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Metallicity as tracer of assembly history

*Metal productions: through star formation and supernovae
*Metal consumption: through stellar remnants and low mass stars

*Metal transport: advection, diffusion and accretion
*Metal loss: galactic winds and outflows (Sharda et al., 2021)

Metallicity encodes the integrated history of star formation, gas
accretion, and outflows.




Mass-metallicity relationship (MZR)
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Mass-metallicity relationship (MZR)

+ SFR dependence
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Fundamental metallicity relation (FMR)

9.2 M
At fixed mass:

e higher SFR —
lower
metallicity

= equilibrium between
gas-flow and secular
evolution 9

Fixed up toz ~ 3.3
(e.g., Mannucci et al. 2010)

+ SFR dependence

12+log(0/H)
@
@

Z = f (M,, SFR)

g
o
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8.4

log(SFR)
Maiolino & Mannucci, 2019- Fig. 21




Fundamental metallicity relation (FMR)

9.2 M
At fixed mass:

e higher SFR —
lower
metallicity

= equilibrium between
gas-flow and secular
evolution 9

Fixed up toz ~ 3.3
(e.g., Mannucci et al. 2010)

+ SFR dependence

12+log(0/H)
@
@

Z = f (M,, SFR)

g
o
T

higher redshifts?

8.4

Maiolino & Mannucci, 2019- Fig. 21




Metallicity determination: direct Te method

1S, 61207 g,=1 4

e ratio of lines from different levels of an ion o Te
o e.g. [OIA4363/[0 IIIJA5007 (auroral-to-nebular)
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Draine, 2011- Figure 18.1
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Metallicity determination: direct Te method

e ratio of lines from different levels of an ion o Te
o e.g. [OIA4363/[0 LI]JA5007 (auroral-to-nebular)
e method:*

High- ionization zone:
Te given by the line ratio

Low- ionization zone:
empirical relation:
T(OT) = 2640 + 0.835 x T(O*T)

O++ /H

v

O+/H Total O/H abundance:

O/H=0%Y/H+O0"/H

representative figure: galaxy
*also used in Curti et al., 2023 neietellie e i 5 eglon



Metallicity determination: direct Te method

e ratio of lines from different levels of an ion oc Te B 4

e e.g., [OIA4363/[0 IIIJAS007 (auroral-to-nebular)

e pros: calibration independent g R

e cons: aurola lines usually too faint to be detected
'D, 29169 g,=5 3
P, 441 8,75 2
TR S b

O III

Draine, 2011- Figure 18.1
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Metallicity determination: direct Te method

e ratio of lines from different levels of an ion o Te e '
e e.g., [OIA4363/[0 IIIJAS007 (auroral-to-nebular)
e pros: calibration independent %
e cons: aurola lines usually too faint to be detected
o revolutionalized by JWST P .
% 0 111 :

Draine, 2011- Figure 18.1
14



Metallicity determinations: strong-line method

e ratio between dust-corrected, bright lines:

15



Metallicity determinations: strong-line method

e ratio between dust-corrected, bright lines:

13 = [OITI]\5007/Hp R2 = [OITI\3727,3729/Hp
Ras = (JOITT]A4959,5007 + [OIT]A\3727,3729)/H
Os2 = [OITITN5007 /[OIII\3727, 3729
Ne302 = [NelTII\3869/[OTII\3727, 3729

16



Metallicity determinations: strong-line method

e ratio between dust-corrected, bright lines
e calibration curves

0.6F ] % 15fF ]
S og 1.0F 4 { & \
z s I | 5 op j
S 0.2f , 1 8 osp g { 2
% S = 0.5f .
N 0.0F N 1 8 o
> p 2 oof 7 1=
= -0.2F 1B 5 0.0f ]
e o
— © 10
o 04} 1 % -05f 1 & -0.5F ]
¥ 0.6} I 1= H
2 l _1.0_ = %_1.0' =
-0.8fF I ] &
1 ' 1 1 1 1 1 - 15 1 1 1 1 1
nen 270 75 80 85 9.0
12 +1og(O/H) 12 +1og(O/H)
Figure 5. in Curti et al., 2023 auroral lines+photoionization = Malqllno etal., 2008
Te based measurements = Curti et al., 2017,2020

Bian et al., 2018
== Sanders et al., 2021
Nakajima et al., 2022 17

empirical, low-z tuned



Metallicity determinations: strong-line method

e ratio between dust-corrected, bright lines
e calibration curves- derived in the local universe — potential bias?

