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A B S T R A C T 

Recent observations have revealed intriguing offsets between the UV and FIR emission in high redshift galaxies. In this 
study, we use the First Light and Reionization Epoch Simulations ( flares ) to compute the spatial offset of ultraviolet (UV) 
and far-infrared (FIR) centres for a statistical sample (6890) of massive (M� � 109 M�) high redshift galaxies ( z ∈ [5 , 10] ). 
The galaxies are post-processed with the skirt radiative transfer code, to obtain the full spectral energy distribution 

and surface brightness profile. We simulate James Webb Space Telescope (JWST) Near Infrared Camera (NIRCam; rest- 
frame 1500 Å , ≈ 0 . 031 arcsec resolution) and ALMA rest-frame 158 µm ( ≈0 . 3 arcsec angular resolution) observations of 
the galaxies and then calculate the distance between the UV-FIR centres to analyse which physical processes drive the 
observed UV–FIR spatial offset. We find that ∼ 16 . 23 per cent of galaxies exhibit spatial offsets of ≥ 2 . 5 kpc between their 
UV and FIR emission peaks. We establish that the spatial offsets do not correlate with stellar mass, UV/FIR luminosity, 
and size. Offsets also do not correlate with AGN feedback or with large-scale environment or merger history. Galaxies 
with significant offsets preferentially have bluer UV slopes ( −2 . 5 < β < −1 . 5 ), consistent with recent star formation and 
dust-attenuated cores displacing the observed UV centroid. They show an accelerated star formation history, forming half 
their z = 5 stellar mass ∼0.1 Gyr earlier than galaxies without offsets. These galaxies are enriched earlier than galaxies 
without an offset and show enhanced stellar metallicities, indicating a transition to an outward growth at higher redshifts 
( z ≥ 6 ). 

Key words: galaxies: high-redshift – galaxies: evolution – galaxies: photometry – galaxies: structure – ultraviolet: galax- 
ies – infrared: galaxies. 
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 INTRODUCTION  

ust in any astrophysical system impacts the radiation travelling 
hrough it by scattering and absorbing photons (S. Salim & D. 
arayanan 2020 ). Accounting for this dust attenuation is critical 
n astronomical observations (e.g. M. Qiao et al. 2024 ; L. Som-
ovigo et al. 2025 ; A. P. Vijayan et al. 2026 ) to derive accurate
hysical properties. The ultraviolet (UV) spectrum, dominated by 
he emission from young, bright O/B stars, is highly susceptible 
o attenuation, which absorbs and re-emits this energy in the 
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nfrared (IR). By jointly studying UV and IR emission, we can
robe the processes driving the stellar mass growth of galaxies 
eticulously. With the advent of high-resolution rest-frame UV
ontinuum imaging from JWST , now extending such capabilities 
o galaxies at the Epoch of Reionization (EoR), together with dust
ontinuum detections from ALMA at comparable resolutions ( < 

 kpc), the time is ripe for panchromatic studies of early galaxies.
Dust-obscured star formation is an important component of 
alaxy evolution and has been extensively studied across a wide 
ange of redshifts ( z ∼ 1 –5; e.g. C. M. Casey, D. Narayanan & A.
ooray 2014 ; J. S. Dunlop et al. 2017 ; R. Bouwens et al. 2020 ).
t intermediate redshifts ( z ∼ 2 –3), submillimetre galaxy (SMG) 
amples trace the most dust-rich and intensely star-forming sys- 
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ems. At higher redshifts ( z � 4 ), ALMA surveys such as ALPINE
M. Béthermin et al. 2020 ; A. L. Faisst et al. 2020 ; O. Le Fèvre
t al. 2020 ) and CRISTAL (I. Mitsuhashi et al. 2024 ), along with
rogrammes like AS2UDS (B. Gullberg et al. 2019 ; S. M. Stach
t al. 2019 ), have begun to probe more typical main-sequence
tar-forming galaxies. However, such observations are expensive,
aking it challenging to assemble statistically significant sam-
les. Dust-obscured star formation remains significant at z ≈ 7
H. S. B. Algera et al. 2023 ), and blind ALMA surveys have iden-
ified heavily obscured, NIRCam/optically dark galaxies (Y. Fu-
amoto et al. 2021 ; L. Bing et al. 2026 ; F. Sun et al. 2026 ). 
With the increasing spatial resolution of ALMA and JWST ,

hese observations now enable measurements of the spatial ex-
ent of dust and stellar emission in high-redshift galaxies. I. Mit-
uhashi et al. ( 2024 ) measure the sizes of typical star-forming
alaxies at z = 4 –6 and find that the half-light radii of dust emis-
ion at 158 µm are approximately twice those of the UV contin-
um. At z ≈ 8 , T. J. L. C. Bakx et al. ( 2025 ) show that dust atten-
ation inferred from JWST observations underestimates the total
ust obscuration compared to ALMA measurements, suggesting
 spatial separation between stars and dust. 
Interpreting these observations, however, remains challenging

