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Abstract

Efficient selection of emission line galaxies at z >
∼ 1 by photometric information in wide field surveys

is one of the keys for future spectroscopic surveys to constrain dark energy using the baryon acoustic
oscillation (BAO) signature. Here we estimate the Hα and [O II] line luminosity functions of galaxies at
z = 0.5–1.7 using a novel approach where multi-wavelength imaging data is used to jointly estimate both
photometric redshifts and star-formation rates. These photometric estimates of line luminosities at high-
redshift use the large data sets of the Subaru Deep Field and Subaru XMM-Newton Deep Field (covering
∼ 1 deg2) and are calibrated with the spectroscopic data of the local Sloan Digital Sky Survey galaxies.
The derived luminosity functions (especially Hα) are in reasonable agreement with the past estimates
based on spectroscopic or narrow-band-filter surveys. This dataset is useful for examining the photometric
selection of target galaxies for BAO surveys because of the large cosmological volume covered and the large
number of galaxies with detailed photometric information. We use the sample to derive the photometric
and physical properties of emission line galaxies to assist planning for future spectroscopic BAO surveys.
We also show some examples of photometric selection procedures which can efficiently select these emission
line galaxies.
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1. Introduction

The precise measurements of the cosmological param-
eters in the past decade have shown that we live in a
Universe whose expansion is accelerating (?; ?; ?; ?).
Thishas led to the paradigm of the ΛCDM universe whose
acceleration is caused by a non-zero classical ‘cosmological
constant’ (Λ), equivalent in effect to the energy density of
the vacuum in relativistic quantum mechanics. Although
this simple model is almost perfectly consistent with the
cosmological data obtained so far, the value of Λ is unex-
plained and in fact 10122× smaller than plausible physical
values. These problems have motivate the generalisation
of the accelerating component as a ‘dark energy’. The
dark energy may be energy density of a still unknown
physical field, or modification of the theory of gravity and
spacetime on the cosmological scale may be required. To
reveal the nature of dark energy has the potential to revo-
lutionize our understanding of the universe and fundamen-
tal physics. (See, e.g., ? for a theoretical review.) A key
question is whether the dark energy behaves exactly like

Λ, or something more exotic. These cases can be distin-
guished observationally by higher precision measurements
of the expansion history of the Universe.

One route to this expansion history is by using the
baryon acoustic oscillation (BAO) method which has at-
tracted particular attention in recent years as a promising
new probe of dark energy (?; ?; ?). The BAO scale in
the Universe serves as a ‘standard ruler’ whose length
is determined by the sound horizon at the time of re-
combination and which imprints itself in the clustering of
matter as revealed by the cosmic microwave background
(CMB) at early times and the distribution of galaxies
at later times. Because the BAO scale (# 150 comov-
ing Mpc) is set by straight-forward linear physics in the
early Universe it is relatively robust against astrophysical
uncertainties and can be calibrated by CMB observations
(?). The BAO signatures have already been seen in the
distribution of low-redshift galaxies by the Two Degree
Field Galaxy Redshift Survey (2dFGRS) (?) and Sloan
Digital Sky Survey (SDSS) (?; ?; ?; ?).

A clear next step is to detect BAO at higher redshifts,
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Red Galaxies 1<z<3

2000–2004
They Exist!

Lyman Break selection 
does not suffice.



16 Förster Schreiber et al.

FIG. 4.— Broad-band SEDs of selected Js !Ks ≥ 2.3 objects at 2≤ z≤ 3.5 in the FIRES fields. The panels to the left show SEDs of HDF-S objects and to the
right, SEDs of objects in the MS1054!03 field. The galaxies are sorted by increasing I814 !Ks colour. All SEDs are corrected for Galactic extinction. Thevertical
error bars and the upper limits represent the 1σ uncertainties on the flux measurements or the minimum error of 0.05 mag assumed for the modeling (see § 5.2).
The horizontal error bars indicate the bandpass widths at half the maximum transmission. The best model fits for the two “standard” star formation histories (see
§ 5.1) are overplotted: a constant star formation rate (CSF;black lines) and an exponentially declining star formation rate withτ = 300 Myr (τ300Myr; grey lines).
The best-fitting age and visual extinction AV are given for both models in each panel. The models were computed for a Salpeter IMF between 0.1 and 100 M!,
solar metallicity, and the Calzetti et al. (2000) extinction law.
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“Distant Red Galaxies”

van Dokkum et al. 2006
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FIG. 4.— Correlation between observed J !Ks color and RAB magnitude.
The majority of the galaxies are faint in R and red in J !Ks. Red symbols
denote DRGs with J !Ks > 2.3; blue points denote LBGs with RAB < 25.5.
Red symbols with blue circles fall in both categories. Massive LBGs have
blue near-IR colors and are bright in the observed R band. The inset shows
the optical color distribution of galaxies with R < 25.5. Only ∼ 50% of
optically-bright massive galaxies have the colors of LBGs.

By number, DRGs make up 69% of the sample and LBGs
20%. The DRG and LBG samples do not showmuch overlap:
only 7% of objects fall in both categories. By rest-frame V -
band luminosity DRGs contribute 64% and LBGs 32%. By
mass DRGs contribute 77% and LBGs 17%. Together, the
LBG and DRG techniques identify 82% of massive galaxies
by number and 84% by mass. Most of the remaining galaxies
are optically faint, slightly bluer than the J !Ks = 2.3 limit,
and have redshifts z < 2.5. Approximately 85% of them fall
in the “BzK” selection region (Daddi et al. 2004), which is
optimized for galaxies at 1.4 < z< 2.5. We note that the rel-
atively small fraction of LBGs in the sample is not solely due
to the imposed RAB < 25.5 limit. As shown in the inset of Fig.

4 only ∼ 50% of galaxies with RAB < 25.5 have the rest-UV
colors of LBGs, and this fraction decreases going to fainter R
magnitudes: when no R limit is imposed we find that∼ 1/3 of
the galaxies have the colors of LBGs. The underlying reason
is the broad distribution of β.
It is clear from Fig. 4 that the LBG selection produces very

different samples of massive high redshift galaxies than the
DRG selection. Both samples are biased: LBGs are too blue
and DRGs are too red when compared to the median values of
the full sample. This bias is shown explicitly by the blue and
red histograms in Fig. 2. The Lyman break criteria were de-
signed to find star forming galaxies, but Shapley et al. (2004)
and Adelberger et al. (2005) have argued that they can also
be used to find massive galaxies at high redshift. This is ob-
viously the case, but we find that the colors and M/LV ratios
of massive LBGs are not representative for the full sample of
massive galaxies. Surveys over the full set of optical/near-IR
passbands fromU through K are essential to obtain represen-
tative samples of massive galaxies.
The main uncertainty in this analysis is the reliance on pho-

tometric redshifts. We estimated the effect of this uncertainty
by randomly perturbing the redshifts using a Gaussian distri-
bution with dispersion∆z/(1+z) = 0.12, and repeating the se-
lection and analysis. Despite significant migration of galaxies
in and out of the 2 < z < 3 redshift range the values in Table
1 change by only ∼ 10%. We note, however, that there may
be subtle systematic biases which can have significant effects,
in particular on the derived masses (see, e.g., Shapley et al.
2005). Comprehensive tests of the techniques employed here
and in other studies of infra-red selected samples (e.g., Dick-
inson et al. 2003, Rudnick et al. 2003) are urgently needed,
and will become feasible with the introduction of multi-object
near-IR spectrographs on 8m class telescopes.

