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Where do we stand ahead of the ELT era?
Morphology studies across cosmic time

‣ Star-forming galaxies at z ~ 1 - 3 commonly (~70%) show disk/bulge structures despite being more 
clumpy, gas-rich, and turbulent than their local counterparts

[e.g. Förster Schreiber & Wuyts 2020, Tacconi+2020]

‣ Galaxy build-up may be driven by multiple mechanisms: e.g., clump migration, gravitational 
instabilities, gas inflows, compaction events, and angular momentum transport

[e.g. Genzel+2011, Dekel & Burkert 2014, Krumholz+2018, Guo+2018]
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‣ Star-forming galaxies at z ~ 1 - 3 commonly (~70%) show disk/bulge structures despite being more 
clumpy, gas-rich, and turbulent than their local counterparts

[e.g. Förster Schreiber & Wuyts 2020, Tacconi+2020]

‣ Galaxy build-up may be driven by multiple mechanisms: e.g., clump migration, gravitational 
instabilities, gas inflows, compaction events, and angular momentum transport

[e.g. Genzel+2011, Dekel & Burkert 2014, Krumholz+2018, Guo+2018]

‣ JWST is facilitating clump studies over larger unlensed (down to ~100-500pc scales) and lensed 
(down to ~1-10pc scales) galaxy samples across wide redshift ranges; however, the exact nature, 
survival, and role of clumps in galaxy assembly remain unclear

Where do we stand ahead of the ELT era?
Morphology studies across cosmic time

[e.g. Claeyssens+2023,2025, Vanzella+2023, Kalita+2024,2025, Mercier+2026]

Letizia Scaloni - letizia.scaloni@inaf.it    H  Meeting della strumentazione ELT a guida italiana, Napoli

mailto:letizia.scaloni@inaf.it


Morphology studies across cosmic time
Where do we stand ahead of the ELT era?

‣ JWST observations are uncovering 
significantly higher fractions of non-
axisymmetric features (spiral arms 
and bars) out to z ~ 2 and beyond

[see also Costantin+2023, Le Conte+2024, 
Gerón+2025, Jain & Wadadekar 2025, Xiao+2025]

Juan M. Espejo Salcedo et al.: Galaxy Morphologies at Cosmic Noon with JWST
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(a) Spiral fractions defined as fspiral = Nspiral/Ntotal for comparison with
other studies. Green dots and triangles represent the JWST-based re-
sults from (Kuhn et al. 2024), where the white circles show the directly
measured spiral fractions, and the filled triangles indicate the values
after applying corrections for observational e↵ects. Orange dots repre-
sent the fractions inferred from HST imaging in the CANDELS fields
by (Margalef-Bentabol et al. 2022).

(b) Bar fractions ( fbar = Nbar/Ndisk) from the subsample of disks with
e < 0.5 where the isophotal fitting analysis is reliable. Orange dots
show the results from Guo et al. (2024), while green dots correspond
to the fractions inferred by Le Conte et al. (2024), with green triangles
indicating the fractions inferred using only their sample of strongly
barred galaxies. Grey triangles represent simulated bar fractions from
Liang et al. (2023) for a set of JWST filters, given an intrinsic fbar of
68% at z ⇡ 0.

Fig. 10: Comparison of spiral (left) and bar (right) fractions as a function of redshift. Blue markers represent results from our
visual classifications, with 3� error bars, which, similarly to the disk fraction errors, are estimated from a binomial distribution
� =

p
p(1 � p)/N, where p is the fraction and N is the total number of galaxies in the parent sample.