C. Gómez-Guijarro et al. 2023 ; R. Gottumukkala et al. 2024 ).
urrent observational samples are often limited in size and biased
owards the brightest or most dust-obscured systems, while in-
rinsic galaxy structure and dust geometry cannot be directly con-
trained observationally. Simulations provide a complementary
ramework to interpret these observations. They enable the study
f large, statistically representative galaxy samples, including sys-
ems that may be missed by observational selection effects (L.
iguccini et al. 2011 ), and allow direct access to intrinsic galaxy
roperties that are otherwise difficult to constrain. By applying
bservational pipelines to simulated galaxies, it is possible to
irectly connect intrinsic structure with observed quantities (M.
ogelsberger et al. 2020 ; G. Popping et al. 2022 ; X. Shen et al. 2022 ;
. P. Vijayan et al. 2022 ; R. K. Cochrane et al. 2025 ; P. Punyasheel
t al. 2025 ). Cosmological hydrodynamical simulations provide a
omplementary approach to studying dust-obscured star forma-
ion. 
Within this framework, flares (C. C. Lovell et al. 2021 ; A. P.
ijayan et al. 2021 ) predicts intrinsically compact dust emis-
ion, with dust half-light radii more than five times smaller than
heir UV counterparts (W. J. Roper et al. 2022 ). However, when
hese same galaxies are passed through a simulated observation
ipeline, the ratio of ALMA (158 µm ) to FUV JWST /NIRCam
alf-light sizes instead suggests dust sizes that are roughly twice
s large (P. Punyasheel et al. 2025 ). Similarly, using TNG50 sim-
lations, G. Popping et al. ( 2022 ) report intrinsic IR-to-UV size
atios of less than unity. These theoretical predictions, which
tand in tension with observations, highlight the importance of 
isentangling intrinsic galaxy structure from observational biases
hen interpreting UV and IR continuum sizes together. Doing
o requires studies that apply realistic observational pipelines
o theoretical models. Both semi-analytic models (SAMs; e.g. C.
iu et al. 2017 ; M. A. Marshall et al. 2019 ) and hydrodynam-
cal simulations (e.g. X. Wu et al. 2020 ; M. A. Marshall et al.
022 ; W. J. Roper et al. 2022 ) have laid the groundwork for such
anchromatic studies by exploring galaxy morphologies across
oth regimes. 
In addition to size variations, UV and IR emission can also
e spatially offset (e.g. R. K. Cochrane et al. 2021 ; R. A. A.
owler et al. 2022 ; H. Inami et al. 2022 ; M. Killi et al. 2024 ; J.
NRAS 553, 1–12 (2026)
i et al. 2026 ). UV and far-infrared emission provide comple-
entary tracers of star formation, probing unobscured and dust-
bscured regions, respectively. By linking the spatial distribu-
ion of these tracers across the spectrum, we can study young
nd evolved stellar populations, dust-obscured star formation,
nd the thermal reprocessing of radiation. In galaxies with com-
lex dust geometries, these components need not be co-spatial,
nd offsets between them can provide insight into the struc-
ure and evolution of star-forming regions (e.g. P. Ocvirk et al.
025 ). 
Furthermore, high-redshift galaxies ( z > 5 ) are known to ex-
ibit clumpy and irregular morphologies in the rest-frame UV
e.g. L. Jiang et al. 2016 ; R. A. A. Bowler et al. 2022 ), which can
ias centroid measurements by shifting the inferred UV position
way from the centre of potential or the brightest star-forming
egion. This adds an additional layer of complexity when inter-
reting UV-FIR spatial offsets. 
This has important implications for observational studies, as
any SED fitting models assume that energy absorbed in the UV
s re-emitted locally in the IR (e.g. A. C. Carnall et al. 2018 ; M.
oquien et al. 2019 ). This assumption breaks down in galaxies
ith significant spatial offsets between these components (e.g. R.
orba & M. Sawicki 2015 ). Recently M. Killi et al. ( 2024 ) found
hat nearly 30 per cent of galaxies show offsets between [C ii ]
mission line, far-infrared continuum, optical, and ultraviolet
mission. These offsets are often attributed to dust obscuration
f the brightest star-forming regions (J. Li et al. 2026 ), where
entrally concentrated dust can shift the apparent stellar and
V emission away from the true mass distribution, although the
nderlying physical drivers remain difficult to constrain observa-
ionally. Both AGN activity and stellar feedback are expected to
ontribute to the spatial separation between young star-forming
egions and the dust continuum. 
While such observations provide valuable insights into the spa-

ial structure of dust and stellar emission, they remain limited
y small sample sizes, selection biases, and the inability to di-
ectly probe intrinsic galaxy properties (e.g. E. Cameron & S. P.
river 2007 ; C. M. Casey et al. 2014 ; G. Sun et al. 2023 ; J. Choe
t al. 2026 ; A. P. Vijayan et al. 2026 ). To robustly study these
ffsets, we require statistically significant galaxy samples drawn
rom large cosmological volumes, while also achieving sufficient
esolution to capture the complex physical processes involved.
his combination is naturally enabled by zoom simulation suites
uch as flares , which simulate large cosmological volumes at
oarse resolution and subsequently re-simulate selected regions
t much higher resolution. This approach allows us to resolve
he small-scale physics driving spatial offsets while retaining a
epresentative range of galaxy environments. 
We utilize this strength of zoom simulations by processing
lares galaxies with skirt radiative transfer code (P. Camps &
. Baes 2015 ), generating pixel-by-pixel spectral energy distri-
utions from UV to FIR. We use Monte Carlo radiative transfer
o accurately map radiation exchange between stars and dust
ue to attenuation and extinction. The representative population
rovided by flares at the Epoch of Reionization also agrees well
ith observational constraints at EoR (see C. C. Lovell et al. 2021 ).
sing flares, we are also able to test the environmental effect
n galactic processes driving UV-IR spatial offsets. All analyses
re performed on simulated NIRCam and ALMA observations
reated from the radiative transfer output (first shown in P. Pun-
asheel et al. 2025 ), allowing us to accurately determine observa-
ional spatial offsets. 
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Figure 1. The distribution of galaxies (number counts on y -axis) across 
different redshifts (plotted as colour bar) and mass bins ( x -axis). 
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The rest of this paper is structured as follows. In Section 2 , we
escribe the flares simulations, the galaxy selection criteria and 
he generation of mock observations. We also discuss a clump ex- 
raction method used for subsequent analysis. Section 3 presents 
ur results of UV–IR spatial offset and their dependence on obser-
ational parameters. In Section 4 , we explore the impact of dust,
GN feedback, star formation and environment on the measured 
ffsets. Finally, our conclusions are presented in Section 5 . 
Throughout this work, we adopt a Planck year 1 cosmology, 
ith neutrinos neglected. The respective values of the cosmolog- 
cal constants used are �m 

= 0 . 307 , �� = 0 . 693 , h = 0 . 6777 . 

