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Abstract

Fluctuations in the Cosmic Microwave Background

The search for uctuations in the Cosmic Microwave Background (CMB) is one of
the most important topics in modern cosmology, since their detection would reveal
a great many details about the early universe and, in particular, the nature of the
primordial density perturbations giving rise to the galaxies and clusters of galaxies
seen in the universe today. However, the search for such anisotropies is not trivial
- none have been detected as yet - largely as a consequence of the fact that all
radiative astrophysical sources can give rise to anisotropic foregrounds which confuse
the search for genuine cosmological signals.

In this thesis, a detailed study is made of the contribution of such foregrounds
to searches for CMB fluctuations. After Chapter 1 summarises the theoretical and
observational status of the subject, Chapters 2, 3 and 4 consider the foreground re-
sulting from the Galaxy. It is found that frequencies in excess of 20 GHz are required
to reduce the Galactic Synchrotron Radiation to a level where genuine anisotropies
might be detected (the synchrotron emission is almost certainly responsible for a
previously claimed detection), and that dust emission, especially if very cold dust
exists which is unseen and possibly untraced by the dust responsible for the emission
seen in the IRAS 100 um passband, can seriously constrain high frequency searches.
In Chapter 4 a model is derived for the overall Galactic foreground including a
separation of the thermal and non-thermal radio emission in the Galactic plane.
Comparison with observations at 10 and 15 GHz suggests that the model is ~ 10%
- 20% accurate on average at these frequencies, and maps of the predicted emission
at the COBE frequencies 31.5, 33, and 90 GHz are provided. A search is made
for a frequency window and sky region which minimises the Galactic contribution
to the fluctuation measurements: highly sensitive, high resolution searches should
be designed with these values in mind. Chapter 3 investigates the anisotropies re-
sulting from discrete extragalactic sources, in particular, the far-infrared emission
from dust in spiral galaxies and the integrated radio emission due to radio galax-
ies, QSOs etc. A frequency window of ~ 30 - 100 GHz is found to minimise both
Galactic and extragalactic foreground anisotropies. Chapter 6 considers several cos-
mological models which could generate the recently observed large-scale structure
in the galaxy distribution: these are constrained by CMB anisotropy limits. It is
concluded that genuine cosmological variations in the CMB temperature are now
close to detection if the observed galaxy structures are real. Chapter 7 indicates

some future projects which should help in the detection and interpretation of CMB
fluctuations.
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Chapter 1

Overview of the CMB

1.1 Discovery and Physical Signiﬁcénce of the
CMB

The discovery of the Cosmic Microwave Background (CMB) was announced in July
1965 by Penzias & Wilson who, after careful analysis of known sources of noise,
identified an isotropic unpolarised component of the sky temperature, measured by
the Bell Telephone Laboratories’ 20 ft. horn reflector, of 3.5 +1 K. A companion
paper (Dicke et al. , 1965) identified this 3.5 K excess radio noise as the thermal
radiation remaining from the hot big bang origin of the universe, as first outlined

by Gamow (1948) and his colleagues Alpher & Herman (1948, 1949).

The importance of the CMB lies in its almost unique ability to probe the geom-
etry and physical conditions of the early universe, which provides important clues
to the formation of the structure seen in the universe today. The CMB originates
at that epoch in the universe’s history when the temperature falls to a sufficiently
low value to allow the transition from a hot optically thick plasma to a transparent
neutral gas at a lower temperature. Prior to this epoch of recombination, the pho-
tons and electrons were coupled strongly by Thomson scattering. As the universe
becomes neutral however, the mean free path of the photons exceeds the size of the
universe and they free-stream towards us from what is known as ‘the last scattering
surface’. The photons appear to originate from this surface, but physically this is
not the case — the result is due to the final scattering of the photons occurring at

almost the same time across the universe as a whole. Prior to recombination, there
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should be fluctuations in the matter component which are the precursors of the
structure — galaxies, clusters and superclusters of galaxies — seen today. These fluc-
tuations will be coupled then to fluctuations in the photon distribution (although
the precise details of the coupling depends on the overall matter content of the uni-
verse, and remains under discussion) such that if they survive the recombination
process, the perturbations will be recognised as small temperature variations on the
surface of last scattering. Thus, the fluctuations in the CMB sky temperature reflect
the physical conditions of the perturbations at recombination. If it were possible
to trace the evolution of the matter perturbations, from this epoch through galaxy
formation until today, then our theoretical ideas would be on much firmer ground.
In practice, the period between decoupling and the formation.,:'of galaxies is lost in
what might be referred to as the ‘cosmic dark ages’ since the é-volving matter per-
turbations give off no observable radiation signature (at least until densities rise to
such a level that accreting black holes might form). Thus observations of the CMB
fluctuations, together with maps of the distribution of galaxies on the sky, must be
used to constrain our cosmological models. The connection between an anisotropy

of angular size # and matter fluctuation of mass M can be shown to be

M
1075 Mg

§ = 903 h3 [ ] arcmin
where h = H/100 kms™! Mpc~! (Davies, 1988). Thus galaxies correspond to fluc-
tuations on a scale of about 20”7, clusters of galaxies to about 10’, and the largest

structures yet identified to a few degrees.

The above describes ideas about the CMB in quite general terms, and for the
simplest scenario, as summarised in Fig. 1 which is now described in more detail.
The figure demonstrates what can be learnt from studying anisotropies in the CMB.
The microwave photons free-stream from the surface of last scattering to the ob-
server ‘here and now’. Recombination in the standard Big Bang model occurs in the
redshift range 1000 - 1500, and as a consequence of the non-instantaneous recom-
bination of hydrogen, the last scattering surface is defined by a transmission factor
which is related to the Thomson scattering cross-section and is well approximated
by a gaussian peaking at a redshift of ~ 1063 and with a width Az ~ 80 (Wyse &
Jones, 1983). This corresponds to a comoving distance of ~ 7 h=! Q=3 Mpc (Kaiser

& Silk, 1986). The finite width of the shell then smoothes out fluctuations on an-
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gular scales A§ < 8 Q=% arcmin due to the residual Thomson drag. Again, this is
the standard scenario, but in fact the redshift of the surface of last scattering is an
important and unknown cosmological parameter ~ it is possible that the universe
did not recombine until much later in its history, or that the matter content was re-
ionised at some later epoch (for example, by pregalactic sources such as Population
IIT stars - see Negroponte, 1986). In this case, although sensitive tc the amount of
baryonic material in the universe, assuming Q4 ~ 1 and full re-ionisation, the opti-
cal depth for Thomson scattering reaches unity at z ~ 15 (Partridge, 1988). If the
last scattering surface is shifted to lower redshifts, then even large-scale primordial
fluctuations are not necessarily preserved. To avoid the considerable uncertainty in
the interpretation of fine-scale anisotropy, it is best to observe féver an angular scale
which exceeds that subtended by the particle horizon at the laf'aelc;t epoch of last scat-
tering. This angular scale 8. ~ (f/z)? radians, and so, in the conventional model,
observations aimed at § > 2° would be suitable. If O < 0.1, then the minimum
last scattering redshift is ~ 30, so angular scales > 10° involve the least number of

assumptions about the early universe.

L=3 clyss200h ' Mpc

. >

A2

Figure 1.1: Co-moving space/conformal time diagram of the Big Bang. The observer

(‘here and now’) is at the centre. Various important epochs for the CMB are denoted.
Taken from Kaiser & Silk (1986).
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One last important quantity that the CMB allows us to probe is the velocity
of the Galaxy. Since the Doppler effect increases the energy of the photons in
the direction of the observer’s motion and thus raises the observed intensity and
temperature of the CMB, any motion results in a dipole pattern in the observed sky
pattern. The best fit dipole (Smoot et al. , 1991) has an amplitude 3.3 £0.2 mK
in the direction (a , §) = (168° £ 3°,-7° + 2°).

1.2 The CMB Spectrum

Before considering the nature of CMB anisotropies, which remains the main topic of
interest in this thesis, we briefly consider the nature of the s-pect(.r-um of the CMB and
what cosmologically interesting facts it might reveal. If the radiation is left over from
a hot, dense phase of the early universe, then the spectrum should be blackbody.
This blackbody spectrum is generated during the early phase of thermal equilibrium,
and retained during the subsequent expansion of the universe. Since the observed
thermodynamic temperature of a Planckian spectrum is independent of frequency,
then determining the frequency dependence is a direct test of the hot Big Bang
interpretation of the background. However, distortions might be expected to arise
at some level in most convincing cosmological scenarios, simply because the universe
as observed today is inhomogeneous to some degree. Sources and sinks of radiation
are present now. as they undoubtedly were in the past, and may result in deviations
from a perfect blackbody spectrum. Considerable effort has been put into theoretical
work establishing the nature of such distortions (see Burigama, de Zotti & Danese,
1991, for the most recent work) which might result from such processes as dark
matter decay, the dissipation of shock and acoustic waves associated with adiabatic
density perturbations, dissipation of gravitational wave energy, phase transitions in
the early universe or energy released through the isotropisation of an anisotropic
universe. In simple cosmological models the spectrum at recombination is more or
less preserved until the present, although redshifted by a factor of ~ 1000, since in
a neutral medium neither Thomson scattering nor bremsstrahlung will occur. More
complex models may call for substantial energy injection resulting in physically
revealing distortions which remain until the present unless there is sufficient time
for bremsstrahlung and Thomson scattering to relax the spectrum back to that for

a blackbody.
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At redshifts greater than a few 106, the combined action of bremsstrahlung and
radiative Compton scattering tightly couples the matter and radiation fields, thus
photon production can take place on a timescale short compared to the expansion
time and any non-blackbody features are quickly erased. If the matter is heated
with extra energy at redshifts before recombination, but less than ~ 108, there is
cooling below the peak and heating at high frequencies, with bremsstrahlung pro-
ducing additional low frequency photons. If the energy release occurs in the range
105 < z < 10° then the number of Thomson scatterings is insufficient to bring the
photons and plasma back into thermal equilibrium and the other radiative processes
do not have enough time to add sufficient photons to reestablish a Planckian spec-
trum. The resulting spectral distortion is Bose-Einstein with a chemical potential x
which is exponentially attenuated at low frequencies. There is general cooling for
frequencies below the peak with the maximum decrease in the range ~ 3 - 10 GHz.
At redshifts smaller than ~ 103, the electron density is no longer high enough for
Thomson scattering to establish a Bose-Einstein spectrum. The spectrum assumes
a mathematically more complek form, with increased brightness temperature in the
Rayleigh-Jeans region due to bremsstrahlung emission from relatively hot electrons,
a reduced temperature in the middle Rayleigh-Jeans region where the photons are
depleted by Thomson scattering, and a high Wien temperature where the low fre-
quency Thomson scattered photons accumulate. The equations describing these
distortions are described in Smoot et al. (1988), the interested reader is referred to
Danese & de Zotti (1982) for a complete review. The distortions then depend on
quantities such as the baryonic content of the universe, thus can help to constrain
cosmological parameters. In practice, the equations only approximate the spectral
distortions — a proper description requires the solution of the full relativistic Kom-
paneets equation. This has been performed recently using numerical techniques by

Burigama, de Zotti & Danese (1991).

