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Abstract

The UltraViolet imaging of the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey Fields
(UVCANDELS) program provides Hubble Space Telescope (HST)/UVIS F275W imaging for four CANDELS
fields. We combine this UV imaging with existing HST/near-IR grism spectroscopy from 3D-HST+AGHAST to
directly compare the resolved rest-frame UV and Hα emission for a sample of 979 galaxies at 0.7< z< 1.5,
spanning a range in stellar mass of 108−11.5Me. Using a stacking analysis, we perform a resolved comparison
between homogenized maps of rest-UV and Hα to compute the average UV-to-Hα luminosity ratio (an indicator of
burstiness in star formation) as a function of galactocentric radius. We find that galaxies below stellar mass of
∼109.5Me, at all radii, have a UV-to-Hα ratio higher than the equilibrium value expected from constant star
formation, indicating a significant contribution from bursty star formation. Even for galaxies with stellar mass
109.5Me, the UV-to-Hα ratio is elevated toward their outskirts (R/Reff> 1.5), suggesting that bursty star
formation is likely prevalent in the outskirts of even the most massive galaxies, but is likely overshadowed by their
brighter cores. Furthermore, we present the UV-to-Hα ratio as a function of galaxy surface brightness, a proxy for
stellar mass surface density, and find that regions below ∼107.5Me kpc−2 are consistent with bursty star formation,
regardless of their galaxy stellar mass, potentially suggesting that local star formation is independent of global
galaxy properties at the smallest scales. Last, we find galaxies at z> 1.1 to have bursty star formation, regardless of
radius or surface brightness.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Star formation (1569)

1. Introduction

Star formation is the basic process by which galaxies

assemble their stellar content and is fundamental to the growth

of galaxies. Over the past few decades, a significant amount of

observational as well as computational effort has been devoted

to understanding how star formation proceeds in galaxies and

the physical processes that drive and regulate it. One of the

active topics of research continues to be the “feedback”

processes from stars and central black holes that inject energy

and/or momentum into the interstellar medium and prevent or

delay the formation of new stars, both in simulations (e.g.,

Shen et al. 2014; El-Badry et al. 2016, 2017; Read et al. 2019;

Tacchella et al. 2022) as well as observationally (e.g., McQuinn

et al. 2010; Sparre et al. 2017; Mercado et al. 2021).

Understanding the equilibrium between star formation and its

feedback effects is a fundamental challenge for our galaxy

formation models, in particular the stellar feedback effects that
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primarily impact the low-mass scales (Springel 2005; Fontanot
et al. 2009; Governato et al. 2010; Hopkins et al. 2014;
Somerville & Davé 2015). One of the manifestations of these
stellar feedback effects is stochasticity in the star formation
activity, often referred to as “bursty” star formation. Conse-
quently, quantifying this star formation burstiness from
observations of galaxies provides key constraints for theoretical
models.

Some spectral features are particularly sensitive to ongoing
star formation, such as rest-frame UV, IR, submillimeter, and
radio continua, as well as nebular emission lines (e.g., Hα),
which have been used extensively as star formation indicators.
Rest-frame UV and Hα are two widely used star formation
indicators. However, these two tracers are sensitive to star
formation occurring over different timescales: the Hα recom-
bination line originates from H II regions powered by the hot O-
and B-type stars and decays quickly after ∼5Myr, whereas the
longer-lived B- and A-type stars are capable of emitting
significant amounts of rest-UV continuum over ∼200Myr
timescales. Standard calibrations that infer star formation rates
(SFRs) from rest-UV or Hα luminosity (e.g., Kennicutt &
Evans 2012) assume that those SFRs do not change
significantly on ∼200Myr timescales, but approximate an
equilibrium state. However, if the SFR varies on timescales
shorter than ∼200Myr, then the rest-UV and Hα luminosities
also vary in response to the variations in star formation and, in
these cases, the standard calibrations break down.

Several studies have used the flux ratio of the rest-UV and
Hα luminosities (e.g., Glazebrook et al. 1999; Iglesias-Páramo
et al. 2004; Lee et al. 2009, 2011; Weisz et al. 2012;
Kauffmann 2014; Domínguez et al. 2015; Mehta et al. 2017;
Emami et al. 2019; Fetherolf et al. 2021) as well as the scatter
in the two luminosities (e.g., Broussard et al. 2019, 2022; Faisst
et al. 2019; Griffiths et al. 2021) to infer the burstiness in the
star formation histories (SFHs) of galaxies. There are a number
of factors that can affect the UV-to-Hα ratio, such as dust,
stellar initial mass functions (IMFs), stellar metallicity, as well
as the escape of ionizing photons and the inclusion of binaries
and rotating stars in stellar models. However, after accounting
for dust, variations in the SFH have the largest impact on the
UV-to-Hα ratio.

Existing observational studies that have used the comparison
of rest-UV and Hα to infer the burstiness in galaxy star
formation have relied on integrated flux measurements and thus
are limited to global galaxy properties (e.g., Lee et al. 2009;
Weisz et al. 2012; Guo et al. 2016; Emami et al. 2019). In this
analysis, we use high-resolution imaging as well as slitless
spectroscopy from the Hubble Space Telescope (HST) to
perform a resolved analysis of these two star formation
indicators. The combination of rest-UV imaging from the
UltraViolet imaging of the Cosmic Assembly Near-infrared
Deep Extragalactic Legacy Survey Fields (UVCANDELS; X.
Wang et al. 2023, in preparation) and near-IR slitless
spectroscopy from the 3D-HST (Brammer et al. 2012; Skelton
et al. 2014; Momcheva et al. 2016) and A Grism H-Alpha
SpecTroscopic (AGHAST; Weiner 2009) surveys over four of
the CANDELS (Grogin et al. 2011; Koekemoer et al. 2011)
fields (GOODS-N, GOODS-S, COSMOS, and EGS) has
provided resolved imaging of both rest-frame UV as well as
the Hα line emission for galaxies at 0.7< z< 1.5 and thus
enabled a unique opportunity for a spatially resolved invest-
igation of burstiness by comparing the two star formation

indicators. In this work, our primary goal is to use the UV-to-
Hα flux ratio to infer the burstiness in galaxy SFHs and
quantify its evolution as a function of galaxy structural
parameters.
This manuscript is organized as follows: Section 2 describes

the UVCANDELS and 3D-HST+AGHAST data sets as well
as the selection criteria for the galaxy sample used for this
analysis; Section 3 describes the data processing performed in
order to obtain calibrated and matched maps for the rest-UV
and Hα emission for our sample; Section 4 outlines how the
comparison of two star formation indicators helps us infer
details about the SFH; Section 5 presents our stacking analysis
along with the results; Section 6 discusses the impacts of
various key assumptions made through the analysis as well as
the implications of our results in the context of galaxy SFHs;
and Section 7 summarizes our conclusions.
Throughout this paper, we adopt cosmological parameters

from Table 3 of Planck Collaboration et al. (2016):
Ωm= 0.315, Ωλ= 0.685, and H0= 67.31 km s−1Mpc−1, and
all magnitudes used are AB magnitudes (Oke & Gunn 1983).

2. Data and Sample Selection

The galaxy sample used for the analysis presented in this
work is obtained from the recently completed UVCANDELS
Hubble Treasury program.

2.1. UVCANDELS Imaging

UVCANDELS (PI: H. Teplitz; PID: 15647; X. Wang et al.
2023, in preparation) is a Cycle 26 Hubble Treasury program
that obtained UV imaging of four of the deep-wide survey
fields defined by CANDELS (Grogin et al. 2011; Koekemoer
et al. 2011). UVCANDELS consists of Wide Field Camera 3
(WFC3)/F275W imaging over a total combined area of
∼430 arcmin2 over four CANDELS fields (GOODS-N,
GOODS-S, COSMOS, and EGS), reaching an imaging depth
of AB = 27 for compact galaxies, along with Advanced
Camera for Surveys (ACS)/F435W (reaching AB � 28.0)
imaging in parallel. The UVCANDELS F275W mosaics are
available at the Mikulski Archive for Space Telescopes
(doi:10.17909/8s31-f778)20 for all four fields, along with
F435W mosaics for COSMOS and EGS.21 These UVCAN-
DELS image mosaics are aligned and registered to the
CANDELS astrometry. With the newly acquired UVCAN-
DELS imaging, we have measured the fluxes in the F275W
filter for the four fields, along with the deeper F435W for
COSMOS and EGS. We adopt a similar methodology as
Rafelski et al. (2015), where F275W flux measurements rely on
isophotes defined on the F606W mosaics optimizing the signal-
to-noise ratio (S/N) for the near-UV photometry of small faint
sources, followed by an aperture correction to match it to the
H-band isophote-based photometry for the optical and near-IR
bands. The full description of the UVCANDELS data set,
including the mosaics as well as photometry, will be provided
in X. Wang et al. (2023, in preparation). The stellar physical
properties for these galaxies as estimated from spectral energy
distribution (SED) fitting will be available from V. Mehta et al.
(2023, in preparation; but see Section 2.3 for a brief
description).