0.6F : 2 15f
e 1.0f : s
g =) A | 5 10f
* 0.2F / 1 = 0.5—-’\/ =
r~ o = 0.5
g 0.0 \\-’ 1 g ook / ,9,
pe N . = oof
= -0.2}F 1 E 5 O
= o 3
o 04} 1 505 1 & -0.5F
Naie? o —1
¥ -0.6f ' i~ o
4 -1.0 ] =-lof
-0.8F : &0
n RN ' : “15795 75 80 85 9.0

12 +1og(O/H) 12 +1og(O/H)

. . . === _Maiolino et al., 2008
Figure 5. in Curti et al., 2023

= Curti et al., 2017,2020
Bian et al., 2018

== Sanders et al., 2021
Nakajima et al., 2022



Curti et al., 2023: metallicity measurements at z ~ §

e 3 gravitationally lensed targets: ID 4590 Gaay N 355 1612
Redshift 8.496 7.665 7.658
(Z - 8°496)’ ID 6355 (Z - 7'665)’ ID 10612 u 374+£007 123140002 1.339 £ 0.003
(Z =76 58) log(M,/Mo)? 775+£007 8724004  8.08 £ 0.04
) log(SFR (Mgyr~1))” 0.35+0.07  1.4740.04 0.90 + 0.04
e count rate data from MAST archive Ay (nebular) 06803 0.0y 0401049
. . . . . Ay (stellar)? 037+£004 050003  0.21+0.03
e custom flux calibration using ln‘ﬂlght T, (O m)(10* K) 2774042 1204007  1.75+0.16
12 + log(O/H) 6.99+0.11 8244007 7.73+0.12

commissioning star

Notes. ¢ derived from the lens models presented in Mahler et al. (2022)

o dust attenuatlon COrrectlon b values are corrected for magnification (errors on y are propagated)
¢ inferred from ratios of Balmer lines
e auroral line detected: [OIIT]24363  inferred from SED fitting

Table 2. in Curti et al., 2023
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Curti et al., 2023: comparison with strong-line calibrations
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Curti et al., 2023: comparison with strong-line calibrations
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Figure 5. in Curti et al., 2023

log([O TI]A5007/[O IAA3727, 29)

1.5

__outside most
calibrations!

line ratio
resembling
those of

7.0

75 80 85 9.0
12 +1log(O/H)
Maiolino et al., 2008
Curti et al., 2017,2020
Bian et al., 2018
Sanders et al., 2021
Nakajima et al., 2022

SMACS0723-1D4590
SMACS0723-ID6355
SMACS0723-ID10612

extremely
metal-poor
galaxies in
the local
Universe
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Curti et al., 2023: comparison with strong-line calibrations
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log([O TIA5007/[O TAN3T27, 29)

-1.5

75 80 85 90

12 +1og(O/H)
== Maiolino et al., 2008
= Curti et al., 2017,2020
- Bian et al., 2018
== Sanders et al., 2021
Nakajima et al., 2022

7.0

€ SMACS0723-1D4590
® SMACS0723-ID6355
* SMACS0723-ID10612

None of the local
strong-line metallicity
calibrations provide good
predictions of the
observed metallicities
simultaneously!

22



9.00
ID 6355, ID 10612 _—
consistent with z ~3.3

8.50

MZR — little evolution
between z ~3.3and z ~7.6 —~8.25

SMACS0723-ID4590
SMACS0723-ID6355
SMACS0723-1D10612

- = SDSS [2~0.08] — = EAGLE [z~8]
P —— MOSDEF [z~2.3] == SERRA [z~8]
- MOSDEF [z~3.3] == FIRE [z~8]
+ ==+ TNG [z~8]
\ .............. N S WA S WA NN ST ST ST SR ST S SN S T S T "
8.0 8.5 9.0 9.5 100 105 110 115

log(M, /M)

Figure 6. in Curti et al., 2023



Curti et al., 2023: Mass- metallicity relation

high M
9.00 high Z/H
e ID 6355, 1D 10612 675 local Universe MZR |
consistent with z ~3.3 4l
8.50f ]

MZR — little evolution
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&
) O 8.00f 1

e [D4560 outlier: &
o early evolutionary + 775} ]

’ SMACS0723-ID4590
® SMACS0723-1D6355
*

stage, building up its 2

SMACS0723-1D10612

metals " |
7.25F > = SDSS [2~0.08] == EAGLE [z~8] -
o MZR has a much /" —— MOSDEF [z~2.3] == SERRA [z~8]
MOSDEF [z~3.3] == FIRE [z~8]
steeper slope at such 7.00-@ — ModEEL
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Figure 6. in Curti et al., 2023 24



