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A B S T R A C T 

The morphology of galaxies is shaped by stellar activity, feedback, gas and dust properties, and interactions with surroundings, 
and can therefore provide insight into these processes. In this paper, we study the spatial offsets between stellar and interstellar 
medium emission in a sample of 54 main-sequence star-forming galaxies at z ∼ 4–6 observed with the Atacama Large 
Millimeter/submillimeter Array (ALMA), and drawn from the ALMA Large Program to INvestigate C 

+ at Early times (ALPINE). 
We find no significant spatial offset for the majority ( ∼70 per cent) of galaxies in the sample among any combination of [C II ], far- 
infrared continuum, optical, and ultraviolet emission. Ho we ver, a fraction of the sample ( ∼30 per cent) sho ws of fsets larger than 

the median by more than 3 σ significance (compared to the uncertainty on the offsets), especially between [C II ] and ultraviolet 
emission. We find that these significant offsets are of the order of ∼0.5–0.7 arcsec, corresponding to ∼3.5–4.5 kiloparsecs. 
The offsets could be caused by a complex dust geometry, strong feedback from stars and active galactic nuclei, large-scale gas 
inflo w and outflo w, or a combination of these phenomena. Ho we ver, our current analysis does not definiti vely constrain the 
origin. Future, higher resolution ALMA and JWST observations may help resolve the ambiguity. Regardless, since there exist at 
least some galaxies that display such large offsets, galaxy models and spectral energy distribution fitting codes cannot assume 
co-spatial emission in all main-sequence galaxies, and must take into account that the observed emission across wavelengths 
may be spatially se gre gated. 

K ey words: galaxies: e volution – galaxies: high-redshift – galaxies: ISM – galaxies: statistics. 
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 I N T RO D U C T I O N  

he redshift 6 to 4 era corresponds to the period between the end
f reionization of the Universe where the earliest galaxies lived (e.g.
an, Carilli & Keating 2006 ; Dayal et al. 2018 ; Robertson 2022 ),
nd the beginning of cosmic noon where the bulk of the Universe’s
tellar mass was created (e.g. F ̈orster Schreiber & Wuyts 2020 ). This
ransition period is therefore of utmost interest to trace the evolution
f galaxies from first light to the present day. 
The most representative galaxies at z ∼ 4–6 are those that populate

he star-forming main-sequence relation (between stellar mass, M � ,
nd star formation rate, SFR) at these redshifts (e.g. Noeske et al.
007 ; Speagle et al. 2014 ; Popesso et al. 2022 ), and should hence be
deal to study the physics that led to the eventual creation of modern
alaxies. Since observations based only on ultraviolet (UV) emission
re limited by dust attenuation (Fudamoto et al. 2020 , 2021 ),
 E-mail: meghana.killi@mail.udp.cl 
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omprehensive studies of main-sequence galaxies and their dust
roperties require far-infrared (FIR) continuum observations with
.g. the Atacama Large Millimeter/submillimeter Array (ALMA).
LMA also allows the study of the cold gas component through
bservations of bright rest-frame FIR emission lines such as [C II ]
58 μm, a major coolant of the interstellar medium (ISM; Hollenbach
 Tielens 1999 ; Wolfire, Vallini & Che v ance 2022 ), generally

mitted from multiple gas phases (ionized, neutral, and molecular
as; Carilli & Walter 2013 ; Vallini et al. 2013 , 2017 ; Lagache, Cousin
 Chatzikos 2018 ; Zanella et al. 2018 ). 
Understanding the physics occurring within galaxies requires the

tudy of both stellar and ISM phases at high resolution, but it
s observationally e xpensiv e to conduct high-resolution studies at
hese redshifts. An alternative is to study the spatial offset between
entroids of emission at different wavelengths, which can be done
ven with low-resolution observations. The presence or absence of
patial offset in a given galaxy can reveal how the stellar and ISM
hases evolve and interact. Characterizing offsets in a statistical
ample of main-sequence galaxies can tell us what is normal among
© 2024 The Author(s). 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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igh- z galaxies, and separate the exceptional from the ordinary. We 
ay then study the physics that produces these exceptions, and trace 

ts influence on galaxy evolution. 
A few recent studies have found spatial offsets of the order of a few

iloparsecs (kpc) among stellar emission (from H II regions/ionized 
iffuse gas traced by rest-frame UV/optical continuum or [O III ]), 
SM gas emission (from metal-enriched/molecular gas traced by 
C II ] or CO), and ISM dust emission (traced by the FIR continuum) in
alaxies at z ∼ 4–6 (Hodge et al. 2012 ; Willott et al. 2015 ; Pentericci
t al. 2016 ; Carniani et al. 2018 ; Matthee et al. 2019 ; Fujimoto et al.
020 ) and beyond, up to z ∼ 8.5 (Maiolino et al. 2015 ; Carniani
t al. 2017 ; Laporte et al. 2017 ; Bowler et al. 2022 ; Inami et al.
022 ; Schouws et al. 2022 ; Fujimoto et al. 2024 ). Several state-
f-the-art zoom-in cosmological simulations have also consistently 
ound spatial displacement of a similar scale between [C II ]/IR bright
egions and [O III ]/UV bright regions in the ISM of z ∼5–6 galaxies
e.g. Katz et al. 2017 , 2019 ; Behrens et al. 2018 ; Arata et al. 2019 ;
 allottini et al. 2019 , 2022 ; Sommo vigo et al. 2020 ). While some
redict that offsets should be commonplace as the processes driving 
hem are ubiquitous, others suggest that the offset phenomenon is 
ransient, and therefore observation of offsets should be rare. 

In this context, a statistical observational study to identify what 
raction of high- z, main-sequence galaxies display stellar-ISM spa- 
ial offsets is yet to be conducted. This knowledge is important 
ecause spectral energy distribution (SED) fitting models often 
ssume an energy balance between emission in the UV and FIR
or at least that the emission in UV/optical is coupled to that in FIR)
o derive galaxy properties such as stellar mass (M � ), SFR, and dust
ontent (e.g. Da Cunha, Charlot & Elbaz 2008 ; Boquien et al. 2019 ).
his assumption may not hold when there is a spatial offset causing
 se gre gation of UV and FIR emission. 

In order to conduct a systematic study of spatial offsets, we 
se the ALPINE-ALMA [C II ] surv e y (ALMA Large Programme
o INvestigate C + at Early times; B ́ethermin et al. 2020 ; Faisst
t al. 2020 ; Le F ̀evre et al. 2020 ), which is a statistically significant
see Section 2.1 ) sample of main-sequence galaxies at z ∼ 4–6. In
ddition to the FIR properties from ALMA, ALPINE is also co v ered
y a wealth of ancillary data from rest-frame UV to mid-IR, making
t an ideal sample to perform this analysis. 

We calculate spatial offsets between pairs of emissions, and 
rovide a statistical characterization of the number, significance, 
nd size of the offsets. We then identify galaxies with significant 
patial offsets between stellar and ISM emission, and investigate any 
otential correlations between offsets and galaxy physical properties, 
.g. M � , SFR, and dust attenuation. 

We adopt a flat Lambda cold dark matter cosmology with H 0 =
0 km s −1 Mpc −1 , �M 

= 0 . 3, and �� 

= 0 . 7. For this cosmology, 1
rcsec = 6.27 kpc at z = 5, i.e. the mean redshift of our study. 