Distortions can also arise from post-recombination physical processes. Compton-
isation is the most likely deviation from a blackbody spectrum. If an energy source
heats ionised intergalactic material, the hot electrons scatter low energy photons to
higher energy. making the CMB cooler at frequencies below the peak, and hotter
in the Wien region. This process occurs in X-ray emitting galaxy clusters where 1t
is known as the Sunyaev-Zel'dovich effect. Field & Perrenod (1977) also predicted

such a distortion from its association with a hot intergalactic plasma producing the
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2 - 50 keV X-ray background. More refined models, and the recent spectral results
from COBE seriously restrict the contribution to the X-ray background from such
a plasma. Any process which adds photons to the CMB will generate a distortion.
Sources of high redshift dust can, in principle, create a sub-mm excess, and were
much in favour when Matsumoto et al. (1988) found evidence for such an excess.
Recent COBE results conflict with this claim, thus limiting the radiative output of

dusty objects in the universe (see Chapter 5).

Finally, it is worth noting that spectral distortions can also restrict the primordial
fluctuation power spectrum, providing complimentary information to that derived

from CMB anisotropies (see Barrow & Coles, 1991).

1.2.1 Observations of the spectrum

The experimental techniques employed to measure the CMB temperature depend on
the frequency concerned, and all suffer from systematics of one form or another. At
the longest wavelengths, radiometers are used which, as a consequence of the size
of the antennas and wave guides involved require the observations to be ground-
based. This allows some flexibility in pointing the horn at selected regions of the
sky, but must contend with atmospheric emission, reduced by operating the system
at a high dry site. Kogut et al. (1991) contains a summary of ten years of long
wavelength CMB observations by the so-called White Mountain group. At shorter
wavelengths, the radiometers may be balloon or rocket mounted, thus enabling the
atmospheric contribution to be reduced further. Bolometers may also be employed
on and shortward of the spectral peak, these are easily carried above the atmosphere
by balloon or rocket. A short review by Staggs & Wilkinson (1991) describes the

advantages or otherwise of various experimental techniques.

Fig. 2, taken from Staggs & Wilkinson (1991), but with an additional point at
36.6 cm from Sironi, Bonelli & Limon (1991) summarises the most recent measure-
ments of the CMB temperature. The data shown are well fitted to better than 20
by a temperature of 2.74 K apart from the Matsumoto et al. data denoted by the
filled triangle. The disagreement of these points with the COBE and UBC rocket
flight data suggests some unknown local radiation contaminating the data. Without

significantly improved error bars, there is no compelling evidence for distortions at
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any frequency. The detection of a distortion at the longest wavelengths will require
detailed modelling of the Galactic contribution to the sky temperature, which is also

a problem for many anisotropy experiments.

3.5 [N 1R 1
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Figure 1.2: Recent measures of the CMB temperature; from Staggs & Wilkinson
(1991) - see there for references.

1.3 CMB anisotropies

We have seen previously how anisotropies and their amplitudes are connected to
physical processes in the universe such as recombination, and how such fluctuations
have characteristic angular scales. However, as a further consequence of the close
coupling of the matter and radiation before recombination, and the weak resid-
ual coupling during the finite width of the recombination epoch, anisotropies are
expected on other characteristic scales associated with the ﬂuc;t-uations in the mat-
ter density, and depending on the evolution of the matter through recombination.
This evolution itself depends on the exact nature of the perturbations (adiabatic
or isocurvature). If the photon entropy per baryc;n is constant (adiabatic perturba-
tions), then from a simple thermodynamic argument, fluctuations in the temperature

AT/T = :-1, Ap/p are present prior to recombination (Silk, 1967). The amplitude of
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these fluctuations, however, is reduced by the substantial optical depth of the uni-
verse when perturbations on scales smaller than the comoving width of the last
scattering shell become transparent and by the destructive interference of photons
received from both peaks and troughs (Sunyaev & Zel’dovich, 1970). The peculiar
velocity field associated with the density perturbations gives an additional contri-
bution which dominates for scales close to, but smaller than, the horizon. A precise
calculation must take into account the fuzziness of the last scattering surface and
the specific strength of anticorrelations between electron velocities in neighbouring
regions. Thus, the CMB temperature anisotropies reflect the density contrast in
the matter, which on on a given scale is determined by the spectrum of primordial
density perturbations. This spectrum is also expected tc; have several characteristic
scales imprinted on it (Silk, 1984). Fluctuations on comoviné scales larger than
the horizon at the equivalence epoch z.q (equal matter/radiation energy density),
~ 50h~!Mpc, grow uninterruptedly, while the growth of smaller scales is suppressed
between the time they cross the horizon and z.,. On scales larger than the horizon at
last scattering, the dominant source of anisotropy is fluctuations in the gravitational

potential.

To properly calculate the amplitude of the anisotropies, the detailed coupling of
matter and radiation must be followed. This involves solving the perturbed Boltz-
mann transport equation for the photon distribution, which is coupled to the matter
distribution through Thomson scattering and gravitationally. A number of authors
have studied this problem in considerable detail for a variety of cosmological scenar-
ios (Peebles & Yu, 1970; Wilson & Silk, 1981; Bond & Efstathiou, 1984; Efstathiou
& Bond, 1986; Bond & Szalay, 1983). Owing to the complexity of the problem,
no details are given but the reader is referred to a review by Efstathiou (1990). In-
stead, we shall briefly comment on the behaviour of the different matter components
which affect the radiation pattern. We consider the nature of the perturbations af-
ter they have crossed the horizon, since before this the behaviour of adiabatic and

isocurvature modes is quite different.

1) Baryons: Baryon perturbations which cross’the horizon after recombination
grow as a consequence of self-gravity, otherwise, however, the coupling to the
photons by Thomson scattering generates a counter-pressure to the gravita-

tional interaction. Those perturbations smaller than the Jeans mass oscillate,
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the smallest scales undergoing many collisions which essentially wipes them
out as a consequence of photons diffusing out of the perturbation. This is
known as Silk damping and has important consequences for purely baryonic
cosmological models where no mechanisms exist to regenerate fluctuations on
these scales. In models with CDM, the CDM perturbations are unaffected by
Silk damping and act as seeds to regenerate the baryon perturbations after
recombination. After recombination, the Jeans mass falls abruptly and any
surviving baryonic perturbations with a mass greater than ~ 10 Mg begin
to grow again. If CDM perturbations are already present the baryons fall
into them and both components grow together; if. &, < {lcpym this happens
very quickly and the growth of the CDM perturB.ations'-li's unhindered, if Q
~ Qcpm the growth of the CDM perturbations is slowed by the smoother

baryonic component.

il) Cold Dark Matter: The critical scale here is that crossing the horizon at the
equivalence epoch ki =~ 0.3(Qh?) Mpc~!. On larger scales which cross the
horizon after this time, CDM perturbations grow unaffected by the presence
of other components. On smaller scales the CDM perturbations do not grow
substantially since the radiation is the dominant component gravitationally,
and the baryon-photon fluid oscillates as a consequence of the Thomson cou-
pling. CDM perturbations grow when the energy density approaches that of
the radiation. If baryons are gravitationally significant, the CDM growth is
slowed until after recombination because of the oscillation of the baryon com-
ponent. After recombination the baryons fall into the CDM perturbations and

both components grow together.

iii) Massless neutrinos: These are relativistic collisionless particles, the pertur-
bations in which grow before horizon crossing and free-stream after. They are

gravitationally unimportant and merely help to define the equivalence epoch.

iv) Massive neutrinos: In the mass range leV < m,c? < 100eV, the neutrinos
are relativistic initially, becoming nonrelativistic by the recombination epoch.
After horizon crossing, relativistic perturbations will decay as a result of can-
celling contributions from different directions originating at different locations
in the wave. Semirelativistic perturbations will damp as a result of the smear-

ing of fluctuations by a particle velocity dispersion. The largest scales, which
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cross the horizon when nonrelativistic grow continuously like CDM. Smaller
scales are damped until they become nonrelativistic when growth continues.
The critical scale for massive neutrinos is then the scale crossing the horizon
when the neutrinos become nonrelativistic. All scales smaller than kbt , ~
6.2 x107% (m,c?) Mpc™! are significantly reduced. The effect of the neutri-
nos in a hybrid model is to slow the growth of CDM perturbations on scales
smaller than kbor | until the CDM a.ﬁd neutrino amplitudes are equal.

The way in which the primordial fluctuation spectrum is modified through re-
combination is described by the transfer function formalism discussed in Chapter
6. The radiation component is affected by the matter éorhpoﬁé’nts present; in par-
ticular, on large scales crossing the horizon around or after recombination photon
perturbations are induced gravitationally by baryon, CDM and neutrino fluctuations
(Sachs-Wolfe effect). For models with Q < 1, the anisotropy amplitude AT/T is in-
creased roughly as Q1. This is because the universe becomes curvature dominated
at a redshift ~ 1/Q and fluctuation growth effectively ceases. Thus normalisation to
the observed structure today requires a higher initial fluctuation amplitude, raising
AT/T (normalisation is discussed in Chapter 6). If there is a non-zero cosmological
constant, the evolution of the perturbations is the same until the expansion of the
universe differs from a flat universe. A > 0 increases the expansion rate which has

the effect of slowing the growth of fluctuations. By a similar argument to before,

AT/T is increased.