20
https://archive.stsci.edu/hlsp/uvcandels

21
The F435W mosaics for GOODS-N and GOODS-S are already available

from CANDELS.
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The galaxy sample used in the analysis presented in this
work is selected from the UVCANDELS photometric catalogs.
The full sample selection is described in Section 2.3. We also
use the image mosaics generated from UVCANDELS for our
resolved analysis, since the F275W filter allows us to directly
probe the rest-frame UV light from galaxies over our redshift
range of interest, 0.7< z< 1.5. Furthermore, we also use the
F435W mosaics22 for deriving resolved dust maps (see
Section 3.3), as well as the F160W mosaics from CANDELS23

to ensure accurate astrometric alignment (see Section 3.1).

2.2. 3D-HST+AGHAST Grism Spectroscopy

We use the archival slitless grism spectroscopy data from the
3D-HST (Brammer et al. 2012; Skelton et al. 2014; Momcheva
et al. 2016) and AGHAST (Weiner 2009) surveys for
measuring the Hα emission for our galaxy sample. The 3D-
HST+AGHAST program is a widefield, near-IR grism
spectroscopy, HST-based survey that obtained WFC3/G141
grism coverage for ∼500 arcmin2 over all five CANDELS
fields. In this work, we use the recent reanalysis of this archival
HST grism data in the CANDELS fields carried out as part of
the Complete Hubble Archive for Galaxy Evolution (CHArGE)
initiative (see Kokorev et al. 2022).

Briefly, this reduction of 3D-HST+AGHAST data uses the
state-of-the-art GRIZLI

24 software (Brammer & Matharu 2021),
which executes an iterative forward-modeling approach to
perform quantitative fitting of the spectral trace for each object
in the field-of-view of the grism exposures at the visit level.
This approach also includes a comprehensive modeling of
contamination due to nearby objects and their own spectral
traces. As its final science-ready data products, GRIZLI

provides cutouts of the direct image and segmentation maps
used for modeling the object, as well as the 1D/2D grism
spectra and continuum-subtracted emission line maps (see, e.g.,
Wang et al. 2022). In this analysis, we use the Hα emission line
maps as well as a cutout of the F140W mosaic, which serves as
a direct image for the grism spectral extraction.

2.3. Sample Selection

The galaxy sample for our resolved analysis of rest-frame
UV and Hα emission is selected to include all galaxies with a
significant detection in the UVCANDELS F275W images as
well as in their measured Hα fluxes. Specifically, we require
the S/N to be >5 for both the measured integrated F275W
flux and the integrated Hα emission line flux. The
wavelength coverage of the G141 grism (1.1−1.7 μm)

establishes the redshift range for our sample as 0.7< z< 1.5,
where it covers the rest-frame Hα. Over this redshift range,
the F275W filter probes the rest-frame ∼1100–1600 Å light,
thus giving access to the second star formation indicator, the
rest-UV.

Before finalizing our galaxy sample, we remove any objects
that do not have F435W coverage,25 which is required for our
dust measurement (see Section 3.3 for details). We also exclude

any potential AGN candidates from the deep Chandra X-ray
observations in these CANDELS fields (Hsu et al. 2014;
Nandra et al. 2015; Xue et al. 2016; D. Kocevski 2023, private
communication). Furthermore, we perform a round of visual
vetting to exclude any objects that are affected by data quality
issues or incorrect redshift estimates due to line misidentifica-
tion, source confusion, trace contamination, or other artifacts.
While the Hα and [N II] doublet are not resolved in the G141
grism spectra, the other emission feature that is most common
for our sample, i.e., the Hβ +[O III] complex, is marginally
resolved and is easily identified. Our visual vetting step serves
as an additional check to ensure the sample purity; however,
the GRIZLI redshift estimate from the combined fit to the grism
spectrum and photometry is robust and we do not find any
objects with misidentified emission lines.
Our final sample consists of 979 galaxies in the redshift

range of 0.7< z< 1.5 over four CANDELS fields (GOODS-N,
GOODS-S, COSMOS, and EGS). Figure 1 shows a few
examples handpicked to have high S/N as well as extended
morphologies, in order to demonstrate the variation between
the rest-UV and Hα emission. These examples are not
representative of our full galaxy sample, as a majority of the
objects are rather compact and not as morphologically
impressive.

2.4. Estimating the Stellar Physical Properties

The spectral information from 3D-HST+AGHAST grism
data provides precise redshifts for our sample and the stellar
physical properties are computed using these grism redshifts.
Briefly, the stellar population properties are measured on
integrated photometry using the DENSE BASIS code (Iyer
et al. 2019), which is based on the Flexible Stellar Population
Synthesis (FSPS) library (Conroy et al. 2009; Conroy &
Gunn 2010) and utilizes Gaussian processes to parameterize
flexible SFHs. We define the DENSE BASIS template grid
with a set of free parameters: stellar metallicity ( Z Zlog( )
varying over −1.5 to 0.25), dust (AV varying from 0 to 4),
and four “shape” (tX) parameters to define the SFHs. We
assume the Chabrier (2003) IMF and Calzetti et al. (2000)
dust law for the model templates. DENSE BASIS outputs the
model template that best fits the observed data, along with the
estimated stellar mass, SFR, and other stellar population
properties. Figure 2 shows the redshift and stellar mass
distributions for our final sample. These distributions
illustrate that our sample uniformly spans the redshift range
0.7< z< 1.5. The sample includes galaxies that range in
mass from 108−11.5Me, roughly corresponding to the
present-day Small Magellanic Cloud (SMC) at the low-mass
end to the Milky Way at the high-mass end.

3. Resolved Maps of Rest-frame UV and Hα Emission

We start with the final data products available from the
GRIZLI 3D-HST+AGHAST reduction, which includes an
8″× 8″ (at 0 1 pixel scale) continuum-subtracted emission
map for all detected lines and image cutouts in the direct
images (typically, F140W). We then extract a matching cutout
from the UVCANDELS F275W mosaic (at 0 06 pixel scale),
using SWARP,26 which allows us to adjust the pixel scale as

22
We use the mosaics from UVCANDELS for the COSMOS and EGS fields,

and the existing ones from CANDELS for the GOODS-N and GOODS-S
fields.
23

https://archive.stsci.edu/hlsp/candels
24

https://github.com/gbrammer/grizli
25

The coverage in F435W has some gaps, due to the nature of the parallel
observation setup for simultaneous F275W and F435W imaging. This is a
geometrical selection that does not introduce biases for our analysis.

26
https://github.com/astromatic/swarp
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Figure 1. A few handpicked examples of the extended galaxies in our sample with their (from left to right) F140W, rest-frame UV, Hα, and UV-to-Hα ratio maps.
While the majority of our sample consists of objects that are more compact, these selected examples explicitly highlight the spatial variation between the rest-UV and
Hα emission. The stamps shown are all 8″ × 8″ (at 0 1 pixel scale). See Section 3 for details on how the maps are generated. Some of the bright features (not
associated with the galaxy) visible in the Hα stamps are either emission lines from chance alignments with spectral traces from other nearby sources in the grism
observations, hot pixels, or artifacts from data reduction in the Hα stamps that typically appear at the edge of the grism cutout. The UV-to-Hα ratio maps for individual
galaxies are shown here purely as a visual aid; our analysis and results rely on first stacking the rest-UV and Hα emission (see Section 5.1 for details).
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well as image orientation to match that of the Hα maps from
GRIZLI.

3.1. Aligning UVCANDELS and 3D-HST+AGHAST

The astrometric reference frames used to align the
UVCANDELS mosaics and the GRIZLI reduction of the 3D-
HST+AGHAST data, which are used for this work, are not
consistent. Since we are primarily interested in object-specific
cutouts for our analysis, we need to account for any
misalignment on an object-by-object basis when making their
cutouts.