 METHODOLOGY  

.1 First Light and Reionization Epoch Simulations 

he First Light and Reionization Epoch Simulations ( flares ; 
. C. Lovell et al. 2021 ; A. P. Vijayan et al. 2021 ) are a suite
f zoom simulations of 40 regions chosen from a 3.2 cGpc on a
ide dark matter-only box. These regions were re-simulated until 
 = 4 . 67 with full hydrodynamics using the AGNdT9 configura-
ion of the eagle (R. A. Crain et al. 2015 ; J. Schaye et al. 2015 )
alaxy formation model (see table 3 in J. Schaye et al. 2015 ). This
onfiguration produces similar z = 0 stellar mass functions to 
he reference eagle model but leads to better hot gas properties
f groups and clusters compared to the reference Eagle model 
D. J. Barnes et al. 2017 ). It also adopts a larger AGN heating tem-
erature increment than the reference model, resulting in fewer 
ut more energetic AGN feedback events and consequently more 
pisodic heating of the surrounding gas. Efficient central black- 
ole accretion in the eagle model occurs primarily in haloes 
ith masses � 1012 M� (C. C. Lovell et al. 2021 ). Such haloes
re absent from the flares population at z = 10 and constitute
ess than 0.2 per cent of the population at z = 5 , such that AGN
eedback is expected to be important primarily for the rarest and 
ost massive systems at the redshifts considered here. 
The regions are selected at z = 4 . 7 and have a radius of 
4Mpc h−1 , spanning a wide range of overdensities, from δ = 

0 . 479 to 0.970. Overdensity ( δ) is defined as 

(x ) = ρ(x) 
ρ̄

− 1 , (1) 

here ρ is the average density within the selection sphere at grid
oordinates x, and ρ̄ is the mean density in the box (see table A1
n C. C. Lovell et al. 2021 ). 
The simulations were run with a heavily modified version of 
GADGET-3 , an N -Body Tree-PM smoothed particle hydrody- 
amics (SPH) code (last described in V. Springel et al. 2005 ).
he selection of primarily overdense regions helps produce more 
assive galaxies in the simulation. This selection is not fully 
epresentative of the Universe, so a weighting scheme (described 
n section 2.4 in C. C. Lovell et al. 2021 ) is used to calculate
omposite distribution functions that are representative of the 
otal parent volume. 

.2 Galaxy selection 

 Friends-of-Friends (FoF; M. Davis et al. 1985 ) algorithm is first
pplied to the simulation to identify gravitationally bound groups 
f particles. Within each FoF group, galaxies in flares are iden-
ified using the Subfind algorithm (V. Springel et al. 2001 ; K.
olag et al. 2009 ), which locates saddle points in the density field
f a FoF halo to isolate self-bound substructures. The position of 
he most bound particle within each substructure is taken to rep-
esent the centre of the galaxy. The stellar mass of each galaxy is
hen measured from all star particles enclosed within a spherical 
perture of radius 30 pkpc centred on this point. To ensure that
alaxies are both physically well resolved and suitable for radia- 
ive transfer calculations, we follow the same selection criteria as 
. P. Vijayan et al. ( 2022 ), selecting only systems containing more
han 1000 bound star particles. This requirement corresponds to 
alaxies with stellar mass, M � � 109 . 00 M � and UV luminosity 
 UV , 1500Å > 1026 . 9 erg s −1 Hz −1 . The distribution of the selected 
ample is shown in Fig. 1 . Unless stated otherwise, all spatial off-
et measurements presented in this work are performed at z = 5 ,
nd at z > 5 , we used the most massive progenitor identified. The
lares galaxy sample reproduces observed galaxy sizes across 
ultiple wavelengths (W. J. Roper et al. 2022 ; P. Punyasheel et al.
025 ) and shows good agreement with observed colour–colour 
istributions (A. P. Vijayan et al. 2022 ; S. M. Wilkins et al. 2022 ). 

.3 Mock image creation 

e described the mock observational pipeline used for NIRCam 

nd ALMA simulations in P. Punyasheel et al. ( 2025 ). Here, we
ive a brief overview of the pipeline. skirt (P. Camps & M. Baes
015 ; P. Camps & M. Baes 2020 ), is set-up to simulate radiation
ransfer with a J. C. Weingartner & B. T. Draine ( 2001 ) SMC
ype dust mixture to account for the low metallicity of galaxies
t these redshifts. The effect of self-absorption by dust, as well as
MB heating, is taken into account. The simulations run with 106 
hoton packets for each source. The observation instruments in 
kirt are placed at a distance of 1 Mpc from the galaxy, and have
 field of view of 60 × 60 pkpc2 spread over 400 × 400 pixels. For
ore details on parameter choices in skirt refer to A. P. Vijayan
t al. ( 2022 ). 
Using the per-pixel Spectral Energy Distribution (SED) output 

rom skirt for both UV and IR spectra, we create mock im-
ges at FUV (1500 Å ) for NIRCam and IR photometry at 50 and
50 µm . For these images, the observational effects of PSF and
MNRAS 553, 1–12 (2026)
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M

