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Summaryv of Course Aims:

Expanding on Astronomy 1. these 10 lectures will investigate quantitatively the observational tools
and methods of data collection and reduction that underpin modern astrophysical observations. We
will study how we detect celestial objects and the factors that limit what, and how well, we can
observe. Topics covered:

¢ [deas of radiant energy

s Detectors and Telescopes

*  Examples of Optical Detectors

o Ideas of Sensitivity

*  The Atmosphere

o  Spectral Techniques

* Resolving Power and Interferometry
e Radio Interferometry (if time permits)

Section 1

Section &

Section 3

Section 4

Section b

Section @

Section 7

Section 8

Learning Objectives:

On completion of the course students should understand and be able to explain or quantify

- & & & ® * @

the concepts and units of: luminosity; radiant flux; flux density; solid angle; specilic miensity;
brightness temperature; apparent and absolute magmitude; bolometric and colour magmiudes;
distance modulus: bolometric correction

simple telescope optics, includimg the concepts of image intensity and illumination and the
basic principles of operation of telescopes at different wavelengths — from gamma ravs to
radio waves

the operation of photomultipliers, microchannel image intensifiers and charge-coupled devices
the concept of noise and bandwidth as the limits of sensitivity

the statistical properties of Poisson notse and 1ts relation to background and dark current noise
in charge-coupled devices and the quantum efficiency of photon detectors

the signal-to-noise ratio of astronomical observations

absorption and transmission windows n the electromagnetic spectrum

optical depth and zenith extinction — Bouget’s Law

scattering, including Rayleigh scattering

refraction and scintillation

the importance of spectroscopy i astrophvsics: spectral resolving power

prisms., Fraunhofer diffraction and diffraction gratings

design of a slit spectrometer

diffraction and the /D relation

‘seeing’, speckle patterns and speckle interferometry

the Michelson stellar interferometer and its foundations in optics theory

nterferometric measurements of stellar diameters and resolving of double stars

the method of Verv Long Baseline Interferometry in radio astronomy and how it can be used
to resolve structure 1 astronomical sources



1. Ideas of Radiant Energy

Astrophysical observations are almost always of light
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(i.e. electromagnetic radiation) NeraRED  LIGHT W

MICROWAVE

There are some

exceptions:-
o Cosmic Rays Ea—
. ENERGY 0000000248 2 2 FLE] TARD000 _ekeciion wils
o Neutrines fem = 10,000,000 nancmeters
irm—

o Gravitational Waves
But we won't consider them further in this course.

Historically, it was mainly the optical (visible) part of the E-M spectrum
that was used:-

400nmm = A4 = 700nm

BLUE RED

(lnm =1D'gm)
(14 =107"m)

Nowadays observations are carried out from gammarays 41 < (0.01lnm
toradico 4 > 10cm

Remember
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Energy (J or ¢V)
eV =1602x10"7)

Planck’s constant
= 6.626 x10™* Ts



In Al youmet the concepfof

Luminosity = energy radiated per unit time by a source
Unit = Watts (Joules per second)

In general, luminosity is dependent on wavelength or frequency.
i.e. astrophysical objects generally don’t radiate the same amount

of energy at all frequencies.

Hence we write | L = L(V)

Sometimes referred to as
Monochromatic luminasity

and L(VU);’_\ Vv = energy radiated per unit time by a source in the
frequency interval A1 centred on v,

Strictly speaking we should write the luminesity as the infegral
v+t L

I Lwydv but provided Av is small we can approximaite by Liv)Av

vyl i

Sometimes we consider instead luminosity as a function of

wavelength,ie. [ =[1.(1)

Relating L(V) and L(/’]’,) is not trivial. See later in A2
Theoretical Astrophysics

Bolometric Luminosity = energy per unit time radiated at

alf frequencies (wavelengths)

Mote: Luminosity is
an intrinsic property
of a source

Lbd:}L(v)dv - TL(ﬁ)dﬁ




Usually we assume that astrophysical sources radiate isotropically (i.e.
uniformly in all directions). This allows us to relate their luminosity to
their apparent brightness which decreases with distance, according to

the inverse-square law.
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Apparent brightness falls off with the square of the distance, because
surface area of a sphere increases with the square of the radius

In A you afse mef the concepf of

Radiant Flux = energy per unit time crossing a unit area
perpendicular to the direction of light
propagation

Units = Watts per square metre

From inverse-square law, *\)
for a source at distance [) v\
\_

L
- - (1.5)
\ A D

. N
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As with luminosity, in general we need fo work with a measure
of flux which is frequency dependent. We thus define

Flux Density = energy per unit time, per unit frequency,
crossing a unit area perpendicular to the
/ direction of light propagation

/

Tsually denoted by F(V) or §

I



Astronomers use a special unit for flux density

107*Wm?Hz"' = 1Jansky (Jy)

Jy is a common unit of measurement in radio, microwave and infra-red
astronomy. It is less common in optical astronomy, although it has become
more widely used in recent years. We will consider later some examples.

