Exploring the distant Universe with AO at the focus of cosmic telescopes
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Exploring the distant Universe with AO at the focus of cosmic telescopes
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[Mofivaﬁon (I): Reionzation

J Dayal & Ferrara 2018

Nion,gal =" DSER X Gion X-Fesc

[Mo’riva’rion (II): Search for pro’ro-GCs]

SF-complexes sized®60(150) jpc => 10(25) mas at z~3(6)
star-clusters need Re<20, pc, that is < 3mas at-z>3 !
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Looking for faint SF galaxies: approaching the globular cluster formation
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- Can we detect YMCs at

cosmological distance (z>2) ?
stellar mass 2x10° Msun, 3 Myr, Muv = -17 (29.7)
(e.g., Pozzetti, Maraston & Renzini+19)
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- Can we detect YMCs at

cosmological distance (z>2) ?
stellar mass 2x10° Msun, 3 Myr, Muv = -17 (29.7)
(e.g., Pozzetti, Maraston & Renzini+19)

SF-complexes

YMCs ?

Cluster formation efficiency I’

Redshift
CFE = cluster formation efficiency
= ongoing SF in star clusters

- Is the occurrence of YMCs expected

to be large at high-z ?

Stellar mass of the Univ. in YMCs at z>5-6
is substantial 30-50% (e.g., Renzini 2017)
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ionization & fate of gal.




Looking for faint SF galaxies: approaching the globular cluster formation

mess this work fitting 1o

this work fitting 20
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H | : 1' J = dwarfs = ongoing SF in star clusters
- Can we detect YMCs at - Is the occurrence of YMCs expected
cosmological distance (z>2) ? to be large at high-z ?
stellar mass 2x10° Msun, 3 Myr, Muv = -17 (29.7) Stellar mass of the Univ. in YMCs at z>5-6
(e.g., Pozzetti, Maraston & Renzini+19) is substantial 30-50% (e.g., Renzini 2017)
in the
- Can we probe grav. bounded YMCs at high-z ? ionization & fate of gal.
: . : iy ion , F
Can we recognize GC Precursors ? (key for the GC-formation scenarios, Renzini+15) Sion., Fesc




., .The deepest observation: limitations

Illingworth+13 | HST

- mag > 29 sources have poor S/N (2-5)s &
- 1 HST plxel (30 mas) ~ 0.2=0. 3"Rpc at 2<z<7
(probes SF clumps) -

-
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,The deepest observation: limitations

Illingworth+13 | HST

- mag > 29 sources have poor S/N (2-5);
- 1 HST plxel (30 mas) ~ 0.2=0. 3"Rpc at 2<z<7
(probes SF clumps) -

-

& . -

HST +:Strong lensing
A preview of the - extreme - AO (<30 mas) scnence/Y (> 20 pC) AO- prewew

- BOOST in S/N ratio: spectroscopic info ! .
-'BOOST in spatial resolution (10 pc) \ AO + Sfrong lensing

(< 20 pc) “super-AQ”



Strong gravitational lensing reveals “sub-grid” SF-mode

SDSS J1110+6459 » Source Reconstruct.ion
»
Al / -
A2 |
-
A3\ ’
’ N
, Rigby+17, Johnson+17 . * | ' 1 kpe
Obsel’vaflorls Source Plane
Lensed galaxy recostruction
SGAS J111020.0+645950 F390W, T1300A

2=2.481, magnif. x28+/-8

much of the SF arises from more
than 20 clumps with sizes of <30-50 pc
containing 25% of the total UV light

HST PSF model

no lensing:

Almost all SF arises
from an exponential
disk with Re™2kpc,
centrally concentrated

As in the local Universe: not
’ o '_surprising ?

an o

NGC 1569 CFE=50
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The MUSE deep lensed field (MDLF) on HFF J0416

Wide Field Mode with Ground Layer Adaptive Optics,

Vanzella et al in prep., Bergamini et al. in prep.