Fig. 11: Distribution of the number of spiral arms identified from
visual classification, using a threshold of 4 out of 6 classifiers for
agreement. The “Undefined” category refers to systems where
classifiers agreed that no specific number of spiral arms could be
discerned. The y-axis represents the fraction of spiral galaxies
in each redshift bin, normalized by the total number of classified
spiral galaxies in that bin. The blue bars correspond to galaxies in
the 0.8 < z < 1.3 range, while the orange bars represent galaxies
in the 2.0 < z < 2.5 range. Numbers displayed above the bars
indicate the absolute counts of galaxies in each category. The
green diamonds correspond to the debiased fractions from the
luminosity-limited sample of Hart et al. (2016).

stable, their structural properties may still evolve. For instance,
Chugunov et al. (2025) find that pitch angles tend to increase
with redshift, suggesting that high-redshift spirals are more
loosely wound than their low-redshift counterparts.

Beyond the dominant two-arm population, we find a notice-
ably higher incidence of three-armed spirals in our sample: while 600

Hart et al. (2016) report that about 20% of local spirals have
three arms, we find a higher fraction (30%), pointing to a modest
increase in three-fold symmetry at earlier epochs. The relative
excess of three-armed systems in our study could be the result of
di↵erent disk properties at cosmic noon, such as higher gas frac-
tions (e.g., Tacconi et al. 2020). Interestingly, recent simulations
have identified the emergence of three-armed spirals in turbulent,
gas-rich disks at high redshift, preceding the formation of a two-
armed spiral or a bar (Bland-Hawthorn et al. 2024). Notably, one
of the earliest high-redshift spirals observed with resolved struc- 610

ture also exhibits a three-armed morphology (Law et al. 2012).
In agreement with these results, our results o↵er the first evi-
dence for an increased incidence of the three-armed spiral mor-
phologies at cosmic noon.

4.3. Bars

We estimated the bar fractions as fbar = Nbar/Ndisk, obtaining
⇡ 16% in the low-redshift bin and ⇡ 3% in the high-redshift
bin. This overall decline with redshift is consistent with theo-
retical expectations that bars form more readily in dynamically
cold, well-settled disks, which become increasingly common at 620

lower redshifts. Supporting this, Sheth et al. (2008) found that
bar fractions exceed 60% at z ⇡ 0, but are expected to decline
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sults from (Kuhn et al. 2024), where the white circles show the directly
measured spiral fractions, and the filled triangles indicate the values
after applying corrections for observational e↵ects. Orange dots repre-
sent the fractions inferred from HST imaging in the CANDELS fields
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(b) Bar fractions ( fbar = Nbar/Ndisk) from the subsample of disks with
e < 0.5 where the isophotal fitting analysis is reliable. Orange dots
show the results from Guo et al. (2024), while green dots correspond
to the fractions inferred by Le Conte et al. (2024), with green triangles
indicating the fractions inferred using only their sample of strongly
barred galaxies. Grey triangles represent simulated bar fractions from
Liang et al. (2023) for a set of JWST filters, given an intrinsic fbar of
68% at z ⇡ 0.

Fig. 10: Comparison of spiral (left) and bar (right) fractions as a function of redshift. Blue markers represent results from our
visual classifications, with 3� error bars, which, similarly to the disk fraction errors, are estimated from a binomial distribution
� =

p
p(1 � p)/N, where p is the fraction and N is the total number of galaxies in the parent sample.

Fig. 11: Distribution of the number of spiral arms identified from
visual classification, using a threshold of 4 out of 6 classifiers for
agreement. The “Undefined” category refers to systems where
classifiers agreed that no specific number of spiral arms could be
discerned. The y-axis represents the fraction of spiral galaxies
in each redshift bin, normalized by the total number of classified
spiral galaxies in that bin. The blue bars correspond to galaxies in
the 0.8 < z < 1.3 range, while the orange bars represent galaxies
in the 2.0 < z < 2.5 range. Numbers displayed above the bars
indicate the absolute counts of galaxies in each category. The
green diamonds correspond to the debiased fractions from the
luminosity-limited sample of Hart et al. (2016).
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‣ Star-forming galaxies at z ~ 1 - 3 commonly (~70%) show disk/bulge structures despite being more 
clumpy, gas-rich, and turbulent than their local counterparts
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(a) Spiral fractions defined as fspiral = Nspiral/Ntotal for comparison with
other studies. Green dots and triangles represent the JWST-based re-
sults from (Kuhn et al. 2024), where the white circles show the directly
measured spiral fractions, and the filled triangles indicate the values
after applying corrections for observational e↵ects. Orange dots repre-
sent the fractions inferred from HST imaging in the CANDELS fields
by (Margalef-Bentabol et al. 2022).

