like components, respectively.
B/T is the ratio of the light in the model for the bulge-like component and the light of the models for the two components combined. “Rd” is the exponential scale
length as measured along the major axis of the disk-like component, which we calculate by dividing the semimajor axis of the “half-light ellipse” by 1.6. “Rb,eff” is
the circularized half-light radius of the bulge-like component.

If we conservatively assume that none of the other seven
galaxies are disk dominated (i.e., they have weight 0), then we
infer that 40%±15% of the population of massive, quiescent z !
2 galaxies is disk dominated. This number and its uncertainty

include the weights as specified above and the uncertainty due
to the small sample size.

However, some of the seven non-classified galaxies, for
example, nos. 7 and 13, have small axis ratios. Therefore, it

3

van der Wel et al. (2011)
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Figure 11. Some of the diversity of objects within the 3D-HST survey. The template fits from the modified EAZY fits to the spectra + photometry are shown
in the red lines in panels a–d. Panel a) shows an object in the GOODS-North field with multiple line-emitting components. Two separate spectra are shown
extracted for the bright compact component (which itself has two close sub-components) and the fainter, more diffuse tail extending to the upper right of the
image thumbnail. Panel b) is a quasar in the COSMOS field at z = 4.7 with strong emission lines of Mg II and C II. Panels c) and d) show extremely massive
galaxies (1011.5 and 1011.2 M�) at z � 2 with strong continuum breaks and no visible emission lines. The inset panels show the full 0.3–8µm SEDs (photometry
+ spectra) and the template fit. The bottom panels e) and f ) show the spectra of T- and L-type brown dwarf stars, found in the AEGIS and GOODS-N fields,
respectively. The two best-fitting spectral templates from Burgasser et al. (2010) are plotted on top of the spectra, with the spectral types indicated. We emphasize
that while the selection of objects shown have spectra with particularly high signal-to-noise, none of the objects are “serendipitous” detections. That is, that
3D-HST provides high-quality near-IR spectra of a wide variety of classes of objects is the very essence of the survey.

Brammer et al. (2012)
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Scaled up cool galaxies at z ≈ 2.3
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Fig. 1.— Top panels: U ! 870µm SEDs for galaxies ECDFS-4511 (left) and ECDFS-12514 (right). The U!8µm photometry is plotted
in blue, and the best fitting BC03 model to those data is plotted in black. The FIR photometry from Spitzer, BLAST and APEX are
plotted in black. The best fitting CE01 model to those data is shown in red. The !2 grid for the FIR SEDs is shown in the bottom left
panels. The dot dashed line in the upper panel shows the !2 of the local template with the same LIR as the best-fit template. Both
galaxies are inconsistent with the local template and are best described as ”scaled up” versions of lower luminosity galaxies. The dotted
FIR SED in the main panel shows the CE01 template that would be chosen based on only the observed 24µm flux. For these galaxies
those templates overestimate the LIR by factors of 3.0 and 6.2, respectively. The bottom right panels show 3” x 3” NICMOS images of
the galaxies.

ing the same SED shape as local galaxies with similar
luminosity at > 25!.

3.2. Comparison of FIR and 24µm Star Formation
Rates

Direct constraints on the cool dust SED allow us to
address the issue of how well LIR, and SFR(LIR) can be
determined for z ! 2 galaxies using 24µm data alone.
The most common practice for determining LIR from
24µm photometry is to select the local template with an
LIR that would match the observed 24µm flux if red-
shifted to the redshift of the source galaxy. In Figure 1
we plot the CE01 template that would be selected based
on using that method as the red dotted line.

The extraordinary 24µm flux of both galaxies requires
that they use the most luminous templates in the CE01
library. The implied LIR for ECDFS-4511 and ECDFS-
12514 is 2.8 x 1013 L! and 3.8 x 1013 L!, respectively.
These templates overestimate the LIR from the full SED
fit by factors of 3.0 and 6.2 respectively, and it is clear
from Figure 1 that they cannot simultaneously fit both
the 24µm flux densities and the FIR flux densities. If
these galaxies are representative of most FIR-luminous
galaxies in the distant universe, it suggests we may be
systematically overestimating total SFRs by similar fac-
tors.

