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ABSTRACT

We present the first results of the spatial distribution of star formation in 454 star-forming galaxies just after the epoch of reionisation
(4.8 < z < 6.5) using Hα emission-line maps and F444W imaging that traces the stellar continuum from the JWST FRESCO NIRCam
Slitless Spectroscopy Survey. The Hα equivalent width profiles of star-forming galaxies across the main sequence at z ∼ 5.3 with
stellar masses 6.8 ⩽log(M∗/M⊙)< 11.1 increase with radius, which provides direct evidence for the inside-out growth of star-forming
galaxies just after the epoch of reionisation. GALFIT was used to calculate half-light radii, Reff , and central surface densities within 1
kiloparsec, Σ1kpc of Hα and the continuum. At a fixed stellar mass of Log(M∗/M⊙) = 9.5, Σ1kpc,Hα is 1.04 ± 0.05 times higher than
Σ1kpc,C, Reff,Hα is 1.18 ± 0.03 times larger than Reff,C and both Reff measurements are smaller than 1 kiloparsec. These measurements
suggest the rapid build-up of compact bulges via star formation just after the epoch of reionisation. By comparison to analogous
work done at lower redshifts with Hubble Space Telescope WFC3 slitless spectroscopy as part of the 3D-HST (z ∼ 1) and CLEAR
(z ∼ 0.5) surveys, we find that Reff(z) evolves at the same pace for Hα and the continuum, but Σ1kpc(z) evolves faster for Hα than
the stellar continuum. As a function of the Hubble parameter, Reff,Hα

Reff,C
= 1.1h(z) and

Σ1kpc,Hα

Σ1kpc,C
= h(z)1.3. These parametrisations suggest

that the inside-out growth of the disk starts to dominate the inside-out growth of the bulge towards lower redshifts. This is supported
by the redshift evolution in the EW(Hα) profiles from FRESCO, 3D-HST, and CLEAR at fixed stellar mass and when star-forming
progenitors are traced, in which in EW(Hα) rapidly increases with radius within the half-light radius at z ∼ 5.3, but EW(Hα) increases
only significantly with radius in the outer disk at z ∼ 0.5.

Key words. Galaxies: evolution – Galaxies: high-redshift – Galaxies: star formation – Galaxies: stellar content – Galaxies: structure

1. Introduction

The assembly of galaxies is partly controlled by their dark mat-
ter haloes in a Lambda cold dark matter (ΛCDM) Universe. The
radial distribution of stars is set by the angular momentum distri-
bution and the gas accretion rate is set by the halo mass (White
& Rees 1978; Fall & Efstathiou 1980; Dalcanton et al. 1997;
Van Den Bosch 2001; Dekel et al. 2013). The sizes of galax-
ies should therefore be proportional to the sizes of their dark
matter haloes (Mo et al. 1998). The formation of stars in galax-
ies should progress towards larger galactocentric radii with time.

Evidence for the inside-out growth of galaxies via star formation
is required to confirm this picture.

The earliest studies in the local Universe used narrow-band
imaging targeting wavelengths that are sensitive to star forma-
tion on different timescales (Hodge & Kennicutt, R. C. 1983;
Athanassoula et al. 1993; Ryder & Dopita 1994; Kenney &
Koopmann 1999; Koopmann & Kenney 2004a,b; Koopmann
et al. 2006; Cortés et al. 2006; Crowl & Kenney 2006; Munoz-
Mateos et al. 2007; Abramson et al. 2011; Vollmer et al. 2012;
Gavazzi et al. 2013; Kenney et al. 2015; Abramson et al. 2016;
Lee et al. 2017; Gavazzi et al. 2018; Cramer et al. 2019; Boselli
et al. 2020). One of the most effective methods of mapping on-
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going star formation in galaxies at low and high redshift is to
observe the Hα emission. The ultraviolet radiation emitted by
young O- and B-type stars ionises the hydrogen gas surround-
ing them. Recombination of the hydrogen atoms leads to emis-
sion in Hα (Kennicutt 1998). Since these stars have lifetimes of
∼ 10 Myr, Hα emission-line maps allow us to observe where
star formation occurred in the galaxies over the past ∼ 10 Myr.
Rest-frame optical imaging of galaxies provides a good tracer of
the integrated star formation history, the so-called stellar contin-
uum. By comparing the spatial distribution of Hα to the spatial
distribution of the same galaxy in rest-frame optical imaging, we
can compare where star formation occurred more recently in the
galaxy versus where it occurred in the past.

High spatial resolution Hα emission-line maps can be ob-
tained through three approaches at both low and high redshift:
narrow-band imaging covering the wavelength of Hα, integral
field unit (IFU) spectroscopy, and space-based slitless (or grism)
spectroscopy. Detailed studies of the outside-in shut-down of
star formation (or quenching) in local cluster galaxies were
made possible with the narrow-band imaging technique (see
e.g. A Virgo Environmental Survey Tracing Ionised Gas Emis-
sion (VESTIGE), Fossati et al. 2018; Boselli et al. 2020, 2021).
In the low-redshift Universe, large IFU surveys such as Map-
ping Nearby Galaxies at Apache Point Observatory (MaNGA;
Bundy et al. 2015) have enabled measurements of the Hα spa-
tial distribution in ≳ 10, 000 nearby galaxies (e.g. Belfiore et al.
2017). At higher redshift (z ∼ 1.7) but with lower spatial resolu-
tion, the IFU survey KMOS3D (Wisnioski et al. 2015; Wisnioski
et al. 2019) confirmed the inside-out growth picture by measur-
ing larger Hα sizes than the rest-frame optical (Wilman et al.
2020) in star-forming galaxies that were pre-selected from the
3D-HST survey (van Dokkum et al. 2011; Brammer et al. 2012;
Momcheva et al. 2016). Space-based slitless spectroscopy has
added advantages over other techniques. Firstly, it provides high
spatial resolution two-dimensional spectra for all the sources in
the field of view, requiring no pre-selection and providing an un-
biased sample of galaxies with Hα emission. Secondly, it can
provide Hα emission-line maps over a larger wavelength (and
ultimately, redshift) range than those provided by narrow-band
imaging. Nelson et al. (2012) and Nelson et al. (2016a) were the
first to use this approach, providing the first evidence of inside-
out growth of star formation at high redshift (z ∼ 1) using Hα
maps of 3200 galaxies across the star formation main sequence
(SFMS; Popesso et al. 2023 and references therein). Later, the
same technique was used to provide the first direct evidence
of rapid outside-in environmental quenching in galaxy clusters
(Matharu et al. 2021) at the same redshift. Expanding upon
these works, Matharu et al. (2022) made and combined measure-
ments from the CLEAR (Estrada-Carpenter et al. 2019; Simons
et al. 2023), 3D-HST, and KMOS3D surveys to provide the first
comparison of spatially resolved star formation in star-forming
galaxies over multiple epochs between 0.5 ≲ z ≲ 1.7 traced by
Hα emission-line maps. These authors found a (19± 2)% higher
suppression of on-going star formation in the central kiloparsec
of z ∼ 0.5 star-forming galaxies compared to z ∼ 1 star-forming
galaxies at fixed stellar mass, citing the increased significance of
inside-out quenching at later times for their result.