(b) Bar fractions ( fbar = Nbar/Ndisk) from the subsample of disks with
e < 0.5 where the isophotal fitting analysis is reliable. Orange dots
show the results from Guo et al. (2024), while green dots correspond
to the fractions inferred by Le Conte et al. (2024), with green triangles
indicating the fractions inferred using only their sample of strongly
barred galaxies. Grey triangles represent simulated bar fractions from
Liang et al. (2023) for a set of JWST filters, given an intrinsic fbar of
68% at z ⇡ 0.

Fig. 10: Comparison of spiral (left) and bar (right) fractions as a function of redshift. Blue markers represent results from our
visual classifications, with 3� error bars, which, similarly to the disk fraction errors, are estimated from a binomial distribution
� =

p
p(1 � p)/N, where p is the fraction and N is the total number of galaxies in the parent sample.

Fig. 11: Distribution of the number of spiral arms identified from
visual classification, using a threshold of 4 out of 6 classifiers for
agreement. The “Undefined” category refers to systems where
classifiers agreed that no specific number of spiral arms could be
discerned. The y-axis represents the fraction of spiral galaxies
in each redshift bin, normalized by the total number of classified
spiral galaxies in that bin. The blue bars correspond to galaxies in
the 0.8 < z < 1.3 range, while the orange bars represent galaxies
in the 2.0 < z < 2.5 range. Numbers displayed above the bars
indicate the absolute counts of galaxies in each category. The
green diamonds correspond to the debiased fractions from the
luminosity-limited sample of Hart et al. (2016).
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sults from (Kuhn et al. 2024), where the white circles show the directly
measured spiral fractions, and the filled triangles indicate the values
after applying corrections for observational e↵ects. Orange dots repre-
sent the fractions inferred from HST imaging in the CANDELS fields
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(b) Bar fractions ( fbar = Nbar/Ndisk) from the subsample of disks with
e < 0.5 where the isophotal fitting analysis is reliable. Orange dots
show the results from Guo et al. (2024), while green dots correspond
to the fractions inferred by Le Conte et al. (2024), with green triangles
indicating the fractions inferred using only their sample of strongly
barred galaxies. Grey triangles represent simulated bar fractions from
Liang et al. (2023) for a set of JWST filters, given an intrinsic fbar of
68% at z ⇡ 0.

Fig. 10: Comparison of spiral (left) and bar (right) fractions as a function of redshift. Blue markers represent results from our
visual classifications, with 3� error bars, which, similarly to the disk fraction errors, are estimated from a binomial distribution
� =

p
p(1 � p)/N, where p is the fraction and N is the total number of galaxies in the parent sample.

Fig. 11: Distribution of the number of spiral arms identified from
visual classification, using a threshold of 4 out of 6 classifiers for
agreement. The “Undefined” category refers to systems where
classifiers agreed that no specific number of spiral arms could be
discerned. The y-axis represents the fraction of spiral galaxies
in each redshift bin, normalized by the total number of classified
spiral galaxies in that bin. The blue bars correspond to galaxies in
the 0.8 < z < 1.3 range, while the orange bars represent galaxies
in the 2.0 < z < 2.5 range. Numbers displayed above the bars
indicate the absolute counts of galaxies in each category. The
green diamonds correspond to the debiased fractions from the
luminosity-limited sample of Hart et al. (2016).
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- Observational challenges: surface 
brightness dimming, resolution 
limitations, and the expected 
evolution of galaxy and bar sizes                            

- MICADO & MORFEO at the ELT:   
improved spatial resolution in the NIR

Where do we stand ahead of the ELT era?
Morphology studies across cosmic time

‣ Star-forming galaxies at z ~ 1 - 3 commonly (~70%) show disk/bulge structures despite being more 
clumpy, gas-rich, and turbulent than their local counterparts