We measure the astrometric offset from a cross-correlation
of the images. In order to minimize the impact of galaxy
morphology at different wavelengths, we use the CANDELS
F160W mosaic, which has an identical astrometric reference as
UVCANDELS and is the closest match in wavelength
coverage to the F140W direct images from 3D-HST
+AGHAST. Additionally, we mask all objects other than the
target galaxy to ensure there are no mismatches. Finally, we
spatially cross-correlate the CANDELS F160W cutout with the
3D-HST+AGHAST F140W from GRIZLI to quantify the
astrometric offset between the two data sets. The astrometric
offsets vary from field to field, but are within ∼0 2 in R.A. and
within ∼0 1 in decl. for our sample. We apply the corrections
necessary for proper alignment when extracting the final
cutouts used for further analysis.

3.2. Calibrating the Maps

The aligned and matched F275W and Hα emission maps are
corrected for residual background by performing a local back-
ground estimation and subtracting it from the stamps. The maps
are then calibrated to account for instrument and filter response
and converted into luminosity units (erg s−1Å−1 kpc−2 for rest-
UV; and erg s−1 kpc−2 for Hα).

The maps are further corrected for galactic extinction using the
Schlegel et al. (1998) dust maps.27 The reddening E(B− V ) is
queried at the location of each galaxy and converted to an
extinction, assuming a Cardelli et al. (1989) extinction law, for
the respective filters as well as for Hα at its observed
wavelength.
Since the Hα and [N II] λλ6548+ 6584 doublet are blended

at the G141 resolution, we need to apply a correction to the Hα
emission maps to remove the [N II] contribution. The [N II]/Hα
ratio in galaxies has been shown to vary by up to factors of 3–5
and this variation has been linked to various galaxy properties,
such as metallicity, stellar mass, SFR, and nitrogen-to-oxygen
ratio, as well as known to evolve as a function of redshift (e.g.,
Kewley et al. 2013; Masters et al. 2014, 2016; Steidel et al.
2014; Shapley et al. 2015; Strom et al. 2017; Faisst et al. 2018).
Here, we use the mass- and redshift-dependent calibration from
Faisst et al. (2018) to apply the appropriate correction for each
galaxy according to its redshift and best-fit stellar mass.

3.3. Correcting for Dust

Before being interpreted as star formation indicators, both
rest-UV and Hα emission need to be corrected for attenuation
due to the presence of dust in the host galaxy itself. Since the
main goal of this work is to compare the rest-UV and Hα
emission from galaxies as a function of their positions inside
the galaxy, it is imperative to make an effort to address the fact
that dust absorption may itself vary inside a galaxy (e.g., Kim
et al. 2019). Hence, we compute a resolved dust map for each
galaxy to correct for dust attenuation, while preserving the
morphological detail.
In order to compute the resolved dust map, we use the

relation between the UV slope (β; Calzetti et al. 1994) and the
dust attenuation (AV). We rely on imaging in the F275W,
F435W, and F606W filters in order to constrain β. This process
is less precise than SED fitting, but performing a (pixel-by-
pixel) resolved SED fit is beyond the scope of this work. We
estimate β assuming the functional form fλ∝ λβ, using
photometry from the filters closest to the rest-frame near-UV.
For objects with redshifts z 1.08, we use the F275W and
F435W filters, whereas for objects with z 1.08, where the
F275W filter falls below rest-frame 1300 Å, we use the F435W
and F606W filters.28

The measurement of β with this methodology is unreliable
for low-S/N pixels. For each galaxy where the individual
pixels fall below an S/N of 3, we instead use a default value for
β that is computed from the total integrated flux for the galaxy
in the relevant filters. This ensures that β is measured
consistently and reliably for all pixels. As a sanity check, we
confirm that the UV slopes measured from the two-band
integrated photometry for the full galaxy are in good agreement
with those computed from the best-fit SED models.
With the maps of UV slope β computed for our sample, we

then use the β–AV relation to convert to a resolved map of dust
attenuation, AV. Specifically, we use the calibration from Reddy
et al. (2018), assuming the Calzetti et al. (2000) dust law.29 We
confirm that only 12%, 9%, and 4% of the per-pixel β values
and only 0.2% of the β values computed from integrated galaxy

Figure 2. The redshift and stellar mass distribution of our final sample of
979 galaxies over 0.7 < z < 1.5 with rest-UV coverage available from
UVCANDELS and Hα from 3D-HST+AGHAST. The symbols are colored
according to their effective radius (Reff,50) as measured in the F160W filter (as
reported in the CANDELS photometric catalogs), converted to physical units.
The typical 1σ error bar for the best-fit stellar masses is shown in the lower left
corner.

27
Specifically, we use the Python implementation available at https://github.

com/adrn/SFD to query the SFD dust maps.
28

Where F606W imaging is available.
29

β = − 2.616 + 4.684 × E(B − V ).
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photometry fall below the dust-free β0=− 2.616 value implied
for the Reddy et al. (2018) model galaxy templates. Given that
measurement noise, particularly for low-S/N pixels, is likely to
drive the extended tails of the β distribution, we believe the
models from Reddy et al. (2018; with β0=− 2.616) are not
inappropriate for our sample. Figure 3 shows an example of a
resolved dust map generated following the steps outlined here.
Last, we use this AV map to apply a dust correction to the rest-
UV and Hα maps based on the Calzetti et al. (2000) dust law,
assuming E(B− V )stellar/E(B− V )nebular= 0.44 (Calzetti et al.
2000). For the values computed from the integrated galaxy
flux, the median β for our sample is −1.17 with an interquantile
range (IQR) spanning over −1.53 to −0.78, whereas the
median E(B− V )stellar value is 0.3 with an IQR of 0.22 to 0.38.

3.4. Matching the Point-spread Function

The point-spread function (PSF) evolves considerably
between the near-IR (G141, which covers Hα) and F275W
(which provides rest-UV). In order to be able to draw accurate
comparisons between the spatial extent of rest-UV and Hα, it is
imperative to correct for the change in the PSF. We address this
issue by convolving the F275W maps to match the near-IR
PSF. The target PSF is selected from WFC3/IR F105W,
F125W, and F160W, whichever is the closest match (in
wavelength) to the observed wavelength of the Hα emission.
We then use PYPHER30

(Boucaud et al. 2016) to compute a

convolution kernel that, when applied, converts the F275W
PSF to that of the Hα emission.

4. Using Rest-UV and Hα to Infer Burstiness

The rest-frame UV continuum and the Hα recombination
line are both indicators of ongoing star formation activity in
galaxies (Kennicutt et al. 1994; Kennicutt & Evans 2012).
However, these indicators are sensitive to star formation
activity over different timescales. The Hα recombination line
originates in the H II regions surrounding the hot O- and B-type
stars and it decays rapidly ∼5Myr after a cessation of star
formation. On the other hand, the longer-lived B- and A-type
stars continue to power the total rest-frame UV continuum over
a ∼200Myr timescale. This difference in the timescales traced
by rest-UV and Hα enables us to probe the star formation
activity in galaxies over the recent ∼200Myr.
Several studies have performed comparisons across these

two star formation indicators to infer the intrinsic properties of
the galaxy SFHs in observational surveys (e.g., Glazebrook
et al. 1999; Iglesias-Páramo et al. 2004; Boselli et al. 2009; Lee
et al. 2009, 2011, 2012; Weisz et al. 2012; Guo et al. 2016;
Mehta et al. 2017; Emami et al. 2019; Broussard et al. 2022) as
well as in simulations (Shen et al. 2013; Hopkins et al. 2014;
Domínguez et al. 2015; Broussard et al. 2019; Emami et al.
2021; Griffiths et al. 2021). These studies have typically
compared the ratio of the luminosities of the two indicators or
its scatter to infer the galaxy SFH. However, there are several
other effects that also affect the ratio of the observed rest-UV
and Hα luminosities from galaxies:

1. Dust attenuation: the attenuation of a galaxy spectrum
due to dust is strongly dependent on wavelength.
Moreover, the spatial distribution of the dust can be
nonuniform, where the dust content attenuating the light
from the stellar birth clouds is different compared to that
attenuating the nebular emission (Kewley et al. 2002; Lee
et al. 2009).