Prior to the launch of the JWST, spatially resolved studies
of on-going star formation using Hα emission-line maps from
space-based slitless spectroscopy were limited to 0.22 < z <
1.5 due to the wavelength ranges of the blue (G102) and red
(G141) grisms on the HST WFC3. With the first space-based
IFUs (Böker et al. 2023; Gardner et al. 2023; Hutchison et al.
2024; Rigby et al. 2023a,b; Wright et al. 2023), JWST has al-

ready enabled the first spatially resolved measurements of star
formation, active galactic nucleus (AGN) activity, dust attenua-
tion, and gas-phase metallicity in small samples of galaxies at
z > 3 using multiple emission lines (Arribas et al. 2023; Birkin
et al. 2023; D’Eugenio et al. 2023; Perna et al. 2023; Parlanti
et al. 2024; Rodríguez Del Pino et al. 2024; Übler et al. 2023,
2024; Jones et al. 2024; Loiacono et al. 2024; Saxena et al. 2024;
Wang et al. 2024). The slitless spectroscopic capabilities on the
JWST Near-infrared Imager and Slitless Spectrograph (NIRISS,
Willott et al. 2022) and the Near Infrared Camera (NIRCam,
Rieke et al. 2003, 2005) have now transformed the landscape of
spatially resolved studies with slitless spectroscopy. NIRISS has
already provided the first spatially resolved dust attenuation pro-
files of galaxies at 1.0 < z < 2.4 using Hα and Hβ emission-line
maps (Matharu et al. 2023). The first high spectral and spatial
resolution grism in space on NIRCam has led to the first spa-
tially resolved rest-optical kinematic measurements of a rapidly
rotating galaxy at z = 5.3 (Nelson et al. 2023).

In this paper, we extend the redshift baseline of spatially re-
solved studies of star formation using Hα emission-line maps
out to 4.8 < z < 6.5 with JWST NIRCam F444W imaging and
slitless spectroscopy from the First Reionization Epoch Spec-
troscopically Complete Observations (FRESCO; Oesch et al.
2023). Our sample and the data processing is described in Sec-
tion 2. A detailed description of our unique measurement strat-
egy is provided in Section 3, and our results are presented in
Section 4. The physical interpretation of our results and their
comparison to works at similar and lower redshift are discussed
in Section 5. A summary of our findings is given in Section 6.

All magnitudes quoted are in the AB system, logarithms are
in base 10, and we assume a ΛCDM cosmology with Ωm =
0.307, ΩΛ = 0.693, and H0 = 67.7 kms−1 Mpc−1 (Planck Col-
laboration XIII 2016).

2. Sample

2.1. Data and data processing

Our data come from FRESCO, which is a 53.8-hour JWST Cy-
cle 1 medium program covering 60.4 arcmin2 in each of the
GOODS-S and GOODS-N CANDELS fields with ∼ 2-hour
deep F444W NIRCam imaging and slitless spectroscopy (Oesch
et al. 2023). FRESCO provides high spectral resolution (R ∼
1600) slitless spectroscopy from 4 - 5µm, tracing the Hα emis-
sion line at 4.8 < z < 6.6.

The Grism Redshift and Line Analysis Software (grizli;
Brammer 2022) was used to process the imaging and slitless
spectroscopy together. In summary, grizli starts by download-
ing the raw data from the Mikulski Archive for Space Telescopes
(MAST), pre-processing it for sky subtraction, flat-fielding, cos-
mic rays, alignment, and astrometric corrections (S. Gonzaga,
W. Hack, A. Fruchter 2012; Brammer et al. 2015; Brammer
2016). A basis set of template flexible stellar population syn-
thesis models (FSPS; Conroy et al. 2009; Conroy & Gunn 2010)
is projected to the pixel grid of the 2D grism exposures using the
spatial morphology from the F444W image. The 2D template
spectra are then fit to the observed spectra with non-negative
least squares. A line complex template is used to break redshift
degeneracies. The final grism redshift is taken to be where the χ2

is minimised across the grid of trial redshifts input by the user.
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2.2. Emission-line maps

Grism spectra are median-filtered to remove the continuum. A
running median filter including a 12-pixel central gap is used to
ensure emission lines are not subtracted. The filtering is then run
again after masking pixels with significant line flux. For more
details on this process, we refer to Kashino et al. (2023) and
Nelson et al. (2023). Continuum-subtracted narrow-band maps
can then be created at any desired output wavelength. By deliber-
ately selecting the wavelength of the detected emission line from
the grism redshift determination process, the user can create an
emission-line map. Full details on grizli and its standard data
products (including emission-line maps) can be found in Simons
et al. (2021), Matharu et al. (2021), and Noirot et al. (2022).

2.3. Sample selection

For FRESCO, a selection of high- and low-redshift sources were
first used to stress test the capabilities of grizli in grism red-
shift fitting and emission-line map generation. We drew our sam-
ple from the high-redshift selection, which are all the Lyman-
break galaxies in Bouwens et al. (2015) with photometric and
spectroscopic redshifts beyond z = 4.8 in the FRESCO fields of
view. This amounted to 2064 galaxies in GOODS-S and 1963
in GOODS-N. The grizli-processed spectra and emission-line
maps were then quality-checked by eye for spurious emission-
line detections and contamination. Those with a Hα detection
that have a integrated signal-to-noise ratio greater than 5 were
then chosen, amounting to 151 galaxies in GOODS-S and 374
in GOODS-N. The Hα emission-line maps of these galaxies
were then quality-checked by eye for 1) contamination, 2) in-
complete maps, 3) high levels of noise, and 4) significantly off-
centre maps. This process reduced the sample to 119 galaxies in
GOODS-S and 335 in GOODS-N.

2.4. Stellar masses and star formation rates

Stellar masses were derived from simultaneously fitting the pho-
tometry and emission-line fluxes using the Prospector spectral
energy distribution (SED) fitting code (Leja et al. 2017, 2019;
Johnson et al. 2021), and the parameters were set as described in
Section 4.1 of Naidu et al. (2022).

