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Survey	  Overview

• Two-‐orbit	  visits	  	  4⨉	  [140W	  (800s)	  +	  G141	  (4700s)]	  exposures

• 124	  +	  28	  (GOODS-‐N,	  B.	  Weiner)	  poinWngs	  covering	  625	  arcmin2	  	  

• ACS	  F814W	  +	  G800L	  parallels
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Extrac0ng	  &	  Fi5ng	  Spectra

• The	  slitless	  configuraWon	  typically	  requires	  modeling	  galaxy	  
spectra	  in	  2D,	  both	  for	  the	  morphology	  of	  the	  objects	  
themselves	  and	  for	  contaminaSon	  from	  nearby	  objects.
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Figure 1. Three-color images of the UDS lens + arc system. Panels a) and

b) are made from ACS F606W (blue), F814W (green) and WFC3 F125W

(red). Panels c) and d) are made from ACS F814W (blue), WFC3 F125W

(green), and F160W (red). All images are PSF-matched to F160W. The band-

dependent galfit model of the foreground lens galaxy is subtracted from

the right panels. The object lensed into the cusp arc is composed of two

primary clumps, “a” and “b,” and the conjugate image positions are shown in

panel b). The conjugate images of an additional lensed object, “x,” at z � 2.3
(Cooray et al. 2011) are also indicated in panel b).

vided by the CANDELS team (Koekemoer et al. 2011).

Three-color combinations of the CANDELS images are

shown in Figure 1. The arc is very blue through the observed

optical and F125W bands, with the UV slope � = �1.7± 0.2
( f� ⌅ ⇤�

) determined from the two ACS bands (⇤rest =2100–

2800Å). The arc becomes surprisingly red when the F160W

band is included; Cooray et al. (2011) hypothesized that the

red F125W�F160W color is caused by a very strong red-

shifted [O III] emission line that dominates the flux in the

redder band, similar to the extreme equivalent-width galax-

ies discovered photometrically by van der Wel et al. (2011).

In addition to the HST observations, we extract photometry of

the arc from CFHT-LS ugriz and UKIDSS/UDS JHK imag-

ing following Cooray et al. (2011) and removing the roughly

symmetric lens galaxy by subtracting a flipped version of the

ground-based images.

SL2SJ02176-0513 was observed with the WFC3 G141

grism on 2011 December 21 as part of the 3D-HST survey.

The spectrum was reduced as described in detail by Brammer

et al. (2012). The remarkable G141 spectrum of the lens sys-

tem is shown in Figure 2. The most obvious feature is the

presence of strong emission lines of [O III]⇤4959+5007, H�,

and H⇥ (potentially blended with [O III]⇤4363), explaining

the colors seen in Figure 1 and confirming the prediction of

Cooray et al. (2011). All of the observed emission lines are

extended, showing the same morphology as the UV (ACS)

continuum. The emission lines prove unequivocally that the

arc and counter image lie at the same redshift.

The SL2SJ02176-0513 system is a bright MIPS 24µm

source
9

with a total flux of 0.565 mJy. The 24µm source is

offset from the lens galaxy and centered on the arc. From a

simultaneous fit (see Labbé et al. 2006) of the 24µm contribu-

tions from the arc, the lens, and the additional z = 2.3 lensed

galaxy to the north, we find that the arc contributes 85% of
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Figure 2. Two-dimensional slitless WFC3/G141 spectrum of the UDS lens +

arc system from 3D-HST. Top: The combined spectrum of the z = 0.656 lens

galaxy and the arc. The dispersion axis lies roughly along the arc resulting in

a clean separation of the arc and lens but also in overlapping emission lines.

Middle: The modeled line+continuum two-dimensional spectrum. The G141

spectrum is cut off at the edge of the 3D-HST pointing; the pixelated structure

at �1.45µm is the result of the dither pattern. Bottom: Residuals of the lens

+ arc model fit.

the 24µm flux, or 0.476±0.025 mJy.

