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Let’ s start this thesis with explaining what a maser is. Imagine a cloud in inter-
stellar space. This cloud consists of mainly of HI gas, dust and a collection of other gas-
ses. An important other gas is, in our case, water. The water molecules of this cloud do
not have a regular population of quantum states. There is an inversion in the population
with respect to two energy levels. This means that if a light particle of the right fre-
quency passes through the cloud, it does not get absorbed, but gets amplified. Maser
stands for microwave amplification by stimulated emission of radiation

For this reason, maser sources belong to the brightest sources on the sky. In some
cases a maser emits a tenth of the entire solar luminosity in one spectral line! Being so bright
and very compact in size, cosmic masers are characterized by very high brightness tempera-
tures. The brightness temperature is the temperature a blackbody would have when generating
such a flux. But since maser emission is generated by amplification of electromagnetic waves,
it can possess other features than only a high brightness temperature. There may be distin-
guishable differences with respect to “normal” blackbody radiation.

The purpose of this research project is to see if there are some small fluctuations in the
spectra of water masers. The estimated duration of these fluctuations are approximately a few
seconds and have a width in frequency of about 1 Hz. The process of quantum amplification
causes these fluctuations. Chapters 3 and 6 give a description of the involved mechanisms.

In order to investigate the maser radiation properties we first did a simulation to see if
the difference could be seen between normal random radiation and radiation with small fluc-
tuations added to it. When that was completed, observations were done with the Medicina
radio telescope near Bologna, Italy.

This thesis is consists of the necessary background information and a summary of the
research project and its results.

I wish to say thanks to the following people: Everyone at JIVE, especially Sergei Pro-
grebenko and Richard Schil izzi, it was good to work with them. The people at the Medicina
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the use of their instruments, support and advise and of course everyone at the Sterrewacht.

Special thanks go to my parents, sister and Annemieke, for their continuous support
during the years of my study.

Last, but not least, I want to thank all people who lived with me in one house for the
last 5 years, they always managed to keep my mind of my study (yes Sjoerd, especially you),
sometimes good and sometimes bad, but it was fun !
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In order to understand maser r adiation, the two level system has to be taken in
consideration first. Imagine a molecule or an atom with two energy states. Level 1 is the
ground state and level 2 is the excited state. The energy difference between the two states
is called E.

We also assume that level 1 is g1 fold and
that level 2 is g2 fold degenerate. This is just a
way to indicate the statistical weight of each en-
ergy level. There are three possibil ities for an
atom or molecule to change state. The first is
spontaneous emission, the second is absorption
and the third is stimulated emission. N1 and N2

give the populations of the two levels per unit
volume at a time t.

The same system can be used to describe molecular energy levels, so it can be used to
describe maser emission. In our case the involved molecule is H2O.

We follow Einstein to formalize coeff icients by:

Lets look first at a system in thermodynamic equilibrium, which means that the densi-
ties of atoms in the higher state (N2) and in the lower state (N1) are constant. This gives rise to
the following relation:

(3.1) 2211122
12 )()( NBNBAN

dt
dN

dt
dN

nrnr +-==-

in which r (n) is the energy density per unit frequency, with n, the frequency. This frequency
also satisfies equation (3.2), in which h is Planck’s constant.

(3.2) E = E2 - E1 = hn

The first equality in (3.1) conserves the total number of atoms per volume. The Einstein coef-
ficients are assumed independent on the level populations, but are dependent on the sort of
atom or molecule. Now define the probabil ities for emission and absorption per atom per unit
time in the following way:

(3.3) - = -
dN
dt

P N P Nem ab
2

2 1

Using this in equation (3.1), we get:

E2 , g2 , N2

E1 , g1 , N1

E = E2 - E1 = hn

A21 = The transition probabil ity coeff icient for spontaneous emission
B12 = The transition coeff icient for absorption
B21 = The transition coeff icient for stimulated emission
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(3.4) Pem = A + B21r (n)
(3.5) Pab = B12r (n)

In the steady state, where (3.3) is equal to zero, we get, using (3.4) and (3.5):

(3.6)
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If levels 1 and 2 are just two levels out of many, the condition of (3.3) still holds for a
steady state of level 2, but now it is steady with respect to the total transfer of all other levels
in the atom. The principle of detailed balance says that each pair of levels in a multi-level
atom satisfies equation (3.6). So each process and its inverse maintain a steady state.

When in thermodynamical equilibrium the level populations follow the Boltzmann
distribution:

(3.7) kT

h
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with k Boltzmann’s constant and T the temperature in K. This relation can be substituted in
equation (3.6):

(3.8)
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In equilibrium, we can set (3.8) equal to Plank’s law, which wil l give the following result:

(3.9a) g1B12 = g2B21

(3.9b) 212

32
B
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=

The Einstein coeff icients are atomic properties and have no reference to the temperature, so
equation (3.9) must hold, whether or not the atoms are in thermodynamic equil ibrium.

A not previously discussed property of stimulated radiation is that it takes place into
precisely the same photon state as the photon that induced it. The emitted photon is precisely
coherent with the photon that caused it. Why this is the case, can for instance be found in a
book that handles the quantum theory of light by R. Loudon.

When discussing absorption, the Einstein coeff icient B12 comes to mind, but stimu-
lated emission should also be counted as a form of absorption, although a negative one, be-
cause it is proportional to the intensity and only affect photons along a given beam. This is
analogous to absorption. The total result is that the absorption coefficient is given by a for-
mula in the following form:

(3.10) ÷÷
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where Cn is a positive given constant dependent on the frequency and B21 is taken into ac-
count as a form of negative absorption.

The term before the Einstein coefficients is easy to explain. For absorption, it is re-
quired that the atom in question is in the ground state. When more atoms are in the ground
state, it becomes easier for a photon to hit an atom in the ground state. However, if the ground
state has a high degeneracy, it will be difficult to get the atom out of the ground state

In a system in thermodynamical equil ibrium we have, according to (3.7) 
2

2

1

1
g
N

g
N > .

These are normal populations. It is possible to put enough atoms in the second state to get an
inverted population in which we have 

2

2

1

1
g
N

g
N < . According to (3.10), this will give a negative

an. So rather than decrease along a ray, the intensity increases along a ray.
The brightness temperature may be written in the following way:

(3.11) Tb = Tp exp (-t )

where Tp is equivalent to the physical temperature of the source and t  is the optical depth of
the source. The optical depth can be expressed by:

(3.12) ( )ò=
b

a

dllnn at

where l is a length scale. So in case of ampli fication, t  is negative.
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What makes the interstellar medium ideal for maser action? I t is very diff icult to
construct a laboratory maser. I t has, for instance, taken years to develop a maser-based
clock for VLBI work.

In the interstellar medium large distances are involved and small densities. Large dis-
tances substitute the resonant cavity present in laboratory masers.  In a resonant cavity, the
light bounces hence and forth through the medium and grows strong. The ampli fication in an
astronomical maser takes place in one single pass.

Interstellar clouds are mostly very dynamical. This is bad for maser action. Photons
will only interact with molecules, which have approximately the same Doppler shift as the
molecule that emitted the initial photon. This explains a few properties of astronomical ma-
sers. These properties shall be described in this chapter.

021 35476%8 9 : ; <5=>8@?BAB1 C7D�EFAFGHA�IJD�E2K�9ML5NO<$EP6%D$G.KQ1 CSR�D$THUP;@LMV5W	X

When looking at a map of a maser, one can directly see the complex structure of a
maser source. It exists of many masing spots. Figure 4-1 shows a map of the maser W49N
and Fig. 4-3, a spectrum of W49N. W49 means that it is the 49th source in the Westerhout HI
catalogue. The spectrum indicates that each maser spot has its own velocity. The emission
spots in Fig. 4-1 all emit radiation beamed towards the observer. Beaming angles are ap-
proximately in the range of 10-1 - 10-2 rad. The beaming is a result of the structure of the ma-
ser. Filaments of the cloud emit maser
radiation. Because of the exponential
amplification factor a maser will have a
much higher brightness temperature
along the longest axis of the filament.
Cylinders are used mostly to model ma-
ser emission. Figure 4-2 is an example.

The size of the maser spots lies
between approximately 1011 cm for H2O 0Y1 35476�8 9 : Z <\[]A	RB8\6�G�D2^58	C_A�T�^a`_85A�Gb1 T�3
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masers and 1014 cm for OH masers (Elitzur). The density of H2O in water masers is 104 – 105

cm-3. This is about 0.01% of all the matter present in the cloud. The brightness temperature
for W49N, the most luminous maser in our own galaxy is about 1014K. Because of the dy-
namical properties of a maser cloud a maser spectrum changes relative rapidly. The fastest
changes observed took place on a time-scale of days.

&(' )+*-,%. / 0 1 24365(.	798:,:*-;=<�>(?�/4@+AB24>C,%<$;D?�E�F G-.6,H.68�I+E�FCI4J:KL@+M+N9O

When reading chapter 3, one would expect phase coherence in a maser, because it
emits by the process of induced emission. Is this the case?  As discussed, induced emission
causes coherent radiation. Because of the maser's large size and because of the fact that its
radiation comes from a vast collection of spots, coherence is, in the same sense as for labora-
tory masers, impossible for astronomical masers. The maximum allowable beaming angle to
get coherent radiation is much smaller than the actual beaming angle of a maser. So maser
radiation is not coherent along the wavefront, but it has a remarkable degree of coherence
along a ray. (See chapter 6 for more details.)

