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ABSTRACT

We report the discovery of a low-mass z = 5.200 ± 0.002 galaxy that is in the process of ceasing its

star formation. The galaxy, MACS0417-z5PSB, is multiply imaged with magnification factors ∼ 40 by

the galaxy cluster MACS J0417.5-1154, observed as part of the CAnadian NIRISS Unbiased Cluster

Survey (CANUCS). Using observations of MACS0417-z5PSB with a JWST/NIRSpec Prism spectrum

and NIRCam imaging, we investigate the mechanism responsible for the cessation of star formation of

the galaxy, and speculate about possibilities for its future. Using spectrophotometric fitting, we find a

remarkably low stellar mass of M∗ = 4.3±0.9
0.8×107M�, less than 1% of the characteristic stellar mass at

z ∼ 5. We measure a de-lensed rest-UV half-light radius in the source plane of 30±7
5 pc, and measure

a star formation rate from Hα of 0.14±0.17
0.12 M�/yr. We find that under the assumption of a double

power law star formation history, MACS0417-z5PSB has seen a recent rise in star formation, peaking

∼ 10 − 30 Myr ago and declining precipitously since then. Together, these measurements reveal a

low-mass, extremely compact galaxy which is in the process of ceasing star formation. We investigate

the possibilities of mechanisms that have led to the cessation of star formation in MACS0417-z5PSB,
considering stellar and AGN feedback, and environmental processes. We can likely rule out an AGN

and most environmental processes, but leave open the possibility that MACS0417-z5PSB could be a

star forming galaxy in the lull of a bursty star formation history.

Keywords: Galaxies: quiescent – Galaxies: high-redshift – Galaxies: evolution

1. INTRODUCTION

Some of the most intriguing open questions in galaxy

evolution include how and when galaxies start and cease
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forming their stars, and subsequently, how those quies-

cent galaxies continue to grow. To answer these ques-

tions, populations of quiescent galaxies have been ob-

served at earlier and earlier epochs over the years, as

early observations are necessary to distinguish between

models (e.g., Lovell et al. 2022; Wellons et al. 2023), as

well as to settle tensions between models and observa-

tions (Merlin et al. 2019; Santini et al. 2021; Gould et al.

2023). Multiple scenarios have been proposed to explain

the growth of quiescent galaxies from z ∼ 3 to the lo-
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cal universe. The two most likely dominant scenarios

are either the growth of star-forming galaxies via in situ

star formation and gas accretion, followed by a “mono-

lithic collapse”, or a series of dry mergers of small, early

quiescent galaxies (e.g., Bezanson et al. 2009; Naab &

Ostriker 2009; Hopkins et al. 2010).

These scenarios are likely intimately related to the

quenching mechanisms of the galaxies themselves, which

can occur on a variety of timescales (see e.g., Man &

Belli 2018; Iyer et al. 2020; Sherman et al. 2020; Tac-

chella et al. 2022; Noirot et al. 2022a). These quench-

ing mechanisms likely depend on galaxy and environ-

ment properties–e.g., for a low-mass satellite galaxy,

environmental quenching is expected to play a larger

role via overconsumption (McGee et al. 2014), starva-

tion (Whitaker et al. 2021; Williams et al. 2021), or gas

removal by a nearby AGN (Fabian 2012; King & Pounds

2015). The effects of these processes over various eras in

the universe have been investigated by simulations (e.g.,

Trayford et al. 2015; Nelson et al. 2018, 2019; Donnari

et al. 2021; Wu et al. 2021; Ward et al. 2022) and require

more observations at early times to distinguish possibil-

ities.

These debates have led to great interest in obser-

vations of quiescent galaxies, increasingly early in the

universe. However, possibly due to observational con-

straints, the majority of the literature about quiescent

galaxies has focused on low-redshift, high-mass sources

(with some exceptions, e.g., Santini et al. 2022; Weaver

et al. 2022; Looser et al. 2023). The highest redshift

quiescent/post starburst galaxies to date are at z = 7.3

(Looser et al. 2023), followed by z = 4.6 (Carnall et al.

