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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.



@

THE NISER-IUCAA NEW SIMULATIONS OF
JWST GALAXIES AND QUASARS(NI
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Run CPU hrs Model Final Storage Status SRR W %; % ,
ID (x10°) variation Redshift Requested TR ine s~ oD
wrt fiducial (z¢) (Th) >
Simulations run using PEGASUS 4
- NINJA _L50N2040f 6.0 None 4 60 completed
NINJA_L150N2040f 6.0 None 4 60 completed
NINJA_L250N2040f 4.0 None 5 51 completed
NINJA _L250N2040f1 5.0 fast wind 5 51 HEEE Completed
NINJA_L150N2040v1 5.0 week wind 5 51 completed
NINJA_L150N2010v2 5.0 very weak wind 5 51 completed
NINJA _L150N2040v3 5.0 high BH seed 5 51 Planned
NINJA _L100N2500vh 5.0 higher resolution 7 51 Planned
Post-processing 4.0 UVB Fluctuations 5 40 Planned
- Post-processing 3.0 Light synthesis . Planned
TOTAL (requested ) 22 193
Simulations run at NISER :
NINJA _L50N560f_n 5.0 None 5 51 completed e Anirban Chakrabo rty
NINJA_L50N1008f n 5.0 None 5 51 completed
NINJA_L50N1008f nv1 5.0 slow wind 5 51 completed . . . .
NINJA_L50N1008f nv2 5.0 very slow wind 5 51 completed » Prakash Gaikwad + Manish Slngh Almia
NINJA_L150N1008f n 5.0 None 9 ol scheduled

Table 1: Details of NINJA runs and requirements for proposed runs. The runs (column 1) are labeled

e Soumak Maitra + Suprio Saha

NINJA_LXXXY with XXX representing the boxsize in Mpc/h and Y taking a character value (f for

fiducial and v for variation with respect to fiducial) which may be followed by a number to distinguish o

Tirth + Vikram Khaire

them from each other. The (.n) included shows the runs done at NISER. Column 2 is the actual
CPU hours required, based on our runs in the previous cvcle. The other columns are model variation
with respect to fiducial, the final redshift proposed, the storage requirements of the proposed runs.



'ILLUSTRIS-TNG VS NINJA COMPARISON

Table 1. Details of NINJA simulation boxes used in this study

Name Values used in Notes
L50N2040 LI150N2040 L250N2040

Lpox 50 150 250 Simulation box size in A ! cMpc

Nim 20407 2040° 20407 Number of dark matter particles

N gas 2040° 20407 20407 Initial number of gas particles
Mpy  1.09x10%°  293x 107  1.36 x 10°  Mass of a dark matter particle in k™' M
Mg 2.01x10° 544x10% 2.352x 10"  Initial mass of a gas particle in h~' M,

Zin 189 09 99 Imtial redshift

74 5 5 5 Final redshift

Eprav 0.82 2.45 4.08 Gravitational softening length in & 'kpc
Seed 140425 150478 121024 Seed used to generate Initial Conditions

300 Mpc

TNG5H0 TNG100 TNG300
Volume [Mpc?]| 51.7° 110.7° 302.6°
L ox ‘Mpec/h| 35 75 205
Ncas - 2160 18207 2500
Npum - 2160 18204 2500
NrR - 2160° 2 % 1820°  2500°
Mbaryon | Mo 8.5 x 10" 1.4 x10° 1.1 x10°
mpm [:\I 4.5 % 1()'—’ 7.0 1“() 5.9 x 1()7
€gas, min [ pC ] 4 185 370
(1).\1.* { I)(' ] .2«_’(_) 74() 148“
0% 102 10% 107 108 10°
10 -
& @]
0
o O
) 000
N
7 & NINJA ©
2 1071 V V9B ,Y0 0, ASTRID A
= o o HustrisTNG ©
2O o MilleniumTNG ©
BAHAMAS B>
o FLAMINGO ©
EAGLE ¢
SIMBA V7
5 MassiveBlack-ll ©
10 -‘ UniverseMachine <
! T w0 i
Box Side Length [ Mpc/h ]




RADIATION FIELD AND SELF-SHIELDING:

° Uniform background with <x(HI)> is the filling factor.

