Challenges 1n extragalactic astronomy 1in the ‘40

Expanding Horizons in Italy
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Questions:

e What will be the strategic observational needs from the cround
that will be possible only with the construction of a new
European facility?

L How do the different optmns already cuculated in the European o
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Present (l): extragalactic astronomy

- Extending the electromagnetic spectrum up to Sum (20um)
- Diffraction limited PSF in the NIR J,H,K bands (60-60 mas)

- Imaging: ~30 (AB) at 5 sigma; Spec: ~ x(1e-19) cgs in 5h ;
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. : —— z=14.3 Carniani+24
Present (I): extragalactic astronomy GALAXY EXISTED 300 MILLION YEARS AFTER BIG BANG
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Present (llI): Early Universe, the ongoing revolution
JWST confirms z=12.34 bright (barely resolved) object

Castellano+24 - JWST/NIRSpec - prism ——
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Present (llI): Early Universe, the ongoing revolution
JWST confirms z=12.34 bright (barely resolved) object

Castellano+24 - JWST/ NIRSpec - prism
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James Webb Space Telescope 1s revolutionizing our understanding of the high-redshift Universe
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A ‘personal’ view of ground-based extragalactic astronomy/galaxy formation in the ’30-40
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Glance to the future: ELT will probe < 100 parsec scale at any redshift (z<17) , not a survey machine

(Extragalactic Astronomy 2032-2040 with AO)
Hubble: ~120 mas (F814W)

JWST: ~70 mas (F200W)
ELT/MORFEO-MICADO: 12 mas (H-band) >2030
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An example:
Extragalactic Astronomy 2032-2040 with ELT/VLT XAO

~3,000-10,000 clumps in a single MORFEO-MICADO FoV
probed at ~ 8-12 mas, <70-100 pc, z<17; H~29.6, 5h

Hubble Ultra Deep Field => 10,000 galaxies to m ~ 29.5

Imaging

Target-oriented HARMONI: IFU on single/multiple
source; MICADO long slit

Very poor spectroscopic multiplex @ tens mas (!)

Spectro

| e j’; w t We eprct ’TSOO
ga+aX|es -wrth 3 5+
&Iumns e&‘h .

f'.‘. ;b
9 IS S,

- . \AE
. . - . o




Extragalactic Astronomy Redshift = 10 Magnitude Gain (Am) [compact source]
2032-2040 with ELT 0.0 & Al . 3750
Adding Gravitational lensing 4 ’

s

<, p
0 e o .
b, RN

Mimicking 100m - 1000m
Class telescopes

I
(-
-

-

Spatial Scale (pc)

=
O
e
©
-
@
O
O
0p)

T
-
-

o

Angular Resolution (mas)

Minutes (talk)

Magnification (M)



Extragalactic Astrongmy Redshift = 10 Magnitude Gain (Am) [compact source]
2032-2040 with ELT 0.0 ‘e 2
Adding Gravitational lensing p ’

4 (HST)

<, ,
Q/’l o //
uw,// &QQ,//

Mimicking 100m - 1000m o s

Class telescopes r 1 awsn)
| 8.2

Diam.(®) [m]

Spatial Scale (pc)

=
O
e
©
-
@
O
O
0p)

Minutes (talk)

Magnification (M)



Extragalactic Astrongmy Redshift = 10 Magnitude Gain (Am) [compact source]
2032-2040 with ELT 0.0 ‘e 2
Adding Gravitational lensing p ’

- (HST)

0 /,, o //
93 .-
: JWST@”~6 u,// \0,//
Mimicking 100m - 1000m y mimics
Class telescopes A |65
| 8.2

Diam.(o) [m]

Spatial Scale (pc)

G
O
e
©

-

0

)

Q
)

Minutes (talk)

Magnification (M)



Extragalactic Astrongmy Redshift = 10 Magnitude Gain (Am) [compact source]
2032-2040 with ELT 0.0 ‘e 2
Adding Gravitational lensing p ’

- (HST)

0 /,, o //
93 .-
: JWST@”~6 u,// \0,//
Mimicking 100m - 1000m y mimics
Class telescopes A |65
| 8.2

Diam.(o) [m]

Spatial Scale (pc)

G
O
e
©

-

0

)

Q
)

Minutes (talk)

Magnification (M)



Extragalactic Astrongmy Redshift = 10 Magnitude Gain (Am) [compact source]
2032-2040 with ELT 0.0 ‘e 2
Adding Gravitational lensing p ’

- (HST)

0 /,, o //
bﬂ/?/, QQ ///
JWST@”~6 // \ ,//

Mimicking 100m - 1000m 4 4 mimics
Class telescopes A |65

8.2
JWST@u~30
mimics ELT@u~6

~7 pcC

O
Q.

