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JWST Spectrum of a high-z galaxy

Large samples of observed galaxy spectra over time

How can we make sense of what we see, i.e. how can we infer redshift and 
physical galaxy properties from spectra?

Photons

Observed galaxy spectra
Stars

ISM : gas 
+ dust

SMBH



Model galaxy spectra with emission lines
Source of ionising radiation (e.g., 
young massive stars, accreting BH)

Transmitted spectrum with 
emission lines from HII regions

e.g., Gutkin+17, Plat+19
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Transmission through gas cloud 
with photo-ionisation code (e.g., 

Cloudy)
Emission lines:

recombination & 
collisionally excited


Emission-lines can be used to characterise the ionizing source and the gas properties :


• HII regions: information on SFR, gas metallicity, gas density, gas temperature, dust, type of ionising source 

• Ionised regions around BHs: information on BH mass, gas accretion rate, gas metallicity, gas density, gas 

temperature, type of ionising source
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Components of spectra: stellar radiation & HII regions

• Large model grid with free parameters being: SFH, age and stellar mass, stellar metallicity, upper 
mass cutoff of the IMF, gas density, gas metallicity, ionisation parameter, dust-to-metal-mass 
ratio, element abundances such as C/O or N/O, LyC escape fraction etc.



Components of spectra: AGN

• Large model grid with free parameters being: BH mass, BH 
accretion rate, gas density, gas metallicity, ionisation parameter, 
dust-to-metal-mass ratio, element abundances such as C/O or 
N/O

AGN continuum from theoretical 
models, such as Kubota &Done’18

Transmission through gas cloud 
with photo-ionisation code (e.g., 

Cloudy)
Transmitted spectrum with 

narrow & broad emission lines

Narrow line region

Broad line region

e.g., Feltre+17

e.g., Plat+26 in prep.
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Example of application : find the seeds of SMBH
• Can we actually observe the BH seeds with JWST ?  
• Can we infer accurate BH mass and Eddington ratio in high z AGN from IMBH and SMBH ?  
• Can we find signatures to differentiate the different types of BH seeds at high redshift ? How to distinguish 

between different sources of ionization in high z galaxies, including pop II and pop III ?
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Bolometric correction used to estimates accretion luminosity depend on BH mass, Fedd, covering factor of 
the BLR, gas column density of the BLR … etc which may be very different at high redshift compared to 
relations calibrated at low redshift

BLR models

Estimates AGN 
accretion luminosity



Example of application : find the seeds of SMBH
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• SF component : 
C&B stellar population 
(Gutkin+16)
constant SF at 3Myr and 
10Myr
Z : 0.0001 to 0.060

• Pop III :
GALSEVN (Lecroq+25)
SSP from 0yr to 40Myr
 Z_ISM = 1e-11, 1e-4

• AGN NLR IMBH & 
SMBH :

Kubota & Done SED
MBH : 10^6 to 10^9 Mo
Z : 0.0001 to 0.060

• AGN NLR BH seeds :
 Z <0.001
MBH : 10^3 to 10^5 Mo

Kewley+01

Kaufmann+03
AGN

SF

Z
U



Example of application : find the seeds of SMBH
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Some diagrams work a bit better to separate AGN emission from star-forming emission

But lots of degeneracy (U, Z, C/O, N/O, nh ...) prevent identification of BH seeds using single diagnostic 
diagram for type II AGN → use multiple emission lines / diagnostics at once

shirazi & brinchmann 12



• Alternative: Couple model spectra with emission lines to galaxies from cosmological 
simulations (line-emitting regions unresolved) by matching free parameters (e.g., 
Hirschmann+17, 19, 23)


• Reduces free parameters space to physically motivated combinations at given cosmic time

Emission line properties of simulated galaxies 
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Plat, MH+26; MH+26

Estimation of BH accretion rate

Emission-line diagnostics for high-redshift AGN and NLR 3

Figure 1. Add HeII4686 line, NeIV and NeV lines. –¿ 4x3 figure.