What about the mechanism that inverts the molecules in the maser cloud? This
mechanism is also called the pumping mechanism. Masers are pumped by radiation or by
collisions. The radiation mostly comes from (a) nearby star(s). Another important fact for the
pumping mechanism is that the masing molecules are immersed into other gasses, mainly HI,
and dust. The collisions between the masing molecules and these “buffer” gasses, as well as
the exchange of infrared photons between gas and dust grains present, play an important part
in the pumping mechanism.

A better description of the masing mecha-
nism can be made in terms of a four level system,
instead of a system of two levels.

The molecules get pumped to level 4 or an
intermediate level in various ways, that is, via differ-
ent transitions. The electrons then cascade down via
various ways to level 3 and lower. The energy re-
leased by the electrons can, again, contribute to the
pumping action. The probabil ity for an electron to go
from level 3 to 2 is very low. Levels 2 and 3 can be
looked at in terms of an inverted two level system.
The transition to level 2 from 3 can virtually only be
accomplished by stimulated emission. When this
occurs, the electron can further cascade down to the ground level, while in the mean time
again contributing to the pumping action. In water masers, about 1% – 10% of the masing
molecules is in the 3-state

One other term should be discussed, saturated and unsaturated masers. If a maser is
saturated, the decay rate of the molecules exceeds the pumping rate. In an unsaturated maser

Intermediate levels

Intermediate levels

1

2

3

4

masing transition

pump

to pump

to pump
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the intensity grows exponentially. This process is one of the causes of line narrowing. When
the maser becomes saturated this is no longer the case, even though the growth in the wings of
the spectral line can still be exponential. The line profile starts to broaden. Normal masers
often exist of a saturated core and unsaturated mantle.

Amplification only takes place is a photon of the right frequency encounters a mole-
cule in a right quantum state. The chance that the photon induces a second photon decreases
with the deviation of the frequency with respect to the “right” frequency. So in the wings of a
spectral line, there is still exponential ampli fication, but with a lower exponent than the ampli-
fication in the line center. This is the cause of line narrowing in maser spectra.

Known maser molecules are OH, H2O, SiO, CH, HCN, CH3OH, H2CO and NH3. In
this project only H2O masers were observed, Cheung et al discovered these. The transition
involved is the 616 ®  523 transition (1,2 and 6,3 are separate quantum numbers), with a fre-
quency of about 22GHz (1.35 cm), although other maser transitions are known. We can ob-
serve this line on earth due to the relatively high energies involved in this transition.

Masers can often be found around forming stars. The climate there is ideal for maser
action. Enough gas of a not too high density is present and the forming star provides an ex-
cellent pump. When the forming of the star is complete, the maser will dissipate. Furthermore,
masers can be found in the interstellar medium, preferably in the spiral arms of a galaxy.
These masers are known as cosmological masers. The background radiation from the nearby
stars provides the pumping mechanism.

A nice proof of maser action is given by the next set of spectra, taken from Rieu et al.
It is the spectrum of an extragalactic radio-source (3C123) with an interstellar cloud in front
of it. The “off” spectra are of the 3C123 alone, the “on” spectra are of 3C123 with the cloud.
In the first spectra, it can be seen that the interstellar cloud absorbs a spectral line of 3C123.
On the other hand, the cloud amplifies the line at 1720 MHz, a transition of OH.

&(' )+*-,%. / 0 / 1	243	5%.	,76-,%8�8-9%:<;=3�>�.	?@9A,%8$BDC�'�.E*@.GF�3AHI:�J�KML$NMO$3AP
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Masers provide much information about the surr ounding medium and objects.
The most common place, where masers are encountered, is around young stars. They
are also found around the cores of active galaxies. Maser r esearch has made a signifi-
cant contribution to the understanding of those objects.

Because of the high brightness temperatures involved, masers are ideal sources for
VLBI observations. Astronomers can study the regions involved with very high spatial reso-
lutions. Important progress has been made in the fields of star formation and active galactic
nuclei (AGN).

Water masers are signposts of star formation processes. They are formed in extremely
dense (109 ± 1010 cm-3) gas. According to Elitzur (1989) masers are formed in shocks result-
ing, for instance, from the collision of dense clumps in the wind of a Young Stellar Object
(YSO) with dense shells or clumps in the ambient medium. The initial material consists of
molecular hydrogen, oxygen and dust grains. Due to the high temperatures resulting from the
collision, all molecules are split into atoms or ions. The dust grains can survive the shock.

This opens the way for forming H2O.
Atomic hydrogen condenses on the surface of the
dust grains and forms molecular hydrogen, which is
subsequently ejected into the gas with about 4eV of
rotational and vibrational energy. Normally this
energy is radiated away in the form of infra red
photons, but if the density is high enough and the
temperature is right, the energy is collisionally
transferred to gas heating. Collisional excitation is
the basic pumping mechanism for H2O masers.

Thus study of masers around YSO's enable
the astronomer to learn something about the proc-
esses involved. The contribution of maser research
in the field of AGN's is even more spectacular.

Figure 5-1 shows an optical image of NGC
4258, which has an active nucleus. Measurement of
the velocities of the maser clouds surrounding the
core indicated the presence of a massive black hole.
A schematic picture of the core can be seen in Fig.
5-2.

X-rays illuminate the warped molecular
disk, which heats it up and creates the maser environment, so no YSO's have to be present.
Large parts of the disk are too hot to produce maser radiation. Spectra of NGC4258 show per-
sistent asymmetries. The blueshifted part of the spectrum is much weaker than the redshifted
part. The blueshifted radiation has to pass through a layer of hot atomic gas, whereas the red-
shifted radiation has not. The warp in the disk causes this phenomenon.

By measuring the internal velocity gradient, the size of the disk can be estimated. If
this is known, the distance to NGC4258 can also be determined. This distance is about
5.5Mpc. So as a bonus, we also get a new way to determine distances to galaxies, thus con-
tributing to cosmological research.

CED FHGJI%K L M N OQPSRET�D�UWVYX�D Z[V�F\K]D ^`_�M%VaX RJb�VcX D FHbETed�f�T�bEK"UgK	^ET�IhV�X
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A maser emits by the process of stimulated emission. An astronomical maser can
be thought of as a collection of laboratory masers, all emitt ing in their own quantum
mode. As a result no coherence can be observed when doing regular observations. I f the
time and frequency resolution is high enough, it might be possible to detect the separate
quantum modes present in the received radiation.

Before continuing with the treatment of this theory, some principles of radiation and
radiation propagation have to be discussed. A source with a diameter w emitting blackbody
radiation can do so in a number of spatial modes. Spatial quantum modes are, so to speak, the
different possible shapes of the emitted wavefront. Each mode correlates to a quantum state of
the emitter. One mode may be characterized by a two-dimensional phase distribution along
the aperture.

 A nice analogy in one dimension is the decomposition of a mathematical function in a
Fourier series. The Fourier series is a summation of all the independent ªmodesº present in
the function. In the one-dimensional example the zeroth mode (zeroth element of a Fourier
series) may be characterized by a constant level, the second mode by a wave with one zero
crossing etc. The (0,0) mode in a two-dimensional wavefront thus represents a flat plane
wave. The highest mode is (w/l , w/l ). The total number of possible independent modes is
given by:

(6.1) Ms = w2 l -2

where l  denotes a wavelength of the emitter. In a blackbody radiator all modes are equally
populated. The received radiation of a blackbody is a combination of all possible modes. Ex-
pressing the spectral density, for one direction of polarization, in terms of the brightness tem-
perature Tb:

(6.2) Pe = Ms k Tb

Now consider a pulse of radiation as send by an emitter which emits only in the (0,0)
mode. The pulse starts to disperse immediately after emission. The dispersion angle is given
by: b = l  D-1 [rad]. Received power, when R >> D, is given by:

8:9 ;=<?>%@ A B C D=E�F	GH9 IKJ�>L9 M:IN9 J?O @=G
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(6.3) 2
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Photons traveling
through the maser medium can
stimulate molecules to emit
new photons. Imagine a pho-
ton inducing another photon.
The new photon will, due to
the uncertainty principle,
travel in a slightly different

direction. Photon 2 will travel a distance L. Photon 1 will travel a slightly shorter distance.
The phase difference after a distance L is:

(6.4) ( )a
l
p

f cos1
2

-=D
L

If the two photons are to be coherent Df  should be small. The resulting width of the wavefront
when the traveled distance is much larger than the wavelength, is equal to:

(6.5) lp
fD= Lw

Consider a cylindrical maser as shown in Fig. 6-3. If this maser has a physical tem-
perature Tp, then the brightness temperature will be:
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where t  is the optical depth, L the length of a path through the maser and Lt =1 the length cor-
related with t  = 1.

