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Why slitless spectroscopy?

• Wide-field slitless surveys at z=1-2: 

• Large, uniform, ~unbiased samples 

• Spatially-resolved line diagnostics @ HST resolution 

• Δ z/(1+z) ~ 0.003: large scale structure & stacking 

• Spectroscopic constraints at cosmic dawn 

• Promising future prospects
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0.0

0.2

0.4

0.6

Th
ro

ug
hp

ut

G80
0L

G80
0L

F8
14

W

G141G141
G102G102

F1
40

W

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
zline

Ha
Hb / [OIII]

[OII]

NEAR-INFRARED SPECTROSCOPIC SURVEY  
WITH THE HUBBLE SPACE TELESCOPE

ACS specs:
• 2-4 orbit coverage
• 0.55 to 1.0 um
• 40 A/pix

WFC3 specs
• 2 orbit coverage
• 1.1 to 1.65 um
• 46.5 A/pix

WFC3ACS

Brammer et al., 2012
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WITH THE HUBBLE SPACE TELESCOPE

mosaics: F140W 3D-HST



GOODS-S catalog, photometric redshifts, F140W 
< 24.
N ~ 5,000 objects

RedshiftSkelton et al., 2014



Momcheva et al., 2015

GOODS-S catalog, grism+photometry redshifts, 
F140W < 24.
N ~ 5,000 objects

Redshift
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Automated extraction enables 
robust quantitative measurements 
for 10s of thousands of galaxies 

30 Momcheva, Brammer, van Dokkum et al.
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Figure 25. Overview of ⇠ 40,000 3D-HST G141 grism spectra with H160 < 25. Each pixel row shown is the median of 100 individual 1D spectra sorted by
redshift and shifted to the rest frame; ticks on the right axis mark every 1000 galaxies, and tick labels on the left axis indicate the corresponding redshift. Each
spectrum is normalized by the object’s JH140 flux. Absorption and emission lines that move through the G141 passband at different redshifts are indicated.

Figure 26. Same as Fig. 25, but using photometric redshifts rather than grism redshifts to order the spectra. The differences between this Figure and Fig. 25
graphically illustrate the improvement in the redshift accuracy when going from photometric redshifts to grism redshifts.
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Highly complete spectroscopic coverage 
allows detailed study of correlation and 

evolution of galaxy properties

Hα EW ~ sSFR

The 3D-HST Survey 31
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Figure 27. Same as Fig. 25 but split by emission line properties and only showing galaxies with z > 0.605. Galaxies in the left panel have at least one emission
line with a S/N ratio greater than 3. Galaxies in the right panel have a relatively bright magnitude limit (H160 < 23) and no detected emission lines with a S/N
ratio greater than 2. As in Fig. 25 each tickmark on the right vertical axis corresponds to 1000 spectra. The survey contains > 2000 spectra of relatively bright
quiescent galaxies.
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Figure 28. As Fig. 25 but with objects sorted by M⇤ (left panel) and continuum dust extinction (AV , right panel), both determined from stellar population
synthesis fits to the broad band photometry. Here galaxies with a range of redshifts contribute to each row, providing rest-frame spectra from 3300–8000 Å. There
are clear trends: higher mass galaxies have weaker emission lines and stronger absorption lines, and galaxies with higher continuum extinction have stronger
Balmer decrements (see text).
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CANDELS+3D-HST: 
High-z SDSS
• >200,000 catalog entries 
• 147 different bands, including 

available medium and narrow bands 
• few % phot_z’s 
• EAZY photometric z’s 
• FAST SFR, M*, sSFR, Av, tau, age 
• Morphological parameters 
• Rest-frame colors 

• Grism spectra for ~20,000 objects to 
F140W<24. (~10^5 to F140W<26.) 

• Grism + photometry redshifts, dz/
(1+z) ~0.003 

• Emission line fluxes, EQW

Skelton et al., 2014

Momcheva et al., 2015

http://3dhst.astro.yale.edu 
https://archive.stsci.edu/prepds/3d-hst/



Science Highlights



The Bimodality of Galaxy Populations
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Where do stars form?

Cosmic Star Formation 

0.7<z<1.5: ~33% of all 
cosmic star formation 

Nelson et al. (2012)



Where do stars form?
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Where do stars form?

• Look at stacks on, above and below 
the star-forming sequence 

• Elevated (suppressed) at all radii above 
(below) the SF sequence 

• e.g., no evidence for central 
starbursts

Nelson et al., 201510 Nelson et al.
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FIG. 8.—We investigate the spatial distribution of star formation in galaxies
across the SFR(UV+IR)-M∗ plane. To do this, we stack the Hα maps of
galaxies on the star forming sequence main sequence (black) and compare
to the spatial distribution of Hα in galaxies above (blue) and below (red)
the main sequence. The parent sample is shown in gray. The fractions of
the total parent sample above the Hα flux and extraction magnitude limit are
listed at the bottom in gray. As expected, we are significantly less complete at
low masses, below the main sequence. About one third of selected galaxies
are thrown out of the stacks due to contamination of their spectra by other
sources in the field. Of the galaxies above the flux and extraction limits, the
fractions remaining as part of the the final selection are listed and shown in
blue/black/red and respectively.

et al. 2007; Daddi et al. 2007; Salim et al. 2007; Damen et al.
2009; Magdis et al. 2010; González et al. 2010; Karim et al.
2011; Huang et al. 2012; Whitaker et al. 2012, 2014)

5.1. Definition of the Star Forming Main Sequence
We define the star forming sequence according to the results

of Whitaker et al. (2014), interpolated to z = 1. The slope
of the relation between SFR and M∗ decreases with M∗, as
predicted from galaxy growth rates derived from the evolution
of the stellar mass function (Leja et al. 2015), reflecting the
decreased efficiency of stellar mass growth at low and high
masses. Whitaker et al. (2014) find that the observed scatter
is a constant σ = 0.34 dex with both redshift and M∗.
We investigate where ‘normal’ star-forming galaxies were

forming their stars at this epoch by determining the radial
distribution of Hα in galaxies on the main sequence. We
elucidate how star formation is enhanced and suppressed in
galaxies by determining where star formation is "added" in
galaxies above the main sequence and "subtracted" in galax-
ies below the main sequence. To determine where star for-
mation is occurring in galaxies in these different regions of
the SFR-M∗ plane, we stack Hα maps as a function of mass
and SFR. We define the main sequence as galaxies with SFRs
±1.2σ = ±0.4 dex from the Whitaker et al. (2014) main se-
quence line at z ∼ 1. Specifically, we consider galaxies ‘be-
low’, ‘on’, or ‘above’ the star forming main sequence to be
the regions [-0.8,-0.4]dex, [-0.4,+0.4]dex, or [+0.4,+1.2]dex
with respect to the main sequence line in the SFR-M∗ plane.
To define these regions consistently we normalize the SFRs
of all galaxies to z∼ 1 using the redshift evolution of the nor-
malization of the star forming sequence from Whitaker et al.

(2012). These definitions are shown pictorially by Fig. 8 in
red, black, and blue respectively. We imposed the +1.2 dex
upper limit above the main sequence so the stacks wouldn’t
be dominated by a single, very bright galaxy. We impose
the -0.8 dex due to the Hα flux-driven completeness limit.
Fig. 8 also shows which galaxies were actually used in the
stacks. Our broad band magnitude extraction limit and Hα
flux limit manifest themselves as incompleteness primarily at
low masses and SFRs as reflected in the gray numbers and
filled symbols.
We adopted this ±1.2σ definition of the main sequence to

enable us to probe the top and bottom 10% of star formers and
ferret out differences between galaxies growing very rapidly,
very slowly, and those growing relatively normally. Accord-
ing to our definition (±1.2σ), the ‘Main Sequence’ accounts
for the vast majority of galaxy growth. It encompasses 80%
of UVJ star-forming galaxies and 76% of star formation. The
star forming main sequence is defined by the running median
star formation rate of galaxies as a function of mass. The def-
inition is nearly identical when the mode is used instead, indi-
cating that it defines the most common rate of growth. While
we left 20% of star-forming galaxies to probe the extremes of
rapid and slow growth, only 7% of these galaxies live above
the main sequence and nearly double that, 13%, live below
it. This is a manifestation of the fact that the distribution of
star formation rates at a given mass is skewed toward low star
formation rates. Counting galaxies, however, understates the
importance of galaxies above the main sequence to galaxy
evolution because they are building stellar mass so rapidly.
Considering instead the contribution to the total star forma-
tion budget at this epoch, galaxies above the main sequence
account for> 20% of star formation while galaxies below the
main sequenceonly account for < 3%.

