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Radiative Transfer (복사전달)
• How is radiation affected as it propagates through intervening gas and dust 

media to the observer?

• What we can learn?
- gas/dust temperature, degree of ionization
- gas kinematics (inflow, outflow)
- elemental abundances
- excitation sources

Source
Intervening gas / dust

Observer
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Simplication & Complexity
• Simplification:

- Diffraction can be neglected: Astronomical objects are normally much larger than the 
wavelength of radiation they emit.

- Light rays travel to us along straight lines.

• Complexity:
- At one point, photons can be traveling in several different directions.

- Full specification of radiation needs to say how much radiation is moving in each 
direction at every point. Therefore, we are dealing with the five- or six-dimensional 
problem. ( )[x, y, z] + [θ, ϕ] + [t]
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In order to derive Poynting’s theorem, let’s look at the mechanical work done on a particle i by the electric and the magnetic fields. This work is given by

vi · Fi = qivi ·
(

E +
vi

c
× B

)

= qivi · E (2.34)

since vi ⊥ (vi × B).

Summing over all particles at a certain position then gives
P =

∑

i

δ(x − xi(t))qivi · E = j · E (2.35)

Because of Ampère’s law,

∇× B =
4π
c

j +
1
c

∂E

∂t
⇒ j =

c

4π
(∇× B) −

1
4π

∂E

∂t
(2.4)

we find

j · E =
c

4π

(

E · (∇× B) −
1
c
E ·

∂E

∂t

)

(2.36)

=
c

4π
E · (∇× B) −

1
8π

∂(E2)

∂t
(2.37)

Analogously to (a × b) · c = (b × c) · a one has
E · (∇× B) = ∇B · (B × E) = −∇B · (E × B) (2.38)

where ∇B operates only on B. Therefore

j · E = −
c

4π
∇B · (E × B) −

1
8π

∂E2

∂t
(2.39)

Note that
∇ · (E × B) = ∇B · (E × B) + ∇E · (E × B) (2.40)

Therefore, add (c/4π)∇E(E × B) to Eq. 2.39:

j · E = −
c

4π

(

∇B · (E × B) + ∇E(E × B) −∇E(E × B)
)

−
1
8π

∂E2

∂t
(2.41)

= −
c

4π
∇ · (E × B) +

c

4π
∇E(E × B) −

1
8π

∂E2

∂t
(2.42)
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but ∇E(E × B) = (∇× E) · B (similar to Eq. 2.38)

= −
c

4π
∇ · (E × B) +

c

4π
(∇× E) · B −

1
8π

∂E2

∂t
(2.43)

Calculate ∇× E using Faraday’s law (Eq. 2.2), i.e.,

c

4π
(∇× E) · B = −

1
4π

∂B

∂t
· B = −

1
8π

∂

∂t
(B · B) = −

1
8π

∂B2

∂t
(2.44)

such that we finally obtain Poynting’s theorem

−j · E =
c

4π
∇ · (E × B) +

∂

∂t

(

E2

8π
+

B2

8π

)

(2.32)
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Radiation Quantities 1

Flux Density, I

dA
We now relate the electrodynamic
quantities such as E, B, or S to
measurables. Before we can do this,
need to introduce some definitions.

Definition. Energy flux, F , is defined
as the energy dE passing through
area dA in time interval dt:

dE = F dA dt (2.45)

Units of F are erg cm−2 s−1.
F depends on the orientation of dA, and can also depend on the frequency.
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Radiation Quantities 2

Flux Density, II

Flux from an isotropic radiation source, i.e., a source emitting equal amounts of
energy in all directions.
Spherically symmetric stars are isotropic radiation sources, other astronomical objects such as, e.g., Active
Galactic Nuclei, are not.

r 1

r2

Because of energy conservation, flux
through two shells around source is
identical:

4πr21 F (r1) = 4πr22F (r2) (2.46)

and therefore we obtain the inverse
square law,

F (r) =
const.

r2
(2.47)



• Intensity is the energy carried along by individual rays.

- Let    be the amount of radiant energy which crosses the area    perpendicular to a 
direction  within solid angle  about in a time interval    with photon frequency between 

 and .

- The monochromatic specific intensity    is then defined by the equation.

- Unit: 

• From the view point of an observer, the specific intensity is called surface 
brightness.

dEν dAk
k dΩ dt

ν ν + dν
Iν

erg s−1 cm−2 sr−1 Hz−1

Intensity (Surface Brightness)
4

k = direction of propagationdAk

Solid angle d



• Definition
- Flux is a measure of the energy carried 

by all rays passing through a given area
- Consider a small area , exposed to 

radiation for a time .

- Flux  is defined as the total (net) energy 
passing through a unit area in all directions 
within a unit time interval.

- Note that  depends on the orientation of 
the area element  .

- Unit: 

dA
dt

Fν

Fν
dA

erg cm−2 s−1

Flux
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but ∇E(E × B) = (∇× E) · B (similar to Eq. 2.38)

= −
c

4π
∇ · (E × B) +

c

4π
(∇× E) · B −

1
8π

∂E2

∂t
(2.43)

Calculate ∇× E using Faraday’s law (Eq. 2.2), i.e.,

c

4π
(∇× E) · B = −

1
4π

∂B

∂t
· B = −

1
8π

∂

∂t
(B · B) = −

1
8π

∂B2
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(2.44)

such that we finally obtain Poynting’s theorem

−j · E =
c

4π
∇ · (E × B) +

∂

∂t

(

E2

8π
+

B2

8π

)

(2.32)
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Radiation Quantities 1

Flux Density, I

dA
We now relate the electrodynamic
quantities such as E, B, or S to
measurables. Before we can do this,
need to introduce some definitions.

Definition. Energy flux, F , is defined
as the energy dE passing through
area dA in time interval dt:

dE = F dA dt (2.45)

Units of F are erg cm−2 s−1.
F depends on the orientation of dA, and can also depend on the frequency.
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Radiation Quantities 2

Flux Density, II

Flux from an isotropic radiation source, i.e., a source emitting equal amounts of
energy in all directions.
Spherically symmetric stars are isotropic radiation sources, other astronomical objects such as, e.g., Active
Galactic Nuclei, are not.

r 1

r2

Because of energy conservation, flux
through two shells around source is
identical:

4πr21 F (r1) = 4πr22F (r2) (2.46)

and therefore we obtain the inverse
square law,

F (r) =
const.

r2
(2.47)
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Flux vs. Intensity
6

The power delivered to the two surfaces are 
equal though there areas differ.

The flux is the power per unit area so the 
tilted surface gets less flux.

Two intensities are equal.
The upper set or rays delivers less flux.

The rate that energy is delivered to a surface 
from light traveling around a direction  is  

.
θ

I cos θdΩ



Relation between the flux and the intensity
• Let’s consider a small area , with light rays 

passing through it at all angles to the normal 
vector  of the surface.

• For a ray centered about , the area, made 
by , normal to  is

- By the definition,

• Hence, net flux in the direction of  is given 
by integrating over all solid angles:

dA

n
k

dA k

n
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Radiation Quantities 3

Specific Intensity, I

Better description of radiation: energy carried along individual ray.

dΩ

n

Problem: Rays are infinitely thin =⇒
No energy carried by them. . .
=⇒Look at energy passing through

area dA (with normal n) in all
rays going into spatial direction
dΩ.

The specific intensity, Iν, in the band
ν, . . . , ν + dν is defined via

dE = Iν dA dt dΩ dν (2.48)

Iν is measured in units of erg s−1 cm−2 sr−1Hz−1 and depends on location,
direction, and frequency.
In an isotropic radiation field, Iν = const. for all directions.
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Radiation Quantities 4

Specific Intensity, II

Using the definition of I , we can calculate the net flux in a direction n.
n

dΩ

θ

Contribution to flux in direction n from
flux into direction dΩ:

dFν = Iν cos θ dΩ (2.49)
Integrate over all angles to obtain the total flux:

Fν =

∫

4π sr
Iν cos θ dΩ =

∫ π

θ=0

∫ 2π

0
Iν(θ, φ) cos θ sin θ dθ dφ (2.50)

2–11

θ

Especially in the theory of stellar atmospheres, where often deals with the radiative transport
through a slab of material and can assume cylindrical symmetry, one writes

µ = cos θ (2.51)

where θ is the angle between the z-direction (“up”-“down” direction) and the direction of the
light ray. Then

dµ

dθ
= − sin θ (2.52)

and

Fν =

∫

−1

µ=+1

∫ 2π

φ=0
Iν(µ, θ)(−µ) sin θ

dµ

sin θ
dφ (2.53)

=

∫ +1

µ=−1

∫ 2π

φ=0
Iµ(µ, θ)µ dµ dφ (2.54)

taking into account the cylindrical symmetry,

= 2π
∫ +1

−1
Iν(µ)µ dµ (2.55)
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Radiation Quantities 5

Specific Intensity, III

The specific intensity is constant along the line of sight.

Proof: Consider the following figure:

R

dAdA1 2

Energy carried through area dA1 and
dA2 is given by

dE1 = I1 dA1 dt dΩ1 dν (2.56)
dE2 = I2 dA2 dt dΩ2 dν (2.57)

where dΩ1: solid angle subtended by
dA2 at dA1, and vice versa:

dΩ1 = dA2/R
2 (2.58)

dΩ2 = dA1/R
2 (2.59)

Energy conservation implies dE1 = dE2, i.e.,

I1 dA1 dt
dA2

R2 dν = I2 dA2 dt
dA1

R2 dν (2.60)

that is: I1 = I2 = const.. QED.

k

dA
x

FνdAdνdt = ∫ Iν(k, x, t)dAkdΩdνdt

Fν = ∫ Iν cos θdΩ = ∫
2π

0 ∫
π

0
Iν(θ, ϕ)cos θ sin θdθdϕ

7

dAk = dA cos θ

[Note]  flux          =  sum of all ray vectors projected onto a normal vector
            intensity  =  absolute value of a single ray vector



Flux from the surface of a uniformly bright sphere
8

• In stellar atmosphere, the astrophysical flux is defined by   .F/π

• Let’s calculate the flux at    on a sphere of uniform brightness P B

The total luminosity from the sphere is then



Constancy of Intensity
• How does intensity changes along a ray in free space

- Suppose a bundle of rays and any two points along the rays and construct two 
“infinitesimal” areas    and     normal to the rays at these points.

- What are the energies carried by the rays passing through both areas?

- Here,   is the solid angle subtended by    at  the location 1 and             
 is the solid angle subtended by    at  the location 2.

dA1 dA2

dΩ1 dA2
dΩ2 dA1

9

dA1 dA2

R
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: Radiative Transfer Equation in free space

• Conclusion (the constancy of intensity ):
- the specific intensity remains the same as radiation propagates through free space.

• We receive the same specific intensity at the telescope as is emitted at the source.
- Imagine looking at a uniformly lit wall and walking toward it. As you get closer, a field-

of-view with fixed angular size will see a progressively smaller region of the wall, but 
this is exactly balanced by the inverse square law describing the spreading of the 
light rays from the wall.

dA1

R
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dE1 = dE2 ! I1 = I2

Conservation of energy:
Because energy is conserved,
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Luminosity
• To determine the energy per unit time, we integrate flux over area.

- Monochromatic luminosity: Considering a sphere centered on a source with radius 
R, the monochromatic luminosity is

- The bolometric luminosity is

• Flux and Luminosity of an extended source

11

for an isotropic source
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Energy Density
• Consider a bundle of rays passing through a volume element   

within a time interval    in a direction  .
• Then, the energy density per unit solid angle is defined by

• Since radiation travels at velocity c, 

• the definition of the intensity

• Therefore, 

dV
dt Ω
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Volume



• Integrating over all solid angle, we obtain

• Mean intensity is defined by

• Then, the energy density is

• Total energy density is obtained by integrating over all frequencies.

Energy Density and Mean Intensity
13



Momentum Flux: Radiation Pressure

The first cosine factor is due to the reduced 
area along .

The second one is due to the projection of the 
differential flux vector to the normal vector  .

k

n

• Radiation pressure due to energy flux propagating along 
direction , within solid angle    and with  frequency 
between , being transported along :

- momentum of a photon: 

- force: 

- radiation pressure = force per unit area

• Integrating over solid angle,
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(ν, ν + dν) n
p = E/c

F =
Δp
Δt

=
ΔE
cΔt
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for isotropic radiation field



Radiative Transfer Equation: (1) free space
• Recall the constancy of intensity:

- the specific intensity remains the same as radiation propagates through free space.

• Radiative Transfer Equation in Free Space: If we measure the distance along a ray by 
variable  , we can express the result equivalently in differential form:s
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dI

ds
= 0 radiative transfer equation in free space



Radiative Transfer Equation: (2) in reality
• In reality, as a ray passes through matter, energy may be added, subtracted, or 

scattered from it by emission, absorption, or scattering.

- The intensity will not in general remain constant.
- These interactions are described by the radiative transfer 

equation.
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18 Essential Background Physics

Fig. 3.2. Schematic of the
losses through scattering
and absorption and gains
through emission as
radiation passes through a
material, changing the
speci!c intensity by dIν
over pathlength ds.

ds
Iν Iν + dIν

models of a source to predict how much radiation we would detect in
various observational scenarios.

We now consider radiation within the source itself. Figure 3.2
illustrates how Iν is modified through gains (emission) and losses
(absorption and scattering). Over a small pathlength, ds, we can write

dIν = jνds − κνIνds, (3.6)

where jν is the emission coefficient and κν is the absorption coef-
ficient. The first term describes the spontaneous emission of photons
whereas the second term scales with Iν because the number of photons
lost is proportional to the number that pass through the material.

Radiation is affected not by the distance it travels but by its inter-
action with matter. This motivates a change from pathlength to optical
depth,

dτν ≡ κνds. (3.7)

This leads to the equation of radiative transfer,

dIν

dτν
= Sν − Iν, (3.8)

where

Sν ≡ jν

κν
(3.9)

is the source function. This has the general solution

Iν(τν) = Iν(0)e−τν +
∫ τν

0
Sν e(τν−τ ′) dτ ′, (3.10)

which states that the specific intensity is the sum of an attenuated back-
ground source and material emission coefficient modified by absorption
along the line of sight.

For matter in thermodynamic equilibrium at a single temperature
T , the specific intensity is a blackbody everywhere (Equation 3.3),

scattering

absorption

emission
loss: scattering &

 absorption

gain: emission

[J. P. Williams]
Introduction to the Interstellar Medium



Emission
• If the radiation travels through a medium which is itself emitting radiation, 

that will add to the energy:

- Spontaneous “emission coefficient” or “emissivity”    is the amount of energy 
emitted per unit time, per unit solid angle, per unit frequency, and per unit 
volume:

- In going a distance  , a beam of cross section    travels through a volume  
. Thus the intensity added to the beam is by  is

jν

ds dA
dV = dAds ds
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dE = (dIν)dAdΩdtdν



• Therefore, the equation of radiative transfer for pure emission becomes:

- If we know what   is, we can integrate this equation to find the change in specific 
intensity as radiation propagates through the medium:

jν

dIν

ds
= jν

Iν(s) = Iν(0) + ∫
s

0
jν(s′￼)ds′￼
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Absorption
• If the radiation travels through a medium which absorbs radiation, the energy 

in the beam will be reduced:

- Let  denote the number density of absorbers (particles per unit volume).

- Assume that each absorber has a cross-sectional area of .

- number of absorbers = 

• If a beam travels through , total area of absorbers is

n
σν (in units of cm2)

ndAds

ds

number of absorbers × cross section = (n ⋅ dA ⋅ ds) ⋅ σν

19



     Fraction of radiation absorbed = Fraction of area blocked

• Absorption coefficient is defined as    (units: ),  meaning the 
total cross-sectional area per unit volume.

where    is the mass density and    is called the mass absorption coefficient 
or the opacity coefficient.

αν ≡ nσν cm−1

ρ κν

dIν

Iν
= −

ndAdsσν

dA
= − nσνds

dIν = − nσνIνds ≡ − ανIνds

20
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• Without scattering term,

• Including scattering term, we obtain a general integrodifferential equation.

- scattering coefficient

- scattering phase function

for isotropic scattering

The Radiative Transfer Equation: Scattering
21

extinction coefficient
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Here,  should be used because the scattering 
also removes the ray.

αext
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• For pure emission,

- The brightness increase is equal to the emission coefficient integrated along the line 
of sight.