Several emission spots, one shown in figure 6-3,
cover the maser aperture. Assume that each spot is emitting
in its own mode. Denote a probable emission mode by (l, m)
and define the mode index m2 as (l+1)(s+1). Now, the mode
index M2 for the maser aperture itself is given by W2 / w-2.
The number of photons emitted by all maser spots as a func-
tion of M2 is:

(6.7) ( ) 2
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The major difference between a blackbody radiation and maser emission is that for
blackbody emission, the physical temperature is equal to the brightness temperature. The
number of photons in each mode is independent of the mode index, whereas maser emission
will only populate a part of all probable modes with the number of photons in each mode de-
pendent on the mode index.
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The beam shape of one individual emission spot has a width of l  / w. The width of the
envelope for the beam shape of the whole aperture is the synthesis of all i ndividual beams
resulting in something like Fig. 6-4. The individual beams within the average beam shape are
very small compared to the total shape. In a real maser there would be about M2 pencil thin
beams. Knowing the beam shape, the received number of photons at a distance R per cm-2 can
be calculated. The dispersion angle b of the radiation is equal to l  / w. Substituting the mode
index M2 gives:

(6.8) ( ) ( )
222

2
22

lRM
W

MNMN pr =

Applying (6.8) to a maser with a size of 1011 cm, a brightness temperature of 1014 K, a
distance of 1022 cm and an emission wavelength of 1 cm gives, for a receiving dish with an
area of 107 cm2, an average number of detected photons of 10-1. This may not seem like much,
but if Lt =1 is 30% shorter due to a density fluctuation or L is larger, or is the maser emits in a
low mode, then this number is be enormously high. It can also be that the receiving dish is hit
by one of the pencil-sized beams present in the average beam shape.

If the described emission mechanism is correct, then variabil ity of very short time and
scales can be expected. Little fluctuations always present within the maser medium can have a
huge effect on the maser output. Because of the fact that the variability is caused by one or a
few emission modes, the changes can only be observed with a high frequency and time reso-
lution.

In the described mechanism, a maser emits packages of radiation with a high degree of
coherence, but with no coherence between the packages. The interaction process of the pho-
tons with the molecules wil l determine the lengths and shapes of these packages. When a
molecule is stimulated by a photon, then the molecule will emit a new photon within a certain
amount of time. The length of this time has a normally distributed probabil ity density, so the
final package will resemble Fig. 6-5. Performing a Fourier transform on such a package re-
sults in one single point. The x-value is equal to the frequency of the wave and the y-value
corresponds to the total energy in the package. The estimated length of a package is the length
of the path of the photons through the maser. This is equal to several seconds.

Proving the described theory is diff icult, because very high time and frequency reso-
lutions are needed. Normal noise in an amplitude spectrum has a Rayleigh distribution.
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Should the theory be true, than an excess of high amplitudes in the noise-like spectra
can be expected. Each event in the maser, which creates a wave-package with a more than
average amplitude can be observed as a spike in the spectrum. This spike will only be visible
for the duration of the wave-package. The reason why nobody has ever seen such a spike is, in
the first place, because most spectra are an average over time, thus averaging out the spike. In
the case that the resolution is high enough to resolve the maser radiation into separate quan-
tum modes, even bigger deviations from the Rayleigh statistics can be expected

If the described theory is true, then another parameter for the investigation of masers is
found. From the excessive number of spikes detected with a frequency resolution Df, the ªi n-
stantº ampli fication length can be estimated by:

(6.10)
f

c
L

D
=

 It can also give a clue about the spatial density of inverted molecules. The water den-
sity itself may be estimated from models and tracer gasses. Combining this knowledge can
learn us more about the source, which provides the pumping. Finally, the described emission
mechanism has no difficulty explaining the extreme brightness temperatures involved in
megamasers. A very large maser with a low density does the trick.
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Before continuing with the project, it is wise to discuss some properties of the
Rayleigh distr ibution. In this chapter its first two moments, the estimator and a test hy-
pothesis wil l be derived.

The Rayleigh distribution is given by (6.9). The first moment of this distribution, the
expectation value is given by:

(7.1) EX x f x dx
x x

dx= × = -
æ

è
ç

ö

ø
÷

¥¥

òò ( ) exp
2

2

2

2
00 2q q

Substituting y x= / 2q  can solve this integral. (7.1) Will then simpli fy to (7.2), which is a
standard integral.
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The expectation value for the average of a set of Rayleigh distributed stochastic values can
also be derived, using (7.2). The average is given by the sum of a set of stochastic values di-
vided by the number of elements. The expectation value of a sum, is the same as the sum of
the individual expectation values. If all elements have the same expectation value, then the
expectation value of the average is also given by (7.2).

The second moment of the distribution is a bit harder to calculate. The second moment
is given by:
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Using partial integration to solve this integral:
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By using (7.4), (7.3) simplifies to:
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In (7.5) it is used that the first term of the expression before the equal sign is equal to 0.
Solving the last term gives the value of the second moment.
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(7.6) EX2 = 2q2

The variance of the distribution can now also be calculated, using (7.2) and (7.5). The
variance is given by:

(7.7) ( ) ( ) ( ) ( ) 2
2

12
4

12222 222EE qpqpqs -=-=-= XXX

It possible to estimate q based on a set of data. In the following part of this chapter, the
maximum likelihood estimator (MLE) of the Rayleigh distribution will be derived, but a set
of definitions will be made first.

The method of maximum likelihood consists of finding that value of ( )
&

q x  of the pa-

rameter which is ªmost likelyº to have produced the data. That is, if X = x, we seek ( )
&

q x
which satisfies

(7.8) L( ( )
&

q x , x) = f(x, ( )
&

q x ) = max{  f(x, q) : q Î  Q } = max{ L(q, x) : q Î  Q }

If such a ( )
&

q x  exists, we estimate any function q(q) by q( ( )
&

q x ). The estimate q( ( )
&

q x ) is
called the maximum likelihood estimate of q(q). Maximizing the likelihood function of a dis-
tribution is the same as maximizing the natural logarithm of the likelihood function. The natu-
ral logarithm of the likelihood function shall be denoted by ' ( ( ) xx ,q̂ ).
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The likelihood function of the Rayleigh distribution is given by (7.9). Taking the natu-
ral logarithm of it and then setting the first derivative of the result equal to 0 can maximize
this function.

(7.10) ' (q2, x) = x n
x
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Taking the first derivative to q2 of (7.10) and setting it equal to 0, gives the MLE sought.

(7.11) ( )
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There are a few ways to test the ªqualityº of q2. The first test that can be done is calculating
the expectation value of the estimator. Remembering (7.6), we get:

Definition I: X = (X1,..., Xn) , x = (x1 ,..., xn) , the stochastic vector and its values.
Definition II : If f(x, q) is the distribution function, consider then f(x, q) with x fixed and q

variable. This is called the Likelihood function L(q, x).
Definition III : ( )

&

q x is an estimate of q(x)
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So, (7.11) is, what is called, an unbiased estimator of q2. A further test is to see if (7.11) satis-
fies the Cramér-Rao rule.

Now take c(q2) = q2, then c’ (q2) = 1. Take g X Xn i( ) = å1
2

2 and apply the Cramér-Rao theo-
rem:
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Substituting (7.6) in (7.14) and solving EX4 with double partial integration we get:
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The last calculation:
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In (7.16) the step involving the arrow is assuming that the calculation is made for large n. The
Cramér-Rao inequality is now given by:

(7.17)
q q4 4
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1
3n n

³ ® >

The Cramér-Rao inequality holds, but both quantities are not equal, so the estimator is not the
estimator with minimum variance, if it exists at all .

Next, the distribution function of the Rayleigh histogram and the cumulative Rayleigh
histogram will be derived.  If a histogram is created from measured data, each histogram bin
will contain a number of counts. The number of counts in each bin wil l have a Poisson distri-
bution, which is given by:

(7.18) ( ) ( )
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Cramér-Rao theorem: If g(X) is an unbiased estimator of c(q), with E(g2(X)) < ¥  and c(q)
differentiable then: s2(g(X)) ³  J-1(q)(c'( q))2. With J(q) = E( ¶

¶q ln f(x, q))2. If X = X
and X1 ,..., Xn identical independent distributed then J(q) = nj(q), with j(q) = E( ¶

¶q ln
f(xi , q))2.
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The expectation value of the number of counts in that bin is equal to that same bin in
the theoretical histogram times the normalization factor used. The normalization factor is
equal to the total number of counts in the measured histogram. If each bin is divided by this
factor, then the surface beneath the histogram will be 1. The expectation value of a Poisson
distribution is equal to the variance of the distribution, which is equal to the parameter l  of
the distribution. So l  is equal to the theoretical number of counts in a specific bin.

The theorem can be used to determine the distribution function of the cumulative his-
togram. Bin k in the cumulative histogram is the sum of bin 0 ± k of the normal histogram.
The distribution function of bin k of the cumulative histogram is thus a Poisson distribution,
with l  equal to the sum of counts from bin 0 ± k of the normal histogram.

The last thing to solve is the variance of the mean of a set of equally Rayleigh distrib-
uted numbers. Because a large amount of data is involved in this project the following relation
is valid:
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Literatu re:
P. Bickel, K. Doksum, 1977, Mathematical stat ist ics, Prentice Hall

Theorem: If, X1, X2,…,Xn are independent random variables with P(l 1), P(l 2),…,P(l n) dis-
tributions, respectively, then X1 + X2 + … + Xn has the P(l 1 + l 2 + … + l n) distribu-
tion.
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Before any real observations were done, a simulation was carried out first. The
target of the simulation was, to show that a large wave-package in the data could really
be detected. In order to find this out, a set of random numbers with a normal distr ibu-
tion was created. The next steps were to adding wave-packages to it and making a fast
Fourier transform (FFT) of the resulting data set. In order to analyze the data, histo-
grams were made of the results.