2. IMF: the ratio of the rest-UV and Hα luminosities is
sensitive to the relative number of stars at each mass and
hence is affected by the IMF. There are two main scenarios
to consider, both of which manifest at small (low-SFR)
scales. (i) a nonuniversal IMF, such as the integrated
galactic IMF (IGIMF; Weidner & Kroupa 2005;
Pflamm-Altenburg et al. 2007, 2009; Weidner et al.
2011), could lead to a steeper IMF slope at low-SFR values
(<10−2Me yr−1; Pflamm-Altenburg et al. 2009), due to a
lower chance of forming mass stars relative to the high-SFR
case. (ii) A universal IMF may not fully sample at all SFRs
and could be biased against the very massive stars. Low-
SFR galaxies may not be able to properly sample the high-
mass end of the IMF, leading to stochasticity on a star
cluster scale (e.g., Fumagalli et al. 2011; da Silva et al.
2012; Eldridge 2012; Cerviño 2013). However, the impact
from this stochastic IMF sampling, by itself, has been
shown to be smaller compared to that of the IGIMF case
(Fumagalli et al. 2011; Andrews et al. 2013, 2014).

3. Stellar metallicity: the stellar abundance affects the stars’
temperatures, where stars with lower metal abundances
are hotter and, thus, the Hα emission is intensified
relative to the UV, resulting in a lower value of the UV-
to-Hα ratio compared to their higher-metallicity

Figure 3. The resolved dust map for an example galaxy computed via the UV
slope β estimated from the F275W and F435W images and the Reddy et al.
(2018) calibration of the the β–AV relation (see the text for details). The final
dust map consists of independent AV measurements for individual pixels with
sufficient S/N and a default value computed from the total integrated galaxy
flux in F275W and F435W for pixels with S/N < 3.
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counterparts; however, this effect is minimal (∼10%;
Bicker & Fritze-v. Alvensleben 2005; Boselli et al. 2009).

4. Other effects, such as the escape of ionizing photons as
well as the inclusion of binary (Eldridge 2012) and
rotating stars (Choi et al. 2017) in modeling stellar
populations, can also impact the UV-to-Hα ratio.

While all of these factors affect the observed ratio of the rest-
UV and Hα luminosities, the impact of dust attenuation and the
SFH is the most dominant. However, attenuation due to dust is
well parameterized with the help of dust laws (e.g., Calzetti
et al. 2000) and the dust content of galaxies can be measured
independently. Hence, we can correct the ratio of the observed
rest-UV and Hα luminosities for dust and use it to infer the
SFHs of galaxies. For the sake of convenience, we introduce a
“burstiness” parameter (ζ) in the rest of our analysis, which is
defined as the dust-corrected UV-to-Hα luminosity ratio:

z n= n aL Llog . 1,UV H( ) ( )

Figure 4 demonstrates the evolution of ζ under different
assumptions of SFHs, stellar IMFs, and metallicities using
theoretical galaxy model templates. We use the FSPS library
(Conroy et al. 2009; Conroy & Gunn 2010) with the MILES
stellar library and MIST31 isochrones to generate the SED of
our mock stellar populations. We compute the rest-UV
(1500Å) luminosity density and Hα line luminosities for a
range of stellar populations to track the evolution of ζ over a
10 Gyr timescale. We vary the IMF for the stellar population
among Chabrier (2003), Salpeter (1955), and Kroupa (2001).
The stellar metallicity is varied over a range of

Z Zlog( ) =−2 to 0 and the gas-phase metallicity is set to
be equal to the stellar. We compare star formation bursts of
varying durations and burst shapes with the constant star
formation scenario. In our toy model, the starbursts are
introduced on top of a low level of underlying constant star
formation at the level of ∼0.1% of the peak burst amplitude,
which is consistent with the SFHs inferred for ∼108−10Me

galaxies observed in the local universe (e.g., Weisz et al. 2012;
Kauffmann 2014; Emami et al. 2019). Last, since we are
considering the dust-free luminosity ratio (ζ), there is no dust
added to our toy model.
The evolution of ζ in an idealistic scenario of individual

bursts of star formation is shown in the left panel of Figure 4. In
the case of constant star formation, the value of ζ asymptotes to
an equilibrium value after ∼100–200Myr. Accounting for
variations in IMF and stellar metallicities, the equilibrium value
for ζ spans a narrow range of ∼60–85. However, in the case of
bursts, ζ quickly deviates from its constant star formation
value, both during the rise and fall of star formation. Initially,
during the rise, ζ decreases due to the increasingly bright Hα
emission from the hot O- and B-type stars. Toward the end of
the burst, once the star formation starts to decline, the value of ζ
increases significantly (by several dex), as the O- and B-type
stars die off and the Hα emission starts to decay, while the rest-
UV continuum survives for a longer duration. Ultimately, the
strength of both the rest-UV and Hα emission from the
starburst decay to the point where their contribution relative to
low-level, underlying constant star formation is not significant
and the value of ζ returns to its equilibrium value. The general
trend in the time evolution of ζ is reproduced regardless of the
metallicities. Variations due to the choice of fiducial IMFs are
on the scale of the line width of the curves drawn in Figure 4
(left) and are therefore negligible. Varying the upper mass
cutoff (Mup) for the IMF can mimic an increase in the value of
ζ. In the case of the Chabrier (2003) IMF, changing Mup from
its default value (100Me) to 80, 60, 40, and 20 Me causes the
equilibrium ζ value to rise from 90 to 100, 140, 240, and 1640,
respectively. However, it is important to caution that tweaking
the Mup value in this way is rather arbitrary; instead, the IGIMF
provides a more physically motivated formulation of this effect.
The right panel of Figure 4 instead illustrates the behavior of

ζ in the case of periodic short bursts that are again introduced
atop a low, underlying baseline. The stellar IMF is fixed to be
Chabrier (2003) and the stellar metallicity is fixed to solar for
this case. The value of ζ responds to the individual bursts,
similar to the earlier case, but its time evolution is now

Figure 4. The time evolution of the dust-corrected UV-to-Hα ratio (ζ), as computed from stellar population synthesis models (see the text for details on the models).
Left: an idealistic scenario showing SFHs with a single burst of varying duration (1, 10, 50, and 100 Myr, shown in purple, blue, green, and cyan curves, respectively)
atop a low level of underlying star formation. In the constant star formation case (red curve), the value of ζ reaches an equilibrium value (shown as the gray hatched,
shaded band) within ∼200 Myr, whereas in the burst cases, the value of ζ quickly deviates significantly from its equilibrium state after the burst ends. Right: an
idealistic scenario showing the behavior of ζ in the case of multiple bursts of varying shapes. The value of ζ is driven below that of the equilibrium state (the gray
hatched, shaded region; the same as in the left panel) during the rising phase of the burst, and above the equilibrium during the declining phase. The SFHs with sharper
evolution (top hat in blue and exponentially peaked in red) result in a sharper change in ζ compared to the smoother sinusoidal (in green) bursts. On the other hand, a
long-term smooth rise/decline in SFR (shown in black) is also able to reproduce similar deviations in the ζ value as the short-term bursts.
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truncated by the onset of new starbursts, which dominate the
relative contribution to the intrinsic rest-UV and Hα luminos-
ities. The deviation in ζ from the equilibrium value retains its
asymmetrical behavior, where ζ deviates significantly more (by
up to several dex, depending on the strength of the burst) after a
burst, compared to during the burst onset/rise. Thus, provided
that the star formation is not constant and the duration of the
bursts is on the order of the timescales between two
consecutive bursts or shorter, the observed value of ζ, on
average, will be systematically higher than the equilibrium
value for constant star formation. The exact shape of the burst
has minimal impact on the behavior of ζ, as is evident from
Figure 4. The change in ζ is only slightly exaggerated in the
case of sharply changing SFHs (the exponentially peaking and
top-hat cases) compared to the sinusoidal case.

However, it is important to mention that smoothly rising or
falling SFHs can also result in a similar behavior in ζ. A long-
term smooth decline (rise) in SFR also causes ζ to be
systematically higher (lower) than the equilibrium value, as
illustrated in Figure 4 (right). This case is similar to having a
single smoothly evolving burst and the rate of change in SFR is
the primary factor that controls the deviation in ζ. Nonetheless,
long-term smoothly rising/falling SFHs can also be responsible
for the observed ζ value, similar to the case with multiple short-
term bursts.