Solution: Emission Only
22
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I⌫(0) = 0

Iν(s) = Iν(0) + ∫
s

0
jν(s′￼)ds′￼

dIν

ds
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• Pure absorption:  
Rearranging the previous equation, we obtain the equation of radiative transfer for 
pure absorption:

- The amount of reduced energy depends on how much radiation we already have.
- Integrate to find how radiation changes along path:

• The brightness decreases along the ray by the exponential of the 
absorption coefficient integrated along the line of sight.

jν = 0

Solution: Absorption Only

dIν

ds
= − ανIν

Iν(s) = Iν(0)exp [−∫
s

0
αν(s′￼)ds′￼]
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Iν(0) Iν(s)



• Optical depth:
Imagine radiation traveling into a cloud of absorbing gas, the exponential defines a scale over 
which radiation is attenuated.
We define the optical depth  as:

- A medium is said to be optically thick at a frequency  if the optical depth for a typical path 
through the medium satisfies:

- The medium is optically thin if, instead:

An optically thin medium is one which a typical photon of frequency   can pass through without 
being (significantly) absorbed.

τν

ν

ν

τν(s) = ∫
s

0
αν(s′￼)ds′￼ or dτν = ανds

τν(s) > 1

τν(s) < 1
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Iν(τν) = Iν(0)e−τν

Iabs
ν (τν) = Iν(0)(1 − e−τν)

Transmitted Light

Absorbed Light
Iν(0) Iν(s)

Iν(τν) → Iν(0)

Iν(τν) → 0 Iabs
ν (τν) → Iν(0)

Iabs
ν (τν) → 0



Mean Free Path
• From the exponential absorption law, the probability of a photon absorbed 

between optical depths    and   is

- The mean optical depth traveled is thus equal to unity:

- The mean free path is defined as the average distance a photon can travel through an 
absorbing material until it is absorbed. In a homogeneous medium, the mean free path is 
determined by

- A local mean path at a point in an inhomogeneous material can be also defined.

τν τν + dτν

25
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General Solution (without scattering)
• Source function:

- The radiative transfer equation can now be written

- This is an alternative and sometimes more convenient way to write the equation.
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dIν

ανds
= − Iν +

jν
αν

dIν

dτν
= − Iν + Sν



Formal Solution

• The solution is easily interpreted as the sum of two terms:
- the initial intensity diminished by absorption
- the integrated source diminished by absorption.

• For a constant source function, the solution becomes

27

0 τ′￼ τ

τ − τ′￼

τ
I(0)

S(τ′￼)
I(0)e−τ

S(τ′￼)e−(τ−τ′￼)

<latexit sha1_base64="s1/5AAENt5E8Ji9mzbm/LdrH5FI="></latexit>

I⌫(⌧⌫) = I⌫(0)e
�⌧⌫ +

Z ⌧⌫

0
e�(⌧⌫�⌧ 0

⌫)S⌫(⌧
0
⌫)d⌧

0
⌫



Relaxation

• “Relaxation”
-  

- The source function is the quantity that the specific intensity tries to approach, 
and does approach if given sufficient optical depth.

I⌫ > S⌫ ! dI⌫
d⌧⌫

< 0, then I⌫ tends to decrease along the ray

I⌫ < S⌫ ! dI⌫
d⌧⌫

> 0, then I⌫ tends to increase along the ray
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Thermal equilibrium
• In general, equilibrium means a state of balance.
• Thermal Equilibrium

- Thermal equilibrium refers to steady states of temperature, which defines the 
average energy of material or photons.

- In a state of (complete) thermodynamic equilibrium (TE), no net flows of matter or 
of energy, no phase changes, and no unbalanced potentials (or driving forces), within 
the system. In TE, matter and radiation are in equilibrium at the same 
temperature T.

- When the material is (locally) in thermodynamic equilibrium, and only the 
radiation field is allowed to depart from its TE, we refer to the state of the system 
as being in local thermodynamic equilibrium (LTE)

- In other words, if the material is (locally) in thermodynamic equilibrium at a well-
defined temperature T, it is said to be in local thermodynamic equilibrium (LTE) 
even if it is not in equilibrium with the radiation field.
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Blackbody
• Imagine a container bounded by opaque walls with a 

very small hole.
- Photons will be scattered and absorbed many times, 

(and eventually trapped and completely absorbed in 
the box). Under such conditions, the particles and photons 
continually share their kinetic energies. In perfect thermal 
equilibrium, the average particle kinetic energy will 
equal to the average photon energy, and a unique 
temperature T can be defined.

- A blackbody is an idealized physical body that 
absorbs all incident radiation regardless of frequency or 
angle of incidence (i.e., perfect absorber). The above 
cavity can be regarded to be a blackbody.

- Radiation from a blackbody in thermal equilibrium is 
called the blackbody radiation.

Radiation and Thermodynamics

consider an enclosure (“box 1”)

in thermodynamic equilibrium at temperature T

the matter in box 1

• is in random thermal motion

• will absorb and emit radiation

details of which depends on

the details of box material and geometry

• but equilibrium

→ radiation field in box doesn’t change

Iν,1T

box 1

open little hole: escaping radiation has intensity Iν,14
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Blackbody radiation is the universal function.
• Now, consider another cavity (box 2), also at the 

same temperature, but made of different material 
or shape and connect two cavities with a filter 
transparent only in the narrow frequency range 

.
- In equilibrium at T, radiation should transfer no net 

energy from one cavity to the other. Otherwise, one 
cavity will cool down and the other heats up; this violates 
the second law of thermodynamics.

- Therefore, the intensity or spectrum that passes through 
the holes should be a universal function of T and should 
be isotropic.

- The intensity and spectrum of the radiation emerging 
from the hole should be independent of the wall 
material (e.g., wood, copper, or concrete, etc) and any 
absorbing material that may be inside the cavity.

- The universal function is called the Planck function .
- This is the blackbody radiation.

ν and ν + dν

Bν(T )

now add another enclosure (“box 2”), also at temperature T
but made of different material

IνIν

filter

T T

box 1 box 2

,2 ,1

separate boxes by filter passing only frequency ν
radiation from each box incident on screen
Q: imagine Iν,1 > Iν,2; what happens?
Q: lesson?
Q: how would Iν,1 change if we increased the box volume

but kept it at T?

5
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Spectrum of Blackbody Radiation

• The frequency dependence of blackbody radiation is given by the Planck 
function:

h = 6.63 × 10−27 erg s (Planck′￼s constant)
kB = 1.38 × 10−16 erg K−1 (Boltzmann′￼s constant)

32

B⌫(T ) =
2h⌫3/c2
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2hc2/�5
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• There is no perfect blackbody.
- However, the cosmic microwave background 

comes quite close; stars can sometimes be 
usefully approximated as blackbodies.

- By the end of the 19th century, the blackbody 
spectrum was fairly well known empirically, 
from laboratory studies.

- In 1900, Max Planck, using his idea of 
quantized energies, derived the blackbody 
spectrum. https://pages.uoregon.edu/imamura/321/122/lecture-3/stellar_spectra.html

Sun: G2



Rayleigh-Jeans Law & Wien Law
• Rayleigh-Jeans Law (low-energy limit)

- Originally derived by assuming the classical equipartition of energy 

- ultraviolet catastrophe: if the equation is applied to all frequencies, the total amount of 
energy would diverge.

• Wien Law (high-energy limit)
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In Local Thermodynamic Equilibrium
• LTE is characterized by the following three equilibrium distribution

- Maxwellian velocity distribution of particles

- Boltzmann distribution: The probability distribution that a system will be in a certain 
quantum state as a function of that state’s energy and the temperature of the system.

where  is the population of level ,  is its statistical weight,  is the level energy, 
measured from the ground state, and  is the partition function of the ionization stage to 
which level  belongs.

- Saha ionization equation:

where  is the partition function of the ionization stage  and  is the ionization potential 
of ion .

pi i gi Ei
U

i

UI I χI
I

34



Breakdown of LTE
• LTE holds if all atomic processes are in detailed balance, i.e., if the number of 

processes  is exactly balanced by the number of inverse processes 
.

• By the term non-LTE (or NLTE), we describe any state that departs from LTE.

- Collisional transitions: Under many astrophysical circumstances, collisions between 
particles tend to maintain the local equilibrium (thus, Maxwellian velocity distribution).

- Radiative transitions: However, the fact that the radiation escapes from a system 
implies that LTE must eventually break down at a certain point. The number of 
photoexcitations (any atomic transition induced by absorbing a photon) becomes 
lower than the number of inverse, spontaneous processes.

A → B
B → A
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- Therefore, we expect departures from LTE if the two conditions are met:

(i) radiative rates in some important atomic transition dominate over the collisional 
rates

(ii) radiation is not in equilibrium, i.e., the intensity does not have the Planckian 
distribution.

It is therefore clear that for low densities departures from LTE will be significant or 
even crucial.

In the upper layers of the stellar atmosphere, departures from LTE are expected to be 
largest.
In contrast, deep in the atmosphere, photons do not escape, and so the intensity is 
close to the equilibrium value. Departures from LTE are therefore small.
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• NLTE in most astrophysical systems,
- The velocity distribution is well represented by a Maxwell distribution at the gas 

temperature, as the Bremsstrahlung radiation is inefficient, and the velocities are 
governed by elastic collisions between particles.

- However, the internal quantum states and ionization stages do not follow the 
Boltzmann distribution or the Saha equation.

• In NLTE, the excitation temperature  for level  is defined as follows:Tex i
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Here,  is the excitation temperature for level .Tex i



• In (full) thermodynamic equilibrium at temperature T, by definition, the following 
two conditions are satisfied:

We also note that

- Then, we obtain the Kirchhoff's law for a system in TE:

- This is remarkable because it connects the properties    and    of any 
kind of matter to the single universal spectrum  .

jν(T ) αν(T )
Bν(T )

Kirchhoff’s Law in TE

(1)
dIν

ds
= 0 and (2) Iν = Bν(T )

dIν

ds
= − ανIν + jν
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Kirchhoff’s Law in LTE
• Recall that Kirchhoff’s law was derived for a system in thermodynamic 

equilibrium.

• Kirchhoff’s law applies not only in TE but also in LTE:
- Recall that  is independent of the properties of the radiating / absorbing 

material.

- In contrast, both  and  depend only on the materials in the cavity and 
on the temperature of that material; they do not depend on the ambient radiation 
field or its spectrum.

- Therefore, the Kirchhoff’s law should be true even for the case of LTE.

- In LTE, the ratio of the emission coefficient to the absorption coefficient is a 
function of temperature and frequency only.

- This generalized version of Kirchhoff’s law is an exceptionally valuable tool for 
calculating the emission coefficient from the absorption coefficient or vice versa.

Bν(T )

jν(T ) αν(T )
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• A good absorber is a good emitter, and a poor absorber is a poor emitter.    
(In other words, a good reflector must be a poor absorber, and thus a poor 
emitter.)

- It is not possible to thermally radiate more energy than a blackbody, at equilibrium.

- The radiative transfer equation in LTE can be rewritten:

• Remark:
- Blackbody radiation means . An object for which the intensity is the Planck 

function is emitting blackbody radiation.
- Thermal radiation is defined as radiation emitted by “matter” in LTE.  Thermal radiation 

means  .

Iν = Bν(T )

Sν = Bν(T )

Implications of Kirchhoff’s Law

(dI)emiss
= jνds = αν

jν
αν

ds ≤ Bν(T ) because ανds =
dIν abs

Iν
≤ 1

jν = ανBν(T ) → jν increases as αν increases
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• To see the difference between thermal and blackbody radiation,
- Consider a slab of material with optical depth  that is producing thermal radiation.
- If no light is falling on the back side of the slab, the intensity that is measured on the 

front side of the slab is

- If the slab is optical thick at frequency               , then

- If the slab is optically thin                , then

This indicates that the radiation, although thermal, will not be blackbody.

Thermal radiation becomes blackbody radiation only for optical thick media.

⌧⌫
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Dust Clouds in our Galaxy 
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THE ASTRONOMICAL JOURNAL VOLUME 81, NUMBER 11 NOVEMBER 1976 

Plate VI (Sandage, p. 954). A high-contrast print from a new III-aJ plate plus Wratten-4 filter of a region near the galaxies M81 and 
M82. The bright filamentary nebulosity in the upper-left third of the print, just below the airplane trail, is at «1950 = 9h48m, <5195o = +70° 
10'; / = 140°, b = +40°. The scale can be found by noting that the width of the photograph is 2° 45' and the length is 3° 32'. 
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• The ISM consists of gas and dust (solid 
particles).

• First Discovery of interstellar dust:    
de Vaucouleurs (1955)


• First detailed optical images of high 
latitude clouds in a Galactic polar cap 
survey - Sandage (1976)


• The cirrus clouds are observational 
obstacles in studying extragalactic 
LSB features.
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Cirrus Clouds are Ubiquitous! 

SSSC DRM Case Study
The Physics of Infrared Cirrus

Figure 1: IRAS 100 µm
image of a typical
intermediate-latitude
region of the Galaxy
showing widespread
cirrus. Representative
shapes for a SOFIA
survey are indicated.
The most common
shape of cirrus is
filamentary, which can
be smooth or clumpy at
IRAS resolution. In
certain regions, the
cirrus takes a more
rounded form. We
indicate at lower left the
10′ SuperHAWC field of
view, encompassing ∼10
IRAS resolution
elements and ∼1000
SOFIA resolution
elements.

Scientific Objectives

The infrared cirrus consists of moderately far-IR bright (10-100 MJy/steradian), widely
extended, predominantly filamentary Galactic dust emission visible over most of the sky.
With a mean temperature of 25 K (Low et al. 1984), it is best studied at λ = 100 − 200
µm, although it partially correlates with 21 cm neutral hydrogen emission and tracers of
molecular hydrogen (Deul & Burton 1990; Weiland et al. 1986). The origin of the cirrus
is not yet known, but in its present state it is perhaps a relatively simple laboratory for
studying the interaction of dust, gas, magnetic fields, and interstellar radiation due to the
low optical depth, distance from stellar formation and evolution processes, and infrequency
of shock signatures (Low et al. 1984; Hearty et al. 1999; Turner 1995).
We propose to study infrared cirrus with the SuperHAWC camera/polarimeter aboard

SOFIA, addressing the following topics:
substructure – Maps of dust emission are excellent tracers of mass; therefore the

SuperHAWC maps will give insight into evolutionary timescales for cirrus when combined
with velocity maps from atomic hydrogen emission or tracers of molecular hydrogen. In
particular, we can search for clumps of gas on scales down to 0.01 pc and determine if

3

• Discovery of far-IR (FIR) emitting cirrus clouds 
over the full sky - Low et al. (1984), IRAS satellite
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Radiative Transfer in Astrophysics: Dust
• Dust materials

- Silicates: The two main types of silicates in dust are pyroxene and olivine.

44

pyroxene
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MgxFe1�xSiO3
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Carbonaceous grains and silicate grains 119

Si

O

pyroxenes

FIGURE 5.9 Left: The building blocks of silicates are SiO4 tetrahedra.
Middle: In pyroxenes, which have a chain structure, two adjacent tetrahedra
share one oxygen atom; the chain repeats after two tetrahedra. The triangles
represent the SiO4 units. In interstellar grains, the chains are usually not very
regular and linear, as in crystals, but may more resemble worms because of
widespread disorder. Right: Other chain types are realized in silicates, too;
here is a double chain where more than one O atom per tetrahedron is shared
(amphiboles).

– forsterite: Mg2SiO4 and
– fayalite: Fe2SiO4.

To visualize the three-dimensional structure of olivine, imagine that each
Mg2+ or Fe2+ cation lies between six O atoms of two independent tetra-
hedra. These six O atoms are at corners of an octahedron around the
cation. The ratio r of the ionic radius of the metal cations to that of O2−

is about 0.5. Because the O atoms are so big, they form approximately
an hexagonal close packed structure (figure 5.8).

• One, two, three or even all four oxygen atoms are shared among neigh-
boring tetrahedra.
Astronomically relevant is bronzite, (Mg,Fe)SiO3. It is a pyroxene (see
figure 5.9), so two O atoms are common to neighboring SiO4 units. The
pure forms are

– enstatite: MgSiO3 and
– ferrosilite: FeSiO3.

In orthopyroxenes the unit cell is orthorhombic. They dominate at low
temperatures (and when there is no big cation, like Ca2+) and should
therefore be favored in astronomical crystals, but a monoclinic structure
of the unit cell is also possible (so-called clinopyroxenes).