5.2. Results
One of the primary results of this paper is shown in Fig. 9:

the radial distribution of Hα on, above and below the star
forming main sequence. Above the main sequence, Hα is el-
evated at all radii. Below the main sequence, Hα is depressed
at all radii. The profiles are remarkably similar above, on, and
below the main sequence – a phenomenon that can be referred
to as ‘coherent star formation’, in the sense that the offsets in
the star formation rate are spatially-coherent. As shown in
and Fig. 10, the offset is roughly a factor of 2 and nearly in-
dependent of radius: at r < 2 kpc the mean offset is a factor
of 2.2, at 3 < r < 5 kpc it is a factor of 2.1. Above the main
sequence at the highest masses where we have the signal-to-
noise to trace the Hα to large radii, we can see that the Hα
remains enhanced by a factor of! 2 even beyond 10 kpc. The
most robust conclusion we can draw from the radial profiles
of Hα is that star formation from ∼ 2− 6 kpc is enhanced in
galaxies above the main sequence and suppressed in galaxies
below the main sequence (but see § 7.4 for further discussion).
We emphasize that the SFRs used in this paper were derived

from UV+IR emission, These star formation rate indicators
are measured independently from the Hα flux. Thus, it is not
a priori clear that the Hα emission is enhanced or depressed
for galaxies above or below the star formingmain sequence as
derived from the UV+IR emission. The fact that it is implies
that the scatter in the star forming sequence is real and caused
by variations in the star formation rate (see § 7.4).
In the middle panels of Fig. 9 we show the radial profiles of

HF140W emission as a function of M∗ above, on, and below
the star forming main sequence. As expected, we find that

16 Nelson et al.
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FIG. 13.— Radial surface brightness profiles of SFR, M∗, and their ratio sSFR as a function of M∗ and SFR. The colors delineate position with respect to the
star forming ‘main sequence’: above (blue), on (black), and below (red). SFR and M∗ profiles are Hα and HF140W profiles scaled to the total SFR(UV+IR) and
M∗with all the caveats described in §8.1. Out to distances as great as 8 kpc from the galactic center, star formation is enhanced in galaxies above and depressed in
galaxies below the star forming main sequence. This is also true of the specific star formation rate. In general, the radial distribution of M∗ is similar on, above,
and below the main sequence on average. It becomes slightly more centrally concentrated in galaxies above and below the main sequence at the highest masses,
as shown in Fig. 14. There are two take home messages from this figure: 1. The star formation rate, on average, is always the highest in the centers of galaxies.
2. The radial distribution of star formation depends more strongly on M∗ than SFR at fixed mass (a galaxy’s position with respect to the main sequence).

fainter below but the underlying mass profiles are fairly sim-
ilar at all SFRs (although see next section for a discussion of
the highest masses). On the other hand, the dust attenuation
increases with increasing SFR at fixed mass. Acting in con-
cert, dust and age mean that the EW(Hα) profiles shown in
the bottom panels of Fig. 9 likely underestimate the true dif-
ference in sSFR above, on, and below the main sequence. In
the bottom panels of Fig. 13 the trends in sSFR are enhanced
after accounting for dust and age.
The most robust conclusion we can draw about the radial

distribution of star formation, an inferred quantity, is that star
formation in the disk between 2 − 6 kpc is enhanced above
the main sequence and suppressed below the main sequence.
This, in turn, has several important implications.
First, our results constrain the importance of AGN emis-

sion above the main sequence. One possibility is that galax-
ies above the star forming main sequence are there because
the bright UV+IR emission of an AGN was incorrectly inter-
preted as star formation. In this case, the Hα emission would

be elevated in the center but the same as on the main sequence
throughout the rest of the disk. This, however, is not what we
observe: the Hα in the disk from 2-6 kpc is elevated, mean-
ing that galaxies are not only above the main sequence due to
misinterpreted AGN.
Second, because Hα is an independent indicator of star for-

mation, the fact that it is enhanced at all radii confirms that
the scatter in the main sequence is real and due to variations
in the star formation rate at fixed mass. If the observed main
sequence scatter were due exclusively to measurement errors
in the UV+IR SFRs, the Hα should not be enhanced or de-
pressed in concert, but it is.
Third, the profiles provide information on the importance

of mergers and galaxy encounters “pushing” galaxies above
the main sequence. It is well established that interaction-
driven gravitational torques can funnel gas to the center of
a galaxy inducing a burst of star formation (e.g., Hernquist
1989; Barnes & Hernquist 1991, 1996; Mihos & Hernquist
1996). However, in idealized merger simulations, Moreno

16 Nelson et al.
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fainter below but the underlying mass profiles are fairly sim-
ilar at all SFRs (although see next section for a discussion of
the highest masses). On the other hand, the dust attenuation
increases with increasing SFR at fixed mass. Acting in con-
cert, dust and age mean that the EW(Hα) profiles shown in
the bottom panels of Fig. 9 likely underestimate the true dif-
ference in sSFR above, on, and below the main sequence. In
the bottom panels of Fig. 13 the trends in sSFR are enhanced
after accounting for dust and age.
The most robust conclusion we can draw about the radial

distribution of star formation, an inferred quantity, is that star
formation in the disk between 2 − 6 kpc is enhanced above
the main sequence and suppressed below the main sequence.
This, in turn, has several important implications.
First, our results constrain the importance of AGN emis-

sion above the main sequence. One possibility is that galax-
ies above the star forming main sequence are there because
the bright UV+IR emission of an AGN was incorrectly inter-
preted as star formation. In this case, the Hα emission would

be elevated in the center but the same as on the main sequence
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Where do stars form?

• Look at stacks on, above and below 
the star-forming sequence 

• Elevated (suppressed) at all radii above 
(below) the SF sequence 

• e.g., no evidence for central 
starbursts

Nelson et al., 201510 Nelson et al.
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FIG. 8.—We investigate the spatial distribution of star formation in galaxies
across the SFR(UV+IR)-M∗ plane. To do this, we stack the Hα maps of
galaxies on the star forming sequence main sequence (black) and compare
to the spatial distribution of Hα in galaxies above (blue) and below (red)
the main sequence. The parent sample is shown in gray. The fractions of
the total parent sample above the Hα flux and extraction magnitude limit are
listed at the bottom in gray. As expected, we are significantly less complete at
low masses, below the main sequence. About one third of selected galaxies
are thrown out of the stacks due to contamination of their spectra by other
sources in the field. Of the galaxies above the flux and extraction limits, the
fractions remaining as part of the the final selection are listed and shown in
blue/black/red and respectively.

et al. 2007; Daddi et al. 2007; Salim et al. 2007; Damen et al.
2009; Magdis et al. 2010; González et al. 2010; Karim et al.
2011; Huang et al. 2012; Whitaker et al. 2012, 2014)

5.1. Definition of the Star Forming Main Sequence
We define the star forming sequence according to the results

of Whitaker et al. (2014), interpolated to z = 1. The slope
of the relation between SFR and M∗ decreases with M∗, as
predicted from galaxy growth rates derived from the evolution
of the stellar mass function (Leja et al. 2015), reflecting the
decreased efficiency of stellar mass growth at low and high
masses. Whitaker et al. (2014) find that the observed scatter
is a constant σ = 0.34 dex with both redshift and M∗.
We investigate where ‘normal’ star-forming galaxies were

forming their stars at this epoch by determining the radial
distribution of Hα in galaxies on the main sequence. We
elucidate how star formation is enhanced and suppressed in
galaxies by determining where star formation is "added" in
galaxies above the main sequence and "subtracted" in galax-
ies below the main sequence. To determine where star for-
mation is occurring in galaxies in these different regions of
the SFR-M∗ plane, we stack Hα maps as a function of mass
and SFR. We define the main sequence as galaxies with SFRs
±1.2σ = ±0.4 dex from the Whitaker et al. (2014) main se-
quence line at z ∼ 1. Specifically, we consider galaxies ‘be-
low’, ‘on’, or ‘above’ the star forming main sequence to be
the regions [-0.8,-0.4]dex, [-0.4,+0.4]dex, or [+0.4,+1.2]dex
with respect to the main sequence line in the SFR-M∗ plane.
To define these regions consistently we normalize the SFRs
of all galaxies to z∼ 1 using the redshift evolution of the nor-
malization of the star forming sequence from Whitaker et al.

(2012). These definitions are shown pictorially by Fig. 8 in
red, black, and blue respectively. We imposed the +1.2 dex
upper limit above the main sequence so the stacks wouldn’t
be dominated by a single, very bright galaxy. We impose
the -0.8 dex due to the Hα flux-driven completeness limit.
Fig. 8 also shows which galaxies were actually used in the
stacks. Our broad band magnitude extraction limit and Hα
flux limit manifest themselves as incompleteness primarily at
low masses and SFRs as reflected in the gray numbers and
filled symbols.
We adopted this ±1.2σ definition of the main sequence to

enable us to probe the top and bottom 10% of star formers and
ferret out differences between galaxies growing very rapidly,
very slowly, and those growing relatively normally. Accord-
ing to our definition (±1.2σ), the ‘Main Sequence’ accounts
for the vast majority of galaxy growth. It encompasses 80%
of UVJ star-forming galaxies and 76% of star formation. The
star forming main sequence is defined by the running median
star formation rate of galaxies as a function of mass. The def-
inition is nearly identical when the mode is used instead, indi-
cating that it defines the most common rate of growth. While
we left 20% of star-forming galaxies to probe the extremes of
rapid and slow growth, only 7% of these galaxies live above
the main sequence and nearly double that, 13%, live below
it. This is a manifestation of the fact that the distribution of
star formation rates at a given mass is skewed toward low star
formation rates. Counting galaxies, however, understates the
importance of galaxies above the main sequence to galaxy
evolution because they are building stellar mass so rapidly.
Considering instead the contribution to the total star forma-
tion budget at this epoch, galaxies above the main sequence
account for> 20% of star formation while galaxies below the
main sequenceonly account for < 3%.

5.2. Results
One of the primary results of this paper is shown in Fig. 9:

the radial distribution of Hα on, above and below the star
forming main sequence. Above the main sequence, Hα is el-
evated at all radii. Below the main sequence, Hα is depressed
at all radii. The profiles are remarkably similar above, on, and
below the main sequence – a phenomenon that can be referred
to as ‘coherent star formation’, in the sense that the offsets in
the star formation rate are spatially-coherent. As shown in
and Fig. 10, the offset is roughly a factor of 2 and nearly in-
dependent of radius: at r < 2 kpc the mean offset is a factor
of 2.2, at 3 < r < 5 kpc it is a factor of 2.1. Above the main
sequence at the highest masses where we have the signal-to-
noise to trace the Hα to large radii, we can see that the Hα
remains enhanced by a factor of! 2 even beyond 10 kpc. The
most robust conclusion we can draw from the radial profiles
of Hα is that star formation from ∼ 2− 6 kpc is enhanced in
galaxies above the main sequence and suppressed in galaxies
below the main sequence (but see § 7.4 for further discussion).
We emphasize that the SFRs used in this paper were derived

from UV+IR emission, These star formation rate indicators
are measured independently from the Hα flux. Thus, it is not
a priori clear that the Hα emission is enhanced or depressed
for galaxies above or below the star formingmain sequence as
derived from the UV+IR emission. The fact that it is implies
that the scatter in the star forming sequence is real and caused
by variations in the star formation rate (see § 7.4).
In the middle panels of Fig. 9 we show the radial profiles of