1.3.1 Evaluation of Radiation Anisotropy

Having numerically evaluated the perturbations to the photon distribution func-
tion, what is required is some measure of the anisotropy of the radiation field. If
recombination is considered to occur at a single epoch, Tre, the perturbations in
the radiation field are imposed on a spherical cross-section through the universe at
distance c7e centred on our present location. This surface of last scattering then
corresponds to the celestial sphere, and since the CMB radiation pattern is gener-
ally considered to originate from a Gaussian random field, the anisotropy pattern

can be fully described by the temperature autocorrelation function (a.cf.) C(8)

_ <A’I’(0) AT(6)
= (7T,

T, > with AT the perturbation from the mean temperature Tqy. Since
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the observed radiation pattern is observed on a spherical surface, the correlation

function can be expanded in terms of Legendre polynomials

c(6) = 4—; 3 (21 + 1) C; Py(cos §)

where the discrete function is the power spectrum associated with the I'th component
of the radiation temperature seen on the sky. The C; can the be directly related
to the radiation fluctuations Ar; as evaluated numerically from the Boltzmann

equation in a plane wave decomposition of the fluctuations, so that

c) = — [ 2@+ | anem) 2 Py(cos 8) k? dk

3272 >

(Bond & Efstathiou, 1987) where V is a normalisation constant. In practice, the
form of C(f) is unobservable, requiring infinitessimally small beams. real beams of a
finite size act as low pass filters, smoothing out scales much smaller than the beam.
What is measured is the beam-modified autocorrelation function, thus theoretical
calculations must fold in this smoothing. The smoothed correlation function C,(4)
can be evaluated using the small angle approximation of Wilson and Silk (1981) for

a gaussian beam profile

F(8) = —— e nr

27

where o? is equal to the FWHM/2 In 2. Then

) = o [ e () Ioﬁ(gg,%) 4d¢

202

The correlation functions for a wide number of cosmological scenarios have been
calculated by several authors, and to ease comparison of results between experiments
the accurate a.cf. calculations have been fitted by a va.riet’y of functions. For
example, Bond & Efstathiou (1984) consider a wide range of models which they fit

by a function of the form

_ (8/6.)*_
o) = C(O){H_Tﬂ—] g
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Fits for other models can be found in Bond & Efstathiou (1987), Fukugita, Sugiyama
& Umemura (1990), and Holtzman (1989). In Chapter 6, some of these results are
used to evaluate anisotropies in several models of large-scale structure. Also in this
chapter, details may be found of the technique used by Vittorio & Scaramella (1990)
to evaluate the 2.c.f. on large angular scales which basically involves an expansion of
the correlation function into spherical harmonic components. The amplitude then
depends solely on the primordial power spectrum, since on such scales there is little

modification to it through recombination.

1.3.2 Secondary Anisotropies

A number of sources of secondary anisotropies are present between us and the surface
of last scattering. Primordial temperature fluctuations can be erased on scales up
to ~ 10° by a re-ionised intergalactic medium. The new small-scale anisotropies
resulting from Thomson scattering off electrons are very small since contributions
from the crests and troughs of any plane wave interfere destructively. However,
Vishniac (1987) has shown that significant arcminute fluctuations arise as a second

order effect due to inhomogeneities in the electron density and peculiar velocity.

Comptonisation by inhomogeneously distributed hot gas, ie. the hot gas com-
ponent of bound structures is an important source of secondary anisotropies. In a
CDM scenario, this effect is dominated by rare clusters of galaxies at moderate red-
shifts, which might contribute AT/T ~ 10~° on arcminute scales (Cole & Kaiser,

1988).

Dynamic inhomogeneities between the observer and the last scattering surface
induce second order Sachs-Wolfe anisotropies (Rees & Sciama, 1968). The profile
of the temperature fluctuations is, in general, rather complex, however the effect of
multiple inhomogeneities along a given line-of-sight is additive; Dyer & Ip (1988)
have shown that it is possible to construct self-consistent models whereby these sec-
ond order anisotropies are larger than those produced at the last scattering surface.

Sanz & Martinez-Gonzalez (1991) are making a detailed study of the problem.

Multiple gravitational lensing by static compact objects at high redshift may

reduce the level of fine-scale anisotropy, since the lensing alters the photon trajec-
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tories, thereby smearing out the temperature fluctuations. Kashlinsky (1988) has
suggested that the cumulative effect of lensing may result in the complete erasure

of fluctuations on scales up to several arcminutes.

1.3.3 Observational techniques and results

A good review of the observational status of searches for CMB anisotropies in the
CMB is given by Partridge (1988). Considerable time and effort has been invested in
the search for fluctuations on a variety of scales, and the exact technique employed

depends on the scale in question.

There are two general types of detector which have been employed: heterodyne
receivers operating at a fixed frequency between ~ 10 and 100 GHz, and bolometric
detectors operating at a fixed frequency with broader bandwidths. More detailed
descriptions can be found in the comprehensive review by Weiss (1980). In the case
of heterodyne receivers, the sensitivity can usually be expressed as a function of the
intrinsic noise generated by the detector (specified as system noise temperature Ty,

and the bandwidth B employed. For an integration time t, the rms noise is given by

Trms = KTeys/VBt

where k i1s a constant depending on the exact nature of the experimental technique
used (eg. K = 2 for a two beam differencing method). Representative figures for
modern receivers operating at ~ 30 GHz imply sensitivities of ~ 1 mK in 40 s of
integration time. The sensitivity of bolometers is achieved through the use of a large
bandwidth which more than compensates for the increase in effective system noise

over the heterodyne receivers.

Most experiments on large and intermediate scales are based on the Dicke switch-
ing radiometer technique (Dicke, 1946) whereby there is a rapid switching between
two antennas, or one antenna and a cold reference load. The integrated difference
between the two positions can greatly reduce short term gain fluctuations in the
receiver. On longer time-scales drifts in the output may result from changes in ei-
ther the gain or ground pick-up (the antenna detects the ground radiation in its
diffraction side lobes), and some technique is usually employed to reduce this ef-

fect allowing the required long integration times. This generally takes the form of
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either rotating the antennas or nodding them in some way. This results in the pro-
duction of a triple beam pattern on the sky, which helps to eliminate systematic
offsets between the two antennas and their ground radiation response. Fig. 3 shows
the princples of the beamswitching technique. The actual physical movement of
the detector could itself generate some offset problems, thus some observers (eg.
Davies et al. , 1987) have chosen to combine first order switching with drift scans
to determine the beam pattern. Again, Partridge provides a good review of these
techniques, whilst Watson (1989) reviews them in the context of several particular

experiments.

(a)

—— . o
/ N s
8 ——= | Sinple bean
\ , Switching
~ 4
12}
‘on’ ot --
7N Y
p ’ \ Begm
8, A 8y i )svifching
. u \ 7 plus
. N 7’ .m-cff'
2 1

3

Figure 1.3: The production of two and three beam patterns on the sky. From
Partridge (19883).

On small scales, apertures of order 10 m or so are required, thus use is made
of existing radio astronomy facilities. On the smallest scales (< 1’) interferometric
techniques are employed, and have achieved remarkably sensitive limits to the sky

noise.

Table 1 summarises the most recent upper limits for a number of angular scales,
these are also shown in Fig. 4. These limits have imposed some very serious
constraints on a number of cosmological models. For example, the Readhead et

al. (1989) result rules out adiabatic baryonic models with 95% confidence, finds that
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isocurvature models with £ < 0.8 are inconsistent with the limits, and places useful
constraints on reionisation in non-standard recombination models; the Vittorio et
al. (1991) analysis of the UCSB South Pole experiment (Meinhold & Lubin, 1991)
constrains the density parameter of CDM universes with > 3% baryon abundance

and h = 0.5 to be Qg > 0.6 b~! where b is the bias parameter.

Reference v (GHz) b, AT/T
Meyer, Cheng & Wilkinson (1991) | 167 13° 1.6 x 10~°
Melchiorri et al. (1981) 429 6° 4 x 1073
Davies et al. (1987) 10 4° 3.7 x 1073
Watson et al. (1988) 10 4° 3 x10°°
Lasenby et al. (1991) 15 4° | 2.5 x10°°
Mandolesi et al (1986) 10 2°-6° 0| 5—7 x10"*
Dall’Oglio & de Bernardis (1988) 150 1.3° "} 2.5 x107
Timbie & Wilkinson (1990) 43 1.1° 1.1 x10™*
de Bernardis et al. (1990) 270 45’ 2.2 x 1074
Fischer et al. (1991) 180 30’ 1.2 x 10~*
Meinhold & Lubin (1991) 90 20 3.5 x 10~°
Uson & Wilkinson (1985) 20 4.5 5 x 1073
Readhead et al. (1989) 20 2’ 1.5 x 1073
Martin & Partridge (1988) 5 36” -1607 | 1.3 x10™*
Martin & Partridge (1988) 5 18”-80" | 1.7 x107*
Fomalont et al. (1988) 5 60” 0.6 x 10~*
Fomalont et al. (1988) 5 30” 0.8 x 10~*
Fomalont et al. (1988) 5 18” 1.2 x 1074
Hogan & Partridge (1989) 15 18” 1.6 x 10™¢
Fomalont et al. (1988) 5 12” 8.3 x 1074
Kreysa & Chini (1989) 230 117 2.6 x 1074
Hogan & Partridge (1989) 15 5.3” 6.3 x 10°*

Table 1.1: Recent limits (95% confidence level) on AT/T for anisotropies on small
and intermediate scales. 6. is the coherence length for the assumed gaussian corre-
lation function. See also Fig. 4.

It is important to note here that in order to compare these limits with theoret-
ical predictions. it is necessary to take into account the beamswitching technique

employed. To relate this to the temperature a.c.f. then, for a Beamthrow angle 8y :

(%T);s = 2[C,(0) = C, (6)]

for a two beam single subtraction experiment, whilst for a triple beam double sub-

traction experiment
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(%T); - %c,(o) ~2C,(8) + %c,(zeb)
Even now, it may be necessary to perform more complex theoretical sky recon-
struction simulations within the context of a particular cosmological model to take
into account the limited sky region surveyed and exact sampling strategy. This, of
course, makes the derived limits somewhat model dependent. One way to enable
more easy comparison of results on different scales is to assume a gaussian a.c.f.

with a characteristic angular scale §.. After smoothing, we find

C(0)§? __&
G ) = qoryge

The intrinsic anisotropy is then C(0), whilst in some cases the quoted anisotropy is
C(0)82/(20? + 62) where 8. is that angle which minimises the anisotropy level. Care
should be taken in interpreting all limits as to whether the quoted limit includes the

smoothing factor or not.