To begin with, a set of 819,200 random numbers was created with a normal distribu-
tion. Mean value of this data set was 0, with a standard deviation of 1. Then a set of wave-
packages was added, with properties that can be seen in Table 8.1. The data set was then cut
in 100 pieces, a FFT algorithm was executed on each piece. In this way a package spread out
along several spectra could be simulated. Each spectrum consists of 4,096 points.

In this simulation, the bin number, or point number, serves as a time scale. In this way,
the original data set was 819,200 time units long. All bin numbers in Table 8.1 are in the time
domain. The place in this table stands for the place of the maximum of the gaussian function
by which the sine wave was modulated. The width stands for de standard deviation of the
gaussian function. The amplitude in this simulation is dimensionless; the original noise had a
standard deviation of 1. An offset was also added to the sine wave. This offset was used at the
start of the package. Each package started at bin 1 in the first sample. Most packages were, of
course, negligible at this point, as they were several standard deviations from their maximum.

So, what happened to these wave-packages after the FFT? The best way to look at it, is
a direct comparison between de clean data spectra and the spiked data spectra. From now on,
when talking about the data with the wave-packages in it, we will talk about the spiked spec-
tra of this data. Fig. 8-1, on the next page, is a plot of the statistical histograms of the spiked

Table 8.1, Wave pack et dat a
place width Ampl. Period Offset

# sample bin # sample bins bins bins
1 0 1,039 5 39,150 0.142 4.444 0.489
2 0 7,309 2 11,300 0.164 3.393 2.552
3 5 5,780 3 18,760 0.119 4.062 2.347
4 9 1,152 5 34,410 0.119 4.692 3.783
5 11 7,438 1 361 0.134 4.478 0.510
6 14 6,012 2 15,400 0.118 3.912 0.824
7 16 5,128 3 19,860 0.121 3.055 2.126
8 17 3,336 5 40,830 0.120 4.897 2.939
9 19 2,752 3 22,090 0.119 3.245 1.019

10 30 3,240 2 10,900 0.149 3.944 0.006
11 35 280 5 35,320 0.139 4.033 0.566
12 45 660 4 30,460 0.156 4.145 1.810
13 51 8,108 3 24,540 0.126 4.315 2.176
14 53 1,324 3 24,080 0.119 4.678 2.542
15 58 4,064 3 18,930 0.134 4.668 1.336
16 60 1,480 5 34,310 0.156 4.002 1.748
17 71 368 4 25,050 0.138 4.099 1.036
18 78 2,724 4 30,490 0.151 4.685 2.946
19 82 2,356 4 31,930 0.152 3.852 3.215
20 87 4,896 4 30,110 0.148 4.685 3.260
21 98 6,984 4 27,740 0.149 4.967 2.748
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data and the clean data. These two histograms are the sum of the histograms of the 100 spec-
tra. The vertical axis shows the normalized counts, in this way, the surfaces beneath the histo-
grams are 1. At first sight, there is no difference between the two. Fig. 8-2 is a plot of the dif-
ference between the two tails of the histograms. As can be seen, the spike data has high am-
plitude excess in the tail . Irregularities in the low amplitude parts of the histogram are due to a
limited sample and, probably, the fact that a computer generated the random numbers, where
a computer can not generate real random numbers.

It can clearly been seen that the total number of high amplitude counts exceeds the
total number of inserted spikes. For this reason, it will be interesting to see the spectra where
the spikes occurred. The spike with the highest amplitude occurred at spectrum number 0, the
spectrum where the wave-package with the highest amplitude was added! To have a better
look at it, the bin value where the spike occurred was also looked up in the next few spectra.
Fig. 8-3 shows a part of the first spectrum. Fig. 8-4 shows the value of bin number 2,416 in
spectrum 0 and the next few spectra.

In order to make a comparison between a few spikes, Fig. 8-5 and Fig. 8-6 show a
spike with amplitude 6.8 and a spike with an amplitude of 7. The light bars stand for the bin
values in the spectra. The dark bars show the values of the spiked spectra before a spike was
added.

When comparing the figures with Table 8.1, then there is no direct relationship be-
tween the maximum values in the spectra and the amplitude values of the wave-packages.
This is correct, because the bin value represents not only the wave-package amplitude, but
also the wave-package width. The bin value is directly related to the total amount of energy
received at that frequency. A larger width of the wave-package represents a larger average
amplitude over the complete spectrum, and thus a higher amount of energy.

There is however a relationship between the wave-package period and the bin number
of the maximum in the spectrum. The higher the period, the higher the lower the bin number.
This is correct, because it should be the higher the frequency, the higher the bin number. This
relationship is linear.

Does the total amount of counts in Fig. 8-2 correlate with the width of a wave-
package? The width of the spike is about the value given in table 8.1, noting that Fig. 8-6 also
shows the spike in spectrum 87, which is of medium amplitude and hard to detect directly. A
simple calculation can now be made, multiply all package widths by 2 and add them together.
The total of this sum is 138. The total number of counts in Fig. 8-2 is about the same. This
also leads to the conclusion that a wave-package does not create secondary spikes. However,
the remark should be made that it is possible, that the wave packet energy gets divided be-
tween two bins next to each other, when the packet frequency lies between the two bin fre-
quencies. This happened to the packet in sample 71. It gave a spike in bin 1,999 and 2,000,
both with amplitude 4.

Fig. 8-3 is also a proof of this, because it is just the spike and the bins left and right of
the spike are seemingly not affected. Spectrum number 60 and 78 show the same kind of
spike as in spectrum number 0.

The influence of the offset as given in Table 8.1 can not be seen in the data. This could
be expected, because the wavelengths were much smaller than the envelope of the wave-
packages. The offset will be neglected in the rest of the project.

There is now enough proof that wave-packages which have an amplitude of about
15% of the average noise amplitude can be detected if they are there. Planning for observa-
tions can begin. The only thing left to say is a technical remark. The simulation was carried
out on a Pentium computer running Windows 3.1 and Mathcad 6.0, so if any bugs in the soft-
ware or processor are found in the future, then there is a good chance that the simulation was
affected by it, but the results will still stand.
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When the simulation was finished, observations were carried out with the Medi-
cina VLBI dish (Fig. 9-1). The dish was hooked up to CNR’s, Consiglio Nazionale delle
Ricerche, new 128K channels spectrometer, Which was used with bandwidth filters of
125 kHz, 250 kHz, 500kHz and 2,000 kHz. This is equal to a resolution of 1Hz, 2Hz, 4Hz
and 16Hz

GIH JLK�M%N O P Q RTSVUWNEXYNLZ[H \	H ]_^a`cb�d�e�Z[H fgU

The main dish of the Medicina telescope has a diameter of 32 meters. It is hooked up
to a Mark III VLBI recorder located at the building next to the telescope. The recorder, tele-
scope and bandwidth filter can be controlled from the main observatory building down the
road. The baseband output from the Mark II I is fed to the spectrometer, which is located in the
main building. Figure 9-3 is a picture of the setup.

The spectrometer was originally conceived to perform small SETI, Search for Extra-
Terrestrial Intelligence, tasks with the Medicina telescopes, that is the VLBI dish and the
Northern Cross telescope. (A detail of this telescope is just visible in the lower left-hand cor-
ner of Fig. 9-1.) The main component of the system are a fast A/D, analog to digital, converter
connected with a very fast DSP, Digital Signal Processing, board, performing an on-line FFT
of the data stream, with up to 128K, that is 131,072, channels.

This is a very unusual approach. The normal approach is to calculate the autocorrela-
tion function on line and then do an off-line FFT to get the power spectrum. This special ap-
proach was chosen to obtain a very high duty-cycle. For this instrument efficiency up to 100%
can be obtained, so the calculation of the power spectrum goes at least as fast as the observa-
tions can be done. However, during our observations the efficiency maximum was 50%.
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The core of the system consists of
commercially available DSP boards in a
VME, Versa Module Eurocard environ-
ment. Figure 9-2 is a picture of the spec-
trometer, it clearly shows what a VME en-
vironment looks like. It is a rack in which
the various components can be plugged in.
It resembles the normal local bus cards you
can plug in to your computer. The numbers
in the picture will be discussed later.

The input signal for the spectrome-
ter comes directly from the Mark II I re-
corder. It is then fed to an amplifier and a to
a digitally programmable attenuator, to
match the A/D board input level. A power
meter is present for helping to find the cor-
rect attenuator setting. Block 1 in figure 9-2
shows the power meters and attenuator
switches.

Block 2 contains a DDS, Direct
Digital Synthesizer, for generating the
sampling frequency rate. This frequency is
checked by a frequency meter, clocked by a
10 MHz reference signal coming from the
H-Maser clock.

The signal is now fed to a 10-bit
A/D converter, which passes the digitized
signal on to an Ultra-DSP board, responsi-
ble for the FFT. This board needs about 30
milliseconds to compute a 256K points
FFT, resulting in 128K complex numbers.
There is also a board present, which calcu-
lates the power spectrum, and a board for
averaging several spectra, but in our obser-
vations these boards were not used.

The whole process can be controlled
with a single board SPARC computer. This
computer is also connected with a 1 GB
hard disk and a 4mm-tape drive. The vari-
ous components can be seen in block 3.
Most left is the SPARC computer, followed
by the A/D converter. Next to the A/D is
the hard disk/tape drive unit, followed by

two Ultra-DSP boards.
In practice the efficiency of the instrument is limited by the last step of the process, the

transfer of the data to the computer and storing it on tape or disk.
With the described configuration, observations were done from May 17 to May 28 in

1996. The weather in that period was quite good, except for some thunderstorms in the even-
ing, but these did not interfere with the observations, because W49N, the source we observed

&(' )+*-,%. / 0 1 243657."8:97.	;=<>,?*�@BA�C(A�D EGF=.	,
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most, was not above the horizon yet. Culmination of the source was about 02:00 hours. It did
however interfere with the observations of W03OH, which culminated at about 21:00.