 SAMPLE  A N D  DATA  R E D U C T I O N  

.1 Basic properties of the full ALPINE sample 

he full ALPINE (Project ID: 2017.1.00428.L; PI: O. Le F ̀evre) 
ample consists of 118 main-sequence star-forming galaxies at 4.4 
 z < 5.9, excluding the low-transmission (for [C II ]) atmospheric
indow in the range 4.6 < z < 5.1. The targets were selected
sing spectroscopic redshifts based on Lyman α and UV ISM lines 
Faisst et al. 2020 ), and were drawn from the Cosmic Evolution
urv e y (COSMOS; Scoville et al. 2006a , b ), the Extended Chandra
eep Field South (ECDFS; Cardamone et al. 2010 ), and the Great
bservatories Origins Deep Surv e y (GOODS; Giavalisco & Team 

003 ) fields. 
The [C II ] and FIR continuum data consist of ∼70 h of ALMA

and 7 observations conducted in cycles 5 and 6. These emissions
race the metal-enriched cold gas and the dust, respectively (e.g. 
inolfi et al. 2020 ; Gruppioni et al. 2020 ; Pozzi et al. 2021 ). The
LMA data cubes were reduced and calibrated using the standard 
OMMON ASTRONOMY SOFTWARE APPLICATIONS ( CASA ; McMullin 
t al. 2007 ) pipeline. Each cube was continuum-subtracted in the
v -plane, and a line search algorithm was then applied to detect the
C II ] line with SNR > 3.5. ALPINE cubes and images have a pixel
cale of 0.15 arcsec pixel −1 and a 1 σ sensitivity on the integrated
C II ] luminosity L [CII] of 0.4 × 10 8 L � assuming a line width of
35 km s −1 . The smallest circularized beams of galaxies in the data
et are of the order of 0.8 arcsec, while the largest are of the order of
.5 arcsec. 
For further details on the data reduction, see B ́ethermin et al.

 2020 ). The ALMA data products (moment maps and continuum
mages) are publicly available through the ALPINE Data Release 1 
epository. 1 

In addition to [C II ] and FIR continuum images, we use rest-frame
V images from the Hubble Space Telescope ( HST ) taken with the
dvanced Camera for Surv e ys (ACS) F 814 W filter (Scoville et al.
006a ; Koekemoer et al. 2007 , 2011 ) to trace the young, massive
tellar population. These observations have a 3 σ depth of ∼29 mag
AB], with a pixel scale of 0.06 arcsec pixel −1 , and all HST images
re registered to Gaia DR2 (Faisst et al. 2020 ). 

We also include K -band emission from the UltraVISTA surv e y
McCracken et al. 2012 ) Data Release 4 (Moneti et al. 2023 ) to
race a slightly older stellar population (compared to that seen with
ST / F 814 W ). The K -band ( ∼2.2 μm) emission may come from

ither the rest-frame optical or the near-UV part of a galaxy’s
pectrum, depending upon its redshift (between 330 and 400 nm for
LPINE), but we refer to it as the ‘optical’ emission throughout this
aper. The spatial resolution for these images is in the range 0.74–
.78 arcsec, with a seeing of ∼0.64 arcsec, and a limiting magnitude
f 24.9 [AB] (computed as the 5 σ limit in a 2.0 arcsec aperture;
oneti et al. 2023 ). The images have a pixel scale of 0.15 arcsec

ixel −1 (McCracken et al. 2012 ), the same as the ALPINE [C II ] and
IR continuum images. 
The physical properties of galaxies were presented by Faisst et al.

 2020 ). UV continuum and absorption line properties were obtained
rom imaging and spectroscopy with HST , K eck, and v arious other
nstruments, optical lines were inferred from Spitzer photometry, and 
IR lines from ALMA. M � , SFR, light-weighted stellar population 
ge, absolute magnitude, optical dust reddening, and UV continuum 

lope were obtained via SED fitting with the LEPHARE code (Arnouts
t al. 1999 ; Ilbert et al. 2006 ; Arnouts & Ilbert 2011 ), using synthetic
emplates based on the Bruzual & Charlot ( 2003 ) stellar population
ibrary, tuned to represent galaxies at 4 < z < 6. ALPINE galaxies
ere found to span a range of stellar masses (log(M � / M �) ∼ 9 –11)

nd SFRs (log(SFR / M �yr −1 ) ∼ 1 –3). H α emission properties in-
luding line luminosity and equi v alent width were obtained from the
pitzer [3.6 μm]–[4.5 μm] colour. H α luminosity was in turn used

o derive an estimate of the SFR using the Kennicutt ( 1998 ) relation.
C II ]-ISM velocity offsets were determined by Cassata et al. ( 2020 ).
or further information on the reduction and properties of ALPINE 

ncillary data, see Faisst et al. ( 2020 ). 
MNRAS 531, 3222–3241 (2024) 
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M

Table 1. Number of galaxies in our sample with each emission tracer 
observation, and the fields in which the galaxies are located. 

Emission tracer Number Fields 

UV 54 COSMOS, GOODS-S, ECDFS 
Optical 45 COSMOS 
[C II ] 52 COSMOS, GOODS-S, ECDFS 
FIR continuum 16 COSMOS, GOODS-S, ECDFS 
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.2 Our sample 

f the 118 ALPINE galaxies, 75 were detected in [C II ] emission
nd 23 in FIR continuum (21 galaxies have both [C II ] and FIR
ontinuum detection). Romano et al. ( 2021 ) performed a morpho-
inematic classification based on [C II ] emission to identify mergers
nd multicomponent systems and found 23 such merging sources. It
s important to note that while their analysis excludes major mergers
hat can be discerned at our current resolution, there may still be

inor or close mergers, satellites, accretion, and clumps at smaller
cales. Moreo v er, as these mergers were identified based mostly
n [C II ] emission, there may still be multiple components in the
ontinuum, optical, or UV emission (see Section 5.1.2 ). For the
urpose of this paper, we will exclude the mergers identified as such
n Romano et al. ( 2021 ) [cross-checked with the ‘MER’ class in
ones et al. ( 2021 ), which is a subset of mergers from Romano et al.
 2021 )] and only consider the remaining population. 

This ‘non-merging’ ALPINE sample consists of 54 galaxies,
f which 52 have [C II ] detection, and 16 have FIR continuum
etection (14 galaxies have both [C II ] and FIR continuum de-
ection; CANDELS GOODSS 19 and DEIMOS COSMOS 460378
ave FIR continuum but no [C II ] detection). All 54 galaxies have
V observations with HST . 45 of these sources, co v ered by the
OSMOS field, have deep UltraVISTA observations in the K band

the remaining nine sources in ECDFS and GOODS-S are excluded
s they are not detected or barely detected in the K band). 12 galaxies
n COSMOS have detections in all four emissions. In Table 1 , we
how the distribution of the final sample, indicating the number of
alaxies that have observations in the UV, optical, [C II ], and FIR
ontinuum. 

 M E T H O D S  

n this section, we describe the methods used in this work to calculate
entroids of emission in the four emission tracers, and derive spatial
ffsets among them. 

.1 UV centroids 

e use HST images taken with the ACS/ F 814 W filter (see Sec-
ion 2.1 ), tracing rest-frame UV emission at the redshift of our
argets. The UV centroids are assumed to be the HST RA and
ec. coordinates from the Faisst et al. ( 2020 ) catalogue. For each
alaxy, an astrometric correction is provided in this catalogue as
RA and δDec values to be added to the HST coordinates so that
he image is aligned with the Gaia DR2 (Mignard et al. 2018 )
atalogue. Faisst et al. ( 2020 ) find an additional scatter of ∼30 mas
n both RA and Dec. after the astrometric correction is applied. We
alculate the total UV centroid uncertainty as the sum in quadrature
f uncertainty on RA and Dec., which amounts to ∼40 mas for all UV 

mages. 
NRAS 531, 3222–3241 (2024) 
.2 Centroid fitting and uncertainty 

or [C II ], FIR continuum, and optical images, we find the centroid
f emission and estimate uncertainties in the following way. 