2023a), followed then by several quiescent galaxies at

z ∼ 2− 4 (Glazebrook et al. 2017; Schreiber et al. 2018;

Forrest et al. 2020; Valentino et al. 2020; Marchesini

et al. 2023; Nanayakkara et al. 2022), most with stellar

masses & 1010M�.

In this work, we investigate a multiply-imaged post-

starburst galaxy at z = 5.200 ± 0.002 behind galaxy

cluster MACS J0417.5-1154, first discovered by Mahler

et al. (2019), which we dub MACS0417-z5PSB. Each of

the two images is magnified by a factor of ∼ 40, and

measure de-magnified stellar mass for the main bulge of

the galaxy to be only M∗ = 4.3 ±0.9
0.8 ×107M�, less than

1% of the characteristic stellar mass at z ∼ 5. This

source allows us to investigate in detail the quenching

of star formation in a low-mass galaxy at high redshift.

Using spectrophotometric fitting and size measurement,

we investigate possibilities for the source’s past and fu-

ture, and discuss the implications for the formation of

massive quiescent galaxies later in the universe’s history.

This paper is structured as follows. In Section 2 we

describe the data used in our work. In Section 3 we

describe the methods used for constraining stellar prop-

erties and size. We describe our results and compare

to the literature in Section 4. We discuss our results in

Section 5 and state our conclusions in Section 6.

We assume a flat ΛCDM cosmology with Ωm =

0.3, ΩΛ = 0.7, h = 0.7, all magnitudes are in the AB

system, and all distances are proper unless specified oth-

erwise.

2. DATA

In this work, we utilize data from the MACS J0417.5-

1154 cluster field obtained via the Canadian NIRISS

Unbiased Cluster Survey (CANUCS, Willott et al.

2022). We use JWST/NIRSpec Prism data for spectro-

photometric fitting to obtain stellar properties of the

galaxy, and use all available NIRCam imaging for pho-

tometric calibration, and NIRCam SW imaging to mea-

sure the rest-UV size of the galaxy.

2.1. NIRCam Imaging

The cluster was observed with JWST/NIRCam fil-

ters F090W, F115W, F150W, F200W, F277W, F356W,

F410M and F444W with exposure times of 6.4 ks each,

reaching S/N between 5 and 10 for a AB=29 point

source. We also utilize archival HST imaging in F105W,

F125W, F140W, F160W, F435W, F606W and F814W

in the SED fitting.

The target galaxy was identified in NIRCam images

as being multiply-imaged and at a redshift of around 5

based on the photometric redshift and the lensing ge-

ometry. To reduce the imaging and extract photometry,

we closely follow the procedure outlined by Noirot et al.

(2022b). However, for this source we do custom pho-

tometry of 0.3′′-diameter aperture size for each clump

of the galaxy on the F444W PSF-matched images, sim-

ilar to the 0.2′′ width of the NIRSpec slit, making this

aperture an appropriate one for flux calibration of the

bulge of one of the clumps. This is, however, not all

of the light from the galaxy– we focus on the stellar

properties of the bulge of the galaxy, which is ∼ 75%

of the light of the entire galaxy. The source is ∼ 25.2

mag in F444W. In Figure 1, we show cutouts of F090W,

F200W, F444W, and an RGB image incorporating all

NIRCam bands of both MACS0417-z5PSB and a neigh-

boring galaxy at the same redshift. In the F444W image,

we overplot the NIRSpec slit, and in the RGB image, we

plot the approximate critical curve from the best-fit lens

model.

2.2. NIRSpec Spectroscopy
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Figure 1. JWST/NIRCam images of MACS0417-z5PSB and nearby system from Asada et al. (2022). From left to right: F090W,
F200W, F444W, and RGB (red: F356W+F410M+F444W, green: F200W+F277W+F356W, blue: F090W+F115W+F150W)
image of MACS0417-z5PSB. All images have 40mas pixels, are non-PSF-homogenized. FOV is 2′′×2′′. NIRSpec slit configuration
is shown in the F444W image. Approximate critical curve, as well as the multiple images of MACS0417-z5PSB (labeled M9.1
and M9.2) and galaxies from Asada et al. (2022) are shown in the RGB image.