Figure 2. Top: False colour images with red, green, and blue channels taken from F200W, F150W, F115W simulated filter data for NIRCam, respectively. 
Bottom: Simulated ALMA images at rest-frame 158 µm . We label the stellar mass and luminosity for all the samples with the scale shown on the bottom 

right panel. ALMA beam sizes are shown by the etched circles. 
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oise are also added. We also simulate ALMA images for dust
ontinuum around 158 µm . We use casa (CASA Team 2022 ),
imobserve to create the measurement set for our images. The
EDs of young stellar populations (age ≤ 10 Myr) are modelled
sing the MAPPINGS III (see B. Groves et al. 2008 , for more
etails) template. These were produced using the MAPPINGS III
hoto-ionization modelling code to model the nebular emission
rom young stars. The model assumes the starburst99 sps code
. Leitherer et al. ( 1999 ) for the stellar tracks and a Kroupa IMF
. Kroupa ( 2002 ). The older populations (age > 10 Myr) are mod-
lled using the BPASS (see E. R. Stanway & J. J. Eldridge 2018 , for
ore details) SPS code, assuming the Chabrier IMF (G. Chabrier
003 ). Fig. 2 shows a sample of simulated NIRCam and ALMA
bservations for galaxies at redshifts, z ∈ [5 , 10] . 

.4 Morphological property calculation 

or the derivation of morphological parameters from our
mages, we primarily used statmorph (V. Rodriguez-Gomez
t al. 2019 ) library. This is an open source code library that
easures morphological properties of galaxies from photometry.
t provides us with the centre of the object, its radius at various
ight fractions, concentration, asymmetry, clumpiness and Gini-
20 statistics (see C. J. Conselice 2003 for definitions). In this
tudy, we used statmorph on our mock images to get UV and
R observational centroids. In case of multiple objects detected
n imaging, the object with the highest SNR ratio is used for
orphological properties. 

.5 Clump extraction 

e also quantify the clumpiness of the galaxies from the images
t this epoch. To extract and count the clumps we use the algo-
ithm defined in A. Zanella et al. ( 2019 ). As clumps are anomalies
o the symmetric light distribution in a galaxy, we use the Sérsic
rofiles generated by statmorph to get the Sérsic residuals. For
lumps to affect the observed centres and morphology, they have
o be significantly bright and star-forming, hence we cleaned our
érsic residual of data below 5 σ detection. We used the de-
ect_sources class from the photutils (L. Bradley et al.
023 ) library to create a segmentation map, and count objects
ith at least 5 connected pixels without any deblending. 
NRAS 553, 1–12 (2026)
 RESULTS  

e further investigate how observational effects – in particular,
he signal-to-noise ratio (SNR) of JWST /NIRCam and ALMA
maging – can drive the observed centres away from the centre of 
otential (COP, the most gravitationally bound particle as derived
y subfind ) in the simulation (Section 3.1 ). Then we analyse the
patial offsets between the ultraviolet and IR centres of galaxies
Section 3.2 ). We examine the correlation between these spatial
ffsets and key intrinsic galaxy properties to better understand the
hysical and observational drivers behind the observed trends. 

.1 Observational effects on UV–IR centroids 

alaxies at high redshift ( z > 5) can have complex and clumpy
tructures (e.g. L. Jiang et al. 2016 ; R. A. A. Bowler et al. 2022 ) in
he rest frame UV which, when resolved at high SNR, draws away
he asymmetric fit centroid from the centre of potential and also
he brightest pixel. To see if galaxy centres in observations depend
n signal-to-noise ratio we compare the observational effects of 
entroids fit by statmorph. Fig. 3 shows that the UV centroid
t by statmorph can lie in low surface brightness regions of 
he galaxy. At low SNRs, low-luminous brightness regions of the
alaxy are not resolved, and the centroid being fit shifts towards
righter emissions. To analyse this effect of SNR, we calculated
he UV–IR offsets at NIRCam SNRs of 5, 10, 15 and 20. 
Table 1 shows the median, 16th and 84th percentile UV-COP
ffsets at these SNR values. The median and 16th percentile off-
et differ drastically with SNR, while the 84th percentile offset
ncreases with increasing SNR. As low surface brightness regions
f the galaxy become resolved, the morphological structure of 
he galaxy starts affecting the centroid fitting for clumpy galaxies,
hich increases the number of galaxies with high UV–IR cen-
roid offset, increasing the 84th percentile. 
In the case of interferometric ALMA imaging, as discussed in P.
unyasheel et al. ( 2025 ), at low SNRs, noise around the emission
an act as resolved structures and increase the size of the galaxy.
ince dust in Flares galaxies is found in compact cores (see W. J.
oper et al. 2022 , 2023 ; P. Punyasheel et al. 2025 ), this extended
mission can increases asymmetry and offset the IR fit centroid
o bright dusty cores. Fig. 4 plots the infrared centroid-COP offset



FLARES XXII 5

Figure 3. NIRCam and ALMA imaging for four galaxies with significant offset ( > 2.5 kpc). The blue, red and green cross mark the UV, IR centroid fit 
with statmorph and the centre of potential respectively. 

Table 1. Median, the 16th and 84th percentile offset between UV obser- 
vational centroid and COP at various NIRCam SNRs. 