We thank the anonymous referee for insightful comments
which improved the manuscript significantly. PGvD acknowl-
edges support fromNSF CAREERAST-0449678. DM is sup-
ported by NASA LTSA NNG04GE12G. EG is supported by
NSF Fellowship AST-0201667. ST is partly supported by the
Danish Natural Research Council.
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Ellipticals: evolution
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Fig. 7.— Mass density functions for subsets of massive galaxies. As described in the text, our stellar mass cut is

set at log10(M/M!) > 10.5. Plot symbols denote the following subsets: quiescent (spectral class 001) galaxies
[diamonds]; morphologically selected (on the basis of position in the A-G plane) early-type galaxies [circles]; and

all galaxies [squares]. The corresponding local stellar mass densities for massive galaxies, taken from the analysis of

SDSS observations given by Bell et al. (2003) and converted to our IMF and mass cut, are also shown. The two points

shown in light gray are taken from DEEP2 survey work presented by Bundy et al. (2006), and from the K20 analysis

published in Fontana et al. (2004)
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Ellipticals: colour evolution
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Fig. 9.— Rest-frame (U − B) color of our sample, plotted as a function of redshift. Galaxies with log10(M/M!) >
10.5 are shown with large symbols. Morphologically classified early-type galaxies are circled. A fraction of the other
red galaxies are massive are highly-reddened star-forming galaxies (Noll et al. 2006). The line shown near the top of

the figure is the evolutionary track of a massive instantaneous starburst forming all of its stars at z = 3. See text for
details.
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GNIRS spectraNo. 2, 2006 SUPPRESSED STAR FORMATION IN z ∼ 2.3 GALAXIES L73

Fig. 1.—NIR spectra (purple symbols) and optical-to-NIR photometry (blue symbols) of the nine galaxies at for which we detected no Ha emission.2.0 ! z ! 2.7
The upper panels show the one-dimensional original spectrum. The “low-resolution” binned spectra (160 per bin) and the photometry are presented in the lowerÅ
panels. All fluxes are given in units of 10!19 ergs s!1 cm!2 !1. Regions with low or variable atmospheric transmission or with strong sky line emission areÅ
indicated in light gray. The best fit to the optical photometry and low-resolution spectrum, allowing all values for , is overplotted in dark gray. The best-fitAV
model parameters are printed in each panel. The corresponding errors are the 68% confidence intervals, derived from 200 Monte Carlo simulations. The values2x
are given per degree of freedom ( ). Models without dust generally provide good fits as well (light gray line) and imply ages that are about a factor ofN p 28deg

2 higher than the listed ages. All galaxies without detected Ha emission are best fitted by evolved stellar population models with low specific SFRs.

this bias to be strong, as the median contribution of the emission
lines to the K band is only 0.04 mag for the 11 emission-line
galaxies. Third, incompleteness may play a role, as we observed
only ∼20% of the galaxies that meet the selection criteria. We
note, however, that according to R-S and K-S tests, our K-
selected sample has a similar distribution of rest-frame U!
colors as the large mass-limited sample (11011 M,) by vanV

Dokkum et al. (2006) when applying the same K-magnitude
cut. Furthermore, the assumption that Ha emission is only due
to star formation may lead us to underestimate the fraction.
Finally, and perhaps most importantly, we may miss star

formation with very high rest-frame optical extinction. Al-
though most local ultraluminous infrared galaxies have high
integrated ( ; Liu & Kennicutt 1995), for˚W W ∼ 90 AHa Ha"[N ii]

some the starburst regions are almost completely obscured (e.g.,
Arp 220 has ), and these objects might be˚W p 18 AHa"[N ii]

misinterpreted in our analysis. Available Spitzer imaging on
DRG samples shows that 30%–50% have no 24 mm counterpart
(Webb et al. 2006; Papovich et al. 2006; Reddy et al. 2006),
and Reddy et al. (2006) find that red galaxies with low Mul-
tiband Photometer for Spitzer (MIPS) fluxes typically have low
specific SFRs. To resolve this issue, it is necessary to combine
our spectra with deep mid-/far-infrared imaging to detect hidden
star formation.
It is interesting to compare our fraction of galaxies with

strongly suppressed star formation to previous studies.15 Our
result is consistent with the fraction found by Labbé et al.
(2005), as they identified three “red and dead” galaxies from
a sample of 11 DRGs in the Hubble Deep Field–South, and

15 The fractions of galaxies with suppressed star formation among DRGs
and K-selected galaxies are similar in our sample.

Kriek et al. (2006)
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Fig. 1.—NIR spectra (purple symbols) and optical-to-NIR photometry (blue symbols) of the nine galaxies at for which we detected no Ha emission.2.0 ! z ! 2.7
The upper panels show the one-dimensional original spectrum. The “low-resolution” binned spectra (160 per bin) and the photometry are presented in the lowerÅ
panels. All fluxes are given in units of 10!19 ergs s!1 cm!2 !1. Regions with low or variable atmospheric transmission or with strong sky line emission areÅ
indicated in light gray. The best fit to the optical photometry and low-resolution spectrum, allowing all values for , is overplotted in dark gray. The best-fitAV
model parameters are printed in each panel. The corresponding errors are the 68% confidence intervals, derived from 200 Monte Carlo simulations. The values2x
are given per degree of freedom ( ). Models without dust generally provide good fits as well (light gray line) and imply ages that are about a factor ofN p 28deg

2 higher than the listed ages. All galaxies without detected Ha emission are best fitted by evolved stellar population models with low specific SFRs.

this bias to be strong, as the median contribution of the emission
lines to the K band is only 0.04 mag for the 11 emission-line
galaxies. Third, incompleteness may play a role, as we observed
only ∼20% of the galaxies that meet the selection criteria. We
note, however, that according to R-S and K-S tests, our K-
selected sample has a similar distribution of rest-frame U!
colors as the large mass-limited sample (11011 M,) by vanV

Dokkum et al. (2006) when applying the same K-magnitude
cut. Furthermore, the assumption that Ha emission is only due
to star formation may lead us to underestimate the fraction.
Finally, and perhaps most importantly, we may miss star

formation with very high rest-frame optical extinction. Al-
though most local ultraluminous infrared galaxies have high
integrated ( ; Liu & Kennicutt 1995), for˚W W ∼ 90 AHa Ha"[N ii]

some the starburst regions are almost completely obscured (e.g.,
Arp 220 has ), and these objects might be˚W p 18 AHa"[N ii]

misinterpreted in our analysis. Available Spitzer imaging on
DRG samples shows that 30%–50% have no 24 mm counterpart
(Webb et al. 2006; Papovich et al. 2006; Reddy et al. 2006),
and Reddy et al. (2006) find that red galaxies with low Mul-
tiband Photometer for Spitzer (MIPS) fluxes typically have low
specific SFRs. To resolve this issue, it is necessary to combine
our spectra with deep mid-/far-infrared imaging to detect hidden
star formation.
It is interesting to compare our fraction of galaxies with

strongly suppressed star formation to previous studies.15 Our
result is consistent with the fraction found by Labbé et al.
(2005), as they identified three “red and dead” galaxies from
a sample of 11 DRGs in the Hubble Deep Field–South, and

15 The fractions of galaxies with suppressed star formation among DRGs
and K-selected galaxies are similar in our sample.