As is normal for radio-instruments, this instrument is also bothered by internal Elec-
tro-Magnetic Interference. EMI stands out as bright spikes in the spectra, so it is necessary to
create an EMI mask, which can be used in the data reduction process. EMI masks can be
made using the attenuators. An attenuator is in principle equal to a variable resistor. The loca-
tion of the attenuators is shown in Fig. 9-3. In order to create a mask, first the first attenuator
located at the dish is set to a high setting. Spectra taken with this setting will only show in-
strument and cable dependent features. Secondly, the second attenuator is set to a high setting
and again some spectra are taken. Two attenuators are used, because the scale of the interfer-
ence is different in both settings.

New masks were made each evening, because of the central observing frequency cor-
rections made each day. These corrections were necessary to compensate for the Doppler-shift
originating from the earth's motion.

Observations were done in runs of typically 200-250 spectra, which takes about 5
minutes. Most time went into creating proper log files and transferring the data to tape, or to
another computer for data reduction. For each run on source, there was also a run off source.
The bandwidth settings were changed during the night. Table 9.1 at the end of the chapter
gives a summary of the observations done.

As we started our observations with the equipment not fully tested, a considerable
amount of time was spent on understanding some instrumental effects degrading the overall
performance. One of these problems with the spectrometer was that it seemed that it was
scaling some spectra. The average level of a spectrum was is such a case much higher than for
the other spectra. This was not seen as a problem, because the statistics of these scaled spectra
should be the same as for the other spectra. At a moment it was decided to look at the weaker
components of W49N. This meant that the central frequency had to be shifted from the maser
maximum to another spot. Now this little problem took on another shape, as illustrated in Fig.
9-4 and 9-5, which are raw spectra of W49N.

At first no explanation could be given for the phenomenon that occurred in the spectra.
It happened only once in the first run. But after a few nights and some shifting of the central
frequency, it was found out that the maser maximum was mirrored in the central frequency. In
the data reduction process, these spectra should be neglected, or only the first half of the
spectra should be used.
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Table 9.1, Observat io ns on and off source
W49N

250 kHz
Run Date Time (UT) Tsystem (K) Spectra

1 05/28/96 02:10 841 250

500 kHz
Run Date Time (UT) Tsystem (K) Spectra

1 05/26/96 01:20 2,030 200
2 05/26/96 02:50 5,200 250
3 05/27/96 02:27 3,915 264
4 05/27/96 03:30 2,050 250
5 05/27/96 04:20 1,200 250

Average/total 2,879 1,214

2,000 kHz
Run Date Time (UT) Tsystem (K) Spectra

1 05/24/96 02:20 830 200
2 05/28/96 03:30 789 250
3 05/28/96 03:55 1,096 250
4 05/28/96 04:30 1,620 150

Average/total 1,084 850

W03OH
125 kHz

Run Date Time (UT) Tsystem (K) Spectra
1 05/17/96 17:28 ? 50
2 05/17/96 18:14 ? 35

Average/total ? 85

250 kHz
Run Date Time (UT) Tsystem (K) Spectra

1 05/23/96 23:50 306 50

2000 kHz
Run Date Time (UT) Tsystem (K) Spectra

1 05/22/96 22:53 210 100
2 05/23/96 21:17 230 50
3 05/25/96 21:04 234 200

Average/total 225 350

Off source
125 kHz

Run Date Time (UT) Tsystem (K) Spectra
1 05/17/96 18:10 ? 50
2 05/24/96 00:55 219 50

Average/total ? 100

250 kHz
Run Date Time (UT) Tsystem (K) Spectra

1 05/28/96 01:50 151 250



���������	��
���
�������������������������� � ��
����� �!"�$#" ����%!	�

9-28

500 kHz
Run Date Time (UT) Tsystem (K) Spectra

1 05/26/96 01:55 152 200
2 05/26/96 04:50 151 250
3 05/27/96 23:55 183 100
4 05/27/96 03:00 139 150

Average/total 156 700

2,000 kHz
Run Date Time (UT) Tsystem (K) Spectra

1 05/25/96 21:33 211 200
2 05/24/96 03:00 147 100
3 05/28/96 03:00 144 250
4 05/28/96 04:20 137 100

Average/total 160 650

The values of Tsystem for on-source spectra of W49N are not reliable due to bad calibration.
The logbook got lost. There are question marks with the runs of which there was no log file.
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Much of the primary data reduction was done during the observations. Including
the writing of the data reduction programs, which were made in C. The advantage of
this is, that the observer can in an early stage see what kind of data he has to gather
more, or what goes wrong during the observations.

The first step done in the data reduction is to create a proper EMI mask. How this is
done is described in chapter 9. The resulting mask is then smoothed with a gaussian smooth-
ing function with a standard deviation of 2 bins. The last step is replacing each value in the
mask with a 0 or a 1. If the value in a bin is above a certain threshold, then the bin will be
replaced with a 0, meaning that that bin is affected by EMI. Now the function of the smooth-
ing becomes clear, because of the smoothing, the bins next to a bin with EMI will also be re-
jected, depending on the level of the EMI. A mask contains on the average 3,000 - 8,000 ze-
ros.

The next step is to create an average smoothed spectrum, using all the spectra of one
observation run. The result of this operation
can be used to remove the maser profile from
each individual spectrum. First all masked
bins of each spectra are given the value of
their neighbors, after that, all spectra are
added.

Having done this, the totaled spec-
trum will now be smoothed with a gaussian
smoothing function with a standard deviation
of 64 bins. The result can be seen in Fig. 10-
1. Note that the power scale is not of much
importance for this project, so the graph axes
are devoid of any units. Why a gaussian
smooth was used, will be explained later on.

The last phase for this step is the
normalization and inversion of the average
smoothed spectrum. Normalization means,
that the mean value of the spectrum was set
to 1. The last step of the data reduction pro-
cedure is now to analyze each spectrum in-
dividually in this way: first eliminate the bad
bins from the spectra, using the EMI mask.
These bins were not replaced, because that
would be a falsification of the statistical
properties of the spectrum. Normalize the
spectrum and then multiply it with the in-
verted normalized smoothed average spec-
trum. What is left now is a spectrum filled
with noise. The last step is now to take the square root of the power spectrum, to get the am-
plitude spectrum. The first and last 15.000 bins of the spectrum were discarded. This was
done to eliminate effects generated by the filter cut-off. The total result is a set of noise spec-
tra satisfying the Rayleigh distribution with q = Ö½, see (7.6). From the statistical point of
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view each spectrum consists of 100,000 measurements from a process producing Rayleigh
distributed results.

An extra step in the data reduction process is the smoothing of each individual power
spectrum with a gaussian smoothing function with a standard deviation of 1 bin. The reason
for this is the increase in the power to standard deviation noise ratio of the spectrum. Also
wave-packets distributed over two neighboring bins are accentuated in favor of single bin
spectral spikes. The only problem is the theoretical distribution function of such a smoothed
spectrum.

A normal normalized power spectrum has a c2 distribution with two degrees of free-
dom. Now, suppose x is a 3-dimensional smoothing vector, with values (0.25, 0.5, 0.25), the
Hanning smoothing vector. The smoothing procedure now consists of taking a bin value,
multiply it by 0.5 and add both its neighbors, multiplied by 0.25, to it. The resulting value is
the new bin value and it is stored in the smoothed spectrum at exactly the same location as in
the unsmoothed spectrum.

When a bin of a normalized power spectrum is multiplied by y, the resulting number
has a c2 distribution with 2 degrees of freedom and a median of y. Add another bin multiplied
by z to it and the resulting number will belong, according to the theorem, to a distribution in
the form of a c2 distribution with a median of y convolved with a c2 distribution with a me-
dian of z.

So the resulting distribution of a Hanning smoothed power spectrum is a c2
2(0.25) Ä

c2
2(0.5) Ä c2

2(0.25) distribution. The number between the brackets is the median of the dis-
tribution and the subscript number, is the number of degrees of freedom. The Ä sign is a con-
volution sign. The resulting expression is not very handy. The final distribution can be calcu-
lated using a theorem from Fourier analysis. It states that:

(10.1) ft(f(x) Ä g(x)) = ft(f(x)) · ft(g(x))

Where ft stands for the Fourier transform. So in practice make a normalized histogram of each
individual distribution. Fourier transform and multiply them and do an inverse Fourier trans-
form and normalize again to get the final distribution function.

The reason for choosing a gaussian smoothing function is best illustrated with an ex-
ample. Figure 10-3 shows the original sample and two smoothing algorithms. The smoothing
vectors were for the boxcar (0.33, 0.33, 0.33) and for the gaussian function (0.11, 0.79, 0.11).

The gaussian function used, had a standard
deviation of 0.5.

From the results in Fig. 16, it can di-
rectly be seen that the gaussian-smoothed
result is closer to the original data that the
boxcar smoothed result. The gaussian smooth
gave less loss of information, which is why
gaussian smoothing was used throughout the
project and none other.