.2.1 [C II ] and FIR continuum 

or each galaxy detected in [C II ] or FIR continuum (or both), we
rop the corresponding ALMA moment-0 and/or continuum maps
nto cut-outs of 6.0 × 6.0 arcsec (40 × 40 pixels) around the UV
entroid position (see Section 3.1 ). To estimate the typical noise
evel in the image, we calculate the sigma clipped standard deviation
f pixel values within an annulus of inner and outer radii of 4.5 and
.0 arcsec (30 and 60 pixels). We use this to apply a 2 σ masking to
he cut-out image and e xclude pix els that are below this significance
ev el. F or the pix els with significance > 2 σ , we fit a two-dimensional,
lliptical Gaussian of the form 

 ( x , y ) = A e −( a( x−x 0 ) 2 + 2 b( x−x 0 )( y−y 0 ) + c( y−y 0 ) 2 ) , (1) 

here 

 = 

cos 2 ( θ ) 

2 σ 2 
x 

+ 

sin 2 ( θ ) 

2 σ 2 
y 

, (2) 

 = − sin (2 θ ) 

4 σ 2 
x 

+ 

sin (2 θ ) 

4 σ 2 
y 

, (3) 

nd 

 = 

sin 2 ( θ ) 

2 σ 2 
x 

+ 

cos 2 ( θ ) 

2 σ 2 
y 

. (4) 

ere, x 0 , y 0 are the coordinates of the centre, σ x , σ y are the Gaussian
idths along each dimension, and θ is the counterclockwise angle. 
We use SCIPY.OPTIMIZE.CURVE FIT (Virtanen et al. 2020 ) to per-

orm the fitting. The initial guesses for the parameters A , x 0 , and y 0 are
btained by finding the brightest pixel within a 1.5 arcsec (10 pixel)
ut-out around the coordinates of the UV centroids (Section 3.1 ). The
nitial guesses for σ x , σ y and θ are the same for all images, at 2 px,
 px, and 0 ◦, respectively. We then let CURVE FIT fit a 2D Gaussian
o the masked image starting with the abo v e initial parameters. If
he fit converges, the fit centroid is defined as the centre of the 2D
aussian, ( x 0 , y 0 ). 
We find fit uncertainties using a bootstrapping method with 100

rials per galaxy. We first add random Gaussian (with mean ∼0 and
∼ noise level in the image) noise to each pixel in the input image

or each trial, and create 100 ‘noisy images’ per galaxy. For each
oisy image, we repeat the 2D Gaussian fitting procedure described
bo v e, including the noise estimation, 2 σ masking, initial guess, and
aussian fit. We exclude trials where the fit fails to converge (which
appens for < 3 trials out of 100 in our analysis). Then the average
entre position o v er all conv erged trials giv es the final centroid
osition of the galaxy. The standard deviation among converged
rials gives the 1 σ fit uncertainty on the x and y positions of the
entroid. The fit error is then obtained as the sum in quadrature of
he x and y uncertainty. 

For the continuum emission of DEIMOS COSMOS 881725 and
UDS ECDFS 530029038, we perform the fitting in a smaller crop

xtent of 2.25 arcsec (15 pixels) on a side to a v oid nearby bright
ources. 

To test the robustness of our centroid estimate, we also fit a 2D
ersic to the images, using a Sersic model instead of a Gaussian

n our fitting code abo v e. The centroids thus obtained agree with
ur 2D Gaussian centroids to within one pixel, i.e. less than a kpc.
e also vary the masking criterion from 1 σ to 3 σ . The centroids



Stellar-ISM Spatial Offsets in ALPINE 3225 

Figure 1. 2D Gaussian fits to find the centroids of (a) [C II ], (b) FIR continuum, and (c) optical emission for the galaxy VUDS COSMOS 5101218326. The 
2 σ contours (where σ is the noise level in the image calculated in an annulus around the central source; see Section 3.2.1 ) of the data are shown in violet. The 
fitting algorithm uses this 2 σ level as a mask (see Section 3.2.1 ). The contours from the 2D Gaussian fit drawn at 2 σ , 3 σ , 4 σ , and 5 σ are shown as black dashed 
ellipses. 
The fit uncertainty (without positional and 	 NC uncertainties; see Section 3.2 ) on the x and y position of the centroid is also indicated with black errorbars. 
ALMA and optical beamsizes are shown as filled white ellipses. 
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gain agree to within ∼1.5 kpc. We choose the 2 σ masking for
ur final fits to a v oid being unduly influenced by spurious noise
eatures, while at the same time not biasing the result towards the peak 
ixel. 
As a sanity check, we compare the brightest source pixel in each

mage (i.e. the ‘peak’ pixel supplied as the initial guess on the x
nd y coordinates to the centroid fitting code) and the centre of light
 SCIPY.NDIMAGE.CENTER OF MASS , Virtanen et al. 2020 ) with the
entroid obtained from the fit. We find that the peak pixel and centre
f light generally trace the fit centroid position. The peak is found to
e within 2 kpc of the 2D Gaussian (and 2D Sersic) centroids. The
entre of light is more susceptible to influence by nearby sources and
oise fluctuations, with a large scatter (less than 1 kpc for high SNR
mages, and up to ∼5.5 kpc for images with bright nearby sources
nd strong noise features), but generally following the 2D Gaussian 
entroid positions. 

.2.2 Optical 

or optical images, we use the same procedure as for the 
C II ] and FIR continuum to find centroids and uncertainties, 
ith the exception of the crop extent. We use various crop 

xtents between 2.25 and 4.50 arcsec (15 and 30 pixels) to 
erform the optical centroid fits, so as to a v oid other bright
ources close to the target galaxy. Despite these measures, sev- 
ral galaxies (vuds cosmos 510596653, vuds cosmos 5101288969, 
EIMOS COSMOS 357722, DEIMOS COSMOS 722679, and 
EIMOS COSMOS 843045) fail to fit or return a poor fit (either
ue to high noise in the image or the presence of bright sources very
lose to the target galaxy). We therefore exclude the optical emission
f these galaxies from further analysis. 
In Fig. 1 , we show an example of centroid fits to emission

n [C II ], FIR continuum, and optical emission for the galaxy
UDS COSMOS 5101218326. 

.2.3 Positional accuracy 

n addition to the fit error, there is positional uncertainty associated 
ith telescope pointings, which contributes to the uncertainty on the 
entroid position. The positional uncertainty for optical centroids 
s taken as 80 mas in both RA and Dec. (McCracken et al. 2012 ),
esulting in a total positional uncertainty of ∼110 mas. 

For ALMA images, the positional accuracy 	 p (in milliarcsec) is
iven by equation (3) of Faisst et al. ( 2020 ): 

p = 

70 000 

νBσpeak 
, (5) 

here ν is the observ ed frequenc y in GHz, B is the maximum baseline
ength in kilometres, and σ peak is the calibrator SNR at the peak of
he emission. For the ALPINE data, B = 0.2 km corresponds to the
43-1 configuration, ν is ∼330 GHz, and σ peak is ∼50, which results 

n a 	 p of ∼20 mas. We use this value as the positional uncertainty
n the [C II ] and FIR continuum centroids. 

.2.4 Noise correlation at the beam scale 

or ALMA images, noise is correlated on the scale of the beam
which is the same size as most of our marginally resolved objects),
hich introduces additional uncertainty in determining the centroid 
osition. We estimate this uncertainty in the following way. We 
rst inject several artificial 2D elliptical Gaussian galaxies of the 
ame form as in equation ( 1 ) into each [C II ] and FIR continuum
mage around the central source. The 2D Gaussian height, widths 
n x and y, and position angle of the injected sources are chosen
o be random values within 1 σ of the corresponding properties 
f the real source in the image as reco v ered by our fitting in
ection 3.2.1 . The centre positions ( x 0 , y 0 ) of the simulated galaxies
re chosen at random within an annulus of 6 to 12 arcsec (40
o 80 pixels), around the centre of the image. We ensure that
o two simulated galaxies are within five standard deviations of 
ach other so that the flux from one does not influence the fit of 
nother. 