: Two phase (ionised regions + neutral islands)

: Hybrid model with post-processing for deionisation at each step.
: Full radiative transport.

EXAMPLE OF TREECOOL FILE
#log(1+z) g _HI g_Hel g_Hell q_HH q_Hel q_Hell

0E+00 102E13545E14 1.2E-15 65E26 2.1E-26 54E28

____________________________________________________________________________________________________________________________________________________________________________________________________________________________________

1E-01 115E13 5.1E-14 145E15 72E26 24E-26 68E28

..................................................................................................................................................................................................................................

1E+00 9.5E-12 42E12 1.1E-13 58E24 1.9E-24 42E26
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STAR FORMATION
Critical over density
Fraction of the gas energy which is locally returned as supernovae on star formation
Temperature of the cold star forming clouds in K
Temperature of the supernova remnants in K
Parameter of the SHO3 model controlling the energy of the hot gas
Maximum star formation time in units of density threshold
Number of star particle produces per gas particle




Observationally, there appears to be a tight correlation between
disc-averaged measurements of the star formation rate per unit
area and the gas surface density, a ‘global Schmidt law’, given by
Kennicutt (1998) as

ESFR = (25 + 07) X 10_4 (M—

qlo
£
5
®
>
o

7
N
o]}
=

100 1000
Zgas [ M@ pc-z]

Figure 3. Star formation rate per unit area versus gas surface density in a
self-consistent simulation of a disc galaxy that quiescently forms stars. The
symbols show azimuthally averaged measurements obtained for our fiducial
choice of #f; = 2.1 Gyr. The dashed inclined line gives the Kennicutt law
of equation (25), and the vertical line marks the observed cut-off of star
formation.




STAR FO R MATlO N ¢ (Springel & Hernquist, 2003, MNRAS, 339, 289)

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

e Evolution of cold gas mass fraction (x).
e M. =(1-pB)xmlt.

m {1 exp(l — f)xAt

[+

P*:

} with m.. = my/ N,
(L%

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



2.4. Star formation

Star are allowed to form in gas cells that have a thermal
Jeans length smaller than the cell size,

Ly= ﬂcg/Gp < Ax 9)

where c; 1s the sound speed, G 1s Newton’s gravitational con-
stant, p 1s the density of the cell, and Ax is the cell radius which
is calculated assuming spherical geometry. This ensures that
the stars are only formed when the Jeans length becomes un-
resolved and the gravitational collapse can no longer be fol-
lowed accurately (Truelove et al. 1997). This condition can
allow for low-density gas outside the ISM of galaxies to form
stars if it is relatively cold. To avoid this issue, we include
an additional condition that the gas must be at least denser
than ny = 10 cm™ to be eligible to form stars. Gas cells
that satisfy both criteria are converted to stars using the usual
probabilistic approach (Springel & Hernquist 2003), which
assumes that the star-formation rate is proportional to the gas
density and inversely proportional to the local free fall time
(tg = \/37/32Gp)

SFR = € p/ty , (10)

where € 1s the star formation efficiency per free-fall time of
gas. In our simulations, we set this efficiency to 100% to
prevent the unresolved gas from artificially collapsing to high
densities (Hu et al. 2023). We have performed simulations
with other values of &g, varying it all the way from 1 — 100%.
This parameter does not have any significant effect on the
global properties of the simulated galaxies, which is in agree-
ment with previous works that investigated the impact of € in




B Therefore, the mass flux in the winds in the ‘vw’ models,
can be written as

E M, - _
M., _2§ =3 with v, = K, 0 6)

because the wind speed, vy, 1s proportional to the local dark matter
velocity dispersion, o. From these considerations, the wind mass-
loading, n,, can be expressed as