GNIRS spectra - 29h!
An Ultra-Deep Spectrum of a z = 2.2 Galaxy 3

Fig. 3.— The ∼ 29 hrs deep GNIRS spectrum of 1255-0 (black). The spectrum is sampled to bins of 50 Å in observed frame, and
smoothed by a boxcar of 75 Å. The gray shaded background indicates the noise level of the spectrum, with dark being noisier. We omitted
the regions in between the atmospheric windows. Overplotted in green is the best-fit Bruzual & Charlot (2003) SPS model to the spectrum
and optical-IR photometry, assuming a Chabrier (2003) IMF and solar metallicity. This fit corresponds to a stellar mass of 2.3× 1011M!,
an age of 2.1 Gyr, a τ of 0.3 Gyr, a reddening of Av = 0.25 mag, a SFR of 1.9 M!/yr, and a specific SFR of 0.008 Gyr−1. The locations
of possible absorption and emission lines are indicated by the red dashed and blue dotted lines, respectively.

TABLE 1
Observations

Exposure Time Seeing
ID run Date (minutes) (′′)

GS-2005A-Q-20 2005 May 19 85 0.9
2005 May 27 80 1.0
2005 May 30 80 1.0

GS-2006A-C-6 2006 Feb 24 60 0.5
GS-2007A-C-9 2007 Mar 11 360 0.5

2007 Mar 12 330 0.4
2007 Mar 13 340 0.5
2007 Mar 14 390 0.6

over three observing runs in 2005 May, 2006 February,
and in 2007 March. The integration times and average
seeing are given in Table 1. During the first three nights
the conditions were mediocre, with occasional clouds and
an average seeing of 1′′. The weather conditions were
excellent during the last two runs, with clear skies and
an average seeing of 0.5′′.

The galaxy was observed in cross-dispersed mode, in
combination with the 32 lines mm−1 grating, and the
0.′′675 slit. The spectral resolution varies between ∼900
and ∼1050 over the different orders. Observations were

done using an ABA′B′ on-source dither pattern, such
that we can use the average of the previous and fol-
lowing exposures as sky frame (van Dokkum et al. 2004;
Kriek et al. 2006a). Acquisition was done using blind
offsets from nearby stars. Before and after every observ-
ing sequence we observe an AV0 star, for the purpose
of correcting for telluric absorption. The final spectra of
the two stars are combined to match the airmass of the
observing sequence.

A detailed description of the reduction procedure of
GNIRS cross-dispersed spectra is given in Kriek et al.
(2006a). In summary, we subtract the sky, mask cosmic
rays and bad pixels, straighten the spectra, combine the
individual exposures, stitch the orders, and finally cor-
rect for the response function. The different observing
sequences are weighted according to their signal-to-noise
ratio (S/N) when being combined.

A one-dimensional (1D) spectrum is extracted by sum-
ming all adjacent lines (along the spatial direction) with
a mean flux greater than 0.1 times the flux in the central
row, using optimal weighting with S/N. We extract both
a high and low resolution spectrum with 10 Å and 50
Å per bin, respectively. The high resolution spectrum,
which is resampled such that no resolution is lost, is used
for spectral features, while the low resolution spectrum is

Kriek et al. (2009)

2 Kriek et al.

Fig. 1.— NICMOS image of 1255-0. This image is 3.′′8 by 3.′′8,
thus 1′′ corresponds to 8.3 kpc. See van Dokkum et al. (2008)
for detailed information, and for the images of a large sample of
such compact quiescent galaxies at z ∼ 2.3. The galaxy is barely
resolved; most of the visible structure is due to the point spread
function.

etry (e.g., Kriek et al. 2008a; Muzzin et al. 2009). Thus,
it is still unclear how “dead” z > 2 quiescent galaxies
really are. Also, there are no dynamical mass measure-
ments available for quiescent galaxies beyond z = 2.
Consequently, all stellar mass estimates are photometric,
and thus suffer from uncertainties in the derived stel-
lar populations and from assumptions in the metallic-
ity and the initial mass function (IMF). Moreover, spec-
troscopic redshifts are extremely difficult to obtain for
quiescent galaxies without emission lines. Using optical
spectroscopy Cimatti et al. (2008) have derived several
absorption-line redshifts, but due to the relative faintness
of quiescent galaxies in the rest-frame UV these obser-
vations require ∼ 100 hours of integration and result in
incomplete samples. Near-Infrared (NIR) spectroscopy
allows the detection of the “bright” rest-frame optical
continuum emission, but deep spectra are expensive due
to the lack of multiplexing, the bright NIR background,
and strong OH lines. Thus, so far no rest-frame opti-
cal absorption lines have been detected in NIR spectra
of z > 2 quiescent galaxies, and previous redshift de-
terminations rely on the detection of the Balmer and/or
4000 Å break with uncertainties of ∆z/(1 + z) < 0.019
(Kriek et al. 2008a).

In this paper we present a ∼ 29 hrs GNIRS (Elias et al.
2006) spectrum of a compact, quiescent galaxy at z =
2.1865, allowing a detailed study of the stellar population
and the detection of any rest-frame optical emission and
absorption lines. Moreover, it gives us a glance into the
future, as this is the deepest single-slit NIR spectrum
ever taken of a z > 2 galaxy. Throughout the paper we
assume a ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7,
and H0 = 70 km s−1 Mpc−1. All broadband magnitudes
are given in the Vega-based photometric system.

2. TARGET SELECTION AND DATA

The target was chosen from our GNIRS NIR spec-
troscopic survey for massive galaxies at z ∼ 2.3
(Kriek et al. 2008a). All galaxies were originally se-
lected from the Multi-Wavelength Survey by Yale-
Chile (MUSYC), which provides us with deep optical-
IR photometry (Gawiser et al. 2006; Quadri et al. 2007;
Taylor et al. 2009b; Damen et al. 2009; Marchesini et al.

Fig. 2.— Comparison of the broadband photometric rest-
frame UV-NIR SED of 1255-0 (black open squares) with the
full galaxy sample (colored circles) from MUSYC (Quadri et al.
2007; Marchesini et al. 2009). To match the redshift and stellar
mass of 1255-0, we restrict the sample to galaxies in the range
1.9 < zphot < 2.5 and 11.0 < log(M∗/M#) < 11.5. The SEDs are
normalized to unity at 1 µm. The color of each SED reflects the
rest-frame UV flux in the normalized spectrum. Triangles indicate
1σ upper limits. The gray curve represents the best fit SPS model
to the full SED of 1255-0.

2009). These “shallow” spectra (typically ∼3 hrs of in-
tegration, see Kriek et al. 2008a) allowed us to derive
continuum redshifts and classify the galaxies.

We selected 1255-0 from the nine massive quiescent
galaxies presented in Kriek et al. (2006b), because of its
redshift (the optical break falls in the J-band), and its
visibility at the time of our GNIRS run. The galaxy is
not brighter than the other candidates. Also its effective
radius (re) of 0.78 kpc is very similar to the median re

(0.9 kpc) of the other massive, quiescent galaxies in our
sample (see van Dokkum et al. 2008). Figure 1 shows
the NICMOS image of 1255-0. Altogether, this galaxy
seems typical for the general class of quiescent galaxies
at z ∼ 2.3.

We also consider how this galaxy compares to the
general population of massive galaxies at similar red-
shift (including star-forming galaxies). In Figure 2
we compare the rest-frame UV-NIR SEDs of all galax-
ies in the deep MUSYC sample (Quadri et al. 2007;
Marchesini et al. 2009) with comparable redshift and
stellar mass. The redshifts are all photometric, and
derived using EAZY (Brammer et al. 2008). The stel-
lar masses are derived using the code described in the
Appendix, for the Maraston (2005) SPS models, solar
metallicity, the Calzetti et al. (2000) reddening law, and
a Kroupa (2001) IMF. Figure 2 illustrates that 1255-0 is
slightly redder than the average massive galaxy at this
redshift. This is expected given the fact that it was se-
lected to be quiescent.