The star formation rates (SFRs) were calculated using the
grizli extracted Hα fluxes from the grism spectra and dust-
corrected using ultraviolet (UV) slopes. The UV continuum
slope (β) was calculated from the Prospector SEDs by fitting
a linear function to log( fλ) − log(λ) in the UV windows defined
by Calzetti et al. (1994). The UV slopes were converted into
stellar reddening (E(B − V)) using the conversions provided in
Equation 9 of Shivaei et al. (2020) for low-metallicity galaxies.
We assumed a 2.6 times higher nebular reddening compared to
stellar reddening, based on the average E(B−V)nebular

E(B−V)stellar
= 2.6 ± 0.2

of the low-metallicity sample in Shivaei et al. (2020). A Milky
Way dust curve (Cardelli et al. 1989) was used to calculate the
dust attenuation of Hα, AHα. The Kennicutt & Evans (2012) cal-
ibration was then applied to the dust-corrected Hα luminosities
to derive the SFRs. Figure 1 shows the SFMS of our sample
with the Popesso et al. (2023) SFMS at the median redshift of
our sample overplotted in pink. Within the stellar mass range
for which the Popesso et al. (2023) SFMS is valid, our sample
follows the main sequence well, suggesting that we predomi-
nantly studied typical star-forming galaxies at these redshifts. At
Log(M∗/M⊙) ⩽ 9, we predominantly studied galaxies with high
specific star formation rates (sSFRs).
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Fig. 1. Star formation main sequence of our sample. The shaded grey
regions delineate our stellar mass bins for the stacking. SFRs and the
Popesso et al. (2023) SFMS include dust corrections (see Section 2.4).
The inset plot shows the grism redshift distribution of our sample. The
typical measurement error is shown as the orange cross.

3. Measurement strategy

The high spectral resolution of the NIRCam grism means that
the spectral axis contains velocity information. R ∼ 1600 cor-
responds to a velocity dispersion of σ ∼ 80km s−1 (Nelson
et al. 2023). Velocity gradients greater than this velocity disper-
sion lead to a morphological distortion of emission-line maps
along the spectral axis. The maximum spatial information in an
emission-line map from NIRCam slitless spectroscopy is there-
fore obtained along the cross-dispersion axis, hereafter, the spa-
tial axis. In this section, we describe our measurement strategy,
which was designed to maximally exploit the spatial axis for spa-
tially resolved measurements.

3.1. Stacking

We rotated all grism spectra such that the horizontal axis was
the spectral axis before we performed the redshift-fitting and ex-
tracted emission-line maps with grizli, as described in Sec-
tion 2.2. F444W thumbnails of each galaxy at the same ori-
entation were also created as part of this grizli extraction
process. From here on, our stacking method followed that of
Matharu et al. (2022), which was conducted on deep F105W
and Hα maps from HST WFC3 Slitless Spectroscopy. Neigh-
bouring sources were masked in both the F444W thumbnails
and Hα emission-line maps using the grizli-generated seg-
mentation maps for each F444W thumbnail. Grizli generated
inverse variance maps for both the F444W thumbnail and the
Hα emission-line map, which we used to weight each pixel. An
additional weighting by the total F444W flux was added to en-
sure that no single bright galaxy dominated the final stack (Nel-
son et al. 2016a). The galaxies were separated into four bins of
stellar mass: 6.8 ⩽Log(M∗/M⊙)< 8.4, 8.4 ⩽Log(M∗/M⊙)< 8.8,
8.8 ⩽Log(M∗/M⊙)< 9.4, and 9.4 ⩽Log(M∗/M⊙)< 11.1. These
bins were chosen to allow for a similar number of galaxies in
each stack, and they are shown in relation to our sample as the
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Fig. 2. F444W and Hα stacks with their associated GALFIT fits. Models are PSF-convolved single-component Sérsic profiles (see Section 3.2 for
more details). Residuals after the model was subtracted from the data are shown in the last column for both F444W and Hα. Each thumbnail is
60 × 60 pixels, where 1 pixel = 0.05′′. z is the median grism redshift of each stack, below which the Log(M∗/M⊙) range of each stack is shown in
square brackets. The colour map is logarithmic, with Hα stacks and fits multiplied by 100 for visibility. The shaded grey regions show pixels that
were ignored by the hourglass mask (see Section 3), and the dotted black circles show the region within which surface brightness profiles were
measured (see Section 4).

shaded grey regions in Figure 1. Within each of these bins, the
F444W thumbnails and Hα maps of each galaxy are summed
and exposure-corrected using the sum of their weight maps. The
variance maps for each stack are defined as σ2

i j = 1/
∑

wi j,
where wi j is the weight map for each galaxy in the stack. The
dimensions of each stack are 200 × 200 pixels with a pixel scale
of 0.05′′. The zoomed-in regions of each F444W and Hα stack
are shown in Figure 2.

3.2. Morphology measurements

The goal of our study was to make the first spatially resolved
measurements of on-going star formation compared to the stel-
lar continuum at the highest redshifts possible with JWST Slit-
less Spectroscopy and place them within the context of analo-
gous lower-redshift measurements. We therefore used the same
size determination process as described in Matharu et al. (2022),
who performed the same study with HST WFC3 Slitless Spec-
troscopy at z ∼ 0.5 for star-forming galaxies as part of the CAN-
DELS Lyman-Alpha Emission at Reionisation (CLEAR) survey
(Estrada-Carpenter et al. 2019; Simons et al. 2023). The only
modifications we made to the process were that we accounted
for the loss of spatial information along the spectral axis.

We used the two-GALFIT-run approach (Matharu et al.
2019), which uses GALFIT (Peng et al. 2002, 2010) to fit 2D
single-component Sérsic profiles to the stacks in two iterations.
In the absence of kinematic distortions along the spectral axis,
the stacking of a sufficiently large sample of galaxies leads to

a stacked image with a round morphology, namely with an axis
ratio equal to one. The addition of kinematic distortions leads
to stacks with distinctly elongated morphologies along the spec-
tral axis. To account for this morphological distortion, we fixed
the position angle to 90 degrees from the beginning of the fitting
process. In the first iteration of the two-GALFIT-run approach,
x, y coordinates, magnitude, half-light radius, Sérsic index, and
axis ratio were kept free. The second iteration fixed the values
obtained for the x, y coordinates and the axis ratio in the first run
and then re-ran GALFIT. Fixing the position angle at 90 degrees
forces the semi-major axis to be along the spectral axis, thereby
forcing GALFIT to measure the half-light radius along this axis.
It is then straightforward to use the GALFIT-measured axis ra-
tio to calculate the half-light radius along the semi-minor axis,
which lies along the spatial axis.