We observed one image of the galaxy (labeled M9.2

in Figure 1) with the JWST/NIRSpec micro-shutter as-

sembly in the low resolution Prism mode for 2900 sec-

onds, split over three nodded exposures. To reduce the

spectroscopy, we closely follow the procedure outlined

by Morishita et al. (2022). Briefly, we use the JWST

pipeline1 for the Level 1 data products and msaexp2 for

Levels 2 and 3 products. We perform background sub-

traction by subtracting the background level estimated

from the nodded shutters in adjacent exposures. We

then use msaexp to extract the 1D spectrum using an

inverse-variance weighted kernel following Horne (1986).

We photometrically calibrate the data to account for

wavelength-dependent slit losses by fitting a polynomial

to the ratio of the HST+NIRCam photometry and the

spectrum integrated through each filter bandpass and

then multiplying the spectrum by the output polyno-

mial. This is done as part of the spectrophotometric

fitting, described in Section 3.1.

2.3. Gravitational lensing models

Our work focuses on a multiply imaged galaxy behind

a galaxy cluster, so to measure its intrinsic properties

we use a model of the cluster’s mass and magnification

distribution. We use a lens model of MACS0417 (De-

sprez 2023, in prep.) created with Lenstool (Kneib

et al. 1993; Jullo et al. 2007), starting from the parame-

ters described by Mahler et al. (2019) but improved with

several new spectroscopically confirmed multiply imaged

systems, including MACS0417-z5PSB and a nearby ex-

treme line emitter at the same redshift (Asada et al.

2022). We refer to the individual images in MACS0417-

z5PSB as M9.1 and M9.2, as is done in Desprez 2023, in

1 https://github.com/spacetelescope/jwst
2 https://github.com/gbrammer/msaexp

prep. Because the source is so close to a critical curve,

differential magnification could be at play. For this rea-

son, we focus mainly on the bulge of the galaxy which

is compact, and assume only one magnification value.

We use Lenstruction (Yang et al. 2020) to measure

the size of the galaxy, which makes necessary local cor-

rections to the lens model. This is described in more

detail in Section 3.2. To obtain uncertainties on magni-

fication factor, we run Lenstruction 100 times, using

the range of models produced in the MCMC chain with

Lenstool and report the 68% confidence limits.

3. METHODS

3.1. Spectro-photometric Fitting

To model the stellar properties of MACS0417-z5PSB

(e.g., stellar mass, star formation history), we use the
spectrophotometric fitting code BAGPIPES (Carnall

et al. 2018). Because the NIRSpec/Prism observing

mode has a variable spectral resolution, we implement

wavelength sampling to match the spectral resolution of

the prism into the BAGPIPES fitting routine to account

for this. We assume a double power law star formation

history, which is commonly assumed for quiescent and

post-starburst galaxies (e.g., Carnall et al. 2018), allow-

ing the slopes of each side to vary freely. We assume

the Charlot & Fall (2000) dust attentuation recipe, al-

low ionization parameter logU to vary between -4 and

-1, and assume a Kroupa IMF (Kroupa 2001). All other

parameters are left free.

3.2. Size Measurement
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Table 1.

Property Result

z 5.200 ± 0.002

µ 43±10
7

log10(M∗/M�) 7.63±0.08
0.09

AV 0.19±0.04
0.02

logU −3.7±0.4
0.2

Age (Mass-weighted, Myr) 37.9±4.2
5.6

Stellar metallicity (Z�) 1.0±0.01
0.02

SFRHα (M�/yr) 0.14±0.17
0.12

Half-light radius (pc) 30±7
5

UV β slope −1.61 ± 0.05

All values from SED fitting are quoted us-

ing statistical and magnification errors only

(where relevant), under assumptions de-

scribed in Section 3.1. All relevant values

have been corrected for magnification.

To measure the size of MACS0417-z5PSB, we utilize

the public code Lenstruction3 (Yang et al. 2020). We

use a version of the NIRCam F200W image drizzled onto

a 20mas pixel scale to measure the rest-frame UV size,

and choose a nearby star to model the point spread func-

tion. We use the interactive mode of Lenstruction, al-

lowing us to select for any nearby contaminating light

or lens light in the image. We assume a Sérsic model

for the galaxy’s morphology, and allow Sérsic index and

ellipticity to vary freely.