—2
OF
o]y

where 0y 15 a parameter defined by the IMF and the feedback ef-

STELLAR WIND FEEDBACK
Square root of energy ejection rate. Controls mass loading
Wind speed to local particle velocity dispersion
Wind free travel length in kpc/h
Wind free travel time in Myr/h
Wind free travel density factor in units of threshold density




environments. 'laken together, the mass loading tactor atinjection 1s
M 2
o= —2 = — e,(1 — 1), 2)
M SFR v,
where M, denotes the rate of gas mass to be converted into wind
particles and Mggr the 1nstantaneous, local star formation rate.
The wind energy available to a star-forming gas cell with metal-
licity Z is given by

1 — fw,Z ]
1 +(Z/Zy ret)"2

X NSNII ESNII,SI 10 Crg M@’

€y — Zw [fw,Z —+

similar to the parametrization by Schaye et al. (2015).



M(t)

AMi(ta At9 Z)= ()’z + m Zi frec(ma Z)) (D(m)dm'
M(t+At)

Fe



BH sink particles grow 1in mass by accreting surrounding gas or
through BH mergers. In our model, BH accretion 1s described using
a Bondi—Hoyle-Lyttleton-based Eddington-limited rate

(21)

BLACKHOLE SEEDING, ACCRETION
5% 10°My/h  Minimum FOF halo mass to for seeding.
1x10’My/h  Minimum FOF stellar mass fo seeding
3x 10°My/h  Minimum seed blackhole mass

3x 10°My/h Maximum seed bloackhole mass

-2 Seeding power law index.
100 Accretion factor.
2 Eddington Factor.




€ n = Min (4, 0.2)

f thresh OSFthresh

BLACKHOLE FEEDBACK
0.05 Blackhole feedback efticiency for thermal feedback.
0.1 Kinetic feedback Eddington threshold factor

0.002 Kinetic feedback Eddington M factor for kinetic feedback
0.01 = 10My/h  Kinetic feedback Eddington M pivot
2 Kinetic feedback Eddington M index
0.2 Kinetic feedback
2 Kinetic feedback
20 Kinetic feedback release factor




NINJA: GAS FLOW IN THE COSMIC TIME
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THE NISER-IUCAA NEW SIMULATIONS OF
JWST GALAXIES AND QUASARS(NINJA)




NINJA: MULTICOMPONENT DISTRIBUTION
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Shankar (2013)
mmee Merloni & Heinz (2008)
=== Ueda et. al. (2014)
m— ] et. al. (2011)

Figure 2. Comparison of the black hole mass function for
dillerent simulation volumes of NINJA with other simulations
and observations at z = 0. The green lines represent the
results of the NINJA runs (solid for centrals and dashed for
satellites), the solid blue, brown and purple lines represent
the results from TNG (Habouzit et al. 2021), I1lustris (Si-
jacki et al. 2015), and the Astrid (Wang et al. 2025) simu-
lations. The pink shaded region and the red, orange and
magenta lines are observational constraints [rom Shankar
(2013), Merloni & Heinz (2008), Ueda et al. (2014), and Li
et al. (2011) respectively. The error estimates from Mer-
ASTRID loni & Hcinz (2008) arc cxtremely small and have not been

included. The pink shaded region of Shankar (2013) repre-
TNG-100 sents the 1o uncertainty of the mass function assuming the

TNG-300 | Mgy — o relation from McConnell & Ma (2013).
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J U5 (@ 20+ 172 (s, 20701

(8)

Here f5' and fI® are the contributions of the stellar and nebular
emission obtained for an ith star particle of mass m; and age 7;(z) =
ti(z) — t:?i“h where t;(z) is the time of snapshot (corresponding to age
of the Universe in the given cosmology) at redshift z.The ?™ and
ZP"™ are birth time and inherited birth metallicity respectively. i
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Stellar Initial Mass Function