In total we integrated nearly 29 hours on 1255-0 with
GNIRS (with individual exposures of 10 minutes) divided

NICMOS

Age 1.3–2.2 Gyr
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Fig. 1.— NICMOS Camera 3 Images and the results of our 2D fitting with GALFIT for our

sample of 10 GDDS galaxies with 1.3 < z < 2 and spectra dominated by old stars. The three
columns present the drizzled F160W image, the best fitting model, and the residuals. The
residual images have been scaled by a factor of 10 compared to the data and models to bring

out faint features. The bars at the bottom are one arcsecond in length. The objects shown
are, respectively; from top to bottom: (left) 12-8895, 12-8025, 12-6072, 12-5869, 12-5592,

(right) 22-1983, 22-0189, 15-7543, 15-5005, and 15-4367.

Image     r1/4 model  diff x10   Image     r1/4 model  diff x10

NICMOS
F160W
1.3<z<1.9

GDDS Paper X – Damjanov et al. 2008
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Fig. 1.—HST NIC2 images of the nine spectroscopically confirmed quiescent galaxies from Kriek et al. (2006). Each panel spans 3.8! # 3.8!; north isz 1 2
up, and east is to the left. The small panels below each galaxy show the best-fitting Sérsic 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.

TABLE 1
Structural Parameters

ID z

are

(kpc) ! 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

a Circularized effective radius.

filter using the NIC2 camera on HST, from 2006 June– 2007
June. Two orbits were used for each of the brightest two gal-
axies, and three orbits for each of the remaining seven. Each
orbit was split in two (dithered) exposures. The reduction fol-
lowed the procedures outlined in Bouwens & Illingworth
(2006) and R. Bouwens et al., in preparation. Before combin-
ing, we drizzled the individual exposures to a new grid with
0.0378! pixels to ensure that the point-spread function (PSF)
is well sampled. Images of the nine galaxies are shown in
Figure 1.

Three of the galaxies (1030-1813, 1256-0, and 1256-1967)
were also observed with Keck, using LSG AO 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 imaging data. The Keck images are
shown as insets in Figure 1. They show the same qualitative
features as the NICMOS data.

3. FITTING

Each galaxy was fitted with a Sérsic (1968) radial surface
brightness profile, using the two-dimensional fitting code GAL-
FIT (Peng et al. 2002). The Sérsic 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 created by generating subsampled PSFs with Tiny Tim 6.3
(Krist 1995), shifting them to replicate the location of the gal-
axy on the individual exposures, binning these to the native
NIC2 resolution, 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 param-
eters are indicated in red in Figure 1. The (circularized) effec-
tive radii were transformed to kiloparsecs using kmH p 700

s!1 Mpc!1, , and .Q p 0.3 Q p 0.7m L

van Dokkum et al. (2008) z~2.3  NICMOS + Keck LGSAO
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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 error bars are the quiescent galaxies. Small symbols are SDSS galaxies, with galaxies that are not on the red sequence in lightz ∼ 2.3
gray. The dotted 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.

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
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 un-
certainties. These were assessed by changing the size of the
fitting region, scrambling the subpixel positions of the galaxies,
and changing the drizzle grid.

The Keck images offer an independent test of the reliability
of the fit parameters. Fitting the Keck images with a range of
stellar PSFs (including stars in the field of view) gives results
that are consistent with the NIC2 fits within the listed uncer-
tainties. As an example, for 1030-1813, we find kpc,r p 0.73e

, and from the Keck image. In the follow-n p 1.6 b/a p 0.32
ing, we will use the values derived from the higher signal-to-
noise ratio (S/N) NIC2 images; our conclusions would not
change if we were to use the Keck results for 1030-1813, 1256-
0, and 1256-1967.

4. SIZES AND DENSITIES

The most remarkable aspect of the galaxies is theirz ∼ 2.3
compactness. The circularized effective radii range from 0.5
to 2.4 kpc, and the median is 0.9 kpc. To put this in context,
this is smaller than many bulges of spiral galaxies (including
the bulges of the Milky Way and M31, which have r ≈ 2.5e

kpc; van den Bergh 1999). In the left panel of Figure 2, the
sizes are compared to those of SDSS galaxies. The SDSS data
were taken from the New York University Value-Added Galaxy
Catalog (Blanton et al. 2005) in a narrow redshift range, with
various small corrections (M. Franx et al., in preparation). Dark
gray points are galaxies on the red sequence, here defined as

. Stellar masses for theu ! g p 0.1 log M " (0.6 ! 0.2) z ∼
galaxies were taken from Kriek et al. (2008a) and corrected2.3

to a Kroupa (2001) initial mass function (IMF). The median
mass of the galaxies is M,. The median11z ∼ 2.3 1.7 # 10

of SDSS red sequence galaxies with massesr (1.5–1.9) #e

M, is 5.0 kpc, a factor of ∼6 larger than the median size1110
of the galaxies.z ∼ 2.3

The combination of small sizes and high masses implies very

high densities. The right panel of Figure 2 shows the relation
between stellar density and stellar mass, with density defined
as (i.e., the mean stellar density within3r p 0.5M/[(4/3)pr ]e

the effective radius, assuming a constant stellar mass-to-light
[ ] ratio with radius). The median density of theM/L z ∼ 2.3
galaxies is M, kpc!3 (with a considerable rms scatter103 # 10
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). The most
elongated galaxies are also the ones with the lowest n-values
(the correlation between n and is formally significant at theb/a
199% level9), 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 all ( ) of the quiescent, massive galaxies"0100 %!11

at spectroscopically identified by Kriek et al. (2006)AzS p 2.3
are extremely compact, having a median effective radius of
only 0.9 kpc. This result extends previous work at z ∼ 1.5
(Trujillo et al. 2007; Longhetti et al. 2007; Cimatti et al. 2008)
and confirms other studies at similar redshifts that were based
on photometric redshifts and images of poorer quality (Zirm
et al. 2007; Toft et al. 2007). Our study, together with the
spectroscopy in Kriek et al. (2006) demonstrating that the H-
band light comes from evolved stars, shows that the small
measured sizes of evolved high-redshift galaxies are not caused
by photometric redshift errors, active galactic nuclei, dusty
starbursts, or measurement errors.

It is remarkable that all nine galaxies are so compact; even
the largest galaxy in the sample (HDFS1-1849) is significantly
offset from the relations of red galaxies in the nearby universe
(see Fig. 2). We do not find any galaxy resembling a fully
assembled elliptical or S0 galaxy, which means that such ob-
jects make up less than ∼10% of the population of quiescent
galaxies at . This result effectively rules out simplez ∼ 2.3

9 There is no significant correlation between and n, or between andr re e

.b/a

van Dokkum et al. (2008) z~2.3  NICMOS + Keck LGSAO



Fig. 6.— Effective radius Re as a function of stellar mass for five samples of early-type galaxies in the
redshift range 1.1 < z < 2. Points are color-coded by two redshift ranges (red = z > 1.46, blue = z < 1.46).
Different symbols correspond to different surveys, with triangles denoting re-fitted object from the MUNICS
sample (as in Fig. 5). The size-mass relation for local early-type galaxies in the SDSS is presented with sizes
taken from Bernardi et al. (2003), and matched with masses calculated following Baldry et al. (2008) (black
points). Contours represent linearly spaced regions of constant density of galaxies in size-mass parameter
space. The solid line is the best-fit relation to the data points at redshifts 1.2 < z < 2. Three arrows denote
the effects that 1:1 dry merger (Boylan-Kolchin et al. 2006), adiabatic expansion with 50% mass loss, and
pure size evolution at constant stellar mass would have on the positions of both the least and the most
massive galaxy. See text for details.
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Density comparable to cores of local E’s?







