
Galaxy Formation & Evolution in the    WFIRS   Era:  
From Census to Synthesis of the Lifecycles of Galaxies

Kate Whitaker 
Assistant Professor


University of Connecticut

www.whitaker.physics.uconn.edu

http://www.whitaker.physics.uconn.edu


z=11.1!

z~1.3

z~1.4

z~1.4

z=0

z~0.3
z~2



z=11.1!

z~1.3

z~1.4

z~1.4

z=0

z~0.3
z~2

Wide-field slitless surveys at z=1-2: 
• Large, uniform, roughly unbiased samples 

• Spatially-resolved line diagnostics @ HST resolution 

• Accurate redshifts (Δ z/(1+z) ~ 0.003): large scale 
structure & stacking analyses
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• 2-4	orbit	coverage	
• 0.55	to	1.0 μm	
• 40 Å/pix

WFC3	specs:	
• 2	orbit	coverage	
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mosaics:	F140W	3D-HST

Footprint	of	CANDELS	and	3D-HST	Surveys	
3dhst.research.yale.edu
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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 studies of evolving 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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• Photometric Catalogs  Skelton, Whitaker et al. 2014 

•  >200,000 catalog entries 
• 147 different bands, including available 

medium and narrow bands 
• few % photometric redshifts 
• morphology, rest-frame color, and stellar 

population parameters 

• Grism Spectroscopy  Momcheva, Brammer et al. 2015 
• ~20,000 objects to F140W<24 (~105 to 

F140W<26) 
• Grism+photometry redshifts, dz/(1+z)~0.003 
• Emission line fluxes, equivalent widths

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

CANDELS+3D-HST:

http://3dhst.astro.yale.edu
https://archive.stsci.edu/prepds/3d-hst/
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•  >200,000 catalog entries 
• 147 different bands, including available 

medium and narrow bands 
• few % photometric redshifts 
• morphology, rest-frame color, and stellar 

population parameters 

• Grism Spectroscopy  Momcheva, Brammer et al. 2015 
• ~20,000 objects to F140W<24 (~105 to 

F140W<26) 
• Grism+photometry redshifts, dz/(1+z)~0.003 
• Emission line fluxes, equivalent widths

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

CANDELS+3D-HST:

All high level science data  
products publicly available!

http://3dhst.astro.yale.edu
https://archive.stsci.edu/prepds/3d-hst/
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Science Highlights
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• Dust extinction  Price et al. 2014, Nelson et al. 2016 

• Ages  Whitaker et al. 2013, Fumagalli et al. 2016 

• Active Galactic Nuclei  Trump et al. 2011, 2014, Bridge et al. 2016  

• Metallicity gradients  Jones et al. 2014, Wang et al. 2016 

• Age gradients  Whitaker et al., in prep
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FIG. 4.— Illustration of the creation of Hα image stack and the derivation of radial profiles. The panels on the left show four of the 377 Hα maps that are
summed to create the stack on the right. The stack is masked with the “double pacman" mask shown, in order to mitigate the effects of redshift uncertainties
and [S II] λλ6716,6731Å (see § 3.3). The surface brightness profiles derived from this stack are shown above it. The raw profile is shown in black. The profile
corrected for residual continuum is shown in green and the profile corrected for the effects of the psf is shown in orange.

4.8" or 38× 38kpc at z ∼ 1. Many of these postage stamps
have a small residual positive background (smaller than the
noise). To correct for this background, we compute the me-
dian of all unmasked pixels in the 2 kpc edges of each stamp
and subtract it. This means that we can reliably trace the sur-
face brightness out to 17 kpc. Beyond this point, the surface
brightness is definitionally zero.