As part of the two-GALFIT-run approach, we used a point-
spread function (PSF), a sigma image, and a bad-pixel mask. The
PSF accounts for the resolution limit of JWST NIRCam. Weibel
et al. (2024) identified isolated stars in the FRESCO fields of
view that they used as part of their PSF construction. We selected
a star in GOODS-S and GOODS-N from the list of isolated stars
in this work that had been through the same grizli extraction
process as our galaxies. This ensured that they were subjected to
the same data reduction process and had the same pixel scale and
orientation as our galaxies. We used the same method for stack-
ing PSFs as in Section 4.2.1 of Matharu et al. (2022). Neigh-
bouring sources in the PSF F444W grizli-generated thumb-
nail were masked. A mask was then created for each PSF indi-

Article number, page 4 of 12



Matharu et al.: Spatially resolved star formation at 4.8 < z < 6.5

cating which pixels contain nonzero finite values. Each galaxy in
the stack from the GOODS-S or GOODS-N field was assigned
the PSF that we selected from that respective field. We then
summed the PSFs for each stack and divided by the sum of their
masks, effectively generating a PSF for that stack. The sigma
image provides an estimate of the error per pixel for each stack
and was calculated using the grizli-generated weight maps as
described in Section 3.1. The bad-pixel mask was used for the
Hα stacks and ensured that the isolated regions of negative pix-
els either side of the emission-line map along the spectral axis
that were created due to the median-filtering process to remove
the continuum (see Section 2.1) were ignored by GALFIT. The
resulting fits are shown in Figure 2. These fits enabled us to cal-
culate half-light radius, Reff , measurements along the spatial axis
and central surface densities within one kiloparsec, Σ1kpc. Σ1kpc
is defined as

Σ1kpc =
M∗γ(2n, bnR−1/n

eff )
π

, (1)

where M∗ is the stellar mass, n is the Sérsic index, and
bn satisfies the inverse to the lower incomplete gamma func-
tion, γ(2n, bn). The regularised lower incomplete gamma func-
tion γ(2n, 0.5) is defined as

γ(2n, 0.5) =
1
Γ(2n)

∫ 0.5

0
t2n−1e−tdt, (2)

where Γ is the Gamma function. γ(2n, bnR−1/n
eff ) therefore

takes the same form as equation 2. For more details on the Σ1kpc
parameter, we refer to Cheung et al. (2012), Barro et al. (2017)
and Section 5.2 of Matharu et al. (2022).

3.3. Surface brightness profiles

Surface brightness profiles provide more information on the spa-
tial distributions of Hα and the continuum with radius than a
single parametric measurement. They also provide a check on
the quality of the two-dimensional models generated by GALFIT.
MAGPIE1 was used to measure the surface brightness profiles of
the Hα and continuum stacks, their PSFs, and their GALFITmod-
els. The sigma images for each Hα and continuum stack (see
Section 3.2) were used in this process to calculate the errors on
the surface brightness profiles. We used two different masks de-
signed to maximise the use of the spatial axis during this mea-
surement process. The first mask masked all pixels except for
the central vertical strip along the spatial axis. These pixels are
least affected by the morphological distortion along the spec-
tral axis due to the high spectral resolution. The second mask
is an hourglass-shaped mask that was designed to maximise the
signal-to-noise ratio at large galactocentric radii along the spa-
tial axis. This mask is shown as the shaded grey regions in the
models in Figure 2. It masked all pixels except for the central
three pixels along the spatial axis and those within a 40 degree
angle centered on the pixel above and below the central pixel.

4. Results

The peak-normalised surface brightness profiles of the stacks
and their GALFIT models are shown in the first two rows of
Figure 3. The first and second rows show the profiles when
1 https://github.com/knaidoo29/magpie/

the vertical strip and hourglass masks were applied, respec-
tively (see Section 3.3). The PSF profiles represent the resolu-
tion limit of the telescope and are also shown for both cases in
grey. The Hα surface brightness profiles are more extended in all
cases, and this is seen more explicitly in the bottom row of Fig-
ure 3 where we show the peak-normalised Hα equivalent width,
[Hα/C] profiles. These are the quotient of the Hα and contin-
uum peak-normalised surface brightness profiles. [Hα/C] ⩾ 1 at
all radii, reaching a maximum of 3.4 ± 0.2 for the most massive
galaxies at a galactocentric radius of 2.67 kpc for the hourglass
mask.

At increasingly larger galactocentric radii for galaxies with
small angular sizes such as those in our sample, the hourglass
mask incorporates more pixels within which the flux is more sus-
ceptible to the morphological distortion along the spectral axis
(see Section 3). It is therefore reassuring that at large radii, re-
solved measurements from using the vertical strip and hourglass
masks usually agree within 1 − 2σ of each other. Hence, the ve-
locity gradients at large radii in these galaxies are likely of the
same order or below the velocity dispersion probed by the spec-
tral resolution limit of the NIRCam grism (see Section 3). The
hourglass mask is therefore an appropriate tool for increasing the
signal-to-noise ratio of our measurements at large galactocentric
radii.

4.1. Evolution of spatially resolved Hα versus continuum
emission

In this section, we compare our FRESCO measurements to anal-
ogous measurements made at z ∼ 1 and z ∼ 0.5 with HST WFC3
slitless spectroscopy as part of the 3D-HST (Nelson et al. 2016a)
and CLEAR surveys (Matharu et al. 2022), respectively.

Figure 4 shows our Reff and Σ1kpc measurements for the stel-
lar continuum and Hα emission in comparison to those made at
z ∼ 1 and z ∼ 0.5. The errors on these measurements come from
jackknife resampling. The star-forming galaxies at z ∼ 5.3 are
much smaller and more compact than their counterparts at lower
redshifts when we compare their stellar continuum and Hα dis-
tributions at fixed stellar mass. The drop in the Hα Reff between
z ∼ 1 and z ∼ 5.3 is similar to the drop in the stellar continuum
Reff at a fixed stellar mass of Log(M∗/M⊙) = 9.5. At the same
stellar mass, the rise in Σ1kpc between z ∼ 1 and z ∼ 5.3 is 1.1
times larger in Hα than in the stellar continuum.

The redshift evolution in the central surface density of the
Hα distribution is faster than that of the stellar continuum.
This is shown more explicitly in Figure 5, where we use our
parametrised fits shown as the solid lines in Figure 4 and given
in Table 1 to calculate Reff and Σ1kpc at a fixed stellar mass of
Log(M∗/M⊙) = 9.5 for both Hα and the continuum. Following
van der Wel et al. (2014), we fitted functions of the form A(1+z)B

and Ah(z)B to our measurements, defined and given in Table 2.
We also show continuum Reff measurements at this fixed stellar
mass from van der Wel et al. (2014), Mowla et al. (2019), Ned-
kova et al. (2021), Morishita et al. (2024), Ward et al. (2024),
George et al. (2024), and Allen (et al. in prep). These were cal-
culated using parametrised fits to the stellar mass-size relations
of star-forming galaxies given in these works.