Star’s don’t evolve
(colours, spectra)

Space Density DOES

Size / physical density 
DOES



「一体全体、どういう
わけ？」



Dry mergers – no mass growth?

Pathological IMF evolution?

Errors in age measurements?

Ages < 2 Gyr would help considerably

Rest frame optical spectra (NIR)

N:1 mergers? ‘Nuggets’ are the ‘core’ of local E’s ?

Add lots of energy but no mass. e.g. dwarfs (Hopkins, Bezanson)

‘Hiding mass’ in diffuse haloes at z=0, e.g. BCGs

Non-adiabatic (rapid) expansion (Fan L., et al. 2008)

Wacko CDM models??

Ideas



Part 2

Massive Blue Galaxies – a 
surprise



Observations
• 3/4 GDDS Fields observed for 3.3 h each

• 5’.2 x 5’.2 dithered exposures to cover whole GDDS field

• InfraRed Array Camera (IRAC)
• 3.6, 4.5, 5.8 and 8.0 μm coverage

• Detect masses down to 5 x 108 M⨀ 

http://www.spitzer.caltech.edu/spitzer/index.shtml

• Reduced by Spitzer Post-Doc fellow Haojing Yan with current SSC 
tools

• Improved spatial resolution from 1’’.2/pix to 0’’.6/pix

GDDS Paper XI – Mentuch et al. 
(2009) sub.

http://www.spitzer.caltech.edu/spitzer/index.shtml
http://www.spitzer.caltech.edu/spitzer/index.shtml
http://www.spitzer.caltech.edu/spitzer/index.shtml
http://www.spitzer.caltech.edu/spitzer/index.shtml
http://www.spitzer.caltech.edu/spitzer/index.shtml
http://www.spitzer.caltech.edu/spitzer/index.shtml
http://www.spitzer.caltech.edu/spitzer/index.shtml
http://www.spitzer.caltech.edu/spitzer/index.shtml
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Fig. 6.— SED fit examples for objects (band fluxes shown as red dots) with SFRs > 1M!/yr. The SED (solid black line) is composed of
both a stellar component (red dashed) and a component consisting of a PAH emission template superposed on a modified 850K greybody
(blue dotted line). 10′′postage stamps from Hubble’s ACS [814W], IRAC [3.6µm] and [8.0µm] are shown for each object. The spectral
type (see §2.1) of the galaxy is given in the top left corner showing the excess is seen in star-forming, intermediate and mixed population
galaxies. For reference, λrest = 3 µm is plotted as a red vertical line. The black circles show the 4′′ apertures used to derive our photometry.
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Fig. 6.— SED fit examples for objects (band fluxes shown as red dots) with SFRs > 1M!/yr. The SED (solid black line) is composed of
both a stellar component (red dashed) and a component consisting of a PAH emission template superposed on a modified 850K greybody
(blue dotted line). 10′′postage stamps from Hubble’s ACS [814W], IRAC [3.6µm] and [8.0µm] are shown for each object. The spectral
type (see §2.1) of the galaxy is given in the top left corner showing the excess is seen in star-forming, intermediate and mixed population
galaxies. For reference, λrest = 3 µm is plotted as a red vertical line. The black circles show the 4′′ apertures used to derive our photometry.

Mentuch et al. (2009) submitted

‘L-band excess’
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Fig. 9.— The correlation between the flux ratio of the greybody/PAH component (blue dotted line in Figs. 6-8) to the stellar component
(green dashed line in Figs. 6-8) at 3µm is plotted as a function of the specific star formation rate derived from the O II line. Galaxies are
indicated by spectral types as star-forming (blue stars), evolved (red circles), intermediate (green squares) and mixed (orange circles). The
fit, quantified in Eq. 1, to the distribution is shown as a black solid line.

5.1.2. Reflection nebulae

NIR excesses are commonly seen in the diffuse emission
around visual reflection nebulae (RNae) (Sellgren et al.
1983, 1996). We investigate how many RNae are needed
to contribute to the NIR excess seen in the GDDS galax-
ies. Some of the central massive stars powering visual
RNae (Sellgren et al. 1996) also show NIR excess colors
as plotted as purple stars in Figure 11. For concrete-
ness, we adopt NGC 7023 (d=430 pc) as a reference ob-
ject, and note that in this object the integrated NIR
excess for the star and the nebula are similar in inte-
grated luminosity. The central star of NGC 7023, the
B2e type star HD200755, has an L-band magnitude of
L′ = 3.36 (Sellgren et al. 1996). This leads to an intrin-
sic NIR luminosity of L3.8µm(star) = 8.41 × 1023 W/Å.
Sellgren et al. (1983) measure the intensity of the dif-
fuse nebular region at a number of positions offset from
the central star. The intensity drops off as a func-
tion of distance. To estimate the integrated flux, we
again opt for maximizing the potential contribution of
the excess by choosing the strongest intensity measured
(S3.8 = 20 × 10−20 W/m2/Hz−1/sr) and integrating the
surface brightness over the nebula out to 120′′, where the
surface brightness drops by a factor of 10. We find the
nebular region to have a maximum integrated luminosity
of L3.8µm(nebula) = 9.77 × 1023 W/Å.

NGC 7023 is a special RN as the central star also
exhibits strong NIR excess in addition to the diffuse
NIR excess. However, the amount of integrated NIR
luminosity for the diffuse region is not special for
this source. NGC 2023 and NGC 2068, also relatively
bright nebulae measured in Sellgren et al. (1983), have
similar intrinsic NIR luminosities integrated over their
surfaces of L3.8µm(nebula) = 2.14 × 1024 W/Å and
L3.8µm(nebula) = 5.56 × 1023 W/Å respectively. In
both cases, we used the distance to the Orion Nebula

(d=490pc) and assumed the nebula covered a circle in
the sky of 180′′.

To match the average NIR excesses in GDDS galaxies
of ∼ 1031 W/Å about 107 RN like NGC 7023, NGC 2023
and NGC 2068 would have to populate an average GDDS
galaxy at the time of observation. Given that SFRs range
from 0.05 to 83M#/yr (ie. at most ∼ 20× the SFR of
the Milky Way), this would require a large fraction of the
star-forming mass to be powering RNae for timescales
on the order of 1-10Myr. This is not seen locally, but
could perhaps be a plausible extreme scenario in regions
of dusty starbursting with top-heavy IMFs. Sturm et al.
(2000) show that a scaled spectrum of NGC 7023, the
archetypal RN, matches the spectrum of M82 in the near
to mid-IR, although longer wavelengths require an addi-
tional power law component due to a contribution from
an AGN. We therefore conclude that reflection nebulae
are unlikely to be responsible for much of the observed
NIR excess, but they cannot be completely ruled out.