Then, we fit each of these simulated galaxies in the same way as we
t the real galaxy (as described in Section 3.2.1 ) within a crop extent
f 3.0 arcsec (20 pixels). We introduce 20 simulated sources and
v erage o v er 50 trials per source (a total of 1000 fits per image). We
alculate the difference between injected and fit centroid position 
or each simulated galaxy, and then the sigma clipped median of
hese differences for all the simulated galaxies in each image. This
MNRAS 531, 3222–3241 (2024) 
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Figure 2. The inverse relationship between the noise correlation uncertainty 
( 	 NC ; see Section 3.2.4 ) and median peak SNR of the injected Gaussians. 
The results for [C II ] and FIR continuum images are shown in pink and yellow. 
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alue is taken as the noise correlation uncertainty ( 	 NC ) for [C II ]
nd FIR continuum centroids. Thus, 	 NC is calculated individually
or each ALPINE source, ensuring that the simulated sources reflect
he Gaussian properties of the real source. 

In Fig. 2 , we plot 	 NC calculated in each [C II ] and FIR continuum
mage against the median peak SNR (i.e. height) of the injected
aussians in that image. The plot follows an inverse relation (of the

orm a + 

b 
x 

, where x is the peak SNR, and a and b are constants),
here the images with the lo west SNR sho w the largest deviation
etween injected and fit centroid positions. This is expected because
iven that the sizes of noise peaks and troughs are comparable to the
LMA beam, the morphology of a low SNR source will be more

asily perturbed by the noise, resulting in a larger positional offset
n the fit. Hence, the probability of positional offset of a fit has an
nticorrelation with SNR. 

.2.5 Total uncertainty 

he total uncertainty on the optical centroids is calculated as the sum
n quadrature of the bootstrapped fit uncertainty (Section 3.2 ) and
he positional uncertainty (Section 3.2.3 ). For the ALMA [C II ] and
IR continuum centroids, the noise correlation term (Section 3.2.4 ) is
lso added in quadrature. In general, the noise correlation uncertainty
ominates o v er the positional and fit uncertainties, especially for low
NR sources. 

.3 Spatial offsets 

he spatial offset between any two emissions is defined as the spatial
eparation (in arcsec) between the calculated centroid positions of
he two emissions. We use the ASTROPY (The Astropy Collaboration
022 ) function COORDINA TES.SKYCOORD.SEPARA TION to estimate
his separation. The corresponding uncertainty on the offset is cal-
ulated as the sum in quadrature of the total positional uncertainties
see Section 3.2.5 ) on the centroids of the two emissions. 

 RESU LTS  

iven a Gaussian uncertainty σ on each coordinate (RA and Dec.),
he expected distribution of offsets (r) is given by a 2D circular
aussian of the form 
NRAS 531, 3222–3241 (2024) 
 ( r) d r = 2 πr 

(
1 

2 πσ 2 

)
e 
(

− 1 
2 ( r σ ) 2 

)
d r (6) 

= 

( r 

σ

)
e 
(

− 1 
2 ( r σ ) 2 

)
d 
( r 

σ

)
(7) 

alculating the significance ( s ) as measured of fset di vided by the
easured total uncertainty, i.e. s = 

r 
σ

, we have 

 ( r) d r = s e 
(

− 1 
2 s 

2 
)

d s. (8) 

As the uncertainties for the various galaxies are not the same,
e create a distribution in which each offset is normalized to its
. We thus obtain an expected distribution of normalized offsets to
ompare with our observations (see Fig. 3 ). We adopt a 3 σ threshold
o identify offsets that are very likely to be real. In the following
nalysis, we will call these ‘significant’ offsets. Based on the abo v e
xpected distribution, the fraction of galaxies with no real offset
aving an observed significance of s > 3 should be 0.01. This
orresponds to 0.01 × 54 (which is the total number of galaxies
n our sample; see Section 2.2 ) ∼0.5, i.e. less than one galaxy.
herefore, we can be confident that all the galaxies in our sample
ith s > 3 have significant offsets unlikely to occur by chance.

t is important to note that a significant offset is not necessarily a
arge offset, but it is significant compared to the uncertainty. In other
ords, the sensitivity and accuracy of our analysis increases with 
NR. 

.1 Offset distributions 

n Fig. 3 , we show histograms of the significance of spatial offsets
etween combinations of [C II ], UV, Optical, and FIR continuum.
e plot the expected distribution as a normalized circular Gaussian

equation 8 ) and indicate our 3 σ threshold using a grey-shaded
egion. We find that for the majority of galaxies, the observed
ffsets could be caused by measurement uncertainties. However,
ome galaxies lie outside the expected distribution with a significance
f s > 3. 
Fig. 4 shows an example of one galaxy

VUDS COSMOS 5101218326) with no significant offset ( s
 3) and one (DEIMOS COSMOS 683613) with a significant

ffset ( s > 3). We see that one has all centroids close together
offsets � 1.2 kpc), while the other has FIR continuum centroid
eparated from the other centroids (offset ∼4 kpc). As the
IR continuum traces dust, it appears that this second galaxy
DEIMOS COSMOS 683613) has the bulk of its dust offset from
tars and gas (both atomic and ionized gas as traced by [C II ]).
everal other significant offset galaxies are shown in Fig. A1 of
ppendix A . 
In Table 2 , we show the number of galaxies in our sample that

isplay such significant spatial offsets between pairs of emission
racers. We also specify the median offset and uncertainty for the
ull distributions of offsets, and the median of only the significant
ffsets in each distribution. We find the largest number of significant
ffsets between [C II ]-UV, followed by UV-optical. This may be
ecause the uncertainties on centroids are smaller in UV and
ptical, and our sample size is largest in the UV, [C II ], and optical.
verall, ∼30 per cent of the galaxies in our sample (17 galaxies)

how significant offsets between at least two emissions, while the
emaining ∼70 per cent (37 galaxies) do not have significant offsets
etween any two emissions. 
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Figure 3. Normalized histograms of the significance ( s ) of observed spatial offsets between (from left to right; top) [C II ]-FIR continuum, [C II ]-UV, 
(middle) FIR continuum-UV, Optical-UV, (bottom) Optical-[C II ], and Optical-FIR continuum emission are shown in violet. The cream-coloured curve is 
the expected distribution of offsets, modelled with a circular Gaussian (as described in Section 4 ). Although the majority of galaxies lie within 3 σ of the 
expected distribution (shown by the grey-shaded region), there still exists a tail of galaxies with significant offsets ( s > 3). The number of galaxies with 
significant offsets is given as a fraction of total number of galaxies with that particular offset measurement. For instance, there are 14 galaxies in our 
sample with a measurement of [C II ]-FIR continuum offset, of which two are significant, written as ‘[C II ] versus FIR continuum (2/14)’ in the top left 
panel. 
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 DISCUSSION  

.1 Relating spatial offsets to physical properties 

e now consider the physical origin of spatial offsets in distant galax-
es. Wherever possible, we plot galaxy physical properties such as 
pecific star formation rate (sSFR), stellar mass ( M � ), UV continuum
lope ( β), etc. from the Faisst et al. ( 2020 ) and B ́ethermin et al. ( 2020 )
atalogues against the measured spatial offsets. We then look for 
rends in these plots that may reveal the phenomenon that is producing
patial offsets. The galaxy physical properties were derived via SED 

tting (see Section 2.1 ) where galaxies with offsets were treated 
o differently than others. In the following sections, we describe 
everal potential phenomena that may be driving the observation 
f spatial of fsets (se veral of these effects may be related to each 
ther). 
a  
.1.1 Feedback and outflows 

eedback from star formation, supernovae, or an active galactic 
ucleus (AGN) might be physically pushing the enriched gas and/or 
ust away from the stars (Ceverino & Klypin 2009 ; Maiolino et al.
015 ; Katz et al. 2017 ; Vallini et al. 2017 ; Li et al. 2018 ; Torrey
t al. 2020 ), which might then produce an observable spatial offset
etween UV/optical emission compared to the gas ([C II ]) and dust
mission (FIR continuum). Thus, we may expect a large offset in
alaxies with high star-formation or AGN activity (assuming that 
nough time has elapsed since the starburst for the feedback to push
he gas/dust to large galactocentric distances). As the galaxies in 
LPINE are selected to have low AGN activity (Shen et al. 2022 ),

t is unlikely that the offsets seen here are due to AGN, but high
tar-formation activity can still clear out gas. 