- X » % s Y
' 2h —17.1h (11h wi/AO) "~ . °
N« PSF=0.6"" &

3

11h (P1 Bauer) "
PSF=0/8" &

, offered by the GALACSI module

PI
Co-I Rosati, Calura
Meneghetti, Mercurio
Sani, Cupani, Balestra
Caminha, Grillo, Caputi,
Treu, Tozzi,

, Cristiani
Mignoli, Dijkstra,
Gronke, Gilli
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Wide Field Mode with Ground Layer Adaptive Optics, , offered by the GALACSI module
Lya @ z=3.61 LU RE m = 31.3
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The MUSE deep lensed field (MDLF) on HFF J0416

Wide Field Mode with Ground Layer Adaptive Optics, GLAO , offered by the GALACSI module

Lya @ z=3.61 [ L REA m = 31.3

Vanzella et al in prep., Bergamini et al. in prep.
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Efficient multiple-image finder
(lens models, errors under control, e.g., Meneghetti+17)

182 spectroscopic multiple images ! RMS = 0.42"

No. of multiple images

62 0%

MUSE DEEP

1/ (104) ;
MUSE (Caminha+17)

15 , .
GLASS (Hoag+16)

CLASH-VLT (Grillo+15)




MDLF, example 1
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MDLF, example 1 et
’ P Arc at z=1.896, ~“50pc/HSTpix => sizes, line emissions, SF complexes, star clusters

7.5"




Arc at z=1.896, ~50pc/HSTpix => sizes, line emissions, SF complexes, star clusters

.. CII}1907-1909 MDLF
6 . MUSE + SL >» 20mas/pix

g
| ' €I 2325




MDLF ex. 2: giant arc at z=6.145, probing star clusters

(Vanzella et al. 2017b, 2019; Caminha+17)
Magnification = 2515 ; potential remote star clusters




MDLF ex. 2: giant arc at z=6.145, probing star clusters
(Vanzella et al. 2017b, 2019; Caminha+17)
Magnification = 2515 ; potential remote star clusters
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Intrinsic:

Sizes ~13-40 pc
M(intrinsic)~29.7-32.8

cluster

of ’riny.

c teIIToﬂs

22 Zspec_b 145

gl Refi~16 pc
m=31.4
28 IIA“

SF-complexes
’

of o " zphot=6.0

IFU spectroscopy

v “\ zphot=6.0

zspec=6.145

5000




Probing gravitationally-bound star clusters at cosmological distance (Re < 20 pc)

Assumptions: Age = SMyr; z =6; p =10
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The dynamical age T
Age/Tcr = T , if T>1 grav. bound

T, =10 @

¥¢d Stellar agglomerates for which
the age of the stars exceeds
the crossing time are bound

GM)

Gieles+11, Ryon+1, e.g., LEGUS (Calzetti+15)




Probing gravitationally-bound star clusters at cosmological distance (Re < 20 pc)

Assumptions: Age = SMyr; z =6; p =10

o
o

o
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Stellar mass (Msun)

MAVIS

1.3e10°Mo

20 30 40 50 60 70 80 90
(11.2pc) FWHM (mas)

0.2e10Mo
(

MAORY-MICADO

\\> down to what magnitude ? Need proper simulations ...

Logio(IT)

The dynamical age T
Age/Tcr = T , if T>1 grav. bound

T, =10 @

¥¢d Stellar agglomerates for which
the age of the stars exceeds
the crossing time are bound

GM)

Gieles+11, Ryon+1, e.g., LEGUS (Calzetti+15)




Dynamical-age lensing cross-section (1)

Assumed star cluster
properties (YMC):

»- » M > 1 requires Re < 9.3 pc
[ — 1

[
&




Dynamical-age lensing cross-section ()

rest—-frame magnitudes

SSP, M=2-10% M,

[Z/H]=-1.3. Chabrier IMF

Logio(IT)




Sunburst, Z= 2.37

.3-‘ Superlensed (and bright) systems
o upe ense (an right) system

Chisholm+19 ApJ, 882, 182
Rivera-Thorsen+19, 366, 738 SCIENCE




Superlensed (and bright) systems

Sunburst, z=2.37

Chisholm+19 ApJ, 882, 182
Rivera-Thorsen+19, 366, 738 SCIENCE




Superlensed (and bright) systems

Sunburst, z=2.37

: . I
MW>50 &

arcs F8I4™18 - |

‘A is also a Lyman continuum’ ” . . »

emitter, A < 912A photons escape
Nu1<10'7-2 em-2 : ionizer !