Literatu re :
Middleton, 1960, Introduction to Stat ist ical
Communication Theory, McGraw-Hill
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Theorem: When two sets of numbers with statistical distribution A and B are added, the
resulting distribution will be distribution A convolved with distribution B.
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The first step in analyzing the data is in creating histograms of the amplitude
spectra and comparing these with the theoretical Rayleigh distr ibution. The results of
this step were quite surprising at first in the negative sense.

W49N was observed with a 125 kHz bandwidth, but the tape with this data was some-
how corrupted and the data is consequently lost, there remained however a lot of data from
the other bandwidths. A summary of the data used can be found in table 9.1.

All histograms were divided into 256 bins. The minimum of each histogram was 0 and
the maximum was 6. This upper border was never violated. The highest spectral spike de-
tected had an amplitude of 4.8. In order to compare the measured to the theoretical the Ray-
leigh distribution function can not be used directly. One preceding step is needed. If b is a
vector denominating the histogram bin borders and v the vector with bin values, then the theo-
retical histogram can be acquired using the expression:

(11.1) v

x x
dx
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where the formula behind the integral sign is the Rayleigh distribution. The value of the q
parameter should be Ö½.

The best way to inspect the data for high amplitude excess is to make a plot of the dif-
ference between the data and the theoretical values, divided by the theoretical value. High
values indicate low probabil ity events. Figures 11-1, 11-2 and 11-3 are the results of this. The
axes are shortened to give a better view of the high amplitude excesses. When the graphs go
to a value of -1, it means that no values of that specific amplitude was found. The chances on
the low probabil ity events can be found in Table 11.1. Table 11.2 lists the amount of data
points used in each filter.
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After looking at the figures, the unpleasant surprise immediately becomes clear, both
on- and off-source data contain high amplitude excess, while this was only expected for on-
source data. It is now impossible to say that the sought effect exists on the basis of a direct
comparison between on and off-source data.
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First, let us discuss the probable nature of the high amplitude excess in the off-source
data. A probable cause could be the under-fill ing of the histogram. It could be that after col-
lecting more data, the high amplitude gaps, the -1 values, will be fil led and that due to nor-
malization the high amplitude excess diminishes. An example of this could be the on-source
data in Fig. 11-2. As can be seen in Table 9.1 and 11.2, no less than 1,214 spectra or 1.2*108

data points used to create this graph.
Another cause for the high amplitude excess could be the limited number of photons in

each frequency bin. Statistical theories on radio observation use the approximation that there
is an unlimited number of photons in each frequency bin. Because of the short observation
times for each spectrum, this is not true any more for the off-source data. The number of
photons per bin if roughly:

(11.2) N
kT
hfphoton = »  1 photon / s / Hz / K = 1 photon / K

This means that there are roughly 150 photon in each bin of an off source spectrum. Such a
finite number generates extra Poisson noise.

The standard deviation of a Poisson distribution is equal to the square root of its mean.
This means about 12 photons deviation, about 8%. These extra fluctuations cause, when the
histograms are normalized extra high amplitude spikes. For the on-source spectra these effects
are much smaller, in the order of 1% - 2%, because of the much higher antenna temperature.

-5

0

5

10

15

20

25

2.5 3.0 3.5 4.0 4.5 5.0

Amplitude

(D
at

a 
- 

T
he

or
et

ic
al

) 
/ T

he
or

et
ic

al

-15

-10

-5

0

5

10

15
1093

On Source

Off Source

&(' )+*-,%. /+/ 0 1 2+3�.546*87�9�4�:�;(<�=8>+?A@82 BCB$B"D+E�FHG�IJ9�I

Table 11.1, P(X > a)
a chance a chance
4.0 1.1*10-7 4.6 6.5*10-10

4.1 5.0*10-8 4.7 2.5*10-10

4.2 2.2*10-8 4.8 9.9*10-11

4.3 9.3*10-9 4.9 3.7*10-11

4.4 3.9*10-9 5.0 1.4*10-11

4.5 1.6*10-9 5.1 5.1*10-12

Table 11.2, Amount of points
Band W49N W03OH Off

125kHz 8.5*106 1.0*107

250kHz 1.5*107 5.0*106 1.5*107

500kHz 1.2*108 6.9*107

2000kHz 7.5*107 3.5*107 6.1*107
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Now it is time for the good news. The high amplitude excess of the on source data
looks very promising. The most promising of all i s the high amplitude spike with a value of
4.8 that can be seen in Fig. 11-3. The only bothering thing is that it occurred in the 2,000 kHz
observations. Fig. 9-4 immediately comes to mind, so it is important to check this spike out.

It occurred in spectrum 210, bin 29,502 of observation run 2. Fig. 11-4 and Fig. 11-5
show the likes of the spike. From these figures, there is no reason to doubt the realness of the
event.
 The spike of the 250 kHz data should be checked in the same way, to get a better idea
of the reliabil ity of the data. As for the origin of the spike, it occurred in bin 30,521, of spec-
trum 118 and has a value of 4.40. It occurred well clear of any bins masked due to EMI. The
probability of the event is not so spectacular as the probabil ity of the 2,000 kHz event.

The location of occurrence of the spike almost coincides with the maser maximum, so
it could be the main maser component emitting. The checkout of the spike reveals nothing
disturbing, so again, the conclusion is that the spike might be real!

The only high amplitude event not looked closer at yet is the spike with amplitude 4.4
in the 500 kHz data. It occurred in run 5, spectrum 43, bin 98005. This one is in the tail of the
maser spectrum, so all i n all, it can be concluded that the spikes with amplitude of more than
4 do not have in the spectrum a preferred area of occurrence.

The bins next to the spike bins should not only be checked for EMI. As shown in the
simulation, it is possible that the wave packet energy is divided over 2 bins. When looking at
the 250 kHz and 500 kHz spike, it does not make any difference; the values next to the spike
have an amplitude of about 0.6 - 0.8. The bin left of the spike bin in the 2,000 kHz data does
have a higher than normal amplitude, 1.5. The mean of an amplitude spectrum is 0.9 (chapter
7).

Three events of amplitude 4.4 or
more occurred in the W49N data. According
to Table 11.1 this should only happen once
every 2.6*108 measurements. It happened 3
times in 2.1*108 measurements. This is a
definite indication that the noise has not a
pure Rayleigh distribution. However, one
should be careful when drawing a conclu-
sion. There was only one event for every
bandwidth filter used.

Comparing the cumulative histo-
grams gives more insight in the reliabil ity of

the data. Figures 11-6, 11-7 and 11-8 show the measured cumulative histograms minus the
theoretical cumulative histogram. A black continuous line indicates the standard deviation of
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the cumulative on-source histogram. The standard deviation was calculated using the results
of chapter 7. Most deviations are not significant, because they are smaller than the standard
deviation. Exceptions are the on-source results of the 2000kHz band and the off-source results
of the 500kHz band.

The smoothing of the average spectra causes the deviation in the 2000kHz graph.
There are many maser components in the 2000kHz spectra. When these spectra are smoothed,
the maximums become lower, but the wings of the maximum become higher. Each maximum
has 2 wings, so the average smoothed spectra contain an excess of high amplitudes. If a spec-
trum is then divided by this average spectrum, the result will have an excess of low ampli-
tudes. The deviation of the 2000kHz data is too much for use in this project, however the high
amplitude event in this data could still be real. It occurred in the wing of the spectral maxi-
mum.

The deviation in the 500kHz off-source data is not as bad as it looks like; Table 11.2
holds the answer. There was almost twice as much data on the on-source spectra as of the off-
source. The standard deviation of the off-source spectra is simply much higher.

An extra Poisson component in the off-source data causes the common profile of the
off-source deviations. Noise amplitudes will be spread over a bigger range, because of the
larger standard deviation. Excess can be expected for low and high amplitudes, thus giving a
profile as can be seen in Figures 11-6, 11-7 and 11-8.

The expected length of a wave-package is a few seconds. During the observations, a
new spectrum was taken about every two seconds. This time includes the acquisition time for
a spectrum. It could be possible to detect a wave-package in several subsequent spectra, to see
a spike progression through the spectra. If spike progression is present in the on-source data
and not in the off-source data, then this is a confirmation that the theory described in chapter 6
is true.

When an amplitude of at least 3.5 occurred, the bin of occurrence was looked up the two pre-
vious and next spectra. When the data processing was complete, the data was averaged.
Spikes in the neighborhood of bins rejected due to EMI were not counted. Figures 11-9 and
11-10 show the results.

The difference between on-source and off-source data becomes more prominent with
the decreasing bandwidth. In the 250kHz data the bins before and after the spike are system-
atically bigger in the on-source data. This is also true for 500kHz data, but it is not as promi-
nent as in the 250kHz data.

Comparing the values with the theoretical mean and standard deviation give another
picture. The shaded area in Figures 11-9 and 11-10 represent the mean minus and plus the
standard deviation. On-source data seems quite normal comparing it to the shaded area. Re-
member that the shaded area is just an estimation of the standard deviation (chapter 7). 62
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spikes were averaged for the 250kHz graph and 211 for the 500kHz graph. These are not ex-
ceptionally large numbers, so the real standard deviation might be a bit bigger.

The real standard deviation for the off-source spikes is even bigger because of the ex-
tra Poisson component. The fact that the off-source values are mostly below the lower stan-
dard deviation boundary can not be explained from the facts known.