To test this idea, in Figs 5 (a) and (b), we plot the stellar mass
nd total sSFR, respectively, as functions of the [C II ]-UV offset. The
MNRAS 531, 3222–3241 (2024) 
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Figure 4. (a) A galaxy (VUDS COSMOS 5101218326) with no significant offset among any of the emissions (see Section 4 ) versus (b) a galaxy 
(DEIMOS COSMOS 683613) with a significant offset between FIR continuum and all other emissions. UV HST image is shown as a grey-scale background 
with [C II ] (fuchsia), optical (cyan), and FIR continuum (yellow) o v erlaid. The contours are drawn at 2, 3, 4, and 5 times the standard deviation [calculated in 
an annulus with radii of 4.5 and 9.0 arcsec (30 and 60 pixels), around the centre of the image]. The centroids are marked with a white square for UV emission, 
fuchsia diamond for [C II ], cyan star for optical, and yellow octagon for FIR continuum (same colours as the respective contours), and any significant spatial 
offset among them is indicated by a black double-headed arrow. The calculated total error (see Section 3.2.5 ) in each emission is indicated on the top right in 
the same colour as the centroids. The ALMA ([C II ] and FIR continuum) beam is shown as a filled white ellipse, and optical beam as a filled grey circle. 

Table 2. Number of galaxies with significant spatial offsets. The first column gives the two emission tracers between which we calculate the offset. The second 
and third columns give the sigma-clipped medians of the full distribution of offsets and uncertainties (Section 3.2 ), respectively. The fourth column gives the 
number of galaxies that show significant offsets (see Section 4 ) out of the number of galaxies for which we calculate this offset, with the percentage specified in 
parentheses. The last column gives the sigma-clipped median of only the significant offsets both in arcsec and kpc. 

Emission tracer pair Median offset Median uncertainty Number of s > 3 galaxies/ Median significant offset 
(arcsec) (arcsec) Total number of galaxies (arcsec) (kpc) 

(percentage) 

[C II ]-FIR continuum 0.13 0.17 2/14 (14 per cent) 0.56 3.53 
[C II ]-UV 0.22 0.13 14/52 (27 per cent) 0.54 3.63 
FIR continuum-UV 0.24 0.16 1/16 (6 per cent) 0.67 4.09 
Optical-UV 0.15 0.13 3/40 (8 per cent) 0.67 4.47 
Optical-[C II ] 0.17 0.17 2/39 (5 per cent) 0.72 4.56 
Optical-FIR continuum 0.3 0.19 2/13 (15 per cent) 0.64 4.09 
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ignificant offset sources in Fig. 5 (a) display a Spearman’s rank coef-
cient suggesting an apparent correlation ( r s = −0.62), but there does
ot seem to be a clear distinction between galaxies with and without
ignificant offsets. We do not observe a clear trend between offset and
SFR. Carniani et al. ( 2017 ) study the spatial offset in BDF-3299, a
yman-break galaxy at z = 7.1 and compare it to other observations
rom literature (see their fig. 6). They also do not find any clear corre-
ations between SFR and spatial offset between [C II ]/[O III ] and UV.

In Fig. 5 (c), we now plot ‘burstiness’ against the [C II ]-UV offset.
he burstiness parameter (Smit et al. 2016 ; Faisst et al. 2019 ; Atek
t al. 2022 ) is calculated as a ratio between two SFR indicators: the
 α SFR arising from young stars, and sensitive to star-formation
n short-time-scales (few Myr), and the UV SFR tracing the stellar
ontinuum, which is sensitive to star-formation on longer time-scales
few tens to hundreds of Myr). This parameter therefore measures
ow instantaneous the star-formation is (Kennicutt & Evans 2012 ),
ith a ratio abo v e unity suggesting a recent burst, i.e. an episode of
NRAS 531, 3222–3241 (2024) 
tar-formation (Atek et al. 2022 ). ALPINE galaxies are generally not
trongly bursty, and even among those that are, we find no correlation
ith offset. 
Next, in Fig. 5 (d), we plot the deviation from main-sequence

gainst [C II ]-UV offset. We compute the deviation as the ratio of the
easured SFR versus that expected at the main-sequence, given the

tellar mass, and assuming the Speagle et al. ( 2014 ) main-sequence
elation at z ∼5. We do not observe a clear correlation in this plot,
lthough this result is to be expected as the ALPINE sample is main-
equence selected. 

A consequence of strong feedback is gas outflow, which can be
raced with [C II ] emission (e.g. Cicone et al. 2015 ). Large-scale
utflows (e.g. Bischetti et al. 2019 ; Ginolfi et al. 2020 ; Pizzati et al.
023 ; Romano et al. 2023 ) may be escaping the galaxy with enriched
as that glows in [C II ] emission, while the UV emission only traces
he stars within the galaxy. Thus, the bulk of the [C II ]-emitting metal-
nriched gas may be located in a different region than the bulk of
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Figure 5. Relating spatial offsets with galaxy physical properties: (a) Stellar mass versus [C II ]-UV (b) SED-derived sSFR versus [C II ]-UV (c) burstiness 
versus [C II ]-UV (d) deviation from main-sequence versus [C II ]-UV (e) Velocity offset between ISM absorption lines and [C II ] versus [C II ]-UV (f) median β
versus FIR continuum-UV. The measurements for the galaxies with significant offsets ( s ≥ 3; see Section 4 ) are shown as violet squares, while galaxies with 
no significant offsets ( s < 3) are shown as cream-coloured circles (markersize is proportional to s ). The uncertainties are plotted as violet and grey errorbars, 
respectively. If there are three or more galaxies with significant offsets, the Spearman’s rank coefficient r s for these is also given. 
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he UV-emitting stars. This may produce an observ able of fset much
arger than the size (e.g. Baron et al. 2018 ) of the star-forming regions
n the galaxy. In Fig. 5 (e), we plot the velocity offset between the
C II ] and ISM absorption lines as a function of [C II ]-UV spatial
ffset to check for correlation with outflow signatures. We again find
o apparent trend. 
MNRAS 531, 3222–3241 (2024) 
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.1.2 Morphology and kinematics 

s mentioned in Section 2.2 , although we remo v ed [C II ]-identified
ergers based on Romano et al. ( 2021 ), there may still be

alaxies with complex optical, UV, and FIR continuum mor-
hology, which would result in spatial offsets as described 
elow. 
Uneven star-formation: Young and old stars are distributed dif-

erently in a galaxy (e.g. El Youssoufi et al. 2019 ); young stars are
ocated only where current star-formation is taking place, while older
tars (whose population grows as young stars age) are more spread
ut (Katz et al. 2017 ). UV light would trace the brightest star-forming
e gions (e.g. P apo vich et al. 2005 ), whereas optical emission would
nclude a more evenly distributed older stellar population, thereby
roducing an offset between the two emissions. 
Some galaxies may also have non-uniform or clumpy star-

ormation (e.g. Guo et al. 2012 ; Hatsukade et al. 2015 ) in either UV
r optical emission as can be seen for DEIMOS COSMOS 403030
nd DEIMOS COSMOS 873756 in Appendix A Fig. A1 (d) and
1 (e). In these cases, the offset illustrates a complex morphology in
ne of the emissions (or undetected complexity in the remaining
missions), rather than a physical separation. We require higher
esolution observations at longer wavelengths than UltraVISTA K
and (with e.g. JWST ) to test these scenarios by observing an even
lder stellar population. 
Differential dust attenuation: The dust distribution across the