Similar results have also been found by Papovich et al.
(2007) and Murphy et al. (2009). Papovich et al. (2007)

compared LIR determined from 24µm data to that de-
termined using the combined 24µm, 70µm, and 160µm
photometry and found that for the most luminous galax-
ies (S24 > 250µJy) the 24µm photometry overestimated
the LIR by factors of 2 – 10. Using a sample of 14 MIR
luminous galaxies at 1.4 < z < 2.6 with Spitzer IRS
spectra and SCUBA 850µm photometry Murphy et al.
(2009) found that 24µm fluxes combined with local tem-
plates systematically overestimated the LIR by a factor
of ! 5.

3.3. Comparison of FIR and H" Star Formation Rates

The FIR-derived SFRs can also be compared to the
dust corrected H" SFRs for these galaxies. H" equiva-
lent widths (EWs) were measured for both galaxies us-
ing moderate-resolution NIR spectra from SINFONI by
Kriek et al. (2007). We convert their EW(H") to an H"
line flux by multiplying by the continuum flux at 6563Å
estimated using the BC03 SED model fits from Muzzin
et al. (2009).

We determine an extinction correction for the H" flux
using both the fit to the stellar SED (U"8µm) and the
Balmer decrement. For the SED fits we use the Muzzin
et al. (2009) best-fit value of Av which is derived from fit-
ting BC03 models using solar metallicity and the Calzetti
et al. (2000) dust law (hereafter Av,SED). For the Av

from the Balmer decrement (hereafter Av,Balmer) we as-

Muzzin et al. (2010)
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Fig. 3.— Top Panel: SFR derived from the 24µm fluxes and the
luminosity dependent CE01 templates vs. the SFR determined
from the dust corrected L(H!) for the full sample of K-selected
galaxies in Kriek et al. (2008). The luminosity dependent tem-
plates systematically overestimate the SFR(H!) for the majority
of galaxies. Bottom Panel: Log-average of the SFR derived from
the 24µm fluxes and all 105 CEO1 templates vs. SFR(H!). An
average of the local templates provides IR SFRs that are in better
agreement with the SFR(H!). The luminosity dependent method
requires that the majority of galaxies use the most luminous tem-
plates, whereas the template averaging forces the LIR to come
from cooler templates. The better agreement from cooler tem-
plates suggests the entire sample of massive z ! 2 galaxies would
be consistent with being ”scaled up” versions of lower luminosity
galaxies.

with the standard MOPEX procedures and derived 24µm
fluxes for galaxies in the Kriek et al. (2008) sample us-
ing the method described in § 2. There are 24 galaxies
in the Kriek et al. sample where H! is observable in the
NIR window from the ground, and of these galaxies 15
are detected at 24µm. The MUSYC 24µm data is much
shallower than the FIDEL data, so the non-detection of
some galaxies, depending on their SFR and redshift is
expected. For the undetected galaxies we calculate 5"
upper limits based on empty aperture fluxes in the 24µm
mosaics.

In the top panel of Figure 3, we plot the SFR(24µm)
vs. the SFR(H!) for these galaxies. Galaxies that are
candidates for hosting an AGN from either an X-ray de-
tection, emission-line ratios (Kriek et al. 2007) or for
having a powerlaw SED in the IRAC bands (Muzzin
et al. 2009) are plotted as red symbols (this includes

both BLAST-detected galaxies, see § 5.3). For refer-
ence, the BLAST-detected galaxies are plotted as stars
at their SED-fit SFR(LIR) locations with arrows con-
necting them to their SFR(24µm). Just like the BLAST
sources, the majority of galaxies have a SFR(24µm) that
is systematically larger than the SFR(H!). This suggests
that the local luminosity dependent templates probably
overestimate the IR SFR of the majority of z ! 2 mas-
sive galaxies.