Diam.(o) [m]

Spatial Scale (pc)

G
O
e
©

-

0

)

Q
)

Minutes (talk)

Magnification (M)



Extragalactic Astrongmy Redshift = 10 Magnitude Gain (Am) [compact source]
2032-2040 with ELT 0.0 ‘e 2
Adding Gravitational lensing p ’

- (HST)

0 /,, o //
bﬂ/?/, QQ ///
JWST@”~6 // \ ,//

Mimicking 100m - 1000m 4 4 mimics
Class telescopes A |65

8.2
JWST@u~30
mimics ELT@u~6

~7 pcC

Diam.(o) [m]

ELT-NEW
~’science
<1 pc.”” O*

Spatial Scale (pc)

G
O
e
©

-

0

)

Q
)

4

Minutes (talk)

Magnification (M)



Extragalactic Astrongmy Redshift = 10 Magnitude Gain (Am) [compact source]
2032-2040 with ELT 0.0 S
Adding Gravitational lensing p

(HST)

| JWST@u~6
Mimicking 100m - 1000m i S | . o
Class telescopes - 1 owsn

e 8.2
JWST@u~30
mimics ELT@u~6

~7 pcC

O 7
D‘Q’,Q"

Diam.(®) [m]

I
(-
-

-

ELT-NEW
.“'science
"< « pg}// o°

Spatial Scale (pc)

=
O
e
©
-
@
O
O
0p)

T
-
-

o

4

Minutes (talk)

Magnification (M)



Extragalactic Astronomy Redshift = 10 Magnitude Gain (Am) [compact source]
2032-2040 with ELT 0.0 T Y
Adding Gravitational lensing L, N (HST)
v KN4
JWST@u~6 i 7
Mimicking 100m - 1000m B e Ll o |
Class telescopes - 1 awsn
8.2

JWST@u~30
mimics ELT@u~6
~7 pcC

I
(-
-

-

Diam.(®) [m]

ELT-NEW
P SCIG“CG

Spatial Scale (pc)

=
O
e
©
-
@
O
O
0p)

T
-
-

o

Minutes (talk)

75min 33min 19 min-*" L, B min.’

53kE  24ke€ ,ske o’ 2.1155/'
e >
101
Magnification (M)

mpy/compact sources
ear, but with SL we gain in texp




Glance to the future ’32-40: with moderate lensing amplification ELT will probe < 10 parsec scale
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https://webbtelescope.org/contents/news-releases/2023/news-2023-146

Glance to the future ’32-40: with moderate lensing amplification ELT will probe < 10 parsec scale
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Glance to the future ’32-40: with moderate lensing amplification ELT will probe < 10 parsec scale
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Glance to the future ’32-40: with moderate lensing amplification ELT will probe < 10 parsec scale
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Glance to the future '32-40: with moderate lensing amplification ELT will probe < 10 parsec scale
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Example 1: blank fields => clumps

Thousands of clumps , PSF <100 pc
Larger volume (statistics)
will probe 40-100 pc scale (z<17)
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Example 1: blank fields => clumps

Thousands of clumps , PSF <100 pc
Larger volume (statistics)
will probe 40-100 pc scale (z<17)

[compact source]
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Example 2: Modest magnif
Star cluster regime

Relaxing magnification:
- Robust lens model
* = Less distortion
- Larger volume (statistics)
will probe few pc-scale
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Sub-galactic scales at high-z: SF modes at star cluster scale; in the ’40 this will be the routine

Last few years

LEGUS, 50 galaxies (Calzetti+15)
e - ¥ - re TR .