�rUVcentroid −COP (kpc ) 

SNR 5 SNR 10 SNR 15 SNR20 
(kpc) (kpc) (kpc) 

0 . 280 . 67 0 . 12 0 . 280 . 82 0 . 11 0 . 290 . 95 0 . 10 0 . 301 . 02 0 . 10 

Figure 4. The distance between observational infrared centroid and the 
centre of potential ( y -axis) is plotted against signal to noise ratio of ALMA 

observations ( x -axis). 
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1 This definition of significant offset being > 2 . 5 kpc is used further in all 
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gainst the ALMA SNRs. Due to adopting fixed sky temperatures, 
enith opacity and fixed observing duration, we observed with the
NR in the range of [3,15]. The scatter and the median IR–COP
ffset increase to 2–3 kpc at SNR < 6. At low ALMA SNRs, noise
cting as extended emission appends asymmetrical structure to 
he galaxy, leading to offset IR centroids. This effect reduces at 
NR > 8 where the offset medians and the scatter seem invariant
ith increasing SNR. 
To minimize the centre being offset due to clumpy resolved 
ow-surface brightness emission or interferometric noise in all 
ajor analyses, we use the brightest pixel as the centre in both
V and IR imaging. A fixed observational plane, instead of face-
n or edge-on imaging, used in this study also makes our sample
pan a wide range of observational angles. It is important to note
hat at the highest redshifts ( z ≥ 9 ) – corresponding to the most
assive galaxies (M� ≥ 1010 M�), where there is a dearth in the 
umber of galaxies sampled in flares we would see an increased 
ffect of the viewing angle. 

.2 UV–IR spatial offsets 

e use imaging generated in Section 2.3 , to calculate UV-IR
patial offset by probing the distance between the two centres. 
or UV, we use the NIRCam filter corresponding to rest frame
500 Å and for IR, we use ALMA images at rest frame 158 µm
t a resolution of ≈ 0 . 3 arcsec . As discussed in Section 3.1 , to
inimize centre offset due to asymmetry, the offset between UV
nd IR emission is defined as the distance between the UV–IR
mission peaks. We use the centre of potential, as the true centre
f the galaxy to compare our offsets. To avoid outliers in our data,
e also remove cases where the UV–IR offset is greater than the
um of half-light radii at the wavelengths probed. Fig. 3 shows the
maging and the calculated centre in both UV and IR, along with
he centre of potential. All galaxies in the plot show a significant
 > 2 . 5 kpc) offset. 1 Table 2 also presents the mean-median offset
tatistics for our sample of galaxies. The UV–IR spatial offset is
rimarily driven by the UV centre being offset from the COP, as
he mean UV–COP offsets are significantly higher than the IR–
OP offsets. 
Spatial offset also shows no correlation with stellar mass, FUV

uminosity or galaxy sizes (UV or FIR) as shown by Fig. 5 , which
etails the Pearson correlation coefficient of UV–IR spatial offset 
ith galaxy properties. 
MNRAS 553, 1–12 (2026)
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Table 2. Offset between UV and IR along with their offset with COP 
at SNR = 20 photometry (most gravitationally bound particle in the 
simulation). 

UV–IR UV–COP IR–COP 
Offset (kpc) Offset (kpc) Offset (kpc) 

Median 0.2693 0.2529 0.0537 
16th 0.0921 0.0744 0.0446 
84th 0.9743 0.9200 0.1163 
Mean 0.5748 0.5442 0.1131 
Std–Dev 0.8453 0.8125 0.2921 

Figure 5. Pearson correlation coefficient between UV–IR offset and 
galaxy properties. 
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2 UV attenuation and the exact location of individual galaxies on the IRX–
beta plane are dust-model dependent. A. P. Vijayan et al. ( 2022 ) described 
how assuming a MW dust mixture would lead to β values which are 
always negative whereas the total IR luminosity and the wavelength of 
the peak of the IR emission remain in-variate compared with SMC dust 
mixture. 
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 DISCUSSION  

o analyse the physical mechanisms which drive spatial offset
etween different wavelengths, we analyse the variation of spa-
ial offset with galaxy evolution mechanisms of dust–radiation
nteraction, star formation, environment and AGN feedback in
his section. 

.1 Effect of dust 

he distribution of dust in a galaxy can lead to variability in the
mount of dust extinction, decreasing the observed UV luminos-
ty for dusty regions compared to the intrinsic emission (e.g. J.
itstok et al. 2023 ; I. Shivaei et al. 2024 ; V. Markov et al. 2025 ).
e look at the difference in intrinsic and observed emission for
ur sample to map the effect of dust attenuation on UV–IR spatial
ffset. In Fig. 6 (left subplot) we plot the no-dust UV luminosity
gainst the radiative transfer luminosity binned in UV–IR spatial
ffset bins. We also plotted our galaxies on a plane of IRX–β to
urther analyse the effect of dust attenuation. IRX is the infrared
xcess defined as the ratio of the total infrared luminosity ( LIR ) to
he UV luminosity ( LUV ). 

RX = LIR 
LUV 

�
∫ 
8 μ m

1000 μm Lλd λ
L′ 
1500 

, (2) 

here L′ 
1500 = L1500 × 1500 Å , with L1500 being the far-UV lumi-

osity calculated at 1500 Å . β is the UV-continuum slope defined
s: 

= log 10 (L1500 /L2500 ) 
log 10 (1500 / 2500) 