3.3. Stacking
To measure the average spatial distribution of Hα during

this epoch from z = 1.5− 0.7, we create mean Hα images by
stacking the Hα maps of individual galaxies with similar M∗

and/or SFR (See § 4&5). Many studies first use Hα images
of individual galaxies to measure the spatial distribution of
star formation then describe average trends in this distribu-
tion as a function of M∗ or SFR (e.g., Förster Schreiber et al.
2006; Epinat et al. 2009; Förster Schreiber et al. 2009; Gen-
zel et al. 2011; Nelson et al. 2012; Epinat et al. 2012; Contini
et al. 2012; Wuyts et al. 2013; Genzel et al. 2014a). Instead,
we first create average Hα images by stacking galaxies as a
function M∗ and SFR then measure the spatial distribution
of star formation to describe trends. This stacking strategy
leverages the strengths of our data: Hα maps taken under uni-
form observing conditions for a large and objectively defined
sample of galaxies. From a practical standpoint, the method-
ology has the advantage that we do not need data with very
high signal-to-noise. As a consequence, we can explore rela-
tively uncharted regions of parameter space. In particular, we
can measure the radial distribution of star formation in galax-
ies across a vast expanse of the SFR-M∗ plane down to low
masses and star formation rates. Additionally, we can probe
the distribution of ionized gas in the outer regions of galaxies
where star formation surface densities are thought to be very

low.
We created the stacked images by summing normalized,

masked images of galaxies in HF140W and Hα. To best control
for the various systematics described in the remainder of this
section, for our primary analysis, we do not distort the galaxy
images by de-projecting, rotating, or scaling them. We show
major-axis aligned stacks in § 6 and de-projected, radially-
normalized profiles in an appendix. Our results remain quali-
tatively consistent regardless of this methodological decision.
For all analyses, the images were weighted by their HF140W
flux so the stack is not dominated by a single bright object.
The HF140W filter covers the full wavelength range of the
G141 grism encompassing the Hα emission line. Normal-
izing by the HF140W emission hence accounts for very bright
Hα line emission without inverse signal-to-noise weighting as
normalizing by the Hα emission would.
As a consequence of the grism’s low spectral resolution,

we have to account for the blending of emission lines. With
a FWHM spectral resolution of ∼ 100Å , Hαλ6563Å and
[N II]λ6548+ 6583Å are blended. To account for the con-
tamination of Hα by [N II], we scale the measured flux down
by a factor of 1.15 (Sanders et al. 2015) and adopt this
quantity as the Hα flux. This is a simplistic correction as
[N II]/Hα varies between galaxies (e.g. Savaglio et al. 2005;
Erb et al. 2006b; Maiolino et al. 2008; Zahid et al. 2013;
Leja et al. 2013; Wuyts et al. 2014; Sanders et al. 2015;
Shapley et al. 2015) as well as radially within galaxies (e.g.
Yuan et al. 2011; Queyrel et al. 2012; Swinbank et al. 2012;
Jones et al. 2013, 2015; Förster Schreiber et al. 2014; Genzel
et al. 2014b; Stott et al. 2014). Stott et al. (2014) find a range
of metallicity gradients −0.063<∆Z/∆r < 0.073dexkpc−1,
with the median of ∼ 0 (no gradient) for 20 typical star-
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4.8" or 38× 38kpc at z ∼ 1. Many of these postage stamps
have a small residual positive background (smaller than the
noise). To correct for this background, we compute the me-
dian of all unmasked pixels in the 2 kpc edges of each stamp
and subtract it. This means that we can reliably trace the sur-
face brightness out to 17 kpc. Beyond this point, the surface
brightness is definitionally zero.