alaxy may be non-uniform (Graziani et al. 2020 ; Sommovigo et al.
020 ), with some highly obscured and some relatively dust-free
egions. In this case, the UV/optical emission from the stars within
he obscured regions is almost entirely absorbed by the dust, making
hem invisible to HST and VISTA. Ho we ver, ALMA can still see the
e-radiated light in FIR, and hence FIR continuum remains unaffected
y the obscuration. Thus, we may observe an offset between the
V/optical emission probing only the dust-free regions compared to

he FIR continuum emission probing obscured regions (e.g. Hodge
t al. 2016 ; Behrens et al. 2018 ; Rivera et al. 2018 ; Cochrane et al.
021 ). In Fig. 5 (f), we plot median UV continuum slope [ β; measured
sing Calzetti et al. ( 2000 ) spectral range; see Faisst et al. ( 2020 )]
s a function of FIR continuum-UV offset to see if offsets correlate
ith dust obscuration. Although, it is important to note that since the
slope is derived from UV emission, it cannot accurately measure

he dust content of highly dust-obscured galaxies. Moreo v er, we
urrently only have one galaxy on this plot with a significant offset,
o we require more dust continuum observations to produce large
umber statistics. 
UV-dark or FIR-dark galaxies: Considering the situation of two

alaxies in a close merger (not identified as such in kinematic
nalyses due to the limited spatial resolution), it may be that one
f them has very low dust and metallicity and hence, only emits in
V-optical (e.g. Ouchi et al. 2013 ; Matthee et al. 2019 ; Romano et al.
022 ), while the other is highly dust-obscured and thus, only emits
n FIR (e.g. Bowler et al. 2018 ; Wang et al. 2019 ; Romano et al.
020 ; Fudamoto et al. 2021 ; Talia et al. 2021 ; Fujimoto et al. 2022 ;
lgera et al. 2023 ). Hence, HST will only detect the UV emitting
alaxy, whereas ALMA will only detect the FIR emitting galaxy.
n such a scenario, not only would we fail to identify that there
re two distinct galaxies in a close merger, introducing a bias in
he estimation of the real merger fraction (Romano et al. 2021 ), we
ould also derive a ‘spatial offset’ between the UV and FIR emission

rom two separate galaxies. Indeed, Posses et al. ( 2024 ) have found
vidence of such a merger in DEIMOS COSMOS 683613 (Fig. 4 b).
igher resolution observations of this galaxy from JWST and the
NRAS 531, 3222–3241 (2024) 

o  
LMA-CRISTAL project (Herrera-Camus et al. in preparation)
av e rev ealed multiple components in both UV/optical and FIR 

mission. 
Even in galaxies without such major mergers where the derived

ffset is consistent with the size of a typical galaxy at z ∼ 5, i.e. a
ew kpc (e.g. Ribeiro et al. 2016 ; Fujimoto et al. 2020 ), there may
till be distinct regions within the same galaxy. This may be the case
or a few of our s > 3 galaxies (see Appendix B Fig. B1 k), and
ay be the complex dust geometry scenario discussed abo v e. In fact,

ources where the offset is significantly larger than the galaxy size
ay be a different population than those where the offset is smaller

han the galaxy size; the larger offsets may indicate environmental
actors (e.g. companion galaxies interacting), while smaller offsets
ay indicate processes internal to the galaxy (e.g. disc instabilities

hat form clumps). Carniani et al. ( 2017 ) have proposed some other
cenarios such as pristine gas inflows or past outflows with low
etallicity and dust (hence invisible to ALMA), but with in situ star

ormation (visible in UV), or accreting satellite clumps with obscured
tar-formation (visible in FIR) nearby a less obscured galaxy (visible
n UV). 

Kinematics : Jones et al. ( 2021 ) provide a kinematic classifi-
ation for a high-mass ( M � > 10 9.5 M �) subset of the ALPINE
ample, using various methods: the tilted ring model fitting code
D Barolo (Teodoro & Fraternali 2015 ), morphological classification
ith Gini-M20 (Lotz, Primack & Madau 2004 ), and several disc

dentification criteria (Wisnioski et al. 2015 ). Of the 17 galaxies in
ur significant offset sample, seven have a classification from Jones
t al. ( 2021 ), with three rotation-dominated (R O T), two dispersion-
ominated (DIS), and two uncertain (UNC). The galaxies with R O T
lassification show significant but small offsets in our analysis (such
s DEIMOS COSMOS 396844 in Appendix A Fig. A1 a). This may
ndicate a hidden complex morphology that is not discernible at
he current resolution. DEIMOS COSMOS 873756 (Appendix A
ig. A1 e), classified as DIS, has multiple significant offsets, be-

ween optical and all other emissions. DEIMOS COSMOS 683613
Fig. 4 b), classified as UNC, also has multiple offsets between FIR
ontinuum and all other emissions. Ho we ver, as discussed in the
revious section, this galaxy has been identified as a merging system
ith higher resolution (Posses et al. 2024 ). Moreo v er, of the 37 galax-

es in our sample with no significant offsets, three have been classified
s R O T, one as DIS, and eight as UNC. DEIMOS COSMOS 881725,
espite having no significant offset and R O T classification, shows
ultiple components in its FIR continuum image (see fig. D.1 of
 ́ethermin et al. 2020 ). It is therefore difficult to find any clear

elationship between kinematic classification and significant offsets.

.1.3 Orientation of galaxies 

he orientation of a galaxy on the sky may amplify the effects of
neven dust distribution (e.g. Yip et al. 2010 ; Devour & Bell 2017 ).
ome galaxies may be oriented such that we can directly observe the

nner star-forming regions, e.g. a face-on spiral with dust distributed
venly across the disc. Other galaxies might be partially dust-
bscured from our point of view, e.g. an edge-on spiral with a dusty
isc obscuring part of the central bulge. Whereas in the former case,
entroids of the UV/optical emission and FIR continuum emission
ill be co-spatial, in the latter case, the UV/optical emission will

rise from the unobscured part of the disc, while the FIR continuum
entroid may be located near the part of the disc with the highest
oncentration of dust. Then, although both sources are physically
he same kind of galaxy, we would interpret them as different kinds
f objects based on the offset. We may be able to quantify the effects
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Figure 6. The L [CII] –SFR relation for galaxies with and without significant 
spatial offsets. As in Fig. 5 , the galaxies with a significant [C II ]-UV offset 
are shown as violet squares with errorbars in the same colour, while those 
without significant offsets are shown as cream-coloured circles with errorbars 
in grey. Markersize increases with significance. The relations from De Looze 
et al. ( 2014 ) and Schaerer et al. ( 2020 ) are plotted as green dashed and black 
dotted lines, respectively. The corresponding uncertainty in these relations is 
shown as shaded regions in the same colour. 
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f galaxy orientation with higher spectral resolution by studying the 
C II ] line profile (e.g. Kohandel et al. 2019 ). That said, in our case,
ffset contribution from orientation effects is likely small given our 
esolution. 

Overall, none of the plots in Fig. 5 show clear trends. Several
ore plots are presented in Appendix B , but in all cases, either

he number of galaxies with significant offsets is too small to 
bserve a correlation, or there is no definitive trend. Therefore, 
nderstanding which of these scenarios is driving the spatial offsets 
equires observations (e.g. Herrera-Camus et al. 2021 ; Chen et al. 
022 ; Posses et al. 2024 ) or simulations (e.g. Graziani et al. 2020 ;
allottini et al. 2022 ; Rizzo et al. 2022 ) that resolve galaxies down

o sub-arcsecond scales. 