4. RESULTS

4.1. Stellar properties

In Figure 2 we show the photometrically calibrated,

observed spectrum and 1-σ noise in gray. Lyman and

Balmer breaks are clearly identified at ∼ 7540 and ∼
23500 Å, and a detection of Hα at ∼ 40700 Å. To obtain

a redshift, we fit a Gaussian profile to the Hα line at

40700 Å, we find a redshift of 5.200 ± 0.0002.

In the inset panel of Figure 2, we show a zoomed in

version on the Hα detection. While there is a fit from

BAGPIPES, we infer properties of Hα via a separate

fit of a Gaussian line to the relevant spectral region,

shown in red. Hα and [NII] are blended in the prism

spectra, so following Wuyts et al. (2013), we assume

that [NII] contibutes 15% of the Hα+[NII] flux. After

3 https://github.com/ylilan/lenstruction

correcting for contribution from [NII], we find that the

SFR (corrected for magnification, and including magni-

fication uncertainties) is 0.14 ±0.17
0.12 M�/yr. In the 2D

spectrum, the Hα line, while partially coincident with

the rest of the spectrum, extends farther than the con-

tinuum, suggesting that some of the emission is coming

from the disk of the galaxy, rather than the bulge which

we mainly focus on here.

Figure 2 also shows the posterior spectrum from our

BAGPIPES run in blue, and in Table 1 we list medians

and 1-σ uncertainties of the posteriors for select stel-

lar properties of the galaxy. We find a stellar mass of

log(M∗/M�) = 7.63±0.08
0.09, accounting for a magnifica-

tion correction factor of µ = 43±10
7 , < 1% of the char-

acteristic stellar mass at z ∼ 5 (Weaver et al. 2022).

This places MACS0417-z5PSB within an extrapolation

of the star forming main sequence at z ∼ 5 (Salmon

et al. 2015). The star formation rate averaged over the

last 10 Myr from BAGPIPES is 0.10 ±.06
.05 M�/yr.

In Figure 3, we show the posterior star formation his-

tory for the galaxy, revealing either a steeply or more

slowly rising burst of star formation, followed by a pre-

cipitous decline, ∼ 10 − 30 Myr before observation. We

find that the shape of the star formation history is

mainly driven by the Lyman and Balmer breaks, and

is not heavily affected by resolution effects in the spec-

trum.

4.2. Size

In Figure 4, we show the results from our rest-UV size

measurement with Lenstruction. From left to right,

we show the observed, modelled, and residuals of each

source, and finally the modelled image in the source

plane. We find a remarkably small size of rhl = 30±7
5

pc for MACS0417-z5PSB, where rhl is half-light radius.

While new results on rest-UV sizes at z ∼ 5 with JWST

are sparse, this size is much smaller than average sizes

reported for galaxies at z & 7 (e.g., Yang et al. 2022;

Ono et al. 2022), but similar to some of the single-object

discoveries found so far (e.g., Williams et al. 2022).

5. DISCUSSION

5.1. The galaxy’s past: why did star formation cease?

The star formation history of MACS0417-z5PSB in

Figure 3 reveals a recent rise and sharp decline in star

formation, less than 30 Myr before observation. We

briefly investigate three options for quenching possibil-

ities in this galaxy: stellar and AGN feedback, exhaus-

tion, and environmental quenching. We also discuss the

possibility that the source is a star forming galaxy in a

lull of a bursty star formation history.

5.1.1. AGN and Stellar Feedback
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Figure 2. Photometrically calibrated observed spectrum (dark gray) with 1-σ noise (light gray), and posterior spectrum from
BAGPIPES (blue) for MACS0417-z5PSB. Top panel in fλ, bottom panel in fν . Emission lines labeled in green. Inset is a
zoomed-in version of the spectrum surrounding the detection of Hα. Note that although BAGPIPES fits an [SII] line, we do
not detect it in our spectrum.