3.3. Stacking
To measure the average spatial distribution of Hα during

this epoch from z = 1.5− 0.7, we create mean Hα images by
stacking the Hα maps of individual galaxies with similar M∗

and/or SFR (See § 4&5). Many studies first use Hα images
of individual galaxies to measure the spatial distribution of
star formation then describe average trends in this distribu-
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we first create average Hα images by stacking galaxies as a
function M∗ and SFR then measure the spatial distribution
of star formation to describe trends. This stacking strategy
leverages the strengths of our data: Hα maps taken under uni-
form observing conditions for a large and objectively defined
sample of galaxies. From a practical standpoint, the method-
ology has the advantage that we do not need data with very
high signal-to-noise. As a consequence, we can explore rela-
tively uncharted regions of parameter space. In particular, we
can measure the radial distribution of star formation in galax-
ies across a vast expanse of the SFR-M∗ plane down to low
masses and star formation rates. Additionally, we can probe
the distribution of ionized gas in the outer regions of galaxies
where star formation surface densities are thought to be very

low.
We created the stacked images by summing normalized,

masked images of galaxies in HF140W and Hα. To best control
for the various systematics described in the remainder of this
section, for our primary analysis, we do not distort the galaxy
images by de-projecting, rotating, or scaling them. We show
major-axis aligned stacks in § 6 and de-projected, radially-
normalized profiles in an appendix. Our results remain quali-
tatively consistent regardless of this methodological decision.
For all analyses, the images were weighted by their HF140W
flux so the stack is not dominated by a single bright object.
The HF140W filter covers the full wavelength range of the
G141 grism encompassing the Hα emission line. Normal-
izing by the HF140W emission hence accounts for very bright
Hα line emission without inverse signal-to-noise weighting as
normalizing by the Hα emission would.
As a consequence of the grism’s low spectral resolution,

we have to account for the blending of emission lines. With
a FWHM spectral resolution of ∼ 100Å , Hαλ6563Å and
[N II]λ6548+ 6583Å are blended. To account for the con-
tamination of Hα by [N II], we scale the measured flux down
by a factor of 1.15 (Sanders et al. 2015) and adopt this
quantity as the Hα flux. This is a simplistic correction as
[N II]/Hα varies between galaxies (e.g. Savaglio et al. 2005;
Erb et al. 2006b; Maiolino et al. 2008; Zahid et al. 2013;
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Shapley et al. 2015) as well as radially within galaxies (e.g.
Yuan et al. 2011; Queyrel et al. 2012; Swinbank et al. 2012;
Jones et al. 2013, 2015; Förster Schreiber et al. 2014; Genzel
et al. 2014b; Stott et al. 2014). Stott et al. (2014) find a range
of metallicity gradients −0.063<∆Z/∆r < 0.073dexkpc−1,
with the median of ∼ 0 (no gradient) for 20 typical star-
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izing by the HF140W emission hence accounts for very bright
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normalizing by the Hα emission would.
As a consequence of the grism’s low spectral resolution,
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et al. 2014b; Stott et al. 2014). Stott et al. (2014) find a range
of metallicity gradients −0.063<∆Z/∆r < 0.073dexkpc−1,
with the median of ∼ 0 (no gradient) for 20 typical star-



Kate Whitaker January 10, 2018Astrophysics with WFIRST @ 231st AAS Meeting

8 Nelson et al.

   9<M<9.5

0 2 4 6 8 10
r [kpc]

10−17

10−16

10−15

µ
(H
α

) [
er

g/
s/

cm
2 /a

rc
se

c2 ]   9.5<M<10

0 2 4 6 8 10
r [kpc]

10<M<10.5

0 2 4 6 8 10
r [kpc]

10.5<M<11

0 2 4 6 8 10
r [kpc]

FIG. 5.— The average radial distribution of Hα emission in galaxies in bins of stellar mass indicated at the top of each panel. The filled circles show the
radial profiles measured directly from the stacked Hα images. The open circles show the profiles corrected for the effect of the PSF. The lines show the best fit
exponentials for 0.5rs < r < 3rs to the PSF-corrected profiles. There appears to be some excess flux over a pure exponential at small and large radii. The short
vertical lines show the corresponding Hα effective radii.
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FIG. 6.— Size-mass relations for Hα (rHα −M∗) stellar continuum (r∗ −
M∗). The size of star forming disks traced by Hα increases with stellar
mass as rHα ∝M0.23. At low masses, rHα ∼ r∗, as mass increases the disk
scale length of Hα becomes larger than the stellar continuum emission as
rHα ∝ r∗M0.054