 

olivine - tetrahedra
(building block)

amphiboles

Fig 5.9 Krugel
[An Introduction to the Physics of Interstellar Dust]



- Polycyclic  Aromatic Hydrocarbons (PAHs)

45

274 CHAPTER 23

on the crystalline fraction to <∼ 2.2% (Kemper et al. 2005).
However, the infrared spectra of some AGB stars (de Vries et al. 2010), as well

as some comets (e.g., Comet Hale-Bopp: Wooden et al. 1999) and disks around
T Tauri stars, (Olofsson et al. 2009) do show fine structure characteristic of crys-
talline silicates. The fine structure indicates that the crystalline material present is
predominantly of an olivine (Mg2xFe2−2xSiO4) structure, with a magnesium frac-
tion x ≈ 0.8.

In crystalline silicates, the Mg/Fe ratio can be diagnosed by well-defined shifts
in spectral features, but determining the Mg/Fe ratio in amorphous silicates is much
more challenging. From the observed interstellar extinction, Kemper et al. (2004)
infer that Mg/(Mg+Fe)≈ 0.5; Min et al. (2007), on the other hand, conclude that
Mg/(Mg+Fe)≈ 0.9 .

The overall strength of the silicate absorption feature requires that a substan-
tial fraction of interstellar silicon atoms reside in amorphous silicate grains. See
Henning (2010) for a recent review of silicates in the ISM and around stars.

23.5 Polycyclic Aromatic Hydrocarbons

The infrared emission spectra of spiral galaxies show conspicuous emission fea-
tures at 3.3, 6.2, 7.7, 8.6, 11.3, and 12.7µm that are attributable to vibrational
transitions in polycyclic aromatic hydrocarbon (PAH) molecules. PAH molecules
are planar structures consisting of carbon atoms organized into hexagonal rings,
with hydrogen atoms attached at the boundary. Figure 23.7 shows the 5 to 15µm

Figure 23.7 The 5 to 15µm spectrum of the reflection nebula NGC 7023 (Cesarsky
et al. 1996). The IR spectrum of the reflection nebula NGC 

7023 (Cesarsky et al. 1996)
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the 6.2, 7.7, and 11.3µm features, and is presumed to also be emitted by PAHs.2

The 3.3µm feature (not shown in Fig. 23.7 or Fig. 23.8) is produced by the
C–H stretching mode in PAHs. The features at 6.2 and 7.7µm are produced by
vibrational modes of the carbon skeleton. The feature at 8.6µm is associated with
in-plane C–H bending modes, and the features at 11.3, 12.0, 12.7, and 13.55µm are
due to out-of-plane C–H bending modes, of H atoms at “mono,” “duo,” “trio,” or
“quartet” sites, defined by the number of adjacent H atoms. Figure 23.9 shows four
examples of PAHs, with examples of mono, duo, trio, or quartet sites indicated.

Figure 23.9 Structure of four PAHs. Examples of singlet, doublet, trio, and quartet H
atoms are indicated.

Interstellar PAHs may not be as perfect as the examples in Fig. 23.9 – for exam-
ple, one or more of the peripheral H atoms may be missing, perhaps replaced by
radicals such as OH or CN, or one of the carbons may be replaced by a nitrogen
(Hudgins et al. 2005).

A neutral PAH can be photoionized by the hν < 13.6 eV starlight in diffuse
clouds, creating a PAH+ cation, and large PAHs can be multiply ionized. Collision
of a neutral PAH with a free electron can create a PAH− anion. The fundamental
vibrational modes – C–H stretching and bending, and vibrational modes of the
carbon skeleton – remain at nearly the same frequency, although the electric dipole
moment of the different modes can be sensitive to the ionization state. For example,
the “solo” C–H out-of-plane bending mode at 11.3µm is much stronger for neutral
PAHs than for PAH ions, while the 7.7µm vibrational mode of the carbon skeleton
has a much larger electric dipole moment in PAH ions than in neutrals (see Draine
& Li 2007, and references therein).

2Table 1 of Draine & Li (2007) has a list of PAH features found in galaxy spectra.
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FIGURE 5.6 Four types of carbon binding, from top to bottom: sin-
gle bond in ethane (C2H6); double bond in ethylene (C2H4); triple bond in
acetylene (C2H2); resonance structure in benzene (C6H6) with three π-bonds
shared among six C atoms. Symbols: big circles: C atoms; small ones: H
atoms. σ-bonds are drawn with full lines, π-bonds broken. In the descrip-
tion of the bond, the type (σ or π) is followed by the atomic symbol and the
participating orbitals, for instance, σ(Csp2, H1s).

 

Bezene ring:
The simplest type of PAHs.

[Fig 5.6 in Krugel]

Structure of four PAHs.
[Fig 23.9 in Draine]



• Graphite (흑연)
- Graphite is the most stable form of carbon (at low 

pressure), consisting of infinite parallel sheets of sp2-
bonded carbon.

• Nanodiamond
- Diamond consists of sp3-bonded carbon atoms, with each 

carbon bonded to four equidistant nearest neighbors 
(enclosed angles are 109.47o).

• Armorphous carbon
• Hydrogenated amorphous carbon (HAC)
• Fullerenes

46
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graphite sheets

3.
35

A

FIGURE 5.7 Graphite is formed by sheets of carbon atoms, each with
an hexagonal honeycomb structure. The side length of the hexagons equals
1.42Å; the distance between neighboring sheets is 3.35Å. In analogy to close-
packed spheres (figure 5.8), besides the sheet sequence ABABAB . . . also
ABCABC . . . is possible and combinations thereof.

next higher layer B

bottom layer A
FIGURE 5.8 A ground layer A of equal balls (dashed), each touching its
six nearest neighbors, is covered by an identical but horizontally shifted layer
B (solid). There are two ways to put a third layer on top of B; one only needs
to specify the position of one ball in the new layer; all other locations are then
fixed. a) When a ball is centered at the lower cross, directly over a sphere
in layer A, one obtains by repetition the sequence ABABAB . . .. This gives
an hexagonal close-packed structure (hcp). b) When a ball is over the upper
cross, one gets by repetition a sequence ABCABC . . . and a face-centered
cubic lattice.

 

Structure of diamond.Buckminsterfullerene (C60)



RT effects in Dust
• Extinction = Absorption + Scattering

- Dust particles can scatter light, changing its direction of 
propagation. When we look at a reflection nebula, like 
that surrounding the Pleiades, we are seeing light from 
the central stars that has been scattered by dust into 
our line of sight.

- Dust particles can also absorb light. The relative 
amount of scattering and absorbing depends on the 
properties of the dust grains.

• Thermal radiation from Dust
- When dust absorbs light, it becomes warmer, so dust 

grains can emit light in the form of thermal radiation. 
Most of this emission is at wavelengths from a few 
microns (near IR) to the sub-mm range (Far-IR).

• Polarization
- The polarization of starlight was discovered in 1949 

(Hall 1949).
- The degree of polarization tends to be larger for stars 

with greater reddening, and stars in a given region of 
the sky tends to have similar polarization directions.
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PLATE II. 

PHOTOGRAPH OF THE MILKY WAY NEAR THE STAR THETA OPHIUCHI. 

Figure 6.1: Photograph by E. E. Barnard of the dark structures near 8 Ophiuchi. 
[Barnard 18 9 9] 

north and south of the bright star ... seem to me to be undoubtedly dark structures, 
or obscuring matter in space, which cut out the light from the nebulous or 
stellar regions behind them." To our experienced eyes, the dark structures near 
8 Ophiuchi are undeniably dust features, but the contemporaries of Ranyard 
had their doubts. The existence of interstellar dust wasn't universally accepted 
until the work of Robert Trumpler in 1930. 

Trumpler was making a study of open clusters within our galaxy. Assuming 
that clusters with similar numbers of stars had a similar physical diameter, he 
used them as standard yardsticks to compute a "diameter distance". Assuming 
that clusters with similar numbers of stars had a similar luminosity, he used 
them as as standard candles to compute a "photometric distance". What he 
found when he plotted diameter distance versus photometric distance is shown 
in Figure 6.2. If Trumpler assumed that open clusters were dimmed solely by 
the inverse square law of flux, then the photometric distances that he estimated 
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Figure 6.3: The Pleiades cluster and surrounding reflection nebulae 
[NASA/BSA/Caltech/ AURA] 

6.1 Observed Properties of Dust 

Although sample-return missions have given us samples of interplanetary dust 
to play with, the properties of more distant interstellar dust must be deduced 
indirectly, primarily by the effect of dust on electromagnetic radiation. Dust 
particles can scatter light, changing its direction of motion. When we look 
at a reflection nebula, like that surrounding the Pleiades (Figure 6.3), we are 
seeing light from the central stars that has been scattered by dust into our line 
of sight. Dust particles can also absorb light. The relative amount of scattering 
and absorbing depends on the properties of the dust grains. When we look 
at a distant star through the intervening dust, the excess dimming of the star 
is caused by a combination of scattering and absorbing. Usually, astronomers 
refer to the net result of scattering and absorbing as extinction. Extinction can 
be dependent on the polarization of the light being extinguished, so dust can 
polarize light from distant stars. 

When dust absorbs light, it becomes warmer, so dust grains can emit light 
in the form of thermal radiation. Most of this emission is at wavelengths from 
a few microns (near infrared) to the sub-millimeter range (far infrared). By 

The Pleiades cluster and surrounding 
reflection nebulae (Fig. 6.3, Ryden)

The dark structures near θ Ophiuchi 
(Barnar 1899; Fig. 6.1, Ryden)



RT effects in Dust: Reddening
• Reddening

- Reddening is the phenomena of the color of a visible astronomical object (e.g., star) 
appearing more red from a distance than from nearby.

- Within the visible wavelength range, the absorption/scattering cross-section by 
dust increases with frequency, absorbing/scattering more of the blue light than 
red.

- This effect leads to the reddening.
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RT effects in Dust: Blue Reflection Nebulae
• Scattering of Starlight

- When an interstellar cloud happens to be 
unusually near one or more bright stars, we 
have a reflection nebula, where we see 
starlight photons that have been scattered by 
the dust in the cloud.

- The spectrum of the light coming from 
from the cloud surface shows the stellar 
absorption lines, thus demonstrating that  
scattering rather than some emission process 
is responsible.

- Given the typical size of interstellar dust 
grains, blue light is scattered more than red 
light. A reflection nebulae is typically blue 
(so for the same reason that the sky is blue, 
except it's scattering by dust (for the reflection 
nebula) vs by molecules (for the earth's 
atmosphere)).
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How to measure the Interstellar Extinction
• Pair method

- Trumpler (1930) compared the spectra of pairs of stars with identical (or similar) 
spectral type, one with negligible obscuration and the other extinguished by dust 
along the line of sight. This method remains our most direct way to study the 
“selective extinction” or “reddening” of starlight by the interstellar dust.

50

Interstellar Dust 

IV-3 

IV-1 Interstellar Extinction 
The manifestation of interstellar dust that first brought it to our attention is its ability to extinguish 
starlight passing through it.  The most dramatic manifestations of interstellar dust are the dark clouds 
cataloged by E. E. Barnard at the beginning of the 20th century, many of which can be seen with the 
naked eye in the Milky Way. 

The simplest case we can deal with is that of a distant star or other object behind a dusty region.  In 
this case, the equation of radiative transfer can be solved simply in the pure-absorption case: 

OW
OO

� eII 0,  
Here IO,0 is the true spectrum of the source, IO is the observed spectrum, and WO is the dust optical depth 
along the line of sight. 

This form assumes that all of the extinction lines between the source and us (the so-called “dust-screen 
geometry”), and that there is no scattering of extraneous light into our line of sight (no source function 
in the transfer equation).  The optical depth of the dust as a function of wavelength is parameterized in 
terms of an “Interstellar Extinction Curve”. 

Classically, the interstellar extinction curve is measured by comparing the spectra of pairs of stars with 
identical spectral type (e.g., two B8 stars), one in the “clear” and the other extinguished by dust along 
the line of sight. 

O

FO

Unreddened Star

Reddened Star

 
Figure IV-1: Effect of extinction on a stellar spectrum.  Extinction is both a total 
diminution of the stellar light, and is wavelength-selective, in the sense that bluer 
wavelengths are more extinguished than red wavelengths. 

It was quickly established that the interstellar extinction curve has a nearly universal form with 
wavelength along most sight lines, so that it is possible to write 

)(OW O fconst u  
The constant is a scaling factor parameterizing the amount of total extinction along the line of sight to 
a particular source, while the wavelength-selective extinction function, f(O), is universal (i.e., the same 
for all sources).  The exact form of f(O) depends on the physics of the dust grains, and its near-
universality suggests that the distribution of grain properties (composition and sizes) is similar 
everywhere.  We will need to qualify what we mean by “universal”, however, as, Nature is not so 
simple, and interesting variations in the “universal” extinction law abound. 

It is conventional at UV-to-NIR wavelengths to express the interstellar extinction curve in units of 
magnitudes, AO, normalized in terms of a color excess that represents the selective extinction: 

VB AAVBE � � )(  

Compare two stars
with the same spectral type

unreddened star

reddened star

dust clouds

no dust



Application of Kirchhoff’s Law: Dust Emission
• Consider a dusty cloud with a small volume  

through which external radiation passes.
(1) We first need to know the absorption 

coefficient .

(2) Calculate the total absorbed energy

(3) The total absorbed energy should be 
balanced by the energy emitted by dust 
grains.

we then calculate the temperature of dust, 
using Kirchhoff’s law [  ]:

V

αν = ρκν

jem
ν = ρκabs

ν Bν(T )
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Incident radiation

∫ Labs
ν dν = 4πρV∫ κabs

ν Bν(T )dν

(4) The emission spectrum 
can be then obtained by

Lem
ν = 4πρVκabs

ν Bν(T )

∫ Labs
ν dν = ∫ Lem

ν dν = 4πV∫ jem
ν dν

∫ Labs
ν dν



Example: Uniform dusty cloud with a central source
52

  =  luminosity of the central source.Lν

(1) Energy absorbed by a volume element

where

(2) Energy emitted by the volume element if it has a temperature .T

(3) Energy balance

(4) Dust emission

Calculate the temperature, , at each radius    from the above equation.T(r) r



• Monte Carlo RT simulations
- Dust emission is also absorbed, so iterations are required until the solution converges.
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Figure 1. Dust temperature distribution and spectral energy distribution (SED) of the emerging radiation for two density
distributions (ω → r0 and r→2) and optical depths at 1µm (ε1µm = 1, 10). In the first and third rows, the radial profiles of
temperature due the absorption of stellar radiation field only (blue dot curve) and the final temperature profiles including
the absorption of dust emission (black curve) are shown. Black curves show the emerging SED including both the stellar
and dust radiation.
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Figure 1. Dust temperature distribution and spectral energy distribution (SED) of the emerging radiation for two density
distributions (ω → r0 and r→2) and optical depths at 1µm (ε1µm = 1, 10). In the first and third rows, the radial profiles of
temperature due the absorption of stellar radiation field only (blue dot curve) and the final temperature profiles including
the absorption of dust emission (black curve) are shown. Black curves show the emerging SED including both the stellar
and dust radiation.

Here,  is the optical depth at 1 .τ μm
Blue curve: attenuated stellar spectrum 
Red curve : dust emission



• Spectral Energy Distribution

Blue spectrum is the input 
stellar spectrum from a typical 
spiral galaxy.

Dust emission was calculated 
using the Kirchhoff’s law.

This shows a typical SED 
shape of galaxies.
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Please please note that    or  is not the emissivity 
(nor emission coefficient), as often wrongly referred to in 
the literature of the external galaxies community.
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Application of Kirchhoff’s Law: Thermal Bremsstrahlung
[Free-free emission]

The volume emissivity ( ) of the thermal bremsstrahlung is

where        is the velocity-averaged free-free Gaunt factor.

Summing over all ion species gives the emissivity:

εff
ν = 4πjff

ν

g↵ ⌘
Z 1

0
g↵(v,!)e

�udu

g↵(v,!) = (
p
3/⇡) ln (bmax/bmin)
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Note that main frequency dependence is  ,  which shows a “flat spectrum” 
with a cut off at  . The cut-off of the spectrum can be used to determine the temperature 
of hot plasma. 

