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THE NISER-IUCAA NEW SIMULATIONS OF 
JWST GALAXIES AND QUASARS(NINJA)

• Galaxy evolution (including size evolution, metal enrichment history, standard 
relationships: BH mass vs Stellar Mass, Galactic Main-sequence, Mass-metallicity 
relations) and role played by the feedback. 

• SMBH evolution and its contribution to the ionising and GW background.  
Understanding the “little red dots”.  The main issue is volume vs resolution. 

• IGM and CGM evolution: How they are linked to the feedback process in galaxies. 

• Cosmic reionization: Understanding the epoch of reionisation and effect on galaxy 
and BH growth. 

• Galaxy merger history and large scale clustering.
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RADIATION FIELD AND SELF-SHIELDING:

EXAMPLE OF TREECOOL FILE
# log(1+z)  g_HI      g_HeI     g_HeII    q_HI      q_HeI     q_HeII

0E+00 1.02E-13 4.5E-14 1.2E-15 6.5E-26 2.1E-26 5.4E-28

1E-01 1.15E-13 5.1E-14 1.45E-15 7.2E-26 2.4E-26 6.8E-28

...

1E+00 9.5E-12 4.2E-12 1.1E-13 5.8E-24 1.9E-24 4.2E-26

• Option 1:  Uniform background with <x(HI)> is the filling factor. 

• Option 2:  Two phase (ionised regions + neutral islands) 

• Option 3:  Hybrid model with post-processing for deionisation at each step. 

• Option 4:  Full radiative transport.



STAR FORMATION: 
Density evolution Energy evolution

(Springel & Hernquist, 2003, MNRAS, 339, 289)



STAR FORMATION:



STAR FORMATION: (Springel & Hernquist, 2003, MNRAS, 339, 289)

• Self regulated conditions - Energy input from the SNe explosions is equal to the gas 
cooling rate. 

• Evolution of cold gas mass fraction (x). 

•  

•  with  

• A new star particle is released when a random generated between 0 and 1 falls below 
.

·M* = (1 − β)xm/t*

P* =
m
m* {1 −

exp(1 − β)xΔt
t* } m* = m0/Ng

P*



STAR FORMATION:



SUPERNOVAE WINDS AND STELLAR 
FEEDBACK

with vw = κwσ

• Velocity dispersion is calculated locally.  
This was shown to be proportional to 
halo velocity dispersion.  

• Wind particles do not experience or 
produce pressure forces, nor may they 
be accreted on to the blackholes. 

• They do receive mass return, cool and 
contribute to the density estimates.

(Okamoto et al 2010; Vogelsberger et al. 2013)

353,250,185 km/s 
3.7,1.85,7.4

σ0 =
κW =



SUPERNOVAE WINDS AND STELLAR 
FEEDBACK



METAL YIELDS:

•  is the stellar recycling fraction  is the total fraction of mass that is 
recycled into the ISM during the entire life-time of the star of mass m. 

•  is the yield (SNe for very massive stars + AGB for intermediate mass stars) 

• H, He, C, N, O, Ne, Mg, Si and Fe are tracked. Total metallicity is also tracked 
separately.

frec(m, Z)

Yi



BLACK HOLES:



BLACK HOLES: FEEDBACK
At high accretion state. At low accretion state (kinetic feedback)



NINJA: GAS FLOW IN THE COSMIC TIME



THE NISER-IUCAA NEW SIMULATIONS OF 
JWST GALAXIES AND QUASARS(NINJA)



NINJA: MULTICOMPONENT DISTRIBUTION



DM VS STELLAR MASS RELATIONSHIP & 
STELLAR MASS FUNCTION



DM VS STELLAR MASS RELATIONSHIP & 
STELLAR MASS FUNCTION



MORE RELATIONS!



BLACKHOLE MASS FUNCTION AT Z = 0

Magare et al. 2025, arxiv



LIGHT GENERATION



SSP EVOLUTION
• Salpeter IMF. 

• 106 M⨀ single burst. 

• Z = 1/20 Z⊙. 

• “STARBURST99” 

• Metal l ic i ty, Binary 
fraction, IMF, mass 
cut-offs will affect the 
computed spectrum.



LIGHT GENERATION - IMF

• Brightness in UV depends on 
fraction of massive stars formed 
for a given star formation rate. 

• IMF is also used for metal 
production and SNe feedback 
(our default is Chabrier IMF).



LIGHT GENERATION: NEBULAR EMISSION

• Since expected HII region size is very small compared to our spatial 
resolution this is usually modelled as sub-grid physics using cloudy. 

• Parameters are : density, covering factor, matter/radiation bound assumption.



NEED FOR DUST EXTINCTION

Bird et al., 2022, MNRAS, 512, 3703



DUST ABUNDANCE

• N(H)/A_V = 3.25 x 10^21 (LMC) 

• N(H)/A_V  = 7.40 x 10^21 (SMC-wing) 

• N(H)/A_V  = 13.18 x 10^21 (SMC-core)



DUST TO GAS AS A FUNCTION OF 
METALLICITY

Rémy-Ruyer et al. 2014, A&A,563, A31 Galliano et al. 2021, A&A, 649, A18



EXTINCTION CURVE

• UV spectral slope 

• LF at different wavelengths



DUST ABUNDANCE

For stars younger than 20 Myr

Emission lines will see different Av



SPECTRUM AFTER DUST REDDENING



EXTINCTION: BALMER DECREMENT
FH↵ = F 0

H↵
exp(�⌧6563)

FH� = F 0
H�

exp(�⌧4863)

FH↵

FH�

= F
0
H↵

F
0
H�

exp(�⌧6563 + ⌧4863)

where F
0
H↵

F
0
H�

= 2.86 for case-B recombination at T = 104 K.