There is growing evidence that low-mass (∼ 108

M�) galaxies are commonly hosts to AGN, both from

observations (e.g., Manzano-King et al. 2019; Ding

et al. 2020) and cosmological zoom-in simulations (e.g.,

Sharma et al. 2022; Koudmani et al. 2022; Reines

2022). In particular, Almeida et al. (2023) find that

low-luminosity AGN are capable of quenching galax-

ies, although this study only explores down to AGN

of 106 M�, a higher mass than would be expected for

an AGN in MACS0417-z5PSB. While inconclusive, this

hints toward the possibility that feedback from AGN

could be contributing to the cessation of star forma-

tion in MACS0417-z5PSB. While it is possible that this

effect in combination with stellar feedback (e.g., from

supernovae and stellar winds) which would be expected

in low mass galaxies, could have caused the cessation

of star formation in this galaxy, we do not see evidence

of an AGN via a a broad component from Hα and can
likely rule out a scenario where an AGN is the dominant

quenching mechanism.

5.1.2. Exhaustion

The small size and high stellar density of the galaxy

suggests the possibility that the galaxy simply formed

its stars very rapidly and exhausted its gas. Studies such

as Wu et al. (2018); Belli et al. (2019) show that post-

starburst galaxies tend to be smaller than their quies-

cent counterparts, and show evidence for a “faster track”

to quiescence for galaxies, pointing towards a violent

event like a major merger, which could have possibly

spurred star formation. The high inferred stellar metal-

licity from BAGPIPES (see Table 1) may also indicate

a preference for this solution– if there were an outflow

from an AGN and/or stellar feedback, one would expect

metals to have been ejected in the outflow.



6

Figure 3. Star formation history posteriors from BAGPIPES. Median star formation history in solid blue line, all other
possibilities in gray. Inset is a zoomed in version of the same plot, < 20 Myr before observation. MACS0417-z5PSB peaked
in star formation ∼ 10 − 30 Myr ago and the SFR has declined precipitously since then. Median magnification factor of 43
assumed.

Figure 4. Top left: One observed multiple image of MACS0417-z5PSB, M9.2, followed by the model and normalized residuals
from Lenstruction. The hexagonal structure in the images comes from the JWST PSF. Bottom left: The same, for the second
image, M9.1. Right: Modelled source plane image.

5.1.3. Environmental factors

It has been shown that environmental quenching is the

dominant quenching mechanism at low-z (Peng et al.

2010). While large enough groups and clusters where

environmental quenching factors would come into play

are not likely to have formed as early as z ∼ 5, it may be

possible that there are small overdensities which could

contribute to this galaxy’s current state, albeit with

less dense and violent surroundings. It is worth not-

ing that there is a nearby system (Asada et al. 2022) at

the same redshift as MACS0417-z5PSB. It is ∼ 2.5 kpc

away from MACS0417-z5PSB in the source plane, has

a stellar mass of ∼ 107 M�, and is in the process of a

merger and undergoing a burst of star formation. While

this is a low-mass system, it may point to the presence

of a higher mass system nearby which could contribute

to environmental quenching. However, we do not see ev-

idence for a high-mass system at the same redshift in the

JWST FOV via a selection using photometric redshifts,

so can likely rule out many environmental mechanisms

as the dominant force at play in MACS0417-z5PSB.

5.2. The galaxy’s future: will it rejuvenate?
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MACS0417-z5PSB appears to be in the process of

turning off its star formation, as evidenced by a lack

of emission lines, but with no sign of Balmer absorption

lines yet (although their presence cannot be ruled out

with the low-resolution Prism spectrum). We cannot

constrain the age of the stars to higher precision with-

out the resolved Balmer absorption lines, but we can see

that the galaxy is not currently undergoing significant

star formation. Combined with its remarkably small

size and high inferred stellar density, this points to the

possibility of the galaxy being a progenitor of quiescent

galaxies observed later in the history of the universe,

and may point to early quenching and dry merging as a

method of future growth, following the path of quiescent

galaxy growth in, e.g., van der Wel et al. (2014).

However, it is difficult to rule out the possibility that

MACS0417-z5PSB is a star-forming galaxy in a lull of a

stochastic star formation history, with a future of rejuve-

nation via a wet merger or gas accretion. The Astraeus

Simulations (Legrand et al. 2022) find that galaxies are

likely to form most of their mass in a stochastic star for-

mation phase at stellar masses at or below ∼ 107 M�.