.2 Consequences of significant spatial offsets 

he pre v alence of significant spatial of fsets in high- z galaxies may
ffect many commonly used relations at these redshifts. For instance, 
ignificant offsets between [C II ] and UV emission could alter the
C II ]-SFR relation (Schaerer et al. 2020 ; Ferrara et al. 2022 ; Romano
t al. 2022 ) as the [C II ] emission would arise from gas that is tracing
 different re gion, a way from the sites of unobscured star formation.
n Fig. 6 , we plot the L [CII] –SFR relation and highlight the galaxies
ith significant [C II ]-UV offsets. We see that the galaxies with

ignificant offsets tend to lie abo v e those without, thereby affecting
he o v erall relation. This may indicate either that the [C II ] luminosity
s o v erestimated or SED-deriv ed SFR is underestimated for galaxies
ith offsets, which may be due to uneven or clumpy emission that is
elow ALPINE resolution and sensitivity. 
Similarly, FIR-UV offsets would affect the IRX–β relation (e.g. 

aisst et al. 2017 ; Popping, Puglisi & Norman 2017 ; Narayanan et al.
018 ; Fudamoto et al. 2020 ; Sommovigo et al. 2020 ; Boquien et al.
022 ). UV emission alone is used to estimate β, but IRX includes
he dust content in the FIR. In sources with spatial offsets, the IRX–

relation will thus be derived using UV and FIR emissions that 
riginate in separate physical regions in the galaxy (e.g. Casey et al.
014 ; Elbaz et al. 2018 ; G ́omez-Guijarro et al. 2018 ). 
Many galaxy SED modelling codes [e.g. CIGALE (Burgarella, Buat 
 Iglesias-P ́aramo 2005 ; Noll et al. 2009 ; Boquien et al. 2019 ;
acifici et al. 2023 ), MAGPHYS (Da Cunha et al. 2008 )] assume an
nergy balance between UV and FIR emission, which may not hold
n the presence of offsets, thereby affecting SED-derived estimates 
f stellar mass and SFR. Ferrara et al. ( 2022 ) define a dimensionless
uantity called the molecular index, which is a ratio between the
R-to-UV continuum flux and the difference between observed and 
ntrinsic β slopes. This quantity measures the extent to which IR 

nd UV emission are decoupled. Sommovigo et al. ( 2022 ) study
he ALPINE sample and find that SED-derived SFRs do not match
he total (including UV and IR) SFRs for galaxies that have a
igh molecular index, which they interpret as a consequence of 
patially decoupled UV and IR emission. The galaxy with the largest
iscrepancy in their analysis (DEIMOS COSMOS 873756; shown 
n Appendix A Fig. A1 e) is one of the galaxies we find to have
 significant spatial offset. Using higher resolution observations, 
itsuhashi et al. ( 2023 ) similarly find a significant difference

etween SED-derived SFR and total SFR of this galaxy (called 
RISTAL-24 in their sample). Our results lend support to the idea
ut forth by these works of spatially decoupled IR and UV emission
n this galaxy. 

On the other hand, Haskell et al. ( 2023 ) tested the effect of
ffsets with MAGPHYS , and found that offsets, however large, have
o appreciable impact on SED-derived properties (provided an 
cceptable fit is obtained) in o v er 80 per cent of their sample. They
ropose that the underlying Charlot & Fall ( 2000 ) dust model has
ufficient flexibility to account for the differential dust attenuation 
etween the decoupled UV-bright and FIR-bright regions of the 
alaxies with offsets. 

In any case, deviations (if any) caused by spatial offsets can be
itigated via spatially resolved SED modelling (e.g. Wuyts et al. 

012 ; Sorba & Sawicki 2018 ). 
The presence of offsets may also affect follow-up ALMA ob- 

ervations of JWST targets (or vice versa). If there is a spatial
ffset, this should be considered when planning observations and 
nterpreting data. For instance, JWST /NIRSpec has a slit width 
f only ∼0.2 arcsec (Jakobsen et al. 2022 ), comparable to our
edian uncertainties, and much smaller than our median signif- 

cant offsets (see Table 2 ). Large surv e ys with this instrument,
.g. Cosmic Evolution Early Release Science (CEERS Finkelstein 
t al. 2023 ), JWST Advanced Deep Extragalactic Surv e y (JADES
isenstein et al. 2023 ), might only observe the UV emission, and
iss the dusty component. Therefore, spatial offsets must be taken 

nto account for all studies, not just spatially resolved galaxy 
odelling. 

 SUMMARY  A N D  C O N C L U S I O N S  

e study a sample of main-sequence star-forming galaxies at z ∼
–6 from the ALPINE data set. We identify 54 galaxies that were
etected in [C II ] and FIR continuum emission in ALMA data, UV
mission in HST data, and optical emission in K -band UltraVISTA
ata, excluding [C II ]-mergers or multicomponent systems based on 
omano et al. ( 2021 ) and Jones et al. ( 2021 ). 
We use the HST coordinates (with astrometric correction) from 

aisst et al. ( 2020 ) as the UV centroids. To calculate [C II ], FIR
ontinuum, and optical centroids, we fit 2D Gaussians to the 
etected emission and apply a bootstrapping technique to estimate 
t centroids and uncertainties. We convolve the positional accuracy 
f the respective telescopes and ALMA noise correlation uncertainty 
ith the fit uncertainty to calculate the total uncertainty. We then
MNRAS 531, 3222–3241 (2024) 
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stimate the spatial offset between centroids of detected emission for
ach galaxy, along with offset significance ( s ), which is calculated
s the measured offset divided by the total uncertainty on the o
fset. 

(i) The (sigma-clipped) median of the measured offsets is 0.1–
.3 arcsec, which translates to ∼0.6–2 kpc at our median redshift of
 ∼ 5. 

(ii) We establish a cut-off of s > 3 to define ‘significant’ offsets.
hese significant offsets are ∼0.5–0.7 arcsec, or ∼3.5–4.5 kpc. 
(iii) 17 galaxies ( ∼30 per cent of the sample) display significant

ffsets between one or more emission pairs, although none have all
our emissions offset from each other. The remaining 37 galaxies
 ∼70 per cent of the sample) have no significant offsets. 

(iv) We discuss several potential phenomena that may lead to the
bservation of spatial offsets, plotting corresponding galaxy physical
roperties against their measured spatial offsets wherever possible.
e find no clear trends or the statistics are too low to make strong

onclusions. The physical origin of the observed offsets is therefore
till unclear. 

The existence of significant spatial offsets in ∼30 per cent of our
ample indicates that it is possible for main-sequence galaxies at z

4–6 to have the bulk of the stars spatially offset from the bulk
f the ISM. Future simulations and observations must therefore take
nto account that the emission observed across wavelengths may be
oming from different, spatially se gre gated re gions of the galaxy. 

We require large number statistics and higher resolution observa-
ions and simulations to identify the processes driving spatial offsets.
or instance, we could perform this analysis on the REBELS sample
already shown to have spatial offsets in Inami et al. 2022 ), which has
ifferent SFRs and M � , but similar angular resolution as ALPINE.
WST , with its superior angular resolution, may also be able to shed
ight on the origin of offsets (e.g. Bakx et al. 2023 ). 
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PPENDI X  A :  G A L A X I E S  WI TH  SI GNI FICANT  

FFSETS  

n Fig. A1 , we show several galaxies from our sample for which we
easure significant offsets. UV images are shown in grey-scale, and 