HF140W emission as a function of M∗ above, on, and below
the star forming main sequence. As expected, we find that
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star forming ‘main sequence’: above (blue), on (black), and below (red). SFR and M∗ profiles are Hα and HF140W profiles scaled to the total SFR(UV+IR) and
M∗with all the caveats described in §8.1. Out to distances as great as 8 kpc from the galactic center, star formation is enhanced in galaxies above and depressed in
galaxies below the star forming main sequence. This is also true of the specific star formation rate. In general, the radial distribution of M∗ is similar on, above,
and below the main sequence on average. It becomes slightly more centrally concentrated in galaxies above and below the main sequence at the highest masses,
as shown in Fig. 14. There are two take home messages from this figure: 1. The star formation rate, on average, is always the highest in the centers of galaxies.
2. The radial distribution of star formation depends more strongly on M∗ than SFR at fixed mass (a galaxy’s position with respect to the main sequence).

fainter below but the underlying mass profiles are fairly sim-
ilar at all SFRs (although see next section for a discussion of
the highest masses). On the other hand, the dust attenuation
increases with increasing SFR at fixed mass. Acting in con-
cert, dust and age mean that the EW(Hα) profiles shown in
the bottom panels of Fig. 9 likely underestimate the true dif-
ference in sSFR above, on, and below the main sequence. In
the bottom panels of Fig. 13 the trends in sSFR are enhanced
after accounting for dust and age.
The most robust conclusion we can draw about the radial

distribution of star formation, an inferred quantity, is that star
formation in the disk between 2 − 6 kpc is enhanced above
the main sequence and suppressed below the main sequence.
This, in turn, has several important implications.
First, our results constrain the importance of AGN emis-

sion above the main sequence. One possibility is that galax-
ies above the star forming main sequence are there because
the bright UV+IR emission of an AGN was incorrectly inter-
preted as star formation. In this case, the Hα emission would

be elevated in the center but the same as on the main sequence
throughout the rest of the disk. This, however, is not what we
observe: the Hα in the disk from 2-6 kpc is elevated, mean-
ing that galaxies are not only above the main sequence due to
misinterpreted AGN.
Second, because Hα is an independent indicator of star for-

mation, the fact that it is enhanced at all radii confirms that
the scatter in the main sequence is real and due to variations
in the star formation rate at fixed mass. If the observed main
sequence scatter were due exclusively to measurement errors
in the UV+IR SFRs, the Hα should not be enhanced or de-
pressed in concert, but it is.
Third, the profiles provide information on the importance

of mergers and galaxy encounters “pushing” galaxies above
the main sequence. It is well established that interaction-
driven gravitational torques can funnel gas to the center of
a galaxy inducing a burst of star formation (e.g., Hernquist
1989; Barnes & Hernquist 1991, 1996; Mihos & Hernquist
1996). However, in idealized merger simulations, Moreno
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as shown in Fig. 14. There are two take home messages from this figure: 1. The star formation rate, on average, is always the highest in the centers of galaxies.
2. The radial distribution of star formation depends more strongly on M∗ than SFR at fixed mass (a galaxy’s position with respect to the main sequence).

fainter below but the underlying mass profiles are fairly sim-
ilar at all SFRs (although see next section for a discussion of
the highest masses). On the other hand, the dust attenuation
increases with increasing SFR at fixed mass. Acting in con-
cert, dust and age mean that the EW(Hα) profiles shown in
the bottom panels of Fig. 9 likely underestimate the true dif-
ference in sSFR above, on, and below the main sequence. In
the bottom panels of Fig. 13 the trends in sSFR are enhanced
after accounting for dust and age.
The most robust conclusion we can draw about the radial

distribution of star formation, an inferred quantity, is that star
formation in the disk between 2 − 6 kpc is enhanced above
the main sequence and suppressed below the main sequence.
This, in turn, has several important implications.
First, our results constrain the importance of AGN emis-

sion above the main sequence. One possibility is that galax-
ies above the star forming main sequence are there because
the bright UV+IR emission of an AGN was incorrectly inter-
preted as star formation. In this case, the Hα emission would

be elevated in the center but the same as on the main sequence
throughout the rest of the disk. This, however, is not what we
observe: the Hα in the disk from 2-6 kpc is elevated, mean-
ing that galaxies are not only above the main sequence due to
misinterpreted AGN.
Second, because Hα is an independent indicator of star for-

mation, the fact that it is enhanced at all radii confirms that
the scatter in the main sequence is real and due to variations
in the star formation rate at fixed mass. If the observed main
sequence scatter were due exclusively to measurement errors
in the UV+IR SFRs, the Hα should not be enhanced or de-
pressed in concert, but it is.
Third, the profiles provide information on the importance

of mergers and galaxy encounters “pushing” galaxies above
the main sequence. It is well established that interaction-
driven gravitational torques can funnel gas to the center of
a galaxy inducing a burst of star formation (e.g., Hernquist
1989; Barnes & Hernquist 1991, 1996; Mihos & Hernquist
1996). However, in idealized merger simulations, Moreno
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Where do stars form?

• Look at stacks on, above and below 
the star-forming sequence 

• Elevated (suppressed) at all radii above 
(below) the SF sequence 
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FIG. 8.—We investigate the spatial distribution of star formation in galaxies
across the SFR(UV+IR)-M∗ plane. To do this, we stack the Hα maps of
galaxies on the star forming sequence main sequence (black) and compare
to the spatial distribution of Hα in galaxies above (blue) and below (red)
the main sequence. The parent sample is shown in gray. The fractions of
the total parent sample above the Hα flux and extraction magnitude limit are
listed at the bottom in gray. As expected, we are significantly less complete at
low masses, below the main sequence. About one third of selected galaxies
are thrown out of the stacks due to contamination of their spectra by other
sources in the field. Of the galaxies above the flux and extraction limits, the
fractions remaining as part of the the final selection are listed and shown in
blue/black/red and respectively.

et al. 2007; Daddi et al. 2007; Salim et al. 2007; Damen et al.
2009; Magdis et al. 2010; González et al. 2010; Karim et al.
2011; Huang et al. 2012; Whitaker et al. 2012, 2014)

5.1. Definition of the Star Forming Main Sequence
We define the star forming sequence according to the results

of Whitaker et al. (2014), interpolated to z = 1. The slope
of the relation between SFR and M∗ decreases with M∗, as
predicted from galaxy growth rates derived from the evolution
of the stellar mass function (Leja et al. 2015), reflecting the
decreased efficiency of stellar mass growth at low and high
masses. Whitaker et al. (2014) find that the observed scatter
is a constant σ = 0.34 dex with both redshift and M∗.
We investigate where ‘normal’ star-forming galaxies were

forming their stars at this epoch by determining the radial
distribution of Hα in galaxies on the main sequence. We
elucidate how star formation is enhanced and suppressed in
galaxies by determining where star formation is "added" in
galaxies above the main sequence and "subtracted" in galax-
ies below the main sequence. To determine where star for-
mation is occurring in galaxies in these different regions of
the SFR-M∗ plane, we stack Hα maps as a function of mass
and SFR. We define the main sequence as galaxies with SFRs
±1.2σ = ±0.4 dex from the Whitaker et al. (2014) main se-
quence line at z ∼ 1. Specifically, we consider galaxies ‘be-
low’, ‘on’, or ‘above’ the star forming main sequence to be
the regions [-0.8,-0.4]dex, [-0.4,+0.4]dex, or [+0.4,+1.2]dex
with respect to the main sequence line in the SFR-M∗ plane.
To define these regions consistently we normalize the SFRs
of all galaxies to z∼ 1 using the redshift evolution of the nor-
malization of the star forming sequence from Whitaker et al.

(2012). These definitions are shown pictorially by Fig. 8 in
red, black, and blue respectively. We imposed the +1.2 dex
upper limit above the main sequence so the stacks wouldn’t
be dominated by a single, very bright galaxy. We impose
the -0.8 dex due to the Hα flux-driven completeness limit.
Fig. 8 also shows which galaxies were actually used in the
stacks. Our broad band magnitude extraction limit and Hα
flux limit manifest themselves as incompleteness primarily at
low masses and SFRs as reflected in the gray numbers and
filled symbols.
We adopted this ±1.2σ definition of the main sequence to

enable us to probe the top and bottom 10% of star formers and
ferret out differences between galaxies growing very rapidly,
very slowly, and those growing relatively normally. Accord-
ing to our definition (±1.2σ), the ‘Main Sequence’ accounts
for the vast majority of galaxy growth. It encompasses 80%
of UVJ star-forming galaxies and 76% of star formation. The
star forming main sequence is defined by the running median
star formation rate of galaxies as a function of mass. The def-
inition is nearly identical when the mode is used instead, indi-
cating that it defines the most common rate of growth. While
we left 20% of star-forming galaxies to probe the extremes of
rapid and slow growth, only 7% of these galaxies live above
the main sequence and nearly double that, 13%, live below
it. This is a manifestation of the fact that the distribution of
star formation rates at a given mass is skewed toward low star
formation rates. Counting galaxies, however, understates the
importance of galaxies above the main sequence to galaxy
evolution because they are building stellar mass so rapidly.
Considering instead the contribution to the total star forma-
tion budget at this epoch, galaxies above the main sequence
account for> 20% of star formation while galaxies below the
main sequenceonly account for < 3%.