. . . . )
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Figure 1.4: Recent measures of CMB anisotropies. A brief (and incomplete) sum-
mary of anisotropy generating mechanisms is also shown.
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1.4 Problems in Measuring CMB anisotropies

We have seen so far that there are a large number of systematic errors involved
in measurements of the CMB. Aside from obvious problems of the internal system
noise of the experimental apparatus, ground based radiometer measurements suffer
from ground pick-up whereby radiation from the ground is diffracted into the horn
antenna and problems with atmospheric emission. Shielding can alleviate the first
problem, whilst the operation of the instrument at a high dry site (such as the South
Pole) improves the second. Nevertheless, the noise from these effects can never be
entirely eliminated. Much more of a problem arises from Galactic and extragalactic
radiations which themselves contain anisotropies such tﬁat the fractional amplitude
is of similar or greater magnitude than those being sought in ;tl’le cosmic radiation.
This then is the subject of this thesis: a detailed study will be made of a number of
foregrounds of both Galactic and extragalactic origin, with the intention of deter-
mining their contributions to a number of CMB experiments, and prescriptions will

be made for the minimisation of the confusion effect.



CHAPTER 1. OVERVIEW OF THE CMB

References

Alpher, R.A. & Herman, R.C., 1948. Nature, 162, 774.

Alpher, R.A. & Herman, R.C., 1949. Phys. Rev., 75, 1089.

Barrow, J. & Coles, P., 1991. Mon. Not. R. astr. Soc, 248, 52.
Bond, J.R. & Szalay, A.S., 1983. Astrophys. J., 274, 443.

Bond, J.R. & Efstathiou, G., 1984. Astrophys. J. ].;/etts._; 285,.‘,-]?;45.
Burigana, C., de Zotti, G. & Danese, L., 1991. Astrophys. J., 379, 1.
Cole, S. & Kaiser, N., 1999. Mon. Not. R. astr. Soc, 233, 637.
Dall’Oglio, G. & de Bernardis, P., 1988. Astrophys. J., 324, 794.
Danese, L. & de Zotti, G., 1982. Astr. Astrophys., 107, 39.

Davies, R.D., et al. , 1987. Nature, 326, 462.

Davies, R.D., 1988. Q. JI. R. astr. Soc., 29, 443.

de Bernardis,P., et al. , 1990. Astrophys. J. Letts., 360, L31.

Dicke, R.H., 1946. Rev. Sci. Instrum., 17, 268.

Dicke, R.H., et al. , 1965. Astrophys. J., 142, 414.

Dyer, C.C. & Ip, S.S., 1988. Mon. Not. R. astr. Soc, 235, 95,
Efstathiou, G. & Bond, J.R., 1986. Mon. Not. R astr. Soc, 218, 103.

Efstathiou, G. & Bond, J.R., 1987. Mon. Not. R. astr. Soc, 226, 655.

18



CHAPTER 1. OVERVIEW OF THE CMB 19

Efstathiou, G., 1990. in Physics of the Early Universe, SUSSP.
Field, G.B. & Perrenod, S., 1977. Astrophys. J., 215, T17.

Fischer, M.L., et al. , 1991. in After the First Three Minutes, p. 123, eds. Holt,
S.S., Bennett, C.L. & Trimble, V., AIP.

Fomalont, E.B., et al. , 1988. Astrophys. J., 96, 1187.

Fukugita, M., Sugiyama, N. & Umemura, M., 1990. Astrophys. J., 358, 28.
Gamow, G., 1948. Phys. Rev., T4, 505.

Hogan, C.J. & Partridge, R.B., 1989. Astrophys. J. Letts., 341, L29.
Holtzman, J.A., 1989. Astrophys. J. Suppl., 71, 1.

Kaiser, N. & SIIk, J., 1986. Nature, 324, 529.

Kashlinsky, A., 1988. Astrophys. J. Letts., 331, L31.

Kogut, A., et al. , 1991. in After the First Three Minutes, p. 62, eds. Holt, S.S,,
Bennett, C.L. & Trimble, V., AIP.

Kreysa, E. & Chini, A., 1989. in Proc, Srd ESO/CERN Symposium, p. 433.

Lasenby, A.N., et al. , 1991. in Observational Tests of Cosmological Inflation, p.
413, eds. Shanks, T., et al. , Kluwer.

Martin, H.M. & Partridge, R.B., 1988. Astrophys. J., 324, 794.
Matsumoto, T., et al. , 1988. Astrophys. J., 329, 567.
Meinhold, P. & Lubin, P., 1991. Astrophys. J. Letts., 370, L11.

Melchiorri, F., et al. |, 1981. Astrophys. J. Letts., 250, L1.



CHAPTER 1. OVERVIEW OF THE CMB 20

Meyer, S.S., Cheng, E.S. & Page, L.A., 1991, Astrophys. J. Letts., 371, L7.
Negroponte, J., 1986. Mon. Not. R. astr. Soc, 222, 19.

Partridge, R.B., 1988. Rep. Prog. Phys., 51, 647.

Peebles, P.J.E. & Yu, J.T.) 1970. Astrophys. J., 162, 815.

Penzias, A.A. & Wilson, R.W., 1965. Astrophys. J., 142, 419.

Readhead, A.C.S., et al. , 1989. Astrophys. J., 346, 566.

Rees, M.J. & Sciama, D.W., 1968. Nature, 217, 511.

Sanz, J.L. & Martinez-Gonzalez, E., 1991. in Observational Tests of Cosmological
Inflation, p. 42, eds. Shanks, T., et al. , Kluwer.

Scaramella, R. & Vittorio, N., 1990. Astrophys. J., 353, 372.

Sitk, J., 1967. Nature, 215, 1155.

Silk, J., 1984. in Proc. 1st ESO/CERN Symposium, p. 225.

Sironi, G., Bonelli, G. & Limon, M., 1991. Astrophys. J., 378, 550.
Smoot, G.F., et al. , 1988. Astrophys. J., 331, 653.

Smoot, G.F., et al. , 1991. Astrophys. J. Letts., 371, L1.

Staggs, S. & Wilkinson, D.T., 1991. in After the First Three Minutes, p. 83, eds.
Holt, S.S., Bennett, C.L. & Trimble, V., AIP.

Sunyaev, R.A. & Zel'dovich, Ya. B., 1970. Astr. Space Sci., 7, 3.

Timbie, P.T. & Wilkinson, D.T., 1990. Astrophys. J., 353, 140.



CHAPTER 1. OVERVIEW OF THE CMB 21

Uson, J.M. & Wilkinson, D.T., 1985. Nature, 312, 427.
Vishniac, E.T., 1987. Astrophys. J., 322, 597.
Vittorio, N., et al. , 1991. Astrophys. J. Letts., 372, L1.

Wafson, R.A., et al. , 1988. in Large Scale Structure and Motions in the Universe,
p- 133, eds. Mezzetti, M., et al. , Kluwer.

Watson, R.A., 1989. Ph.D Thesis, Victoria University of Manchester.
Weiss, R., 1980. Ann. Rev. Astr. Astrophys., 18, 489. -
Wilson, M.L. & Silk, J., 1981. Astrophys. J., 243, 14.

Wyse, R.G. & Jones, B., 1985. Astr. Astrophys., 149, 144.



Chapter 2

Galactic Synchrotron Radiation
and the CMB

2.1 Introduction

Observations of the Cosmic Microwave Background (CMB) have been made over
a wide range of frequencies in order to determine the thermodynamic temperature
of the radiation, and to search for primordial anisotropies on a number of angular
scales. A wide range of frequencies is required to verify the blackbody nature of
both the spectrum and anisotropies, and to search for spectral distortions which
might indicate energy releases at high redshift, or spectral modification by physical
processes during more recent epochs (see Smoot et al. , 1988 for a recent review).
Much of the early work concentrated on observations in the radio frequency region
(ie. from a few tens of MHz up to several tens of GHz) although more recently
sufficiently sensitive equipment has been available to extend observations beyond
these frequencies. However, observations at these frequencies still retain their fun-
damental importance, not least because the antenna temperature recorded by the
experimental apparatus is not far modified from the CMB thermodynamic temper-
ature (at 10 GHz, the antenna temperature for a blackbody at 2.735K is 2.49K ).
The major problem facing such observations is the foregrouna emission from the

Galaxy.

The origin of this emission is the synchrotron radiation from cosmic ray (CR)
electrons losing energy in the Galactic magnetic field, and thermal bremmstrahlung

from these electrons (the electrons are certainly Galactic in origin, since in ex-
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tragalactic space they would lose energy catastrophically due to inverse compton
interactions with the CMB). In fact, the radio emission is direct evidence that CR
electrons are present throughout the Galaxy and provides information on their dis-
tribution. The large-scale emission can be described very simply as follows: thereisa
central disk of emission centred on the Galactic pla.né,.v;rith features which delineate
the spiral arm structure of the Galaxy, surrounded by a weak radio halo (Phillips et
al. , 1981, have modelled the synchrotron emission evident from the 408 MHz survey
of Haslam et al. , 1982, and found that a non-spherical halo of emission extending to
a distance of order 10 kpc from the plane and having an emissivity ~ 10% of that in
the disc is required in all models to explain the high latitude temperature profiles).
Features within the emission such as spurs and loops are closely connected with the
effects of old supernova remnants on their environment. Up to several tens of GHz,
the synchrotron emission dominates the thermal, the domination being complete for
directions at more than a few degrees from the plane. The synchrotron emission is
thus seen to have a great deal of structure which depends on a number of factors
- the nature of the Galactic magnetic field, the electron spectrum in the Galaxy,
the distribution of electrons in the Galaxy, variations in the parameters between
disk and halo (this is important since according to Lawson et al. , 1987, even to-
wards the North Galactic Pole about half of the line-of-sight emission comes from
the Galactic disk), and indeed variations of theses parameters from place-to-place
within the Galaxy. Even detailed modelling of the synchrotron emission (see, for
example, Broadbent, 1989) can only describe the broad distribution of the emission,
and although information can be obtained about the spiral arm structure of the
Galaxy, the disk and halo by modelling of the low frequency data, detailed structure
associated with local variations in, for example, the electron energy spectrum has

not been included in such models.