∗ . Interpreting Hα as star formation and stellar continuum
as stellar mass, this serves as evidence that on average, galaxies are growing
larger in size due to star formation.

to increase the S/N ratio, enabling us to trace the profile of
Hα to large radii. An obvious disadvantage is that the Hα
distribution is known to be different for different galaxies. As
an example, the Hα maps of the galaxies shown in Fig. 3 are
quite diverse, displaying a range of sizes, surface densities,
and morphologies. Additionally, star formation in the early
universe often appears to be clumpy and stochastic. Differ-
ent regions of galaxies light up with new stars for short peri-
ods of time. These clumps, while visually striking, make up
a small fraction of the total star formation at any given time.
Only 10−15%of star formation occurs in clumpswhile the re-
maining 85−90% of star formation occurs in a smooth disk or
bulge component (Förster Schreiber et al. 2011b; Wuyts et al.

2012, 2013). Stacking Hα smoothes over the short-timescale
stochasticity to reveal the time-averaged spatial distribution
of star formation.
Fig. 5 shows the radial surface brightness profiles of Hα as

a function of stellar mass. The first and most obvious fea-
ture of these profiles is that the Hα is brightest in the center
of these galaxies: the radial surface brightness of Hα rises
monotonically toward small radii. The average distribution of
ionized gas is not centrally depressed or even flat, it is cen-
trally peaked. This shows that there is substantial on-going
star formation in the centers of galaxies at all masses at z∼ 1.
With regard to profile shape, in log(flux)-linear(radius)

space, these profiles appear to be nearly linear indicating they
are mostly exponential. There is a slight excess at small and
large radii compared to an exponential profile. However, the
profile shape is dependent on the stacking methodology: if
the profiles are deprojected and normalized by their effective
radius (as derived from the HF140W data) they are closer to
exponential (see appendix). We do not use these normalized
profiles as the default in the analysis, as it is difficult to ac-
count for the effects of the PSF.
We quantify the size of the ionized gas distribution in two

ways: fitting exponential profiles and Sérsic models. For sim-
plicity, we measure the disk scale lengths (≡ rs) of the ion-
ized gas by fitting the profiles with an exponential between
0.5rs < r < 3rs. These fits are shown in Fig. 5. It is clear that
over the region 0.5rs < r < 3rs the Hα distribution is reason-
ably well-approximated by an exponential. Out to 5rs,∼ 90%
of the Hα can be accounted for by this single exponential disk
fit. This implies that most of the Hα lies in a disk.
The scale length of the exponential disk fits increases with

mass from 1.3 kpc for 9.0 < M∗ < 9.5 to 2.6 kpc for 10.5 <
M∗ < 11.0. With re = 1.678rs, this corresponds to effective
(half-light) radii of 2.2 kpc and 4.4 kpc respectively. We fit the
size-mass relation of the ionized gas disks (rHα −M∗) with:

rHα(m∗) = 1.5m0.23∗ (2)

where m∗ = M∗/1010M⊙. Fitting the HF140W surface bright-
ness profiles in the same way shows the exponential disk scale
lengths of the stellar continuum emission vs. the ionized gas.
We parameterize this comparison in terms of the stellar con-
tinuum size:

r∗(m∗) = 1.4m0.18∗ (3)

Where do stars form?  The inside-out growth of exponential disks

Nelson	et	al.	2013,	2015
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as stellar mass, this serves as evidence that on average, galaxies are growing
larger in size due to star formation.

to increase the S/N ratio, enabling us to trace the profile of
Hα to large radii. An obvious disadvantage is that the Hα
distribution is known to be different for different galaxies. As
an example, the Hα maps of the galaxies shown in Fig. 3 are
quite diverse, displaying a range of sizes, surface densities,
and morphologies. Additionally, star formation in the early
universe often appears to be clumpy and stochastic. Differ-
ent regions of galaxies light up with new stars for short peri-
ods of time. These clumps, while visually striking, make up
a small fraction of the total star formation at any given time.
Only 10−15%of star formation occurs in clumpswhile the re-
maining 85−90% of star formation occurs in a smooth disk or
bulge component (Förster Schreiber et al. 2011b; Wuyts et al.