5.2. Results
One of the primary results of this paper is shown in Fig. 9:

the radial distribution of Hα on, above and below the star
forming main sequence. Above the main sequence, Hα is el-
evated at all radii. Below the main sequence, Hα is depressed
at all radii. The profiles are remarkably similar above, on, and
below the main sequence – a phenomenon that can be referred
to as ‘coherent star formation’, in the sense that the offsets in
the star formation rate are spatially-coherent. As shown in
and Fig. 10, the offset is roughly a factor of 2 and nearly in-
dependent of radius: at r < 2 kpc the mean offset is a factor
of 2.2, at 3 < r < 5 kpc it is a factor of 2.1. Above the main
sequence at the highest masses where we have the signal-to-
noise to trace the Hα to large radii, we can see that the Hα
remains enhanced by a factor of! 2 even beyond 10 kpc. The
most robust conclusion we can draw from the radial profiles
of Hα is that star formation from ∼ 2− 6 kpc is enhanced in
galaxies above the main sequence and suppressed in galaxies
below the main sequence (but see § 7.4 for further discussion).
We emphasize that the SFRs used in this paper were derived

from UV+IR emission, These star formation rate indicators
are measured independently from the Hα flux. Thus, it is not
a priori clear that the Hα emission is enhanced or depressed
for galaxies above or below the star formingmain sequence as
derived from the UV+IR emission. The fact that it is implies
that the scatter in the star forming sequence is real and caused
by variations in the star formation rate (see § 7.4).
In the middle panels of Fig. 9 we show the radial profiles of

HF140W emission as a function of M∗ above, on, and below
the star forming main sequence. As expected, we find that
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FIG. 13.— Radial surface brightness profiles of SFR, M∗, and their ratio sSFR as a function of M∗ and SFR. The colors delineate position with respect to the
star forming ‘main sequence’: above (blue), on (black), and below (red). SFR and M∗ profiles are Hα and HF140W profiles scaled to the total SFR(UV+IR) and
M∗with all the caveats described in §8.1. Out to distances as great as 8 kpc from the galactic center, star formation is enhanced in galaxies above and depressed in
galaxies below the star forming main sequence. This is also true of the specific star formation rate. In general, the radial distribution of M∗ is similar on, above,
and below the main sequence on average. It becomes slightly more centrally concentrated in galaxies above and below the main sequence at the highest masses,
as shown in Fig. 14. There are two take home messages from this figure: 1. The star formation rate, on average, is always the highest in the centers of galaxies.
2. The radial distribution of star formation depends more strongly on M∗ than SFR at fixed mass (a galaxy’s position with respect to the main sequence).

fainter below but the underlying mass profiles are fairly sim-
ilar at all SFRs (although see next section for a discussion of
the highest masses). On the other hand, the dust attenuation
increases with increasing SFR at fixed mass. Acting in con-
cert, dust and age mean that the EW(Hα) profiles shown in
the bottom panels of Fig. 9 likely underestimate the true dif-
ference in sSFR above, on, and below the main sequence. In
the bottom panels of Fig. 13 the trends in sSFR are enhanced
after accounting for dust and age.
The most robust conclusion we can draw about the radial

distribution of star formation, an inferred quantity, is that star
formation in the disk between 2 − 6 kpc is enhanced above
the main sequence and suppressed below the main sequence.
This, in turn, has several important implications.
First, our results constrain the importance of AGN emis-

sion above the main sequence. One possibility is that galax-
ies above the star forming main sequence are there because
the bright UV+IR emission of an AGN was incorrectly inter-
preted as star formation. In this case, the Hα emission would

be elevated in the center but the same as on the main sequence
throughout the rest of the disk. This, however, is not what we
observe: the Hα in the disk from 2-6 kpc is elevated, mean-
ing that galaxies are not only above the main sequence due to
misinterpreted AGN.
Second, because Hα is an independent indicator of star for-

mation, the fact that it is enhanced at all radii confirms that
the scatter in the main sequence is real and due to variations
in the star formation rate at fixed mass. If the observed main
sequence scatter were due exclusively to measurement errors
in the UV+IR SFRs, the Hα should not be enhanced or de-
pressed in concert, but it is.
Third, the profiles provide information on the importance

of mergers and galaxy encounters “pushing” galaxies above
the main sequence. It is well established that interaction-
driven gravitational torques can funnel gas to the center of
a galaxy inducing a burst of star formation (e.g., Hernquist
1989; Barnes & Hernquist 1991, 1996; Mihos & Hernquist
1996). However, in idealized merger simulations, Moreno
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star forming ‘main sequence’: above (blue), on (black), and below (red). SFR and M∗ profiles are Hα and HF140W profiles scaled to the total SFR(UV+IR) and
M∗with all the caveats described in §8.1. Out to distances as great as 8 kpc from the galactic center, star formation is enhanced in galaxies above and depressed in
galaxies below the star forming main sequence. This is also true of the specific star formation rate. In general, the radial distribution of M∗ is similar on, above,
and below the main sequence on average. It becomes slightly more centrally concentrated in galaxies above and below the main sequence at the highest masses,
as shown in Fig. 14. There are two take home messages from this figure: 1. The star formation rate, on average, is always the highest in the centers of galaxies.
2. The radial distribution of star formation depends more strongly on M∗ than SFR at fixed mass (a galaxy’s position with respect to the main sequence).

fainter below but the underlying mass profiles are fairly sim-
ilar at all SFRs (although see next section for a discussion of
the highest masses). On the other hand, the dust attenuation
increases with increasing SFR at fixed mass. Acting in con-
cert, dust and age mean that the EW(Hα) profiles shown in
the bottom panels of Fig. 9 likely underestimate the true dif-
ference in sSFR above, on, and below the main sequence. In
the bottom panels of Fig. 13 the trends in sSFR are enhanced
after accounting for dust and age.
The most robust conclusion we can draw about the radial

distribution of star formation, an inferred quantity, is that star
formation in the disk between 2 − 6 kpc is enhanced above
the main sequence and suppressed below the main sequence.
This, in turn, has several important implications.
First, our results constrain the importance of AGN emis-

sion above the main sequence. One possibility is that galax-
ies above the star forming main sequence are there because
the bright UV+IR emission of an AGN was incorrectly inter-
preted as star formation. In this case, the Hα emission would

be elevated in the center but the same as on the main sequence
throughout the rest of the disk. This, however, is not what we
observe: the Hα in the disk from 2-6 kpc is elevated, mean-
ing that galaxies are not only above the main sequence due to
misinterpreted AGN.
Second, because Hα is an independent indicator of star for-

mation, the fact that it is enhanced at all radii confirms that
the scatter in the main sequence is real and due to variations
in the star formation rate at fixed mass. If the observed main
sequence scatter were due exclusively to measurement errors
in the UV+IR SFRs, the Hα should not be enhanced or de-
pressed in concert, but it is.
Third, the profiles provide information on the importance

of mergers and galaxy encounters “pushing” galaxies above
the main sequence. It is well established that interaction-
driven gravitational torques can funnel gas to the center of
a galaxy inducing a burst of star formation (e.g., Hernquist
1989; Barnes & Hernquist 1991, 1996; Mihos & Hernquist
1996). However, in idealized merger simulations, Moreno
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(Aside: Balmer Decrements)

• Get Hα + Hβ in a narrow 
redshift slice around z~1.3
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Figure 2. Stacked spectra for bins in stellar AV (top), log M∗ (second row), log SFR (third row) and log SSFR (bottom). In each panel, the stacked spectrum is
plotted in black, with the continuum fit shown in red. The best-fit line measurements (from shortest to longest wavelength: Hβ, [O iii] λλ4959, 5007 Å, blended
Hα+[N ii] λλ6548, 6584 Å, and [S ii] λλ6717, 6731 Å) are shown in orange. The additional continuum correction is done by fitting the portions of the spectra within
the shaded gray regions.
(A color version of this figure is available in the online journal.)

We combine this expression with RV ≡ AV/E(B − V ), assum-
ing the value RV = (4.05 ± 0.80) from Calzetti et al. (2000)
to calculate the attenuation AV, H ii from the Hα and Hβ flux
measured for each stack.

3.2. Integrated Stellar AV

We first investigate AV, H ii in bins of AV, star, to better constrain
the currently contested relationship between the integrated dust
content and the dust associated with SF regions for high-redshift

galaxies. We choose bins of AV, star to probe the full range of
integrated stellar dust attenuation in our sample, from low to
medium to high attenuation. We stack the spectra in these bins
and measure AV, H ii on the stack using the relations given in
Section 3.1. The results are shown in Figure 3.

We perform a least-squares ratio fit to the data. The best-fit
relation, assuming RV is the same for the stellar continuum and
the H ii regions, is

AV, H ii = 1.86+0.40
−0.37 AV, star, (2)
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Where do stars form?

Nelson+2016
window (1.35<z<1.5) we can map the spatial distribution
of both the Hα and Hβ emission lines, as they both fall within
the G141 wavelength coverage. Galaxy-integrated Balmer
decrements were analyzed in Price et al. (2014).

Here we present spatially resolved Balmer decrements for
galaxies at z∼1.4 and derive radial dust gradients. The
gradients are measured from deep stacks, using the full 3D-
HST data set. We study radial dust gradients as a function ofM,
and apply these gradients to the observed Hα distributions to
obtain spatially resolved dust-corrected star formation surface
density profiles.

2. SPATIALLY RESOLVED BALMER DECREMENTS

We use data from the 3D-HST survey, a 248 orbit NIR
slitless spectroscopic survey from space over the CANDELS
fields with the G141 grism (Brammer et al. 2012; Skelton
et al. 2014; Momcheva et al. 2015). These slitless grism
observations have high spatial resolution and low spectral
resolution, and therefore provide images of galaxies in the light
of their emission lines for every object in the field of view. We
focus on the redshift range 1.35<z<1.5, for which both Hα
and Hβ fall in the wavelength coverage of HST’s G141 grism.
These space-based observations are unaffected by the multi-
tudinous OH skylines in the NIR which impose avoidance
criteria on ground-based observations in particular when
targeting multiple lines. The galaxies are divided in three
stellar mass bins: [ - <M9.0 log 9.2], - <M9.2 log 9.8[ ],

- <M9.8 log 11.0[ ] in units of Me. The median stellar mass
in these bins is logM = [9.17, 9.53, 10.23], respectively.9

A detailed description of how emission line maps are made
from grism data is provided in Nelson et al. (2015). Briefly, the
Hα and Hβ emission line maps are made by subtracting the
continuum from the two-dimensional spectra and masking
contaminating flux from nearby objects. We stack the Hα and
Hβ emission line maps as a function of M. These properties
were determined from the combination of the grism spectra and
deep UV-IR photometric catalogs (Brammer et al. 2012;
Skelton et al. 2014; Whitaker et al. 2014). We select all
galaxies with HF140W �24, applying no emission line flux
limit for Hα or Hβ so as not to introduce systematics into the
line ratio measurements. ∼30% of these galaxies are not
significantly detected in Hα, removing them from the sample
does not change our results. Galaxies which have Hα or Hβ
emission line maps with more than half of their central 3 kpc
masked due to contamination are removed; this is roughly half
of the sample.