+ e.g., GOALS (Armus+09), Hi-PEEC (Adamo+20),
+ PHANGS-HST (Lee+22),

+ PHAT/PHATTER (Dalcanton+12, Williams+21), ...
+ FEAST (JWST-based) — Knutas+25, ...

Hundreds of galaxies
Tens of thousands of clusters

but all at z<0.01



Sub-galactic scales at high-z: SF modes at star cluster scale; in the ’40 this will be the routine

Last few years

LEGUS, 50 galaxies (Calzetti+15)

Strong gravitational lensing (examples)

’...—.'
-‘

+ e.g., GOALS (Armus+09), Hi-PEEC (Adamo+20),

+ PHANGS-HST (Lee+22),

+ PHAT/PHATTER (Dalcanton+12, Williams+21), ...

+ FEAST (JWST-based) — Knutas+25, ...

Hundreds of galaxies
Tens of thousands of clusters

but all at z<0.01

Sunburst Arc (e.g. Rivera-Thorsen+24; EV+22)

"
- .

St

~10 clusters with R4 = 3 — 20 pc

1 cluster with R ¢ ~ 8 pc

Ly-C leaker ! @ z=2.4

Cosmic Gems (Adamo+24; Bradley+24; Messa+ in prep.)

R <1pc
M =10° M,

@ z=9.625

5 clusters in <70 pc region

Sunrise Arc (e.g. EV+23)

(458 1

— (3,4,5,6)d

21'
—= K SFCd

\1d

6 clusters with
R.=1-10 pc
M = 10° M

@ z=5.93




Sub-galactic scales at high-z: SF modes at star cluster scale; in the ’40 this will be the routine

Last few years

LEGUS, 50 galaxies (Calzetti+15)

Strong gravitational lensing (examples)

Sunburst Arc (e.g. Rivera-Thorsen+24; EV+22) Sunrise Arc (e.g. EV+23)
- -
»— 1la
el
-

First stars
.g., GOALS (Armus . )
¢ PGS o oe Stellar clusters relevant for (e ); reonization
PHAT/PHATTER (D= \Y ..
 FEAST WSTbase . J:) = Galaxy grO_Wth it
GC formation K g SFCd
. R I TSV \w
Hundreds of galaxies R <1 pc |
Tens of thousands of clusters efl = 6 6 clusters with
M = 10" M, R.s=1-10 pc
_1n6
but all at z<0.01 @ 7=9 625 M=10"Mo
@ z=5.93




The targets: the key role of AO and JWST wavelength coverage in the ’30-40

bound young stellar clusters and Globular Cluster Precursors at cosmological distances

Tiny sizes (<10 pc) will need extreme Adaptive '
| Optics, like ELT / MAVIS + modest strong lensing |

Age & stellar mass (& view of the host galaxy)

JWST will access the optical rest-frame up to z >~ 10



The targets: the key role of AO and JWST wavelength coverage in the ’30-40

bound young stellar clusters and Globular Cluster Precursors at cosmological distances

Age =5Myr; z=6; pr=10

The dynamical age T
Age/Tcr = T , if TI>1 grav. bound
. ] Stellar agglomerates for which

the age of the stars exceeds
the crossing time are bound

Gieles+11, Ryon+17, e.g., LEGUS (Calzetti+15)

Tiny sizes (<10 pc) will need extreme Adaptive '
Optics, like ELT / MAVIS + modest strong lensing }

30 40 50 60
FWHM (mas)

EV21

Age & stellar mass (& view of the host galaxy) The best high-z targets for AO facilities
JWST will access the optical rest-frame up to z >~ 10 will be the JWST ones




An example of extragalactic result in 2035-2040: hierarchical nature of SF and star clusters

Star cluster formation efficiency (CFE)

ESO338. |

Sunburst
Massive YSCs with 2skr

Adamo+2017, 2020 — CFE Sunburst (EV22)

YMC~1.3x107 Mo

Re~5.2 pcC
age~6 Myr

Tett~37,500K

>124 star clusters
CFE~50%

Hubble

ESO 338

YMC~4x106 Mo
Re~5.6 pC




An example of extragalactic result in 2035-2040: hierarchical nature of SF and star clusters