2012, 2013). Stacking Hα smoothes over the short-timescale
stochasticity to reveal the time-averaged spatial distribution
of star formation.
Fig. 5 shows the radial surface brightness profiles of Hα as

a function of stellar mass. The first and most obvious fea-
ture of these profiles is that the Hα is brightest in the center
of these galaxies: the radial surface brightness of Hα rises
monotonically toward small radii. The average distribution of
ionized gas is not centrally depressed or even flat, it is cen-
trally peaked. This shows that there is substantial on-going
star formation in the centers of galaxies at all masses at z∼ 1.
With regard to profile shape, in log(flux)-linear(radius)

space, these profiles appear to be nearly linear indicating they
are mostly exponential. There is a slight excess at small and
large radii compared to an exponential profile. However, the
profile shape is dependent on the stacking methodology: if
the profiles are deprojected and normalized by their effective
radius (as derived from the HF140W data) they are closer to
exponential (see appendix). We do not use these normalized
profiles as the default in the analysis, as it is difficult to ac-
count for the effects of the PSF.
We quantify the size of the ionized gas distribution in two

ways: fitting exponential profiles and Sérsic models. For sim-
plicity, we measure the disk scale lengths (≡ rs) of the ion-
ized gas by fitting the profiles with an exponential between
0.5rs < r < 3rs. These fits are shown in Fig. 5. It is clear that
over the region 0.5rs < r < 3rs the Hα distribution is reason-
ably well-approximated by an exponential. Out to 5rs,∼ 90%
of the Hα can be accounted for by this single exponential disk
fit. This implies that most of the Hα lies in a disk.
The scale length of the exponential disk fits increases with

mass from 1.3 kpc for 9.0 < M∗ < 9.5 to 2.6 kpc for 10.5 <
M∗ < 11.0. With re = 1.678rs, this corresponds to effective
(half-light) radii of 2.2 kpc and 4.4 kpc respectively. We fit the
size-mass relation of the ionized gas disks (rHα −M∗) with:

rHα(m∗) = 1.5m0.23∗ (2)

where m∗ = M∗/1010M⊙. Fitting the HF140W surface bright-
ness profiles in the same way shows the exponential disk scale
lengths of the stellar continuum emission vs. the ionized gas.
We parameterize this comparison in terms of the stellar con-
tinuum size:

r∗(m∗) = 1.4m0.18∗ (3)
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larger in size due to star formation.

to increase the S/N ratio, enabling us to trace the profile of
Hα to large radii. An obvious disadvantage is that the Hα
distribution is known to be different for different galaxies. As
an example, the Hα maps of the galaxies shown in Fig. 3 are
quite diverse, displaying a range of sizes, surface densities,
and morphologies. Additionally, star formation in the early
universe often appears to be clumpy and stochastic. Differ-
ent regions of galaxies light up with new stars for short peri-
ods of time. These clumps, while visually striking, make up
a small fraction of the total star formation at any given time.
Only 10−15%of star formation occurs in clumpswhile the re-
maining 85−90% of star formation occurs in a smooth disk or
bulge component (Förster Schreiber et al. 2011b; Wuyts et al.