− 2 , (3) 

here L1500 and L2500 are the luminosity of far-UV and near-UV,
espectively. We notice that most of the high-offset ( > 2.5 pkpc)
ample of galaxies have high luminosities ( > 1028 . 5 erg s−1 Hz−1 ).
NRAS 553, 1–12 (2026)
mportantly, the sample which shows the highest variation in
ntrinsic and observed luminosities are devoid of high offset
alaxies. These galaxies lie close to 1:1 intrinsic and observed
V luminosity ratio with a variation smaller than 1 dex. On the
RX–β plane, the high-offset galaxies lie closer to a Calzetti-like
ttenuation relation (D. Calzetti et al. 1997 ; G. R. Meurer, T. M.
eckman & D. Calzetti 1999 ) than to an SMC-like curve. Given
hat our radiative transfer calculations adopt an SMC-type dust
rain mixture, this displacement reflects the combined effects of 
he adopted dust extinction properties and the complex, spatially
nhomogeneous star–dust geometry. Spatially offset galaxies span
 wide range of IRX but lie on the bluer range of β ([ −2.5, −1.5]). 2 ,
ndicative of recent starburst or patchy star formation with con-
entrated and compact dust cores. An off-centre concentration
f recent star formation can shift the UV emission away from
 centrally concentrated, dust-obscured region, while the FIR
mission remains concentrated around the dust-rich centre. W. J.
oper et al. ( 2022 , 2023 ) have shown abundance of concentrated
ust in the galaxy centre is common in massive galaxies due to
oncentrated localized starbursts. 
These starburst clumps can be segmented as separate objects
r connected by low surface brightness dispersed regions of the
alaxies. As the Sérsic profile of a galaxy describes how the inten-
ity of light varies at a given distance from the centre of a galaxy,
e tried to extract and count the number of segments in the Sérsic
esidual of the NIRCam images to quantify the clumpiness of a
alaxy. Fig. 6 (right subplot) plots the galaxies binned in count of 
 σ clumps in the Sérsic residual for the luminosity profiles and
RX–β relation. The clumpy galaxies occupy a similar location
he IRX–β plane. 

.2 Effect of star formation 

o analyse the effect of star formation on UV–FIR spatial offset,
e examine the stellar ages of all particles in galaxies at z = 5 .
ig. 7 shows the normalized stellar mass growth histories in bins
f stellar mass (measured at z = 5 ), along with the age distribu-
ion of galaxies exhibiting UV–FIR offsets greater than 2.5 pkpc.
alaxies with larger offsets display enhanced star formation at
arlier times ( z > 7 ), with this trend becoming more pronounced
t higher stellar masses. In particular, galaxies with M� 

z=5 ≥ 1010 . 5 
ssemble half of their final stellar mass nearly 0.1 Gyr earlier than
alaxies with smaller offsets. 
As shown in (W. J. Roper et al. 2023 ) in the flares framework,
uch early and sustained star formation is associated with the
radual build-up of metals beyond the central regions of galaxies
ver cosmic time. This can promote efficient gas cooling at larger
adii, facilitating the emergence of inside-out growth in compact
ystems. In this context, the galaxies exhibiting large UV–FIR
ffsets are consistent with systems in which star formation has
ecome increasingly spatially extended, enhancing the likelihood
hat the UV emission is dominated by regions offset from the dust-
ich core. 
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Figure 6. Left: The intrinsic UV (1500 Å ) luminosity ( y -axis) is plotted against the dust-attenuated luminosity ( x -axis) calculated by radiative transfer. 
Right: The sample is plotted on the IRX–β plane ( y - and x -axis, respectively). The top row is coloured by the UV–IR offset, while the bottom row is 
coloured according to the number of 5 σ clumps in UV Sérsic residual. The green dotted line on the left panes shows the 1:1 relation while the black 
curves show the dust attenuation curves. Empirical relation for dust screen models for SMC (M. Pettini et al. 1998 ) and Calzetti (D. Calzetti et al. 1997 ; 
G. R. Meurer et al. 1999 ), and from N. A. Reddy et al. ( 2015 ) are also shown. 
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More broadly, W. J. Roper et al. ( 2023 ) show that flares galax-
es at z ≈ 5 exhibit a diversity of evolutionary pathways, includ-
ng both inside-out growth in compact systems and outside-in 
volution in initially diffuse galaxies that later develop centrally 
oncentrated star formation. Such evolutionary transitions can 
ead to spatial decoupling between young star-forming regions 
nd dust causing the UV–FIR spatial offsets observed in this 
ork. This growth also corresponds well to the bluer UV spec-
ral slope (See Fig. 6 ) for galaxies with a significant offset be-
ween their UV and IR centres. To understand this transition 
ith respect to UV–IR offset, we also analysed the radial stel-
ar age profiles of these galaxies. Fig. 8 plots the median stel-
ar ages of star particles at a given radius from the centre of 
he potential normalized by the half-mass radius. Galaxies with- 
ut a significant UV–IR offset have their recent star formation 
onstrained to the cores, while the galaxies with an offset show
igher median stellar ages till their half-mass radius. High offset 
alaxies have an earlier transition to a period of rapid stellar
rowth. 
This is further validated when we analyse the metallicity evo- 

ution by looking at the progenitors of our sample. Fig. 9 plots
he stellar metallicities against redshift for our sample at z = 5 ,
nd its progenitors binned in UV–IR offset bins. For galaxies that
how an inside-out growth (M 

� ≥ 109 . 5 ), higher offset bins have 
igher metallicities at each redshift. Fast and early enrichment 
f the ISM with metals leads to an early transition to inside-out
rowth. 
AGN feedback can also drive gas and dust away from star-

orming cores (H. Katz et al. 2017 ; L. Vallini et al. 2017 ; Y.-P. Li
t al. 2018 ). In principle, this can suppress star formation in the
entral regions while allowing enriched gas at larger radii to cool
nd form stars, thereby shifting the UV emission away from the
entre of potential. However, this mechanism is not expected to 
e prominent for the majority of galaxies in our sample. The AG-
MNRAS 553, 1–12 (2026)
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Figure 7. The ratio of cumulative stellar mass ( y -axis) of all stellar par- 
ticles older than stellar age on x-axis to the final galaxy mass at z = 5 
is plotted in bins of UV–IR offset. Galaxies showing significant offset ( > 

2.5 kpc) are plotted with dotted lines while the rest of the sample is plotted 
with solid lines. 