Spike progression is not obvious from the results. The spike might well be present in
the subsequent spectra, but it is just too weak to detect it. Long coherence lengths have a nar-
row line width. If the size of a spectral bin is too big, then the spike will drown in the noise. It
might also be that the acquisition cycle of the instrument is just too long. It takes about 2 sec-
onds to acquire a spectrum. If the main part of the wave-packet is shorter than say 3 seconds,
spike progression wil l not be observed.

Another possibil ity to represent the data is to look where the spikes occurred. For off-
source spectra the place of occurrence should be uniformly distributed throughout the spectra.
For the on-source spectra one would expect that there is a concentration of spikes around the
places were maser components are
visible. In order to do this a large
number of spikes has to be detected.
Only 500kHz data contains enough
spikes. In this case, a spike again is
defined as an amplitude of more than
3.5. The result can be seen in Fig. 11-
11.

The result from this way to rep-
resent the data again gives no clue.
The spikes are distributed homogene-
ously through the spectrum. There are
a few potentially interesting spots in
the on-source data, but so are there in
the off-source data. The only conclusion that can be made from the results until now is that
the 500kHz data contains no detectable strange effects. Except, of course, the one spike.

Figures 11-12, 11-13 and 11-14 show results of the observations of W03OH. Although
the name suggests otherwise, this was also an observation of a water maser. The W03OH ma-
ser complex consists not only of OH masers, but also of H2O masers and several other types
of masers. Figure 11-14 shows almost no excess of high amplitudes for the on-source data.
Figures 11-11 and 11-12 show few high amplitude events. It looks like there is a lot of noise
in Figure 11-13. The event with an amplitude of 4.2 in the off-source data is not significant if
all off-source data of all bands is taken together. The total number of off-source data points is
1.6*108. If the noise were pure Rayleigh distributed, then an event of an amplitude of 4.2 or
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higher should occur once every 4.5*107 points. The noise in Fig. 11-13 is not a result of a
limited amount of data points, because even less data is used for Fig. 11-12. The noise could
be due to the atmosphere, according to Table 9.1 the spectra were taken with the sun still
above the horizon. The fact that both off-source and on-source have this noise supports the
fact.

Figures 11-15, 11-16 and 11-17 show the difference in the cumulative histograms. The
difference is not significant for the data taken with the 250kHz and 2000kHz bandfilters, but
it is for the data taken with the 125kHz bandfilter. What is even more important is that the
deviations in the on-source spectra are bigger than the deviations in the off-source spectra.
But the deviations look like noise and show almost no excess of high amplitudes. On and off-
source results in Fig. 11-15 even have about the same profile. This makes the result very du-
bious. An origin for these strange results may be noise in the average smoothed spectrum. The
noise causes extra high and low amplitude events in the individual noise spectra.

Figure 11-18 shows a plot similar to Figures 11-10 and 11-9. Only 26 spikes were
used to make Figure 11-18, so the standard deviation should be even more off. Keeping this in

mind, Fig. 11-18 looks, as it should when the
noise was purely Rayleigh distributed.

A general conclusion to this chapter is
that we did not find what we are looking for.
There is a hint, the low probabil ity events in
the W49N results, in the data that the physi-
cal model is correct. But all other tests
showed nothing relevant.
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Smoothed power spectra were examined, because of the higher power to standard
deviation value for these spectra. The power spectra were smoothed with a gaussian
function with a standard deviation on 1. The theoretical histogram for these spectra was
calculated using the theory of chapter 10.

The first suprise was that the histograms of the data did not fit the theoretical histo-
gram, except for 500kHz W49N data. In order to derive some results from the data, the on-
source and off-source data were compared directly. Figures 12-1 and 12-2 are plots of the
difference of the on- and off-source data.

All lines in Fig. 12-1 have a common feature. First low amplitude excess, then inter-
mediate amplitude shortage followed by high ampli tude excess. This is the result of smooth-
ing of the average spectrum. The spectrum of W03OH contains only one big maser compo-
nent. After smoothing this component is lower and the wings are higher. So there is a low
amplitude excess and a smaller high amplitude excess. 250kHz data looks better than
2000kHz data, because the maser profile is much wider at a smaller bandwidth.

125kHz data of W03OH suffers from this effect, plus an additional effect, because on
the basis of the previous paragraph, one would expect that 125kHz should look better than
250kHz data. It is also clear that 125kHz data contain a lot of noise. This could be an effect
caused by the atmosphere and noise in the average smoothed spectrum as stated in chapter 9.
When looking at a W03OH spectrum made with a bandwidth of 125kHz and comparing it
with an off-source spectrum, the equality in shape immediately shows. The profile of the
spectrum is dominated by the filter profile. This filter profile is at least as sharp as the maser
profile in the 250kHz spectra. On top of the
filter profile you have the maser profile. This
leads to very steep slopes in the maser spec-
trum. The steeper the slope, the more the
shape of the smoothed spectrum is distorted.
This could explain why the 125kHz spectra
look worse than the 250kHz spectra.

Figure 12-3 shows what happens to
the histograms when the average spectrum is
smoothed with a 128 bin-smoothing window,
instead of a 64 bin window. The result got
worse, as predicted.

-3.00E-04

-2.00E-04

-1.00E-04

0.00E+00

1.00E-04

2.00E-04

3.00E-04

4.00E-04

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Power

W
4

9
 -

 O
ff

500kHz
250kHz

BDC EGFIH%J K	L M K NPORQISGTUNWVYX�Z�ZI[]\^JG_`VYaDJ	bc[dHfe	gPh`C�iYiYJ	H%J	jDb	J"Z$j^MYZ�iYi

-1.00E-02

-5.00E-03

0.00E+00

5.00E-03

1.00E-02

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Power

W
0

3
 -

 O
ff

125kHz
250kHz
2000kHz

BDC EGFIH%J K	L M L NPORkIlGmon�NWVYX�ZIZ�[�\DJp_oVYaIJPbc[�Hfe	gqh`C�iYi�J	H�J	jIbPJrZWjDMYZIiYi

-3.00E-03

-2.00E-03

-1.00E-03

0.00E+00

1.00E-03

2.00E-03

3.00E-03

4.00E-03

5.00E-03

0 1 2 3 4 5 6

Power

W
0

3
 -

 O
ff

128 bin window
64 bin window

BsC EGFIH�J K�L M l NItuXvZ�ZI[]\IC j�EwJciYiYJcbP[DZWjoORkIlGmon4LWxGkGyGn�z"_Ie{[Ye



���������	��
���
�������������������������� � ��
����� �!"�$#" ����%!	�

12-38

The reason why this did not
show in the Rayleigh histograms is that
the effect is drowned in the noise. With
the increased signal to noise ratio of
the smoothed spectra it suddenly be-
comes clear.  It is obvious that these
histograms are not good enough to
draw some conclusions about the ma-
ser from it. Results from the previous
chapter are however still valid. Making
the plots like Fig. 12-1 for the Ray-
leigh histograms show only noise.

Data taken on W49N in the
500kHz band looks very good and can

be compared with the theoretical histogram. Figure 12-4 shows the results. The data looks
good. Two high power events in the on-source data. The rest of the on-source is almost a flat
line. This confirms that the theoretical histogram is correct. There was only one high ampli-
tude event in the Rayleigh histogram of Fig. 11-2. Now there are 2. One event was spread
over 2 bins, smoothing brought the bins together. Off-source data looks better than it does in
Fig. 11-2.

The conclusion of the chapter is that one more high amplitude event is found. System-
atic deviations in the noise due to the maser are again not found, but a weak spot in the data
reduction process was discovered.
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Looking at the evidence now present, no firm conclusion can be drawn. Nine high
amplitude events are found, but no other effects were discovered. More data is needed to
come to a final statement.
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For W49N we have four events in 2.1*108 data points, on average this is one event per
5.2*107 points. Table 11.1 suggests that it should only happen, say, once every 4.5*107

points, not a very promising result. For this estimate amplitude of the event found in the
smoothed spectra was calculated to be 4.2. The event with a relative power of 9.5 in Fig. 12-4
is the same as the event with relative amplitude of 4.4 in Fig. 11-2.

The real resolution of this spike is 8Hz, because it occurred in a smoothed spectrum.
But because this is the only event observed in a smoothed spectrum, the actual frequency
width of the event is probably smaller. So the ampli tude of the spike when it would have been
observed with 4Hz resolution is calculated.

The last two columns of Table 13.1 contain the theoretical and the measured chance on
such amplitudes or bigger. The measured chance was calculated by dividing the number of
occurrences by the number of data-points. This was done separately for W49N, W03OH and
each bandwidth. For the spike from the smoothed data, the distribution function of the
smoothed spectra was used. The results look far better now. All events in the W49N observa-
tions occur at least twice more than expected. W03OH events also look good, but not as good
as the W49N events.
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When the spikes in table 13.1 are real, a number of maser properties can be estimated.
For W49N on average 0.1 photon per mode is detected (chapter 6). For a spike with relative
power 20, about 104 photons per mode are needed. This is equivalent to an instant brightness
temperature, which is 104 times higher. According to (3.11) this means an increase in optical
depth op 10. So based on the estimates op chapter 6, events generated by an optical depth of
40 were detected.

According to (6.10), the ªinstantº ampli fication length is between 1.9*10 9 cm and
1.5*1010 cm. Using the optical depth of 40 gives an instant Lt =1 (6.6) of 4.8*107 cm to 3.8*108

cm. Together with a density estimate, these results can give the percentage of excited mole-
cules.