Salpeter (1955) ——

Kroupa (2001)
Chabrier (2003) - Binary ——
Chabrier (2003) - Globular —-—-

Canonical (Salpeter):
Standard:
Top-Heavy (TH) :
Bottom-Heavy (BH) :




LIGHT GENERATION: NEBULAR EMISSION

Chabrier IMF upto 300M4 with Binary evolution

HII REGION FORMATION IN A MOLECULAR CLOUD

- ["
M. = 10VA, stellar Atmosphere
— Z = .02 Nebular Enussion
= s 4 4'=10M
= Molecular Cloud -
Z =
e 3 107
O ~
= =
E
HIl REGION 3 o
10
10~ , , , I . l
012 1215 2175 3646 4400 - 5500

e Since expected HIl 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.
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Figure 3. Galaxy UVLFs. Data points with error bars give the current observational results collected from Bouwens et al. (2015), Atek et al. (2015, 2018),
Finkelstein et al. (2015), Bhatawdekar et al. (2019), Stefanon et al. (2019), Adams et al. (2020), Bowler et al. (2020), and Bouwens et al. (2021). The grey
dashed lines are the intrinsic UV luminosity of the FOF groups. The grey solid lines are the intrinsic UV luminosity for the identified SUBFIND galaxies. The
blue lines are the galaxy UV luminosity corrected for dust extinction.
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Pearson correlation coefficient: (0.64
p-value: 2.72e-14

poslerior median

lo credible interval
20 credible interval
3o credible interval

1.0 2.0
Ay (mag)

Figure 9. Best-fit correlation between the column density of hydrogen nuclei
Ny and visual dust extinction Ay for the 112 strongly correlated dust-CO
clouds, yielding an average GDR value of (2.80°93;) x 102! cm 2 mag !. The
best-fit GDR 1is represented by the red line, while the corresponding different
credible intervals are depicted by the gray shading.

Table 1

Comparisons of Nj;/A; from the Literature Values

Reference Nu/Ay
(l()2l em 2 mag")

This study 2.80%)5
T. Giiver & T. Ozel (2009) 2.21 £ 0.09
D. R. FFoight et al. (2016) 2.87 L 0.12
H. Liszt (2014a) 2.68
B.-Q. Chen et al. (2015) 241 +£0.01
H. Zhu et al. (2017) 2.47 £ 0.04
D. Lenz et al. (2017) 2.84

H. Nguyen et al. (2018) 3.03 £0.52
J. M. Shull & G. V. Panopoulou (2024) 3.32+0.13
J. M. Shull & G. V. Panopoulou (2024) 297 +0.10

Comment

H1 and CO emission lines from 112 strongly correlated dust-CO clouds within |b| < 10°
X-ray absorbing column densities toward 22 SNRs with £(B — V) = 10 mag

X-ray absorbing column densities toward 17 SNRs with Z(B — V) = 10 mag

Only H I emission line from Galactic latitudes |4| = 20° and E(B — V) < 0.1 mag

H1 and CO emission lines from the Galactic anticenter |b| = 10° and E(B — V) < 1 mag
X-ray absorbing column densities toward 19 SNRs and 29 X-ray binaries

Only H I emission line in the low-column-density regime with E(8 — V) =~ 45 mmag

H 1 absorption line from purely atomic sight lines at || > 5°

H I emission, H, far-UV absorption lines toward 51 quasars and gas at w sg| < 600 km s
H 1 emission, H, far-UV absorption lines toward 51 quasars and gas at v | < 90kms '

Note. For the literature values listed here, E(B — V) is converted to Ay using R, = 3.1.
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REBELS-05 REBELS-08 REBELS-12 — Calzetti

-—= SMC
= This work

REBELS-14 REBELS-15 REBELS-18

REBELS-25 REBELS-29 REBELS-32

REBELS-329

1000 2000 3000 4000 SO000 AQADDO 2000 30D 4000 50040 €000QN0 2000 3000 4000 5000 &0D0D
Rest Wavelength (A)