Whilst the evidence of extended Hα relative to the contin-
uum at all stellar masses is clear in Figure 3, this is not ap-
parent when comparing the Hα and continuum Σ1kpc measure-
ments at z = 5.3 in Figure 5. We measure slightly larger Σ1kpc
in Hα than in the continuum, suggesting more centrally concen-
trated Hα emission than the continuum emission within 1 kpc.
These results highlight that morphology measurements from

Article number, page 5 of 12



A&A proofs: manuscript no. aa

10 2

10 1

100

V
er

tic
al

 S
tr

ip

6.8  Log(M*/M¯)  < 8.4 8.4  Log(M*/M¯) < 8.8 8.8  Log(M*/M¯) < 9.4 9.4  Log(M*/M¯) < 11.1

10 2

10 1

100

H
ou

rg
la

ss

0 1 2 3
Radius / kpc

1.00

0.6
0.7
0.8
0.9

2.0

3.0

4.0

5.0

6.0
7.0

H
α

/C
on

tin
uu

m

Suppressed Hα

Elevated Hα

Hourglass
Vertical Strip

0 1 2 3
Radius / kpc

0 1 2 3
Radius / kpc

0 1 2 3
Radius / kpc

Continuum stack

Hα stack

Continuum model

Hα model

Hα/Continuum

PSF

Hα/Continuum model

Fig. 3. Peak-normalised surface brightness profiles of the FRESCO stellar continuum and Hα stacks along with their PSF-convolved best-fit
GALFIT models and PSFs accounting for pixels only within the vertical strip along the centre of the thumbnail (top row) or within the hourglass
mask (middle row). Bottom row: Peak-normalised Hα equivalent width ([Hα/C]) profiles for both the stacks and PSF-convolved best-fit GALFIT
models. [Hα/C]⩾ 1 and increases with increasing galactocentric radius, suggesting the inside-out growth via star formation of star-forming galaxies
as early as z ∼ 5.3.

parametrised fits alone cannot provide a full picture of how the
Hα emission relative to the continuum is spatially distributed.

Therefore, we show the evolution in Hα equivalent width,
EW(Hα), profiles using results from CLEAR, 3D-HST, and our
work in Figure 6. The left panel shows the redshift evolution
in the EW(Hα) profiles of star-forming galaxies at a fixed stel-
lar mass. The EW(Hα) profiles from these works have similar
median masses (Log(M∗/M⊙) = 9.6, 9.9, and 9.5 at z = 5.23,
z ∼ 1, and z = 0.58, respectively). At fixed stellar mass, a star-
forming galaxy that forms at earlier times will exhibit a rapid
rise in EW(Hα) with galactocentric radius. At z ∼ 1, there is a
more steady rise with radius, with a rapid rise seen in the outer
regions at z ∼ 0.5.

Given the median stellar masses of the four FRESCO stacks,
we calculated the stellar masses of corresponding star-forming
galaxies at z = 1 and z = 0.5 with the assumption that the SFRs
of the galaxies dictated by the Popesso et al. (2023) relation at
z ≈ 5.3 and z = 1 is the SFR at which the galaxies form stars at a
constant rate between 5.3 ≲ z < 1 and 1 < z < 0.5, respectively.
In the right panel of Figure 6, we show the EW(Hα) profiles
whose median stellar masses most closely match those of our
calculations at z = 1 and z = 0.5 from Nelson et al. (2016a)
and Matharu et al. (2022), respectively, with the corresponding
FRESCO EW(Hα) profile at z = 5.27. These results show that a
star-forming galaxy with a stellar mass of Log(M∗/M⊙) = 8.62
will exhibit a rapid rise in EW(Hα) with radius at z = 5.27, after
which its descendants exhibit a more suppressed rise with radius
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Fig. 4. Reff and Σ1kpc vs. stellar mass
for the stellar continuum (first column) and
Hα (second column) spatial distributions of
star-forming galaxies at z ∼ 5.3 (FRESCO, this
work), z ∼ 1 (3D-HST; Nelson et al. 2016a;
Matharu et al. 2022), and at z ∼ 0.5 (CLEAR;
Matharu et al. 2022). All measurements are
from a stacking analysis with HST WFC3 and
JWST NIRCam slitless spectroscopy. The best-
fit lines are log-linear fits, the parameters for
which are given in Table 1. The stellar contin-
uum half-light radius of star-forming galaxies
at z ∼ 5.3 is 2.6 times smaller and the central
kiloparsec surface density 2.5 times higher than
their z ∼ 1 counterparts at a fixed stellar mass
of Log(M∗/M⊙) = 9.5. For Hα, these values are
2.3 and 2.7, respectively.

Table 1. Least-squares linear fits to the Log(Reff) and Log(Σ1kpc) stellar mass relations for the stellar continuum and Hα shown in Figure 4.

Dataset Median Log(Reff) Log(Σ1kpc)
Log(M∗/M⊙) Gradient Intercept Gradient Intercept

CLEAR 9.47 Cont 0.191667 ± 0.000005 −1.425 ± 0.004 0.19400 ± 0.00007 −1.542 ± 0.007
0.22 ≲ z ≲ 0.75 Hα 0.32 ± 0.02 −2.6 ± 1.5 0.244 ± 0.005 −2.0 ± 0.5

3D-HST 9.62 Cont 0.7966 ± 0.0001 0.726 ± 0.009 0.7828 ± 0.0002 0.98 ± 0.02
0.7 < z < 1.5 Hα 0.651 ± 0.001 2.0 ± 0.1 0.654 ± 0.002 2.2 ± 0.2

FRESCO 8.79 Cont 0.1726 ± 0.0001 −1.76 ± 0.01 0.889 ± 0.002 0.4 ± 0.2
4.87 < z < 6.52 Hα 0.085 ± 0.002 −0.9 ± 0.2 1.013 ± 0.001 −0.79 ± 0.09

Table 2. Parametrised fits to the redshift evolution shown in Figure 5.

Ah(z)B A(1 + z)B

A B A B

Reff(z) Cont 2.3 -0.6 3.5 -0.8
Hα 2.6 -0.6 4.0 -0.8

10−9Σ1kpc(z) Cont 0.2 0.6 0.1 0.8
Hα 0.2 0.8 0.1 1.0

Notes. The Hubble parameter, H(z) = 100h(z)km s−1Mpc−1.

in EW(Hα) at z = 1 and z = 0.5, but with an increasing rate with
radius in the outer regions beyond 8 kpc at z = 0.5.

In an absolute sense, EW(Hα) falls more rapidly at fixed
radius when star-forming progenitors are tracked than at fixed
mass. At a fixed r = 1 kpc, the drop in EW(Hα) between z ∼ 5.3
and z ∼ 1 is 3.0 ± 0.1 times larger for star-forming progenitors
than at fixed mass, and this factor increases to 7± 4 for the same
comparison between z ∼ 1 and z ∼ 0.5. Furthermore, the sup-

pression of EW(Hα) with radius is fairly uniform between z ∼ 1
and z ∼ 0.5 within r = 7 kpc at fixed mass and when star-forming
progenitors are tracked.

In the next section, we discuss the physical implications of
our results.