The energy spectrum of electrons in the Galaxy has a power-law form, and as a
consequence of this the synchrotron emission varies with frequency as a power-law.
The relative contribution of the synchrotron emission to CMB observations thus
falls with increasing frequency. Between a few GHz and a few hundred GHz, the
CMB signal is dominant, and absolute measurements of the CMB temperature can
be made to a level of ~ 1%. At these frequencies;-_.deta.iled knowledge of the spatial
variation of the Galactic Synchrotron Radiation (GSR) is not necessary for spectral

measurements at this level of accuracy, knowledge of the broad distribution of emis-
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sion is sufficient. This is important since information about the GSR distribution
at these high frequencies is not directly available, and extrapolations from lower fre-
quency data must be made by assuming some power-law to scale the data by - the
extrapolation and thus spatial distribution of the emission at the higher frequency
thus depends on the power-law employed. Kogut et al. (1990) observing the CMB at
a frequency of 7.5 GHz use a model for the Galactic contribution which extrapolates
from the 408 MHz survey using the power-law nature of the emission with frequency
and assuming a (probably unphysical) position-independent spectral index. At the
highest latitudes, the predicted signal was accurate to better than 0.005K (~ 0.2%)
which is quite satisfactory. Below a few GHz the Galactic radiation becomes an
important fraction of the sky temperature, and dominates below ~ 600 MHz. Thus
low frequency measurements of the CMB searching for departﬁ;'és from a blackbody
spectrum (see, for example, Sironi et al. , 1990) require more accurate foreground
subtraction. The major uncertainty posed by GSR, however, arises in the context
of anisotropy measurements. Although such searches are made almost exclusively
at frequencies beyond 5 GHz, where the foreground temperature is small, ~ 1073 of
the blackbody temperature, fluctuations in the foreground are of the order of a few
per cent, ie. about 107% - 1076 in AT/T , which is of the same order of magnitude

as the primordial fluctuations being searched for.

Subtraction of the Galactic component is very difficult, since comprehensive sur-
veys exist only at low frequencies (< 1GHz), and the extrapolation of these data to
higher frequencies is problematic since detailed knowledge of the spatial variation of
the CR electron spectrum and its variation with energy, and of the Galactic magnetic
field is required. Since the CMB observations themselves are of the single- or double-
subtraction type, the problem becomes even more complex since the high frequency
extrapolation of the GSR contribution must couple 2 or 3 directions respectively,
each of which may have considerable variations in their properties. Furthermore, the
low-frequency surveys themselves have problems involved with zero-levels, largely
due to the lack of absolute measures of the sky temperature, Indeed, until 1985
only four results existed in the literature: near 600 MHz by Howell & Shakeshaft
(1967) and Stankevich, Wielebinsky & Wilson (1970), and at 1.4 GHz by Howell &
Shakeshaft (1966) and Penzias & Wilson (1967)..‘On1y recently has a combined Mi-
lan and Berkeley group attempted observations between 0.5 and 2.5 GHz (see Levin

et al. , 1988; Sironi et al. , 1990). It seems that the precise determination of Ty, at



CHAPTER 2. GALACTIC SYNCHROTRON RADIATION AND THE CMB 25

a number of points and over a range of frequencies is required for use in cosmology,
Galactic astronomy and cosmic ray astrophysics, all of which are connected by stud-
ies of the CMB. Of course, the CMB contribution to T, has been established by
COBE as corresponding to the thermodynamic temperature 2.735 £0.06 K (Mather
et al. , 1990).

In this chapter, a number of low frequency radio surveys are considered in some
detail, and an attempt is made to predict the fluctuations likely to be seen in
higher frequency CMB anisotropy measures, the aim being to produce a prescription
whereby genuine anisotropies may be detected in the presence of significant Galac-
tic contamination. To this end, the role of instrumental'a.nd atmospheric noise will
also be briefly touched upon. An investigation is made into the most comprehensive
measures at high frequency so far made - those at 10 GHz by the Jodrell-IA C group,
which provide an ideal source for a detailed study of possible Galactic effects (the
work is in no sense put forward to disprove the earlier claim for the detection of a
genuine CMB anisotropy, although the group itself now recognises that the results
can almost certainly be produced by Galactic effects). An alternative method of
investigation via CMB and GSR correlation functions is considered, and finally the

prospects for future observations are commented upon.

2.2 Properties of the Galactic Synchrotron Ra-
diation

First, it is useful to review the properties of the Galactic synchrotron radiation. This
emission results from the energy losses of CR electrons moving relativistically in the
Galactic magnetic fleld. The conventional differential energy spectrum of cosmic ray

electrons is represented by a power law form in energy E,

N(E)dE « E~" dE,

where v the spectral exponent. The observed radio emission at a frequency v is

given by the integral along the line-of-sight of the volume emissivity,
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of the electron spectrum will be seen as a more gentle ‘roll-over’ in the slope of the
radio synchrotron emission. It is thus expected that B will vary as a function of
both position and frequency in the Galaxy. Webster (1971) has investigated the
radio emission of the Galaxy as a function of frequency for the anti-centre region at
high latitudes and the inter-arm regions, his work clearly demonstrating variations

in the spectral indices between the two regions at given frequencies.

It is worth noting here that in the absence of information about the electron
spectrum variations within the Galaxy, it is the observed radio emission and the g -
values derived from them which are used to investigate CR electrons. To calculate
B , one requires observations at two frequencies, and, using the power-law relation

yields,

_ T1 n
B = logz/log

U

It is thus assumed that 3 does not vary over the frequency range considered. If this
is not the case. the § as defined here is actually the numerical slope between the
two frequencies. This should be taken into account when considering the behaviour
of spectral indices at higher frequencies, as is done later in the chapter. Fig. 1
indicates the variation of the 3 -values evaluated between a number of frequencies
for a number of latitudes within the indicated longitude ranges. Clearly, as noted
previously, the behaviour of 3 can be rather complex. This is to be expected if it is
considered that the acceleration of CR electrons is distributed over their propagation
through interstellar space, whereby, after their initial acceleration and during their
Galactic confinement, the CR are further accelerated by the weak shocks of widely
distributed, somewhat dissipated, old SNRs, which, of course, they are much more

likely to encounter than the smaller regions of young remnants.

2.3 The Basic Data

We take as the basic data sets from which extrapolations to higher frequencies are to
be made the three low frequency radio surveys at 408, 820, and 1420 MHz (see Law-
son et al. , 1987 for detailed references to the original surveys). Each survey reports

the absolute observed sky brightness temperature, and thus an isotropic component
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Figure 2.1: Variation of beta values evaluated from pairs of low frequency radio
surveys for a number of high latitudes and the longitude ranges shown.

must be subtracted to account for the diffuse radio background of discrete, extra-
galactic radio sources and the contribution of the CMB itself. In a comprehensive
paper, Lawson et al. made a detailed study of the radio continuum emission of the
Galaxy in the Northern celestial hemisphere utilising these surveys (amongst others),
and they provide details of this diffuse background component. A brief description

of each survey follows.

1. 408 MHz: This is an all-sky radio survey in which the component parts were
all carried out at the same frequency with telescopes of comparable beam size.
The diffuse background component, Tpg, amounts to 5.89 K. The basic data
provided is convolved to a Full-width-to-half-maximum (FWHM) of 0.85° and
can be obtained in either 0.25° x 0.25° pixels or 1° x 1° pixels. The latter are

used here.

2. 820 MHz: This survey covers the region —7° < § < 85°. The FWHM of the
antenna was 1°, but regridding resulted in a data base of HPBW 1.2°, again

in 1° x 1° pixels. Tgg 1s 4.14 K.
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3. 1420 MHz: This survey covers the declination range —19° < § < 90°, is
convolved to a FWHM of 0.85°, and available in 1° x 1° pixels. Tpg is 2.93 K.

It should be noted that the original surveys were not absolutely calibrated. De-
ducing a calibrated version requires consideration of a number of factors - the ac-
curacy of the temperature scales, estimation of zero levels, contributions due to
atmospheric and ground radiation, the effect of the telescope sidelobes, and the
accuracy of the estimate for the extragalactic component. Lawson et al. devoted
considerable attention to minimising these base-line errors. The absolute zero level
of the 408 MHz survey was established by comparison with the 404 MHz survey
of Pauliny-Toth and Shakeshaft (1962) which was absolutely c_é.librated. The other
surveys were compared to a number of horn antenna méasureé at different frequen-
cies. The next problem is to fix the zero-levels of the surveys in absolute terms. The
traditional method is to use a ‘T-T’ plot, whereby the brightness temperatures of
two surveys are plotted against each other over a chosen area of the sky: a straight
line fit to the points yields the spectral index between the two frequencies as the
slope and the base level of one survey relative to the other as the intercept. The
problem here is that there may be genuine variations in the spectral index over the
region, making the meaning of the base-level obtained somewhat obscure. Lawson et
al. adopted an alternative approach. A sky minimum region was found at 20 < § <
50, 130 < a()< 150; since the spectral index for such a region is the most sensitive
to changes in the base-level, a constant value was assumed as given by the 38 and
408 MHz surveys (which have the smallest fractional errors), and the other surveys
adjusted to agree. The results are in excellent agreement with those of Kallas et
al. (1983) which employed the T-T plot method and the 1420 MHz survey as the
datum. This gives some confidence in the final versions of the maps as used in this

chapter.

After such a lengthy analysis, only small base-line errors remain which are a
remnant of the minimisation techniques used at the crossing points of the scans of
the original surveys to eliminate base-line drifts from scan-to-scan. These are barely
noticeable on the temperature maps. For the 408 MHz survey, the residual errors
are < 1.5K . The effect of the errors is particularly noticable when the ratios of
brightness temperatures, hence spectral indices, are calculated. Fig. 2a shows the

effect quite clearly, the striping effect running downwards from left to right in this
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(ignoring the weak B-field dependence here). Dividing through by T, gives,

| AT, |
T,

At high latitudes, a ‘typical’ value for T at 408 MHz is ~ 15K (after background
subtraction), thus taking | AT4es | ~ 1.5K as before, the above relation yields | AS |

=|Af| lnv

~ 0.017. The effect on the extrapolated temperature values can be estimated in a
similar fashion. If we consider that we are scaling from 408 MHz to a frequency v,

it follows from previously that

[AT;,| ( v )IAﬁI
= In|—
408

If the extrapolation is to 10 GHz (as appropriate to the calculations in this chapter),
then an error of ~ 5% can be produced. This is likely to be a lower limit on the
possible error, since similar problems are present in the data at the second frequency
used to determine the spectral index used for extrapolation, resulting in a larger error
in 8 . Furthermore, since anisotropy measurements are differencing measurements,
then the error is increased by combining extrapolations along 2 or 3 lines-of-sight
by a factor of ~ 2 - 3. It is obviously of great importance to reduce the significance
of the striping as much as possible. In principle, it should be possible to remove
the striations by smoothing the data perpendicular to the scanning direction, but
because these directions differ from one survey to another, it would not then be
possible to compare the different surveys. Lawson et al. found by trial-and-error that
when the resolution was decreased to 4° or greater, then the striping disappeared
from the greyscale images. In what follows. the maps are convolved to the Jodrell-
IAC experimental values of FWHM 8.2° and 35.6° before extrapolation, it is then
hoped that the baseline errors are minimised. Figs. 2b and c indicate that the
striping effect is no longer visible after these convolutions. However, there may still
be some false structure in the maps and derived spectral indices, leading to errors
in the extrapolated structure, especially in radio quiet regions where the scanning
directions of different surveys cross. A possible route to eliminate the problem in

the future is to use a Fourier filtering technique, by recognising that the noise in an
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image due to the stripes will be given in general by a two-dimensional interference
pattern (Malawi, 1989, has used this technique to destripe IRAS images). Such a
procedure should ultimately be implemented in order to establish whether there is

any false structure present in the extrapolated maps.