C II ], optical, and FIR continuum (where available) are o v erplotted
s coloured contours. The colour scheme is the same as Fig. 4 in the
ain text. 
MNRAS 531, 3222–3241 (2024) 

http://dx.doi.org/10.1093/MNRAS/STAC3476
http://dx.doi.org/10.1051/0004-6361/201424980
http://dx.doi.org/10.1093/mnras/stab467
http://dx.doi.org/10.1111/j.1365-2966.2008.13535.x
http://dx.doi.org/10.1016/J.PHYSREP.2018.10.002
http://dx.doi.org/10.1051/0004-6361/201322489
http://dx.doi.org/10.1093/mnrasl/slx021
http://arxiv.org/abs/2306.02465
http://dx.doi.org/10.1093/mnras/stz2400
http://dx.doi.org/10.1051/0004-6361/201732370
http://dx.doi.org/10.3847/1538-4357/aa886c
http://dx.doi.org/10.3847/1538-4365/AB7CCD
http://dx.doi.org/10.3847/1538-4357/ab425b
http://dx.doi.org/10.1146/annurev.astro.44.051905.092514
http://dx.doi.org/10.1093/mnras/stac460
http://dx.doi.org/10.3847/2041-8213/acade4
http://dx.doi.org/10.1146/annurev-astro-032620-021910
http://dx.doi.org/10.1051/0004-6361/202038163
http://dx.doi.org/10.1038/s41586-021-03846-z
http://dx.doi.org/10.3847/1538-4357/ab94b3
http://dx.doi.org/10.1038/s41586-022-04454-1
http://dx.doi.org/https://doi.org/10.48550/arXiv.2212.06863
http://dx.doi.org/10.1086/379232
http://dx.doi.org/10.1051/0004-6361/201936872
http://dx.doi.org/10.3847/1538-4357/aab206
http://dx.doi.org/10.1093/mnras/staa796
http://dx.doi.org/10.1051/0004-6361/202038487
http://dx.doi.org/10.1088/0004-637X/757/2/120
http://dx.doi.org/10.1093/mnras/stad2315
http://dx.doi.org/10.1093/PASJ/PSV061
http://dx.doi.org/10.1051/0004-6361/202039704
http://dx.doi.org/10.3847/1538-4357/833/1/103
http://dx.doi.org/10.1088/0004-637X/760/1/11
http://dx.doi.org/10.1103/REVMODPHYS.71.173
http://dx.doi.org/10.1051/0004-6361:20065138
http://dx.doi.org/10.1093/mnras/stac1779
http://dx.doi.org/10.1051/0004-6361/202142663
http://dx.doi.org/10.1093/mnras/stab2226
http://dx.doi.org/10.1093/mnras/stz1672
http://dx.doi.org/10.1093/mnras/stx608
http://dx.doi.org/10.1146/annurev.astro.36.1.189
http://dx.doi.org/10.1146/annurev-astro-081811-125610
http://dx.doi.org/10.1086/520086/FULLTEXT/
http://dx.doi.org/10.1088/0067-0049/197/2/36
http://dx.doi.org/10.1093/mnras/stz1486
http://dx.doi.org/10.1051/0004-6361/201732019
http://dx.doi.org/10.3847/2041-8213/aa62aa
http://dx.doi.org/10.1051/0004-6361/201936965
http://dx.doi.org/10.3847/1538-4357/AADE8B
http://dx.doi.org/10.1086/421849
http://dx.doi.org/10.1093/mnras/stv1194
http://dx.doi.org/10.3847/1538-4357/ab2f81
http://dx.doi.org/10.1051/0004-6361/201219507
http://dx.doi.org/10.1051/0004-6361/201832916
http://arxiv.org/abs/2311.17671
http://dx.doi.org/10.1093/MNRAS/STX2860
http://dx.doi.org/10.1086/517926
http://dx.doi.org/10.1051/0004-6361/200912497
http://dx.doi.org/10.1088/0004-637X/778/2/102
http://dx.doi.org/10.3847/1538-4357/ACACFF
http://dx.doi.org/10.1093/mnras/stz1383
http://dx.doi.org/10.1093/mnras/stac1281
http://dx.doi.org/10.1086/429120/FULLTEXT/
http://dx.doi.org/10.3847/2041-8205/829/1/L11
http://dx.doi.org/10.1093/mnras/stac3816
http://dx.doi.org/10.1093/mnras/stac3214
http://dx.doi.org/10.1093/MNRAS/STX2202
http://arxiv.org/abs/2403.03379
http://dx.doi.org/10.1051/0004-6361/202040258
http://dx.doi.org/10.1051/0004-6361/201628249
http://dx.doi.org/10.3847/1538-4357/aacffa
http://dx.doi.org/10.1051/0004-6361/202243582
http://dx.doi.org/10.1146/annurev-astro-120221-044656
http://dx.doi.org/10.1093/mnras/staa1546
http://dx.doi.org/10.1051/0004-6361/202141306
http://dx.doi.org/10.1051/0004-6361/202142265
http://dx.doi.org/10.1051/0004-6361/202346143
http://dx.doi.org/10.1051/0004-6361/202037617
http://dx.doi.org/10.3847/1538-4357/AC4605
http://dx.doi.org/10.1086/516585
http://dx.doi.org/10.1086/516580
http://dx.doi.org/10.3847/1538-4357/ac81c5
http://dx.doi.org/10.3847/1538-4357/833/2/254
http://dx.doi.org/10.1093/mnras/stac2997
http://dx.doi.org/10.1093/mnras/staa1959
http://dx.doi.org/10.1093/MNRAS/STY186
http://dx.doi.org/10.1088/0067-0049/214/2/15
http://dx.doi.org/10.3847/1538-4357/ABD6E3
http://dx.doi.org/10.1093/mnras/stv1213
http://dx.doi.org/10.3847/1538-4357/ac7c74
http://dx.doi.org/10.1093/MNRAS/STAA2222
http://dx.doi.org/10.1093/MNRAS/STX180
http://dx.doi.org/10.1093/mnras/stt828
http://dx.doi.org/10.1038/s41592-019-0686-2
http://dx.doi.org/10.1038/s41586-019-1452-4
http://dx.doi.org/10.1088/0004-637X/807/2/180
http://dx.doi.org/10.1088/0004-637X/799/2/209
http://dx.doi.org/10.1146/annurev-astro-052920-010254
http://dx.doi.org/10.1088/0004-637X/753/2/114
http://dx.doi.org/10.1088/0004-637X/709/2/780
http://dx.doi.org/10.1093/MNRAS/STY2394


3234 M. Killi et al. 

M

Figure A1. Galaxies with significant offsets. Colour scheme is the same as Fig. 4 . UV HST image is shown as a grey-scale background with [C II ] (fuchsia), 
optical (cyan), and FIR continuum (yellow) o v erlaid. The contours are dra wn at 2, 3, 4, and 5 times the standard deviation. The centroids are marked with a 
white square for UV emission, fuchsia diamond for [C II ], cyan star for optical, and yellow octagon for FIR continuum (same colours as the respective contours), 
and the spatial offset among them is indicated by a black double-headed arrow. The calculated total error in each emission is indicated on the top right in the 
same colour as the contours. The ALMA ([C II ] and FIR continuum) beam is shown as a filled white ellipse, and optical beam as a filled grey circle. 
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PPEN D IX  B:  OFFSETS  VERSUS  SELECTED  

HYSICAL  PROPERTIES  

In Fig. B1 , we plot our measured spatial offsets among [C II ],
V, optical, and FIR continuum emission against a range of galaxy 
igure B1. Offsets (in kpc) versus physical properties (a) log(Stellar mass) (b) T
f fsets are sho wn as purple squares, while those without significant offsets are sho
pearman’s rank coefficient ( r s ) is giv en whenev er there are three or more galaxi
ain-sequence (as in Fig. 5 d). (e) log(Age) f) FUV magnitude. (g) median UV con
otal specific SFR, (j) median H α luminosity. (k) [C II ] size in kpc (l) H α SFR in M
hysical properties. Colour scheme is the same as in Fig. 5 in the
ain text. Galaxies with significant offsets do not display any clear

rends with any of the physical properties, compared to those without
ignificant offsets. 
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otal SFR. Colour scheme is the same as in Fig. 5 . Galaxies with significant 
wn as cream-coloured circles. Marker-size increases with significance. The 
es with significant offsets. (c) Burstiness (as in Fig. 5 c) (d) deviation from 

tinuum slope β (as in Fig. 5 f) (h) Ly α-[C II ] velocity offset (as in Fig. 5 e). (i) 
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Figure B1. continued . 
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Figure B1. continued . 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/3/3222/7686129 by guest on 05 July 2024



3238 M. Killi et al. 

MNRAS 531, 3222–3241 (2024) 

Figure B1. continued . 
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Figure B1. continued . 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/3/3222/7686129 by guest on 05 July 2024



3240 M. Killi et al. 

MNRAS 531, 3222–3241 (2024) 

Figure B1. continued . 
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