2012, 2013). Stacking Hα smoothes over the short-timescale
stochasticity to reveal the time-averaged spatial distribution
of star formation.
Fig. 5 shows the radial surface brightness profiles of Hα as

a function of stellar mass. The first and most obvious fea-
ture of these profiles is that the Hα is brightest in the center
of these galaxies: the radial surface brightness of Hα rises
monotonically toward small radii. The average distribution of
ionized gas is not centrally depressed or even flat, it is cen-
trally peaked. This shows that there is substantial on-going
star formation in the centers of galaxies at all masses at z∼ 1.
With regard to profile shape, in log(flux)-linear(radius)

space, these profiles appear to be nearly linear indicating they
are mostly exponential. There is a slight excess at small and
large radii compared to an exponential profile. However, the
profile shape is dependent on the stacking methodology: if
the profiles are deprojected and normalized by their effective
radius (as derived from the HF140W data) they are closer to
exponential (see appendix). We do not use these normalized
profiles as the default in the analysis, as it is difficult to ac-
count for the effects of the PSF.
We quantify the size of the ionized gas distribution in two

ways: fitting exponential profiles and Sérsic models. For sim-
plicity, we measure the disk scale lengths (≡ rs) of the ion-
ized gas by fitting the profiles with an exponential between
0.5rs < r < 3rs. These fits are shown in Fig. 5. It is clear that
over the region 0.5rs < r < 3rs the Hα distribution is reason-
ably well-approximated by an exponential. Out to 5rs,∼ 90%
of the Hα can be accounted for by this single exponential disk
fit. This implies that most of the Hα lies in a disk.
The scale length of the exponential disk fits increases with

mass from 1.3 kpc for 9.0 < M∗ < 9.5 to 2.6 kpc for 10.5 <
M∗ < 11.0. With re = 1.678rs, this corresponds to effective
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where m∗ = M∗/1010M⊙. Fitting the HF140W surface bright-
ness profiles in the same way shows the exponential disk scale
lengths of the stellar continuum emission vs. the ionized gas.
We parameterize this comparison in terms of the stellar con-
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When did the stars form? Ages of quenched galaxies
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Cosmic Dawn and serendipitous discoveries of the first galaxies

• Hubble beats the cosmic 
distance record with a best-fit 
redshift of combined grism 
spectrum and photometry of         
z = 11.1 ± 0.1


• Overall 5.5σ detection at λ>1.47 µm 

• Lyman break factor of >3.1 (2σ, 500Å) 

• Grism + photometric data rule out all 
plausible lower redshift solutions.

Oesch	et	al.	2016
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Future Prospects
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Simulation by G. Brammer 
https://github.com/gbrammer/grizli/

WFIRST Simulations: what can we expect?

Single 4k WFIRST detector 

Dispersed by the HLS grism 

Hα:  1.1 < z < 1.9 
(full range 0.5 < z < 1.9) 

[OIII]+Hβ:  1.9 < z < 2.8 
(full range 1.0 < z < 2.8) 
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• WFIRST GRS grism 
• 0.28 deg2 at a shot, 2000 deg2 (!) High Latitude Survey (z for BAO, RSD, public survey) 
• 2.4m telescope (≈HST) 
• 1.0–1.9 µm, R = 4 ⨉ G141 (e.g., just resolves Hα, [NII])

WFC3/G141 WFIRST GRS grism

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

WFIRST: new capabilities with slitless spectroscopy
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Line Morphologies provide spatially resolved information on ~1kpc scales

• 2000 deg2 (!)  
• 2.4m telescope (≈HST) 
• 1.0–1.9 µm 
• R = 4 ⨉ G141 (resolves Hα, [NII])

• Star-formation activity (SFR, ΣSFR(r))  Wuyts et al. 2013, Nelson et al. 2016  

• Star-formation history (Hα vs. continuum)  Nelson et al. 2013, 2015 

• Dust extinction  Price et al. 2014, Nelson et al. 2016 

• Ages  Whitaker et al. 2013, Fumagalli et al. 2016 

• Active Galactic Nuclei  Trump et al. 2011, 2014, Bridge et al. 2016  

• Metallicity gradients  Jones et al. 2014, Wang et al. 2016 

• Age gradients  Whitaker et al., in prep 

• Cosmic Dawn  Oesch et al. 2016
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Line Morphologies provide spatially resolved information on ~1kpc scales

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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N3DHST~600 galaxies total
NWFIRST-HLS~10 million galaxies total

Offers amazing number statistics!