5. Results

5.1. Rest-UV and Hα Light Profiles via Stacking

The main goal of this work is to study the spatially resolved
evolution of burstiness in galaxy SFHs. With the resolved maps
of rest-UV and Hα emission in hand (from Section 3), we now
focus on computing the burstiness parameter (ζ, Section 4) as a
function of galaxy structural parameters, namely galactocentric
radius and stellar mass surface density. On an individual galaxy
basis, variations in ζ can be rather large, due to several galaxy
property–dependent factors. We marginalize over these to
calculate an average value of ζ, which can then provide an
insight into the average properties of the general galaxy
population. In this work, we adopt a stacking approach to
compute an azimuthally averaged ζ for our sample of
979 galaxies.

To do this, we start with the rest-UV and Hα maps computed
from Section 3 that have been properly aligned, calibrated, and
corrected for dust and matched for PSF variations. Further-
more, we also process the F140W image stamps from 3D-HST
+AGHAST for each galaxy through the same steps. We use
the F140W stamps, which trace the rest-frame optical light for
our sample, to define a centroid that is not as strongly affected
by recent star formation activity and gives a more robust galaxy
centroid. For each galaxy, we then bin all pixels belonging to
the galaxy32 according to their galactocentric radius. We define
the galactocentric radius as the distance from the centroid
normalized by the effective radius33 (Reff,50) in F160W in
CANDELS photometric catalogs. After binning the rest-UV
and Hα emission maps for all galaxies in our sample, we then
take the median for each radius bin to compute the average rest-

UV and Hα 1D light profiles. We opt for a median over a mean
when stacking, to ensure that the light profiles are not biased by
the brightest objects in the sample.
Figure 5 (top) shows the average light profiles for our full

sample, along with the total number of galaxies and pixels in
each bin of radius shown in the inset. All pixels that fall within
the galaxies’ segmentation map are considered when taking the
median, regardless of the per-pixel S/N. This allows us to
naturally recover the noise properties of our data by measuring
the error on the median (shown as the shaded confidence
regions in Figure 9), and we exclude any bins where the light
profile is not well constrained (i.e., where both rest-UV and Hα
stacked average light profiles are measured at >1σ and at least
>100 galaxies are contributing to the stack in the corresp-
onding bin). We do not apply any normalization to the
individual galaxies’ light profiles when stacking, since we want
to compute the UV-to-Hα flux ratio, ζ, and need to preserve the
inherent variations in the total flux.

5.2. Average ζ as a Function of Galactocentric Radius

We compute the average burstiness parameter, ζ, from the
rest-UV and Hα light profiles as a function of galactocentric
radius (shown in the bottom panel of Figure 5). When
computing the average ζ, we only consider bins where the
measured median values of both rest-UV and Hα light profiles
are significant (>1σ). As is evident from the figure, ζ shows a
clear trend as a function of galactocentric radius. The average ζ
near the galactic centers (R/Reff< 0.5) is broadly consistent
with the equilibrium value expected from constant star
formation. On the other hand, as we move toward the outskirts
(R/Reff> 1), the average ζ trends upward, deviating from the
equilibrium value.
The stellar mass of a galaxy is one of the key physical

quantities that is linked to its overall star formation activity (e.g.,
Speagle et al. 2014). Hence, we extend our analysis to investigate
the radial trend of ζ as a function of the galaxy stellar mass.
Owing to the sensitivity and area of UVCANDELS and 3D-HST
+AGHAST, our sample of 979 galaxies is large enough to allow
us to split it into subsamples of mass and still have sufficient
number statistics for our analysis. We use the stellar mass
estimated from SED fitting (Section 2.3) to split our sample into
three bins: low mass (<109.5Me; 372 galaxies), intermediate mass
(109.5−10.2Me; 313 galaxies), and high mass (>1010.2Me;
294 galaxies).
Figure 6 shows the averaged ζ as a function of galactocentric

radius now split according to the three mass bins. There is a
clear and significant trend in the radius-dependent slope of ζ as
a function of the stellar mass. We fit a linear slope to the inner
region (R/Reff< 1.8) where the trend in ζ is most well
constrained. We find best-fit slopes of −0.01± 0.09,
0.02± 0.08, and 0.22± 0.10 for the low-, intermediate-, and
high-mass bins, respectively (also shown in the inset of
Figure 6), and 0.11± 0.05 for the full sample. We find a
dispersion in ζ of 0.1−0.8 dex per bin in galactocentric radius
(0.2 Reff,50), with an increasingly larger dispersion toward
larger radii. Given our light profiles (and ζ trends) are
computed out to Reff,50 of ∼3, these dispersion values are
comparable to those reported in recent literature for integrated
galaxy fluxes (e.g., 0.06−0.16 dex from Broussard et al. 2022).
We discuss the implications of this result for the galaxy SFHs
in Sections 6.2.1 and 6.2.2.

32
For rest-UV, the segmentation map is defined using the F435W images, as

per the UVCANDELS photometry (X. Wang et al. 2023, in preparation);
whereas for Hα, it is defined as per GRIZLI, using the F140W direct imaging
that was obtained alongside the grism images.
33

The circular radius that encloses 50% of the total galaxy flux.
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5.3. Average ζ as a Function of Surface Brightness

It is well established that the local stellar mass content (i.e.,

the mass surface density of existing stellar populations) is a key

factor for regulating star formation on galaxy scales (e.g.,

Kennicutt 1998; Kennicutt & Evans 2012) and, consequently, it

is likely that the local SFH within the galaxy is also impacted

by the stellar mass surface density.

While the mass surface density of galaxies generally falls off
as a function of radius, the morphology of star-forming
galaxies can often be irregular, especially at the redshifts of our
sample (e.g., Scarlata et al. 2007; Patel et al. 2013; Shibuya
et al. 2016) and particularly at wavelengths that trace ongoing
star formation activity. The azimuthally averaged ζ as a
function of radius (as in Section 5.2) marginalizes over key
morphological features with active star formation, e.g., star-
forming clumps or spiral arms. Instead of the galactocentric
radius, the local stellar mass surface density is a more direct
tracer of the local environment in the galaxy at the sites of star
formation activity. Ideally, computing the stellar mass surface
density would require a full-scale, multiwavelength, resolved
SED fitting, which is beyond the scope of this work. Instead,
we utilize the surface brightness as a proxy that directly traces
the stellar mass surface density.
We use the calibrated F140W stamps (the same as the ones

used for morphological measurements in Section 5.1) for our
sample after correcting for surface brightness dimming. The
final stamps used for our analysis are units of ABmag kpc−2.
The F140W filter traces optical wavelengths (5500–8300 Å) at
the redshifts of our sample and thus is minimally sensitive to
the ongoing star formation and a good tracer of the existing
stellar mass. As demonstrated in Dai et al. (2021), the H-band
magnitude and galaxy stellar mass are strongly correlated for
star-forming galaxies over the redshift range of our sample.
Using the empirical relation from Dai et al. (2021),34 we can

Figure 6. The average UV-to-Hα ratio (ζ) plotted as a function of the
galactocentric radius for the full sample as well as three subsamples split
according to galaxy stellar mass. The gray hatched, shaded region shows the
equilibrium value of ζ expected for constant star formation. The shaded bands
denote the 1σ error bars. The dashed lines are the best-fit linear slopes fitted at
R/Reff < 1.8. The inset shows the best-fit values of the slopes along with their
1σ uncertainty as a function of the mean galaxy stellar mass of the subsample.

Figure 5. The average light profile as a function of the galactocentric radius for rest-UV and Hα emission (shown in the top panels) as well as the UV-to-Hα ratio (ζ;
shown in the bottom panels) computed for our galaxy sample (see the text for details). The gray hatched, shaded band shows the equilibrium value expected for the
constant star formation case. In addition to our fiducial case (shown in solid curves), which uses resolved dust maps and the Calzetti et al. (2000) dust law, we also
show additional cases for comparison. In the left panel, the dashed curves show the result assuming the SMC (Gordon et al. 2003) dust law and the dotted curves show
that assuming the Buat et al. (2018) dust law instead. In the right panel, the dashed curves show the result if we assumed a uniform dust value for each galaxy and the
dotted curves show the result if we only consider the pixels with a reliable per-pixel dust estimate. The inset shows the total number of galaxies (in black) and pixels
(in green) that fall within each individual bin in radius. The shaded bands show the 1σ error on the light profiles.

34
We apply an average k-correction for our sample when converting surface

brightness to stellar mass surface density when using the Dai et al. (2021) H-
band absolute magnitude (k-corrected) to stellar mass relation.
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further interpret the F140W surface brightness as a stellar mass
surface density.