5. Discussion

The youngest, most massive stars of type O with lifetimes of
∼ 10 Myr emit strong UV radiation capable of stripping hydro-
gen atoms of their electrons. Recombination at the boundaries of
their Strömgren spheres (Strömgren 1939) leads to the emission
of Hα. Hα emission therefore predominantly traces on-going
star formation over the last 10 Myr. Thus, Figure 3 provides the
first spatially resolved measurements of on-going star formation
across the star-forming main sequence (Figure 1) at z ∼ 5.3. The
strength of the Hα emission was calculated by taking its quo-
tient with the underlying continuum, known as the Hα equiva-
lent width. This quantity has the added benefit of dividing out
the diffuse dust attenuation that affects the Hα and continuum
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forming galaxies in CEERS (Bagley et al. 2023), PRIMER-UDS, and
PRIMER-COSMOS (Dunlop et al. 2021).

emission equally (Nelson et al. 2016a, but see Section 5.3 for
further discussion). Therefore, the peak-normalised Hα equiva-
lent width profiles shown in the bottom row of Figure 3 allowed
us to measure how suppressed or elevated on-going star forma-
tion is relative to the underyling continuum that is dominated
by the emission from older stars, and how this compares to the
galaxy centre. We interpret Hα emission below as on-going star
formation and the continuum as the integrated star formation his-
tory.

We find that star formation is elevated at all galactocen-
tric radii relative to the centre for all star-forming galaxies with
6.8 ⩽Log(M∗/M⊙)< 11.1. Importantly, [Hα/C] has an overall
positive trend with galactocentric radius, consistent with increas-
ingly elevated star formation with distance from the centre of
these galaxies. This suggests that star-forming galaxies just after
the epoch of reionisation grow inside-out via star formation.

5.1. Evolution of spatially resolved star formation with cosmic
time

Including the study presented in this paper, HST and JWST slit-
less spectroscopy has now led to direct measurements of spa-
tially resolved star formation using Hα emission in star-forming
galaxies between 0.22 < z < 6.5 (Nelson et al. 2016b; Math-
aru et al. 2022). This provides the first opportunity of studying
the differences in how star formation proceeds in galaxies across
cosmic time out to the end of reionisation using measurements
made with the same technique. In this section, we discuss the
interpretations that can be drawn by comparing measurements
from these three studies.

5.1.1. Bulge versus disk growth

Figure 4 shows us what we expect in the evolution of galaxy
morphology with redshift: High-redshift star-forming galaxies
are smaller and have more concentrated light within 1 kpc than
their counterparts at low redshift. At z ∼ 5.3, the stellar mass-
Reff relation is shallower in Hα than the stellar continuum (Ta-
ble 1). When Hα is interpreted as on-going star formation and
the stellar continuum as the integrated star formation history,
this suggests that on-going star formation at z ∼ 5.3 progresses
at a slower rate with galactocentric radius as a function of stel-
lar mass than it did at z < 5.3. However, the stellar mass-Σ1kpc
relation is steeper in Hα than the stellar continuum. This sug-
gests that as a function of stellar mass, the central regions of
star-forming galaxies at z ∼ 5.3 form stars more rapidly than
they did at z < 5.3. At z ∼ 0.5 and z ∼ 1, this trend reverses.
The stellar mass-Reff relations in Hα are steeper than those in
the continuum, and the stellar mass-Σ1kpc relations are shallower
in Hα than in the continuum (Table 1). At z ∼ 5.3, the half-
light radius is always smaller than 1 kpc, and so is within the
region within which Σ1kpc is measured. The Reff and Σ1kpc mea-
surements at this redshift are therefore likely both dominated by
the bulge region of these galaxies. This is not true at z ⩽ 1. Reff
measurements at z ∼ 5.3 are more sensitive to physical processes
in the central regions of star-forming galaxies than it is at z ⩽ 1,
where it traces physical processes that occur at larger galacto-
centric radii. We interpret the dense central concentration as the
bulges of these galaxies and the almost exponential part of their
surface brightness profiles as their disks. These trends therefore
tell us that star-forming galaxies at z ∼ 5.3 build their bulges
rapidly. At z ⩽ 1, star-forming galaxies no longer build their
bulges rapidly via star formation and build their disks at a steady
pace.

Further clarity for this picture is provided in Figure 5, where
we show the redshift evolution in Reff and Σ1kpc at a fixed
stellar mass of Log(M∗/M⊙) = 9.5. At z = 5.3, Σ1kpc,Hα is
1.04 ± 0.05 times higher than Σ1kpc,C. Towards lower redshift,
Σ1kpc,Hα ≲ Σ1kpc,C. The faster decline in Hα stellar mass surface
density within 1 kpc (bottom panel of Figure 5 and Table 2) is
therefore driven by a switch from rapid bulge growth to signifi-
cant disk growth towards lower redshifts.

5.1.2. Evolution in Hα equivalent width profiles

Whilst parametrised morphology measurements are useful for
understanding the build-up of galaxies with redshift, they are
sensitive to different regions of galaxies at different times (Sec-
tion 5.1.1). A full picture of how spatially resolved star forma-
tion proceeds as a function of galactocentric radius with redshift
can be gained by comparing Hα equivalent width profiles. We
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compared them at fixed stellar mass (left panel of Figure 6) and
by tracing star-forming progenitors between 5.3 ≲ z ⩽ 0.5 (right
panel of Figure 6; more details in Section 4.1).

All the EW(Hα) profiles shown are positive, indicating
the prevalence of inside-out growth via star formation in star-
forming galaxies between 0.5 ⩽ z ⩽ 5.3. However, the steep
rise with radius for z ∼ 5.3 galaxies suggests that this growth
occurred more rapidly as a function of radius in the early Uni-
verse. The similar slopes of the z ∼ 1 and z ∼ 0.5 EW(Hα)
profiles in each panel suggests that there is a spatially uniform
suppression of star formation in star-forming galaxies between
0.5 ⩽ z ⩽ 1 both at fixed mass and when star-forming progeni-
tors are traced. At lower redshifts, significantly elevated star for-
mation as a function of radius is seen in the outer disk of star-
forming galaxies.

The redshift evolution in the EW(Hα) profiles at fixed mass
shown in the left panel of Figure 6 supports our interpretation
of the redshift evolution in morphology measurements at fixed
mass discussed in Section 5.1.1. Star-forming galaxies just af-
ter the epoch of reionisation rapidly build their inner regions or
bulges, which dominate the half-light radius (see the turquoise
vertical line in the left panel of Figure 6). This leads to compact
Hα in the central region, driving up Σ1kpc,Hα relative to Σ1kpc,C
(bottom panel of Figure 5). A similar evolution is seen for star-
forming progenitors (right panel of Figure 6), the main differ-
ence being the larger drop in EW(Hα) at fixed radius with red-
shift. However, it should be noted that at log(M∗/M⊙) ≲ 9, we
primarily sampled star-forming galaxies with high specific star
formation rates at z ∼ 5.3 (see Figure 1 and Section 2.4), and so
the large absolute difference in EW(Hα) at 5.3 ≲ z ≲ 1 might be
driven by this sample bias.