[e.g. Förster Schreiber & Wuyts 2020, Tacconi+2020]

‣ Galaxy build-up may be driven by multiple mechanisms: e.g., clump migration, gravitational 
instabilities, gas inflows, compaction events, and angular momentum transport

[e.g. Genzel+2011, Dekel & Burkert 2014, Krumholz+2018, Guo+2018]
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‣ MICADO & MORFEO at the ELT will resolve galaxies on ≤ 100pc scales everywhere in the Universe            
H.       transform studies of morphologies and physics of galaxies across cosmic time 

Credits: 
MICADO&MORFEO 
Science Teams

x 6 in linear scale 
x 36 sharper images

What’s next? MICADO & MORFEO at the ELT
Spatial resolution
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Setting up the stage…
Project goal and outline

Determine the detectability of morphological sub-structures, like bars, spiral arms 
or clumps, as a function of target properties (e.g. galaxy size, luminosity, redshift) 

- Define a local reference sample of galaxies 

- Generate a mock population of galaxies in different redshift bins, up to the cosmic noon, 
redshifting the properties of the local reference sample 

- Generate PSFs for realistic NGS asterisms (TIPTOP algorithm) 

- Run the ScopeSim code to simulate observations with MICADO & MORFEO  

- Perform a post-processing analysis of the simulated MICADO & MORFEO images to quantitatively 
assess the expected performance 

Scaloni+2026, in prep.
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Reference sample
GAMA survey in the local Universe
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74 representative 
local galaxies

545 local galaxies

• Selection criteria:  
— stellar mass 9.5 M☉ < log(M*) < 11.5 M☉  

— z ≤ 0.05 
— reliable Ref and SED fitting
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Redshiing properties
From the local Universe to intermediate redshis

- 4 redshift bins: [0.5, 1] - [1, 1.5] - [1.5, 2] - [2, 2.5]          midpoints: z = 0.75, 1.25, 1.75, 2.25 

- Main properties to be redshifted: fluxes and effective radii

- MICADO wide bands: I (8500 Å), J (12500 Å), H (16350 Å), Ks (22000 Å) 

Retrieve galaxy properties at the corresponding rest-frame 
wavelengths for each redshift bin

Available bands from GAMA: FUV, NUV (GALEX), u, g, r, i (KiDS), 
                    Z, Y, J, H, K (VIKING) and W1, W2 (WISE)
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- Spectra: SWIRE templates library 

- Assign the best template according to the 
minimum  

- Normalize the template to the observed fluxes    
(r-band) 

χ2

Fluxes:

Fluxes and effective radii
Redshiing properties
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Redshiing properties
Fluxes and effective radii

Fluxes:
- Spectra: SWIRE templates library 

- Assign the best template according to the 
minimum  

- Normalize the template to the observed fluxes    
(r-band) 

- Apply the cosmological dimming effect  

- Apply the evolution of the intrinsic luminosity to 
get the final observed fluxes in I, J, H, Ks bands

χ2

[Yu+23]
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Fluxes:

Redshiing properties

[Yu+23]

Fluxes and effective radii

Effective Radii:
- Apply the intrinsic size evolution [van der Wel et al. 2014], and compute angular sizes as a function of z

- Spectra: SWIRE templates library 

- Assign the best template according to the 
minimum  

- Normalize the template to the observed fluxes    
(r-band) 

- Apply the cosmological dimming effect  

- Apply the evolution of the intrinsic luminosity to 
get the final observed fluxes in I, J, H, Ks bands

χ2
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Parametric galaxy models with GALFIT
Morphological components

‣ A suite of galaxy models with different morphologies is generated for each pair of total flux and 
effective radius associated with a galaxy in the reference sample (as derived from the redshifting 
procedure for each z-bin and MICADO band)
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Parametric galaxy models with GALFIT
Morphological components