Figure 8. Median stellar ages ( y -axis) at a given radius ( x -axis, normal- 
ized with half-mass radius) is plotted for our sample binned in stellar 
mass and UV–IR offset. Galaxies showing significant offset ( > 2.5 kpc) 
are plotted with dotted lines while the rest of the sample is plotted with 
solid lines. 

N  

e  

a  

S  

c  

L  

fi  

b  

t  

s  

r

4

G  

l
t  

t  

d  

e  

l  

l  

W  

i
 

d  

s  

f  

s  

a  

I  

m  

d  

g
 

(  

t  

o  

m  

a  

s  

m  

h  

W  

o  

l  

r  

f  

i  

a  

t  

c  

d  

a  

w
1  

m
 

a  

m  

c  

T  

o  

s  

(  

o  

m  

(  

t  

M  

t

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/553/1/stag1953/8916625 by U
niversity of H

ertfordshire user on 04 N
ovem

ber 2026
dT9 configuration adopted by flares produces fewer but more
nergetic AGN feedback events, with efficient central black-hole
ccretion occurring primarily in haloes with masses � 1012 M�.
uch haloes are absent from the flares population at z = 10 and
onstitute less than 0.2 per cent of the population at z = 5 (C. C.
ovell et al. 2021 ). Furthermore, as shown in Appendix B , we
nd no systematic difference in black-hole growth or accretion
etween galaxies with and without significant UV–IR offsets. We
herefore do not find evidence that AGN-driven gas removal or
NRAS 553, 1–12 (2026)
uppression of central star formation is the dominant mechanism
esponsible for the offsets in our sample. 

.3 Effect of environment and mergers 

alaxy interactions and mergers can lead to disk instabilities and
ocalized star formation away from the gravitational centre of 
he galaxies. The possibility of these interactions changes with
he density of the environment. flares has regions of different
ensities, and so we analysed if UV–IR offset is affected by the
nvironment. In Fig. 10 , we binned our galaxies in 0.5 dex stel-
ar mass bins and plotted the evolution of UV–IR offset against
og 10 (1 + δ) where δ is the overdensity (defined in equation 1 ).
e see no significant evolution of median UV–IR offset with
ncreasing density of environment. 
Major mergers in galaxies can affect the distribution of gas and
ust in a galaxy. This redistribution of gas can trigger localized
tarbursts outside the present stellar distribution. These newly
ormed stars would remain unobscured, while some pre-merger
tellar distribution can be heavily dust attenuated. Such a vari-
tion can result in an observed spatial offset between UV and
R. Any observation during or close to mergers will also contain
ultiple cores of galaxies, which can lead to a case where the
ust centre and the UV centre are selected for different merging
alaxies. 
For our sample at z = 5 , using merger graphs built using mega

W. J. Roper, P. A. Thomas & C. Srisawat 2020 ), if any galaxy had
wo progenitor sub-halos which contributed more than a quarter
f the stellar mass at the next snapshot, we define a major stellar
erger to have happened. The galaxies with very high offset have
n undistinguishable merger history compared to the rest of the
ample. The galaxies with offset less than 2.5 pkpc had a stellar
ajor merger fraction of 18.82 per cent, while the galaxies with
igher offsets also had a major merger fraction of 18.61 per cent.
hile major stellar mergers do not correlate with the presence
f UV–IR offset, it could be possible that a galaxy accumulated a
ot of gas through minor mergers with large gas-to-stellar mass
atios. This accumulated gas, when cooled, could lead to star
ormation outside the dense cores. If any galaxy had two progen-
tor sub-halos which contributed more than half the gas mass
t the next snapshot, we define a major gas merger as having
aken place. If any galaxy had two progenitor sub-haloes which
ontributed more than half the gas mass at the next snapshot, we
efine a major gas merger as having taken place. In our case, such
 major gas merger also seems invariable with offset. The galaxies
ith offset less than 2.5 pkpc had a major gas merger fraction of 
1.60 per cent while the galaxies with higher offsets also had a
ajor merger fraction of 11.99 per cent. 
Halo mass plays a key role in shaping the distribution of gas
nd dust, as well as the star formation activity of galaxies. In
ore massive haloes, dust becomes increasingly centrally con-
entrated, resulting in stronger attenuation in the inner regions.
his enhanced obscuration can lead to a displacement of the
bserved UV centroid from the core. P. Ocvirk et al. ( 2025 ) analy-
es the UV–IR offset using the COSMIC DAWN III simulations
J. S. W. Lewis et al. 2022 ) and finds that the mean simulated
ffsets increase with dark matter halo mass at z = 5. While our
edian offsets remain in agreement with P. Ocvirk et al. ( 2025 )
Fig. A1 plots the halo mass against the UV–IR offset), we no-
ice an increase in median offsets with increasing halo mass at
 halo ≥ 1011 M �). Although due to high scatter, we are not able
o confidently predict any evolution. 
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Figure 9. Stellar metallicities ( y -axis) evolution with redshift ( x -axis) is plotted for z = 5 galaxies. The evolution is tracked by considering the most 
massive progenitors at z > 5. The sample is binned in stellar mass (shown in different panes) and in UV–COP offset (shown by different colours). 