Similarly in the FIRE simulations, Ma et al. (2019) find

that 108 M� is the mass threshold where star forma-

tion histories begin to transition from bursty to stable.

Because MACS0417-z5PSB resides on the edge of this

limit, it is hard to say how likely a bursty star formation

is. It is possible that the stellar mass of this galaxy is

too high for a likely stochastic star formation history and

chance of rejuvenation. However, if the quenching mech-

anism is not environmental, the stellar mass (∼ 107.63

M�) may be too low to fully, permanently quench: most

observed high-z galaxies to date have had stellar masses

above 1010 M�, and most investigations of passive galax-

ies in simulations are for log(M∗/M�) < 109. It may be

that a deep gravitational potential from a larger dark

matter halo is required to heat any remaining gas in a

passive galaxy in order to permanently quench, and that

MACS0417-z5PSB will be likely to rejuvenate from in-

falling gas or wet mergers.

5.3. Implications for Compaction

It is a long-standing idea that surface density within

1 kpc of a galaxy’s center is a good indicator of whether

or not a galaxy has been quenched (e.g., Zolotov et al.

2015; Tacchella et al. 2016). While this may be true for

galaxies of log10(M∗)& 9, this indicator would not be

appropriate for MACS0417-z5PSB, even if it does con-

tinue to cease star formation and quench, as the total

radius is far below 1 kpc. While MACS0417-z5PSB does

not meet the sSFR criterion to be called quenched, it is

one of the first of its kind at such an early time in the

universe, and it seems that a new “compaction” indi-

cator for galaxies at high redshifts would be called for;

for example, the stellar density within 0.1 kpc instead

of 1 kpc using the definition in Zolotov et al. (2015)

would have selected MACS0417-z5PSB as a candidate

quenched galaxy.

6. CONCLUSIONS AND FUTURE DATA

Our conclusions are as follows:

1. We report the discovery of a post-starburst, nearly

quiescent galaxy at z = 5.200 ± 0.002. For the

bulge of the galaxy, we measure a star formation

rate of 0.14 ±0.17
0.12 M�/yr, and a stellar mass of

M∗ = 4.3 ±0.9
0.8 ×107M�.

2. We find that the galaxy’s star formation history

reveals a recent rise in star formation, formed ∼
10 − 30 Myr ago and follwed by a steep decline.

Combined with the presence of a nearby system

at the same redshift, this may give hints about its

quenching mechanism.

3. We measure a remarkably small rest-UV size of

30±7
5 pc in the source plane for the galaxy. Imply-

ing a high stellar density, this hints at exhaustion

of gas via rapid star formation and/or stellar feed-

back, and possibly the galaxy being a progenitor

of small quiescent galaxies which have grown via

dry merging.

4. We can likely rule out environmental quenching

and quenching due to AGN feedback, due to the

early time and lack of broad emission in the galaxy.

We cannot, however, rule out the scenario where

MACS0417-z5PSB is a star-forming galaxy which

is in a lull of a bursty star-formation history.

More data is needed to fully investigate this source. To

robustly determine the star formation rate via Hα and

the age of the stars via Balmer absorption lines, higher

resolution rest-frame optical spectroscopy is needed. To

investigate the amount of gas in the galaxy, signaling

something about the mechanism which has ceased its

star formation, observations with ALMA [CII] would be

enlightening. If there is gas remaining in the galaxy,

perhaps there would be a future of rejuvenation for

MACS0417-z5PSB.

Finally, to understand the number density of nearly

quiescent galaxies like MACS0417-z5PSB, population

studies are necessary. In only a short time after the

flight of JWST, several high-z quiescent galaxies have

been spectroscopically confirmed, a higher number than

expected by models (e.g., Schreiber et al. 2018; Cecchi
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et al. 2019; Girelli et al. 2019; Carnall et al. 2023b). It is

currently possible to identify galaxies lacking emission

lines with NIRCam photometry alone, and it will be in-

teresting to study number densities of quiescent galaxies

at a variety of masses at z > 5 in the coming months

and years.
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