


Completing the Relics’ Revolution with ELT
The hero’s journey of massive, compact, and old galaxies

Crescenzo Tortora

In collaboration with C. Spiniello, N. R. Napolitano, F. La Barbera, G. D’Ago, M.
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Maksymowicz-Maciata, M. Cappellari, P. Saracco, D. Bevacqua, J. Mills, F. Getman,
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(Oser et al. 2010)
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How do red nuggets form? 

In what physical conditions?

• In-situ stellar populations

• Blue to red nuggets transformation

• Initial conditions and IMF

What kind of transformations?

• Ex-situ stellar populations

• Structural evolution and mass assembly

• Environment

Open questions



Bernardi et al. 2006,2007, Cimatti et al. 2008

Cimatti et al. 2008

Relics

Red nuggets-like at low-z?
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BIG MONSTERS

RELIC

Bricks accreted around 

the central relic brick

Isolate accretion and high-z red nuggets

Ex-situ vs In-situ 
(Two-phase scenario)

Why relic galaxies?
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The first systematic searches failed



Trujillo et al. 2009 (see also Taylor et al. 2010)

…but found to be relatively young (∼2 Gyr)

The first systematic searches failed
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✓Old
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NGC 1277

The discovery of Relic galaxies



“LOCAL RED NUGGET”

✓Small

✓Massive

✓Old

Trujillo et al. 2014

Formed at high redshift and in

a unique fast event

NGC 1277

The discovery of Relic galaxies
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Ferré-Mateu et al. 2015, 2017

A first interesting property

Dwarf-rich IMF

THE discovery of Relic galaxies



Über-massive BHs

A second interesting property

Ferré-Mateu et al. 2015, 2017

THE discovery of Relic galaxies



Dwarf-rich IMF Über-massive BHs

Confirm the Two-phase scenario

Ferré-Mateu et al. 2015, 2017

THE discovery of Relic galaxies
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Expected and observed rel ic number densit i es
in  the  Local  Un iverse are  too low!

No s ignif icat stat ist ical analys is can be  done

LET ’s move to h igher redshift
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First census as a function of redshift



COSMOS
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Compact galaxies and relics more
common at intermediate redshifts

First census as a function of redshift



COSMOS

Cassata et al. 2013

Damjanov et al. 2015

Compact galaxies and relics more
common at intermediate redshifts

Wide-field sky surveys (with good

resolution) needed!

First census as a function of redshift

But the statistics of these compact 

systems was still very low



KiDS@VST has imaged 1350

square degrees in 4 optical bands

(complemented in the NIR with

VIKING@VISTA)

Pixel scale 0.2’’/pxl

Seeing  0.7’’ (r-band)

Depth  r = 25 (r-band)

Deeper and with better quality and

higher spatial resolution than previous

surveys.

Our systematic search wIth KiDs

+ reliable structural parameters, 
g-J vs J-K diagram, etc.



KiDS@VST has imaged 1350

square degrees in 4 optical bands

(complemented in the NIR with

VIKING@VISTA)

Pixel scale 0.2’’/pxl

Seeing  0.7’’ (r-band)

Depth  r = 25 (r-band)

Deeper and with better quality and

higher spatial resolution than previous

surveys.

Our systematic search wIth KiDs

Sources: ~ 60 millions

Galaxies: ~ 22 millions with photo-z
>  3 millions with high-quality photo-z
~ 1 million with structural parameters

DR1/2/3 (333 sq. deg.)

+ reliable structural parameters, 
g-J vs J-K diagram, etc.

Ultra-compact massive 

galaxies (UCMGs)

NGC 1277 - type

(Re < 0.4’’)



Census and spectroscopic follow-up



~1000 UCMG candidates at z<0.5 over 330 sq. deg.

~100 UCMGs with spec-z 

(150h of observations + literature)
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~1000 UCMG candidates at z<0.5 over 330 sq. deg.

~100 UCMGs with spec-z 

(150h of observations + literature)

Census and spectroscopic follow-up

The largest sample over the largest sky area



Size and mass measured, 
but what about ages, metallicities

and SFH (and IMF!)? 



INSPIRE ( I N v e s t i g a t i n g S t e l l a r  P o p u l a t i o n I n  R E l i c s )

PI: Chiara Spiniello; Crescenzo Tortora

Total time awarded: 154h at XSHOOTER@VLT

Aims: Characterize these galaxies by

constraining their stellar populations and

velocity dispersions

Results:
➢ 3 ESO data releases;

➢ 9 papers published (Spiniello et al. 2021a,b,2024, 2025; D’ago et

al. 2023; Martin-Navarro et al. 2023, Maksymowicz-Maciata et al. 2024,

Scognamiglio et al. 2024, Tortora et al. 2025);

➢ 1 ESO messenger (Spiniello,Tortora et al. 2021)

➢ Various press-releases and talks

Sample: 52 UCMGs - from ~100 relic candidates (with zspec)

INSPIRE PRODUCTION



Spiniello et al. 2024

rgb images XShooter spectra

INSPIRE Data release



Stellar populations
and Degree of Relicness



Constraining [a/Fe]

Constraining stellar populations



Constraining [a/Fe] Constraining age and metallicity with ppxf

Constraining stellar populations
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Relic