⌧� comes from an assumed extinction curve and E(B-V) values.

760 B. Argence and F. Lamareille: Emission-lines calibrations of the star formation rate from the Sloan Digital Sky Survey

As shown by Kewley et al. (2004), the calibration of the
SFR versus the [OII]λ3727 luminosity is not only more affected
by dust attenuation, but it also depends on metallicity, since in-
terstellar medium with higher gas-phase metallicities produces
fewer [OII]λ3727 photons because of increased oxygen cooling.
Starting from this result, they have derived new calibrations of
the SFR versus [OII]λ3727 luminosity, which take the metallic-
ity into account. The idea was to calibrate the [OII]λ3727/Hα
emission-line ratio versus the metallicity, and then to use it to
recover the SFR from the Hα luminosity, itself derived from
the [OII]λ3727 luminosity. The dependence on the metallicity
of the [OII]λ3727/Hα emission-line ratio, or more generally the
[OII]λ3727 based SFR calibrations, has been later confirmed
by Mouhcine et al. (2005) and Bicker & Fritze-v. Alvensleben
(2005).

Recently, Moustakas et al. (2006) and Weiner et al. (2007)
have derived a new calibration of the SFR of galaxies versus
[OII]λ3727 luminosity. They deal with the effect of the metal-
licity with a slightly different approach, by parametrizing their
calibration in terms of the B-band luminosity, which can be
used as a rough metallicity indicator because of the metallicity-
luminosity relation (Lequeux et al. 1979; Skillman et al. 1989;
Richer & McCall 1995; Lamareille et al. 2004; Tremonti et al.
2004; Lamareille et al. 2006).

We point out that these previous studies base their new cali-
brations on either a direct estimate or a secondary indicator (e.g.
rest-frame luminosity) of the metallicity, which in both cases suf-
fers from intrinsic uncertainties and degeneracies (see Kewley
& Ellison 2008, for a detailed discussion of the uncertainties
of metallicity calibrations, or Lamareille et al. 2004, for a dis-
cussion of the dispersion of the luminosity-metallicity relation).
Moreover, some of these previous works also assume that the
dust attenuation is known, whereas it is difficult to estimate this
quantity when the Hα emission line is not measured (which is the
case when one wants to use [OII]λ3727 instead to derive SFR).

The paper is organized as follows. We first present the sam-
ple we used and the selection we applied to it (Sect. 2), and then
we calibrate the SFR as a function of emission-line luminosities
when a correction for dust attenuation is available (Sect. 3), or
when it is not available (Sect. 4). We finally draw some conclu-
sions (Sect. 5).

2. Description of the sample

The physical properties of a total of 567 486 galaxy spectra
inside SDSS Data Release 4 (DR4, Adelman-McCarthy et al.
2006) have been made publicy available on the following web-
site: http://www.mpa-garching.mpg.de/SDSS/. Taking ad-
vantage of this huge amount of data, we made a subcatalog with
the SFR, the emission-line measurements, the spectral classifica-
tion, and the metallicities of a subsample of galaxies. The selec-
tion will be described later in this section after we first describe,
for the benefit of the reader, the main ingredients of the methods
used to derive the physical parameters.

2.1. Physical properties

The spectral properties of SDSS galaxies have been measured
with “platefit” software by Tremonti et al. (2004). For each spec-
trum, they carefully subtract the stellar continuum and absorp-
tion lines by fitting a linear combination of single stellar popula-
tion models of different ages (Bruzual & Charlot 2003). Then
they fit all emission lines at the same time as a unique neb-
ular spectrum in which each line is modeled by a Gaussian.

Thanks to subtracting of the stellar component, Balmer emis-
sion lines are automatically corrected for underlying absorption.
The [OII]λ3727 line that we use in this study is the sum of two
Gaussians of the same width modeling the [OII]λλ3726,3729
doublet. The AGN classification is based on the [OIII]λ5007/Hβ
vs. [NII]λ6584/Hα emission-line diagnostic diagram and has
been performed by Kauffmann et al. (2003a).

The SFR and gas-phase oxygen abundances were com-
puted from emission-lines fluxes using the Charlot & Longhetti
(2001, hereafter CL01) method by Brinchmann et al. (2004)
and Tremonti et al. (2004), respectively. This method compares
all emission-lines fluxes together to a set of theoretical nebular
spectra, which are modeled with five parameters: the metallicity,
the ionization degree, the dust-to-metal ratio, the dust attenua-
tion, and the SFR efficiency factor. For each galaxy, one esti-
mate of each observed parameter is computed with a Bayesian
approach (see Brinchmann et al. 2004, for more details). We
note that the SFRs are computed assuming the Kroupa (2001)
initial mass function (IMF). One may scale the SFR estimates
discussed in this paper to the Salpeter (1955) IMF by multiply-
ing them by a factor 1.5 (or by adding 0.176 dex to their loga-
rithm) and to the Chabrier (2003) IMF by multiplying them by a
factor 0.88 (or by subtracting 0.056 dex to their logarithm). The
CL01 SFR will be used as the reference SFR throughout this
study.