3. ANALYSIS

3.1. Lens magnification
Below we determine physical properties of SL2SJ02176-

0513 integrated over the full arc, which is composed of three

magnified images of the source (Figure 1). To estimate an

upper limit on the true physical scales of the source, we con-

sider the brightness and size of the faint counter image op-

posite of the arc. We determine a brightness ratio µ⌥ = 25

between the integrated arc and the counter image. The mag-

nification of the counter image, µ�
, is ⇤1.4 given the lens

model parameters of Cooray et al. (2011). The counter im-

age, which includes both clumps resolved in the arc, has⇧
µ� · re = 1.4 pix = 0.��04 = 350 pc, re ⇤ 300 pc in the ACS

images.

3.2. Modeling the grism spectrum
In order to extract quantities from the grism spectrum, we

generate and fit a model of the two-dimensional spectrum that

essentially convolves an arbitrary one-dimensional spectrum

with an assumed object morphology given the grism disper-

sion configuration files provided by STScI. To model the con-

tribution of the lens to the flux at the location of the arc,

we adopt as the lens morphology an analytical Sersic profile

with parameters determined by running galfit (Peng et al.

2002) on the 3D-HST F140W image. For the arc, we adopt

the observed (lens-subtracted) F140W morphology and a one-

dimensional spectrum that consists of a Z = 0.008 Bruzual &

Charlot (2003) single stellar population model for the contin-

uum and individual emission lines.

The model is fit to the observed spectrum with parameters

optimized by the emceeMarkov Chain Monte-Carlo sampler

(Foreman-Mackey et al. 2012), where the free parameters are

1) a spatial shift and a spectral scaling to improve the subtrac-

tion of the lens, 2) the redshift of the arc, 3) the age, stellar

f λ
λ
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arc system from 3D-HST. Top: The combined spectrum of the z = 0.656 lens

galaxy and the arc. The dispersion axis lies roughly along the arc resulting in

a clean separation of the arc and lens but also in overlapping emission lines.

Middle: The modeled line+continuum two-dimensional spectrum. The G141

spectrum is cut off at the edge of the 3D-HST pointing; the pixelated structure

at �1.45µm is the result of the dither pattern. Bottom: Residuals of the lens

+ arc model fit.

the 24µm flux, or 0.476±0.025 mJy.

3. ANALYSIS

3.1. Lens magnification
Below we determine physical properties of SL2SJ02176-

0513 integrated over the full arc, which is composed of three

magnified images of the source (Figure 1). To estimate an

upper limit on the true physical scales of the source, we con-

sider the brightness and size of the faint counter image op-

posite of the arc. We determine a brightness ratio µ⌥ = 25

between the integrated arc and the counter image. The mag-

nification of the counter image, µ�
, is ⇤1.4 given the lens

model parameters of Cooray et al. (2011). The counter im-

age, which includes both clumps resolved in the arc, has⇧
µ� · re = 1.4 pix = 0.��04 = 350 pc, re ⇤ 300 pc in the ACS

images.

3.2. Modeling the grism spectrum
In order to extract quantities from the grism spectrum, we

generate and fit a model of the two-dimensional spectrum that

essentially convolves an arbitrary one-dimensional spectrum

with an assumed object morphology given the grism disper-

sion configuration files provided by STScI. To model the con-

tribution of the lens to the flux at the location of the arc,

we adopt as the lens morphology an analytical Sersic profile

with parameters determined by running galfit (Peng et al.

2002) on the 3D-HST F140W image. For the arc, we adopt

the observed (lens-subtracted) F140W morphology and a one-

dimensional spectrum that consists of a Z = 0.008 Bruzual &

Charlot (2003) single stellar population model for the contin-

uum and individual emission lines.