Nevertheless, the overall picture provided by the EW(Hα)
profiles of star-forming galaxies since the epoch of reionisation
is that bulges are first built rapidly with radius, after which there
is a gradual inside-out cessation of star formation that flattens the
EW(Hα) profiles at z ≲ 1, with significantly elevated levels of
inside-out growth via star formation in the outer disk at z ∼ 0.5.

5.2. Literature comparison

In this section, we compare our results to those in the literature,
starting with a focus on results just after the epoch of reionsa-
tion (Section 5.2.1) and continuing with results at lower redshift
(Section 5.2.2).

5.2.1. Just after the epoch of reionisation

Reassuringly, our F444W Reff measurement at fixed stellar mass
agrees within 1σ of the F444W measurements at the same epoch
made by Allen (in prep.; top panel of Figure 5). Interestingly,
these authors report that the rest-optical and rest-UV Reff agree
within 1 − 2σ of each other. Since the UV is more susceptible
to dust attenuation than Hα (Kennicutt & Evans 2012 and refer-
ences therein), this result suggests that dust obscuration at these
stellar masses may not be significant (see the more detailed dis-
cussion in Section 5.3), and that as a result of the young stellar
populations at this epoch, the rest-UV may be an appropriate
tracer of the stellar mass distribution.

The JWST NIRCam grism is the first high spectral resolu-
tion grism in space (see Section 3), introducing the capability
of making spatially resolved kinematic measurements for large
samples of distant galaxies. Nelson et al. (2023) took advan-
tage of this capability and showed that a log(M∗/M⊙) = 10.4
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star-forming galaxy at z = 5.3 has a rotating Hα disk with
Vrot = 240± 50 kms−1. In a low-mass (log(M∗/M⊙) = 8.6± 0.1)
galaxy at z = 8.34, Li et al. (2023) measured a rotational ve-
locity of Vrot = 58+53

−35 kms−1 using the [O III]λ5007 emission-
line map. Both these works suggested that emission-line galax-
ies over a wide range in stellar mass with rotating gaseous disks
exist just after the epoch of reionisation. This is despite grow-
ing evidence that the fraction of rotation-dominated star-forming
galaxies falls significantly at z ≳ 3 (Turner et al. 2017; Wisnioski
et al. 2019 and references therein). We discuss this trend within
the context of lower-redshift studies in the next section.

5.2.2. Dominance of disks

By extending spatially resolved studies of star formation with
Hα emission-line maps out to z ∼ 5.3, we enabled a study of
the evolution in how star formation proceeds over a longer time
baseline. The importance of this extended baseline is evident in
Figure 5, which suggests a shift in predominantly bulge growth
to the dominance of disk growth via star formation towards lower
redshifts (see Section 5.1.1), which is supported by the EW(Hα)
profiles in Figure 6. This is consistent with findings that the frac-
tion of disk-dominated star-forming galaxies falls significantly
towards higher redshifts, both in terms of kinematics measuring
rotation (see Section 5.2.1 and e.g. Förster Schreiber et al. 2009;
Förster Schreiber et al. 2018; Wisnioski et al. 2015; Wisnioski
et al. 2019; Gnerucci et al. 2011; Kassin et al. 2012; Miller et al.
2012; Tacconi et al. 2013; Simons et al. 2017; Turner et al. 2017;
Johnson et al. 2018; Übler et al. 2019; Price et al. 2020) and the
spiral fraction (Kuhn et al. 2024).

Matharu et al. (2022) measured and compared Hα and con-
tinuum Reff and Σ1kpc measurements from the 3D-HST and
CLEAR surveys, the results of which are also shown in Figures 4
and 5 of this paper. At a fixed stellar mass of Log(M∗/M⊙) =
9.5, they observed significant evolution in Σ1kpc,Hα

Σ1kpc,C
, where it is

(19 ± 2)% lower at z ∼ 0.5 than at z ∼ 1. To explain the evo-
lution seen between 0.5 ⩽ z ⩽ 1, they referred to the natural
consequences of inside-out growth: the inside-out cessation of
star formation follows the inside-out growth and becomes sig-
nificant at lower redshift. Figure 6 and the discussion in Sec-
tion 5.1.2 confirms this picture both at fixed mass (left panel) and
for progenitors on the main sequence (right panel). At z ∼ 5.3,
star-forming galaxies grow their bulges rapidly, but at lower red-
shift, the most significant growth via star formation is only in
the outer disk (Figure 6). Our results are consistent with those
of Shen et al. (2024), who reported that the EW(Hα) profiles of
19 star-forming galaxies between 0.6 < z < 2.2 measured using
JWST NIRISS slitless spectroscopy are predominantly positive,
which is in line with the inside-out growth scenario. With spa-
tially resolved SED fitting, they further determined that the star
formation histories (SFHs) of the central regions of star-forming
galaxies at this epoch are consistent with having experienced at
least one rapid star formation episode that led to the formation
of the bulge. The disks of the galaxies in this work were found
to grow with more smoothly varying SFHs.

5.3. Effects of dust attenuation

If there is increased dust attenuation towards stellar birth clouds
at z ∼ 5.3, it can further suppress Hα emission (e.g. Calzetti
et al. 2000; Förster Schreiber et al. 2009; Yoshikawa et al. 2010;
Mancini et al. 2011; Wuyts et al. 2011; Wuyts et al. 2013;
Kashino et al. 2013; Kreckel et al. 2013; Price et al. 2014; Reddy

et al. 2015; Bassett et al. 2017; Theios et al. 2019; Koyama
et al. 2019; Greener et al. 2020; Wilman et al. 2020; Rodríguez-
Muñoz et al. 2021). If this increased nebular attenuation is cen-
trally concentrated, it might cause the positive trends in the peak-
normalised Hα equivalent width profiles we show in Figure 3. To
determine whether this is the case, we would need to calculate
spatially resolved Balmer decrements for these galaxies, from
which we can derive nebular attenuation profiles. This would
require both Hα and Hβ emission-line maps. To obtain Hβ
emission-line maps for our sample, we require F356W NIRCam
grism observations of our galaxies. These observations now exist
in GOODS-N (Egami et al. 2023), but are yet to be obtained for
GOODS-S. Future work will include measuring Balmer decre-
ment radial profiles for the galaxies studied in this paper.