We computed the luminosity L of each line starting from
its measured flux F, and the redshift z of the galaxy, using the
equation

L = 4π
(

c
H0
· (1 + z) ·

∫ z

0 f (z′)−1/2dz′
)2 × F

f (z′) = (1 + z′)2(1 +Ωmz′) −ΩΛz′(2 + z′).
(1)

The luminosities were calculated with the same cosmology
based on WMAP results (Spergel et al. 2003) as the one
used by Brinchmann et al. (2004) to estimate the SFR: H0 =
70 km s−1 Mpc−1, ΩΛ = 0.7, and Ωm = 0.3. All the calibrations
provided in this study are independent of the cosmology. They
indeed compare SFR and emission-line luminosities which are
affected in the same way by the distance modulus.

Finally, we have cross-matched this catalog with the VAGC
catalog (Blanton et al. 2005) to get the k-corrected absolute mag-
nitudes which are used in this study. The absolute magnitude in
the B-band is derived from SDSS u′- and g′-bands using Eq. (1)
of Moustakas et al. (2006).

2.2. Dust attenuation

We use the following notations in this work: the observed flux
of the three emission lines used in this study are designated by
the name of the line: Hα, Hβ, and [OII] (stands for [OII]λ3727).
The intrinsic flux corrected for dust attenuation is designated
by a superscript i: Hαi, Hβi, and [OII]i. The attenuation law is
designed by the function τ(λ), and the effective dust attenua-
tion in V-band by the symbol τV . For simplification purposes,
we also note: τ(V) = τ(5500 Å) (V-band), τ(β) = τ(4861 Å),
τ(α) = τ(6563 Å), and τ(Oii) = τ(3727 Å). The intrinsic flux
f i
λ(λ) at any wavelength λ as a function of the observed flux fλ(λ)

is given by the following equation:

f i
λ(λ) = fλ(λ) · exp

(
τV

τ(V)
· τ(λ)

)
. (2)

B. Argence and F. Lamareille: Emission-lines calibrations of the star formation rate from the Sloan Digital Sky Survey 761

We computed the dust attenuation by comparing the observed
to the intrinsic Hα/Hβ emission-line ratios, using the following
equation:

τBalmer
V =

ln(Hα/Hβ) − ln(Hαi/Hβi)
τ(β) − τ(α)

· τ(V). (3)

In the following work, we use the standard case B recombination
ratio (hereafter standard intrinsic Balmer ratio): Hαi/Hβi = 2.85
(Osterbrock 1989) and the Charlot & Fall (2000) mean atten-
uation curve: τ(λ) ∝ λ−0.7. The choice of this curve is made
to be consistent with the setup used to compute the SFRs in the
SDSS DR4 data (the SFR is computed self-consistently with cor-
rection for dust attenuation).

The dust attenuation recovered with an assumed constant in-
trinsic Balmer ratio (τBalmer

V ) does not take the variations in this
ratio into account with other physical parameters (e.g. metallic-
ity). We thus also use the true dust attenuation recovered with
CL01 models by Brinchmann et al. (2004). We designate it by
the symbol τCL01

V . The intrinsic flux corrected for dust attenua-
tion using this parameter is designated by a superscript iC: HαiC,
HβiC, and [OII]iC.

Finally, another way to estimate the dust attenuation is to
compare the observed colors of the galaxies to a library of
stellar-population synthesis models (hereafter SED-fitting). This
work has been carried on with Bruzual & Charlot (2003) mod-
els of SDSS galaxies by Kauffmann et al. (2003b), who provide
an estimate of the continuum attenuation in the z-band (Az) with
Charlot & Fall (2000) attenuation curve. It is straightforward to
convert the Az parameter to τV using the following formula:

τSED
V =

Az

1.086
·
(

5500
8800

)−0.7

· 1
A⋆/Ag

· (4)

The 1.086 factor is the conversion from magnitudes to opacities
and A⋆/Ag is the mean ratio between the dust attenuation affect-
ing stars (which dominate the colors of the galaxies) and the one
affecting gas. The dust attenuation estimated from SED-fitting is
characterized by a high uncertainty but might be used in a statis-
tical way.

2.3. Sample selection

Thanks to the spectral classification provided by Kauffmann
et al. (2003a), we selected only star-forming galaxies and re-
moved all AGN from our sample. In the whole study, we also re-
moved all galaxies for which Hα and Hβ emission lines (used for
estimating the dust attenuation) are not measured with a signal-
to-noise ratio of at least 5. We apply the same selection to the
[OII] emission line in order to derive the calibrations in which
this line is involved. The signal-to-noise ratios have been cor-
rected according to the values provided in the SDSS/MPA web-
site (based on the analysis of duplicated observations): they have
been divided by 2.473 for Hα line, 1.882 for Hβ line and 2.199
for [OII] line. We also kept only galaxies with an available esti-
mate of τCL01

V . This selection was applied to remove a number of
spectra with unreliable flux measurements. A number of objects
may show a negative τBalmer

V estimate. This is due to statistical
variations around the wrong assumption of a constant intrinsic
Balmer ratio: these objects do not have to be removed.