The model is fit to the observed spectrum with parameters

optimized by the emceeMarkov Chain Monte-Carlo sampler

(Foreman-Mackey et al. 2012), where the free parameters are

1) a spatial shift and a spectral scaling to improve the subtrac-

tion of the lens, 2) the redshift of the arc, 3) the age, stellar
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Middle: The modeled line+continuum two-dimensional spectrum. The G141

spectrum is cut off at the edge of the 3D-HST pointing; the pixelated structure

at �1.45µm is the result of the dither pattern. Bottom: Residuals of the lens

+ arc model fit.

the 24µm flux, or 0.476±0.025 mJy.

3. ANALYSIS

3.1. Lens magnification
Below we determine physical properties of SL2SJ02176-

0513 integrated over the full arc, which is composed of three

magnified images of the source (Figure 1). To estimate an

upper limit on the true physical scales of the source, we con-

sider the brightness and size of the faint counter image op-

posite of the arc. We determine a brightness ratio µ⌥ = 25

between the integrated arc and the counter image. The mag-

nification of the counter image, µ�
, is ⇤1.4 given the lens

model parameters of Cooray et al. (2011). The counter im-

age, which includes both clumps resolved in the arc, has⇧
µ� · re = 1.4 pix = 0.��04 = 350 pc, re ⇤ 300 pc in the ACS

images.

3.2. Modeling the grism spectrum
In order to extract quantities from the grism spectrum, we

generate and fit a model of the two-dimensional spectrum that

essentially convolves an arbitrary one-dimensional spectrum

with an assumed object morphology given the grism disper-

sion configuration files provided by STScI. To model the con-

tribution of the lens to the flux at the location of the arc,

we adopt as the lens morphology an analytical Sersic profile

with parameters determined by running galfit (Peng et al.

2002) on the 3D-HST F140W image. For the arc, we adopt

the observed (lens-subtracted) F140W morphology and a one-

dimensional spectrum that consists of a Z = 0.008 Bruzual &

Charlot (2003) single stellar population model for the contin-

uum and individual emission lines.

The model is fit to the observed spectrum with parameters

optimized by the emceeMarkov Chain Monte-Carlo sampler

(Foreman-Mackey et al. 2012), where the free parameters are

1) a spatial shift and a spectral scaling to improve the subtrac-

tion of the lens, 2) the redshift of the arc, 3) the age, stellar

f λ
λ
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• Finding	  and	  idenWfying	  faint	  lines	  greatly	  aided	  by	  constraints	  

from	  ancillary	  photometry	  (e.g.,	  CANDELS,	  Skelton+2014)
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Sensi0vity

• WFIRST	  con$nuum	  
sensi3vity	  will	  be	  lower	  
due	  to	  higher	  spectral	  
resolu3on

• 5σ	  @	  H140=23.2

• Line	  sensi3vity	  ⨉1.5—2	  
deeper	  than	  baseline	  
WFIRST	  HLS

• 5σ	  @	  5⨉10-‐17	  erg/s/cm2
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Figure 7. Simulations of G141 spectra to evaluate the 3D-HST continuum (top panels) and emission-line (bottom panels) sensitivities. The input spectrum for each of
13,000 simulated galaxies is a flat continuum (fλ) and a single (narrow) emission line at 1.3 µm with equivalent width 130 Å. The left panels show how the continuum
(per 92 Å resolution element) and line S/N varies with continuum magnitude and integrated line flux, respectively. The additional panels show how the S/N depends
specifically on higher-order properties of individual galaxies: half-light radius, background level, and morphological concentration, defined as the ratio of the radii
containing 50% and 90% of the flux in the direct image (SExtractor flux_radius; the indicated range of C corresponds roughly to Sersic profiles with n = 4 and
n = 1 from left to right). In all of the panels, the S/N dependence on the properties other than the one plotted on the ordinal axis have been divided out, i.e., cuts in a
five-dimensional plane, S/N = f (S, R50, Bkg., C). The shaded gray bands in the second panels indicate R50 typical of point sources for 0.′′06 pixels. The solid red
lines in the center two panels indicate a dependence of δS/N ∝ 1/

√
x.

