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Typical path from sims to observations

Lots of assumptions
(equilibrium, geometry, element abundances, …)

sometimes 

 

ρ,T ,Z, v

n ,n ,n ,n ,n ,nH H+ He He+ He2+ e−

Physical space Observable
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HIΣ MgIIΣ

HIIΣ OIIΣ

Mocks in absorption:
Main object, , raw file outputs, no postprocessingz = 4 5
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The Megatron suite of simulations
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The Megatron suite of simulations

4 High-z ISM
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The Megatron suite of simulations

4 High-z ISM

3+2 "low"-z CGM
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RTZ model

=
dt
dni

n α n +i+1 i+1 e [n ξ + n χ ]n +(
k

∑ i+1 i+1 i−1 i−1 k) n (β n +i−1 i−1 e Γ )i−1

              (recombination)

     (charge exchange recombination)

     (charge exchange ionization)

  (collisional excitation)

     (photoionization)

X ++ e →− X

X ++ Y → X + Y +

X +− Y → X + Y −

X + e →−∗ X ++ 2e−

X + hν → X ++ e−

=
dt
dE

n Γ −
k

∑
processes

i

∑
species

i k n n Λ
k

∑
processes

i

∑
species

j

∑
species

i j k

Katz 22, Katz+22, Katz+CC+24

− n α n −i i e [n ξ + n χ ]n −(
k

∑ i i i i k) n (β n +i i e Γ )i

10



RTZ model

=
dt
dni

n α n +i+1 i+1 e [n ξ + n χ ]n +(
k

∑ i+1 i+1 i−1 i−1 k) n (β n +i−1 i−1 e Γ )i−1

− n α n −i i e [n ξ + n χ ]n −(
k

∑ i i i i k) n (β n +i i e Γ )i

=
dt
dE

n Γ −
k

∑
processes

i

∑
species

i k n n Λ
k

∑
processes

i

∑
species

j

∑
species

i j k

CR heating
photoheating

 heating (formation, dissoc., pumping)H2

H+He cooling ( )
 cooling (esp. )

metal-line cooling
fine-structure O I, O III, C I, C II, N II, Fe I, Fe II,
Si I, Si II, S I, Ne II @ 
otherwise cloudy table
CO cooling + dust recombination + grain-gas
collisional cooling

T > 8000K
H2 Z < 10−5

T < 10 K4

Katz 22, Katz+22, Katz+CC+2411



State of the CGM of a MW
progenitor at z ≈ 3 − 4
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CGM at z ≈ 3 − 4
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CGM at z ≈ 3 − 4
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=
dt
dni

n α n +i+1 i+1 e [n ξ + n χ ]n +(
k

∑ i+1 i+1 i−1 i−1 k) n (β n +i−1 i−1 e Γ )i−1

− n α n −i i e [n ξ + n χ ]n −(
k

∑ i i i i k) n (β n +i i e Γ )i

RTZ model

Out of equilibrium
Depends on past thermochemical state
Depends on local radiation field through 
Ion-ion dependencies

Γ
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=
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Photoionization equilibrium
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=
dt
dni

n α n +i+1 i+1 e [n ξ + n χ ]n +(
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∑ i+1 i+1 i−1 i−1 k) n (β n +i−1 i−1 e Γ )i−1

− n α n −i i e [n ξ + n χ ]n −(
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∑ i i i i k) n (β n +i i e Γ )i

RTZ model

Photoionization equilibrium

0 = n α n +i+1 i+1 e n (β n +i−1 i−1 e Γ ) − i−1 n α n −i i e n (β n +i i e Γ )i

In equilibrium
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=
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RTZ model

Photoionization equilibrium

0 = n α n +i+1 i+1 e n (β n +i−1 i−1 e Γ ) − i−1 n α n −i i e n (β n +i i e Γ )i

In equilibrium
Suppose n =e n +H II n +He II 2nHe III
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=
dt
dni

n α n +i+1 i+1 e [n ξ + n χ ]n +(
k

∑ i+1 i+1 i−1 i−1 k) n (β n +i−1 i−1 e Γ )i−1

− n α n −i i e [n ξ + n χ ]n −(
k

∑ i i i i k) n (β n +i i e Γ )i

RTZ model

Photoionization equilibrium

0 = n α n +i+1 i+1 e n (β n +i−1 i−1 e Γ ) − i−1 n α n −i i e n (β n +i i e Γ )i

In equilibrium
Suppose n =e n +H II n +He II 2nHe III
Suppose  is UV background onlyΓ
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CGM at 
Is the CGM in equilibrium?

z ≈ 3 − 4

=
dt
dni

n α n +i+1 i+1 e [n ξ + n χ ]n +(
k

∑ i+1 i+1 i−1 i−1 k) n (β n +i−1 i−1 e Γ )i−1

− n α n −i i e [n ξ + n χ ]n −(
k

∑ i i i i k) n (β n +i i e Γ )i
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CGM at 
Is the CGM in equilibrium?