Finally, some objects in the SDSS DR4 catalog were ob-
served twice or more. We decided to keep only one observa-
tion of each duplicated galaxy by selecting the one with the
best signal-to-noise ratio on the Hα emission line. We end up

Fig. 1. This plot shows the histogram of the dust attenuation (left) or
of the gas-phase oxygen abundance (right), both estimated with the
CL01 method, for the starforming galaxies in the SDSS DR4 data. The
solid vertical line shows the mean value of the distribution, and
the dashed vertical lines the 1-σ tails. The values are given in the plot.
The two dotted histograms show the distribution of our two subsamples
(see text for details).

with 123 713 and 84 733 starforming galaxies for Hα-based and
[OII]-based studies, respectively.

All the parameters used in this study (SFR, metallicity, dust
attenuation) are the median estimates.

2.4. Properties of the studied sample

Figure 1 (left) shows the distribution of the effective dust atten-
uation in the V-band (estimated with the CL01 method) in the
sample we have obtained. The mean value is 1.21 and the disper-
sion is 0.637. We note that these values are only obtained with
the selection of Hα and Hβ lines. The new mean and dispersion
when we add the selection of the [OII] line are 1.10 and 0.547,
respectively. Figure 1 (right) shows the distribution of the gas-
phase oxygen abundance in the same sample (for objects with
an available measurement of this parameter). The mean value is
8.89 with a dispersion of 0.24. An 8.88 mean value with a dis-
persion of 0.21 if the selection on the [OII] line is applied.

Figure 1 also shows the distributions of four subsamples (two
in each panel). These subsamples were randomly selected from
the main sample, forcing their mean values to be closest as pos-
sible to the mean value of the main sample plus or minus its
dispersion, and their dispersion to be half the dispersion of the
main sample. We end up with four subsamples: low dust attenua-
tion, high dust attenuation, low metallicity, and high metallicity.
They will be used to test the calibrations on samples with differ-
ent dust properties.

3. SFR calibration with an available dust estimate

We present in this section emission-line calibrations of the SFR
based on data already corrected for dust attenuation. We first fo-
cus in Sect. 3.2 on data with dust attenuation estimated from
the Balmer decrement, which is the common case in the litera-
ture. We then study in Sect. 3.3 the different calibrations we ob-
tained when using the dust attenuation estimated from the CL01
method or SED-fitting.



UVLF AT Z>5: OBSERVATIONS AND 
PREDICTIONS OF NINJA



UVLF AT Z>5: OTHER SIMULATIONS AND 
NINJA



JWST:  CLUSTERING OF HIGH-Z GALAXIES

Dalmasso et al. 2026, MNRAS,546, 1

ANIRBAN



JWST DAMPING WINGS

What is the relative contribution of ISM, CGM and IGM to the damping wing?



COSMIC REIONISATION

ANIRBAN, PRAKASH AND TIRTH



GALAXY SIZE EVOLUTIONAllen, N., et al.: A&A, 698, A30 (2025)

Fig. 3. Rest-optical size–mass relation across four redshift bins: 3  z < 4, 4  z < 5, 5  z < 6 and 6  z < 9. The solid black line represents
the median fit, with its uncertainty in dark shading and intrinsic scatter in light grey. The grey open circles mark the data points used in the fit. The
dotted line indicates the PSF size at the bin’s median redshift; points below this threshold REFF were excluded from fitting. In the highest redshift
bin, due to limited data, we fixed the slope and fitted only the intercept and intrinsic dispersion (see Section 3.4).

Table 1. Number of sources in the final section for each JWST field and
for each redshift bin.

z CEERS PRIMER- PRIMER- Total
UDS COSMOS

3  z < 4 678 698 566 1942
4  z < 5 372 478 316 1166
5  z < 6 155 78 92 325
6  z < 9 47 26 30 125

of these linear relations are presented in the Appendix (see
Table A.1). Throughout the paper, we now use these empiri-
cally calibrated correction factors when quoting uncertainties on
galaxy sizes.

3.3. Flags and source removal

Even after our initial S/N cuts, a small number of galaxies can-
not be fit well with GalfitM. Following the practice in previ-
ous works, we thus removed sources for which the model fits
to reach the limits of our constraints. We thus discarded sources
with Sérsic index of >7.8 or <0.25, axis ratios of <0.02 or >0.95,
and e↵ective radii that were fit to be larger than the cutout size.

Finally, we visually inspected all the remaining fits and their
residuals. Sources are removed if they have extremely bright and
large neighbours within a few pixels of their segmentation map.
Flux from such nearby neighbours is not completely removed
by the applied masks, creating a bright background and a↵ecting
the fitting. We also check that individual fits do not have strong
residuals following the residual flux fraction (RFF) method used
in Ward et al. (2024) and Ormerod et al. (2024) but find that
most of our fits lie below the 0.5 cut used in these works.

After removing all these sources from our parent sample, we
are left with a final sample of 3529 star-forming galaxies. The
breakdown by field and redshift bin can be seen in Table 1 and
the distribution of redshift and stellar mass for both the parent
and final sample are shown in Fig. 1.