In the stacking procedure the broadband HF140W emission is
used to center and normalize the emission line maps. We mask
the nearby [S II] λλ6716, 6731Å and [O III] λλ4959, 5007 lines
with an asymmetric double pacman mask (see Nelson et al.
2015). We correct the image stacks for the effects of the point-
spread function (PSF), using the method described in Szomoru
et al. (2013) and Nelson et al. (2015): after fitting the stacks
with GALFIT (Peng et al. 2010), the residuals of the fit are
added to the unconvolved GALFIT Sérsic model.10 This
method has been shown to reconstruct the true flux distribution
even if the Sérsic model is a poor fit (Szomoru et al. 2013). The
averaged maps are shown in Figure 1. Radial profiles of the Hα

and Hβ emission are computed in circular apertures, again
following Nelson et al. (2015).
We correct these measured profiles for [N II] emission. As a

result of the low spectral resolution of the G141 grism,
[N II] λ6548, 6583 and Hα λ6563 are blended in our spectra.
To account for the contamination of Hα by [N II], the blended
observed line must be scaled by a factor Hαcorr = Hαmeas/
(1+[N II]/Hα). We cannot measure [N II]/Hα directly, and we
make use of previous measurements in the literature. The
galaxy-integrated [N II]/Hα increases as a function of M (e.g.,
Erb et al. 2006; Steidel et al. 2014; Wuyts et al. 2014; Zahid
et al. 2014), which is probably a reflection of the mass–
metallicity relation. We use the Zahid et al. (2014) relation and
scale the overall normalization of the radial Hα profiles down
accordingly. The adopted [N II]/Hα ratios are [0.03, 0.07, 0.24]
for the low through high mass stacks, respectively.
We also consider the effects of gradients in [N II]/Hα within

the galaxies, as abundance gradients have been widely
observed in the local universe (e.g., Sánchez et al. 2014).
However, trends at higher redshift are much less certain with
observed [N II]/Hα gradients ranging from flat or negative to
positive (Swinbank et al. 2012; Jones et al. 2013; Stott
et al. 2014; Leethochawalit et al. 2015; E. Wuyts et al. 2016, in
preparation). Given these uncertainties we do not apply a
radially varying correction, but we note that adopting a radial
gradient of [N II]/Hα=−0.18 dex/re, as inferred from radial
O/H measurements in the local universe (Sánchez et al. 2014),
does not change our results.
Typically, Balmer emission lines also need to be corrected

for underlying absorption. The atmospheres of stars (particu-
larly A stars) produce Balmer absorption lines and the emission
line flux must first fill in the absorption. In our analysis, the
absorption is corrected for in the subtraction of the two-
dimensional continuum model. This model is a linear
combination of EAzY templates with emission lines removed
(see Brammer et al. 2008; Momcheva et al. 2015) which is then
convolved with the JF125W/HF140W/HF160W detection image.
Therefore, the continuum model has, to very good approxima-
tion, both the same spectrum and morphology as the true
continuum emission that underlies our emission line maps. We
are essentially subtracting a negative image of the galaxy in
absorption. For reference, the integrated absorption line

Figure 1. Averaged maps of Hα and Hβ emission, in three different stellar
mass bins. These maps were obtained by stacking continuum-subtracted two-
dimensional spectra of galaxies at 1.35�z�1.53 from the 3D-HST survey.

9 Masses were derived using a Chabrier (2003) IMF.
10 Different PSFs were created for the average observed wavelengths of the
Hα and the Hβ lines.
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strength is ∼2–3.5Å in the stacks, consistent with, e.g.,
Domínguez et al. (2013), Momcheva et al. (2013). This is, in
general, a small fraction of the emission line equivalent width,
although it becomes more significant for Hβ at the highest
masses (up to ∼30%).

The fully corrected Hα and Hβ profiles, in units of
erg s−1 cm−2 arcsec−2, are shown in Figure 2. We can reliably
trace Hα out to 6 kpc, and the 3× fainter Hβ out to ∼3 kpc;
at larger radii the error in the measurement is more than half of
the measured flux. At low masses, the Hα and Hβ surface
brightness profiles are nearly exponential. As mass increases,
the Hα emission grows more centrally concentrated while the
Hβ becomes less centrally concentrated than exponential. This
is the central result of this Letter: with increasing stellar mass,
galaxies become increasingly more dust obscured toward their
centers.

Figure 2 also shows the effect of assuming different
quantities of stellar absorption (shaded regions). These profiles
were derived by artificially changing the absorption line
equivalent width in the best-fitting 2D EAzY model, increasing
and decreasing it by half.

A potential concern in this analysis is that by stacking small
galaxies with high attenuation and large galaxies with low
attenuation, we could infer a radial dust gradient where on an
individual galaxy basis, there is none. To test this, we remove

all compact galaxies with sizes more than 0.1 and 0.3 dex
below the size-mass relation from the stack. In both cases, the
qualitative trends remain unchanged, which means that the
gradients are real, and not a byproduct of stacking a
heterogeneous sample. Another concern is that normalizing
galaxies by their HF140W flux biases the stacks toward galaxies
with high Hα and Hβ equivalent widths. If galaxies with high
equivalent widths have preferentially low dust attenuation, this
analysis could underestimate the true dust attenuation at the
median mass of the stacks. However, normalizing galaxies by
their Hα flux gives a qualitatively similar measurement, albeit
with significantly lower signal-to-noise.

3. RADIAL GRADIENTS IN DUST ATTENUATION

The increase in the slope and normalization of the Balmer
decrement withM implies a corresponding increase in the slope
and normalization of the dust attenuation. We derive the dust
attenuation toward Hα as follows. The increase of the Balmer
decrement over the intrinsic value can be expressed in terms of
a Balmer color excess:

b a
a b
a b

- =
⎛
⎝⎜

⎞
⎠⎟E H H 2.5 log

H H
H H

. 1obs

int
( ) ( )
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Figure 2. Average radial surface brightness profiles of Hα (red), Hβ (blue), and Hα/Hβ (the Balmer decrement, black) in galaxies as a function of M. Random
uncertainties are shown by bootstrap error bars representing 68% confidence intervals derived by resampling the data with different realizations. Systematic
uncertainties derived by artificially increasing and decreasing the absorption line equivalent widths by half are shown by shaded regions. The dashed line shows (Hα/
Hβ)int, the “intrinsic” line ratio in the absence of dust attenuation. We can reliably measure the average Balmer decrement gradients in galaxies at z∼1.4 to nearly
3 kpc. With the Balmer decrement tracing dust attenuation toward H II regions, this figure shows that with increasing stellar mass, galaxies become increasingly dust-
obscured toward their centers.
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• Now see more of an enhancement in (massive) galaxy centers:                        
building bulges with in-situ star formation?

respectively. The ratios of the Hα SFRs to the UV+IR SFRs
are 1.3, 1.2, and 0.7, respectively. These ratios are similar when
using the Whitaker et al. (2014) UV+IR SFR measurements
for the median masses in the bins. We conclude that the dust
corrections are reasonable to within the systematic uncertainty
of our UV+IR SFRs (see, e.g., Utomo et al. 2014).11

Particularly in our highest mass bin the implied central SFRs
are much higher than prior to the dust correction: the total star
formation in the central r<1 kpc is 5.6Me yr−1 in the highest
mass bin, whereas it was 0.9Me yr−1 before correcting for
dust. Approximately half of the total SFR takes place inside
1 kpc in the highest mass bin.

5. DISCUSSION

Using the WFC3 grism to map the distribution of Hα and
Hβ emission, we constructed the first spatially resolved maps
of the Balmer decrement at z>1. These measurements
provide stringent constraints on the radial gradients in the dust
attenuation toward star forming regions of galaxies, allowing us
to derive dust-corrected radial distributions of star formation.
The radial patterns in dust and star formation presented here are
averages over many galaxies; individual galaxies may deviate
from these trends. We find that the dust attenuation is small
(<0.5 mag) at all radii in galaxies with M<1010Me. Galaxies
with higher masses have significant dust attenuation toward
their centers. The immediate implication is that the central
(r2 kpc) observed Hα emission of high mass galaxies
should be corrected for dust before being converted to star
formation.

A straightforward interpretation of our results is that we see
the in situ building of bulges in massive galaxies at z = 1.4.
However, a key question is whether this central star formation
accounts for a significant fraction of the stars in the central kpc
of present-day galaxies. The total amount of stars that are
formed in the central kpc can be approximated by

t~M w SFR , 6( )
with w≈0.6 a correction for mass loss due to stellar winds
(see e.g., Bruzual & Charlot 2003) and τ the duration of the star

formation. For τ∼2 Gyr (that is, assuming that the current
SFR is maintained until z∼0.8), we find that the total mass
that is added is ∼7×109Me, or ∼1/3 of the total mass of the
galaxy. If τ1 Gyr the added mass is much smaller. We note
that the addition of dust-obscured central star formation does
not necessarily imply that galaxies are growing “outside-in”:
this depends on the radial mass-to-light ratio profiles (Szomoru
et al. 2013) which are driven by gradients in dust and age. This
could be tested by deriving mass profiles from the high spatial
resolution CANDELS multi-color imaging.
In summary, we infer that it is possible that a central mass

concentration is built up through in situ star formation in the
highest mass galaxies, but only if the radial distribution of star
formation observed at z∼1.4 is sustained over several Gyr.
This can be tested with spatially resolved absorption maps at
lower redshift, which can be created using adaptive optics or
the G102 grism on the WFC3 camera. Furthermore, high
resolution imaging of the molecular gas and of the continuum
dust emission with ALMA can provide direct information on
the presence of large amounts of dust in the centers of massive
galaxies at these redshifts. Finally, with future facilities such as
James Webb Space Telescope our initial study of averaged
spatially resolved Balmer decrements at moderate redshifts can
be extended to higher redshifts and individual galaxies.
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11 The small discrepancy in the highest mass bin could be due to star formation
with very high optical depth.
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Figure 4. WFC3/G141 spectrum and broadband SED of EGS-XEW-1, an “[O iii] blob” at z = 1.605 with extreme [O iii] emission lines and colors similar to UDFj-
39546284. The asymmetric line profile of component A is consistent with lines of Hβ and the [O iii]λ4959,5007 doublet as indicated; the lines are unambiguously
resolved for component B, at the same redshift. The right panel shows the SED of the blob normalized to that of the UDFj-39546284 H160 magnitude. Non-detections
for UDFj-39546284 are shown with 2σ upper limits taken from Bouwens et al. (2013). Along with the G141 spectrum, ground-based photometry of the blob from
the NEWIRM Medium Band Survey (NMBS) (Whitaker et al. 2011) is shown in blue, redshifted such that the [O iii] line would have been observed at 1.6 µm and
scaled to account for the different NMBS-J3, JH140, and H160 passbands. The inset shows a color thumbnail of the blob created from HST ACS/V606, ACS/I814, and
WFC3/JH140 images.
(A color version of this figure is available in the online journal.)