Franx et al. (2008) and Wuyts et al. (2009) also no-
ticed that the SFRs of z ! 2 galaxies tended to be larger
when inferred from 24µm flux and the local luminosity-
dependent templates than the SFR determined using a
fit to the stellar SED (SFR(SED)). They advocated using
the LIR taken from the log-average of the local templates
and argued that this produces SFRs that are in better-
agreement with the SFR(SED). For comparison, we de-
termine the SFR(24µm) using that method (although we
use the CE01 templates, whereas they use the Dale &
Helou 2002 templates), and compare with the SFR(H!)
in the bottom panel of Fig 3.

Clearly the agreement between SFRs is much better
when SFR(24µm) is determined using template averag-
ing method. Given that when using the luminosity de-
pendent templates, most of our galaxies require the most
luminous templates to match the 24µm flux, it suggests
the better agreement between SFRs with the template
averaging method is because it includes numerous lower
luminosity templates in the average. This suggests that
the larger sample of K-selected galaxies, like the BLAST-
detected galaxies, can be described as scaled up versions
of lower luminosity galaxies. Furthermore, it appears
that despite their exceptionally large FIR luminosities,
the cooler SEDs of the BLAST-detected galaxies may be
representative of the larger population of massive galax-
ies at z ! 2.

5. DISCUSSION

5.1. Evidence for ”Scaled Up” Cool Galaxies

It is remarkable that despite an LIR ! 1013 L!, both
of the BLAST-detected z ! 2 galaxies are better fit with
local templates that have PAH features and a cool ”cold”
dust bump. In the local universe, galaxies with LIR

! 1013 L! tend to have both the warmest ”cold” dust
(Tdust ! 10 – 70K, emission peaking in the FIR) and
significant amounts of ”hot” dust (Tdust ! 70 – 500K,
emission peaking in the MIR). Although both of these
dust components can come from deeply embedded star
formation (e.g., Tran et al. 2001), it is thought that the
dominant radiation source in most, if not all local galax-
ies with L ! 1013 L! is an AGN (e.g., Genzel et al. 1998;
Lutz et al. 1998).

By contrast, the best fit templates of the z ! 2 galaxies
are much cooler ULIRG and LIRG templates which are
most frequently associated with star forming galaxies in
the local universe (e.g., Armus 2009). These templates
also tend to have stronger PAH features that are more
prevalent because the ”hot” dust component from the
AGN no longer dominates the MIR emission.

The first claims that IR luminous galaxies at z ! 2
may be scaled up versions of lower luminosity star form-
ing galaxies came from MIR spectroscopic observations
of submillimeter galaxies (SMGs) from Spitzer. Lutz et
al. (2005), Pope et al. (2008), and Menendez-Delmestre
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vs. the SFR(H!) for these galaxies. Galaxies that are
candidates for hosting an AGN from either an X-ray de-
tection, emission-line ratios (Kriek et al. 2007) or for
having a powerlaw SED in the IRAC bands (Muzzin
et al. 2009) are plotted as red symbols (this includes

both BLAST-detected galaxies, see § 5.3). For refer-
ence, the BLAST-detected galaxies are plotted as stars
at their SED-fit SFR(LIR) locations with arrows con-
necting them to their SFR(24µm). Just like the BLAST
sources, the majority of galaxies have a SFR(24µm) that
is systematically larger than the SFR(H!). This suggests
that the local luminosity dependent templates probably
overestimate the IR SFR of the majority of z ! 2 mas-
sive galaxies.

Franx et al. (2008) and Wuyts et al. (2009) also no-
ticed that the SFRs of z ! 2 galaxies tended to be larger
when inferred from 24µm flux and the local luminosity-
dependent templates than the SFR determined using a
fit to the stellar SED (SFR(SED)). They advocated using
the LIR taken from the log-average of the local templates
and argued that this produces SFRs that are in better-
agreement with the SFR(SED). For comparison, we de-
termine the SFR(24µm) using that method (although we
use the CE01 templates, whereas they use the Dale &
Helou 2002 templates), and compare with the SFR(H!)
in the bottom panel of Fig 3.

