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Motivation
Line emission in galaxies
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Motivation

Credit: MOSFIRE Team

• Density

• Temperature

• Metallicity
etc.

Observation
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Simulation
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How do we model H II regions?
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Ionised
Neutral

Strömgren radius RS
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H𝛼 emissivity profile

Cloudy:

A photo-ionisation code

Storey & Hummer 1995:

A tabulated table

Raga et al. 2015:

An analytical method



Atomic model for hydrogen
H𝛼 as an example
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Line emissivity of H𝛼 

ϵ32 = (n3sA3s,2p + n3pA3p,2s + n3dA3d,2p)hν3→2

Δl = ± 1

n = 1

n = 2

n = 3
n = 4
n = 5
n = ∞

s p d
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H𝛼 emissivity profile  level population profilen3s



Atomic model for hydrogen
Rate equation
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n = 1

n = 2

n = 3
n = 4
n = 5
n = ∞

e−
3p



Atomic model for hydrogen
Rate equation
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n = 1

n = 2

n = 3
n = 4
n = 5
n = ∞

Direct radiative recombination

: -resolved recombination rate coefficientαnl nl

3p

αnl(T)npne

Δl = ± 1



Atomic model for hydrogen
Rate equation
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n = 1

n = 2

n = 3
n = 4
n = 5
n = ∞

3p

∞

∑
n′ >n

∑
L′ =L±1

nn′ L′ 
An′ L′ ,nLαnl(T)npne

Spontaneous decay from higher levels

: Einstein A coefficientAn′ L′ ,nL

Δl = ± 1



Atomic model for hydrogen
Rate equation
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Spontaneous decay to lower levels

: Einstein A coefficientAn′ L′ ,nL

+ =

3p

Δl = ± 1



Atomic model for hydrogen
Rate equation

8

n = 1

n = 2

n = 3
n = 4
n = 5
n = ∞

∞

∑
n′ >n

∑
L′ =L±1

nn′ L′ 
An′ L′ ,nLαnl(T)npne nnl

n−1

∑
n′ ′ =n0

AnL,n′ ′ L′ ′ + =

3p

Population De-population



Atomic model for hydrogen
Rate equation
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• Solved by Cascade Matrix Formalism (CMF) https://github.com/YuankangLiu/hypop

https://github.com/YuankangLiu/hypop


Atomic model for hydrogen
Rate equation
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Atomic model for hydrogen
Rate equation
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• Solved by Cascade Matrix Formalism (CMF) https://github.com/YuankangLiu/hypop

HyPop or HyLight

https://github.com/YuankangLiu/hypop


Convergence
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Atomic model for hydrogen
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Atomic model for hydrogen
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For n < = 5

Atomic model for hydrogen
Contribution from collisional excitation

n = 1

n = 2

n = 3
n = 4
n = 5
n = ∞
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Atomic model for hydrogen
Two-photon continuum
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n = 1

n = 2

n = 3
n = 4
n = 5
n = ∞

Virtual state

Two-photon continuum spectrum



Application - Mock observables
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CHIMES + SPHM1RT

3D H II region simulation with radiative transfer  cm-3

 s-1

nH = 10

Q(H) = 5e47

Ionised
Neutral



Application - Mock observables

13 CHIMES-RT vs. Cloudy

e.g., How many H atoms are in ?n = 3

CHIMES + SPHM1RT

Ionisation structure

3D H II region simulation with radiative transfer



Application - Mock observables
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CHIMES + SPHM1RT

Ionisation structure

Atomic model

Level population

 for given nnl np, ne, T

3D H II region simulation with radiative transfer
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Application - Mock observables
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CHIMES + SPHM1RT

Ionisation structure

Level population

Spectrum & Image

 for given nnl np, ne, T

3D H II region simulation with radiative transfer

Atomic model



Application - Mock observables
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CHIMES + SPHM1RT

Ionisation structure

Level population

Spectrum & Image

 for given nnl np, ne, T

3D H II region simulation with radiative transfer

Atomic model
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Not possible with Cloudy!



Example
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OIII: blue
H 𝛼: yellow
S II: red

McLeod 2019

?

OIII: blue
H 𝛼: green
N II: red



Future works & Summary
• Simulations of H II regions and comparison with spatially-resolved 

observations

• Probing subgrid physics for stellar feedback & non-equilibrium 
evolution of ISM

• An atomic model for hydrogen recombination line (HyPop)

• Applicable for post-processing of radiation-hydrodynamic simulations
https://github.com/YuankangLiu/hypop
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