– Add Ne5C3 and Ne4C3

6 EMISSION-LINE CENSUS AND SELECTION
BIAS OF HIGH-REDSHIFT AGN AND BH
POPULATIONS

– OIII, HeII and CIV (more??) lum functions for active
galaxies –> no, statistics is not very good.

– Number counts, and selection bias, similar plot as in
first paper, but without SF galaxies and for di↵erent LAGN
bins (40-42, 42-45, >45) FIG 3

–Number counts vs z, LAGN vs MBH, MBH vs
Mstellar, LAGN vs SFR (indicate total and observable BH
populations) FIG 4, 5, FIG 6

7 EMISSION-LINE DIAGNOSTICS FOR NLR
PROPERTIES OF HIGH-REDSHIFT AGN
POPULATIONS

–line-ratio - ZNLR scaling FIG 7

–line-ratio - logU scaling –¿ doesn’t make sense at high
z, as logU are generally between -2 and -1, no relation
feasible.

8 DISCUSSION

8.1 Caveats of our modelling approach

Even if our modelling approach to identify metallicity diag-
nostics for high-redshift galaxies attempts to alleviate some
drawbacks of the direct-Te method and of the large grids
of photo-ionisation models described in Section ??, also the
emission-line catalogues of IllustrisTNG galaxies used in our
study may be a↵ected by several caveats related to cur-
rent photoionization models, modern cosmological simula-

MNRAS 000, 1–6 (2002)

narrow HeII1640

Identification of accreting BHs
broad HeII1640

Star-formation dominated 

Composite

Black-hole-accretion dominated

time = 0.7 - 1.5 Gyr after BB



Estimate physical properties from observed spectra using Bayesian inference

• Fit observed spectra with spectral models through statistical 
bayesian inference 


—> probability distribution for different free model 
parameters


• E.g., BEAGLE-AGN (Chevallard&Charlot 2017, Vidal-
Garcia+25), Bagpipes (Carnall+), Prospector (Johnson+21), 
Cigale (Burgarella+)…


• Can greatly suffer from degeneracies between model 
parameters

Vidal-Garcia, Plat, .. MH+25 10



Summary and outlook
• Extensive library of ca 2 million spectra with emission lines (optical and UV)


• for star-forming galaxies


• for broad-line and narrow-line AGN


• Can be used to interpret galaxy spectra and infer physical properties


• Using line ratio diagnostic diagrams (can be coupled to cosmological galaxy simulations 
to reduce parameter space)


• Bayesian statistical fitting codes


• Assess “new" ways to interpret galaxy spectra with ML/AI techniques


• Can we find new emission-line diagnostics to identify low mass BH at high z ?


• Use AI to infer galaxy physical properties such as stellar age, metallicity, AGN fraction, 
… etc 
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Back-up slides
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What are HII regions?
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Production and escape of ionizing photons
Modeling approach

Interstellar-line absorption in stellar birth clouds (HII+HI) using the 
prescription of Vidal-García+17.

❀ Stellar population synthesis codes: 
• GALAXEV (Bruzual&Charlot03, 2019 version): single stars
• BPASS (Stanway&Eldridge18, 2019 version): single and binary stars

➽ Stellar parameters : 
• metallicity Z = 0.0005, 0.002, 0.008 (Z⦿ = 0.01524)
• Chabrier IMF with upper mass cutoff mup= 100, 300 and 600 M⦿

❀ Photoionization code CLOUDY (Ferland+17)
➽ Nebular parameters :

• Interstellar (gas- + dust-phase) metallicity: same as that of the stars
• Hydrogen gas density nH = 100 and 1000 cm-3

• Zero-age volume-averaged ionisation parameter log ⟨U⟩ = −3, −2 and −1 
• Dust-to-metal mass ratio #d = 0.1 and 0.3
• Carbon to oxygen abundance ratio C/O = 0.17 and 0.44 (solar)

Emission from an HII region (see Gutkin+16):

15
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Production and escape of ionizing photons
Modeling approach

The production of ionizing radiation by young stellar populations

❀	Main-sequence	OB stars:
Massive stars are hotter than lower-mass ones. 
Metals increase atmosphere opacity, resulting in lower Teff. 