(A color version of this figure is available in the online journal.)

levels are consistent with those predicted by the WFC3 Exposure
Time Calculator (ETC). The angle of the bright Earth limb can
vary within an orbit, and the two grism exposures taken within
an orbit can have background levels that differ by as much
as 50% (Appendix B) and also different background structure
(Section 3.2.2).

We evaluate the effective continuum and emission-line sensi-
tivities of 3D-HST using a suite of simulations that is tied closely
to the observed F140W direct and G141 grism exposures. We
use a custom developed software package modeled closely after
the aXeSIM package (Kümmel et al. 2009) to generate a 2D
model spectrum based on (1) the spatial distribution of flux as
determined in the F140W direct image and (2) an assumed input
(1D) spectrum, normalized to the F140W flux. The 2D grism
spectrum is then determined uniquely by the grism configura-
tion files provided by STScI that specify how the flux in a given
pixel of the direct image is dispersed into the spectrum of the
grism image. These scripts will be described in more detail and
released to the community in a subsequent publication; for a
simple spectral model of a flat continuum, they produce nearly
identical results to aXeSIM and the aXe fluxcube.

The primary advantage of the custom software is that we can
easily modify the full input spectrum used to generate the model:
here we assume a simple continuum, flat in units of fλ, combined
with a single emission line at 1.3 µm (i.e., Hα at z = 1). The
emission line has a fixed equivalent width of (arbitrarily) 130 Å,
observed frame, and the overall normalization of the spectrum
(and thus the integrated line flux) is set to the flux_auto flux
measured by SExtractor on the F140W image. The result is
very much like the aXe “fluxcube” model shown in Figure 6;

however, each modeled spectrum has the same line+continuum
shape. We add realistic noise to the simulation using the
WFC3/IR noise model in the error extension of the flt images,
which includes terms for the Poisson error of the source counts
and the read noise and dark current of the WFC3 IR detector.17

Thus, the simulations fully account for noise variations as
a function of background level across all of the available
pointings, and, most importantly, for the true distribution of
source morphologies as a function of brightness within the
3D-HST survey. There are approximately 13,000 objects in the
simulation.

After computing the full grism image models, we extract
individual spectra with the standard optimal extraction weight-
ing (Horne 1986) and measure the median continuum signal-
to-noise ratio (S/N) between 1.4 and 1.6 µm, averaged over
a typical G141 resolution element of 92 Å. The emission-
line strengths are extracted using the technique described in
Section 4.2, and uncertainties on the line fluxes are determined
with an MCMC fit of the line + continuum template combina-
tion. Thus, the continuum and line S/N is measured in a very
similar way as is done in the analysis of the observed spectra.
Because of the optimal weighting in the spectral extraction, the
effective “aperture” of the extraction is likely somewhat larger
(and variable) compared to the 1 × 3 pixel extraction window
used by the WFC3 ETC.

The result of these simulations is shown in Figure 7. The
continuum and emission-line S/N depends, clearly, on the

17 The simulations do not, however, account for the effects of drizzling, which
tends to smooth out some of the apparent noise because the pixel errors tend to
be correlated (e.g., Casertano et al. 2000).
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Å
−

1 ] L4:L4.5f) m140 = 22.3)

))

) )

Figure 14. 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 by the
red and orange 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 = 4.656 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 0.3–8 µm 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 S/N, none of these objects are “serendipitous” detections: that 3D-HST provides high-quality near-IR spectra of
a wide variety of classes of objects is the very essence of the survey.
(A color version of this figure is available in the online journal.)

much of the science that will be enabled by a large HST near-
IR imaging program. In a discussion that is by no means
exhaustive, we describe below some of the science questions
that require both high-resolution imaging and the unique spectra
that currently only 3D-HST can provide.