Curti et al., 2023: Fundamental metallicity relation
LookbackSTime [Gy{l

0 5 10 12 12. 13.3
02 + 1 e Significant scatter around
g P — ) ‘k _________________ ) FMR, mainly for ID 4590—
= A far from equilibrium
5 ~0.2r + 1 between chemical
2 . enrichment and gas flows
o [ |
) . —
o 06t $ i 1 FMR not in place at these
= @ SMACS0723-ID6355 :
=3 | * SMACS0723-ID10612 | redshifts?
ED .
4 Te-based strong-line calibrations $
—1.0F @ SDSS [Curti+20] gp [Onodera+16] l .
[l KLEVER [Hayden-Pawson+22] A ZCOSMOS [Cresci+12]
V AMAZE [Troncoso+14] <« MOSDEF [Sanders+21]
¢ ———% 7,  corroborated by: Heintz et al. 2023;
Heddbitt Langeroodi & Hjorth 2023; Nakajima et al. 2023,

Figure 7. in Curti et al., 2023 Curti et al., 2024 25



From “normal” galaxies to extreme regimes

Curti+23 showed galaxies at
e Redshifts : z~7-8
e Metallicities ~10= - 107" Z_

Can we probe even lower metallicities?

26



Why is pristine star formation hard to detect?

e Pop Il = metal-free stars

e Expected signatures:

o Strong Hell
o  Strong Balmer lines
o No metal lines

e Observational Challenges:

o  Faint signals
o IMF dependence
o Long exposure times

Vanzella et. al. 2023

—_
o

log1o (Flux) (erg s™* cm~

—17.0 -

—17.5 1

—18.0 1

—18.5 1

—19.0 1

Below detection

-19.5

* Representative figure

Detectable

—— Pop III predicted line flux
——- JWST sensitivity

3.0 3.5

4.0

45 5.0 5.5
l0g10 (M. /M)

6.0
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Why

Vanzella et. al.

use Gravitational Lensing?

—17.0 -
rIG‘ —17.5 -
S
O
i)
n —18.0 -
o Detectable
O e e e e e o
5 —18.51 ‘
= Un-Lensed Source
>
L2 —-19.0 1

Below detection —— Pop III predicted line flux
—== JWST sensitivity
_19.5 T T T T T 1
3.0 3.5 4.0 4.5 5.0 5.5 6.0

log10 (M. /M)

28
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Why use Gravitational Lensing?

—17.0 A
S~ —=17.5
u>>1 c
| 9]
O 7 '
F = HF 3 —18.0 Detectable
obs int s .. N
X
5 ~185 Lensed Source
E (Strongly Amplified)
O —19.0
Below detection —— Pop III predicted line flux
——= JWST sensitivity
_195 T T T T T 1
3.0 3.5 4.0 4.5 5.0 5.5 6.0

l0g10(M. /M)

29
Vanzella et. al. 2023



PoP III Candidate: LAP1 (Lensed And Pristine)

Observation: HST + JWST Interpretation: Lensing Geometry

Redshift: z = 6.639

Lensing-corrected mass
—-M<10‘M

Absolute Luminosity
—M_> -11.2

MACS J0146 Galaxy Cluster

30
Vanzella et. al. 2023



LAP1atz=6.639

NIRSpec ca NIRSpec
- - e

No significant stellar-counterpart detected!

31
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Evidence for extremely low metallicity

Vanzella et. al. 2023
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Metallicity Constraint for LAP 1

IZwl8 NW (z=0.003)
Nishigaki23 EMPGs (0.007<z<0.03)
Yangl7b (0.023<z<0.051)
J0811+4730 (2z=0.044)

Yangl7a (0.098<z<0.356)
Izotovl9 (z < 0.133)
Nakajima23 (4<z<9)
Matthee23 (5<z<7)
Rhoads23 (z=8.5)
Curti23 (3<z<10)

(0 0]
(@]
OO0 0 %0 @0X%+00

10.01

12 + log(O/H) < 6.3
Subregion: < 6.0

10.001

5 6 7 8 9 10
log M4 /Mg,
33
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Metallicity Constraint for LAP 1

0.01

10.001

SOLAR CURTI+23

Vanzella et. al. 2023

Gz

12 + log(O/H) < 6.3
Subregion: < 6.0
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What are we actually observing?