5.1.3. Post-AGB stars/planetary nebulae

NIR excesses with spectral signatures indicative of
hot (∼ 1000K) continuum emission have been observed
in post-AGB stars (de Ruyter et al. 2006) and plane-
tary nebulae (Phillips & Ramos-Larios 2005). Strong
mass outflows from intermediate initial mass stars
(4 − 8 M#) excites both gas and dust surrounding
the luminous (100 - 1000L#) post-AGB stars for rela-
tively short timescales of 104 yrs (de Ruyter et al. 2006).
Phillips & Ramos-Larios (2005) attribute K-band ex-
cesses found in a range of planetary nebula to photon
heating of very small grains to temperatures on the or-
der of 800 < Tgrain < 1200K. In Figure 11 we plot the
location of several planetary nebula as orange crosses.
In a study of 51 post-AGB stars, de Ruyter et al. (2006)
find that all post-AGB stars contain large IR excesses
with dust excess starting near the sublimation tempera-
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Fig. 1.— VIzKs+IRAC and MIPS photometry from the Gemini Deep Deep Survey normalized at λ = 1.6 µm with the 2-5µm region of
NIR excess highlighted in grey. Plot symbols are keyed to galaxy spectral type, as shown in the legend and described in the text (§2.1). The
blue solid curve is a stellar component model from PEGASE.2 (Fioc & Rocca-Volmerange 1997) for a typical star-forming galaxy (t=200
Myr, Av=0.75). A dusty star-forming galaxy (t=200 Myr, Av=1.5) and evolved galaxy (t=3 Gyr; Av=0.25) are also plotted. The orange
dash-long-dash line represents the model of the galactic cirrus from da Cunha et al. 2008. An 850 K greybody emitter (grey dotted line)
contributes most of the emission of the galactic cirrus dust component at 2-5µm, although the 3.3µm PAH feature (the cyan dot-dashed
curve) has some contribution (< 20% in a given IRAC band). We model the NIR as the sum of these two components in this study. At
longer wavelengths a PAH spectrum (cyan dot-dashed curve) and mid-infrared component (purple dotted curve) comprise the emission of
the galactic cirrus model. The galactic cirrus model and its components have been normalized to the average MIPS flux of the star-forming
galaxies (blue stars) at 9.1µm (the average rest frame wavelength for the star-forming galaxies with MIPS detections).

through an existing GTO-reserved program (Program
ID: 30328; Fazio et al. 2006). Mosaics were created from
the archived Basic Calibration Data (BCD) images us-
ing MOPEX (Final Version 18.2), a more current and
improved post-BCD mosaicing tool of the Spitzer Sci-
ence Center to achieve better background removal and
a spatial resolution of 0.6′′/pixel. The first three short-
exposure BCD figures/images were thrown away to cor-
rect for the IRAC “first-frame effect”. The background
was corrected, for each remaining BCD image, by sub-
tracting the peak of a count histogram of the entire im-
age. The resulting channel 3 and 4 images displayed
noticeable gradients and in addition had to be gradient-
corrected. This gradient correction was not performed
in the deeper GDDS-SA22 field. The resulting BCD im-
ages were background corrected to an AB magnitude ze-
ropoint of 21.85 and drizzle-combined to create the final
post-BCD mosaics.

Objects in the post-BCD IRAC mosaics were detected
by running SExtractor in dual-image mode, where a
weighted-sum of channel 1 and 2 images were used as
the detection image. A Mexhat filter was used instead
of a Gaussian filter to better de-blend and detect ob-
jects in these relatively low resolution, but deep, images.
Magnitudes were then measured in each IRAC band in
4′′ diameter apertures. To extrapolate the total flux of
the galaxy, aperture corrections of 0.317, 0.360, 0.545 and
0.677 mags were applied to channels 1, 2, 3 and 4 respec-
tively (hereafter written as [3.6µm], [4.5µm], [5.8µm],
[8.0µm]).

Source blending from objects on the edge of our
4′′ apertures could potentially add a flux excess. We went

through our sample of 103 galaxies by eye (inspecting
both our ground-based I-band and HST ACS [814W] im-
ages) and flagged any object that has a neighbor within
a 7′′ aperture. We found 15 such objects in total and will
show in §4 that adding these confused sources increases
the scatter in our SED fitting, so we will exclude them
from most analyses. Thus our final sample is comprised
of 88 spectroscopically confirmed galaxies.

2.3. Spitzer 24µm MIPS Photometry

For one of our fields, GDDS-SA22, two 1320 s ex-
posures were observed with Spitzer’s Multiband Imag-
ing Photometer for Spitzer (MIPS; Rieke et al. 2004)
under a GTO reserved program (Program ID: 30328;
Fazio et al. 2006). Our 24µm MIPS imaging was re-
duced using a combination of the Spitzer Science Cen-
ter’s MOPEX post-processing suite and a set of custom
routines developed to better remove background and ar-
tifacts. The source finding and photometry/extraction
pipeline (O’Donnell et al. 2009, in prep.) employed PPP
(Yee 1991), DAOPHOT (Stetson 1987) and additional
routines for calibration. A Monte Carlo technique in
which the theoretical MIPS point-spread function was
scaled, inserted into the science images and retrieved by
the photometry pipeline was used to determine an aper-
ture correction for all sources on the order of ∼ 17% of
the source’s measured band flux.

Because a number of our objects had poor MIPS cor-
relations, we inspected each source by eye to confirm
whether they were in fact counterparts. Source confu-
sion is a problem in some of our objects which we flag in
our analysis. To any objects non-detected we assigned

Mentuch et al. (2009)
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Fig. 10.— J-[3.6µm] color versus SSFR for a sample of nearby
galaxies taken from the SINGS survey (black stars). Rest frame J-
[3.6µm] color for GDDS galaxies are plotted according to spectral
type. The black solid line is the fit to the distribution in Figure 9
quantified in Eq. 1 converted to J-[3.6µm] color by Eq. 2. Evo-
lution of the J-[3.6µm] color as a function of SSFR is shown for
a stellar component galaxy model (τ = 500Myr; Z = Z!) with
extinction as indicated on the figure for Av = 0.25, 1, 2. Observed
J-[3.6µm] colors are redder than model predictions.

ture, irrespective of the effective temperature of the cen-
tral star. They argue that in all systems, gravitationally
bound dusty discs are present. The discs must be puffed-
up to cover a large opening angle for the central star and
we argue that the discs have some similarity with the
passive discs detected around young stellar objects (see
§5.1.4). The dust excesses of post-AGB stars are noted
to be bluer with smaller mid- and far-IR colors compared
to the excesses found around Herbig Ae/Be stars and are
therefore likely more compact (de Ruyter et al. 2006).

It is straightforward to show that the contribution to
the NIR excess from post-AGB stars is not enough to
fully account for the NIR excess seen in the integrated
luminosity of high-z star-forming galaxies. About 10% of
the mass formed in an episode of star formation will be
in stars with masses of 4−8 M! that will enter the post-
AGB phase stage within 200Myr after a instantaneous
burst of star formation (the average burst age output
by our SED modeling is 247Myr). To see a noticeable
contribution from the short-lived AGB stars to the NIR
excess, large-scale and high duty cycle star formation is
required. We find in our SED modeling that the aver-
age amount of mass formed in an instantaneous burst of
star formation is logMburst/M! = 8.5 ± 0.9. In order
to reach luminosities of 1031W/Å, all of the 4 − 8 M!

stars formed in the instantaneous burst would have to
be in the post-AGB phase at the time of observation,
assuming a LNIR = 100 L!. This requires 108.5 M! to
be formed in just 104 years and for all the 4-8M! stars
to enter post-main-sequence evolution at the same time,
an unrealistic scenario since we know turnoff ages for the
masses are larger than 104 years. We also note that due
to the delayed response of the post-AGB phase, we would
not expect the a correlation between NIR excess in AGB
stars and O II luminosity (the SFR indicator traces the

most massive population).

5.1.4. Protostellar/protoplanetary circumstellar disks in
star forming regions

A number of observations (e.g. Haisch et al.
2000; Maercker & Burton 2005; Maercker et al.
2006; Longmore et al. 2007) suggest that protostel-
lar/protoplanetary disks in star-forming regions are
attractive candidates for the NIR excess. From Fig-
ure 11, the largest L-band excesses are due to excesses
seen in massive stars (> 20 M!) in massive star-forming
regions, leading to excesses of up to 10-100L!. Proto-
stellar/protoplanetary disks are proving ubiquitous in
regions of high star-formation, and the inner puffed up
rims of circumstellar disks are predicted to be heated
to temperatures high enough to produce prominent
spectral bumps which peak at 2− 3µm.