Figare 2. The best-fitting dust atenuvation curves for 12 massive galaxies at » == 7 from the REBELS-IFU program. Thesz curves were cbiained from SED fis
1o the glotal NIRSpec spectra extrocted from the IFU. We use BAGPLCES to fit the SCD models with an NP SIFIL and a Salim et al. (2018) flexible dust attenvation
curve parametrization. The observed spectrum was masked below a rest wavelength of 1400 A, as shown by the grey-shaded band. The red-shaded region shows

the I error on the sttenuation curves, ‘The two galaxies with no dust contmuum detections (REBELS-13 and REBELS-34) are shown in 4 fainter shade of red.
The Calzeti-like (SMC) curve is shown by the solid (dashed) hlack line.

Extinction Laws

Calzetti et al. (2000) =
Gordan et al (2024) - SMC Average =

Gaoetal. (2020) GRA —

A, = Ay X £(1/55004)

Wavelength [ micron]




DUST ABUNDANCE

EK

2
Ay = (1+2) p— Zf(ZgJ) : [Zm W;(r, h)] As ; (12)

imiZiW;
Z, =2 . (13)

Zi miWi

For stars younger than 20 Myr

Ay = ABSM 4 ABC

Ave = 2(AM)

Emission lines will see different Av
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EXTINCTION: BALMER DECREMENT

Fro = Fi exp(—Te563)

Frp = Fpgerp(—Tige3)

O
FHa = FHa Eo
Exp - o exp(—Te563 + T4g63)

0
where ?g a — 92 86 for case-B recombination at T = 10* K.
Hp
7» comes from an assumed extinction curve and E(B-V) values.

D = A1) - eXP(Tz‘V/) 'T(ﬂ))-

 In(He/HPB) — In(Ha' /HB') |
. 7(B) — 7(a)

Balmer

Ty (V).
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COSMIC REIONISATION
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IMAGE AND SED FITTING ANALYSIS
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GLASS-150008, z = 6.23 (Isobe+23)
GLASS-150008, z = 6.23 (Jones+23)
A1703-zd6, z = 7.04 (Topping+25a)
A1703-2d5.2, z = 6.43 (Topping+25a)
RXCJ2248-1D, z = 6.11 (Topping+24b)
z = 5.6 — 9 galaxies (Hu+24)

z > 9 composite (This work)

(GS-z12, z = 12.51 (This work; D’Eugenio+24)
GHZ2, z = 12.34 (This work; Castellano+24)
GN-zl11, z = 10.60 (This work; Cameron+23)
CAPERS-EGS-25297, z = 9.95 (This work)
GS-29-0, 2 = 9.43 (This work; Curti+25)
CAPERS-EGS-87132, z = 9.38 (This work) z~ 1~ 3 galaxies
CEERS-1019, = 8.67 (Marques-Chaves+24) Local HIT regions
ER04590, z = 8.50 (Arellano-Cordova+22) o MW stars
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» Understanding the origin of LRDs is important for our understanding of SMBH in
early universe. How to seed these BHSs?

P Can one use the standard relationship between width of Ha line and Myy;. 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 GWV bar?



@ BL Ha z=4.0-5.5 (This Paper) LBGs z~5 (Bouwens+21)
QSOs 2z~ 5 (Niida+20)

BL Ha z=4 — 6 (This paper)

X-ray z=4 — 6 (Giallongo+19)
BL Ha z=4 — 6 (Harikane+23)
BL Ha z~5 (Kocevski+23)




WHAT ARE IN THE PIPELINE!

Getting the BH number densities correctly - BH merger rates and GW signals
LF in mm range, ClI, Cl and nebular line luminosities etc..

Reionization models (as a post processing step).

Running the simulations in patchy regions. ( )

Dust and Lya radiative transport inside the galaxy ( )

Radiative transport outside the galaxy and metal pollution as a function of
feedback parameters ( ).

Low redshift CGM, IGM etc.. ( )
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