εff
ν ∝ exp (−hν/kT)

ν ∼ kT/hP1: RPU/... P2: RPU

9780521846561c05.xml CUFX241-Bradt September 20, 2007 5:19
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Fig. 5.5: Theoretical continuum thermal bremsstrahlung spectrum. The volume emissivity (37) is
plotted from radio to x-ray frequencies on a log-log plot with the Gaunt factor (38) included. The
specific intensity I(n , T) would have the same form. Note the gradual rise toward low frequencies
due to the Gaunt factor. We assume a hydrogen plasma (Z = 1) of temperature T = 5 ×107 K with
number densities ni = ne = 106 m−3.
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Fig. 5.6: Thermal bremsstrahlung spectra (as pure exponentials) on linear-linear, semilog, and
log-log plots for two sources with the same ion and electron densities but differing temperatures,
T2 > T1. Measurement of the specific intensities at two frequencies (e.g., at C and D) permits one
to solve for the temperature T of the plasma as well as for the emission measure ⟨ ne

2 ⟩av !. [From
H. Bradt, Astronomy Methods, Cambridge, 2004, Fig. 11.3, with permission]

exp(−hn/kT) ≈ 1.0. The dashed curve in Fig. 5.5 is thus flat as it extends to low frequencies.
The effect of the Gaunt factor is shown; it modifies the exponential response noticeably but
modestly over the many decades of frequency displayed.

The curves in Fig. 5.6 qualitatively show the function jn (n , T) on linear, semilog and
log-log axes for two temperatures T2 > T1. The exponential term causes a rapid reduction
(“cutoff”) of flux at a higher frequency for T2 than for T1. At low frequencies, because
the exponential is essentially fixed at unity, the intensity is governed by the T −1/2 term if

[Bradt, Astrophysics Processes]

For a hydrogen plasma (Z = 1) with  at 
low frequencies ( ) Gaunt factor is given by

T > 3 × 105 K
hν ≪ kT

g↵ =

p
3

⇡
ln

✓
2.25kT

h⌫

◆
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• Note that the values of Gaunt factor for   are not important, since the spectrum 
cuts off for these values.

u = hν/kT ≫ 1

- Gaunt Factor

u = h⌫/kT = 4.8⇥ 1011⌫/T

�2 = Z2Ry/kT = 1.58⇥ 105Z2/T
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temperature Te = 10 000 K, the longest wavelength that can be
modelled with the S98 data is ∼1.44 cm. Radio observations at
longer wavelengths are routinely made and CLOUDY should be able
to model those. In the view of the stated facts, we have used a much
larger parameter space in our calculations: 10log γ 2 = −6(0.2)10
and 10log u = −16(0.2)13. This is larger even than the current needs
of CLOUDY and anticipates possible future modifications to the code,
such as the addition of higher-Z elements and/or lowering the low-
frequency cut-off.

The integration shown in equation (22) is carried out using an
adaptive step-size algorithm based on equation 4.1.20 of Press et al.
(1992) for carrying out a single step. This algorithm is open at
the left-hand side, thus avoiding the awkward evaluation of the
integrand at x = 0. During the evaluation of the integral, at every
step an estimate is made of the remainder of the integral to infinity
by assuming that gff is constant. This estimate is reasonable as gff

is only slowly increasing. The integration is terminated when this
estimate is less than 1 per cent of the requested tolerance. The
requested tolerance of the thermally averaged Gaunt factor is a free
parameter and the routine calculates an estimate of the actual error
in the final result taking into account both the imprecisions due to
the finite step-size and the error in the non-averaged Gaunt factor.
For the electronic table, we used a requested relative tolerance of
10−5. The data are presented in Fig. 2 and Table 3. The data can
also be downloaded in electronic form (see Section 5). Note that
the data shown in Table 3 were calculated to a higher precision to
assure that all numbers shown are correctly rounded. In addition
to the electronic table, we also provide simple programs which
allow the user to interpolate the table. Testing of the interpolation
algorithm showed that the relative error was less than 1.5 × 10−4

everywhere.
Comparing our results with those of S98, we noted the serious

problem that the parameters 10log γ 2 and 10log u were transposed
in table 2 of S98, as well as in the electronic version of that table.
After correcting for this error, there were some minor discrepancies
when we compared the numerical values in the electronic table of
S98 to our results. The largest relative error is for 10log γ 2 = −1.8
and 10log u = 0.5 and amounts to almost 0.13 per cent. The median
relative discrepancy is approximately 5 × 10−5. So it appears that
the discrepancies we reported in Section 2.4 did not have a sig-
nificant impact on the calculation of the thermally averaged Gaunt
factor by S98.

4 TH E TOTA L FR E E – F R E E G AU N T FAC TO R

For completeness we will also include a calculation of the total
free–free Gaunt factor which is integrated over frequency. This
quantity is useful if one wants to calculate the total cooling due
to Bremsstrahlung without spectrally resolving the process. The
formula for this quantity is given by KL61 and S98

⟨gff (γ 2)⟩ =
∫ ∞

0
e−u⟨gff (γ 2, u)⟩du. (23)

Due to the similarity of the integrals in equations (22) and (23), we
can use the same adaptive step-size algorithm discussed in Section 3
to calculate the data. For the evaluations of ⟨gff(γ 2, u)⟩, we used a
relative tolerance of 10−6 to prevent them dominating the error in
⟨gff(γ 2)⟩. The results are shown in Table 4 and Fig. 3. The computed
values are also available in electronic form (see Section 5). The data
in Table 4 show a small systematic offset w.r.t. the data in table 3 of
S98, ranging between +0.000 69 for 10log γ 2 = −4 and +0.000 21
for 10log γ 2 = 4. This offset is likely due to the missing part of the

Figure 2. The base-10 logarithm of the thermally averaged free–free Gaunt
factor as a function of u (top panel) and γ 2 (bottom panel). Thick curves are
labelled with the values of 10log γ 2 (top panel) and 10log u (bottom panel)
in increments of 5 dex. The thin curves have a spacing of 1 dex. In the top
panel the Gaunt factors approach a limiting curve for 10log γ 2 < −2 and are
indistinguishable in the plot.

integral below u = 10−4 in S98. The extended range in γ 2 of the
data presented here makes the limiting behaviour of the function
clear. Both for γ 2 → 0 and γ 2 → ∞ the function approaches an
asymptotic value. Using our data, we determined the following fits
to the limiting behaviour of the function:

⟨gff (γ 2)⟩ ≈ 1.102 635 + 1.186γ + 0.86γ 2 for γ 2 < 10−6, (24)

and

⟨gff (γ 2)⟩ ≈ 1 + γ −2/3 for γ 2 > 1010. (25)

These extrapolations are expected to reach a relative precision of
10−5 or better everywhere they are defined. The data in Table 4 can
be interpolated using rational functions

⟨gff (g)⟩ ≈ a0 + a1g + a2g
2 + a3g

3 + a4g
4

b0 + b1g + b2g2 + b3g3 + b4g4
, (26)

where g = 10log γ 2. To limit the degree of the rational function, we
made two separate fits for the range −6 ≤ g ≤ 0.8 and 0.8 ≤ g ≤ 10.
These fits achieve a relative error less than 3.5 × 10−5 every-
where in its range for the first fit and 8.8 × 10−5 for the sec-
ond. The coefficients are given in Table 5. We have implemented
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To find the energy emitted per unit time by a Maxwellian distribution of electron 
energies, we average this spectrum: 

(W(v) )dv 
rdE^e-^W (v) dv •Shv 

PdEX l/2 -En/kT 
(24) 

Fig. 5.—Temperature-averaged free-free Gaunt factor versus u — hv/kT for various values of 7s = 
Z?Ry/kT. 

If we change to the integration variable Eq — hvm the numerator, we are evaluating 
exactly the same integral that gives the temperature-averaged Gaunt factor. Thus, 
after simplifying and rearranging the constants, we find 

<w{v) ydv=-Ê^z2n‘(^y2due-u{ë"{u’yî)) (25) 

= 1.42 X 10~27Z2neT1/2du < gff (u, y2) ) ergs/sec , 

where u = hv/kT; y2 = Z^Ry/kT; and T is in degrees Kelvin in the second expression. 
The energy emitted per unit volume per unit time is found by multiplying by the 

density of positive ions which serve as targets for the bremsstrahlung production. To 
find the total energy emitted, we integrate over the photon spectrum. Thus 
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• Integrated Bremsstrahlung emission per unit volume:

where frequency average of the velocity averaged Gaunt factor:
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[Thermal Bremsstrahlung (free-free) Absorption]
• Free-free absorption is an inverse process of the free-free emission, which we get by “running the film 

backward.”
• Absorption of radiation by free electrons moving in the field of ions:

For thermal system, Kirchoff’s law says:

We have then

For                 , 

For                  ,

Bremsstrahlung self-absorption: The medium becomes always optically thick at sufficiently small 
frequency. Therefore, the free-free emission is absorbed inside plasma at small frequencies.
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[Overall Spectral Shape]
• An approximate formula for the free-free Gaunt factor is given by Draine (2011).

• Emission and absorption coefficients:

• Optical depth:

• SED (Spectral Energy Density) from a uniform sphere
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• Spectral shape 
- At low frequencies (optically thick 

emission), 

- At high frequencies (optically thin 
emission), 

• This spectrum shows the bremsstrahlung 
intensity from a source of radius  cm 
and temperature . 

- The Gaunt factor is set to unity for simplicity. 

- The density  varies from  to 
 increasing by a factor 10 for each curve. 

- As the density increases, the optical depth also 
increases and the spectrum approaches the 
blackbody one.

R = 1015

T = 107 K

ne = np 1010 cm−3

1018 cm−3

26 2 Bremsstrahlung and Black Body

Fig. 2.1 The bremsstrahlung
intensity from a source of
radius R = 1015 cm, density
ne = np = 1010 cm−3 and
varying temperature. The
Gaunt factor is set to unity for
simplicity. At smaller
temperatures the thin part of
Iν is larger (∝T −1/2), even if
the frequency integrated I is
smaller (∝T 1/2)

Fig. 2.2 The bremsstrahlung
intensity from a source of
radius R = 1015 cm,
temperature T = 107 K. The
Gaunt factor is set to unity for
simplicity. The density
ne = np varies from
1010 cm−3 (bottom curve) to
1018 cm−3 (top curve),
increasing by a factor 10 for
each curve. Note the
self-absorbed part (∝ν2), the
flat and the exponential parts.
As the density increases, the
optical depth also increases,
and the spectrum approaches
the black-body one

2.1.2 From Bremsstrahlung to Black Body

As any other radiation process, the bremsstrahlung emission has a self-absorbed
part, clearly visible in Fig. 2.1. This corresponds to optical depths τν ≫ 1. The
term ν−3 in the absorption coefficient αν ensures that the absorption takes place
preferentially at low frequencies. By increasing the density of the emitting (and ab-
sorbing) particles, the spectrum is self-absorbed up to larger and larger frequencies.
When all the spectrum is self-absorbed (i.e. τν > 1 for all ν), and the particles be-
long to a Maxwellian, then we have a black-body. This is illustrated in Fig. 2.2: all
spectra are calculated for the same source size (R = 1015 cm), same temperature
(T = 107 K), and what varies is the density of electrons and protons (by a factor 10)
from ne = np = 1010 cm−3 to 1018 cm−3. As can be seen, the bremsstrahlung inten-
sity becomes more and more self-absorbed as the density increases, until it becomes
a black-body. At this point increasing the density does not increase the intensity

1010 cm−3

1011 cm−3

1012 cm−3

self-absorbed
part flat part

exponential
part

Iν = Sν = Bν ∝ ν2

Iν = ∫ jνds ∝ e−hν/kT

= constant if hν ≪ kT

61



Astronomical Examples - H II regions
• The radio spectra of H II regions clearly show the flat spectrum of an optically thin thermal 

source. The bright stars in the H II regions emit copiously in the UV and thus ionize the hydrogen 
gas.

• Continuum spectra of two H II regions, W3(A) and W3(OH):

Note a flat thermal bremsstrahlung (radio), a low-frequency cutoff (radio, self absorption), and a 
large peak at high frequency (infrared,                     Hz, 300-30 m) due to heated, but still “cold” 
dust grains in the nebula.

μ

P1: RPU/... P2: RPU

9780521846561c05.xml CUFX241-Bradt September 20, 2007 5:19
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Fig. 5.7: Continuum spectra (energy flux density) of two H II (star-forming) regions, W3(A) and
W3(OH), in the complex of radio, infrared, and optical emission known as “W3.” The data (filled
and open circles) and early model fits (solid and dashed lines) are shown. In each case, there is a flat
thermal bremsstrahlung (radio), a low-frequency cutoff (radio), and a large peak at high frequency
(infrared, 1012−1013 Hz) due to heated, but still “cold,” dust grains in the nebula. The models fit
well except at the highest frequencies. [P. Mezger and J. E. Wink, in “H II Regions & Related
Topics,” T. Wilson and D. Downes, Eds., Springer-Verlag, p. 415 (1975); data from E. Kruegel
and P. Mezger, A & A 42, 441 (1975)].

shows the expected emission lines. Comparison with real spectra from clusters of galaxies
allows one to deduce the actual amounts of different elements and ionized species in the
plasma as well as its temperature. It is only in the present millennium that x-ray spectra taken
from satellites (e.g., Chandra and the XMM Newton satellite) have had sufficient resolution
to distinguish these narrow lines.

Integrated volume emissivity

Total power radiated

The total power radiated from unit volume is found from an integration of (37) over frequency
and may be expressed as (Prob. 53)

➡ j(T ) =
∫ ∞

0
j(n) dn = C2 ḡ(T, Z ) Z2 ne ni T 1/2,

C2 = 1.44 ×10−40 W m3 K−1/2 (W/m3) (5.39)

where T is in degrees K, and ne and ni, the number densities of electrons and ions, respectively,
are in m−3. The integration is carried out with g = 1, and a frequency-averaged Gaunt factor ḡ
is then introduced. Its value can range from 1.1 to 1.5 with 1.2 being a value that will give
results accurate to ∼20%. Note that the total power increases with temperature for fixed
densities, as might be expected.

Figure from [Bradt, Astrophysics Processes]
Data from Kruegel & Mezger (1975, A&A, 42, 441)

ν ~1011 Hz→ λ ≈ 3 mm
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The term H II is pronounced “H two” by 
astronomers. “H” indicates hydrogen, and 
“II” is the Roman numeral for 2.

Astronomers use “I” for neutral atoms, “II” 
for singly-ionized, “III” for doubly-ionized, 
etc.

An H II region in the Large Magellanic 
Cloud (observed with MUSE, VLT)
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Dust Scattering: Iteration Method

- Let    be the intensity of photons that come directly from the source,     the intensity of 
photons that have been scattered once by dust, and      the intensity after n scatterings. Then, 

- The intensities     satisfy the equations.  

- Then, the formal solutions are:
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Approximation: application to the edge-on galaxies
‣ The solution can be further simplified by assuming that

‣ Then, the infinite series becomes

‣ Kylafis & Bahcall (1987) and Xilouris et al. (1997, 1998, 1999) applied this approximation 
to model the dust radiative transfer process in edge-on galaxies.
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872 E.M. Xilouris et al.: Are spiral galaxies optically thin or thick?

Fig. 1. I-band observations of the galaxies NGC 4013, IC 2531,
UGC 1082, NGC 5529 and NGC 5907 (top to bottom).

cylinder with radius Rmax = 3 max(hs, hd) and half height of
6 max(zs, Re), so that practically all the galactic light as well
as the dust are included. A Henyey-Greenstein phase function
has been used for the scattering of the dust (Henyey & Green-
stein 1941). The values for the anisotropy parameter g and the
albedo ! have been taken from Bruzual et al. (1988). Our task
has been to find those values of the parameters in Eqs. (1) - (6)
which create images of the model galaxies as close as possible
to the images of the observed galaxies. For the model fitting
techniques that we use, the reader is referred to Papers I and II.