The taxonomy used to describe such systems has grown
rather large, encompassing various classes, stages and
groups, and the reader interested in the terminology used
to describe young disks is referred to the ‘diskionary’
presented by Evans et al. (2009)). For present pur-
poses it suffices to consider whether the IR excess we
have detected could be due to any class (or classes) of
protostellar/protoplanetary disks in a general sense, al-
though for the sake of concreteness we will base much
of our discussion on the flared disk model presented by
Dullemond et al. (2001). In this particular model, the
inner part of the disk is removed out to a radius of the
dust evaporation temperature (Tevap = 1500K). Unlike
the top and bottom surfaces of the flared disk which re-
ceive radiation from the star at a grazing angle, the in-
ner edge of the disk receives radiation face-on and has
a large covering fraction of the central star. The result
is a disk that is substantially heated to temperatures up
to Tevap and the disk becomes puffed up, increasing the
surface area of the inner rim and the NIR emission (see
Dullemond et al. 2001 for schematic diagrams).

We once again refer the reader to Figure 11 for a sum-
mary of the local observations. The figure presents a
number of data points showing the colors of young stel-
lar objects (YSOs) in NGC 2024 (Haisch et al. 2000), a
young (0.3Myr; Meyer 1996) massive star-forming re-
gion in the Orion molecular cloud (OMC). Haisch et al.
(2000) conclude that ≥ 86± 8% of NGC 2024’s members
exhibit NIR excesses due to protostellar/protoplanetary
disks as indicated by their JHKL colors. These excesses
are seen down to quite low stellar masses, further sug-
gesting that disks form around the majority of the stars.
From their sample of 328 pre-main-sequence stars, 45
objects exhibit extremely red excesses of K − L ≥ 1.5.
They attribute these to being Class I protostars, but an-
other possible scenario we present is that the excess NIR
emission could be from disks around the more massive
objects.

Moving beyond the OMC to 30 Doradus in the
LMC and other large star-forming complexes in our
own galaxy, Maercker & Burton (2005), Maercker et al.
(2006) and Longmore et al. (2007) have studied IR-
excess objects using photometry obtained in K, L and
the IRAC bands. These points are also shown in Fig-
ure 11. Objects that have L-band IR-excesses are plotted
using red symbols, while those without excesses are plot-
ted as black symbols. The non-IR excess objects roughly
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Fig. 11.— JHLVega color-color plot synthesizing local candidates for the NIR excess. Stars classified with infrared excess - above the
excess expected from extinction - due to circumstellar disks are indicated in red. A range of masses from NGC 2024 (Haisch et al. 2000) in
the OMC are plotted as open stars. Massive O-stars in the 30 Dor starburst from Maercker & Burton (2005) are plotted as circles as well
as O, B stars from starforming regions are plotted from NGC 3576 and G305 (Maercker et al. 2006; Longmore et al. 2007). We also plot
the NIR photometry of visual reflection nebula from Sellgren et al. (1996) (purple stars), planetary nebula (orange crosses) from Hora et al.
(2004) and post-AGB stars (blue asterisks) from de Ruyter et al. (2006). Many of these objects likely have circumstellar dust disks as well.
Also plotted in green are β Pic and Vega, evolved A stars with circumstellar disks, for reference.

follow a linear trend expected due to extinction through
the line of sight of the molecular clouds they are em-
bedded in. IR-excess objects in the Maercker & Burton
(2005) andMaercker et al. (2006) papers show a striking
divide from typical reddening to IR-excess with a shift
of ! 1 mag redder in L-band. This is likely because they
are only reaching the more massive stars in the clusters
(! 25 M! for 30 Dor and ! 10 M! for NGC 3576) and
in agreement with the model of Dullemond et al. (2001)
this would lead to the largest L-band excess. In the OMC
sample from Haisch et al. (2000), the L-band excess ob-
jects are classified based on their NIR colors, however, it
is apparent that there is a smooth transition away from
the reddening locus, indicative of a NIR excess that in-
creases with stellar mass also in agreement with the disk
model of Dullemond et al. (2001).

Can the NIR excess due to emission from the inner
puffed up rims of circumstellar disks provide enough
excess flux to account for the excess seen in the inte-
grated light of galaxies? Dullemond et al. (2001) calcu-
late the NIR excess fluxes due to disks to be LNIR =
(310, 8, 0.1, 0.0035) L!, for stars of spectral types B2,
A0, G2 and M2, luminosities of L = (1000, 500, 1, 0.5)L!

and masses of M = (10, 4, 1, 0.4)M!. Using the results
of their Table 1, the NIR excess due to the flared disk is
related to the mass of the star by

LNIR(M) = 0.0865 L!

(

M

M!

)3.48

. (3)

We can integrate this over the IMF to figure out the
total luminosity excess in the NIR for a given amount
of mass formed during a period of star formation. Us-
ing the Baldry & Glazebrook (2003) IMF, we find the
NIR excess due to circumstellar disks is (L/M)NIR,disks =

500 L!/M!. While this seems like a high light-to-mass
ratio, it is in fact very typical for very young " 1 Myr
star-forming regions, which output high IR luminosities.

We can then estimate the total NIR excess luminosity
density at 3µm for a galaxy forming stars at a rate of
SFR as:

LNIR(SFR)disk = 500 L!/M!

(

SFR

M!/yr

) (

texcess

yr

)

.

(4)

The cluster disk fraction drops drastically from > 80% at
t < 1 Myr to < 10% by t ∼ 5 Myr (Maercker & Burton
2005; Maercker et al. 2006) so texcess = 1 Myr is a good
order of magnitude estimate for the timescale of cir-
cumstellar disks. We plot this simple linear relation-
ship along with the distribution of GDDS data points
in Figure 12. The overall normalization of the model
is remarkably consistent with the data points. We con-
clude that circumstellar disks with a puffed up inner rim
can contribute enough NIR luminosity to be seen over the
stellar component of a galaxy and these objects may well
be responsible for the NIR excess seen in our high-redshift
sample.

We emphasize that the model presented is very sim-
ple and rather crude. Changing the viewing angle of the
disks would lead to changes in the excess, and the rele-
vant timescales may well be shorter than 1 Myr for the
most massive stars providing the bulk of the light. And
although we integrate the IMF down to 0.1M!, the ac-
tual contribution from stars with M < 20 M! to the NIR
excess luminosity is only∼ 1% of the total NIR excess lu-
minosity for a Baldry & Glazebrook (2003) IMF, so we
are really only seeing light from disks around massive
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Fig. 12.— The luminosity density of the greybody/PAH compo-
nent in the fits from Figs. 6 to 8 as a function of the star formation
rate derived from the O II line. The black solid line is a weighted
fit to the data presented in Eq. 5. The dashed green line is the lu-
minosity density expected from a NIR excess due to circumstellar
disks (that last for 1Myr) in massive star forming regions, assum-
ing a simple model that scales linearly with the SFR (see Eq. 4 in
§5.1.4). The total luminosity of this model matches the galaxy’s
total luminosity in the NIR, although the linear scaling with the
SFR is not a good representation of the correlation.

young stars. In fact, at this point we can only assume
that disks around massive stars imply the presence of
disks around lower mass stars, and of course it is around
the latter that we would expect timescales to be long
enough for planets to form.