Despite these problems, the three data sets as described in Lawson et al. are

probably the most reliable available at present.

2.4 The 10.46 GHz Jodrell-TIAC data

The Jodrell-TAC CMB anisotropy experiment is a twin-horn radiometer experiment
which switches the two beams so as to form a triple beam pattérn on the sky, with
the beamthrow angle between each outlier and the central beam being 8, ~ 8.2° .
The experiment is operated at a high dry site at Izana at an altitude of 2300 m
to reduce atmospheric problems. The data with which the synchrotron predictions
will be compared are taken from Davies et al. (1987), Watson et al. (1988), Watson
(1989) and Rebolo et al. (1989). Full details of the experimental technique can be
found in Watson (1989).

2.4.1 Fluctuations in temperature seen by Davies et al
(1987)

The original apparatus had a FWHM of 8.2° , and after a large-area survey of
the northern sky at declinations between -15° and +55° at 5° intervals, two long
integration scans were made at declinations 0° and 40° . Here, the results for § =
40° are considered. Fig. 3a shows the experimental points, together with a running
gaussian mean with FWHM as for the horn antenna, each point on the line being

averaged over 11 points from the recorded data (as prescribed in Watson 1989). A

number of points should be mentioned.

i) despite very careful experimentation the noise in the observations is, inevitably,
rather large; specifically it has standard deviation ¢ ~ 0.22mK taking ad-
jacent points of one degree separation (the dispersion here is inevitably noise

since the beamwidths are much greater than this). It should be remarked that,
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hopefully, later observations with improved apparatus will reduce the value of

o by an order of magnitude.

ii) the smoothed distribution (smoothed, following the technique prescribed in Wat-
son, 1989, by a gaussian of standard deviation 3.5°) is seen to be characterised
by two peaks separated by 8 ~ 25° in R.A., and with FWHM of 8. ~ 10°
and 6°. One of these peaks (at ~ 220°) is significant but the other is not
(as demonstrated by a jack-knife type analysis in Vittorio et al. , 1989); nev-
ertheless, Figure 3a represents the actual data and we need to examine the

likelihood of deriving similar patterns from GSR.

iii) the peak amplitude is ~ 0.2mK.
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Figure 2.3: Scans at declination 40° from the Jodrell-IAC anisotropy experiment.

Analysis of their data led Davies et al. to claim a cosmological signal of AT/T =
3.7 x 1073. This value was obtained from a likelihood ratio (LR) analysis of the
data assuming a gaussian covariance function. Recall from Chapter 1 that, after

allowance for the finite width of the observing beam, this has the form
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C,(8) = C,(0)e=% /20 +27%)

where 4. is the coherence angle, and the smoothed fluctuation level is related to the
intrinsic anisotropy level by C,(0) = C(0)82/(62 + 20?). The LR analysis found that
for 8. = 4° , /C,(0) = 0.1 mK, then assuming a CMB temperature of 2.7K gives
the published result. The ‘likely’ contribution of the Galactic synchrotron radiation
was also evaluated, from an extrapolation to 10.46 GHz using a constant spectral
exponent of 2.8. The lack of correlation between the observations and predictions
resulted in the rejection of the hypothesis that GSR could be the source of the
fluctuations, Davies et al. further claiming that a spread of spectral indices greater
than that observed between 408 and 1420 MHz would be rééﬁired to explain the

observed structure in the observations. This is what will later be determined.

2.4.2 Fluctuations in temperature in the 5.6° experiment

The modified version of the original experiment retains the 8.2° beamthrow of the
original, but has a FWHM of 5.6° . Scans were again made over a range of declina-
tions, the results being shown in Figs. 3b - d for declination 40° (scans from three
different sources) and Figure 4 for scans separated by 2.5° in declination. Again

there are some points to note.

1) The noise in the observations is again rather large, specifically ¢ ~ 0.27 mK per

1° separation in R.A. at § = 40° .

il) For those declinations where several sets of published data are available (par-
ticularly declination 40° ) the differences between the sets are due either to
differing analyses of the same results, or more data being included. Note that
the differences in the experimental profiles at the same declination, although
not negligible, are smaller than the differences between separate points, giving

some confidence in the measurements.

iii) On comparing profiles from adjacent declinations differing by only 2.5° , there
is an absence of correlations between them probably due to either incorrect
data processing or to the measurements being dominated by atmospheric or

instrumental noise.
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iv) The smoothed distribution (by a gaussian of standard deviation 2.8° ) at dec-
lination 40° is again characterised by 2 peaks, at ~ 222° (R.A.) and a second
near to 190° . However, the scans show more structure than those from the
original system (even allowing for the smaller extent of smoothing due to the
smaller beamwidth). Again, only the peak at ~ 222° appears significant, the
second peak being present at differing amplitudes from one data set to an-
other presumably as a result of noise effects or the data reduction technique
employed. The significant peak has FWHM ~ 15° and peak amplitude slightly
greater than 0.2 mK, suggesting that the structure responsible has a charac-

teristic angular scale comparable to the smaller beam used here.
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Figure 2.4: Scans from the Jodrell-IAC 5.6° experiment for a number of declinations.

The results have been analysed in the same way as the original data set and limits

of 4 - 8 x 107% set for the range of declinations in Rebolo et al. (1989). The effect
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It is thus likely that if a cosmological signal is to be detected at 10.46 GHz, then this
is the region where it is most probably going to show above the Galactic foreground,
and so calculations are concentrated on this region (for the other declinations, the 10
GHz signal is almost entirely due to a combination of GSR and noise, and so we can
gain some guidance for our declination 40° calculations from these regions). We shall
also initially concentrate on the 8.2° experiment, for which the point sources have a
smaller effect, returning later to the 5.6° results (though in slightly less detail). Fig.
6 shows a contour map of the 408 MHz sky, the ‘quiet’ region enclosed by a box. It

is clear that this is a relatively undisturbed region for GSR phenomena.

declination 8.2° FWHM 5.6° TWEM

§(°) Region 1 | Region 2 | Region 1 | Region 2
30 0.54 0.80 0.72 0.96
35 0.61 0.80 0.84 0.89
40 0.33 0.88 0.42 1.03
45 0.36 0.85 0.67 1.04
50 0.39 0.81 0.64 0.88
35 0.50 0.87 0.68 0.99
60 0.58 0.85 0.71 0.98
65 0.72 0.92 0.94 1.14
70 0.70 1.20 0.87 1.73

Table 2.1: R.M.S. second differences in kelvin at 408 MHz. Region 1 centred on
R.A. 215° ; region 2 on R.A. 135° . Each region is of 55° real sky angle.

2.5.2 Fluctuations expected from GSR: angular scales

All searches for CMB fluctuations using GHz data will rely on a knowledge of the
expected GSR fluctuations on these same angular scales. Specifically, it will be
necessary to use lower frequency data to predict the expected GSR pattern at the
frequency of interest. The problem then arises as to the extent.to which the pattern
of the GSR is displaced from that at lower frequencies. The question then is the an-
gular scale over which coherent values of the mean CR electron intensity (< j(Ee) >)

and the effective mean magnetic field (< By >) exist.

There is some guidance for the latter from +-ray astronomy. For example, in

analysis of COS-B and SAS-II data, Bhat et al. (1986) estimated coherence lengths
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Figure 2.6: The 408 MHz sky at 0.85° FWHM. The region enclosed by the box is
the ‘preferred’ region of Davies et al. (1987), which has been shown to be a quiet
region on the sky.

for electrons and protons in the Quter Galaxy and low latitudes which suggest the
presence of ‘cells’ of enhanced intensity with 8. = 5° - 10° at the higher latitudes of
concern here. One would expect rather similar values for < B, >; indeed, Simonetti
et al. (1984) find angular scales for rotation measure variations up to 5° at high

Galactic latitudes.

Another feature of the angular scale is the separation of the cells and the syn-
chrotron data themselves are relevant here. At 10.46 GHz and along declination
and R.A. cuts away from the preferred region, the separation of the peaks < §, >

is very approximately 17°. Another indicator of interstellar turbulence comes from
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value of 8 was also known for each point for the region between the datum low

frequency and 10 GHz. None of these parameters is known with any accuracy but

we can examine each in turn.
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Figure 2.8: a) Observed second differences at 10.46GHz from Davies et al. (1987).
Solid line is a running gaussian mean. b) -d) second differences at 408, 820, 1420
MHz. Right hand scales give temperatures at 10.46 GHz extrapolated using 8 =
2.8.

Figs. 8b - d give AT vs R.A. for each of the lower frequencies, the data being
processed in the standard manner in each case. The scale of ATg46cH; 15 also
given where the conversion is made assuming a constant value for § of 2.8 (as in
Davies et al., 1987; Lasenby & Davies, 1988) in each case. Comparison with Fig.
8a shows that the general characteristic parameters — the 8.- and 6,-values — are
not dissimilar, but the scales are different; specifically, the amplitudes of AT;g.46cH:
are ‘predicted’ to be ~ 0.05, 0.05 and 0.07mK.from the 408, 820 and 1420 MHz
data, respectively, to be compared with the observed amplitude (Fig. 8a) of ~ 0.2
mK. The reason for the bigger observed amplitude is clearly connected with the fact

that the assumption of a constant exponent (2.8) is unphysical, and the next section
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Figure 2.9: a) Distribution of spectral indices between pairs of frequencies at dec-
lination 40° in the R.A. range 180° - 250° . b) - d) histograms of spectral index
probability distributions for pairs of frequencies.

adopts a more realistic treatment.

2.5.3 Fluctuations in spectral slope as a function of fre-
quency '

It should be possible to make more accurate predictions of the GSR fluctuations
using the combined data at lower frequencies, ie using the knowledge on the radio

spectral slopes evaluated from the three data sets.