The broadband spectral energy distribution (SED) of EGS-
XEW-1 is compared to that of UDFj-39546284 in the right panel
of Figure 4. The spectral break that results from a line such as the
one observed in EGS-XEW-1 is just large enough to satisfy the
2σ limit on the JH140 −H160 dropout color of UDFj-39546284.
However, if UDFj-39546284 had exactly the same spectrum as
EGS-XEW-1, the [O ii]λ3727 line would probably be detected
in the bluer WFC3 HUDF12 photometry. Interestingly, EGS-
XEW-1 has much redder UV colors than fλ ∼ λ−2 observed
for the high equivalent width starbursts at similar redshifts (van
der Wel et al. 2011; Brammer et al. 2012b), which, if also
true for UDFj-39546284, could help explain the lack of z = 2
Lyα observed for that source (Ellis et al. 2013). While not a
perfect match, EGS-XEW-1 provides a directly observed route
to a plausible low-redshift interpretation for the UDFj-39546284
photometry.

5. DISCUSSION AND CONCLUSIONS

We have described a deep HST grism spectrum of the
candidate z = 12 galaxy UDFj-39546284. Using the known
emission-line morphology to increase the line sensitivity of the
slitless grism spectrum, we detect a tentative emission line at
λ = 1.599 µm with flux 3.5 ± 1.3 × 10−18 erg s−1 cm−2 and
observed-frame equivalent width >7300 Å.

While the current observations do not conclusively forbid
the z = 12 interpretation of UDFj-39546284, a number of
independent factors conspire to suggest that the 2.7σ line is in
fact real and that the true redshift of UDFj-39546284 is z ∼ 2.2.
First, the line is observed at just the right wavelength and flux
to satisfy both the HUDF H160 detection and the >1.4 mag
dropout at λ < 1.595 µm in the bluer HST bands. If the feature
were observed just 4 pixel (93 Å) bluer it would violate the
constraints on JH140 by a magnitude. Second, Bouwens et al.

(2013) demonstrate that without a significant contribution of
Lyα to the H160 flux, the implied rest-frame UV luminosity for
z ∼ 12 is some 20 times higher than would be expected from
the evolution of the luminosity function at z = 8–10. Third,
recent deep spectroscopic surveys of photometric dropouts find
a decreasing fraction of Lyα emitters with increasing redshift
when the universe was increasingly neutral (Pentericci et al.
2011; Caruana et al. 2012). Fourth, we show that spatially
extended objects with EW > 7300 Å exist at z ∼ 2. Finally,
we find at least two [O iii] emitters within 1000 km s−1 of
the z = 2.19 solution for UDFj-39546284 in the 3D-HST
coverage of the full GOODS-South field, the nearest separated
by 69′′ (570 kpc); the fact that other galaxies exist at this exact
redshift increases the probability that the line is real and is
[O iii]λ4959,5007.

If the physical properties of UDFj-39546284 are similar to
either the [O iii] blob EGS-XEW-1 or to the high equivalent
width starbursting dwarf galaxies studied by van der Wel et al.
(2011), UDFj-39546284 at z = 2.2 would represent a new
class of object 750 times fainter than the former or ∼30 times
fainter than the latter. Scaling from the typical stellar masses of
the van der Wel et al. (2011) galaxies, UDFj-39546284 would
have a stellar mass of the order of 106 M⊙, similar to the mass
of a single massive star cluster (e.g., Reines et al. 2008). The
extended H160 morphology would then indicate the distribution
of ionized gas surrounding the cluster.

The most urgent question is whether the line is real and
associated with UDFj-39546284 as opposed to coming from a
nearby contaminating object spectrum or simply being a clump
of positive noise fluctuations. If the line is real and is [O iii] at
z = 2.2, it should be possible to detect the 4959 and 5007 Å
lines of the doublet separately, either in (much) deeper grism
data or in deep ground-based spectroscopy. Hα may also be
visible in the K band at a similar flux as [O iii] (Figure 4).
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revealed a faint emission line that could explain all of its broad-
band flux in H160 -> more likely z≈2.2 (Brammer+2013)
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Figure 2. Deep G141 grism spectrum of UDFj-39546284. The left panels show the pixels as observed and modeled, and the right panels show the spectra cross-
correlated with the H160 object profile to enhance weak features. The first row shows the stacked spectrum as observed. The second row shows the contamination model
(Section 2), with some aliasing due to the unequal weights of the interlaced Primo mosaics. The third row shows the observed spectrum cleaned of this contamination.
There is a weak emission feature in the cross-correlation spectrum at λ = 1.599 µm. The bottom row shows the emission-line model of UDFj-39546284 where the
morphology is derived from the observed H160 image (see also Figure 3).
(A color version of this figure is available in the online journal.)

While there are no obvious emission lines in the raw 2D
spectrum, there is a clump of pixels at ∼1.6 µm which is
marginally enhanced compared to its surroundings. To improve
the signal-to-noise (S/N) of this feature, we cross-correlate the
2D spectrum with a kernel defined by the central R = 0.′′3
of the deep H160 thumbnail of UDFj-39546284. This kernel
is constructed by extracting kernels for each of the individual
UDF/G141 visits with different orientations and combining
them weighting by the median error in their corresponding 2D
grism spectra. Thus, the object profile is slightly smoothed
but will reflect the 2D morphology of lines in the stacked
spectrum. The cross-correlation spectrum is shown in the right-
hand panels of Figure 2, and the strength of the feature at 1.6 µm
is enhanced compared to the raw 2D spectrum. We verified that
the weak feature is not visible in a similar analysis of any single
UDF/G141 visit, confirming that the feature does not arise from
a flux excess in one of them individually, such as a group of hot
pixels or an unflagged cosmic ray.

We show a one-dimensional spectrum extracted along the
trace in Figure 3. We compute an associated uncertainty at each
pixel along the trace, highlighted in blue, by cross-correlating
the squared error array with the same H160 kernel. Furthermore,
we compute a 2D model spectrum as in Figure 2 with known
position and integrated line flux, and extract its cross-correlation
spectrum in the same way as the observed spectrum. The
feature at λ = 1.599 ± 0.004 µm is detected at 2.7σ with
an integrated line flux of 3.5 ± 1.3 × 10−18 erg s−1 cm−2. The
probability of finding a Gaussian noise feature with equal or
greater significance is ∼10% for 30 independent resolution
elements (∼3000 Å).

3.3. The Reality of the 1.599 µm Feature

There are regions in the 2D cross-correlation spectrum with
apparently similar significance to the feature at 1.6 µm. Many
of them can be rejected because they do not fall precisely along

the trace of the grism spectrum. There are enhancements found
near the trace at λ = 1.14 µm and 1.22 µm, though these
wavelengths suffer from higher contamination perhaps consist-
ing of faint emission lines not included in the contamination
model. The HST/WFC3 broadband photometry places strong
constraints on the possibility that these lines come from UDFj-
39546284: either of the bluer lines alone would result in Y105 or
J125 two magnitudes brighter than the 2σ HUDF12 limits.

In contrast, the 1.599 µm line is consistent with the HUDF12
photometry. Within the same 0.′′3 aperture used to measure the
line flux, we measure H160 = 29.04 for the H160 kernel. This
is 27% brighter than the Ellis et al. (2013) magnitude measured
within an 0.′′25 aperture, but is only 73% of the total magnitude
measured by Bouwens et al. (2013). These differences are
consistent with aperture corrections of the extended source,
which shows a faint extended tail to the NE in the H160
image (Bouwens et al. 2013). A pure emission line with the
observed flux would result in H160 = 28.92; the line accounts
for 110% ± 40% (1σ ) of the H160 flux. This corresponds to a
(1, 2)σ limit on the observed-frame equivalent width of the line
of EW > (7300, 1300) Å.

We test our technique by analyzing faint lines of another UDF
galaxy with a secure redshift, UDF-40106456 (right panels of
Figure 3). This galaxy has H160 = 27.4 and unambiguous emis-
sion lines of Hα and [O iii]λ4959,5007 at z = 1.303 visible
in the stacked 2D spectrum before cross-correlation. Using the
cross-correlation technique we find a significant detection of Hβ
even though the line is barely visible in the original spectrum.
Two spurious features are detected at 1.24 µm and 1.29 µm
with comparable flux as the tentative line in UDFj-39546284.
These are both clearly associated with residual contamination
from another source at the top of the 2D spectrum. The Hα
line flux of UDF-40106456 is 9.5 ± 1.0 × 10−18 erg s−1 cm−2,
just three times brighter than the UDFj-39546284 emis-
sion line. The detection significance is S/N ∼ 10 and the
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Figure 2. Deep G141 grism spectrum of UDFj-39546284. The left panels show the pixels as observed and modeled, and the right panels show the spectra cross-
correlated with the H160 object profile to enhance weak features. The first row shows the stacked spectrum as observed. The second row shows the contamination model
(Section 2), with some aliasing due to the unequal weights of the interlaced Primo mosaics. The third row shows the observed spectrum cleaned of this contamination.
There is a weak emission feature in the cross-correlation spectrum at λ = 1.599 µm. The bottom row shows the emission-line model of UDFj-39546284 where the
morphology is derived from the observed H160 image (see also Figure 3).
(A color version of this figure is available in the online journal.)