❀	Wolf-Rayet (WR) stars:
Hot massive stars, which have lost their hydrogen envelopes.
More WR stars at high Z because of higher mass-loss rate 
caused by line driven winds, but they produce a softer ionizing 
radiation.

❀	Binary interactions:

stellar winds

Stripped star 
loosing its envelope

Rejuvenated accreting star,
with quasi chemically 
homogeneous evolution at low Z 

+ mergers.

Emission from accretion disc:
X-Ray binary 14
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Production and escape of ionizing photons
Modeling approach

Escape of ionizing radiation: density-bounded models 

In density-bounded models, peeling off the HII region makes:
      ➽ fesc larger;
      ➽ line EWs decrease (except for lines from high ionization species);
      ➽ line ratios of low-to-high ionization species decrease. 16
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Large samples of observed galaxy spectra over time

• Current and future observatories 
(DESI, Euclid, 4MOST) collect large 
amounts of galaxy spectra out to 
earliest cosmic epochs


• DESI: ~30 million galaxy over its 5-
year survey (DR1: 13 million)


• How can we make sense of what we 
see, i.e. how can we infer redshift 
and physical galaxy properties from 
spectra?

DESI Spectra

JWST Spectrum of a high-z galaxy
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Components of spectra: emission lines

• On top of continuum: Optical and UV emission lines emerging from warm gas 
ionised by UV radiation of accreting black holes (BHs) and young star clusters


• HII regions: information on SFR, gas metallicity, gas density, gas temperature, 
dust, type of ionising source 


• Ionised regions around BHs: information on BH mass, gas accretion rate, gas 
metallicity, gas density, gas temperature, type of ionising source

NIR image 

700 million years after BB Balmer Series
H𝛃

Hα

H𝛃
[OIII]4960
+5007

[OII]3727 [OIII]4363

H𝜸H𝜹

[NeIII]3868

H83888
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Components of spectra: stellar continuum
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• Stellar continuum: superposition of 
spectra of individual stars (mainly optical, 
UV and NIR)


• Stellar population synthesis models (e.g. 
Bruzual and Charlot 2003): 


• combine initial mass function with 
evolution models of stars and 
convolve that with SFR and chemical 
enrichment history


• Information on stellar mass, SFR, mean 
stellar Z and mean age



Model galaxy spectra with emission lines

• Modelling nebular continuum and lines is complex, using basic atomic physics for ionisation 
and excitation of atoms and ions.


• Large model grid with free parameters being: SFR, gas density, gas metallicity, ionisation 
parameter, dust-to-metal-mass ratio, element abundances such as C/O or N/O, LyC escape 
fraction etc.

Stellar continuum from SSP models Transmitted spectrum with 
emission lines from HII regions

e.g., Gutkin+17, Plat+19
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Transmission through gas cloud 
with photo-ionisation code (e.g., 

Cloudy)



Estimate physical properties from observed spectra
• Alternative: Couple model spectra with emission lines to galaxies from cosmological 

simulations (line-emitting regions unresolved) by matching free parameters

• Reduces free parameters space to physically motivated combinations at given cosmic time

MH+17/19/23a/b/in prep; 
Ceverino, MH+21; Scharre, 

MH+24

AGN HII region

ShocksEvolved stars

• Our method: only one following line emission from accretion BHs, evolved stars and fast 
radiative shocks

Cosmological simulation of a galaxy

25



Emission line properties of simulated galaxies 
Predicted emission-line properties validated against observations of nearby galaxies

Number counts of emission-line galaxies

MH+23a, Scharre,MH+24; 

see also Zhai+19, Izquierdo-Villalba, Shen+20

BPT diagrams

MH+17/19/23a

Relations between line-ratios and SFR, metallicity

Scharre, MH+24

MH+23b

•Method applied to different cosmological 
simulations (e.g., MISTRAL, IllustrisTNG, Colibre) 
and models (e.g., GAEA & SC semi-analytic model)


⟹ To date, largest emission-line catalogues of 
100.000s of simulated galaxies over cosmic time
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Interpreting high-z galaxy spectra from JWST
Detectability & identification of accreting black holes and estimation of their properties

Plat, MH+26; MH+26

Estimation of BH accretion rate

Emission-line diagnostics for high-redshift AGN and NLR 3

Figure 1. Add HeII4686 line, NeIV and NeV lines. –¿ 4x3 figure.