We modify the analysis from Section 5.1, binning the pixels
according to the F140W surface brightness. Figure 7 shows
average ζ computed as a function of the F140W surface
brightness for the full sample, along with the three mass
subsamples described in Section 5.2. We again fit linear slopes
to the trend in ζ and find best-fit slope values of −0.07± 0.04,
−0.03± 0.03, and 0.13± 0.03 for the low-, intermediate-, and
high-mass bins, respectively, and 0.05± 0.02 for the full
sample. All the slopes are much better constrained and their
evolution as a function of the galaxy stellar mass is much more
pronounced than the case with radius. The implications of these
trends are discussed in Section 6.2.3.

5.4. Average ζ Trends over Redshift

The redshift range around z∼ 1 is at the tail end of the
cosmic high noon and is a time where the cosmic star formation
density is evolving rapidly. Given the large galaxy sample size
considered in this work, we are able to further split our analysis
into bins of redshift to investigate any potential evolution in the
ζ trends as a function of cosmic time. In order to ensure
sufficient number statistics for all the stellar mass sub-bins, we
split our sample at z= 1.1 into two redshift bins: 0.7< z< 1.1
and 1.1< z< 1.5, with sample sizes of 508 and 471 galaxies,
respectively.

Figure 8 shows the main result from our analysis, i.e., the
trend in ζ as a function of galactocentric radius and F140W
surface brightness for the two bins in redshift along with the
three mass subsamples described in Section 5.2. Overall, the ζ
trends are consistent with flat slopes for the higher-redshift
(1.1< z< 1.5) bin, both as a function of radius as well as
surface brightness. On the other hand, in the lower-redshift
(0.7< z< 1.1) bin, the slope of the ζ trends get progressively
steeper as a function of galactocentric radius. In the surface
brightness case, the lower-redshift sample exhibits strong
evolution in ζ for the low- and high-mass bins, with
significantly negative and positive slopes for each case,
respectively. The slope values for all subsamples in mass as

well as redshift are reported in Table 1, and we further discuss
the ζ evolution with redshift in Section 6.2.4.

6. Discussion

6.1. Impact of Key Assumptions

Before delving into discussing the implications of our results
from Section 5 in the context of galaxies’ star formation
properties, it is important to consider the impact of various
assumptions made during the analysis.
Dust correction. Our fiducial case uses the resolved dust

maps (described in Section 3.3) along with the Calzetti et al.
(2000) dust law. To assess the impact of these assumptions, we
test two additional scenarios. First, we switch to using the SMC
(Gordon et al. 2003) dust law along with the appropriate
calibration from Reddy et al. (2018). The steeper SMC dust law
causes the dust-corrected light profiles to be fainter overall
(shown in the dashed curves in the left panel of the Figure 5).
We also check for a dust law from Buat et al. (2018) that is
directly calibrated for z∼ 0.6− 1.6 galaxies using HST grism
spectroscopy (shown as the dotted curves in the left panel of
Figure 5). In both these cases, the impact of changing the dust
law on ζ is minimal, as it only affects the overall normalization
of the trend in ζ and does not significantly affect its shape.
Second, we evaluate the impact of using resolved dust maps

(from Section 3.3) when correcting for dust attenuation. We
recompute the light profiles assuming a single value of dust for
the whole galaxy, instead of resolved AV maps. This has a
minimal impact on the overall result (shown as the dotted
curves in Figures 5 and 9). The differences from the fiducial
case are most evident in the inner regions, which is to be
expected, since that is where the individual pixels would have
sufficient S/N to facilitate a reliable per-pixel measurement of
the UV slope β. Importantly, even in the inner regions, the
overall light profiles as well as the trend in ζ are minimally
impacted (see also the Appendix for additional figures).
Similarly, we also perform the converse test, evaluating the

impact on the stacked results if we only consider the pixels
where a reliable per-pixel dust measurement is possible. The
impact of this test on the trends in ζ is even more minimal
(shown as the dashed–dotted curves in Figures 5 and 10). The
resulting trends from this case are nearly identical to the
fiducial case, with the primary difference being that the light
profiles have more noise, particularly in the outskirts, due to
there being fewer pixels with high enough S/N for a reliable
per-pixel dust estimate. From these tests, we are confident that
the observed trend in ζ is not driven by systematic biases from
our particular methodology for dust correction. Overall, our
results are robust against our choice of using resolved dust
maps as well as our dust law assumption.
Last, the factor relating stellar and nebular dust attenuation,

f= E(B− V )stellar/E(B− V )nebular, also affects the computed ζ
trends. For our fiducial result, we have assumed a value of
0.44; however, larger values of f have been suggested from
observational studies up to f∼ 1 (e.g., Puglisi et al. 2016;
Rodríguez-Muñoz et al. 2022). The primary impact of
changing f to larger values is that the trend in ζ is shifted to
higher values, but most importantly the slope of the ζ relation is
not affected significantly, thus having a minimal impact on our
conclusions.
[N II] Correction. In this analysis, we apply the mass- and

redshift-dependent correction from Faisst et al. (2018) when

Figure 7. Similar to Figure 6, but now as a function of the surface brightness in
F140W (corrected for surface brightness dimming), which serves as a proxy for
the mass surface density (shown as a twinned axis on top). The linear slopes are
fit over the F140W surface brightness range of [−18.5, − 15.5].
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correcting the blended Hα +[N II] flux from the grism
observations. While this accounts for the evolution in the
[N II]/Hα ratio over cosmic time, as well as its variation due to
global galaxy properties, we still assume a single correction
value for the whole galaxy, whereas galaxies are known to have
metallicity gradients, where the outskirts of galaxies tend to
have lower metallicities than their cores (e.g., Jones et al. 2015;
Wang et al. 2020, 2022; Simons et al. 2021; Li et al. 2022). A
metallicity gradient could result in a gradient in the [N II]/Hα
ratio within a galaxy, which in turn would affect ζ. A lower
[N II]/Hα ratio would require a smaller correction and thus
result in a lower value of ζ. However, the metallicity gradients
are expected to typically be on the order of 0.2 dex kpc−1

even at high redshifts (e.g., Wang et al. 2020, 2022). The
change in ζ due to such a gradient is negligible relative to the
observed trends and is well within the 1σ error bars of our
results. While these gradients may play a role in driving the
trends in ζ, it is not the dominant factor, and the trends in our
results are not exclusively driven by the presence of metallicity
gradients in galaxies.

IGIMF. In Section 4, we consider the impacts of various
canonical IMFs that have traditionally been universally applied
to galaxies. On the other hand, a nonuniversal IMF, such as the
IGIMF (Weidner & Kroupa 2005; Pflamm-Altenburg et al.
2007, 2009; Weidner et al. 2011) predicts an IMF slope that
gets steeper than the canonical case with the decreasing total
SFR of galaxies. The IGIMF predicts a lower chance of
forming massive stars in low-SFR galaxies compared to their
higher-SFR counterparts. Due to the lack of massive stars, an

IGIMF results in low-SFR galaxies having a higher value of ζ.
Pflamm-Altenburg et al. (2009) demonstrate the impact of
IGIMF on ζ and find that for galaxy SFRs < 10−2Me yr−1,
there is a sharp upturn in ζ under the IGIMF scenario.
However, the SFR values where this effect is most significant

are lower than those considered in our analysis. None of the
galaxies in our sample have SFRs< 10−2Me yr−1, with the
majority having SFRs  10−1Me yr−1. Even for our fiducial
result of resolved ζ, the rest-UV and Hα light profiles are limited
to a surface brightness of νLν 1041.8 erg s−1 kpc−2 and
LHα 1039.6 erg s−1 kpc−2, corresponding to an SFR of
10−1.7Me yr−1 kpc−2 according to the standard (Kennicutt &
Evans 2012) calibration. Considering the total area in each of our
bins (0.2 Reff,50) and the range of Reff,50 for our sample
(1−10.6 kpc with a median of ∼2.5 kpc), the total SFR is
100Me yr−1 for all bins analyzed in this work, which is
considerably higher than the regime where the effects of an
IGIMF are significant (Pflamm-Altenburg et al. 2009).
Using surface brightness as a proxy for mass surface

density. The young stars in regions with active star formation
will have a nontrivial contribution at all wavelengths, including
the observed H band (rest-frame optical). In the case where the
relative contribution at rest-frame optical wavelengths from the
young stars is comparable to that from the existing stellar
population, the F140W flux may be boosted due to the ongoing
star formation. This effect would be most significant in the less
dense regions of the galaxy, where it would result in an
increased F140W surface brightness relative to the fiducial
assumption of it tracing just the existing stellar population.