Table 13.1, Spike summary
Source Resolution Amplitude Power Fig. Th. chance Meas. chance

W49N 2Hz 4.4 19.4 11-1 3.9*10-9 6.7*10-8

W49N 4Hz 4.4 19.4 11-2,12-4 3.9*10-9 8.3*10-9

W49N 4Hz 4.2 17.6 12-4 6.7*10-10 8.3*10-9

W49N 16Hz 4.8 23.0 11-3 9.9*10-11 4.5*10-9

W03OH 2Hz 3.8(3 times) 14.4 11-12 5.4*10-7 8.0*10-7

W03OH 2Hz 4.0 16.0 11-12 1.1*10-7 2.0*10-7

W03OH 16Hz 4.1 16.8 11-14 5.0*10-8 2.9*10-8
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The relation of these ªinstantº results to the average parameters of the maser is still
uncertain. The fluctuations can for instance be caused by a density fluctuation, but ªinstantº
beaming is also possible. In the case of ªinstantº beaming, the measured ªinstantº parameters
can be equal to the average maser parameters.
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This result makes it worthwhile to continue with this project. New data in all available
bandwidths should be gathered. The amount of data should be such that smoothing of the av-
erage spectra is not needed. This eliminates the problems in chapter 12 and the problem with
the 2000kHz data in chapter 11.

If possible, observations should also be made with a bandwidth of 62.5kHz. These
observations should be done in the middle of the night, to keep the atmospheric influence at a
minimum. Only W49N is a candidate for this type of observation. It is bright enough to pre-
vent dominance of the filter profile.

There could also be another problem. At a resolution of 0.5Hz the Doppler-shift due to
the motion of the Earth could be relevant. Calculations show that the Doppler-shift is about
0.003Hz/s. Within the acquisition time it is not so relevant, but corrections of the central fre-
quency should be made each spectrum. This to not create systematic effects in the average
spectrum. Corrections for EMI will also be more difficult if the frequency is changed each
spectrum.

The continuing of this project is a large job. The reduction of data has to be done very
carefully. Observing with a resolution as high as 0.5Hz will prove to be another challenge.
But personally I think it is worth it. The present gives an indication that the theory might be
true. The only way to come to a final conclusion is to do more observations, after which the
complete process should be repeated with another telescope, to eliminate instrumental effects.

The best way to prove is to do simultaneous observations with two telescopes. If both
telescopes see a spike, then it is real.
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§1, Starting and conventions.

The data reduction package consists of two programs. The first program is in the log
file creator. This program, started by the command clog, creates a file with the most important
data about the observation itself. This log file will be used in the data reduction process.

One important item is the naming convention. The log files will be named:

 [Source][ on/of/em]_[mmdd]_[hhmm]_[bb] .obs.log

The primary observation file should be named in the same way, so this name without the .log
extension. An example: w49on_0525_0300_50.obs, this is an observation of W49N, on-
source, done on May 25 03:00am with a bandwidth of 500 kHz. The electromagnetic interfer-
ence (emi) observation should have the source name followed by em.

The data reduction program is started by the command r3. When the program is
started for the first time, a file r3.ini will be created. Several program settings wil l be stored in
this file. The program will not run on a LINUX machine, so if only a LINUX machine is
available, then the program should be run in a Xterm window which is owned by a SUN or
HP machine.

§2, The user interface and first steps.

When the program is started, the terminal window will be split up in two parts. The
top part contains the program menus. The bottom part is for the program output. The figure
below shows the startup screen.

1) Input name :
2) Name of mask file :
3) Name of output :

Number of spectra in block : 0                   Bandwidth of observation : 0
4) Create EMI mask...
5) Get spectrum...
6) Do reduction...

7) Setup...

Type the letter of your choice, x to exit:
--------------------------------------------------------------------------------------------------------------------------
The 131K Spectrum analyzer reduction program
Version 3.00
By: R.B. Gloudemans
Leiden University
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A choice can be made by typing the letter of your choice followed by the enter key.
The first choice that can be made is the input of the file with the spectra. The name should be
given without the filename extension. The program will now check for the accompanying log-
file. From the log-file, the number of spectra in the file and the observation bandwidth wil l be
read. If the log-file is not present, then the program will notify the user of this fact. Without
the log-file the data can not be processed.

The second choice is to giving the name of the mask file. When the file exists, the
program wil l read it immediately. The log-file will be kept in memory when the processing of
the data in the current file is finished and the name of the next file is given.

In order to process the data an output file is also needed. This can be accomplished
with the third option. If the given filename exists, the user will be notified. When the name of
the next data-file is given, the name of the output file will be erased, to prevent overwriting
files.

§3, Setting up the program and the reduction process.

Option 7 of the program can be used to make some settings for the reduction process.
The figure below shows the setup screen.

The first two options are for setting the region of the spectrum that should be proc-
essed. The minimum and maximum value for the start- and stop-bin are 0 and 131071. It
should be noted that the minimum and maximum value for the start and stop-bin are depend-
ent on the smoothing window of the average smoothed spectrum, which will be convoluted
with the individual spectra, for getting the noise spectrum. The program wil l give a warning
when the bin settings are in conflict with the smoothing window.

When the smoothing window for the average spectrum is changed, the program will
recalculate the average spectrum, when it is needed. This remark also goes for choice * ). The
used smoothing function is a gaussian one. The smoothing window is the standard deviation
in bins of the gaussian-smoothing vector.

1) Startbin for processing : 15000
2) Stopbin for processing : 115000
3) Smoothing window average : 64
4) Smoothing window spectra : 1
5) Create smoothed hist. : no
6) Minimum ampl. histogram : 0 7) Maximum ampl. histogram : 6
8) Spike ampl. definition : 3.500e+00
9) Minimum power histogram : 0 0) Maximum power histogram : 16
/) Spike power definition : 1.225e+00
*) Allowed TPD deviation : 6 -) Max # of spikes in spec : 4
Type the letter of your choice, x to exit:
----------------------------------------------------------------------------------------------------------------------------
The 131K Spectrum analyzer reduction program
Version 3.00
By: R.B. Gloudemans
Leiden University
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The ªsmoothing window spectraº is used to smooth the individual spectra while doing
the data reduction. These spectra will then be used to calculate a power histogram. If the user
doesn't want such a histogram, then this option can be turned off with option 6)

The range of the to be calculated histograms can be set using options 6), 7), 9) and 0).
The ªspike ampl. definitionº is used to determine whether a spectra value is a spike. When
this is the case, extra information about this bin will be recorded.

The ªspike power definitionº is coupled with the ªspike ampl. definitionº. When one
of these values is given, the other one will be calculated. With option -) the maximum allowed
number of spikes per spectrum can be given. This option is useful to reject bad spectra.

The ªallowed TPD deviationº is used for calculating the averaged smoothed spectrum.
(TPD stand for Total Power Detected) First 6 spectra are read. From these 6 spectra, 6 differ-
ent sets of 4 spectra can be created. The set of 4 spectra with the smallest standard deviation
will be used for a TPD setting. The TPD value of all other spectra have to be within the bor-
ders specified by the mean value calculated and the value that was given with option * ). The
value stands for a deviation in % from the calculated mean.

§4, Creating an EMI mask.

To do a reliable data reduction, all i nstrumental features have to be eliminated. In or-
der to do this observations are done with several buffers closed to reduce the signal coming
from the dish. The spectrum will now mainly consist of features caused by the instrument.
The Medicina spectrum analyzer has 2 attenuators that can be set by the user.

The EMI mask creator will ask for 2 input files. From these files a mask wil l be cre-
ated. The mask will have the same name as the first filename given, but the extension will be
changed to .emi. The log files of the 2 input files are also needed.

The program will warn the user is the 2 input files are made with different bandwidth
filters.

§5, Getting an individual spectrum.

A single spectrum can be extracted from a data file. The output file wil l contain 6 col-
umns. The first column wil l contain the bin numbers. The raw spectrum can be found in the
second. A masked spectrum is written in the third column. The masked spectrum divided by
the smoothed average spectrum, the noise spectrum, is written in column 4. The last 2 col-
umns wil l contain the real and imaginary raw spectrum.

If the average smoothed spectrum is created, if it doesn't exist or if the user settings
have changed. No extra user input is needed to do this.

The part of the spectrum written to disk is dependent on the user settings as explained
in paragraph 3. The spectrum can also be decimated, that is, the resolution of the spectrum
written to disk might be set to a lower value. The program asks for a decimation value. If it is
10, then this means that in the output spectrum 10 bins are averaged into one bin. The mini-
mum decimation value is 1 for no decimation and 1000 for maximum decimation.

§6, The data reduction process.

The main goal of this program is to extract as much information from a set of spectra
as possible. The data reduction process generates the following data: An average smoothed
spectrum, if it didn't already exist or if the user settings have changed, a log file containing
the original log file (* .log), the user settings and the statistics per spectrum, a histogram of the
amplitude spectra (* .sm0), if requested a power histogram of the smoothed spectra (*.sm1), a
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file with the spike counts per spectral bin (* .spv) and a file with the spike bins and the sur-
rounding bins (* .spr).

During the reduction process, the program will show the statistics of each spectrum on
screen. The messages shown by the procedure that creates the average smoothed spectrum
deserves some explanation. If a spectrum is within the interval, then its number will be dis-
played like this: [156], if it is outside the boundaries then the number is shown in this way
<156>.

It is possible to reduce different parts of the spectrum separately. This can be done by
modifying the user settings for the start and stop-bin.
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