5.1. What Causes Galaxies to Stop Forming Stars?

In the low-redshift universe many galaxies are observed to be
quiescent, with current SFRs only ∼1% of their past average

(e.g., Pasquali et al. 2006). These quiescent galaxies tend to
be massive early-type galaxies, forming the “red sequence” in
the color–mass distribution of galaxies. Recent work has shown
that at z ∼ 2 many massive galaxies (M ! 1011 M!) exhibit
spectacularly high SFRs of hundreds of solar masses per year,
whereas others were already quiescent, particularly those that
are extremely compact for their mass (Kriek et al. 2006; van
Dokkum et al. 2008; Brammer et al. 2009). Active galactic
nucleus (AGN) feedback is a possible mechanism to suppress
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Å
−

1 ] b) z = 4.656, m140 = 21.9

Mg II

C II Ne IV

11000 12000 13000 14000 15000 16000
λ

0

1

2

3

f λ
[1

0−
18

er
g

s−
1

cm
−

2
Å
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Figure 14. 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 by the
red and orange 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 = 4.656 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 0.3–8 µm 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 S/N, none of these objects are “serendipitous” detections: that 3D-HST provides high-quality near-IR spectra of
a wide variety of classes of objects is the very essence of the survey.
(A color version of this figure is available in the online journal.)

much of the science that will be enabled by a large HST near-
IR imaging program. In a discussion that is by no means
exhaustive, we describe below some of the science questions
that require both high-resolution imaging and the unique spectra
that currently only 3D-HST can provide.

5.1. What Causes Galaxies to Stop Forming Stars?

In the low-redshift universe many galaxies are observed to be
quiescent, with current SFRs only ∼1% of their past average

(e.g., Pasquali et al. 2006). These quiescent galaxies tend to
be massive early-type galaxies, forming the “red sequence” in
the color–mass distribution of galaxies. Recent work has shown
that at z ∼ 2 many massive galaxies (M ! 1011 M!) exhibit
spectacularly high SFRs of hundreds of solar masses per year,
whereas others were already quiescent, particularly those that
are extremely compact for their mass (Kriek et al. 2006; van
Dokkum et al. 2008; Brammer et al. 2009). Active galactic
nucleus (AGN) feedback is a possible mechanism to suppress
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Science:	  Hα	  maps	  at	  HST	  spa,al	  resolu,on

17

Wuyts+2013,	  see	  also	  Nelson+2012,2013
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Science:	  Absorp,on	  line	  spectra
• Near-‐IR	  ConWnuum	  sensiWvity	  difficult/impossible	  to	  achieve	  

from	  the	  ground	  for	  N	  >	  few	  samples

18

Stack:	  Whitaker+2013

Individual:	  
van	  Dokkum	  &	  Brammer	  (2010)



Science:	  Popula,on	  studies

• E.g.,	  evoluWon	  of	  Milky	  Way	  progenitors	  (number-‐density	  selected)
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Stack:	  Whitaker+2013

van	  Dokkum+2013,	  Patel+2013



Simula0ng	  WFIRST	  (see	  also	  poster	  by	  J.	  Colbert)

20



Summary
• Grism	  surveys	  like	  3D-‐HST	  offer	  highly	  complete	  spectroscopic	  

resource	  for	  galaxy	  evoluWon	  studies	  

• ExisWng	  HST	  grism	  surveys	  can	  tell	  a	  lot	  about	  what	  WFIRST	  will	  see	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
e.g.,	  Hα,	  [OIII]λλ4959+5007,	  [OII]λ3727	  luminosity	  funcWons

• Grism	  data	  analysis	  will	  be	  challenging	  for	  WFIRST,	  criWcal	  for	  
achieving	  all	  of	  R.	  Abraham’s	  goals	  “for	  free”

• Ongoing	  development	  moWvated	  by	  HST	  surveys	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(wide:3D-‐HST,WISPS,	  deep:FIGS/Malhotra,	  lensing	  clusters:GLASS/Treu)
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