Figure 8. Similar to Figures 6 and 7, but now split into two redshift bins: 0.7 < z < 1.1 and 1.1 < z < 1.5.
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While this is a second-order effect, this scenario is plausible in
the low-mass galaxies or galaxy outskirts, in general, and could
affect our results from stacking as a function of F140W surface
brightness (Section 5.3).

On the other hand, stacking as a function of galactocentric
radius (Section 5.2) is immune to this effect and hence,
comparing the results from Figures 6 and 7, we can confirm
that the impact of this effect is negligible for the intermediate-
and high-mass bins. This effect could be the cause for the slight
negative ζ slope for the low-mass sample as a function of the
F140W surface brightness (Figure 7). However, since we have
already confirmed a flat slope as a function of galactocentric
radius for the low-mass subsample in Figure 6, we do not
anticipate this effect having any further impact other than
potentially flattening the ζ slope as a function of F140W
surface brightness, making it consistent with our result in
Section 5.2.

6.2. Implications on Burstiness in Galaxies’ SFH

6.2.1. Radial Evolution of ζ

As discussed in Section 4, the galaxy SFH is the one of the
dominant factors that drives the deviations in the value of ζ
relative to its equilibrium value from the constant star
formation case. The presence of bursts causes ζ to scatter
asymmetrically about the equilibrium value, where it deviates
to preferentially larger values following a burst. In this
analysis, we have computed the average ζ as a function of
galactocentric radius (Section 5.2) and rest-frame optical
surface brightness (Section 5.3) for our galaxy sample via a
stacking analysis, providing an overall trend in ζ for a
statistically significant sample of galaxies.

In Figure 5, we find that the average ζ from stacking our full
galaxy sample (0.7< z< 1.5; 108−11.5Me) has a significant
positive slope as a function of the galactocentric distance,
where ζ trends upwards toward larger distances. Given that this
value of ζ is a statistic averaged across a population of galaxies,
it indicates that a substantial fraction of galaxies (or pixels)
have ζ that is higher than the equilibrium value, suggestive of
the presence of bursts in the galaxies’ SFHs. At face value, the
observed trend in ζ suggests that, on average, the outskirts of
the galaxies in our sample are experiencing an increased
contribution from starbursts relative to their cores.

It is also important to point out that bursts of star formation
are not the only explanation for deviations in ζ. As discussed in
Section 4, long-term smoothly declining (rising) SFHs can also
result in a value of ζ that is higher (lower) than the equilibrium
value. The higher-than-equilibrium ζ values from Figure 5

could also be indicative of a smoothly declining (or recently
declined and still low) SFR. In this case, the observed trend
would suggest a sharper decline in the galaxies’ SFHs in their
outskirts relative to their cores. Given the degeneracy in the
behavior of ζ in these two scenarios, we are unable to
distinguish between them within the context of this analysis
and thus long-term smoothly rising/falling SFHs remain as a
plausible explanation for the trends in ζ presented in this work.

6.2.2. Impact of Galaxy Mass on the Radial Evolution of ζ

In Figure 6, we present the average ζ trends as a function of
galactocentric distance for the three subsamples split according
to the galaxy stellar mass to investigate the impact of the galaxy
mass on the trends in ζ (see also the Appendix for the average
light profiles and ζ profiles for the individual mass bins). For
the low- (<109.5Me) and intermediate-mass (109.5−10.2Me)

bins, the average ζ is roughly constant at all radii, albeit at a
level that is elevated above the equilibrium value from constant
star formation. This suggests that the SFHs in these galaxies do
not change significantly as a function of radius. The higher-
than-equilibrium value of ζ also potentially indicates that these
galaxies have a significant contribution from bursts at all radii.
This is consistent with studies that use the integrated galaxy
flux; e.g., Guo et al. (2016), who find, for 0.4< z< 1, galaxies
below 109Me to be dominated by bursty SFHs.
On the other hand, the high-mass bin has a steep slope in ζ as

a function of radius, where the interior regions (R/Reff< 1) are
consistent with the equilibrium value, but their outskirts
(R/Reff> 1.5) clearly appear to have a bursty component to
their SFHs. The strong evolution in ζ for the high-mass bin is
largely responsible for driving the overall trend for the full
sample in Figure 5.
Existing studies of high-mass galaxies typically do not find

significant evidence of burstiness in their SFHs (e.g., Lee et al.
2009; Weisz et al. 2012; Guo et al. 2016; Emami et al. 2019);
however, these findings are based on the full integrated
photometry. What we uncover with this work, instead, is that
even for these massive galaxies, the star formation occurring in
their outskirts has a significant burstiness. It is only when taken
as a whole that the brighter central regions dominate the total
flux contribution and cause the overall SFH of the galaxy to
appear consistent with secular star formation with no
significant bursts.

6.2.3. Evolution of ζ as a Function of Surface Brightness

We find the trends in ζ (shown in Figure 7) to be more
tightly correlated with the rest-frame optical surface brightness,

Table 1

Best-fit Slope Parameters for Trends in ζ Presented in This Work

Sample 108−11.5
Me 108−9.5

Me 109.5−10.2
Me 1010.2−11.5

Me

Slope as a function of galactocentric radius

z = 0.7−1.5 0.111 ± 0.054 −0.014 ± 0.087 0.022 ± 0.083 0.224 ± 0.104

z = 0.7−1.1 0.198 ± 0.047 0.028 ± 0.072 0.122 ± 0.086 0.273 ± 0.068

z = 0.1−1.5 −0.019 ± 0.092 −0.052 ± 0.154 −0.056 ± 0.115 0.049 ± 0.145

Slope as a function of F140W surface brightness

z = 0.7−1.5 0.054 ± 0.019 −0.073 ± 0.040 −0.032 ± 0.028 0.126 ± 0.030

z = 0.7−1.1 0.117 ± 0.017 −0.095 ± 0.019 0.006 ± 0.026 0.177 ± 0.025

z = 0.1−1.5 0.012 ± 0.043 −0.056 ± 0.082 −0.056 ± 0.057 0.085 ± 0.084

12

The Astrophysical Journal, 952:133 (17pp), 2023 August 1 Mehta et al.



which traces the galaxies’ morphological features compared to
simply the galactocentric distance. In high-mass galaxies, on
average for the full sample, the observed ζ in brighter (and thus
denser) regions (−17 ABmag kpc−2 or 108.4Me kpc−2

) of
the galaxy is consistent with the equilibrium value from the
constant star formation scenario. This average trend over the
full sample is driven largely by the lower-redshift (z< 1.1)
galaxies (see Section 6.2.4 for further discussion). On the other
hand, for regions that are fainter (less dense), the average ζ
value suggests a significant contribution from bursts to the
SFH. This is similar to the trend from Figure 6, which is
expected, considering that galactocentric radius is a good tracer
of the mass surface density, especially for high-mass galaxies
that tend to have smoother morphologies.

On the other hand, for low-mass galaxies, we find an
opposite trend, such that the burstiness in the SFHs is
intensified toward brighter (higher-density) regions. It is likely
that for these low-mass and often compact galaxies, the bursts
occurring in the brighter (denser) regions are more intense. The
strength of individual starbursts relative to the underlying, low-
level constant SFR affects the amplitude of the deviation in ζ in
the postburst phase. This could present a plausible explanation
for the observed trend, where bursts in the denser regions of
low-mass galaxies are more intense and the resulting stellar
feedback could more easily eject the existing cold gas and/or
prevent/delay accretion in the neighboring less dense regions.
However, as discussed in Section 6.1, for the low-mass sample,
the ongoing star formation could be contributing significantly
to the rest-frame optical surface brightness, thus rendering it
ineffective as a tracer of the existing stellar population. This
effect could also be a potential reason for the slight negative
slope in ζ as a function of surface brightness. Last, we
reconfirm our findings from the radial case that, on average,
low- and intermediate-mass bins have significant contributions
from bursts in their SFHs, regardless of the local surface
brightness.