– Add Ne5C3 and Ne4C3

6 EMISSION-LINE CENSUS AND SELECTION
BIAS OF HIGH-REDSHIFT AGN AND BH
POPULATIONS

– OIII, HeII and CIV (more??) lum functions for active
galaxies –> no, statistics is not very good.

– Number counts, and selection bias, similar plot as in
first paper, but without SF galaxies and for di↵erent LAGN
bins (40-42, 42-45, >45) FIG 3

–Number counts vs z, LAGN vs MBH, MBH vs
Mstellar, LAGN vs SFR (indicate total and observable BH
populations) FIG 4, 5, FIG 6

7 EMISSION-LINE DIAGNOSTICS FOR NLR
PROPERTIES OF HIGH-REDSHIFT AGN
POPULATIONS

–line-ratio - ZNLR scaling FIG 7

–line-ratio - logU scaling –¿ doesn’t make sense at high
z, as logU are generally between -2 and -1, no relation
feasible.

8 DISCUSSION

8.1 Caveats of our modelling approach

Even if our modelling approach to identify metallicity diag-
nostics for high-redshift galaxies attempts to alleviate some
drawbacks of the direct-Te method and of the large grids
of photo-ionisation models described in Section ??, also the
emission-line catalogues of IllustrisTNG galaxies used in our
study may be a↵ected by several caveats related to cur-
rent photoionization models, modern cosmological simula-

MNRAS 000, 1–6 (2002)

narrow HeII1640

Identification of accreting BHs
broad HeII1640

Star-formation dominated 

Composite

Black-hole-accretion dominated

time = 0.7 - 1.5 Gyr after BB
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Interpreting high-z galaxy spectra from JWST

• Line-ratio-Z relations predicted to evolve with redshift consistent with first direct-T estimates from JWST 
(Curti+23, Sanders+23, Laseter+23)


• Red lines: Predicted metallicity calibrations for galaxies at z>4, can be used by observers

Line-ratio-Metallicity calibrations over cosmic time 7

Figure 2. Average strong emission-line ratios, as in Fig. 1, plotted versus interstellar oxygen abundance of all galaxies in the TNG100
(solid lines) and the TNG50 (dashed lines) simulation at different redshifts (different colors: lila: z = 0, dark blue: z = 2, light blue:
z = 4, turquoise: z = 5, green: z = 6, yellow: z = 7− 8). As an example for the dispersion of the line ratios, the 1-σ scatter is shown for
TNG100 galaxies at z=0 (lila shaded area). Additionally overplotted is the best fit to the line-ratio-(log(O/H)+12) relation for galaxies
at z = 4− 8 (thick, solid red line).

tion parameter (except for N2O2 and NOS2), and (ii) the
increase of the ionisation parameter for higher-redshift sim-
ulated galaxies (governed by their higher SFRs and higher
gas densities, see Hirschmann et al. 2022).

To visualise the secondary dependence of strong line ra-
tios on the ionisation parameter, Fig. 3 shows N2O2, N2S2,
N2, S2, and R2 (different colored lines in the top row) as well
as R3, R23, RS23, O3N2, O32, and O3S2 (different colored
lines in the bottom row) versus the ionisation parameter at
two different Oxygen abundances, 8.0 < log(OH)+12 < 8.3
(left column) and 8.8 < log(OH)+12 < 9.1 (right column).
N2O2 and N2S2 show no residual dependence on the ioni-
sation parameter at a given metallicity due to similar ioni-
sation and excitation potential of the ions in nominator and
denominator, explaining why related scalings with metallic-
ity are hardly evolving with redshift (first and second panel
in the top row of Fig. 2). In contrast, N2, S2, and R2 are de-
creasing with raising ionisation parameter, due to a higher

probability for high-ionisation states of Nitrogen, Sulfur and
Oxygen at the expenses of low-ionisation states. Instead, the
ratios O3N2, O32, O3S2, R3, R23 and RS32 increase with in-
creasing ionisation parameter at fixed metallicity bin, since
a higher ionisation parameters leads to a higher probabil-
ity of producing doubly ionised Oxygen O++ resulting in
a stronger [O iii]λ5007 luminosity. Overall, the metallicity-
ionisation parameter degeneracy together with the increase
of the average ionisation parameter of simulated galaxies
from low to high redshift, explains the redshift evolution of
the line-ratio-metallicity scalings shown in Fig. 2.