Given the simplicity of the assumptions in our toy
model, the order of magnitude agreement with the data
seems rather striking. Nevertheless, the slope of the line
presented in Figure 12 is clearly somewhat steeper than
the data, which we find is best fit by the following power
law:

LNIR(SFR)obs = 2.62±0.15×1031 W/Å

(

SFR

M!/yr

)0.351±0.076

.

(5)
Any number of physical differences in these galaxies
could lead to a flattening of the slope of this simple
model, such as variations in metalliticity, IMF or red-
dening. For example, a heavier IMF would result in a
high NIR excess since the fraction of the most massive
stars which have the highest excesses would be greater.
Alternatively lower metallicity might also lead to smaller
NIR excess for a given galaxy if the density of grains or
molecules which cause the excess is smaller. Another
possibility is that the optical measure of the SFR upon
which this diagram has been constructed may have been
over-estimated, due to incorrect dust corrections which
impact the most actively star-forming galaxies more than
they do the quiescent galaxies. In any case, the impor-
tant point is that if the IR excess is indeed due to a
population of circumstellar/protostellar/protoplanetary
disks, modeling the data shown in Figure 12 as a func-
tion of these input parameters presents us with an op-
portunity to determine the rate at which disks form in

high-redshift galaxies as a function of basic observables,
such as a galaxy’s global metallicity.

5.2. Implications and speculations

From all of the possible NIR excess candidates seen lo-
cally, we find that circumstellar disks are the most likely
candidates for the observed NIR excess. Our simple con-
version of a star formation rate to a total NIR luminosity
using locally calibrated disk timescales and intrinsic lu-
minosities agree with the total integrated NIR luminosity
excess measured in the GDDS sample of high-z galaxies.
All other candidates require unrealistic abundances or
extremely high duty cycle star formation.

5.2.1. Cosmic Evolution of Planet Formation

If the presence of disks around massive young stars
can be extrapolated to lower mass systems, then mea-
surements of the NIR excess provide us with a chance to
explore protoplanetary/protostellar disk formation in a
galactic context, opening up a wide range of interesting
studies. The most exciting from a cosmological stand-
point might be the measurement of the volume-averaged
cosmic evolution of planet formation. In Figure 10, we
find that the excess seen in the local sample of nearby
galaxies from SINGS shows slightly lower NIR excesses
compared to the GDDS sample (at least for the low
specific star forming galaxies). Does this suggest that
galaxies at z ∼ 1 − 2, an epoch when our own solar sys-
tem formed, were forming more massive disks or longer
lasting disks than seen locally? Additionally this fig-
ure suggests there is less scatter in the SINGS sample
than the GDDS sample, modeling the relation with a
steeper slope. Do nearby galaxies produce roughly the
same amount of disk material for a given SFR? What
evolutionary effects, if any, are leading to the scatter seen
at high-z?

5.2.2. Disk signatures and timescales in nearby galaxies

We find that disks around massive stars are the most
likely candidates for the NIR excess emission detected in
our high-z galaxies. If this is correct, then in resolved
regions of star formation in nearby galaxies one would
expect that the excess in the NIR should be correlated
with the usual visible wavelength indicators for star for-
mation (e.g. O II and Hα flux) and may also be corre-
lated with longer wavelength signatures of disks. Like the
NIR excess, the visible wavelength indicators only probe
the most massive populations which are relatively short-
lived (! 1Myr). Disk timescales around low mass stars
are longer and there is some indication of disk cooling as
a function of age, so extending some of these ideas to fea-
tures at longer wavelengths may prove useful, as would
resolved studies over extended areas of nearby galaxies.
Can the ratios of NIR, PAH, and mid-IR excesses be
used to probe the spatially resolved circumstellar disk
formation history of a galaxy?

5.2.3. Far-IR disk signatures in high-z galaxies

Disks have even higher flux densities in the mid-IR
to far-IR. Have we already seen the signature of disks
in distant galaxies? Studies of sub-mm galaxies with
the Balloon-borne Large Aperture Sub-millimeter Tele-
scope (BLAST) have revealed that the cold dust compo-
nent of a galaxy has a hotter blackbody temperature and
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Fig. 5.— Ratios of the observed band fluxes to the best-fitting SED band fluxes for each galaxy in the sample, each blueshifted to
the rest frame wavelength. In both plots, we flag objects with possible contamination in the IRAC channels due to source confusion as
thin open circles. Top: The model SED fits are to the optical (VIz’K) and Spitzer/IRAC [3.6 µm] and [4.0 µm] bands to a stellar SED
model. Bottom: An additional greybody/PAH component is added to the SED model as described in §3 and SEDs are fit again using
all VIz’K+IRAC bands (with reasonable detections). The two component SED model qualitatively fits the data much better, except for
the objects with known contamination from source blending in the IRAC channels (thin open circles). We exclude these objects in all
subsequent analysis and plots.

number of fitted parameters exceeds the number of data
points. This is a very common occurrence in broadband
photometry SED fitting (e.g. Glazebrook et al. 2004),
the consequence of which is that output model param-
eters are expected to be strongly correlated, and inter-
pretation of statistical significance is mainly based on
Monte Carlo simulations. We calculate errors and assess
the statistical significance of fit improvements by refit-
ting the photometry to randomized versions of the single
best-fit SED model.

We compare χ2
reduced values from least-square fits to

both sets of models. We fit the stellar component model
two times, once with the inclusion of the two longer IRAC
channels, and once with the [5.8µm] and [8.0µm] bands
excluded. We then fit the optical and all IRAC chan-
nels to the two component model. The lowest quality
SED fits are when all IRAC channels are fit to a stellar
component SED model (median χ2

reduced = 2.69). The
highest quality fits are to the two component model (me-
dian χ2

reduced = 1.73), which are just slightly better than
the fits to the stellar model excluding the two longer
IRAC channels (median χ2

reduced = 1.96). Thus, the ad-
ditional component improves the ensemble quality of fit
by ∼ 50%, which our Monte Carlo simulations indicate is

far above the nominal improvement expected from addi-
tional free parameters when fitting to an underlying SED
with no excess flux.

4.5. Model consistency with MIPS photometry

Almost half (40/88) of our subset of GDDS objects
with spectroscopic redshifts are found in the GDDS-SA22
field, for which archival MIPS data are available. Since
MIPS data were not incorporated into any of our fits,
any post-facto agreement between the MIPS observations
and our model strongly supports the central idea of the
NIR excess being due to a scaled galactic cirrus model.
The MIPS band probes rest frame 8-12µm. Looking
back at Figure 1, the galactic cirrus is dominated by
additional thermal components than those which con-
tribute to the NIR excess. Thus we compare the MIPS
band fluxes with the total galactic cirrus SED (orange
dot-dashed curve in Figure 1) and use the normalization
of the component derived from our two component spec-
tral fitting.

All non-detected (25/40) objects in the GDDS-SA22
field are consistent with the predicted 24µm fluxes (<
70 µJy) from the additional greybody/PAH component.
Only 15 out of the 40 objects are detected at 24µm with
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Fig. 8.— SED fit examples for objects with MIPS detections are plotted in the first three rows. The measured MIPS fluxes are in

agreement with those fluxes predicted by the stellar + galactic cirrus two component model. ACS [814W], IRAC [3.6µm] and MIPS
[24 µm] postage stamps, 10 ′′ wide, are shown with the IRAC and optical apertures. We do not plot apertures on the MIPS figure which are
measured as described in §2.3. SED lines are same as Figure 6, except now the 24µm flux is plotted as a purple square and the wavelength
range has been extended to include the MIPS datapoint.