Figure 10. UV offset ( y -axis) is plotted against log (1 + δ) where δ is the 
overdensity ( x -axis) of the flares region. The faint circle plots show the 
average offset for each of the 40 regions in each stellar mass bin. The solid 
diamond plots show the median when the data is binned in log (1 + δ) . 
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 CONCLUSIONS  

n this study, we used the simulated observations created in P. 
unyasheel et al. ( 2025 ) by post-processing flares galaxies with
sing skirt (P. Camps & M. Baes 2015 ; P. Camps & M. Baes
020 ) Monte Carlo radiative transfer code. We used the simulated
bservations to study UV–FIR spatial offset. We looked at the 
bservational factors that affect the offset. We also studied the 
ffect of feedback and galaxy growth mechanisms, which con- 
ribute to these offsets. Our main findings from these studies are 
s follows: 

(i) About 16 per cent of galaxies show an offset greater than
2 . 5 kpc between their UV and IR observed UV and FIR cen-

roids. The centres fit by statmorph depend on the morphology 
f the galaxy. When low surface brightness clumpy or dispersed 
tructures are resolved, asymmetry increases, leading to higher 
ffsets. The brightest pixel of the emission can be used as a bet-
er alternative to centroid fitting. Steeper inclination angles for 
bservations also reduce the offset. 
(ii) Galaxies which show a significant offset ( > 2.5 kpc) lie on

he bluer end of the UV spectral slope ( −2 . 5 < β < −1 . 5 ), in-
icating recent star formation. These galaxies also lie along the 
alzetti attenuation curve (G. R. Meurer et al. 1999 ) showing
atchy star-dust geometry causes this IRX–β behaviour rather 
han the intrinsic dust properties. Dust-attenuated cores lead to 
V extinction, drawing away the centre to more dispersed star- 
orming regions. 
(iii) Galaxies with a significant offset exhibit a faster evolution 
nd an early transition to an inside-out or outside-in growth. 
hese galaxies form 50 per cent of their final z = 5 stellar mass
early 0.1 Gyr (at z ∼ 7 ) earlier than galaxies that do not show
n offset. These galaxies also have 2–3 times higher radial stellar
ges below their half mass radius compared to their counterparts. 
his faster evolution and early transition are fuelled by faster 
nrichment of the ISM, with these galaxies having higher stellar 
etallicities throughout their evolution. 
(iv) UV–IR spatial offset shows no correlation with AGN feed- 
ack or density of the environment. Galaxies with higher offset 
lso show a merger history statistically similar to the rest of the
opulation. 

These results provide a physical interpretation for the spatial 
ffsets observed in high-redshift galaxies. Observational studies 
ave reported extended dust emission and spatial offsets between 
V and FIR tracers, often interpreted as evidence for distinct 
tar-forming regions or complex dust geometries. Our analysis 
uggests that such offsets can arise naturally from a combination 
f dust-obscured central star formation and clumpy, spatially dis- 
ributed UV emission, without requiring a direct correspondence 
etween UV and FIR emitting regions. The preference for bluer 
V slopes in high-offset systems indicates that these galaxies 
re undergoing recent, spatially extended star formation, while 
entrally concentrated dust obscuration shifts the observed UV
entroid away from the core. 
Furthermore, the lack of strong correlations with halo mass, 
GN activity, or environment implies that these offsets are pri- 
arily governed by internal processes such as star formation 
istory, metal enrichment, and dust geometry, rather than large- 
cale structure. This is consistent with recent observational find- 
ngs that highlight the role of patchy dust distributions and 
MNRAS 553, 1–12 (2026)
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avelength-dependent morphologies in driving apparent UV–
IR size differences and offsets. Overall, flares demonstrates
hat the observed diversity in UV–FIR spatial structure can be
xplained by the interplay between star formation and dust
ithin galaxies, and that caution must be exercized when in-
erpreting UV and IR emission as co-spatial tracers of star
ormation. 
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PPENDIX  A:  HALO  MASS  RELATION  WITH  

PATIAL  OFFSET  

ig. A1 shows the relationship between halo mass and the UV- 
IR spatial offset for our galaxy sample. While the full distri-
ution spans a wide range of offsets at all halo masses, there is
o clear correlation between halo mass and offset. The scatter 
emains large across the entire halo mass range, indicating that 
alo mass alone is not a strong predictor of the UV–FIR spatial
ffset. 
igure A1. UV–FIR spatial offset(y-axis) versus halo mass ( x -axis) at
 = 5 . The hexbin map shows the density of galaxies, while overplotted
oints indicate the mean offset in halo mass bins with standard deviation.
espite a weak increase at high halo mass, the large scatter suggests no
ignificant correlation. 

We also compute the median offset in bins of halo mass and
nd only a weak increase towards higher halo masses ( Mhalo �
011 M�). However, this trend is not statistically significant given 
he large dispersion in each bin. Overall, our results suggest that
he spatial offset is primarily driven by internal galaxy processes 
ather than global halo properties. 

PPENDIX  B:  EFFECT  OF  AGN  FEEDBACK  

ig. B1 plots the evolution of blackhole mass and accretion rate
or galaxies with an offset by comparing it to the blackhole mass
nd accretion rates of the 0–0.5 kpc offset bin. There are no clear
rends with redshift for either of the features. This confirms that
GN feedback does not play a major role in creating the UV-FIR
ffset. 
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Figure B1. The evolution of black hole mass ( MBH , top panel) and 
accretion rate (ṀBH , bottom panel) as a function of redshift ( z = 5 –10). 
Tracks are color-coded by galaxy stellar mass bins ( M� /M�), while line 
styles distinguish no offset systems (Offset 0- 0 . 5 kpc , solid) and highly 
offset systems (Offset > 2 . 5 kpc , dashed). 
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