3.4. Measuring the size–mass relation

The galaxy size–mass relation has been shown to be well-
approximated by a simple power law. Following past literature,

we thus model the size–mass relation in the same way (e.g.
van der Wel et al. 2014; Mowla et al. 2019; Ward et al. 2024).
Specifically, we use the hierarchical Bayesian linear regression
tool Linmix4 (Kelly 2007) to fit the mean relation as well as
an intrinsic dispersion around the mean, �log REFF . We fit a log-
normal distribution to the size–mass relation as shown in Equa-
tion (2).

log
 

REFF

kpc

!
⇠ ↵ log

 
M⇤

109 M�

!
+ log

 
A

kpc

!
+N(1,�2

log REFF
) (2)

Where REFF is the e↵ective radius, ↵ is the slope of the rela-
tion, M⇤ is the stellar mass of a galaxy in solar masses, and log A
is the intercept (i.e. the mean e↵ective radius of galaxies of stel-
lar mass 109 M�). Finally, �log REFF is the intrinsic scatter, which
measures the distribution in galaxy sizes at fixed stellar mass.
Linmix allows us to account for the uncertainties in both

stellar mass and size measurements and it provides us with pos-
terior samples for all the parameters from which we can derive
the best-fit values as well as the uncertainties. We use Linmix
to fit for ↵, log A and log�log REFF for each NIRCam band in the
three fields, in four redshift bins: 3  z < 4, 4  z < 5, 5  z < 6
and 6  z < 9. We exclude sources with REFF smaller than the
PSF REFF at the sources’ photometric redshift. Due to low num-
ber statistics in the 6  z < 9 sample, we cannot constrain the
size–mass relation without fixing the slope of the relation. Thus,
based on our rest-optical parameter evolution measurements in
Section 5.1 we have fixed the slope of our highest redshift bin to
0.215. Further work is needed to constrain the z > 6 size–mass
relation and can be achieved by combining deep data sets, e.g.
NGDEEP and JADES. The results of our fits are discussed in
Section 4.

4. Results

Using the sizes derived in Section 3, we fit the size–mass relation
(Equation (2)) for star-forming galaxies in four redshift bins: 3 
z < 4, 4  z < 5, 5  z < 6 and 6  z < 9.

The extensive wavelength coverage of JWST/NIRCam in
CEERS, PRIMER-UDS, and PRIMER-COSMOS, allows us to
study galaxy sizes in seven bands: F115W, F150W, F200W,
F277W, F356W, F410M and F444W. In the following, we first

4 https://github.com/jmeyers314/linmix
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Fig. 5. Redshift evolution of the best-fit star-forming, rest-optical size–mass relation parameters. Left panel: Size evolution for galaxies at a
fixed stellar mass of M⇤ = 5 ⇥ 1010

M� in the range 0.35  z < 9. Centre panel: Evolution of the slope, ↵. Right panel: evolution in the
intrinsic scatter, �log REFF . The diamonds and solid pink lines show the measurements and parametrised evolution from this paper. The HST-based
measurements (Nedkova et al. 2021; Mowla et al. 2019; George et al. 2024; van der Wel et al. 2012) are shown in grey. The JWST-based studies
from Ward et al. (2024) and Matharu et al. (2024) are shown in tan. The JWST-based work based on UV-bright ground-based selected star-forming
galaxies from Varadaraj et al. (2024) are shown as grey squares. The HST-based parametrised fits to the redshift evolution from Mowla et al. (2019)
and van der Wel et al. (2012) as well as the JWST-based size-evolution from Ward et al. (2024) are also included (see Table A.1 for values).

4.1.2. Evolution of the distribution in rest-optical sizes of
star-forming galaxies at 3  z < 9

To study the distribution of galaxy sizes over time, we have
plotted our measured intrinsic dispersion values in the range
3  z < 9 in the right panel of Fig. 5. While the measured
values vary somewhat, we find that the intrinsic dispersions are
consistent with a constant value of �log REFF = 0.188 ± 0.007,
over the redshift range z = 3 to z = 9. This is within a
1� agreement with the rest-optical intrinsic scatter measured
by van der Wel et al. (2014) at lower redshifts. Our rest-optical
intrinsic scatter data points at z = 3.5, z = 4.5 and z = 5.5,
are within 1�2� of the z = 4.2 rest-optical and z = 5.7 stacked
F444W intrinsic scatter measurements by Ward et al. (2024) and
Matharu et al. (2024), respectively. However, we find >2� dif-
ferences with the intrinsic scatter measured by Morishita et al.
(2024) and Varadaraj et al. (2024), who find larger values for
galaxies in the range 4 < z < 14 and 3 < z < 6, respectively.
This di↵erence could be due to both studies fitting the size–mass
relation for Lyman break galaxies (LBGs). Also, as discussed in
Section 4.3, the size of a galaxy varies depending on the wave-
length it was measured in. This could also lead to the di↵erence
between our work and Varadaraj et al. (2024), who only mea-
sures galaxy sizes in F200W and F356W.

Except for these two estimates, the intrinsic dispersion mea-
surements of all literature results lie in the range �log REFF =
0.15�0.25 dex. Overall, these results thus indicate, at fixed stel-
lar mass, that the dispersion of star-forming galaxy sizes around
the mean stays rather constant across the full redshift range
probed to date.