Suppose we observe in frequency interval V| =V = Vv,

¥
IntegratedFlux F = ISP av
¥

Define bandwidth (also known as bandpass, or passband)

AV = b, 1

and V = %(Vl —|-V2)

If Av issmall or S, iseither flat, F - 5 Ay
or varies linearly with frequency, then ,,

Integrated flux = flux density x bandwidth
Example

The radio source Cygnus A has a flux density of 4500 Jy. How much energy
is incident on a radio telescope, of diameter 25m, which observes Cygnus A
for © minutes over a bandwidth of 5 MHz?



Solid Angle

Stars can be regarded as point sources
(barely) resolvable
with H3T

Angular diameter of the Sun = () 533° /

Angular diameter of Betelgeuse = (.000014°
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But many other objects (e.g. galaxies, nebulae) are extended sources.

We use solid angle as measure of the fraction of the sky covered (or

subtended) by an extended source.

Unit of solid angle

= steradian (sr)

Consider a source of
projected area 4 at
distance D

Solid angle CJ=

Wholesky = A4 sr




For a spherical source, of radius K
Projected area, 4 — ?IRE

Thus | C2=71 —

But 8=

Angular diameter of
source, in radians  (using tanF= &)

{92
So ()~
/

Need to be careful about units

InEq.(1.12) angular diameter must be in radians, but is of ten measured in
degrees (or arcminutes / arcseconds)

Examples

Calculate solid angle subtended by the Sun Calculate solid angle subtended by globular cluster NGC 6093
ang. diam. = 0 533° ang. diam. = 8.9 arcmin



Specific Intensity

An extended source (e.g.agalaxy) may deliver the same flux density as a
point source (e.g. astar) but spread over a small area of the sky.

Also, as can be seen clearly for
NGC 6093, an extended source
will not be equally bright across
its entire projected area.

We need to introduce a new
quantity to describe this variation

in brightness. It is usually

referred to as specific intensity
or {particularly in the context of
galaxies) as surface brightness

ikt

Consider a source emitting radiation,

dAd = area element of the surface of the source.

dFE = energy emitted in the frequency range }* to v + 1. f Lr.m)
v
from surface element ¢4 at position I' on the surface

Ll = sindh o6 dp

of the source, mto solid angle dQ) =smBdéd tfﬁ g B
- - -
around the direction with unit vector H(H E gﬁ) » 10 hume // ’ff "‘ v "
: R . ~
mterval T to [ +dt = ad g

We define dEl’ — I], (l‘, ﬁ) dA df d V dQ

where Il, {l'.J ll] 15 known as the  Specific Intensity  of the radiation

The Bolometric Luminosity of the source is given by the integral of the Specific Intensity
over frequency. solid angle and surface area of the source

Ly = [[[1,(r0)d4dvdQ




Relating Specific Intensity and Flux Density

Consider an extended source of projected area AS 1m? at

Source, of 44, 519} the Earth

area A,

N\

L
:

_ L
= 0
% f:\
dA, D \

iQ,

Flux density from AS = energy received per unit time, per unit frequency

= 1,(r,6,4)d4 dQ, + I(r,,6,,¢,)d4,dQ, + ..

For a distant source we can assume that d'Ql — sz — ... =d0

Thus | 8, = [1,(r.6,6)d4 + I,(r,,8,,6,)d4, + ...]dQ

= Ljsfb, dA} dQ

1

But, if D is measured in metres, then | JO -

D2

. _ - 1 d4
0 we can write Sv - L[Iv dﬁl} _DE - ;][Iy Di
\

Solid angle of area element @4 on
the source as seen from the Earth




Herce | 5, = [1, dQ;

Qg

Flux density = integral of specific intensity over the
solid angle of an extended source

If fv is constant over the projected area of the source, then

Specific intensity is
o, = 1 5} independent of distance

A n . ;
7 \ ( ‘constant along rays’ )