Chisholm+19 ApJ, 882, 182
Rivera-Thorsen+19, 366, 738 SCIENCE




uperiensed (and bright) systems
Sunburst, z=2.37

Arc 2b

e W TE i
P

A e anzella¥20-MNRAS 491, 1093
Rivera-Thorsen+19 T80 IBEES Chisholm+19 ApJ, 882, 182
Counterarc  fesc ~ 93% . bR Rivera-Thorsen+19, 366, 738 SCIENCE




S/N > 50, mag=22
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Hell 1640

[OIII]1661-1666

./ CIV 1548-1550

NIII]J1750

SiIII]1883-1892

CIII]1907-1909

S/N > 50, mag=22

1800 1900




A super-magnified star cluster at cosmological distance: Sunburst arc

é11£]1967-1;os ; : | IIIIZWI4C[), Ill]l Mbcl | Iéif elrelr'ﬂ. 3

[O1I1]1661-1666

|‘
NGC 5253 #5, 3.1 Mpc Smith+1é

NIII]1750

SiIII]1883-1892

R136 30 Doradus, 50 Kpc —
Crowther+16

i

Hell 1640

“‘\“r"cw 1548-1550 S/N > 50, mag=22 | 5 Sunburst arc, z=2.4 !

BPASS

LyC knot (2.7 Gyr after the BB
.. Vanzella et l. 2020)

1Myr -

"""""" AR A AL RS T -
7Ch|5h°lm+19 Starburst99 Q‘ ~

|
1500 1550 1600 1650

3 Myr é

Arbitrary Flux [F,]

:2.9 £ 0.1 Myr ; = = 0.5 Zsun (Chisholm+19)

sy NV 1240 P-Cygni  ELT-LIK CIV 1550 P-Cygni

15 Myr -

il BT i
1 . 3
1200 1300 1400 1500 1600 1700 1800

Rest Wavelength [A] ‘ -Shooter R=1140 0, 887s (PI EV)




Log(Mass [Mo])

Log(Z* [Mepc-2])

Misoo

-23.20 -1895 -18.20 -17.76  -17.45
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i thick blue/red curves: IT > 1_|

SM (Salpefer a=2. 3)

\ SM (fop-heavy azl.6) _

50 100 150

Magnification (ktot) EV20a

2

2.9+/- 0.1 Myr 0.5 Zsun Chisholm+19
: a few 10° Msun [< 3e7 Msun]
: 5-10 pc [< 20 pc]
: (5-10)x103 Msun pc2
> 1000 Msun/yr/kpc2 ‘
YES? EV20a |

7 YES, fesc~93% Rivera-Thorsen+19

KP fesc(hosting galaxy) ~ 10-20% EV in prep.

Is it a GCP ? (z=2.37, 2.7 Gyrs after the BB)

What'’s next 2?2 (AO ...)




MUSE NFM




MUSE NFM

: . ™ MAVIS IFU 50 mas ; "
. \."-.. | ’
SR MUSE NFM 8500-9270A
¢ : 0.70" ground

) % - . . groun
.~

Y v } 0.12"” acs

<~ . |
" 7 Ve 0.055"

w A ll seeing of 0.4" MUSE NFM
' coherence time about-10ms
’ Strehl of about 20% .

2=2.37, SF complexes (~100 pc)




However, we'd
need flexibility

’ L
(sky coyerage).

-t

MAVIS IFU 50 mas

100

W

.

FWHM (mas)

MUSE NFM 850!

60

90 A

80 -

70 4

50 -

MUSE NFM

(PI EV)

From MUSE | OS seeing < 0.5
w = (.5 < LOS seeing < 1.0
manual .
L airmass 1.7 !