4. Results

In Tables 2 through 6, we give the parameters of the best fit
models to the observed data along with their 95% confidence
intervals for NGC 4013, IC 2531, UGC 1082, NGC 5529 and
NGC 5907 respectively (for Table 7 describing NGC 891 see
Sect. 5). Using the values of the parameters that describe the
stellar and dust distributions of the galaxies, given in the above
tables, we have created model images and have compared them
with the observed images (see Figs. 1 and 2). In Fig. 1 the I-
band observations of all five galaxies are presented (NGC 4013,
IC 2531, UGC 1082, NGC 5529 andNGC 5907 from top to bot-
tom). In Fig. 2 we show the model images of these galaxies in
the I-band with the same scale and sequence as in Fig. 1 so that
a direct comparison can be made between the two figures. In
Figs. 3–7 we give a more detailed comparison between model
and observation for each galaxy and each filter by showing ver-
tical cuts along the minor axis. For this demonstration we use

Fig. 2. I-band models of the galaxies NGC 4013, IC 2531, UGC 1082,
NGC 5529 and NGC 5907 (top to bottom).

the ‘folded’ (around the minor axis) and photometrically aver-
aged images of the galaxies, which are also the images that were
used for the model fit (see Paper I). In each plot, the horizontal
axis represents the offset (in kpc) along the vertical direction,
with zero lying on the major axis of the disk. The vertical axis
gives the surface brightness (inmag/arcsec2). Real data are indi-
cated by stars, while the model is shown as a solid line for each
profile. The six profiles in each plot are vertical cuts at six dif-
ferent distances along the major axis. The cuts are at distances
0, 0.5h

I

s
, 1h

I

s
, 1.5h

I

s
, 2h

I

s
and 2.5h

I

s
and are plotted from bot-

tom to top, with h
I

s
being the scalelength of the stars as derived

from the I-band modelling. The magnitude scale corresponds
to the lower profile of each set, the other profiles are shifted
upwards (in brightness) by 2, 4, 6, 8 and 10 magnitudes respec-
tively. Profiles between 0 and 1.5h

I

s
correspond to brightness

averaged over 400 (7.500 for NGC 5907) parallel to the major
axis, while profiles at 2h

I

s
and 2.5h

I

s
are averaged over 800 (1500

for NGC 5907) along the same direction. This was done to re-
duce as much as possible the local clumpiness that may exist in
particular areas of the galaxy. In these plots, only the data above
the limiting sigma level (⇠ 3 sigma of the local sky) that were
used for the fit are plotted, while the foreground stars have been
removed.

One can clearly see a good agreement between model and
observation despite the small deviations in some places. It is
worth remembering here that a global fit was done to the ob-
served galaxy’s image and the derived set of parameters (Ta-
bles 2–6) gives the best galaxy image as a whole.

Xilouris et al. (1999)
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Colors of a dust cloud at high Galactic latitudes66
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Atomic Processes
• Excitation and de-excitation (Transition)

‣ Radiative excitation (photoexcitation; photoabsorption)
‣ Radiative de-excitation (spontaneous emission and stimulated emission)
‣ Collisional excitation
‣ Collisional de-excitation

• Emission Line
‣ Collisionally-excited emission lines
‣ Recombination lines (recombination following photoionization or collisional ionization)

• Ionization
‣ Photoionization and Auger-ionization
‣ Collisional Ionization (Direct ionization and Excitation-autoionization)

• Recombination
‣ Radiative recombination <=> Photoionization
‣ Dielectronic Recombination (not dielectric!)
‣ Three-body recombination <=> Direct collisional ionization

• Charge exchange
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Resonance Lines
• Resonance Line 

A spectral line caused by an electron jumping between the 
ground state and the first energy level in an atom or ion. 
It is the longest wavelength line produced by a jump to or 
from the ground state. 

Because the majority of electrons are in the ground 
state in many astrophysical environments, and because 
the energy required to reach the first level is the least 
needed for any transition, resonance lines are usually the 
strongest lines in the spectrum for any given atom or ion.



Resonance Lines

88 CHAPTER 9

Ca will be in the form of Ca III, which is unobservable. But from the Ca I/Ca II
the ionization conditions can be characterized, and the amount of Ca III estimated,
allowing the total gas-phase column density of Ca to be estimated. Unfortunately,
an unknown (but usually large) fraction of the Ca is generally locked up in dust
grains (this will be discussed in Chapter 23), and therefore from the Ca I and Ca II
observations alone, one cannot reliably estimate the total amount of H associated
with the observed Ca II absorption.

Another interesting case is Ti, where Ti I and Ti II, the two dominant ion stages
for Ti in an H I cloud, both have resonance lines in the optical, allowing the total
column of gas-phase Ti to be determined from ground-based observations. How-
ever, Ti also shares with Ca the problem that a large, but unknown, fraction of the
Ti is generally locked up in dust.

Most of the abundant atoms and ions, with a few exceptions (e.g., He, Ne, O II)
have permitted absorption lines in the vacuum ultraviolet with wavelengths long-
ward of 912 Å so that they will not photoionize hydrogen. Table 9.4 lists selected
resonance lines with 912 Å < λ < 3000 Å.

Table 9.4 Selected Resonance Linesa with λ < 3000 Å

Configurations ! u E!/hc( cm−1) λvac( Å) f!u
C IV 1s22s− 1s22p 2S1/2

2P o
1/2 0 1550.772 0.0962

2S1/2
2P o

3/2 0 1548.202 0.190
N V 1s22s− 1s22p 2S1/2

2P o
1/2 0 1242.804 0.0780

2S1/2
2P o

3/2 0 1242.821 0.156
O VI 1s22s− 1s22p 2S1/2

2P o
1/2 0 1037.613 0.066

2S1/2
2P o

3/2 0 1037.921 0.133

C III 2s2 − 2s2p 1S0
1P o

1 0 977.02 0.7586
C II 2s22p− 2s2p2 2P o

1/2
2D o

3/2 0 1334.532 0.127
2P o

3/2
2D o

5/2 63.42 1335.708 0.114
N III 2s22p− 2s2p2 2P o

1/2
2D o

3/2 0 989.790 0.123
2P o

3/2
2D o

5/2 174.4 991.577 0.110

C I 2s22p2 − 2s22p3s 3P0
3P o

1 0 1656.928 0.140
3P1

3P o
2 16.40 1656.267 0.0588

3P2
3P o

2 43.40 1657.008 0.104
N II 2s22p2 − 2s2p3 3P0

3D o
1 0 1083.990 0.115

3P1
3D o

2 48.7 1084.580 0.0861
3P2

3D o
3 130.8 1085.701 0.0957

N I 2s22p3 − 2s22p23s 4S o
3/2

4P5/2 0 1199.550 0.130
4S o

3/2
4P3/2 0 1200.223 0.0862

O I 2s22p4 − 2s22p33s 3P2
3S o

1 0 1302.168 0.0520
3P1

3S o
1 158.265 1304.858 0.0518

3P0
3S o

1 226.977 1306.029 0.0519
Mg II 2p63s− 2p63p 2S1/2

2P o
1/2 0 2803.531 0.303

2S1/2
2P o

3/2 0 2796.352 0.608
Al III 2p63s− 2p63p 2S1/2

2P o
1/2 0 1862.790 0.277

2S1/2
2P o

3/2 0 1854.716 0.557
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Table 9.4 contd.

Configurations ! u E!/hc ( cm−1) λvac( Å) f!u
Mg I 2p63s2 − 2p63s3p 1S0

1P o
1 0 2852.964 1.80

Al II 2p63s2 − 2p63s3p 1S0
1P o

1 0 1670.787 1.83
Si III 2p63s2 − 2p63s3p 1S0

1P o
1 0 1206.51 1.67

P IV 2p63s2 − 2p63s3p 1S0
1P o

1 0 950.655 1.60
Si II 3s23p− 3s24s 2P o

1/2
2S1/2 0 1526.72 0.133

2P o
3/2

2S1/2 287.24 1533.45 0.133
P III 3s23p− 3s3p2 2P o

1/2
2D3/2 0 1334.808 0.029

2P o
3/2

2D5/2 559.14 1344.327 0.026

Si I 3s23p2 − 3s23p4s 3P0
3P o

1 0 2515.08 0.17
3P1

3P o
2 77.115 2507.652 0.0732

3P2
3P o

2 223.157 2516.870 0.115
P II 3s23p2 − 3s3p3 3P0

3P o
1 0 1301.87 0.038

3P1
3P o

2 164.9 1305.48 0.016
3P2

3P o
2 469.12 1310.70 0.115

S III 3s23p2 − 3s3p3 3P0
3D o

1 0 1190.206 0.61
3P1

3D o
2 298.69 1194.061 0.46

3P2
3D o

3 833.08 1200.07 0.51
Cl IV 3s23p2 − 3s3p3 3P0

3D o
1 0 973.21 0.55

3P1
3D o

2 492.0 977.56 0.41
3P2

3D o
3 1341.9 984.95 0.47

P I 3s23p3 − 3s23p24s 4S o
3/2

4P5/2 0 1774.951 0.154
S II 3s23p3 − 3s23p24s 4S o

3/2
4P5/2 0 1259.518 0.12

Cl III 3s23p3 − 3s23p24s 4S o
3/2

4P5/2 0 1015.019 0.58

S I 3s23p4 − 3s23p34s 3P2
3S o

1 0 1807.311 0.11
3P1

3S o
1 396.055 1820.343 0.11

3P0
3S o

1 573.640 1826.245 0.11
Cl II 3s23p4 − 3s3p5 3P2

3P o
2 0 1071.036 0.014

3P1
3P o

2 696.00 1079.080 0.00793
3P0

3P o
1 996.47 1075.230 0.019

Cl I 3s23p5 − 3s23p44s 2P o
3/2

2P3/2 0 1347.240 0.114
2P o

1/2
2P3/2 882.352 1351.657 0.0885

Ar II 3s23p5 − 3s3p6 2P o
3/2

2S1/2 0 919.781 0.0089
2P o

1/2
2S1/2 1431.583 932.054 0.0087

Ar I 3p6 − 3p54s 1S0
2[1/2] o 0 1048.220 0.25

a Transition data from NIST Atomic Spectra Database v4.0.0 (Ralchenko et al. 2010)

Note that the ultraviolet resonance lines allow detection of many different ioniza-
tion stages of a given element: a prime example is carbon, which can be detected
as C I, C II, C III, or C IV. On the other hand, λ > 912 Å ultraviolet absorption
spectroscopy cannot detect neon at all, while oxygen can be detected via permitted
ultraviolet absorption lines only if either neutral or 5-times ionized.

Draine, Physics of the interstellar and intergalactic medium
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Why Resonance Lines
• A large number of resonance scatterings of resonance lines leads to 

- Diffusion in frequency and space 

- This property can be used to probe the properties (column density, 
porosity, clumpiness, and kinematics) of the surrounding/intervening 
media.

[Credit: Seok-Jun Chang]
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S. Gazagnes et al.: The origin of the escape of Ly↵ and LyC photons

Fig. 16. Illustration of the physical picture discussed in Sect. 5.1. Left: LyC photons escape through channels covered by N
channel
H i < 1016 cm�2,

while H i clouds with N
cloud
H i larger than 1018 cm�2 e�ciently absorb the ionizing flux that passes through them. The ISM is ionization bounded

such that the escape of ionizing photons is directly proportional to the fraction of low column density paths (1-Cf (H i)) and to the dust attenuation
within or in front of these channels (we chose to exclude dust from this illustration because its spatial distribution is still unknown). This physical
model likely describes the escape of ionizing photons from the low f

obs
esc (LyC) LCEs of our sample. Right: LyC photons escape because there is

a higher fraction of low column density channels and because the densest H i clouds do not e�ciently absorb LyC photons (Ncloud
H i < 1018 cm�2).

All the sightlines towards the observer are density-bounded such that the fesc(LyC) cannot be inferred only using the measured Cf (H i). Our work
suggests that this physical picture explains the escape of LyC photons in the large f

obs
esc (LyC) LCEs (38, 46 and 73%) of our sample.

small and large f
obs
esc (LyC) LCEs discussed in this section. Fur-

ther low-redshift LyC observations ought to be capable of assess-
ing this model.

5.2. Indirectly constraining fesc(LyC) at high-z

The upcoming era of telescopes such as JWST and Extremely
Large Telescopes (ELTs; GMT, TMT, ELT) will probe galax-
ies within the Epoch of Reionization and provide valuable
clues to understand how the Universe was reionized. However,
preparing for future observations requires finding the right pre-
selection markers to e�ciently survey large samples of LyC
candidates and indirectly constrain their fesc(LyC). To do
this, low-redshift observations of the Lyman break in highly
star-forming galaxies provides a unique laboratory of LCEs
(Borthakur et al. 2014; Izotov et al. 2016b,a, 2018a,b; Wang
et al. 2019) for the exploration of the connection between the
Ly↵, LyC and neutral gas properties. In this work, we highlight
the finding that the neutral gas porosity comprises the plausi-
ble physical origin of the leakage of LyC and Ly↵ photons, but
that density-bounded mechanisms could dominate in the largest
leakers. Because the ISM porosity a↵ects the shape of the Ly↵
emission, Ly↵ properties can provide valuable insights into the
leakage of LyC photons. The scaling relations between v

sep
Ly↵ ,

NH i and Cf (H i) (Sect. 4.1) confirms that low peak-velocity sep-
aration is likely a reliable probe of LyC leakage (Verhamme et al.
2017; Izotov et al. 2018b, 2020). However, deriving an accurate
estimate of fesc(LyC) from it might be complicated because the
Ly↵ spectral shape is both sensitive to the covering fraction of
low column density channels and to the width of the maximal
absorption of the saturated Lyman series (Sect. 4.2). The posi-
tive correlation found between the red peak velocity and the H i
covering fraction might also support the use of v

red
Ly↵ to probe the

escape of LyC photons, but further theoretical simulations are
required to understand its origin.

Additionally, we showed that EW(Ly↵) or fesc(Ly↵) scale
with Cf (H i) (Sects. 4.3 and 4.4) and therefore could also indi-
cate LyC leakage. Nevertheless, the EW(Ly↵) is also tightly con-
nected to the velocity width of the maximal absorption of the
Lyman series (Figs. 7 and 10), and is degenerate with di↵erent
galaxy properties, such as the star formation history or metal-
licity. Hence, galaxies with large EW(Ly↵) may have moderate
fesc(Ly↵) and fesc(LyC) (Jaskot et al. 2019). On the other hand,
Izotov et al. (2020) have derived an empirical relation between
fesc(LyC) and fesc(Ly↵). As both escape through channels with
low NH i, it bolsters confidence in the presumption that such con-
nection could be useful to indirectly derive fesc(LyC), despite the
complex task of accurately measuring fesc(Ly↵) due to scattering
mechanisms and biases introduced from aperture corrections.

Finally, we show in Sect. 4.6 that the strength of the flux
at the minimum of the Ly↵ profile, similarly to the peak veloc-
ity separation, is a robust tracer of the leakage of ionizing pho-
tons. Hence, our work supports the use of the Ly↵ properties to
robustly pre-select LCEs candidate at low-redshift, and further
constrain their fesc(LyC) using direct observations of the Lyman
Break when possible.

However, probing the LyC escape with the Ly↵ properties at
high redshift is more challenging. Wavelengths bluer than Ly↵
are highly contaminated by Ly↵ forest, such that Ly↵ diagnos-
tics are less reliable (Schenker et al. 2014). Quantities such as
v

sep
Ly↵ and Ftrough

Fcont
may not be accurately measured and di↵erent

approaches must be found. At these high redshifts, the study
of the LIS metal lines likely provide better constrains on the
presence of favorable ISM properties for the LyC escape. LIS
lines are often used as proxies to extract the neutral gas prop-
erties (Shapley et al. 2003; Jones et al. 2013; Alexandro↵ et al.
2015; Trainor et al. 2015; Reddy et al. 2016b; McKinney et al.
2019; Jaskot et al. 2019). Indeed, they are located at redder
wavelengths and hence can be more easily observed at higher
redshift. On the other hand, LIS metal lines also su↵er some

A85, page 19 of 28
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P Cygni Profile
• The P Cygni profile is characterized by strong (redshifted) emission lines 

with corresponding blueshifted absorption line.L126 X-RAY P CYGNI LINES FROM CIRCINUS X-1 Vol. 544

Fig. 3.—Velocity spectra showing the details of a few of the strongest
X-ray P Cygni profiles seen from Cir X-1. We show the independent mea-
surements of the Si xiv line from both the HEG positive first-order spectra
and the MEG negative third-order spectra. Typical bins in this figure have
200–1200 counts, and these spectra have not been smoothed. We list the
relevant velocity resolution in each panel. The lines are clearly broader than
the instrumental resolution with velocities of !2000 km s , although the!1

Fe xxv line is broadened by the instrument. We have taken zero velocity to
correspond to the laboratory rest wavelength since the radial velocity of
Cir X-1 is not well established (Johnston et al. 1999; H. M. Johnston 2000,
private communication).

moderate-temperature (∼ K) region where atomic heat-65# 10
ing and cooling processes dominate over Compton processes.
Significant line emission is expected from this region, and in
fact most of the lines we list in Table 1 are those predicted to
be strong by Raymond (1993). Thus, our favored interpretation
for the observed X-ray P Cygni profiles is that they arise in the
intermediate-temperature region of the wind from an accretion
disk viewed in a relatively edge-on manner. Cir X-1 then be-
comes an X-ray binary analog of a broad absorption line quasar.
At smaller radii, the wind and the coronal material are likely to
be heated to the Compton temperature and thus completely ion-
ized. An appealing physical possibility is that the electron scat-
terer discussed in § 4.1 of Brandt et al. (1996) is just thismaterial.
Similar highly ionized gas has been invoked in some models for
broad absorption line quasars (e.g., the “hitchhiking gas” ofMur-
ray et al. 1995).