While there are no obvious emission lines in the raw 2D
spectrum, there is a clump of pixels at ∼1.6 µm which is
marginally enhanced compared to its surroundings. To improve
the signal-to-noise (S/N) of this feature, we cross-correlate the
2D spectrum with a kernel defined by the central R = 0.′′3
of the deep H160 thumbnail of UDFj-39546284. This kernel
is constructed by extracting kernels for each of the individual
UDF/G141 visits with different orientations and combining
them weighting by the median error in their corresponding 2D
grism spectra. Thus, the object profile is slightly smoothed
but will reflect the 2D morphology of lines in the stacked
spectrum. The cross-correlation spectrum is shown in the right-
hand panels of Figure 2, and the strength of the feature at 1.6 µm
is enhanced compared to the raw 2D spectrum. We verified that
the weak feature is not visible in a similar analysis of any single
UDF/G141 visit, confirming that the feature does not arise from
a flux excess in one of them individually, such as a group of hot
pixels or an unflagged cosmic ray.

We show a one-dimensional spectrum extracted along the
trace in Figure 3. We compute an associated uncertainty at each
pixel along the trace, highlighted in blue, by cross-correlating
the squared error array with the same H160 kernel. Furthermore,
we compute a 2D model spectrum as in Figure 2 with known
position and integrated line flux, and extract its cross-correlation
spectrum in the same way as the observed spectrum. The
feature at λ = 1.599 ± 0.004 µm is detected at 2.7σ with
an integrated line flux of 3.5 ± 1.3 × 10−18 erg s−1 cm−2. The
probability of finding a Gaussian noise feature with equal or
greater significance is ∼10% for 30 independent resolution
elements (∼3000 Å).

3.3. The Reality of the 1.599 µm Feature

There are regions in the 2D cross-correlation spectrum with
apparently similar significance to the feature at 1.6 µm. Many
of them can be rejected because they do not fall precisely along

the trace of the grism spectrum. There are enhancements found
near the trace at λ = 1.14 µm and 1.22 µm, though these
wavelengths suffer from higher contamination perhaps consist-
ing of faint emission lines not included in the contamination
model. The HST/WFC3 broadband photometry places strong
constraints on the possibility that these lines come from UDFj-
39546284: either of the bluer lines alone would result in Y105 or
J125 two magnitudes brighter than the 2σ HUDF12 limits.

In contrast, the 1.599 µm line is consistent with the HUDF12
photometry. Within the same 0.′′3 aperture used to measure the
line flux, we measure H160 = 29.04 for the H160 kernel. This
is 27% brighter than the Ellis et al. (2013) magnitude measured
within an 0.′′25 aperture, but is only 73% of the total magnitude
measured by Bouwens et al. (2013). These differences are
consistent with aperture corrections of the extended source,
which shows a faint extended tail to the NE in the H160
image (Bouwens et al. 2013). A pure emission line with the
observed flux would result in H160 = 28.92; the line accounts
for 110% ± 40% (1σ ) of the H160 flux. This corresponds to a
(1, 2)σ limit on the observed-frame equivalent width of the line
of EW > (7300, 1300) Å.

We test our technique by analyzing faint lines of another UDF
galaxy with a secure redshift, UDF-40106456 (right panels of
Figure 3). This galaxy has H160 = 27.4 and unambiguous emis-
sion lines of Hα and [O iii]λ4959,5007 at z = 1.303 visible
in the stacked 2D spectrum before cross-correlation. Using the
cross-correlation technique we find a significant detection of Hβ
even though the line is barely visible in the original spectrum.
Two spurious features are detected at 1.24 µm and 1.29 µm
with comparable flux as the tentative line in UDFj-39546284.
These are both clearly associated with residual contamination
from another source at the top of the 2D spectrum. The Hα
line flux of UDF-40106456 is 9.5 ± 1.0 × 10−18 erg s−1 cm−2,
just three times brighter than the UDFj-39546284 emis-
sion line. The detection significance is S/N ∼ 10 and the
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Figure 2. Deep G141 grism spectrum of UDFj-39546284. The left panels show the pixels as observed and modeled, and the right panels show the spectra cross-
correlated with the H160 object profile to enhance weak features. The first row shows the stacked spectrum as observed. The second row shows the contamination model
(Section 2), with some aliasing due to the unequal weights of the interlaced Primo mosaics. The third row shows the observed spectrum cleaned of this contamination.
There is a weak emission feature in the cross-correlation spectrum at λ = 1.599 µm. The bottom row shows the emission-line model of UDFj-39546284 where the
morphology is derived from the observed H160 image (see also Figure 3).
(A color version of this figure is available in the online journal.)

While there are no obvious emission lines in the raw 2D
spectrum, there is a clump of pixels at ∼1.6 µm which is
marginally enhanced compared to its surroundings. To improve
the signal-to-noise (S/N) of this feature, we cross-correlate the
2D spectrum with a kernel defined by the central R = 0.′′3
of the deep H160 thumbnail of UDFj-39546284. This kernel
is constructed by extracting kernels for each of the individual
UDF/G141 visits with different orientations and combining
them weighting by the median error in their corresponding 2D
grism spectra. Thus, the object profile is slightly smoothed
but will reflect the 2D morphology of lines in the stacked
spectrum. The cross-correlation spectrum is shown in the right-
hand panels of Figure 2, and the strength of the feature at 1.6 µm
is enhanced compared to the raw 2D spectrum. We verified that
the weak feature is not visible in a similar analysis of any single
UDF/G141 visit, confirming that the feature does not arise from
a flux excess in one of them individually, such as a group of hot
pixels or an unflagged cosmic ray.

We show a one-dimensional spectrum extracted along the
trace in Figure 3. We compute an associated uncertainty at each
pixel along the trace, highlighted in blue, by cross-correlating
the squared error array with the same H160 kernel. Furthermore,
we compute a 2D model spectrum as in Figure 2 with known
position and integrated line flux, and extract its cross-correlation
spectrum in the same way as the observed spectrum. The
feature at λ = 1.599 ± 0.004 µm is detected at 2.7σ with
an integrated line flux of 3.5 ± 1.3 × 10−18 erg s−1 cm−2. The
probability of finding a Gaussian noise feature with equal or
greater significance is ∼10% for 30 independent resolution
elements (∼3000 Å).

3.3. The Reality of the 1.599 µm Feature

There are regions in the 2D cross-correlation spectrum with
apparently similar significance to the feature at 1.6 µm. Many
of them can be rejected because they do not fall precisely along

the trace of the grism spectrum. There are enhancements found
near the trace at λ = 1.14 µm and 1.22 µm, though these
wavelengths suffer from higher contamination perhaps consist-
ing of faint emission lines not included in the contamination
model. The HST/WFC3 broadband photometry places strong
constraints on the possibility that these lines come from UDFj-
39546284: either of the bluer lines alone would result in Y105 or
J125 two magnitudes brighter than the 2σ HUDF12 limits.

In contrast, the 1.599 µm line is consistent with the HUDF12
photometry. Within the same 0.′′3 aperture used to measure the
line flux, we measure H160 = 29.04 for the H160 kernel. This
is 27% brighter than the Ellis et al. (2013) magnitude measured
within an 0.′′25 aperture, but is only 73% of the total magnitude
measured by Bouwens et al. (2013). These differences are
consistent with aperture corrections of the extended source,
which shows a faint extended tail to the NE in the H160
image (Bouwens et al. 2013). A pure emission line with the
observed flux would result in H160 = 28.92; the line accounts
for 110% ± 40% (1σ ) of the H160 flux. This corresponds to a
(1, 2)σ limit on the observed-frame equivalent width of the line
of EW > (7300, 1300) Å.

We test our technique by analyzing faint lines of another UDF
galaxy with a secure redshift, UDF-40106456 (right panels of
Figure 3). This galaxy has H160 = 27.4 and unambiguous emis-
sion lines of Hα and [O iii]λ4959,5007 at z = 1.303 visible
in the stacked 2D spectrum before cross-correlation. Using the
cross-correlation technique we find a significant detection of Hβ
even though the line is barely visible in the original spectrum.
Two spurious features are detected at 1.24 µm and 1.29 µm
with comparable flux as the tentative line in UDFj-39546284.
These are both clearly associated with residual contamination
from another source at the top of the 2D spectrum. The Hα
line flux of UDF-40106456 is 9.5 ± 1.0 × 10−18 erg s−1 cm−2,
just three times brighter than the UDFj-39546284 emis-
sion line. The detection significance is S/N ∼ 10 and the
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Figure 4. WFC3/G141 spectrum and broadband SED of EGS-XEW-1, an “[O iii] blob” at z = 1.605 with extreme [O iii] emission lines and colors similar to UDFj-
39546284. The asymmetric line profile of component A is consistent with lines of Hβ and the [O iii]λ4959,5007 doublet as indicated; the lines are unambiguously
resolved for component B, at the same redshift. The right panel shows the SED of the blob normalized to that of the UDFj-39546284 H160 magnitude. Non-detections
for UDFj-39546284 are shown with 2σ upper limits taken from Bouwens et al. (2013). Along with the G141 spectrum, ground-based photometry of the blob from
the NEWIRM Medium Band Survey (NMBS) (Whitaker et al. 2011) is shown in blue, redshifted such that the [O iii] line would have been observed at 1.6 µm and
scaled to account for the different NMBS-J3, JH140, and H160 passbands. The inset shows a color thumbnail of the blob created from HST ACS/V606, ACS/I814, and
WFC3/JH140 images.
(A color version of this figure is available in the online journal.)