LOS seeing ~ 0.4"

0.70” ground

0.12” acs

0.055"

seeing of 0.4"
coherence time about-10ms
Strehl of about 20%

MUSE NFM

HST F814W.
2=2.37, SF complexes (~100 pc)




Ionization by a massive
star cluster;
HST+Sunburst outperforms
E-ELT in the field

“A’ observed:
- m(LyC)~26 o A
- m(1500)~22
3
o




Ionization by a massive
star cluster;

“A is resolved” HST+Sunburst outperforms

Star cluster E-ELT in fhe ﬁeld

Reff(A) ~ 16 pc
“A” Observed: lpeix = 8 pc

- m(LyC)~26 o A
- m(1500)~22 :

°




“A’ observed:
- m(LyC)~26
- m(1500)~22

Ionization by a massive
star cluster;

‘ HST+Sunburst outperforms

E-ELT in the field

“A is resolved”
Star cluster
Reff(A) ~ 16 pc

1pix = 8 pc'A

' A" is not resolved
0 Tfff(_A) < 170 pc » 3 No Lensing (HST)
.. lpix = 82 pe ABC, “single-blob
A ‘A is not recognized - m(LyC) >30
............... i o —— A Reff(ABC) ~ 07 ke - m(1500)~26
BlL— - b e T o) 28

Lyman continuum
fesc(A)~93%
fesc(blob)~10-20%



“A’ observed:
- m(LyC)~26
- m(1500)~22

Ionization by a massive
star cluster;

‘ HST+Sunburst outperforms

E-ELT in the field

“A is resolved”
Star cluster
Reff(A) ~ 16 pc

1pix = 8 pc ’ A

' “A” is not resolved
. T?FF(-A) < 170 pc o 3 No Lensin g (HST)
.. lpix =82 pc ABC, “single-blob
A ‘A is not recognized - m(LYC)>3O
............... ' B p. S AB Reff(AB,C) ~ 0.7 kpc - m(1500)~26
1BL— - B R0 - Ricatteliogy

Lyman continuum
fesc(A)~93%
fesc(blob)~10-20%



Future: AO+SL will provide
super-resolution

Star cluster

MAORY+MI CADO ...................................................... A is Vresolved"

Ionization by a massive
star cluster;
HST+Sunburst outperforms
E-ELT in the field

mag =22

“A” Observed: l.pjgg_.:...a pc
- m(LyC)~26 « """ °

- m(1500)~22

equivalent to 0.2 mas! |

HARMONI 2d map, dynamical mass, UV lines
MAVIS will complement ELT in the optical

l ‘A’ is not recognized

“A" is not resolved
““““““ ™. ReM(A <170 pe . § No Lensing (HST)
1pix = 82 pc ABC, “single-blob’

- m(LyC)>30

i i 'éb‘ T g By RefABO) 07 kpe » - m(1500)~26
" ................ : C  lpix =250 pc - ‘\A” unresolved

Lyman continuum
fesc(A)~93%
fesc(blob)~10-20%



Take home message: “unpacking” high-z galaxies along cosmic epochs

Is reionization driven by massive and hot stars mainly embedded st are mfa;;ogz':k';f %
in forming YMCs that might represent a significant fraction of the
SF mode at high-z ? How GC formation enters in this game ? >
feedback, carving ionized channels ? < *‘\

by -

® MUSE IFU (WFM/NFM) + Strong Lensing + HST:

preview of the AO science (MAVIS or ELT) doable without lensing;
- produces key fargets for extreme AO;
- start thinking about pc-scale SF complexity at high-z;

-
L ]
(EV20a, Rivera-Thorsen+19) t A ;

Db | Reffeipe, £=6.145 gos - | HST-dark MUSE objs, m>35
T (EV19) "‘ extreme SPs ? PoplIII ?
T ; (EV+20Db)

® - AO facilities (e.g., MAVIS, MAORY-MICADO, HARMONI ...) coupled with strong lensing

will “routinely” identify star clusters at high-z, isolating those grav. bounded (proto-GC);
- The same facilities on superlensed systems will probe lpc at z>3 (like 0.2mas if no lensing, e.g., “Sunburst);
- Exotic (?) sources will be recognized as well (e.g., laser action, transients, CSM ?) ...