z ≈ 3 − 4

Relax to photo-ionisation equilibrium (PIE)
No local radiation field, no time-dependence, assume 

dominated by primordial species, self-shielding

ne

=
dt
dni

n α n +i+1 i+1 e [n ξ + n χ ]n +(
k

∑ i+1 i+1 i−1 i−1 k) n (β n +i−1 i−1 e Γ )i−1

− n α n −i i e [n ξ + n χ ]n −(
k

∑ i i i i k) n (β n +i i e Γ )i

0 = n α n +i+1 i+1 e n (β n +i−1 i−1 e Γ ) − i−1 n α n −i i e n (β n +i i e Γ )i
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CGM at 
Is the CGM in equilibrium?
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CGM at 
Is the CGM in equilibrium?

z ≈ 3 − 4

Relax to photo-ionisation equilibrium (PIE)
No local radiation field, no time-dependence, assume 

dominated by primordial species, self-shielding

ne
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CGM at 
Is the CGM in equilibrium?

z ≈ 3 − 4

Σ ∝ n

L ∝ n2
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CGM at 
Is the CGM in equilibrium?

z ≈ 3 − 4
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NEq.

PIE

Assuming PIE ⇒ biased
towards colder/denser

gas

T

nH

CGM at 
Is the CGM in equilibrium?

z ≈ 3 − 4
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CGM at 
Is the CGM in equilibrium?

z ≈ 3 − 4

±0.5 dex
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CGM at 
Is the CGM in equilibrium?

z ≈ 3 − 4

Non-equilibrium effects:
Δ(T ,n ) ∼H 0.2 − 0.5 dex
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CGM at 
Is the CGM in equilibrium?

z ≈ 3 − 4

Non-equilibrium effects:
Δ(T ,n ) ∼H 0.2 − 0.5 dex

⇒ 
for some lines
ΔL ∼ 1dex
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CGM at 
CGM out of equilibrium: why?

z ≈ 3 − 4

40 kpc

1. Local radiation dominate locally
over UVB
Anisotropic effects
 

2. Recombination lag
, worse with timet ≪cool trec
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CGM at 
CGM out of equilibrium: why?

z ≈ 3 − 4

1. Local radiation dominate locally
over UVB
Anisotropic effects
 

2. Recombination lag
, worse at low t ≪cool trec z
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https://s3.amazonaws.com/media-p.slid.es/videos/1468957/MWIL2nTl/hero_phys_dir2.mp4


Upcoming:
MEGATRON data

release
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Data viewer
Requirements:

✔ interactive,
✔ handles raw data
(RAMSES outputs, catalogues, spectra)
✔ everything local — except data.
→ run Python+yt in your browser 🙃
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3D viewer
Requirements:

✔ interaction-before-accuracy,
✔ GPU-accelerated,
✔ up to millions of AMR cells,
pre-extracted lightweight cutouts
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Take-home messages
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Take-home messages

Megatron simulation suite
200,000+ spectra in 4 “ISM” runs ( ) ⇒ Katz, CC+25
3+1 “CGM” runs ( )                           ⇒ CC+25
Link to low-  UFDs                                     ⇒ Rey, ..., CC+25
Properties of Pop. III stars                             ⇒ Storck, ..., CC+25
Sensitivity of line diagnostics to subgrids   ⇒ Choustikov, ..., CC+25
Origin of steep  slopes                                 ⇒ Katz, CC+                      (in prep)
 

z ⪆ 8
z ⪆ 3.5

z

β
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Take-home messages

Megatron simulation suite
200,000+ spectra in 4 “ISM” runs ( ) ⇒ Katz, CC+25
3+1 “CGM” runs ( )                           ⇒ CC+25
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Properties of Pop. III stars                             ⇒ Storck, ..., CC+25
Sensitivity of line diagnostics to subgrids   ⇒ Choustikov, ..., CC+25
Origin of steep  slopes                                 ⇒ Katz, CC+                      (in prep)
 

z ⪆ 8
z ⪆ 3.5

z

β

CGM (incl. inner CGM!) is out-of-equilibrium
Assuming PIE leads to 0.5 dex (median), and factors of
2-3× on individual line of sight
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Take-home messages

Megatron simulation suite
200,000+ spectra in 4 “ISM” runs ( ) ⇒ Katz, CC+25
3+1 “CGM” runs ( )                           ⇒ CC+25
Link to low-  UFDs                                     ⇒ Rey, ..., CC+25
Properties of Pop. III stars                             ⇒ Storck, ..., CC+25
Sensitivity of line diagnostics to subgrids   ⇒ Choustikov, ..., CC+25
Origin of steep  slopes                                 ⇒ Katz, CC+                      (in prep)
 

z ⪆ 8
z ⪆ 3.5

z

β

CGM (incl. inner CGM!) is out-of-equilibrium
Assuming PIE leads to 0.5 dex (median), and factors of
2-3× on individual line of sight
 
Data release                                                  ⇒ CC+                      (in prep)
✔ Pre-computed spectra, halo catalogues, cut-outs
✔-ish data viewer + 3D viewer
🚧 JWST images, ALMA Cubes, RASCAS post-processing ( , , ...)fesc LMg II
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