We have seen in Section 2 that the observed brightness temperature Ty is a
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function of frequency of the form »=%. 8 has been evaluated for the frequency pairs
408/820, 820/1420 and 408/1420 each data set being convolved to o = 3.5°, the
background components recorded in Section 3 also being subtracted, and the results
are shown in Fig. 9a. It is clear that whilst in some regidns there appears to be some
correlation between (5(408/820) and (3(820/1420) eg. a general uniform steepening,
in other regions there is little or no correlation. 5(408/1420) is obviously a weighted

average of the other two §-distributions, and shows less intrinsic variance.

In Figs. 9b, c and d the distributions of 3 are shown for the preferred region, plus
ten degrees either side since the second difference measurements sample from these
regions too. The mean value of 5 is seen to increase with frequency. Also, the width
of the distribution is a function of the ‘frequency thrc;w’, ie. 408/820, 820/1420.
Although it is unclear what the actual form of the distribution of 3 is with respect
to frequency throw in either case, or indeed whether the distribution changes signif-
icantly with frequency throw, extrapolation to higher frequency throws, specifically
for 1.42/10.46 GHz, yields o in the range 0.05 - 0.1. Such behaviour is to be

expected in a continuous acceleration model of CR electrons.

As remarked already, accurate prediction of the likely GSR contribution to CMB
measurements at high frequencies needs extrapolation of the lower frequency mea-
surements to the frequency (10 GHz) in question. This, in fact, requires a knowl-
edge of the actual S-values point-by-point for the Galactic range in question. The
importance of choosing the correct S-values should be obvious, since each second
difference measurement contains a contribution from three lines-of-sight, over which
B may vary significantly. It is completely unclear then, as to the precise values of
spectral indices to adopt in the extrapolation to higher frequencies, especially in

view of the structure seen in Fig. 9a

In view of the uncertainties we proceed by adopting a variety of procedures
in the hope that thereby the sensitivity to the assumptions will be apparent and
a best estimate will appear. It is appreciated that the effect of uncertainties in
the measured temperatures will give rise to corresponding errors, often enlarged,
in the derived AT 04sGH, values, and the predicted amplitudes will thus probably
be overestimates. Nevertheless, the general errors would not be expected to be too

large and furthermore these are offset (to an uncertain extent) by the intrinsic errors
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in the 10.46 GHz data itself.

1) Lower limit: since the structure seen in the distribution of 3(408/1420) is less
than for the other frequency pairs, then it seems reasonable that a lower limit
might be set on the 10 GHz fluctuations by extrapolating directly from 408
MHz adopting S derived point-by-point from the 408/1420 data. The second’
differences are then calculated and the results shown in Fig. 10b. (the datum,
observed second differences from Fig. 2a, is repeated again as Fig. 10a for
ease of comparison). This procedure gives a lower limit because the steepening
due to cosmic ray electron energy losses is expected to occur above 1420 MHz,

losses being very small at the corresponding lower energres.

ii) In the second case, a direct extrapolation is made from 1420 MHz using 3(820/1420),
the result is shown in Fig. 10c. The peak amplitude here is ~ 0.29 mK, some-
what higher than for the first case, and the dispersion of the points is greater.
These features lead us to believe that the 408 MHz data are of higher quality
than the 820 MHz results.

iii) Direct extrapolation from 408 MHz is made using ($(408/820), and the result
shown in Fig. 10d. The peak amplitude here is again ~ 0.40 mK. The disper-
sion in the points is larger still, an indication of the inferior nature of the 820

MHz survey.

iv) This time, it is acknowledged that there is a general steepening in the spectrum

(< B > increases with v) and that 3 changes somewhat with R.A.

The ‘final’ method then involves the following: an extrapolation is made from

408 MHz to 10.46 GHz using a spectral index given by

IB = ,6(408/1420) + A,gSteepening + AﬁRandom(Ae)

ABRandom(Af) is a random comporent selected by Monte Carlo techniques
from a gaussian distribution of dispersion o5 which has as its origin the spread
in B-values referred to previously. The value of A# is connected to the coher-
ence of cosmic ray effects in a given region of the sky: as we have seen, this
scale runs from 6° — 10° and cells of this scale are placed at random on the

sky. ABsteepening is the steepening in index expected between 1420 MHz and
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Figure 2.10: a) Observed second differences at 10.46 GHz. b) - d) extrapolations

using spectral indices calculated from frequency pairs from the higher frequency to
10.46 GHz.

10.46 GHz due to the increased energy losses of the CR electrons, its value

being determined as follows.

As remarked previously, the average spectral index of the GSR increases with
frequency as a consequence of the energy loss of the electrons. The evaluation
of the steepening relevant to GSR at high frequencies is somewhat difficult,
since this requires detailed knowledge of the electron spectrum in the region
under investigation over a range of energies, since electrons at a number of
energies contribute to the radiation at a given frequency. In addition, as the
energy of the electrons increases, the scale-height of the electron distribution
above the plane decreases, thus it is rather difficult to determine the appro-
priate value for the magnetic field strength as required to calculate the GSR
intensity, although it is likely that the effective value increases. The region of
interest is, however, close to the North Galactic Pole (NGP), and certainly at

high latitudes, so for the frequency in question - 10.46 GHz - the electrons pro-
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ducing the radiation are almost certainly local. As a first attempt to evaluate
A Bstecpening, consider the radio spectrum at the NGP, constructed from data
in Webber (1983) and from 5 GHz and 10 GHz measurements at Jodrell Bank
(as shown in Fig. 1la). Using the observed intensities, the spectral index
can be determined for pairs of frequencies as required. The curve denoted ‘b
~ 90° ’ in Fig. 11b shows the derived § values (relative to 408 MHz); at the
highest frequencies a value of ~ 3.05 is found.

As a second estimate of the spectral index behaviour, use is made of the locally
measured electron spectrum (see Giler, Wdowczyk & Wolfendale, 1978). Since
for a given frequency, most of the radiation arises from electrons of energy E,

where

v(MHz) = 16B,(4G)E?(GeV?)

(Webber, 1983), then combining the effective energy E. with spectral infor-
mation from the local electron spectrum for a choice of magnetic fields again
allows § to be evaluated. Values for the magnetic field of 1 4G and 6 4G have
been used here - this spread should account for for any possible variations (the
higher value was favoured for GSR in an analysis by Chi & Wolfendale, 1990).
Fig. 11b is then probably sufficiently accurate to give the very large scale
B -variations as a function of frequency and enable an estimate of ABsceepening
to be made above 1420 MHz. Also shown in the figure are the mean values
of 3 (408/820) and S (408/1420) (the low value for the 408, 820 MHz pair
may arise from the 820 MHz temperatures being overestimated, this would
account for the steep values between 820 and 1420 MHz as well). Additional
data are shown from fits to the GSR required by observations of the CMB
temperature at a number of frequencies. The data from Sironi et al. (1990)
at declination 46.5° shows good agreement with the calculations, lending sup-
port to the claims here. The points from de Amici et al. (1988), and Kogut
et al. (1990) are not in such good agreement, but the points are more relevant
to latitudes nearer the Galactic plane, where the spectral indices are unlikely

to be as steep.

For the frequency range 408/1420, the average measured value of § for the
quiet region is ~ 2.8, differing from the asymptotic value 3.05 by 0.25, This

then is the value adopted for AfBsicepening It is important to realise that this
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value is only likely to be appropriate for high latitude inter-arm regions, as is
the case here. In other, more active regions of the Galaxy, where there are
more supernovae and more continuous acceleration, § may remain rather flat,

~ 2.8 - 2.9, to quite high frequencies, and the steepening could certainly be

more gradual.
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Figure 2.11: a) the radio spectrum at the NGP; b) average spectral index as a
function of frequency - see text for details. )

1000 simulations were run, and the resulting AT-values at 10.46 GHz had
white noise added to them (rms amplitude 0.22mK) so as to more closely
simulate the experimental situation. Fig. i2 shows typical sets for the likely
extremes of ABRandom, that is, for o equal to 0.05 or 0.1. It will be noted

that the latter gives amplitudes which are too large; those for o of 0.05 are
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Figure 2.12: Simulations of second differences at 10.46 GHz for the region of in-
terest using ((408/1420) and allowing for steepening, a random component in the
spectrum, and instrumental noise.

acceptable, however. In particular, the root-mean-square of all the points
(1° separation) about zero for this set of results is 0.26 & 0.03mK, which is
consistent with the same quantity estimated by us for the Davies et al. data

of ~ 0.25mK.

2.5.4 Detailed comparison of observation and prediction

It has been shown that several different methods of predicting the AT distribution at
10.46 GHz give results rather similar to observation. The similarity extends to there
being usually only two or three peaks in the smoothed distribution — as observed —
and amplitudes of similar magnitude (~ 0.2 mK) The major difference is that the
major peak in the observed distribution is at R.A. =~ 220° whereas those predicted

are nearer 230°. Such an important result — which could mean that the 220° peak
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Figure 2.13: Examples of the effect on peak amplitude and position found by adding
noise to the simple extrapolation from 408 and 1420 MHz (4 from 1000 simulations).
The dashed line is the extrapolation without noise.

was of genuine cosmological origin — needs checking, and this has been done.

The effect of the instrumental noise on the location and amplitude of the pre-
dicted peak was ascertained in a simple manner, by adding such noise to the simple
extrapolation using (3(408/1420) in 1000 simulations. Some examples are given in

Fig. 13.

Fig. 14 is a plot of the major peak positions against peak amplitudes for the two
halves of the region of interest. It is clear that instrumental noise alone may shift

the peaks by ~ 4°, and affect the amplitudes by a factor of ~ 2.

The problem of deriving the probability of the observed second difference dis-
tribution (Fig. 2a) arising by chance is not a trivial one insofar as we are dealing
with @ posterior statistics. Instead, a random set of plots of the type shown in Fig.

12a were examined and several picked out that have sufficient similarity to arouse
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Figure 2.14: Plot depicting the peak amplitude against tlie peakj.position for the 1000
Monte Carlo simulations of the effect of instrumental noise on the extrapolations.

comment. A set of four chosen from 1000 is shown in Fig. 15. Bearing in mind
the large number of degrees of freedom inherent in a posteriori studies we conclude
that there is quite a strong likelihood that GSR fluctuations are responsible for the

results.