Clearly the agreement between SFRs is much better
when SFR(24µm) is determined using template averag-
ing method. Given that when using the luminosity de-
pendent templates, most of our galaxies require the most
luminous templates to match the 24µm flux, it suggests
the better agreement between SFRs with the template
averaging method is because it includes numerous lower
luminosity templates in the average. This suggests that
the larger sample of K-selected galaxies, like the BLAST-
detected galaxies, can be described as scaled up versions
of lower luminosity galaxies. Furthermore, it appears
that despite their exceptionally large FIR luminosities,
the cooler SEDs of the BLAST-detected galaxies may be
representative of the larger population of massive galax-
ies at z ! 2.

5. DISCUSSION

5.1. Evidence for ”Scaled Up” Cool Galaxies

It is remarkable that despite an LIR ! 1013 L!, both
of the BLAST-detected z ! 2 galaxies are better fit with
local templates that have PAH features and a cool ”cold”
dust bump. In the local universe, galaxies with LIR

! 1013 L! tend to have both the warmest ”cold” dust
(Tdust ! 10 – 70K, emission peaking in the FIR) and
significant amounts of ”hot” dust (Tdust ! 70 – 500K,
emission peaking in the MIR). Although both of these
dust components can come from deeply embedded star
formation (e.g., Tran et al. 2001), it is thought that the
dominant radiation source in most, if not all local galax-
ies with L ! 1013 L! is an AGN (e.g., Genzel et al. 1998;
Lutz et al. 1998).

By contrast, the best fit templates of the z ! 2 galaxies
are much cooler ULIRG and LIRG templates which are
most frequently associated with star forming galaxies in
the local universe (e.g., Armus 2009). These templates
also tend to have stronger PAH features that are more
prevalent because the ”hot” dust component from the
AGN no longer dominates the MIR emission.

The first claims that IR luminous galaxies at z ! 2
may be scaled up versions of lower luminosity star form-
ing galaxies came from MIR spectroscopic observations
of submillimeter galaxies (SMGs) from Spitzer. Lutz et
al. (2005), Pope et al. (2008), and Menendez-Delmestre

Muzzin et al. (2010)
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Problems
GNIRS z~2.3 galaxy survey

• Photometric properties of parent galaxy sample 
poorly constrained

• Limited area of photometric survey

• Sample biased to the brightest galaxies

• Limited ancillary data
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The NEWFIRM Medium-Band Survey

• 5 custom NIR filters

• ≈ 0.4 square degrees

• FUV-IR photometry

• Δz/(1+z)  ≈ 0.01-0.02

• Images and catalogs 
public

Photometric Catalogs and Redshifts from the NMBS 5

Fig. 3.— The COSMOS K-band image, with a field of view of ! 30 " 30 arcminutes. The background is both uniform and clean with
no significant artifacts within the field that would e!ect the photometry.

Another issue in NIR detectors is persistence images
of bright objects, where the array has not completely
recovered from the previous exposures. To alleviate this
problem, we create a second object mask of the cores
of the brightest objects. These are used to mask the
pixels that contained the brightest objects in the previous
two exposures in the final pass of the reduction. The
detectors also exhibit bias residuals which are constant
along rows. After masking all sources, the residual bias
is removed by subtracting the median of each row in the
individual sky-subtracted frames.
The final major optimization of the image combination

includes weighting the individual sky-subtracted frames
to maximize the signal-to-noise (S/N) ratio (see e.g.,
Labbé et al. 2003; Quadri et al. 2007). This method sub-
stantially improves the final image depth and quality by
assigning weights to the individual frames that take into
account variations in the seeing, sky transparency, back-
ground noise and PSF ellipticity. To optimize the S/N,
the weight is proportional to the square of the flux scale
(scalei) divided by the median sky background (skyi) and
the median size of the seeing disk (FWHMi), penalized
for ellipticity:

newfirm_linearity.pdf

wi =
scale2i

skyi !
FWHM2

i!
1"e2

(2)