Turning to redshifts above z ! 4, the line-ratio-
metallicity relations hardly evolve any further towards ear-
lier cosmic time (light blue, green, yellow and orange lines in
Fig. 2). Comparing these relations with the JWST data of
(Curti et al. 2022, for three galaxies at z = 7− 8.5) reveals
for R23 a perfect agreement. Instead, for each of the O32-
, R3- and R2-line ratios, only one of the observed galaxies

MNRAS 000, 1–14 (2002)

Line-ratio-Metallicity calibrations over cosmic time 7

Figure 2. Average strong emission-line ratios, as in Fig. 1, plotted versus interstellar oxygen abundance of all galaxies in the TNG100
(solid lines) and the TNG50 (dashed lines) simulation at different redshifts (different colors: lila: z = 0, dark blue: z = 2, light blue:
z = 4, turquoise: z = 5, green: z = 6, yellow: z = 7− 8). As an example for the dispersion of the line ratios, the 1-σ scatter is shown for
TNG100 galaxies at z=0 (lila shaded area). Additionally overplotted is the best fit to the line-ratio-(log(O/H)+12) relation for galaxies
at z = 4− 8 (thick, solid red line).

tion parameter (except for N2O2 and NOS2), and (ii) the
increase of the ionisation parameter for higher-redshift sim-
ulated galaxies (governed by their higher SFRs and higher
gas densities, see Hirschmann et al. 2022).

To visualise the secondary dependence of strong line ra-
tios on the ionisation parameter, Fig. 3 shows N2O2, N2S2,
N2, S2, and R2 (different colored lines in the top row) as well
as R3, R23, RS23, O3N2, O32, and O3S2 (different colored
lines in the bottom row) versus the ionisation parameter at
two different Oxygen abundances, 8.0 < log(OH)+12 < 8.3
(left column) and 8.8 < log(OH)+12 < 9.1 (right column).
N2O2 and N2S2 show no residual dependence on the ioni-
sation parameter at a given metallicity due to similar ioni-
sation and excitation potential of the ions in nominator and
denominator, explaining why related scalings with metallic-
ity are hardly evolving with redshift (first and second panel
in the top row of Fig. 2). In contrast, N2, S2, and R2 are de-
creasing with raising ionisation parameter, due to a higher

probability for high-ionisation states of Nitrogen, Sulfur and
Oxygen at the expenses of low-ionisation states. Instead, the
ratios O3N2, O32, O3S2, R3, R23 and RS32 increase with in-
creasing ionisation parameter at fixed metallicity bin, since
a higher ionisation parameters leads to a higher probabil-
ity of producing doubly ionised Oxygen O++ resulting in
a stronger [O iii]λ5007 luminosity. Overall, the metallicity-
ionisation parameter degeneracy together with the increase
of the average ionisation parameter of simulated galaxies
from low to high redshift, explains the redshift evolution of
the line-ratio-metallicity scalings shown in Fig. 2.

Turning to redshifts above z ! 4, the line-ratio-
metallicity relations hardly evolve any further towards ear-
lier cosmic time (light blue, green, yellow and orange lines in
Fig. 2). Comparing these relations with the JWST data of
(Curti et al. 2022, for three galaxies at z = 7− 8.5) reveals
for R23 a perfect agreement. Instead, for each of the O32-
, R3- and R2-line ratios, only one of the observed galaxies

MNRAS 000, 1–14 (2002)

MH, Charlot & 

Somerville+23b

Identification of metallicity diagnostics for high-z galaxy spectra to estimate gas metallicities
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