4.1.3. Evolution of the rest-optical size–mass slope

Finally, we discuss the slope measurements of the rest-optical
size–mass relation, which are plotted in the central panel of
Fig. 5. In our sample of star-forming galaxies at z = 3�9, we
find slopes that are consistent with each other within 1�2� at all
redshift. The average value is found to be ↵ = 0.215 ± 0.009

over the redshift range of 3  z < 9. This value is consis-
tent within 1� with van der Wel et al. (2014) who found that the
average size–mass slope is ↵ = 0.22, for star-forming galax-
ies in the range 0 < z < 3. Similar values are also found by
Ward et al. (2024) and Matharu et al. (2024) at z ⇠ 4�5, and
even by Morishita et al. (2024) who analysed galaxies out to
z ⇠ 14. This could indicate that the steepness of the size–mass
relation of star-forming galaxies remains unchanged over the full
cosmic history at a value of ↵ = d log REFF/d log M⇤ ⇠ 0.2.

This result is di↵erent from previous extrapolations of lower-
redshift trends from Mowla et al. (2019), for example, who
found a trend to flatter slopes to higher redshifts (see central
of panel Fig. 5), in line with the estimates from Varadaraj et al.
(2024) at z = 3�5. It will thus be important to revisit the size–
mass relation estimates in the future with larger samples also
extending to lower and higher masses to test whether the slopes
stay constant over redshift, or if they might evolve.

4.2. The rest-optical and rest-UV size–mass relations

star-forming galaxies

To understand the build-up of stellar mass in z > 3 star-forming
galaxies, we investigate galaxy size measurements in rest-UV
and rest-optical. The rest-UV and rest-optical size–mass rela-
tions in three redshift bins are presented in Fig. 6. The highest
redshift bin is not shown due to the small number of galaxies that
prevents us from accurately fitting for the slope of the size–mass
relations (see Fig. 3).

In all three panels we can see that over the stellar mass range
of 8 < log(M⇤/M�) < 11, the rest-optical and rest-UV relations
are within 1� of each other, except in the z ⇠ 5�6 bin, where the
rest-UV size–mass relation appears to be steeper than the rest-
optical one. The mean size of 5  z < 6 star-forming galaxies
with stellar mass log(M⇤/M�)  9, are >2� smaller in rest-UV
than in rest-optical wavelengths. More details are discussed in
Section 5.2.

Interestingly, at all redshifts, we find the intrinsic disper-
sion of the size–mass relation to be larger in the rest-UV
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Typical sizes are  kpc for 

Number of stars per unit volume is >100 times that of 
what we typically see in the local universe. Kinematics is 
interesting.

Good galaxy formation model should predict the correct 
sizes and its redshift evolution.

≤ ≤ 5 × 1010M⊙
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JWST:  COMPOSITE SPECTRA OF HIGH-Z 
GALAXIES

Tang et al., arxiv:2507.082452

• C III], H- , H-  EWs are 2-3 time more at 
z>9 relative to those 6<z<9. Consistent 
with the expectations that the galaxy 
population is becoming more 
dominated recent burst of star-
formation. 

• UV slope  is found to be in the range 
-2.64 to -2.01. The mean is close to 
what is expected for stellar +nebular 
SED. 

• CIV emission detected with10% 
showing strong CIV emission lines. 

• Nature of ionising sources, metallicity, 
enrichment history and Pressure of the 
HII regions can be constrained.

β γ

β



JWST: ABUNDANCE RATIO & CHEMICAL 
EVOLUTION

Tang et al., arxiv:2507.082452

•

That is 0.05 solar value. 
Moderately metal poor. 

• [C/O] vs [O/H] follow 
the trend seen in low-z 
galaxies. 

• Galaxies at z>9 seem to 
have nitrogen enhanced 
metallicity conditions.

12 + log(O/H) = 7.59+0.05
−0.05



LITTLE RED DOTS

morphologies than the BL emitters and often have redder
F115W− F200W colors, likely due to strong dust attenuation.
There are four objects with very similar colors and morphol-
ogies as the BL Hα emitters, but for those, our spectral
coverage is incomplete as they are located toward the edges of
the survey area, preventing us from detecting line-emission.
Eight BL Hα emitters were identified in the FRESCO data.

Similar to the BL Hα emitters in the EIGER data, we find that
these are located in rare locations in the color–color diagram.
They have the reddest F210M − F444W colors but atypical
F182M − F210M colors (either relatively blue, or red). We
note that MgII line-emission may contribute to the F182M
photometry in all FRESCO BL Hα emitters. One of the objects
with red F182M − F210M colors is among the faintest in the
sample, such that its color is consistent with being flat (see
Appendix A).

3.3. Optimal Spectral Extraction and Cleaning of Emission-
line Contamination

The NIRCam WFSS data on the BL Hα emitters yield
spatially resolved spectra with a resolution of R∼ 1600. We
extract 2D spectra using grismconf24 using the v4 trace
models.25 Pixel-level corrections are applied to center the
emission lines in the 2D spectrum. In the EIGER data, a
fraction of the objects is covered by observations of both
NIRCam modules, yielding two orthogonal dispersion direc-
tions (see Kashino et al. 2023). Based on visual inspection, we
either use the combined spectrum or limit ourselves to spectra
from a single dispersion direction in case the other is heavily
contaminated. In the FRESCO data, only a single dispersion
direction is available at the position of the candidates.
We find that five BL Hα emitters show one or more narrow

emission lines at a slight spatial offset from the broad

Figure 2. Median stacked spectrum of our sample assuming the broad line is
Hα at z ∼ 5. Our stacked spectrum reveals He I5877 emission at an S/N of ≈10
validating that the single bright emission lines are indeed Hα.

