
If the source emission is 
unchanging, there is no 
need to collect all of the 
incoming rays at one time.

One could imagine 
sequentially combining 
pairs of signals.  If we break
the aperture into N sub-
apertures, there will be 
N(N-1)/2 pairs to combine.

This approach is the basis 
of aperture synthesis.

Aperture Synthesis – Basic Concept



Long Wavelength Array (LWA)

Frequency Range:  10-88 MHz            
First station (“LWA-1”) completed April 
2011

Second station (“LWA-SV” completed 
July 2017

Next up: “LWA-NA” mini-station (64 
dipoles) 

2020 Funded by AFRL

2021 Construction

LWA-1 

LWA swarm – 1” resolution



Wavelength > 1 m (approx) Wire Antennas

Dipole

Yagi

Helix

or arrays of these

Wavelength < 1 m (approx)

Reflector antennas

Feed

General Antenna Types



LWA-NA Construction
Rev H 
ARX 
boards 
from 
OVRO-
LWA 
redesign
+
SNAP2
boards



LWA-NA Construction



LWA-SV Field Trip?

Saturday, October 29

9am depart UNM from PandA parking lot
10am arrive LWA-SV 
11:30 depart site
12:30 pm return to UNM



Astronomy 421

Lecture 12: Stellar Atmospheres I
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Key concepts:

Radiation and how it propagates (aka Radiative Transfer)

Opacity and optical depth

Sources of opacity in stars

Diffusion, random walks and optical depth

8



Radiation field definitions
Aim: to understand how light travels through gas.

We need a language to describe how radiation propagates in presence 
of matter (works both for stellar atmospheres, interiors, and in the 
ISM), so we can quantify flux, radiation pressure, radiation energy 
density, opacity, etc.

Consider a light beam traveling through space:

9
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(This treatment builds on what we did in Ch 3)

A general quantity is (specific) intensity.  
For radiation in the range λ to λ+dλ
passing through an area dA at angle θ
into solid angle dΩ:

𝐼!𝑑𝜆 =
𝐸!𝑑𝜆

𝑑𝑡𝑑𝐴 cos 𝜃𝑑Ω

energy

per unit time
per unit area

per unit wavelength

per unit solid angle

Units of   𝐼! are

𝐸!𝑑𝜆where             is the radiation energy between λ and λ+dλ (𝑑𝐴 cos 𝜃 is
the projected area through which the radiation is traveling)

𝑑Ω = sin 𝜃 𝑑𝜃𝑑𝜙

In spherical coordinates:



Solid angle
• 2-D analog of an angle: the apex of a cone.

• 1-D angle gives you arc length

• Solid angle gives you surface area

• Unit is steradian (sr), and there are 4p sr in a spherical surface.

• A small element of area dA in spherical coordinates:
– Side 1 has length rdθ
– Side 2 has length rsinθdφ
– Area dA = r2dθsinθdφ so
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First, let's specify an area the beam passes through, dA, per unit time, dt.

Then, the amount of energy passing through dA during dt is called (already 
familiar to us) the flux (of energy).

Units?

dA

12



Now, we will restrict our calculations to a limited range of wavelengths, dl, 
so that the energy contained in this range is Eldl. 

Then,the corresponding flux per unit wavelength (net energy passing 
through unit area in unit time):

Be more specific by choosing only light emerging in a specific solid 
angle, dW, normal to the unit area:

dW

dA
13



If the solid angle is not perpendicular to the surface (corresponding to light 
passing straight through), then we have to take into account the angle, q.

With this angle, the area of dA perpendicular to the beam is smaller, dA
cos(q). Now we have the specific intensity (or just intensity):

dA

dW
q

Specific intensity

14



Il can vary with direction.  So define

Energy density

Next, consider light traveling ⊥ to dA. Travels a distance dL/c in time dt.
So energy per unit volume in the range λ to λ+dλ is 𝐸!𝑑𝜆/𝑑𝐴𝑑𝐿 = 
𝐸!𝑑𝜆/𝑐𝑑𝐴𝑑𝑡 = 𝐼!𝑑𝜆𝑑Ω/𝑐 for θ=0º.  C+O (9.1) generalize this to all 
directions θ to show that the energy per unit volume in range λ to λ+dλ is 
the energy density:

Integrated (or Total) energy density
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Use this idea to go from intensity or flux
to energy density by using dt = dL/c in
Prob. 9.1 of C&O

=
1
𝑐
- 𝐼!𝑑𝜆𝑑Ω
Ω



Which then gives

In the specific case of an isotropic blackbody radiation field:

is called the “radiation constant”
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Emergent flux reminder
This is the intensity of radiation passing through dA, integrated over all 
angles:
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Luminosity L = Power =      A  

Define 1 Jy = 10-26 W m-2 Hz-1 small because astronomical sources
are far away
Worksheet 7: The cosmic microwave background has a uniform brightness
of 10,000 Jy.  How much power would a 100 meter antenna collect with a 
bandwidth of 1 GHz?



Radiation pressure
Understand gas pressure first.
Assume all particles have speed vx, 
and momentum px. Number density 
is n.

wall

x

What is momentum transferred across area A in time          ? 
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A

If N = number of particles in volume V, then N/2 are moving to the right

and



For some distribution of x velocities and momenta,
Pressure = n <vxpx>

For an isotropic distribution:

Photons can also exert a pressure by transferring momentum to 
matter. For photons, v=c, and p=E/c.

But nrad <E> = energy density, u, so for BB radiation

Radiation pressure
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𝑃234 =
1
3𝑎𝑇

5

𝑃 =
1
3
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