High redshift galaxies are dense

GLASS/UNCOVER ' . 339 galaxies at 5 <z < 14
JADES GDS S0~ 109 with zspec

Galaxies

Sunburst
Massive YSCs with Zsfkr

e.d., Morishita+23;
(Ormerod+23)

3 9 10
B ~51 tot—Messo+ 18 ‘
MS1 rod—Messa+ 18b SlCllM MaSS [10g :\'I () ]

A M3 -Johnson+ 17

: Anteannae « lohnesan+s 17
) M83 tot—Adamo+ 15
MB83 rad—Acomo+ 15

Dense ISM conditions at high-z promote star cluster
formation (e.g., Kruijssen+25)

HiFEEC —single
<4 HIPEEC—all
@ HIPEEC —aorly

Relevant for
= Globular cluster formation

Star cluster formation efficiency (CFE)

= Rionization

Adamo+2017, 2020 — CFE Sunburst (EV22) = Galaxy build-up




An example of extragalactic result in 2035-2040: hierarchical nature of SF and star clusters

How CFE and star
cluster mass function
evolve with z & host
IS unknown
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Adamo+2017, 2020 — CFE Sunburst (EV22) = Galaxy build-up




Challenges 1n extragalactic astronomy 1n the > 40 - 45

Asking chatGPT 4.5 03 with advance reasoning
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> Which questions on extragalactic and high-redshfit astronomy % o ?
will have an answer (will be solved) in the 2040-2045 ? c‘;)i 5
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Missions/instruments Addressing Extragalactic Questions (~2045 horizon) Minutes (talk)

First stars & galaxies AL A SR 4 CE==LE
Cosmic reionization history k4
SMBH formation & growth g
Galaxy growth & quenching K4
Gas / cold Universe

Proto-globular clusters (lensing) i
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| Dark matter & dark energy
Validity of ACDM

Metal enrichment history 4

Gravitational waves (cosmology) i
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Challenges 1n extragalactic astronomy 1n the > 40 - 45

Asking chatGPT 4.5 03 with advance reasoning
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> Which questions on extragalactic and high-redshfit astronomy E o ?
will have an answer (will be solved) in the 2040-2045 ? c% e
?re‘i‘eﬂx
Missions/instruments Addressing Extragalactic Questions (~2045 horizon) Minutes (talk)

First stars & galaxies v —f

Roadmap to Solving Key Extragalactic Questions (~2045+)

Cosmic reionization history v

Gravitational waves (cosmology)

SMBH formation & growth -
Metal enrichment history

Validity of ACDM
Dark matter & dark energy

Galaxy growth & quenching v
Gas / cold Universe

Proto-globular clusters (lensing) gé
Proto-globular clusters (lensing)

Gas / cold Universe

Dark matter & dark energy
Validity of ACDM

Metal enrichment history 4

Galaxy growth & quenching
SMBH formation & growth

Gravitational waves (cosmology) Bk . . . :
Cosmic reionization history

First stars & galaxies ?

2025 2030 2035 2040 2045
Year

12 Not fully sure...



> And finally, knowing which are the future and current facilities, the key questions and the roadmap,
tell me which questions will still be open after 2045 ? And if you have an idea about new ones?

Emerging Frontiers (Dark-Sector Structures, Extragalactic Planet Formation, Feedback from Pop Il Gamma-Ray Bursts) :'g: T d .
The Very First Luminous Objects, Poplll (z = 20) - first 200 Myr o 2 P ime-domain:
Dark Matter on Sub-galactic Scales Q & g :
. € = N
Dark Energy Beyond Simple w(z) V. 5 9 .
Primordial Gravitational-Wave Background e, =2 micro-arcsec?
Cosmic Dust & Chemistry at z > 10 .

Cosmic Magnetism & Missing Baryons Angular resolution
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Line Intensity Mapping (LIM)
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Challenges in Extragalactic Astronomy in the '40...

(or just after JIWST will die?)
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Qb‘ e z>4: We will miss the optical rest-frame (img + spec)
q/

- -1 e z=17: We cannot explore the first 200 Myr from ground (NIR)
O e z»17: We cannot address the very first sources z>20-30
(C => |s the radio domain the only option from ground for z>17?
8 Q t00 Observed Fregquency of [C [I] 158 um and [O lll] 88 um vs Redshift (z = 40)
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