Figure 3. JWST colors of the objects identified in the EIGER (top) and
FRESCO surveys (bottom) surveys. In the top panel, the red contours show the
color–color distribution of objects with F356W <25 in the EIGER survey,
while the orange contours in the bottom panel show the distribution of objects
with F444W <26 in the FRESCO survey. These magnitude limits correspond
to the range probed by the BL Hα emitters. Filled hexagons mark the observed
locations of BL Hα emitters, open hexagons use the Hα-subtracted F356W or
F444W magnitudes. These open data points illustrate the continuum colors.

Table 1
Coordinates and Redshifts of the 20 BL Hα Emitters Identified in This Work

ID R.A. Decl. zspec

GOODS-N-4014 12:37:12.03 +62:12:43.36 5.228
GOODS-N-9771 12:37:07.44 +62:14:50.31 5.538
GOODS-N-12839 12:37:22.63 +62:15:48.11 5.241
GOODS-N-13733 12:36:13.70 +62:16:08.18 5.236
GOODS-N-14409 12:36:17.30 +62:16:24.35 5.139
GOODS-N-15498 12:37:08.53 +62:16:50.82 5.086
GOODS-N-16813 12:36:43.03 +62:17:33.12 5.355
GOODS-S-13971 3:32:33.26 −27:47:24.90 5.481
J1148-7111 11:48:24.41 +52:54:28.66 4.339
J1148-18404 11:48:13.91 +52:51:46.09 5.011
J1148-21787 11:48:05.14 +52:50:01.04 4.277
J0100-2017 01:00:13.93 +28:04:20.69 4.938
J0100-12446 01:00:11.58 +28:00:34.98 4.699
J0100-15157 01:00:07.26 +28:03:00.64 4.941
J0100-16221 01:00:08.17 +28:03:05.68 4.349
J0148-976 01:48:35.08 +05:57:20.97 4.163
J0148-4214 01:48:33.29 +05:59:50.04 5.019
J0148-12884 01:48:41.58 +06:00:57.30 4.602
J1120-7546 11:19:59.86 +06:39:17.01 4.967
J1120-14389 11:20:00.89 +06:43:10.42 4.897

Note. Coordinates are in the J2000 reference frame.

24 https://github.com/npirzkal/GRISMCONF
25 https://github.com/npirzkal/GRISM_NIRCAM
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Z = 5

Understanding the origin of LRDs is important for our understanding of SMBH in 
early universe. How to seed these BHs?

Can one use the standard relationship between width of H  line and . Is there 
any alternate way of making the line wider -How to get so much dust so early.

Implications to X-ray background, reionization (or heating of the IGM) and GW bar?

α MBH



LITTLE RED DOTS

5.2. The z≈ 5 Hα Luminosity Function

Given that our sample is selected on broad Hα line
luminosity rather than UV luminosity and that a fraction of
the UV light may originate from star formation, we also derive
the broad Hα line LF of our sample with the same methods as
described above, except that we bin our sample in broad Hα
line luminosity ranges. The measured number densities are
listed in Table 5. Figure 18 shows the LF compared to the

recently measured Hα LF of Lyman-break galaxies at z∼ 4.5
(Bollo et al. 2023) and to the estimated quasar broad Hα line
luminosity at z∼ 5 that we derive by shifting the bolometric LF
to Hα assuming Equation (3). For the latter, we show the
estimated LFs based both on the so-called “local polished” and
the global bolometric LF at z= 5 from Shen et al. (2020).
It is clear that, at fixed Hα luminosity, the typical BL Hα

emitters that constitute our sample are significantly rarer than
star-forming galaxies. At the luminous end probed by our
sample, the number densities agree relatively well with the
quasar LF and the Lyman-break galaxy LF. This suggests that a
significant fraction of the Hα flux in such bright galaxies is due

Figure 17. The UV luminosity function of the BL Hα emitters (red hexagons; shifted horizontally by -0.05 dex for visualization purposes) compared to the Lyman-
break galaxy population (blue line; Bouwens et al. 2021), the extrapolated quasar luminosity function (orange line; dashed for extrapolated range; Niida et al. 2020),
and various faint AGN samples at z ≈ 5. The red arrow shows the one-sided 1σ upper limit following Gehrels (1986). Green stars show the number density of galaxies
with X-ray detections at z ≈ 5 (Giallongo et al. 2019; shifted horizontally by+0.05 dex for visualization purposes). The blue pentagon and the open purple squares are
both based on recent broad-line Hα measurements of selected galaxies observed with JWST/NIRSpec (Harikane et al. 2023; Kocevski et al. 2023). Note that the
measured UV luminosities do not decompose the AGN from the host galaxy emission, and that the UV-faintest BL Hα emitters typically are significantly obscured.