Recent work on the redshift evolution of spatially resolved
Balmer decrements in emission-line galaxies with JWST NIRISS
slitless spectroscopy between 1.0 < z < 2.4 shows no significant
difference in the integrated Balmer decrements or in the shape of
Balmer decrement radial profiles with increasing redshift (Math-
aru et al. 2023). Calculating nebular dust attenuation profiles
from these assuming a Calzetti et al. (2000) dust law, Matharu
et al. (2023) reported centrally concentrated nebular dust atten-
uation profiles for 7.6 ⩽Log(M∗/M⊙)< 10 emission-line galax-
ies, which reached a maximum attenuation towards Hα-emitting
regions, AHα = 1.03 ± 0.04 mag within 0.4 kpc from the cen-
tre for 9.0 ⩽Log(M∗/M⊙)< 10.0. Flat profiles are measured at
10 ⩽Log(M∗/M⊙)< 11.1, however. The results presented in Liu
et al. (2023) agree with this. These authors used JWST MIRI
F770W and NIRCam F200W imaging of mid-infrared selected
galaxies at 1.0 < z < 1.7 to decompose their dust and stel-
lar components. They reported that 9.5 <Log(M∗/M⊙)< 10.5
galaxies have dust cores that are ∼ 1.23 − 1.27 times more com-
pact than their stellar cores, but for the most massive galaxy at
Log(M∗/M⊙) = 10.9, this factor decreases to ∼ 0.86 − 0.89. In
contrast, Shen et al. (2023) find increasing dust obscuration frac-
tions with stellar mass for star-forming galaxies at 0.2 < z < 2.5
for the entire galaxy and when focusing only on the inner 1 kpc.
The obscured fractions are lowest at Log(M∗/M⊙) ⩽ 9.5 and
highest at Log(M∗/M⊙) ⩾ 10.0. Similarly, based on HST WFC3
slitless spectroscopy, Nelson et al. (2016b) reported an increas-
ing central concentration of nebular dust attenuation profiles
with stellar mass at z ∼ 1.4. They determined AHα ∼ 0.8 mag
for 9.0 ⩽Log(M∗/M⊙)< 9.2 but increased to ∼ 3.5 mag for
9.8 ⩽Log(M∗/M⊙)< 11 under the assumption of a Calzetti et al.
(2000) dust law.

Whilst there is no resolved Balmer decrement work at
4.8 < z < 6.5 for star-forming galaxies, dust continuum obser-
vations with the Atacama Large Millimeter/submillimeter Array
(ALMA) have revealed a diversity of dust profiles at z ∼ 7
(Bowler et al. 2022) and similar spatial extents for dust-obscured
and unobscured star formation at 4 ⩽ z ⩽ 6 (Mitsuhashi et al.
2023). Similar spatial extents supports the probability of simi-
larly shaped radial profiles. If the dust-obscured star formation
radial profile has the same shape as the unobscured star forma-
tion radial profile, this implies that the reddening of the stellar
continuum is uniform with galactocentric radius and that the
nebular attenuation radial profile may be flat. Therefore, even
if there is increased dust attenuation towards stellar birth clouds
at z ∼ 5.3, it is unlikely to be driving the positive trends seen in
our [Hα/C] profiles.

Collectively, these works do not provide a clear picture of
how spatially resolved nebular attenuation evolves with redshift
and stellar mass. Future work focused on measuring the nebu-
lar attenuation profiles of main-sequence galaxies with the same
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method and selected in the same way out to the epoch of reioni-
sation will bring clarity to this problem.

5.4. [N II] contribution to Hα

The high spectral resolution of the NIRCam grism means that
the Hα emission line is separated from its two neighbour-
ing [N II] emission lines by more than a resolution element2.
This means that the centroids of the Hα and [N II] emission-
line maps will not overlap, but any spatially extended emission
could. Faisst et al. (2018) showed that [N II]/([N II] + Hα) de-
clines with increasing redshift for galaxies with stellar masses
8.5 ⩽Log(M∗/M⊙)< 10 between 0 < z < 2.6, with higher-mass
galaxies experiencing a modest rise between 0 < z ≲ 1.5, after
which there is a steep decline. By extrapolating their [N II]/([N
II] + Hα) values linearly out to z = 5.3 for Log(M∗/M⊙) = 8.5
and Log(M∗/M⊙) = 11.13, we find that [N II]/([N II] + Hα)
is consistent with zero for galaxies with Log(M∗/M⊙) = 11.1
and 0.02 for galaxies with Log(M∗/M⊙) = 8.5. This fraction
is so small that its effects are likely within our uncertainties.
Furthermore, we excluded the region of the Hα emission-line
maps where the [N II] centroids would reside using the hour-
glass mask, and we thereby ensured that the most severe [N II]
contamination does not affect our final measurements.

6. Summary

Using the largest sample of star-forming galaxies just after the
epoch of reionisation for which there exists JWST NIRCam
slitless spectroscopy, we have made the first measurements on
the spatial distribution of star formation traced by Hα emission
(Section 4).

To allow for direct comparisons with lower redshift works
using HST WFC3 slitless spectroscopy, we processed and
stacked our data using the same method whilst taking the high
spectral resolution of the NIRCam grism into account (Sec-
tion 3).

Our main conclusions are listed below.

1. Star-forming galaxies across the main sequence at 4.8 < z <
6.5 with stellar masses 6.8 ⩽ log(M∗/M⊙) < 11.1 have posi-
tive peak-normalised EW(Hα) profiles. This provides direct
evidence for the inside-out growth of star-forming galaxies
just after the epoch of reionisation.

2. Parametrised morphological measurements at a fixed stellar
mass of log(M∗/M⊙) = 9.5 reveal that whilst the stellar mass
surface density within 1 kpc of Hα, Σ1kpc,Hα, is 1.04 ± 0.05
times more concentrated than that of the continuum, Σ1kpc,C,
the Hα half-light radius, Reff,Hα is 1.18 ± 0.03 times more
extended than that of the continuum half-light radius, Reff,C,
but both are smaller than 1 kpc. These results suggest the
rapid build-up of compact bulges via star formation just after
the epoch of reionisation (Figure 5 and Section 5.1.1).

3. The pace of redshift evolution at a fixed stellar mass of
Log(M∗/M⊙) = 9.5 for Reff(z) is the same for Hα and the
continuum. For Σ1kpc(z), however, the redshift evolution is
faster for Hα, with Σ1kpc, Hα/C = h(z)1.3 (Figure 5 and Ta-
ble 2).

4. Towards lower redshifts, Σ1kpc,Hα ⩾ Σ1kpc,C becomes
Σ1kpc,Hα ≲ Σ1kpc,C. This is consistent with the inside-out
growth of the disk via star formation dominating the inside-
out growth of the bulge at later times.

2 1 NIRCam pixel = 10Å
3 At z ⩾ 2 where it begins to decline.

5. The dominance of disk growth over bulge growth at lower
redshift is further supported by the evolution in EW(Hα) pro-
files at fixed stellar mass with redshift and when star-forming
progenitors are traced between 5.3 ≲ z ≲ 0.5. Star-forming
galaxies at z ∼ 5.3 have rapidly increasing EW(Hα) with
radius within their half-light radius, whilst a significantly in-
creasing EW(Hα) with radius at z ∼ 0.5 is only seen in the
outer disk.

Our work demonstrated that spatially resolved studies of
emission-line galaxies can be conducted with NIRCam slitless
spectroscopy out to the epoch of reionisation. Future work will
focus on exploiting this technique to study a variety of spa-
tially resolved physical properties of high-redshift galaxies be-
yond just star formation.
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