Scenario-A: Near-Pristine Star
Formation

e Extremely low metallicity
e young (~few Myr)
o Lack of stellar continuum +

strong Balmer lines

e high ionising efficiency
o Large widths of Balmer lines
— high production rate of
ionizing photons

Vanzella et. al. 2023

* Representative figure
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What are we actually observing?

Scenario-B: Externally Ionized Gas

e Emission not locally produced

e Fluorescence possible

o  Strong Balmer emission Nearby
source

o very faint or absent continuum

* Representative figure

Vanzella et. al. 2023
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What are we actually observing?

Scenario-C: Ionizing Leakage -

" "\ lonizing
o /. \ photons
e Radiation escapes from  nearby |’ ; R
|
region ’ ' R |
g l\ * f /
. . \ * // ~—T
e Induces Balmer emission % p
Region A

* Representative figure

Vanzella et. al. 2023

Region B
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What are we actually observing?

Scenario-C: Ionizing Leakage -

7 X lonizing o
o /. \ photons / : \
e Radiation escapes from  nearby |’ ; T : A \
| ! \
region J - R i _ :
g l‘ * k) / I\ !
. R \ * // S = e SN e T ,,
e Induces Balmer emission X p ? p
Region A Region B

* Representative figure

All scenarios produce similar signatures, the exact origin remains unknown

38
Vanzella et. al. 2023



Chemical Enrichment at Cosmic Dawn

Curti+2023 Vanzella+2023

e 3sourcesatz~76,8 | 12 +log(O/H) < 6.3
o 12+log(O/H)~7-8.2 o Subregion < 6.0

e Strong-line calibrations fail to match : e Extreme Outlier to MZR
observed metallicity i o Nature of LAP 1 is unknown

e Sources deviate from the FMR Consistent with near-pristine gas

e : : o But not a definitive Pop III
o no equilibrium between chemical | detection

enrichment & gas flow

No stellar counterpart detected

Early galaxies are chemically inhomogenous 39



Mass-Metallicity Relation (MZR)

94 FPMARAAC AR
[ ! . | High Mass,
101 : [ - e ‘| High Metal
Fundamental Metallicity Relation (FMR) ool o e
Gas-Phase , ;
7 :f (M*, SFR) Pietallit—:ity
= |
S 8.8
5 8.6:—- L§wer Mass, i
e At fixed mass: - |LowMealic |
o Higher SFR — Lower metallicity B ]
G fl b SFR, dil ] L TG I ... vt
as inflow — boosts SFR, dilutes metals 8 0 1
, Recall from Lec-11 "

Low-z galaxies follow regulated equilibrium between inflow, SF & feedback
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Mass-Metallicity Relation (MZR)

Z increases with M,

(@)

(@)

More massive galaxies retain metals

Deeper potential — less metal loss

Physical Drivers

(@)

(@)

Star Formation efficiency

Gas inflows & Metal outflows

12 + log(O/H)
oo
%
T

8.6-—- Lower Mass, ¢
Low Metallici

8O0L. ot viv v iuy oo e e P e 1o 0 |

-10 -05 00 05 10
12 + log(O/H) Residuals

8 9 10
logM,)

Recall from Lec-11

11

Stellar Mass
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Curti et al., 2023: excitation diagnostics
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Figure 3. in Curti et al., 2023
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Curti et al., 2023: excitation diagnostics
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Curti et al., 2023: ionization parameter

Ly 1 extremely high
_+__‘ ’}‘— values compared to
1.0} i i A ] intermediate-z
3 I i galaxies
+ =
= !
3 |%°F high ionization
8. params. &/
.‘5 0.0F 3
-
g 1arge' LyC escape
S lLosf 1 fraction (f~ 0.1)
-1.0F - ]
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Metallicity 44

Figure 3. in Curti et al., 2023



Curti et al., 2024:

T

9.0} -O- JADES [this work] <>~ (M,,2) bins
-qp— CEERS [Nakajima+23]  —%— GN-z11 [Bunker+23]
- M, bins -$3- EROs [Curti+23]
8.5r

12 +log(O/H)
o
()

3.00 6.00 10.00

7.5r Redshift
%-I- 0@ ) )
© & 8- &
7.0k m— SDSS [2~0.08] (Curti+20) m— WST/GLASS [z~3] (Li+22)
' MOSDEF [z~2.3] (Sanders+21) = JWST full sample [z~3-10] (this work)
m— MOSDEF [z~3.3] (Sanders+21)
7 8 9 10 11
log(M*/M@)

More metal poor than
local galaxies of same
mass and SFR

Offset grows with
redshift

No smooth equilibrium
between gas accretion,
star formation and
erichment at this
redshifts!
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