S, ¢ D7 from Eq. (1.5) ,
€25 D™ from Eq. (1.10)

Example

For a blackbody of temperature, 7

7 2hv

— Wm“Hz sr”
" cMlexp(iy)-1]

Blackbody radiation is isotropic (i.e. specific intensity doesn’t depend on
direction)

At a given frequency, / dependsonly on T
= Woe can use the measured lrp to define a temperature

Recall effective temperature from AlY Stellar course
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Intensity

Wien's Law

e imaxT =010 (1.22)
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12000K in Hz
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Effective temperature determined by
tinding which black body curve ‘best fits’ (ie
is closest to) the Solar spectrum

T, ~5800K

=

Intensity ————»

Blackbody curve at 5800 K

Sun’s curve
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We can make a similar definition, common in radio astronomy:

Brightness temperature

At tvpical radio frequencies and temperatures jhy <<}k7T —= exp(i—j‘i)—l SR

Hence AN Y kT |
i = = Fayleigh — Jeans
p O 2 [EXP(%) - 1] .92 approzimati on
.___f‘n
(=1}
=
]

Lt
log Bvy, ng hv

2
We define T = € e
b 2
v 2vk
] Measured intensity
Brightness temperature

Note that we can always define a brightness temperature, but it will only

correspond to the actual temperature if the source is approximately a black
body and Av <<iT

Example

The quasar 3C123 has an angular diameter of 20 arcsec, and emits

a flux density of 49 Jy at a frequency of 1.4 GHz.

Calculate the brightness temperature of the quasar.



The Magnitude System

While many modern astrophysical observations are made in terms of flux

density, optical astronomy has mainly retained the magnitude system,
which is based on a logarithmic scale {See Al handout).

Bolometric apparent magnitude

Need to calibrate via standard stars. e.q. Vega defined to have

m, = 2ol 11+ const.

Radiant flux (over all frequencies)

bolometric apparent magnitude zero

F

m = D3lpo.
Vega
Colour Magnitudes
Usually we measure magnitudes through a filter, which L0 Dagrem ercepiedd
transmits anly over a small range of frequencies Frait L i
‘ = Chafie, Fig 3010
) i ] 08 B
The Johnson Syvstem 1= a set of standard fileers, from the L2
ar ultraviolet he mifrared: ;
near uitraviolet to the mirareg g 06
UBVRIJHKLMN E o4
> E o
Incrensing wavelength -
The transmission function, ., defines oo
iy E 1] A Sl Tl

the fraction of light transmitted by the
filter as a function of frequency (or
wavelength)

Wavelength (nm)

For each Johnson filter. 1" peaks at
some wavelength 4, . and has a
characteristic width A j

Meprer = —2.5logy, IE-TFILTER{V}dV + CriLren
n
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0

e

“

bolometric apparent magnitude :

Fivyi=1 at all frequencies

Example: UBV magnitudes
Filter A, (nm) [ A4 (nm)
m;, =U 365 68
m, =B 440 98
m, =¥ 550 89




Colour Indices

The difference between certain Johnson magnimdes defines a Colour Index, which gives mformation on
the temperature of a star (recall A1Y),

[ 0dy [ F Tuvydv |
iy, —my=U-B = —2.5](:5,,,I:':—f| + iy — iy, =B-Y = —E.SJng.,,;i'—’: + O
HJ-;_ Ty(vhdv | F '.f;.[l-]m:J
Al A L]

2.z, we define

The difference between the bolometric magnitude and the Johnson ¥V band magnitude 15 called the
bolometric correction It measures what fraction of the light from

o - mBGL -V a source is observed visually

Generally, some of the light from a star 15 absorbed on the way to us, We call this effect extinction; 1t causes the
measured colour index to be reddened. We define the colour excess, or reddening as

We can estimate .n":]:.-x- from a colour-colour diagram
EB-\' = [B‘; V} T (B iv}“ (See “Stars and Their Spectra’ and A2 labs). This can
\ let us determine the amount of extinction.
Col kh:af'ur_'idi True colour mdex A 3 1 E
olour excess colour index e
P B-V
_t ¥ Colour
V-band extinction CACCSS

A ~41E,
e ¥ Colour

B-band extinction €XCESS

Example

The star Merope in the Pleiades is observed to have apparent

magnitudes B =440 and V=426

The V band extinction affecting this observation is estimated to be
0.2 magnitudes.

Estimate the true colour index of Merope