Most importantly, our analysis of ζ as a function of the
surface brightness leads us toward a seemingly fundamental
observation. From the trends shown in Figure 7, we note that
for any given galaxy, regardless of its stellar mass, local
regions with a mass surface density below ∼107.5Me kpc−2

appear to have a significant bursty component in their SFHs.
This could be an indication that, at the smallest scales, the local
SFH is independent of the global galaxy properties. This
delimiting value in mass surface density is provided as a rough
estimate and we caution against treating it as exact, since it is
based on an empirical relation between the H-band flux and
stellar mass from Dai et al. (2021), which is defined for
integrated galaxy fluxes/stellar masses, has considerable
scatter, and is not as tightly constrained down to 108Me.

6.2.4. Evolution of ζ Trends with Redshift

As per Section 5.4, we split our analysis into two redshift
bins: 0.7< z< 1.1 and 1.1< z< 1.5, in order to investigate the
evolution in ζ over this critical time period, when the universe
is undergoing a rapid evolution in its cosmic SFR density. As
shown in Figure 8, we find a clear distinction in the ζ trends for
z> 1.1 galaxies. The ζ trends, as a function of both
galactocentric radius as well as surface brightness, are
consistent with being flat for z> 1.1 galaxies. At face value,
this seems to suggest that the star formation properties of the
general star-forming population at z> 1.1 are similar across the

full range of stellar masses from 108 to 1011.5Me, with them
appearing to have a consistently bursty SFH with seemingly no
dependence on radius or surface brightness.
On the other hand, the z< 1.1 galaxy population appears to

significantly deviate from flat ζ trends, suggesting that there is
indeed an evolution in the star formation properties within
individual galaxies toward the end of the cosmic high noon. As
the average cosmic star formation activity is declining, the
central (denser) regions of galaxies appear to settle into more
secular star formation activity, whereas the outskirt (less dense)
regions continue to experience bursts in their SFHs, as they did
during the peak of cosmic high noon. Last, splitting the analysis
in redshift also reveals that the ζ trends observed for the full
galaxy sample (see the discussions in Sections 6.2.1 and 6.2.2)
are primarily driven by the low-redshift (z< 1.1) galaxies in
our sample.

6.2.5. Potential Link between Burstiness and Stellar Clumps

Star-forming clumps observed in galaxies may present an
interesting connection to SFH burstiness explored in this work.
Giant, star-forming clumps are known to be prevalent in
galaxies with stellar masses as high as 109Me and specific
SFRs up to 10−7 yr−1. While they may be rare in the local
universe (Fisher et al. 2017; Mehta et al. 2021; Adams et al.
2022), these clumps are found in abundance at high redshifts
(0.5< z< 2; e.g., Guo et al. 2015, 2018; Shibuya et al. 2016),
with the fraction of star-forming galaxies containing clumps
reaching ∼60% at z∼ 2 (Guo et al. 2015). These clumps are
sites of active star formation and it is possible that these are
linked to the burstiness in galaxy SFHs. Clumps have been
confirmed to have a higher SFR compared to their galactic
surroundings and could be the physical manifestations of the
bursts in galaxy SFHs.
Guo et al. (2015) find a significantly higher clumpy fraction

for low-mass galaxies (<109.8Me) relative to their high-mass
counterparts. This has similarities to our result, where low-mass
galaxies are found to be more bursty, in general. The clumps
found in the outskirts of galaxies are found to have higher SFR
than those in the inner regions (Guo et al. 2018), which is also
consistent with our result, which finds an increasing burstiness
at larger galactocentric distances. While no explicit link has
been established between burstiness in galaxy SFH and clumps
thus far, it remains an interesting avenue to explore, both from
an observational as well as a theoretical perspective.

7. Conclusions

The combination of UVCANDELS WFC3/UVIS imaging
along with 3D-HST+AGHAST WFC3/IR slitless grism
spectroscopy has provided a unique opportunity to study the
resolved rest-frame UV and Hα emission from the same
galaxies at z∼ 1. Both rest-frame UV and Hα are excellent
tracers of ongoing star formation activity in galaxies; however,
since they are sensitive to different timescales, a comparison of
the two enables us to infer the burstiness in the SFH.
In this work, we select a sample of 979 star-forming galaxies

over 0.7< z< 1.5 to compare their resolved rest-frame UV and
Hα emission and investigate the burstiness of their SFHs as a
function of their galaxy structural parameters. We start by
homogenizing the rest-UV and Hα maps by aligning,
calibrating, and PSF matching, as well as correcting them for
dust. We then compute the UV-to-Hα ratio (ζ), which serves as
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a means to parameterize the “burstiness” in star formation. We
perform a stacking analysis to generate averaged rest-UV and
Hα light profiles and compute the evolution of ζ as a function
of the galactocentric distance as well as the surface brightness.
We perform extensive tests to ensure that the observed trends
are not driven by any of the assumptions involved in our
analysis, including dust corrections, IMF assumptions, and
[N II] correction applied to the blended Hα +[N II] in grism
observations.

Our main results are as follows:

1. We find the ζ averaged over the full galaxy sample to
increase toward larger galactocentric distances. An
increasing contribution from a bursty SFH toward the
outskirts is one plausible explanation for this trend. A
smoothly declining SFH with an increasingly sharper
decline toward the galactic outskirts can also explain the
observed trend.

2. We further split our sample into three bins according to
the galaxy stellar mass. We find the low- and inter-
mediate-mass samples exhibit ζ that is roughly constant
and indicative of little to no evolution in the galaxy SFH
as a function of radius. The higher-than-equilibrium value
of ζ is also indicative of bursty SFHs, which is consistent
with existing studies that suggest galaxies below
∼109Me to be dominated by bursty star formation.

3. On the other hand, we find a significant radial evolution
in ζ for the high-mass sample, consistent with secular star
formation in the interior regions (R/Reff< 1), but rapidly
deviating from the equilibrium value toward the outskirts
(R/Reff> 1.5), potentially indicative of the outskirts
having a bursty star-forming component. This suggests
that while the integrated photometry of high-mass
galaxies does not indicate the presence of burstiness in
their SFHs, the star formation in their outskirts could still
have a significant bursty component that is likely being
overshadowed by the brighter cores that dominate the
flux contribution.

4. We also compute ζ as a function of the surface brightness
(in F140W), which serves as a proxy for galaxy stellar
mass surface density. We recover similar trends as in the
case with radius, albeit they are more significant,
suggesting that the local stellar mass surface density is
the more fundamental factor in regulating the star
formation activity, rather than just distance from the
center.

5. Interestingly, we find that regardless of the galaxy stellar
mass, regions with a mass surface density below
∼107.5Me kpc−2 have a significantly bursty star
formation, potentially indicating that local star formation
is independent of global galaxy properties at the smallest
scales.

6. Last, we find that the evolution of ζ as a function of the
radius and surface brightness is most strongly driven by
the star-forming population at z< 1.1. The galaxies at
z> 1.1 appear to have flat ζ trends, indicating that their

SFHs, while still bursty, do not evolve with radius or
surface brightness.

The trends in ζ presented in this work will serve as key

observational constraints for theoretical galaxy models. A
comparison between these observational results and current

state-of-the-art hydrodynamical simulations that include the
effects of stellar feedback and have the resolution to capture

star formation on <10Myr timescales is bound to yield crucial

insights into our understanding of how star formation proceeds
in galaxies. We leave this analysis for a future publication.
Future observations with JWST will make Hα accessible at

higher redshifts (z> 1.5) and will also push to fainter, lower-

mass galaxies than those considered in this work. Combining
these with HST/UVIS imaging will allow us to push this

analysis to earlier galaxies and uncover the properties of their

star formation processes at the peak of cosmic noon.
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Appendix
Individual Light Profiles for Subsamples

Figure 9 shows the stacked light profiles as a function of

galactocentric radius (top row) as well as surface brightness
(bottom row) for each of the subsamples binned in galaxy

stellar mass. For each case, in addition to our fiducial result, we

also show the profiles computed assuming the SMC dust law
(shown as the dashed curves) and the Buat et al. (2018) dust

law (shown as the dotted curves). Figure 10 shows the results
for our two test dust correction scenarios: (i) assuming a single

value of dust per galaxy (shown as the dashed curves); and (ii)

stacking only the pixels with a reliable per-pixel dust estimate
(shown as the dotted curves).
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Figure 9. Similar to the left panel of Figure 5, but shown for each subsample binned in galaxy stellar mass and as a function of galactocentric distance (top row) as
well as surface brightness (bottom row).
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