Bulge and disk

B: Sérsic component, n=4, q=0.8 

D: Sérsic component, n=1, q=0.9 

B/T=0.3 + D/T=0.7

‣ A suite of galaxy models with different morphologies is generated for each pair of total flux and 
effective radius associated with a galaxy in the reference sample (as derived from the redshifting 
procedure for each z-bin and MICADO band)

Letizia Scaloni - letizia.scaloni@inaf.it    H  Meeting della strumentazione ELT a guida italiana, Napoli

mailto:letizia.scaloni@inaf.it


Parametric galaxy models with GALFIT
Morphological components

Bulge, disk and spiral arms

B: Sérsic component, n=4, q=0.8 

D: Sérsic component, n=1, q=0.9 

spirals arms: distorted Sérsic component (r > rout: θ(r) ∝ rα), n=1, q=0.4 

B/T=0.3 + D/T= 0.2 + spirals/T=0.5 

‣ A suite of galaxy models with different morphologies is generated for each pair of total flux and 
effective radius associated with a galaxy in the reference sample (as derived from the redshifting 
procedure for each z-bin and MICADO band)
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Parametric galaxy models with GALFIT
Morphological components

Bulge, disk, spiral arms and bar

B: Sérsic component, n=4, q=0.8 

D: Sérsic component, n=1, q=0.9 

spirals arms: distorted Sérsic component (r > rout: θ(r) ∝ rα), n=1, q=0.4 

bar: modified Ferrer profile, α=2.5, β=1.0, q=0.4 

B/T=0.3 + D/T= 0.15 + spirals/T=0.4 + bar/T=0.15 

‣ A suite of galaxy models with different morphologies is generated for each pair of total flux and 
effective radius associated with a galaxy in the reference sample (as derived from the redshifting 
procedure for each z-bin and MICADO band)
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Parametric galaxy models with GALFIT
Morphological components

Bulge, disk, spiral arms, bar and clusters/small clumps

B: Sérsic component, n=4, q=0.8 

D: Sérsic component, n=1, q=0.9 

spirals arms: distorted Sérsic component (r > rout: θ(r) ∝ rα), n=1, q=0.4 

bar: modified Ferrer profile, α=2.5, β=1.0, q=0.4 

B/T=0.3 + D/T= 0.15 + spirals/T=0.4 + bar/T=0.15 

rescaled fractions in order to put ~ 10% of light in clusters: 2D gaussians 

‣ A suite of galaxy models with different morphologies is generated for each pair of total flux and 
effective radius associated with a galaxy in the reference sample (as derived from the redshifting 
procedure for each z-bin and MICADO band)
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Parametric galaxy models with GALFIT
Morphological components

Bulge, disk, spiral arms, bar and clusters/small clumps

SSP from Starburst99 — 20Myr, 106M☉ 

Extract M/L at I, J, H, Ks bands from 
the redshifted spectra

‣ A suite of galaxy models with different morphologies is generated for each pair of total flux and 
effective radius associated with a galaxy in the reference sample (as derived from the redshifting 
procedure for each z-bin and MICADO band)
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Parametric galaxy models with GALFIT
Morphological components

Bulge, disk, spiral arms, bar and clusters/small clumps

B: Sérsic component, n=4, q=0.8 

D: Sérsic component, n=1, q=0.9 

spirals arms: distorted Sérsic component (r > rout: θ(r) ∝ rα), n=1, q=0.4 

bar: modified Ferrer profile, α=2.5, β=1.0, q=0.4 

B/T=0.3 + D/T= 0.15 + spirals/T=0.4 + bar/T=0.15 

rescaled fractions in order to put ~ 10% of light in clusters: 2D gaussians 
- luminosities:  N ∝ L-2 
- stellar masses: 105 — 108 M☉              sizes: ~ 5 – 100 pc [Claeyssens+23]

‣ A suite of galaxy models with different morphologies is generated for each pair of total flux and 
effective radius associated with a galaxy in the reference sample (as derived from the redshifting 
procedure for each z-bin and MICADO band)
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B+D B+D+spirals B+D+spirals+bar B+D+spirals+bar 
+clusters