Despite the general attractiveness of the above picture,
we must note a potential difficulty: for a launching radius
with , the quantity #"v ≈ v N p n dr p n∫H, launch r launcht esc launch

cm is so large that the implied column density25 !2r ! 10launch
through the wind is optically thick to electron scattering [here
we assume that the wind has a radial extent much greater than

and that ]. Most line photons at-2r n p n (r /r)launch launch launch
tempting to traverse the wind would then be Compton-scattered
out of the line. Shielding of the wind from the full X-ray con-
tinuum may alleviate this problem by allowing a significant re-
duction in (see Begelman & McKee 1983). Alternatively,n launch
increasing helps because whenwe require!1r N ∝ rlaunch H, launch launch
that ergs cm s and thus that #!1 2y " 1000 n ! L/(rlaunch launch
1000 ergs cm s!1). In this case, significant radiation pressure
driving may be needed since ; cannot be muchv 1 v rlauncht esc
greater than 106 km since the disk probably has an outer radius
" km (see Fig. 3 of Tauris et al. 1999). Finally, clumping63# 10
of the wind might also help because when clumping is present,

, where f is the volume filling factor. We note that2y p Lf/nr
Iaria et al. (2000) have recently found evidence for a large ionized
column density (∼1024 cm ) along the line of sight, even when!2

Cir X-1 is radiating at high luminosity; this material may be the
same that makes the P Cygni lines. We are presently examining
these issues in further detail.
While we cannot rigorously rule out the possibility that the

X-ray P Cygni lines arise in a wind from the companion star,
we consider this unlikely. First of all, the large wind velocity
(!2000 km s ) implied by the profiles would require a high-!1

mass secondary for the system (for an overview, see § 2.7 of
Lamers & Cassinelli 1999), provided the presence of the ra-
diating compact object does not lead to a substantially faster
wind from the companion than would otherwise be expected.
However, as mentioned in § 1, the bulk of the evidence suggests
a low-mass X-ray binary nature. Furthermore, the large X-ray
luminosity of Cir X-1 should completely ionize an O star wind
out to! km (compare with Boroson et al. 1999), while65# 10
the observed P Cygni profiles suggest that we are seeing the
acceleration region of the outflow.
To our knowledge, these are the first reported X-ray P Cygni

profiles from an X-ray binary. Hopefully X-ray P Cygni profiles
will be identified and studied in other systems to provide geo-
metrical and physical insight into the flows of material near
Galactic compact objects.

We thank all the members of the Chandra team for their
enormous efforts, and we thank J. Chiang, A. C. Fabian, S. C.
Gallagher, S. Kaspi, R. A. Wade, and an anonymous referee for
helpful discussions. We gratefully acknowledge the financial
support of CXC grant GO0-1041X (W. N. B. and N. S. S.),
the Alfred P. Sloan Foundation (W. N. B.), and Smithsonian
Astrophysical Observatory contract SV1-61010 for the CXC
(N. S. S.).
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P Cygni profile formation
• The blueshifted absorption line is produced by material moving away from the star 

and toward us, whereas the emission come from other parts of the expanding shell.

credit: Joachim Puls
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Ly  - Hydrogen Atom Spectraα
• Spectral series of the H atom 

The spectrum of H is divided into a number of series linking different upper 
levels  with a single lower level  value. Each series is denoted 
according to its  value and is named after its discoverer. 

Within a given series, individual transitions are labelled by Greek letters.

n2 n1
n1

Atomic Hydrogen 29 

Table3.2. Spectral series of the H atom. Each series comprises the transitions 
n2 - n1, where n1 < n2 < oo. 

Range (cm- 1 ) 

n1 Name Symbol Spectral region n2 = n1 + 1 n2 = oo 

1 Lyman Ly ultraviolet 82257 109677 
2 Balmer H visible 15237 27427 
3 Paschen p infrared 5532 12186 
4 Brackett Br infrared 2468 6855 
5 Pfund Pf infrared 1340 4387 
6 Humphreys Hu infrared 808 3047 

according to its n 1 value and is named after its discoverer. Table 3.2 sum-
marises the six main H-atom series. 

The range of each H-atom series is given by the lowest frequency transi-
tion, between the levels n1 and n2 = n1 + 1, n2 = n1 + 2, n2 = n1 + 3 and so 
on up to the series limit, which is given by the transition between n 1 and 
n 2 = oo. As discussed in Sec. 3.8.1, the series limit is not always observable. 
Table 3.2 gives the spectral region in which each series is observed. As the 
Balmer series lies in the visible region, it is particularly easy to observe 
from Earth. As a result, Balmer lines have been particularly important in 
the study of H-atom spectra. 

Within a given series, individual transitions are labelled by Greek 
letters. These letters denote the change in n or D.n. In this notation: 

D.n = 1 is a, 
D.n = 2 is (3, 
D.n = 3 is 'Y, 
D.n = 4 is 8, 
D.n = 5 is 1:. 

Thus Lya is the transition between n 1 = 1 and n 2 = 2, and H"( is that 
between n 1 = 2 and n 2 = 5. Greek letters are usually only used for the 
most important transitions with low D.n. Transitions with high D.n are 
commonly labelled by the number n 2 . Thus, H15 is the Balmer series tran-
sition between n1 = 2 and n2 = 15. 

Atomic Hydrogen 29 

Table3.2. Spectral series of the H atom. Each series comprises the transitions 
n2 - n1, where n1 < n2 < oo. 

Range (cm- 1 ) 

n1 Name Symbol Spectral region n2 = n1 + 1 n2 = oo 

1 Lyman Ly ultraviolet 82257 109677 
2 Balmer H visible 15237 27427 
3 Paschen p infrared 5532 12186 
4 Brackett Br infrared 2468 6855 
5 Pfund Pf infrared 1340 4387 
6 Humphreys Hu infrared 808 3047 

according to its n 1 value and is named after its discoverer. Table 3.2 sum-
marises the six main H-atom series. 

The range of each H-atom series is given by the lowest frequency transi-
tion, between the levels n1 and n2 = n1 + 1, n2 = n1 + 2, n2 = n1 + 3 and so 
on up to the series limit, which is given by the transition between n 1 and 
n 2 = oo. As discussed in Sec. 3.8.1, the series limit is not always observable. 
Table 3.2 gives the spectral region in which each series is observed. As the 
Balmer series lies in the visible region, it is particularly easy to observe 
from Earth. As a result, Balmer lines have been particularly important in 
the study of H-atom spectra. 

Within a given series, individual transitions are labelled by Greek 
letters. These letters denote the change in n or D.n. In this notation: 

D.n = 1 is a, 
D.n = 2 is (3, 
D.n = 3 is 'Y, 
D.n = 4 is 8, 
D.n = 5 is 1:. 

Thus Lya is the transition between n 1 = 1 and n 2 = 2, and H"( is that 
between n 1 = 2 and n 2 = 5. Greek letters are usually only used for the 
most important transitions with low D.n. Transitions with high D.n are 
commonly labelled by the number n 2 . Thus, H15 is the Balmer series tran-
sition between n1 = 2 and n2 = 15. 

�n ⌘ n2 � n1
<latexit sha1_base64="sifHeLrNQ+kZR1t+/42IPQvga3M=">AAACAnicbVC7SgNBFJ31GeNrjZXYDAmCjWE3CloGTGEZwTwgCcvs5CYZMju7zswGwhJs/BUtLBSx1T+wsvNvnDwKTTxwL4dz7mXmHj/iTGnH+baWlldW19ZTG+nNre2dXXsvU1VhLClUaMhDWfeJAs4EVDTTHOqRBBL4HGp+/3Ls1wYgFQvFjR5G0ApIV7AOo0QbybMPmiXgmmCBm3AbswEWXgGfmO56ds7JOxPgReLOSK6Y+vzIlB6zZc/+arZDGgcgNOVEqYbrRLqVEKkZ5TBKN2MFEaF90oWGoYIEoFrJ5IQRPjJKG3dCaUpoPFF/byQkUGoY+GYyILqn5r2x+J/XiHXnopUwEcUaBJ0+1Ik51iEe54HbTALVfGgIoZKZv2LaI5JQbVJLmxDc+ZMXSbWQd0/zhWuTxhmaIoUOURYdIxedoyK6QmVUQRTdoQf0jF6se+vJerXepqNL1mxnH/2B9f4DnRyYig==</latexit>

Lyman series   : 
Balmer series  : 
Paschen series: 
Brackett series : 

Transitions with high  are labelled by 
the . Thus,  is the Balmer series 
transition between  and .

Lyα, Lyβ, Lyγ, ⋯
Hα, Hβ, Hγ, ⋯
Pα, Pβ, Pγ, ⋯
Brα, Brβ, Brγ, ⋯

Δn
n2 H15

n1 = 2 n2 = 15

<latexit sha1_base64="jCk47oW3TcUuDdepUTRvZdCnYd4=">AAACA3icbVA9SwNBEN3zM8avUzttFoNgFe5CUMuAjWUE8wFJOPY2e8mSvd1jd04JR8DGv2JjoYitf8LOf+MmuUITHww83pthZl6YCG7A876dldW19Y3NwlZxe2d3b989OGwalWrKGlQJpdshMUxwyRrAQbB2ohmJQ8Fa4eh66rfumTZcyTsYJ6wXk4HkEacErBS4xzKodIWSA8Ei0HwwBKK1esAy8AO35JW9GfAy8XNSQjnqgfvV7SuaxkwCFcSYju8l0MuIBk4FmxS7qWEJoSMyYB1LJYmZ6WWzHyb4zCp9HCltSwKeqb8nMhIbM45D2xkTGJpFbyr+53VSiK56GZdJCkzS+aIoFRgUngaC+1wzCmJsCaGa21sxHRJNKNjYijYEf/HlZdKslP2LcvW2WqpV8zgK6ASdonPko0tUQzeojhqIokf0jF7Rm/PkvDjvzse8dcXJZ47QHzifPxpcl8c=</latexit>n2  ! n1
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Hydrogen Atom
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Ly  Emission Mechanismsα
• Collisional line 

- Hydrogen atoms are excited into the upper 
state through collisions with electrons.  
Then, the atoms decay spontaneously 
(radiatively) before collisional de-excitation 
occurs. 

• Recombination line 

- The recombination of a free electron with a 
proton can occur to any of the energy 
levels. 

- Consider an electron recombining into a 
state n > 1. This produces a continuum 
photon and an excited hydrogen atom that 
will decay through either a Lyman , , , 
etc. line or a higher level series.

α β γ

6.4 Line Emission 77

6.4.2 Collisional Lines

As noted at the start of this chapter, the energy difference between the
ground state of hydrogen and its next level, n = 1 → 2, is much greater
than the kinetic energy of the gas. Collisional excitation of hydrogen,
and helium for similar reasons, is therefore very rare. Heavier and
rarer elements, however, have additional shells of electrons and more
complex energy level diagrams that span the few eV range which can
be more readily excited through collisions. Moreover, if ionized, these
elements present a large cross-section for interaction with an electron.
Consequently, and in spite of their low abundances, the collisionally
induced line emission from heavy ions provides much of the optical
emission from HII regions.

The ionization potential for oxygen, 13.6 eV, is almost exactly the
same as for hydrogen. The same energetic photons that produce an HII
region can therefore ionize oxygen. The second ionization potential
is much higher, 35.1 eV, but can be achieved around the hottest stars,
similar to HeII regions. For illustrative purposes here, we confine the
subsequent discussion to lines of singly ionized and doubly ionized
oxygen, OII and OIII respectively, but the concepts extend to other
species that also exhibit bright lines such as ions of nitrogen and sulfur.

We first describe the basic physics of collisional excitation and de-
excitation between two levels and then apply it to model the ratio of two
lines from three-level systems.

The Two-Level System

To interpret the spectral lines we observe from the ISM, we need to
describe how an electron jumps between quantized energy levels in
an atom or, in this case, ion. The simplest example that illustrates the
basic principles is a two-level system, Figure 6.9. Collisions can excite
the ion, moving it from level 1 to 2, or de-excite it, moving it from
level 2 to 1, with rates C12,C21 respectively. An excited ion can also
spontaneously emit radiation at the Einstein rate, A21. Radiation can
also be absorbed, exciting the ion or stimulating emission. The latter

1

2

C12 C21
A21

Fig. 6.9. Schematic of
collisional excitation and
de-excitation and radiative
de-excitation for a two-level
system.

continuum

ionizing
photon

recombination
line

E = 0

10.2 eV

13.6 eV

n = 1

n = 2

n = 3
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Ly  is a resonance lineα
• In the interstellar / intergalactic medium, excited atoms are immediately 

cascade down to the ground level before they collide with other atoms/
electrons because the particle density is extremely low. 

Electron-Hydrogen collision time scale 

 

Radiative Transition time scale = 1/Einstein A-coefficient ~  for 
Ly  

๏ Therefore, “almost” all atoms (including hydrogen) are in the ground 
state. 

• Resonance line is the allowed transition with the lowest energy, arising from 
the ground state of a particular atom. 

• Ly𝛼 is the strongest line in the Universe because hydrogen is most 
abundant and Ly𝛼 is a resonance line.

tcoll(eH) ∼ 4 × 108 sec ( ne

0.04 cm−3 )
−1

( ⟨E⟩
1 eV )

2 × 10−9sec
α

76



Local Lyman-Alpha Emitters (LAEs)
• A LAE is a type of actively star-forming 

galaxy and often found to have a 
relatively low mass. 

• Lyman Alpha Reference Sample (LARS): 
a project in which 14 nearby galaxies 
(0.028 < z < 0.18) and their Ly𝛼 emission 
are studied in detail using the HST. 

• Ly𝛼 emission is not dominated by the 
bright super star clusters (traced by 
H𝛼) that dominate the production of 
ionizing photons. Towards most of 
them, Ly𝛼 is rather seen in absorption. 

• Most of the escaping Ly𝛼 emission 
comes from a diffuse extended 
component where Ly𝛼/H𝛼 >> 10, that 
can only be produced by resonant 
scattering (Ostlin et al. 2009)

Fig. 1. RGB composite of Hα (red), UV-continuum (green) and Lyα (blue) of the
38 Mpc distant, metal-poor, dwarf starburst galaxy ESO338–04. The size of the
image is 20 × 20 arcsec, or 3.5 × 3.5 kpc. Lyα emission is not dominated by the
bright super star clusters (SSCs) that dominate the production of ionizing photons.
Towards most of them, Lyα is rather seen in absorption. The starburst region shows
both emission and absorption regions resulting from ISM porosity or the velocity
structure of the neutral ISM. Most of the escaping Lyα emission comes from a
diffuse extended component where Lyα/Hα >> 10, that can only be produced by
resonant scattering (Östlin et al. 2009).

they may in many cases require considerations and could cause overestimates
of EW(Lyα) (see Hayes et al. 2006).

4

RGB composite
H𝛼 (red), UV-continuum (green) and Ly𝛼 (blue)

H𝛼 (red) is the most efficient tracer of bright stars.
Notice no clear correlation between H𝛼 and Ly𝛼.

ESO 338-04
metal-poor dwarf starburst galaxy
distance = 34 Mpc
size = 3.5x3.5 kpc (20x20 arcsec)



Ly  Line Profile - gas motionα

Credit: Zheng Zheng

When gas is outflowing, the Ly  emission shifts into the longer, redder wavelength.
The opposite occurs when gas is inflowing — the Ly  wavelength appears to get shorter, bluer.