Table 5
The Number Densities of BL Hα Emitters at z = 4 − 6 as a Function of Broad

Hα Line Luminosity

log10(LHα,broad) N Φ
(erg s−1) (cMpc−3 mag−1)

42.5 ± 0.2 14 - -
+4.20 0.14

0.10

42.9 ± 0.2 4 - -
+4.74 0.30

0.18

43.5 ± 0.4 2 - -
+5.36 0.53

0.23

Figure 18. The broad Hα luminosity function of our sample (red hexagons)
compared to the total Hα luminosity function of LBGs in blue (Bollo
et al. 2023) and the broad-line Hα luminosity functions of quasars (Shen
et al. 2020) in orange and purple. The quasar LFs are derived by shifting the
bolometric luminosity to the broad Hα line LF following Equation (3). The
orange LF uses so-called “local polished” LF at z = 5 from Shen et al. (2020),
whereas the purple LF uses their “global” model for the evolution of the LF,
which we evaluate at z = 5. We illustrate the region in which the quasar
luminosity functions are extrapolations with a dashed linestyle.

Table 6
The Number Densities of BL Hα Emitters at z = 4 − 6 as a Function of the

SMBH Mass

log10(MBH/Me) N Φ
(cMpc−3 mag−1)

7.1 ± 0.2 3 - -
+4.86 0.37

0.20

7.5 ± 0.2 12 - -
+4.27 0.15

0.11

8.1 ± 0.4 4 - -
+5.05 0.30

0.18
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Complex or double-peaked Hα profiles have previously been
detected and explained with Keplerian accretion disks (e.g.,
Eracleous & Halpern 2003; Luo et al. 2009), but they could also
arise from closely separated galaxies and/or AGN (e.g., Maiolino
et al. 2023b), or originate from Balmer absorption (e.g., Hall 2007).

There is no indication of a secondary spatially resolved
component in the spectra of the objects shown in Figure 14, nor
in any of the deep imaging (Figure 8). The spectrum of J1148-
18404 is further covered by both of NIRCam’s modules that
disperse spectra in orthogonal directions. The observed line profile
is consistent in both spectra, demonstrating the complexity
originates from processes below the spatial resolution scale.
Typically, Keplerian disk profiles in quasar spectra have shown
more symmetric double peaks with significantly larger separation
than required to cause the narrow features we observe. These

observations therefore indicate that we are seeing absorption. We
explore this scenario and fit these line profiles similarly as in
Section 3.4, but now add an absorption component on top of the
broad component. We find that the fits are significantly improved,
leading to cred

2 reductions of ≈−2. The absorption components
have widths FWHM of 240–280 km s−1. The absorption is
blueshifted with −340 km s−1 with respect to the narrow
component of GOODS-N-9771, while the absorption is redshifted
by +50 km s−1 with respect to the narrow component of J1148-
18404. We note that, due to this small redshift, the flux of the
narrow component and the EW of the absorption are strongly
degenerate. The rest-frame absorption EWs are 3.4± 0.4Å for
GOODS-N-9771 and 3.6± 0.8Å for J1148-18404, respectively.
Balmer absorption lines have previously been detected in

reddened quasars at z≈ 2 with low-ionization broad absorption

Figure 12. The optical redness of BL Hα emitters correlates with BH mass and the fraction of broad to total Hα flux, showing that the faint AGN are red. In the left
panel, we show the relation between optical slope BH mass. To illustrate possible selection effects due to our broad-line Hα luminosity limit, we show a line of fixed
Hα luminosity along which a quasar template moves when varying the dust attenuation that reddens the spectrum. In the right panel, we show the relation between the
optical continuum slope and the fraction of the Hα flux that is in the broad component.

Figure 13. The redness of BL Hα emitters is due to extreme dust attenuation. Left: Comparison of the observed MUV of the BL Hα emitters against the MUV expected
for their bolometric luminosity (Lbol). The bolometric luminosity is computed from Hα (Equation (3)), and the expected MUV for this Lbol is as per the Shen et al.
(2020) scaling relation for typical AGN. The MUV of our sample is much fainter than expected for its Lbol. We interpret this difference as arising due to intense dust
obscuration of growing black holes, with an AUV ranging from 1 to 5 mag. Right: Sources in which the broad-line region dominates the Hα flux (as quantified via
FHα(broad)/FHα(total)) show a stronger deviation between their observed and expected MUV. This is likely because their highly obscured and reddened black holes
outshine the star-forming regions in the galaxy, making the sources appear red overall. On the other hand, the galaxies with relatively weaker black holes still have
significant representation from blue star formation in their UV.
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Population of LRDs peak at high-z and fraction of galaxies hosting them seems to be 
high at z>6.



WHAT ARE IN THE PIPELINE!

• Getting the BH number densities correctly - BH merger rates and GW signals  

• LF in mm range, CII, CI and nebular line luminosities etc.. 

• Reionization models (as a post processing step). 

• Running the simulations in patchy regions. (Nishi + Prakash) 

• Dust and Lya radiative transport inside the galaxy (Soumak & Supriyo, TIFR) 

• Radiative transport outside the galaxy and metal pollution as  a function of 
feedback parameters ( Prakash & Manish, IIT, Indore). 

• Low redshift CGM, IGM etc.. (Two Master students at NISER, BBSR)
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