Constraining stellar populations



Constraining [a/Fe] Constraining age and metallicity with ppxf

Relic

Non-relic

Constraining stellar populations



Spiniello et al. 2024

Red galaxies

Homogeneous in color, heterogeneous in SFH
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Red galaxies
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Extreme relic

Relic

Non-Relic

Homogeneous in color, heterogeneous in SFH

38/52 have formed > 75% of their mass by z=2

7 have formed > 99% of their mass by z=2

14/52 have more prolongued SFH, they are non-relic



Classification based on “relicness”

Degree of Relicness (DoR)



Classification based on “relicness”

Degree of Relicness (DoR)



A summary of the stellar population properties



A summary of the stellar population properties

Extreme Relics

They form stars in a short time and are old (by definition)

They have larger velocity dispersions, are metal-richer, with high alpha enhancement



A summary of the stellar population properties

Extreme Relics

They form stars in a short time and are old (by definition)

They have larger velocity dispersions, are metal-richer, with high alpha enhancement

M/L (IMF, DM, unresolved 

velocity, non-homology)



Initial Mass Function



What about IMF?
On the staked spectra of 5 relics and 5 non-relics
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What about IMF?
On the staked spectra of 5 relics and 5 non-relics MILES models are parametrized through the slope of the high-mass end

Milky Way value

Dwarf-rich in the cores of normal-size galaxies and in local relics

Stellar M/L normalized to the Milky Way value



Environment



Where do UCMGs live?
With INSPIRE

Environmental characterization through

a) AMICO cluster detection (Bellagamba et al. 2018) and

b) overdensities through photo-z distribution
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UCMGs live everywhere!

UCMGs with low DoR prefer 

underdense environments

Where do UCMGs live?
With INSPIRE

Environmental characterization through

a) AMICO cluster detection (Bellagamba et al. 2018) and

b) overdensities through photo-z distribution



What is missing?
High-resolution images



~30k candidates at z < 0.5 (“wide survey”, 14k sq. deg.)

~70 at z < 0.1 >> 3 local relics

Euclid: a golden mine

What is missing?

FWHM ~0.15’’ << KiDS survey FWHM



~30k candidates at z < 0.5 (“wide survey”, 14k sq. deg.)

~70 at z < 0.1 >> 3 local relics

Euclid: a golden mine

What is missing?

FWHM ~0.15’’ << KiDS survey FWHM

AO-assi sted instruments
( S O U L @ L B T ,  M A V I S @ V L T  M O R F E O @ E L T ,  … )



LBT High-resolution imaging for KiDS J0842+0059

Tortora et al. 2025
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LBT High-resolution imaging for KiDS J0842+0059

Tortora et al. 2025

FWHM ~0.14’’ << KiDS survey FWHM



LBT High-resolution imaging for KiDS J0842+0059

Compactness confirmed - Re = 0.21’’ (~1 kpc)

Disky isophotes (resembling local relics and red-nuggets)

Tortora et al. 2025

The first fully confirmed relic

beyond the local universe

FWHM ~0.14’’ << KiDS survey FWHM



High-resolution imaging with MORFEO@ELT

1h of integration time         all the MICADO bands with high S/N

15 times shorter than VLT!



High-resolution imaging with MORFEO@ELT

We will resolve the internal structure of the INSPIRE galaxies, constrain

very precisely the size, the shape, and possibly unveil multiple 

components

1h of integration time         all the MICADO bands with high S/N

15 times shorter than VLT!



What is missing? 
Spatially-resolved spectra

AO-assisted instruments
( M A V I S @ V L T ,  E R I S @ V L T ,  M O R F E O @ E L T )



Spatially-resolved spectra with MORFEO@ELT

Dwarf-rich IMF Über-massive BHs

Missing the spatially-resolved counterparts of the 

Xshooter spectra, this is providing more constraining

power
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Dwarf-rich IMF Über-massive BHs

Missing the spatially-resolved counterparts of the 

Xshooter spectra, this is providing more constraining

power

2h of integration time         S/N (< 0.2 arcsec) = 30-200 
Absorption lines: Ca II triplet, Na I doublet, Wing–Ford FeH band, etc.



Spatially-resolved spectra with MORFEO@ELT

Dwarf-rich IMF Über-massive BHs

Constrain stellar population, IMF, and dark matter

density profiles (from kinematic), as well as BH mass

Missing the spatially-resolved counterparts of the 

Xshooter spectra, this is providing more constraining

power

2h of integration time         S/N (< 0.2 arcsec) = 30-200 
Absorption lines: Ca II triplet, Na I doublet, Wing–Ford FeH band, etc.
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Take-home messages

UCMGs and relics are rare, 

but found in wide-field surveys

We have collected the first and largest 

sample of UCMGs and relics at 0.1 < z < 0.4

Relics are the litmus paper of the galaxy evolution, 

probing the cores of massive galaxies and their size evolution

(Extreme) Relics are massive, compact, old, and formed stars in a short time (by construction). 

They are metal-rich, have large velocity dispersions, dwarf-rich IMF, disky isophotes.

They do not prefer any particular environment. 



With ELT the journey will be complete

Join the MORFEO WG ‘From the Local Universe to Cosmic noon’

Contact me if you are interested in joining the WG and contributing to a specific science case