3.3. Astrometry

The weighted, sky-subtracted individual frames are
combined into a single mosaic with a pixel scale of 0.3##

pix"1 (resampled from the native NEWFIRM pixel scale
of 0.4## pix"1). The combined NMBS mosaics are aligned
with the CFHT I-band images (see §3.6), with an astro-
metric precision of !0.1## over the entire field of view.
The relative registration between the NMBS and CFHT
images must be precise to allow for accurate colors and
cross-identification of sources.
The initial registration within the code is performed

using a linear transformation in the first pass of the re-
duction. The rms variation in the position of individual
sources is about 0.1–0.2## (0.3–0.7 pixels) in most cases,
but can be as high as "0.5–1## (2–3 pixels) in the corners
of the arrays. We fit the residual distortions with a sec-
ond order polynomial, and combine this fit with the origi-
nal transformation. This combined distortion correction
is then applied to the images, which are registered us-
ing a cubic interpolation. The resulting rms variation in
position of the individual sources in the final combined

COSMOS 

(Scoville et al. 2007)

6 Whitaker et al.

Fig. 4.— The AEGIS K-band image (roughly ! 30" 30 arcminutes), with the inset demonstrating the quality and depth of the data.

images is !0.1!! (0.3 pixels).

3.4. Photometric Calibration

NIR spectro-photometric standard stars from the Cal-
ibration Database System (CALSPEC)15 were observed
in wide five-point dither patterns on photometric nights
in the 2008A semester. All of the other data were directly
tied to the photometric data from 2008A. Synthetic mag-
nitudes of these stars were calculated by integrating their
observed (HST/NICMOS) spectra in the five medium-
bandwidth filters (see Table 2 in van Dokkum et al.
2009). We adopt the mean zero points from these ob-
servations, listed in Table 1. The zero points derived
from these standard stars are remarkably stable, with
variations of !0.02 magnitudes throughout the observ-
ing program.
A Galactic extinction correction has been applied to

the photometry within the catalogs, as estimated from
Schlegel et al. (1998). The corrections ranged from 4.5%
to 0.3% for the u–K photometry in the AEGIS field, with
slightly larger values of 8% to 0.6% in the COSMOS field
due to its lower Galactic latitude.

3.5. Noise Properties

15 http://www.stsci.edu/hst/observatory/cdbs/calspec.
html

The final combined J1, J2, J3, H1, H2 and K images
constructed from the individually registered, distortion-
corrected, weighted averages of all frames are of excellent
quality. The flatness of the background is readily visible
in the final combined K-band images shown in Figures 3
and 4. Furthermore, the relatively deep and wide images
are rich in compact sources. The combined images are
slightly shallower near the edges and center of the image
where there are gaps between the NEWFIRM arrays,
as these areas receive less exposure time in the dither
pattern. This is reflected in the weight maps containing
the total exposure time per pixel. The reduced NMBS
images and weight maps will be made publicly available
through the NOAO archive16.
Well-understood noise properties are important both

for calculating the depths of the final combined images,
as well as measuring accurate photometric uncertainties.
Although the noise properties of the raw images are well
described by the variance of the signal per pixel, the
reduction process introduces correlations between neigh-
boring pixels. Additionally, small errors in the back-
ground subtraction may contribute to the noise.
To estimate the noise, we follow Labbé et al. (2005)

and empirically fit the dependence of the normalized me-

16 http://archive.noao.edu/nsa/

AEGIS

(Davis et al. 2007)
2 Whitaker et al.