α
α

78 Lyman-Alpha Emitters (LAEs)
The Astrophysical Journal Letters, 765:L27 (6pp), 2013 March 10 Hayes et al.
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Figure 1. False-color images of the LARS galaxies 01–08. Red encodes continuum-subtracted Hα, green the FUV continuum, and blue shows continuum-subtracted
Lyα. Images have been adaptively filtered to show detail. Scales in kiloparsec are given on the side. Intensity scales are logarithmic, with intensity cut levels set to
show detail.
(A color version of this figure is available in the online journal.)
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Figure 2. Same as Figure 1 except for LARS galaxies 09–14. The black square in LARS 09 masks a UV-bright field star.
(A color version of this figure is available in the online journal.)

η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R

Lyα
P20 versus RFUV

P20 , a comparison that could be made at

high-z, and R
Lyα
P20 versus RHα

P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
as R

Lyα
P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their

3
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Figure 1. False-color images of the LARS galaxies 01–08. Red encodes continuum-subtracted Hα, green the FUV continuum, and blue shows continuum-subtracted
Lyα. Images have been adaptively filtered to show detail. Scales in kiloparsec are given on the side. Intensity scales are logarithmic, with intensity cut levels set to
show detail.
(A color version of this figure is available in the online journal.)
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Figure 2. Same as Figure 1 except for LARS galaxies 09–14. The black square in LARS 09 masks a UV-bright field star.
(A color version of this figure is available in the online journal.)

η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R

Lyα
P20 versus RFUV

P20 , a comparison that could be made at

high-z, and R
Lyα
P20 versus RHα

P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
as R

Lyα
P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their
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to be much larger. For the 11 galaxies in which R
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P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).
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P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
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η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
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P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R
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P20 , a comparison that could be made at

high-z, and R
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P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
as R

Lyα
P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their
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η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R

Lyα
P20 versus RFUV

P20 , a comparison that could be made at

high-z, and R
Lyα
P20 versus RHα

P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
as R

Lyα
P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their

3

The Astrophysical Journal Letters, 765:L27 (6pp), 2013 March 10 Hayes et al.

8.0 4.0 0.0 -4.0 -8.0
8.0

4.0

0.0

-4.0

-8.0
01

6.0 3.0 0.0 -3.0 -6.0

6.0

3.0

0.0

-3.0

-6.0 02

6.0 3.0 0.0 -3.0 -6.0

6.0

3.0

0.0

-3.0

-6.0 03

8.0 4.0 0.0 -4.0 -8.0

8.0

4.0

0.0

-4.0

-8.0 04

5.0 2.5 0.0 -2.5 -5.0

5.0

2.5

0.0

-2.5

-5.0
05

8.0 4.0 0.0 -4.0 -8.0

8.0

4.0

0.0

-4.0

-8.0 06

5.0 2.5 0.0 -2.5 -5.0

5.0

2.5

0.0

-2.5

-5.0
07

8.0 4.0 0.0 -4.0 -8.0

8.0

4.0

0.0

-4.0

-8.0
08

Figure 1. False-color images of the LARS galaxies 01–08. Red encodes continuum-subtracted Hα, green the FUV continuum, and blue shows continuum-subtracted
Lyα. Images have been adaptively filtered to show detail. Scales in kiloparsec are given on the side. Intensity scales are logarithmic, with intensity cut levels set to
show detail.
(A color version of this figure is available in the online journal.)

12.0 6.0 0.0 -6.0 -12.0

12.0

6.0

0.0

-6.0

-12.0 09

10.0 5.0 0.0 -5.0 -10.0
10.0

5.0

0.0

-5.0

-10.0
10

20.0 10.0 0.0 -10.0 -20.0

20.0

10.0

0.0

-10.0

-20.0 11

12.0 6.0 0.0 -6.0 -12.0

12.0

6.0

0.0

-6.0

-12.0 12

16.0 8.0 0.0 -8.0 -16.0

16.0

8.0

0.0

-8.0

-16.0 13

16.0 8.0 0.0 -8.0 -16.0

16.0

8.0

0.0

-8.0

-16.0 14

Figure 2. Same as Figure 1 except for LARS galaxies 09–14. The black square in LARS 09 masks a UV-bright field star.
(A color version of this figure is available in the online journal.)

η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R

Lyα
P20 versus RFUV

P20 , a comparison that could be made at

high-z, and R
Lyα
P20 versus RHα

P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
as R

Lyα
P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their
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η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R

Lyα
P20 versus RFUV

P20 , a comparison that could be made at

high-z, and R
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P20 versus RHα

P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
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P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their
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η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R

Lyα
P20 versus RFUV

P20 , a comparison that could be made at

high-z, and R
Lyα
P20 versus RHα

P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
as R

Lyα
P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their
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Figure 2. Same as Figure 1 except for LARS galaxies 09–14. The black square in LARS 09 masks a UV-bright field star.
(A color version of this figure is available in the online journal.)

η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R

Lyα
P20 versus RFUV

P20 , a comparison that could be made at

high-z, and R
Lyα
P20 versus RHα

P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
as R

Lyα
P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their
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η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R

Lyα
P20 versus RFUV

P20 , a comparison that could be made at

high-z, and R
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P20 versus RHα

P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
as R

Lyα
P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their
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η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R

Lyα
P20 versus RFUV

P20 , a comparison that could be made at

high-z, and R
Lyα
P20 versus RHα

P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
as R

Lyα
P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their
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η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R

Lyα
P20 versus RFUV

P20 , a comparison that could be made at

high-z, and R
Lyα
P20 versus RHα

P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
as R

Lyα
P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their
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η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R

Lyα
P20 versus RFUV

P20 , a comparison that could be made at

high-z, and R
Lyα
P20 versus RHα

P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
as R

Lyα
P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their
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η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R

Lyα
P20 versus RFUV

P20 , a comparison that could be made at

high-z, and R
Lyα
P20 versus RHα

P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
as R

Lyα
P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their
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Lyman Alpha Blobs (LABs)
• LABs are one of the biggest objects in the Universe: gigantic clouds of 

hydrogen gas. 

• LABs preferentially observed in the high-density regions. 

• They are associated with matter density peaks in the universe and thus 
likely to evolve into the present-day groups and clusters of galaxies.

CO emission is detected in LAB1 but apart from the position of
the known LBG (Chapman et al. 2001, 2004). The amount of
hidden star formation for these objects is expected to be from
several to 100 M! yr"1 as seen in Figure 10, assuming no
extinction for Ly! emission.

The last possibility, especially for very diffuse LABs, is
photoionization of hydrogen gas in the outer part of gal-
axies caused by diffuse intergalactic UV background. Some
authors evaluated diffuse Ly! emission from systems ionized
by background UV radiation. For example, Gould & Weinberg
(1996) evaluated properties of Ly! emission from Ly! clouds
with neutral hydrogen column density of 1017–1020 cm"2.
They found that the typical surface brightness of the Ly!
clouds is 10"19 ergs s"1 cm"2 arcsec"2 at z ¼ 3, and this value
has a weak dependence on column density. Our detection limit,
$3 ; 10"18 ergs s"1 cm"2 arcsec"2 is still considerably brighter
than this value.

5.1.2. CoolinggRadiation from Gravvitationally Heated Gas

Besides photoionization by massive stars or AGNs, we
should take into account the contribution of cooling radiation

from gravitationally heated gas in collapsed halos (Rees &
Ostriker 1977; S00; Haiman et al. 2000; Fardal et al. 2001).
Since this is a direct consequence of the atomic gas cool-
ing process during galaxy formation, it is very important to
find objects radiating Ly! emission by this mechanism. Typi-
cal flux and size, $10"17–10"16 ergs s"1 cm"2 and $500–1000

(e.g., Table 1 in Haiman et al. 2000) roughly match with the
objects discussed in this paper.
According to the simulation by Fardal et al. (2001), objects

with large radiative cooling with L(Ly! cool)> 1043 ergs s"1

also have high star formation activity and the total Ly! lu-
minosities of such objects become larger than 1044 ergs s"1.
Below these luminosities, however, cooling radiation some-
times dominates Ly! emission. Given the luminosity range of
our sample of 35 LABs, 6 ; 1042 to 1044 ergs s"1, it is possible
that objects dominated by cooling radiation are contained in
our sample.
Interestingly, there are several objects that are very diffuse

and are not associated with bright continuum sources (LAB5,
LAB8, LAB9, LAB13, and LAB25). They are good candi-
dates of the Ly! cooling objects. There are also objects with
extended faint halo structure, although they are associated
with relatively bright continuum sources (LAB6, LAB7,
LAB11, LAB12, LAB18, and LAB26).

5.1.3. Superwind

Next we discuss the case of shock heating by starburst-
driven galactic superwind. Expanding bubbles are one exam-
ple of direct evidence of superwind activities (e.g., Heckman
et al. 1990). The bubble-like structures of LAB1 and LAB2
(blob 1 and 2) resemble the expanding bubble observed in
Arp 220 with H! imaging (e.g., Heckman et al. 1996). Note
that the possible bubbles (see x 4) have a typical radius of 200,
corresponding to 15 kpc at z ¼ 3:1, which is similar to the
radius of the bubble in Arp 220. Interestingly, it is known that
LAB1 is more luminous by a factor of 30 than Arp 220 and
has a very similar rest-frame optical and far-infrared spectral
energy distribution (Taniguchi et al. 2001). Ohyama et al.
(2003) showed that a bright knot in the central part of LAB1
(!R:A: ¼ 1100 and !decl: ¼ 1100, Fig. 8) has three velocity
components separated by approximately %3000 km s"1 and
two component profiles found both at 100–200 northwest and
1B5–2B5 southeast of the knot. These profiles may represent
the expanding shocked shells. We considered star formation
activities to produce each bubble assuming the same ex-
panding timescale of 3 ; 107 yr and kinetic energy injection
rate of $1043 ergs s"1 as those of Arp 220 (i.e., Heckman
et al. 1996). We use the fraction of supernova energy con-
verted to kinetic energy of 0.3 (e.g., Mori et al. 2002) and the
number of supernovae per solar mass of stars formed of
0.007, assuming a Salpeter IMF (e.g., Bower et al. 2001).
Then we have the supernovae rate of $1 yr"1 and SFR$
150 M! yr"1 for each bubble. Since we have identified at
least four bubbles in LAB1, it has total SFR of more than
$600 M! yr"1. This is on the same order as the expected
currently on-going SFR & 500 h"2 M! yr"1 of LAB1 from
submillimeter observations (Chapman et al. 2001).
On the other hand, Bower et al. (2004) argued that the

Ly! emission of LAB1 is driven by the interaction of out-
flowing material and the inflow of material cooling in the
cluster potential from the chaotic velocity structure they ob-
served. They suggested that the emission-line halo around
NGC 1275 in the Perseus cluster may be a good local analog
to LAB1, although LAB1 is a factor of $100 more luminous

Fig. 9.—Top: Spatial distribution of the 35 candidate LABs. Bottom:
Relatively compact 283 LAEs presented by Hayashino et al. (2004). The
contours show the high-density region (HDR) of the 283 LAEs, the dotted line
in the top panel shows the region used in this paper, the dashed line shows the
SSA22a field, and the large outlined squares show the candidates that are
associated with known LBGs at z ¼ 3:1 (S03).
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CO emission is detected in LAB1 but apart from the position of
the known LBG (Chapman et al. 2001, 2004). The amount of
hidden star formation for these objects is expected to be from
several to 100 M! yr"1 as seen in Figure 10, assuming no
extinction for Ly! emission.

The last possibility, especially for very diffuse LABs, is
photoionization of hydrogen gas in the outer part of gal-
axies caused by diffuse intergalactic UV background. Some
authors evaluated diffuse Ly! emission from systems ionized
by background UV radiation. For example, Gould & Weinberg
(1996) evaluated properties of Ly! emission from Ly! clouds
with neutral hydrogen column density of 1017–1020 cm"2.
They found that the typical surface brightness of the Ly!
clouds is 10"19 ergs s"1 cm"2 arcsec"2 at z ¼ 3, and this value
has a weak dependence on column density. Our detection limit,
$3 ; 10"18 ergs s"1 cm"2 arcsec"2 is still considerably brighter
than this value.
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Since this is a direct consequence of the atomic gas cool-
ing process during galaxy formation, it is very important to
find objects radiating Ly! emission by this mechanism. Typi-
cal flux and size, $10"17–10"16 ergs s"1 cm"2 and $500–1000

(e.g., Table 1 in Haiman et al. 2000) roughly match with the
objects discussed in this paper.
According to the simulation by Fardal et al. (2001), objects

with large radiative cooling with L(Ly! cool)> 1043 ergs s"1

also have high star formation activity and the total Ly! lu-
minosities of such objects become larger than 1044 ergs s"1.
Below these luminosities, however, cooling radiation some-
times dominates Ly! emission. Given the luminosity range of
our sample of 35 LABs, 6 ; 1042 to 1044 ergs s"1, it is possible
that objects dominated by cooling radiation are contained in
our sample.
Interestingly, there are several objects that are very diffuse

and are not associated with bright continuum sources (LAB5,
LAB8, LAB9, LAB13, and LAB25). They are good candi-
dates of the Ly! cooling objects. There are also objects with
extended faint halo structure, although they are associated
with relatively bright continuum sources (LAB6, LAB7,
LAB11, LAB12, LAB18, and LAB26).

5.1.3. Superwind

Next we discuss the case of shock heating by starburst-
driven galactic superwind. Expanding bubbles are one exam-
ple of direct evidence of superwind activities (e.g., Heckman
et al. 1990). The bubble-like structures of LAB1 and LAB2
(blob 1 and 2) resemble the expanding bubble observed in
Arp 220 with H! imaging (e.g., Heckman et al. 1996). Note
that the possible bubbles (see x 4) have a typical radius of 200,
corresponding to 15 kpc at z ¼ 3:1, which is similar to the
radius of the bubble in Arp 220. Interestingly, it is known that
LAB1 is more luminous by a factor of 30 than Arp 220 and
has a very similar rest-frame optical and far-infrared spectral
energy distribution (Taniguchi et al. 2001). Ohyama et al.
(2003) showed that a bright knot in the central part of LAB1
(!R:A: ¼ 1100 and !decl: ¼ 1100, Fig. 8) has three velocity
components separated by approximately %3000 km s"1 and
two component profiles found both at 100–200 northwest and
1B5–2B5 southeast of the knot. These profiles may represent
the expanding shocked shells. We considered star formation
activities to produce each bubble assuming the same ex-
panding timescale of 3 ; 107 yr and kinetic energy injection
rate of $1043 ergs s"1 as those of Arp 220 (i.e., Heckman
et al. 1996). We use the fraction of supernova energy con-
verted to kinetic energy of 0.3 (e.g., Mori et al. 2002) and the
number of supernovae per solar mass of stars formed of
0.007, assuming a Salpeter IMF (e.g., Bower et al. 2001).
Then we have the supernovae rate of $1 yr"1 and SFR$
150 M! yr"1 for each bubble. Since we have identified at
least four bubbles in LAB1, it has total SFR of more than
$600 M! yr"1. This is on the same order as the expected
currently on-going SFR & 500 h"2 M! yr"1 of LAB1 from
submillimeter observations (Chapman et al. 2001).
On the other hand, Bower et al. (2004) argued that the

Ly! emission of LAB1 is driven by the interaction of out-
flowing material and the inflow of material cooling in the
cluster potential from the chaotic velocity structure they ob-
served. They suggested that the emission-line halo around
NGC 1275 in the Perseus cluster may be a good local analog
to LAB1, although LAB1 is a factor of $100 more luminous

Fig. 9.—Top: Spatial distribution of the 35 candidate LABs. Bottom:
Relatively compact 283 LAEs presented by Hayashino et al. (2004). The
contours show the high-density region (HDR) of the 283 LAEs, the dotted line
in the top panel shows the region used in this paper, the dashed line shows the
SSA22a field, and the large outlined squares show the candidates that are
associated with known LBGs at z ¼ 3:1 (S03).
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Radiative Transfer is essential!
• Ly𝛼 is a resonant line. 

Neutral hydrogen atom is in the ground state in the Universe. Ly𝛼 becomes 
optically thick even at modest column densities. 