Nelson et al. 2016

• 2000 deg2 (!)  
• 2.4m telescope (≈HST) 
• 1.0–1.9 µm 
• R = 4 ⨉ G141 (resolves Hα, [NII])
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• Star-formation activity (SFR, ΣSFR(r))  Wuyts et al. 2013, Nelson et al. 2016  

• Star-formation history (Hα vs. continuum)  Nelson et al. 2013, 2015 

• Dust extinction  Price et al. 2014, Nelson et al. 2016 

• Ages  Whitaker et al. 2013, Fumagalli et al. 2016 

• Active Galactic Nuclei  Trump et al. 2011, 2014, Bridge et al. 2016  

• Metallicity gradients  Jones et al. 2014, Wang et al. 2016 

• Age gradients  Whitaker et al., in prep 

• Cosmic Dawn  Oesch et al. 2016

Line Morphologies provide spatially resolved information on ~1kpc scales

N3DHST~200 quiescent galaxies
NWFIRST-HLS~2 million quiescent galaxies

Offers amazing number statistics!

Whitaker et al. 2013

• 2000 deg2 (!)  
• 2.4m telescope (≈HST) 
• 1.0–1.9 µm 
• R = 4 ⨉ G141 (resolves Hα, [NII])
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Line Morphologies provide spatially resolved information on ~1kpc scales

Wide area + unbiased sample + spectral information 
= perfect probe of ENVIRONMENT!
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• 2000 deg2 (!)  
• 2.4m telescope (≈HST) 
• 1.0–1.9 µm 
• R = 4 ⨉ G141 (resolves Hα, [NII])
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WFIRST takes us from ~50 
to ~50,000 recently 

quenched galaxies at z~2! 

• 2000 deg2 (!)  
• 2.4m telescope (≈HST) 
• 1.0–1.9 µm 
• R = 4 ⨉ G141 (resolves Hα, [NII])
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Line Morphologies provide spatially resolved information on ~1kpc scales

Wide area + unbiased sample + spectral information 
= perfect probe of ENVIRONMENT!

• What role does environment 
play in star formation efficiency? 

• Does dust attenuation depend 
on environment? 

• Do galaxies quench earlier in 
denser environments?  

• What role do AGN play in 
quenching? 

• …

• 2000 deg2 (!)  
• 2.4m telescope (≈HST) 
• 1.0–1.9 µm 
• R = 4 ⨉ G141 (resolves Hα, [NII])
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New samples of 
gravitationally lensed targets! }

Line Morphologies provide spatially resolved information on ~1kpc scales

Wide area + unbiased sample + spectral information 
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Line Morphologies provide spatially resolved information on ~1kpc scales

Wide area + unbiased sample + spectral information 
= perfect probe of ENVIRONMENT!

WFIRST will reveal 100s-1000s 
of luminous galaxies in the 

epoch of reionization! 

Oesch et al. 2016

• 2000 deg2 (!)  
• 2.4m telescope (≈HST) 
• 1.0–1.9 µm 
• R = 4 ⨉ G141 (resolves Hα, [NII])
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• Slitless	grism	surveys	like	3D-HST	offer	a	highly	complete	spectroscopic	
resource	for	galaxy	evoluPon	studies	

• The	slitless	nature	of	the	spectra	presents	formidable	data	analysis	
challenges,	but	with	significant	benefits	(e.g.,	conPnuum	depth,	
completeness,	spaPal	resoluPon)	

• Lessons,	science,	and	targets	from	current	HST	grism	programs	will	help	pave	
the	way	for	upcoming	space	missions	like	WFIRST!

http://www.whitaker.physics.uconn.edu