- Redistribute redshifted magnitudes and effective radii among the various components of each model 

+clusters +clusters

Parametric galaxy models with GALFIT
Overview
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B+D B+D+spirals B+D+spirals+bar B+D+spirals+bar 
+clusters

- Redistribute redshifted magnitudes and effective radii among the various components of each model 

+clusters +clusters

Parametric galaxy models with GALFIT
Overview
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K-band at z=2.25

21.7  

bright median faint

25.7 

Selection of 3 test cases
Overview

cl
um

ps

24.0  

2 kpc2 kpc 2 kpc
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SR: 0.52 
FWHM: 12.31 mas

- Compute the PSF in the K band, for a configuration of bright NGS stars 

TIPTOP
PSF simulation in the K band
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model

z=2.25  
21.7 ABmag 
Ref = 2.2 kpc

clumps

ScopeSim simulations
Bright case

2 kpc
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model

K-band (2.2μm) 
4mas/pix mode

5hr integration 
z=2.25  
21.7 ABmag 
Ref = 2.2 kpc

output

clumps

ScopeSim simulations
Bright case

See also the talks by  
Benedetta Vulcani (Simioni+, to be subm.)  

and Anita Zanella

2 kpc
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model

K-band (2.2μm) 
4mas/pix mode

5hr integration 
z=2.25  
24.0 ABmag 
Ref = 0.9 kpc

output

clumps

ScopeSim simulations
Median case

See also the talks by  
Benedetta Vulcani (Simioni+, to be subm.)  

and Anita Zanella

2 kpc
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model

K-band (2.2μm) 
4mas/pix mode

5hr integration 
z=2.25  
25.7 ABmag 
Ref = 0.7 kpc

output

clumps

ScopeSim simulations
Faint case

See also the talks by  
Benedetta Vulcani (Simioni+, to be subm.)  

and Anita Zanella

2 kpc
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1. GALFIT fit: 1 or 2 Sérsic components

Disk and bulge components are detected in ~ 90% of the cases

Quantitative recovery
Post-processing of ScopeSim simulations

Letizia Scaloni - letizia.scaloni@inaf.it    H  Meeting della strumentazione ELT a guida italiana, Napoli

mailto:letizia.scaloni@inaf.it


1. GALFIT fit: 1 or 2 Sérsic components

2. Ellipse fitting & Fourier analysis: bar component and spiral arms detection

 Non-axisymmetric features are identified in > 40–50% of galaxies down to mtot ~ 23–24 

Quantitative recovery
Post-processing of ScopeSim simulations
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1. GALFIT fit: 1 or 2 Sérsic components

2. Ellipse fitting & Fourier analysis: bar component and spiral arms detection

z=0.75  
21.6 ABmag 
Ref = 1.8 kpc

Quantitative recovery
Post-processing of ScopeSim simulations

3. Clumps identification: PyCupid module
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1. GALFIT fit: 1 or 2 Sérsic components

2. Ellipse fitting & Fourier analysis: bar component and spiral arms detection

z=0.75  
21.6 ABmag 
Ref = 1.8 kpc

We detect clusters/clumps with 50% completeness of mAB ~ 29–30 
in the most sensitive J, H, Ks bands, and resolve them on physical 
scales of ~ 15–30 pc across the explored redshift range

Quantitative recovery
Post-processing of ScopeSim simulations

See also Benedetta Vulcani’s talk 
— Simioni et al., to be submitted

3. Clumps identification: PyCupid module
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- MICADO & MORFEO will allow a more effective deblending of closely spaced substructures 
compared to JWST

GALFIT model ScopeSim output M&M K-band JWST F200W

Reff = 1.8 kpc

21.6 ABmag  
z = 2.25

texp = 5 hr

PSF FWHM = 12 mas PSF FWHM = 66 mas

Comparison M&M vs JWST/NIRCam
Post-processing of ScopeSim simulations
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Thank you!
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