Ly𝛼 photons is absorbed immediately by another hydrogen atom in the 
ground state, emitted, absorbed, emitted, absorbed, emitted, absorbed,… 

• Resonance trapping of Ly⍺ photons increases the probability of 
being  

- absorbed by dust 

- shifted in frequency 

- converted to two-photon emission (in high density media)

<latexit sha1_base64="33hvXMj3q/V4bt8J9s57FjKGxRo="></latexit>

⌧ ⇠ 1 at line center for NH = 3⇥ 1013 cm�2
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Typical column densities are



Scattering Type & Cross-Section

Lyman Alpha Radiative Transfer

2s

1s

2p

Energy Level of Atomic Hydrogen

Resonance Scattering
(Core Scattering)

Rayleigh Scattering
(Wing Scattering)

Gaussian core

Lorentzian wing

H(a, u) ⌘ a

⇡

Z 1

�1

e
�y2

dy

(u� y)2 + a2

<latexit sha1_base64="pcoOdojQ/CPdd4ZFvksDc8EJAT0="></latexit>

collision

The Ly  frequency changes continuously due to the thermal motion of protons while 
the photon is scattered repeatedly.

When the photon frequency shifts significantly to the wing part, the cross-section 
becomes very low, and the photon can escape without further scattering.

α
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Monte-Carlo Algorithm
(1) Initialize the photon frequency x and the propagation direction. 

(2) Select an optical depth 𝜏  which the photon is allowed to travel. 

(3) Select an interacting particle (dust or hydrogen). 

(4) Select H or K. 

(5) Select a velocity component of an atom parallel to the photon propagation direction, 
according to the distribution function. 

(5) Select two velocity components perpendicular to the photon direction, according to 
Maxwellian (Gaussian) distribution. 

(6) Lorentz-transform the photon frequency into the atom’s rest frame. 

(7) Select scattering angle (𝜃, ϕ) according to the scattering phase matrix. 

(8) Lorentz-transform the frequency into the lab frame. Go to (2) until the photon 
escapes the system.

P (u|x, a) = 1

H(x, a)

a

⇡

e
�u2

(x� u)2 + a2



Ly  Resonance Scatteringα

Gronke et al. (2017)
[Left] A photon escapes through the random walk from a static medium with 
[Center] A photon escapes in an excursion after a random walk .
[Right] A photon escapes nearly directly through excursion/single flight due to movement of the clumps 

.

(NHI,cl, fc) = (1020cm−2, 100)
(NHI,cl, fc) = (1017cm−2, 100)

(NHI,cl, fc, σcl) = (1017cm−2,100,100kms−1)
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LaRT: Number of Scattering
8 SEON & KIM
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Figure 5. Number of scatterings for (a) slab and (b) sphere as a function of the central optical depth ⌧0. The blue and red circles denote the cases of T = 10 K and
T = 104 K, respectively. The black dashed lines denote the theoretical number of scattering (a) Nscatt = 1.612⌧0 and (b) Nscatt = 0.958⌧0 at the limit of ⌧0 !1.

We note that the analytical solution of the radiative transfer
of Neufeld (1990). Higgins & Meiksin (2012) numerically
solved the radiative transfer problem in an infinite slab and
showed that the line within the medium is indeed flat at the
central portion. Therefore, we first examine the line profile
within the medium. Figures 8 and 9 show examples of the
line profile in slab and sphere, respectively.

4.2. Scattering Rate

The scattering rate is defined as the number of scatterings
per unit time that a single atom undergoes. Therefore, the
scattering rate can be calculated by integration of the cross-
section multiplied by the mean intensity, by definition of the
scattering cross-section:

P↵ = 4⇡
Z

J⌫�⌫d⌫.

In this section, we examine the scattering rate for an unit gen-
eration rate of photons. Figures 6 and 7 compare the scatter-
ing rate calculated via simulations and the analytic approxi-
mations for the slab and sphere geometries. In the figures, the
solid black lines represent the scattering rate calculated by di-
rectly counting the scattering events. Red dots were estimated
using the radiation field spectrum at the line center.

4.3. Turbulence Effect

In the above results, only the thermal motion and system-
atic, bulk flow of gas were taken into account in simulating the
Ly↵ RT. Aside from the thermal broadening, the line width
of Ly↵ may be broadened also by the presence of turbulent
velocity field. It may be convenient to define the Dopper tem-
perature TD as in Liszt (2001) to incorporate the turbulence
effect,

2kBTD/mH = 2kBTK/mH +v2
turb,

where vturb is the velocity dispersion of turbulent motion. The
Doppler parameter b is also defined by

b =
q

v2
th +v2

turb,
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Figure 6. Scattering rate P↵ for (a) slab and (b) sphere with temperature
T = 10 K. The scattering rates for ⌧0 = 103 and 107 are shown. The black
lines represent P↵ calculated from Monte-Carlo simulations by counting the
number of scatterings. The red dots are those calculated using the radiation
field Jx(0, z) obtained from the simulations. The green dashed line represents
the analytical approximation, which is almost indistinguishable from the sim-
ulation results obtained at high optical depths (⌧0 & 104).

as in Verhamme et al. (2006). The Doppler temerature (or
Doppler parameter) has been used in the place of the thermal
kinetic temperature (or thermal velocity) to predict the Ly↵
spectral shape. However, it has not been valified whether this
recipe of incorporating the turbulent motion is appropriate or

Seon & Kim (2020)
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LaRT: a static medium
• Emergent Ly𝛼 spectra from a static, 

homogeneous sphere 

• Double peak with a deep central trough. 

This is because of the large cross-
section at the line center. Thus, the Ly𝛼 
photon cannot travel very far before it 
hits a hydrogen atom. 

Due to thermal motion of the atom, the 
photon picks up a small Doppler shift at 
each scattering, either to the blue or to 
the red. 

In this way the photons slowly diffuse 
not only in space but also in frequency. 

The diffusion makes the scattering 
cross-section decrease and thus it 
becomes easier to escape after having 
diffused either to the red or the blue 
side of the line center.

6 SEON & KIM
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Figure 2. Emergent Ly↵ spectra from a static, homogeneous slab at (a)
T = 10 K and (b) 104 K, with differnt optical depths (⌧0 = 105, 106, 107,
and 108). The black curves are line profiles calculated with LaRT. The red
curves denote the approximate, analytic solution given by Neufeld (1990).
The upper abscissas show the wavelength shift in Å from the Ly↵ line center.

number of photons injected during �t is L⇤�t/h⌫↵. Then,
the scattering rate can be obtained by

P↵ =
L⇤

h⌫↵

1
nH�V

N
cell
scatt

Npacket
, (23)

where N
cell
scatt is the number of scattering events occurred in the

volume element �V . Again, for the infinite slab geometry, the
luminosity and volume element should be replaced by L⇤ =
L⇤�A and �V = H�A, respectively.

In addition to this counting method, we may estimate the
scattering rate using the radiation field spectrum J⌫ at the line
center ⌫ = ⌫↵ (or Jx at x = 0). By the definition of cross-
section, the scattering rate can be calculated by integrating
the scattering cross-section multiplied by the mean intensity:

P↵ = 4⇡
Z

J⌫�⌫d⌫. (24)

We note that, at the central part of the Ly↵ line, the spectrum
can be approximated to be constant as the cross-section peaks
sharply. Then, we obtain

P↵' 4⇡J⌫(⌫↵)
Z

�⌫d⌫ = 4⇡�0J⌫(⌫↵)

= 4⇡
�0

�⌫D
Jx(0)

= 1.315⇥10-12
✓

T

104 K

◆-1/2

Jx(0) (25)

In Section 4, we show that the radiation field spectrum is in-
deed constant if the atomic recoil effect is ignored or expo-
nential if the recoil effect is considered, over a wide range of
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Figure 3. Emergent Ly↵ spectra from a static, homogeneous sphere at (a)
T = 10 K and (b) 104 K, with differnt optical depths (⌧0 = 105, 106, 107,
and 108). The black curves are line profiles calculated with LaRT. The red
curves denote the approximate, analytic solution given in Appendix, which
was derived from the series solution of Dijkstra et al. (2006).

frequency. The exponential function can be approximated to a
linear function at the central portion of the spectrum and thus
the integral in Equation (25) should give rise to precisely the
same as for a constant spectrum.

Directly counting the number of scattering events is much
simpler than measuring the radiation field spectrum at the
line center. However, the method of using the radiation field
spectrum is advantageous to derive approximate formulae for
P↵ from analytic solutions of the RT equation and to check
the self-consistency of the Monte-Carlo simulation. In Ap-
pendixes C and D, we derive useful formulae for P↵ for slab
and sphere, respectively. The total number of scattering can
be obtained by integrating the scattering rate over the whole
volume, after multiplying by the neutral hydrogen density:

hNscatti =
Z

P↵nHdV. (26)

3. TESTS OF THE CODE

3.1. Static Media

As the test of our code, we perform the RT calculation for
the cases of a static, plane-parallel slab and sphere, for which
Neufeld (1990) and Dijkstra et al. (2006), respectively, de-
rived analytic approximations of the emergent mean intensity
at the limit of large optical depth. We derive new analytic
formulae, which may also be useful in studying the Ly↵ RT,
based on their series solutions in Appendixes C and D. For
these tests, we ignore the recoil effect if otherwise stated; in
other words, the recoil parameter g in Equation (12) is con-
sidered to be zero.

We first consider the infinite slab case in which the source is
located at the plane center and injects monochromatic photons

Seon & Kim (2020)
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LaRT: an expanding medium
• If gas is outflowing, then in the 

reference frame of an outflowing shell 
of gas, the “blue” photons will be 
redshifted and thus be in the line 
center where the scattering cross-
section is high. Hence they will be 
trapped in the gas. 

• On the other hand, the “red” photons 
will be even redder in the reference 
frame of the outflowing gas, and pass 
through freely. 

• Thus, outflows have the effect of 
erasing the blue peak by turning them 
into red photons. 

• This is often the case in high-redshift 
galaxies due the enhanced star 
formation.

Isotropically expanding spherical cloud.
The expanding velocity profile is assumed to be  

, where  is the maximum radius.υ(r) = υmax (r/R) R
LY↵ RADIATIVE TRANSFER I. WF EFFECT 7
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Figure 4. Emergent Ly↵ for the dynamic motion test cases, in which the
gas expands isotropically, and has a temperature of T = 104 K and a col-
umn density of N(H I) = 2⇥ 1020 cm-2. The maximum velocity vmax of the
Hubble-like outflow is denoted in units of km s-1. Note that the ordinate is
the mean intensity integrated over the solid angle outgoing from spherical
surface.

at frequency x = 0 (⌫ = ⌫↵). Figure 2 shows our simulation
results for the slab with a temperature of (a) T = 10 K and (b)
T = 104 K together with the approximate, analytic solution of
Neufeld (1990). The optical depth at line center (⌧0) varies
from 105 to 108, as indicated in the figure. Our results agree
with the analytic solution, in general. However, it is clear
that, as optical depth decreases and temperature increases, the
analytic solution becomes worse. This discrepancy is because
the analytic solution was derived in the limit of optically thick
media (2a⌧0 = 9.4(T/104K)-1/2(⌧0/104) & 103).

As the second test, Figure 3 shows the simulation results for
the case of a sphere in which photons are injected at frequency
x = 0 from the center of the sphere. The temperature of the
medium is assumed to be (a) T = 10 K and (b) T = 104 K, and
optical depth at line center varies from 105 to 108, as for the
slab geometry. In the figure, the analytic solution (Equation
(D3)) given in Appendix D is compared.

One interesting point is that the broad absorption feature at
x ⇡ 0, in particular when T = 104 K, is not well reproduced if
the approximation for the Voigt function (H(x) ⇡ a/(⇡1/2

x))
is adopted. In other words, the Voigt function in Equations
(C5) and (D3) should be accurately evaluated to reproduce
the broad U-shape at x ⇡ 0. However, we found that total
flux integrated over frequency is underestimated for the mod-
els with ⌧0 . 105 if the accurate Voigt function is adopted.
We therefore normalized the analytic solution for T = 104 K
and ⌧0 = 105 to satisfy 2⇡(4⇡R

2)
R

J(x)dx = 1. Without this
normalization, the analytic solution was found to underesti-
mate the total flux slightly. The analytic curves are in good
agreement with the simulation results.

3.2. The Hubble-like flow
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Figure 5. Number of scatterings for (a) slab and (b) sphere as a function
of the central optical depth ⌧0. The blue and red circles denote the cases of
T = 10 K and T = 104 K, respectively. The black dashed lines denote the
theoretical number of scattering (a) Nscatt = 1.612⌧0 and (b) Nscatt = 0.958⌧0
at the limit of ⌧0 !1.

To test the code for the dynamic case, we adopt the Hubble-
like flow model. In the model, we consider an isothermal, ho-
mogeneous sphere, which is isotropically expanding or con-
tracting. The bulk velocity of a fluid element at a distance r

from the center is assumed to be

vbulk(r) =
⇣vmax

R

⌘
r, (27)

where R is the radius of the medium and vmax is the max-
imum velocity at the edge of the sphere (r = R). There is
no analytical solution of the emergent spectrum for moving
medium with non-zero temperature. We thus compare our
simulation results with those of Laursen et al. (2009). Yajima
et al. (2012) and Smith et al. (2017) use the same configu-
ration to test for the dynamic case. In the models, the gas
medium is assumed to has a temperature of T = 104 K and a

υ(r) = υmax
r
R

(km s−1)

Seon & Kim (2020)
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Figure 5. Similar to Figure 1, but for total posterior distributions (L̃tot) of MUSE #1185.
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C IV Doublet Lines

supports the low column density nature of high-ionization gas in
these galaxies.

Radiative transfer models of Lyα resonance emission
indicate that small peak separations correlate to large escape
fractions (e.g., Verhamme et al. 2015), due to low average
column densities of gas that may be uniform or include lower
density channels. Analogously, we expect the C IV λ1548 peak
separations to decrease with lower column densities of high-
ionization gas, which also lowers the opacity to high-energy
ionizing photons. The very strong nebular C IV emission
observed in J104457 and J141851 suggests that these galaxies
have low column densities of high-ionization gas that may
allow large escape fractions of high-energy ionizing photons.
In this work we have measured, for the first time, both C IV
λλ1548,1550 emission lines to have consistent double-peaked
resonantly scattered profiles with extremely narrow peak
separations; these fits, reported in Table 1, will be useful to
constrain future C IV radiative transfer modeling.

2.4. Nebular He II Emission

In the right inset panels of Figure 2 we plot the velocity
structure of the He II emission versus the nebular O III] λ1666
profile. For both galaxies, the He II profile widths are
∼20 km s−1 wider than the O III] widths (see Table 1), possibly
due to an unresolved stellar component. However, visually, the

He II emission appears consistent with the O III] profiles,
indicating the He II emission is dominated by nebular emission
and that very hard ionizing sources must be present,
comparable to the known UV emission-line galaxies at high-
redshift. Stark et al. (2015) measure a He II (upper limit) flux
that is roughly 27% of the C IV emission in a z∼7 galaxy,
whereas we observe He II/C IV flux at the levels of 22% and
86%, respectively. Given these unprecedented levels of relative
He II emission (see, also, Berg et al. 2018, for a z∼2 galaxy
with He II/C IV=0.46), we could be witnessing hard radiation
from X-ray binaries in very-low-mass galaxies; future X-ray
observations will help constrain the nature of these ionizing
sources.
UV He II can go undetected in known optical He II emitters due

to extinction. Six of the 13 galaxies from B16 and B19 with He II
λ4686 detections in their optical Sloan Digital Sky Survey
(SDSS) spectra do not have 3σ He II λ1640 detections, where the
missing flux can be accounted for by dust attenuation. However,
the large He II λ1640/λ4686 ratios observed for J104457 and
J141851 confirm low dust attenuation of E(B−V )∼0.1 (assuming
an intrinsic ratio of λ1640/λ4686=6.96; Dopita & Sutherland
2003). Even when very strong nebular He II λ1640 is detected,
such as in IZw18, C IV is often seen in absorption (e.g.,
Lebouteiller et al. 2013; Senchyna et al. 2019) likely due to higher
column densities of high-ionization gas. Therefore, while optical

Figure 2. Comparison of the low-resolution HST/COS G140L spectra (filled blue histogram) with the higher-resolution HST/COS G160M spectra (black line) for
J104557 (top; B16) and J141851 (bottom; B19). The left inset spectra show the velocity profiles of the resonantly scattered C IV λλ1548,1550 doublet (black line) vs.
a nebular O III] emission line (filled green line), demonstrating that the individual C IV lines are broadened and appear to be double peaked. In the right inset panels,
however, we plot the He II λ1640 emission feature (black line) vs. the nebular O III] λ1666 emission line (filled green line) and find it to be narrow and nebular in
origin.
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filled blue histogram - low resolution 
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Thank You!