Fig. 1.— A region of the COSMOS field (roughly 2’ on a side), shown for a broadband J-filter (left) and a three color image from the
medium-band J1J2J3 filters (right). The red object in the bottom left panel highlights the spectral features that we are able to resolve
within only 0.2µm in wavelength (see inset SED). The J-filters trace out the Balmer/4000Å break with higher resolution than the standard
broadband filters, allowing for an accurate photometric redshift of this quiescent galaxy at z=2.02. The normalized transmission curves of
the filters in the NMBS catalogs are shown in the top panel; the additional COSMOS filters (e.g. the Subaru optical medium-band filters)
are shown in grey-scale behind the five optical filters.

curacies of !!z/(1+zspec) ! 1% for large samples of galax-
ies out to z ! 1. By using medium-bandwidth filters,
these surveys have improved the accuracy of photomet-
ric redshifts by factors of 3–4. Here, we extend the red-
shift range of accurate photometric redshifts out to z ! 3
with the NEWFIRM Medium-Band Survey (NMBS), a
75 night NOAO survey program on the Kitt Peak 4m
telescope.
An outline of the paper follows. We introduce the de-

tails of the NMBS in § 2 and describe the image pro-
cessing and optimization in § 3. The source detection
and photometry are next described in § 4, elaborating on
all of the details involved in extracting the NMBS cata-
logs. In § 4.10, we compare the NMBS catalogs to other
publicly available catalogs within the fields, finding good
agreement. We derive photometric redshifts and rest-
frame colors in § 5 and show that the accurate redshifts
and colors enable us to identify quiescent galaxies out to
z ! 3 in § 6. Finally, we demonstrate the improvements
enabled by the medium-bandwidth filters relative to the
standard broadband filters by comparing the confidence
intervals of the photometric redshifts in § 7. A summary
of the survey can be found in § 8.
We assume a !CDM cosmology with "M=0.3,

""=0.7, and H0=70 km s!1 Mpc!1 throughout the pa-
per. All magnitudes are given in the AB system.

2. THE NEWFIRM MEDIUM-BAND SURVEY

The NMBS employs a new technique of using medium-
bandwidth NIR filters to sample the Balmer/4000Å

break from 1.5 < z < 3.5 at a higher resolution than
the standard broadband NIR filters (van Dokkum et al.
2009), thereby improving hte accuracy of photometric
redshifts. A custom set of five medium bandwidth filters
in the wavelength range of 1–1.8µm were fabricated for
the NEWFIRM camera on the Mayall 4m telescope on
Kitt Peak for the NMBS. The J1-band is similar to the
Y -band, the canonical J-band is split into two filters J2
and J3, and the H-band is split into two filters H1 and
H2 (see the top panel in Figure 1). The full details of the
medium-band filters can be found in van Dokkum et al.
(2009).
Figure 1 demonstrates the power of the medium-band

filters, comparing a traditional J-band image to a three-
color image comprised of the J1J2J3 filters. Although
the wavelength range of the three medium bandwidth J-
filters only covers 0.2µm, the filters are able to resolve
strong spectral features such as Balmer/4000Å breaks or
emission lines. For example, J1J2J3 trace out the 4000Å
break of the massive, quiescent galaxies at z = 2.02
shown in Figure 1. When using the broadband J and
H filters alone, the photometric redshift uncertainty is
!4% in (zNMBS " zbroadband)/(1+ zNMBS), typical of the
inherent uncertainties associated with broadband photo-
metric redshifts. Through sampling the Balmer/4000Å
break region of the spectral energy distributions (SED) of
the galaxies at 1.5 < z < 3.5 with higher resolution, the
uncertainties in the photometric redshifts and rest-frame
colors decreases by about a factor of two (see § 7).

Whitaker et al. (2011)
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Galaxy spectral types at 0.5 < z < 2.0
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Spectral features

Kriek et al. (2011)
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Galaxy properties as a function of 
spectral type at z ≈1.5
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Star formation, metallicities, dust, active galactic nuclei

With GNIRS, FIRE and NIRSPEC
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What have we learned using GNIRS?

• Galaxy population at z ≈ 2.3 is quite diverse

• A red sequence of quiescent galaxies was already in 
place beyond z=2

• Massive quiescent galaxies at z ≈ 2.3 are much 
more compact than their local analogs

• Massive star forming galaxies at z ≈ 2.3 are scaled 
up cool galaxies and have large irregular larger 
morphologies