The broadband spectral energy distribution (SED) of EGS-
XEW-1 is compared to that of UDFj-39546284 in the right panel
of Figure 4. The spectral break that results from a line such as the
one observed in EGS-XEW-1 is just large enough to satisfy the
2σ limit on the JH140 −H160 dropout color of UDFj-39546284.
However, if UDFj-39546284 had exactly the same spectrum as
EGS-XEW-1, the [O ii]λ3727 line would probably be detected
in the bluer WFC3 HUDF12 photometry. Interestingly, EGS-
XEW-1 has much redder UV colors than fλ ∼ λ−2 observed
for the high equivalent width starbursts at similar redshifts (van
der Wel et al. 2011; Brammer et al. 2012b), which, if also
true for UDFj-39546284, could help explain the lack of z = 2
Lyα observed for that source (Ellis et al. 2013). While not a
perfect match, EGS-XEW-1 provides a directly observed route
to a plausible low-redshift interpretation for the UDFj-39546284
photometry.

5. DISCUSSION AND CONCLUSIONS

We have described a deep HST grism spectrum of the
candidate z = 12 galaxy UDFj-39546284. Using the known
emission-line morphology to increase the line sensitivity of the
slitless grism spectrum, we detect a tentative emission line at
λ = 1.599 µm with flux 3.5 ± 1.3 × 10−18 erg s−1 cm−2 and
observed-frame equivalent width >7300 Å.

While the current observations do not conclusively forbid
the z = 12 interpretation of UDFj-39546284, a number of
independent factors conspire to suggest that the 2.7σ line is in
fact real and that the true redshift of UDFj-39546284 is z ∼ 2.2.
First, the line is observed at just the right wavelength and flux
to satisfy both the HUDF H160 detection and the >1.4 mag
dropout at λ < 1.595 µm in the bluer HST bands. If the feature
were observed just 4 pixel (93 Å) bluer it would violate the
constraints on JH140 by a magnitude. Second, Bouwens et al.

(2013) demonstrate that without a significant contribution of
Lyα to the H160 flux, the implied rest-frame UV luminosity for
z ∼ 12 is some 20 times higher than would be expected from
the evolution of the luminosity function at z = 8–10. Third,
recent deep spectroscopic surveys of photometric dropouts find
a decreasing fraction of Lyα emitters with increasing redshift
when the universe was increasingly neutral (Pentericci et al.
2011; Caruana et al. 2012). Fourth, we show that spatially
extended objects with EW > 7300 Å exist at z ∼ 2. Finally,
we find at least two [O iii] emitters within 1000 km s−1 of
the z = 2.19 solution for UDFj-39546284 in the 3D-HST
coverage of the full GOODS-South field, the nearest separated
by 69′′ (570 kpc); the fact that other galaxies exist at this exact
redshift increases the probability that the line is real and is
[O iii]λ4959,5007.

If the physical properties of UDFj-39546284 are similar to
either the [O iii] blob EGS-XEW-1 or to the high equivalent
width starbursting dwarf galaxies studied by van der Wel et al.
(2011), UDFj-39546284 at z = 2.2 would represent a new
class of object 750 times fainter than the former or ∼30 times
fainter than the latter. Scaling from the typical stellar masses of
the van der Wel et al. (2011) galaxies, UDFj-39546284 would
have a stellar mass of the order of 106 M⊙, similar to the mass
of a single massive star cluster (e.g., Reines et al. 2008). The
extended H160 morphology would then indicate the distribution
of ionized gas surrounding the cluster.

The most urgent question is whether the line is real and
associated with UDFj-39546284 as opposed to coming from a
nearby contaminating object spectrum or simply being a clump
of positive noise fluctuations. If the line is real and is [O iii] at
z = 2.2, it should be possible to detect the 4959 and 5007 Å
lines of the doublet separately, either in (much) deeper grism
data or in deep ground-based spectroscopy. Hα may also be
visible in the K band at a similar flux as [O iii] (Figure 4).

5



Cosmic Dawn

• Place constraints on emission line strength for GOODS-N z~10 candidates (Oesch+2014, 2016)



Cosmic Dawn

• Overall 5.5σ at λ > 1.47 µm


• Break factor of >3.1 (2σ, 500Å)


• (Maximally old BC03 model 
at z=2.7 a factor of <2.7 
defined the same way)


• Best-fit redshift of combined 
spectra + photometry: z=11.1 
±0.1



Future Prospects



New capabilities with slitless spectroscopy: archival work

• 4x G141 area 
• Joint G102+G141 
• Deep pointings at 

multiple angles 
• Heterogeneous 

supporting data (but 
always WFC3 imaging) 

• Standardized analysis 
• Cycle 24 Legacy 

Archival Program 
(AR-14553)

Figure 1: The HST archive contains roughly 0.7 deg2 of coverage with the red G141 grism at a
depth of 1 orbit (⇠2800 sec) or more. 3D-HST is the largest program to provide a complete and
automated extraction of its spectra, covering just ⇠1/4 of the total area covered at 2-orbit depth
in just the G141 grism (grey line, right panel). A huge discovery space remains to be explored
from systematic analysis of 1) the full area, 2) deep fields and 3) dual G102+G141 grism coverage
of the full contents of the WFC3/IR grism archive.

Analysis considerations for slitless spectroscopy: The baseline tool for reducing slit-
less grism data is the STScI “aXe” package (Kümmel+2009), which provides an interface
for extracting 2D and 1D spectra from a set of exposures in a single grism at a single orient.
However, for the 3D-HST survey we found that simply extracting the spectra was insu�-
cient for realizing the science goals of the program. In order to pursue detailed modeling
of the spectra we developed specialized tools (Brammer+2012a, Brammer+2012b, Mom-
cheva+2015), which compute a model of the full field of view of a given exposure to evaluate
and predict the contamination from overlapping spectra of nearby objects. Using this static
contamination model we extract 2D spectra of individual objects and fit them directly, simul-
taneously with accompanying photometric data, to determine redshifts, continuum shapes,
and emission line fluxes.

The goal of the 3D-HST data analysis was to produce complete and robust catalogs of
properties derived from the grism spectra, akin to the carefully constructed photometric and
morphological catalogs that were derived from the HST and ground-based imaging of the
same survey fields (Skelton+2014, van der Wel et al.+2014). This goal required that the 3D-
HST pipeline be developed to run automatically in batch mode with little interaction required
from the user. In all, we analyzed 156 independent two-orbit pointings of the G141 grism
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New capabilities with slitless spectroscopy: JWST

Capabilities science capabilities with dramatic improvements in: 
• Sensitivity 
• Resolution 
• Bandpass



• JWST NIRISS+FGS 

• Big telescope! 0.065” pixels, ~WFC3/IR FOV 

• Two grisms rotated by 90°, R=150 (like WFC3/G141) 

• Bandpass limiting by crossed filters, 0.9 – 2.2 µm

NIRISS, G150C + F115W

New capabilities with slitless spectroscopy: JWST

WFC3/G141

Simulation by G. Brammer 
https://github.com/gbrammer/grizli/



• JWST NIRISS+FGS 

• Big telescope! 0.065” pixels, ~WFC3/IR FOV 

• Two grisms rotated by 90°, R=150 (like WFC3/G141) 

• Bandpass limiting by crossed filters, 0.9 – 2.2 µm

NIRISS, G150R + F115W
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• JWST NIRISS+FGS 

• Big telescope! 0.065” pixels, ~WFC3/IR FOV 

• Two grisms rotated by 90°, R=150 (like WFC3/G141) 

• Bandpass limiting by crossed filters, 0.9 – 2.2 µm

NIRISS, G150R + F150W
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• JWST NIRISS+FGS 

• Big telescope! 0.065” pixels, ~WFC3/IR FOV 

• Two grisms rotated by 90°, R=150 (like WFC3/G141) 

• Bandpass limiting by crossed filters, 0.9 – 2.2 µm

WFC3/G141 NIRISS, G150R + F200W

New capabilities with slitless spectroscopy: JWST

Simulation by G. Brammer 
https://github.com/gbrammer/grizli/



New capabilities with slitless spectroscopy: JWST

Simulation by G. Brammer 
https://github.com/gbrammer/grizli/



New capabilities with slitless spectroscopy: JWST

• JWST NIRCAM Long Wave 

• Big telescope! 0.065” pixels, 2 detectors, FOV~4.4’ x 2.2’ 

• Two grisms rotated by 90°, R=1500! 

• Bandpass limiting by crossed filters, 2.4 - 5.0 µm
NIRCam F356W NIRCam F444W

Simulation by G. Brammer 
https://github.com/gbrammer/grizli/



• JWST NIRCAM Long Wave 

• Big telescope! 0.065” pixels, 2 detectors, FOV~4.4’ x 2.2’ 

• Two grisms rotated by 90°, R=1500! 

• Bandpass limiting by crossed filters, 2.4 - 5.0 µm

New capabilities with slitless spectroscopy: JWST



New capabilities with slitless spectroscopy:  WFIRST

• WFIRST GRS grism 
• 0.28 deg2 at a shot, 2400 deg2 (!) High Latitude Survey (z for BAO, RSD, public 

survey) 

• 2.4m telescope (≈HST) 
• 1.3–1.9 µm, R = 4 ⨉ G141 (e.g., just resolves Hα, [NII])

WFC3/G141 WFIRST GRS grism

Simulation by G. Brammer 
https://github.com/gbrammer/grizli/



AEGIS

GOODS-N
COSMOS GOODS-S

UDS

WFIRST: 0.28 deg2 / pointing, 2400 deg2 total

(from prev.)



52 3 41 0 

WFC3/IR

JWST 
NIRISS, NIRCam

Euclid

WFIRST

Deep, Hα z>5, [OIII] z>6

Shallow, 104 deg2

≈3D-HST, 2K deg2

Hα 
Hβ, [OIII] 

[OII]
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New capabilities with slitless spectroscopy



Conclusions

• Slitless grism surveys offer 
highly complete spectroscopic 
resource for galaxy evolution 
studies


• Slitless nature of the spectra 
presents data analysis 
challenges, but with significant 
benefits (e.g., continuum 
depth, completeness, spatial 
resolution)


• Lessons, science, and targets 
from current HST grism 
programs will help pave the 
way for upcoming space 
missions (JWST, EUCLID, 
WFIRST)