2.5.5 An Investigation of the 5.6° results

Having established that GSR fluctuations can explain the observed AT fluctuations
in the original experiment, attention is now turned to the newer results for the
modified system with FWHM 5.6° . This will be instructive since data are available
over a wider range of declinations, which will allow a more convincing determination

of both the role of GSR in the observations, and the influence of instrumental noise.

Returning to the analysis, the rms values of < AT? >3= o, divided by the bright-
ness temperature (represented as o,/T) are plotted in Fig. 16 as a function of fre-
quency. This graph reflects mainly the decrease with increasing frequency of the
relative contribution of the GSR to the total radio flux. The upper curve repre-
sents the extrapolation to higher frequency assuming power law spectra as derived
for each position from the two frequencies 408 and 1420 MHz. The lower curve
allows for a steepening of the spectra at higher.Afrequency as considered in detail
above. The expected range of CMB anisotropy for a CDM type model with pri-

mordial spectral index n = 1 (both adiabatic and isocurvature models) is indicated



COALN 1LV &, GCALAUVCLIC DY NOCARULIIAUIN BRADIALTIOIN AND 1408 CIB 31

* I o I e S —
8 g(xux;ulnted) + Doise, 0,=0.05 — 8 ﬁ(sxmnlntad) + ndnsa 0,=0.05
* 30" aea=350" ¢ 6 = 40°, v...,-:léo
- - . . - 4
w L]
s 5
a £ .
- .
s _ E . .
§ -4 r o — H -4
@ @
-8 - -8
-8 — -8
-1 ! " 1 L ] -1 ! | )
220 200 180 240 220 2
RA (deg) RA(deg)
A ] [ ! 8 | o i
8 ,‘!(nmu.lated) + nnue. ,=0.05 — 8 ﬁ(nmulntcd) + Doise, =005
6 = 40°, o =3.50° . 5 = 40°, a.__aa 50°
o A - _ 4
n
7 n
$ §
8 g
E 3. * )
5 -
-8 =1 -8
-8 - -8
-1 ! L al -1 t : | . i
240 220 200 180 240 220 200
RA(deg) RA(deg)

Figure 2.15: Four Monte Carlo results, of the type shown in Fig. 12a, which bear a
similarity to the observed second difference results.

by the two horizontal lines. The range shown allows for a small increase in the
standard normalisation amplitude as may be required by recent measures of large-
scale structure in the universe, and as is discussed in detail in Chapter 6 where the
appropriate calculations leading to the indicated values may be found (the small

frequency dependence is accounted for in the range).

The actual fuctuation values are o = 0.42 K and 0.020 K for 408 MHz and 1420
MHz respectively. The average GSR brightness temperature over the considered
part of the sky are 13.7K and 0.41K , correspondingly, which result in relative
GSR fluctuations of about 3.1 % at 408 MHz and 4.9% at 1420 MHz. Taking the
rms temperature (AT) variation as a measure of GSR ﬂuctua’tions shows a strong
increase of their relative values with frequency (12.4% and 13.9% respectively).
This conclusion is also true for other parts of tl_ié Galaxy and provides interesting

information about the propagation of cosmic ray electrons, in particular, about

the manner in which the propagation characteristics depend on energy (basically
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Figure 2.16: Predicted GSR anisotropy vs. frequency. The values relate to the rms
second differences divided by T = 2.7K , and arise from an extrapolation of the
measured T4os and Ti420 maps. Also shown are upper limits from the Jodrell-IAC
experiments.

it suggests that whilst there is a trend towards a steepening spectral index, the
rate at which the turn over occurs varies with position in the Galaxy. This is also
indicated by the increasing spread in spectral indices with frequency as has already

been noted).

The situation with respect to the observations at 10.46 GiIz is not completely
clear. The original Davies et al. (1987) observations (with FWHM 8.2° rather
than the later 5.6°) gave prima facie evidence _fbr fluctuations at a level o,/T ~
3.7x1075 but Rebolo et al. (1989) quote 95% upper limits in the range (4-8)x 1075,

Both are plotted in the figure although in fact the former should be increased in
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magnitude to correspond to the smaller FWHM considered in this section. The
actual values plotted in the figure are scaled by an amount appropriate to the fact
that the quoted limits correspond to C,(0) for a gaussian autocorrelation function,
whereas the values required correspond to the rms second difference. For a double

subtraction experiment, this is given by,

o = 20(0) - 2C(6) + %C(20b)

so the scaling factors are 0.96 for 5.6° , and 0.80 for 8.2° . Also shown is a new limit
at 15 GHz, again using the 5.6° equipment. It is apparent that the predicted level

of fluctuations due to GSR 1s similar to that observed. -

Fig. 17 represents the observed AT, profiles (averaged over 10° in right ascension
to minimize experimental noise, as described in Watson, 1989) and those predicted
from GSR for the various declinations. The predictions are made using a simple
extrapolation of the GSR spectra from 408 MHz to 1420 MHz onward to 10.46 GHz
without an increase in slope. In fact, the slope will increase, on average, as discussed
above, and as allowed for in Fig. 16, but the result of this effect alone is to simply

scale down the predicted amplitude slightly.

Inspection of Fig. 17 shows no obvious correlations between observation and
prediction. The figure indicates that displacements between the observed and pre-
dicted second difference peaks of 5° - 10° are not uncommon. That there should
be some differences is to be expected because of the undoubted fact that there is
curvature in the radio spectrum of a magnitude that depends on position in the sky.
This was taken into account in our simulations for the 8.2° experiment, but only on

a statistical basis.

As the AT, profiles, extrapolated to 10.46 GHz using information about 408 and
1420 MHz intensities only, do not correlate with the measurements, we have next
used the 820 MHz data to attempt to improve our predictions at 10.46 GHz. Fig.
18 shows the expected profiles from extrapolations from pairs of frequencies for the
408, 820 and 1420 MHz data. However the new} AT, profiles do not show better
agreement with the observations. If our predictions are not far from being correct
then the discrepancies must be due to experimental errors. The absence of correla-

tions between scans from neighbouring declinations separated by 2.5° suggests that
















































Chapter 3

Galactic Dust Emission

3.1 Introduction

It is important to extend measurements of the CMB to frequencies upwards of a
few tens of GHz in order to continue to verify- the blackbody nature of the spec-
trum. Measurements of the CMB spectrum near the peak of the Planck curve at
~ 160 GHz are of particular interest since it contains most of the photon energy
in the universe. Furthermore, it is necessary to verify the existence or otherwise of
distortions representing energetic physical processes in the early universe. At such
frequencies, however, measurements become increasingly difficult very rapidly as a
result of a combination of factors, including the decrease in antenna temperature
of the CMB and increasing problems with emission from the apparatus (essentially
a blackbody at ~ 300K ). Atmospheric effects are also a problem, as a result the
apparatus is usually established at high dry sites such as the South Pole, or car-
ried above the atmosphere by balloon or rocket. At frequencies below ~ 90 GHz,
the well established technology of heterodyne receivers employed in the more tradi-
tional radio region can still be utilised, and many of the more sensitive results have
been achieved with such apparatus. For frequencies above 90 GHz, new receiver
technology - that of bolometric photometers — have been employed, but whilst the
detectors are more sensitive in principle, they are less well developed thus far. Some
of the more interesting results of recent years have appeared at high frequencies. In
1988, Matsumoto et al. reported evidence for an excess of flux bevond the blackbody
peak. Whilst the observed sky flux fell with frequency, it did not do so as rapidly as
expected for a blackbody. Such a result suggested the possibility of spectral mod-

69
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ification by Compton scattering of the CMB photons from hot electrons, or as a
consequence of the re-radiation of starlight from exotic massive stars forming early
in the universe’s history by dust. Such a result aroused considerable interest and
theoretical speculation; however, later investigation found problems with the data,
and the COBE FIRAS instrument ruled out such a large distortion when it con-
firmed the blackbody nature of the spectrum to better than 1% over a large range

in frequency.

Of more relevance to this thesis, anisotropy measurements have also moved to
higher frequencies, where the maximum level of anisotropy flux is expected. Be-
yond 30 GHz, the contribution from Galactic Synchrotron Radiation is expected
to fall considerably, and to be of little importance as afforegrou'nd at a level much
above AT/T =~ 10~ (see Chapter 2). However, at the freduéncies in question a
new problem arises from the foreground emission from dust in the Galaxy, which
is present even at the highest latitudes. Indeed, some of the first evidence for dust
emission at high latitudes, and for structure in it, came from attempts to measure
CMB anisotropies at high frequencies (Melchiorri et al. , 1981; de Bernardis et al. ,
1984). As is the case with GSR, structure in the dust emission may give rise to
features which can mimic genuine cosmological anisotropy signals, so it is impor-
tant to analyse this possibility in some detail. Furthermore, since the contribution
from the dust is still rising as the CMB intensity begins to fall, accurate models
of the dust emission are also important for spectral measurements. Wright (1991)
has demonstrated the necessity for adequate foreground modelling if COBE is to
detect spectral distortions corresponding to a Thompson parameter of y = 0.0001.
De Bernardis et al. (1988) have shown how the diffuse Galactic emission can give
rise to a spurious dipole anisotropy. Recent measurements of CMB anisotropies in
the frequency range upwards of 30 GHz have found great problems with the sub-
traction of the Galactic emission. Furthermore, although Mever et al. (1991) find
clear evidence for anisotropy in their data at 170 GHz at the 1 - 3 x 107° level,
their extrapolations of the IRAS 100 um data with a spectrum observed by them
for a plane crossing at 1 = 42° yields fluctuations at a similar level. Confirmation or
otherwise of the cosmological nature of this anisotropy will depend on measurements

at other frequencies and accurate foreground subtraction.

In the present chapter we concentrate on Galactic dust insofar as our main
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concern is to estimate the effect on scales of several degrees. The objective is to
estimate the overall radiation spectrum at high Galactic latitudes at the frequencies
in question and to go on to estimate the magnitude of the anisotropy in this radiation

field which cannot yet be predicted and therefore subtracted.

Since Galactic dust emission provides the large-scale foreground at frequencies
beyond the CMB blackbody peak, in principle, the IRAS data should be of consider-
able value. Comprehensive maps are available at 60 and 100 yum which enable much
of the dust to be mapped. In particular, maps are available binned to 0.5 ° resolution
with zodiacal light subtraction as in Rowan-Robinson et al. (1990). These have been
synthesised from HCONs 1, 2 and 3, the binning procedure allowing any gaps in
the coverage to be smoothed over (the 100 um maps in f:.his chapter have been gen-
erated from software kindly provided by Prof Rowa.n—R(;binso'n,' and all calculations
will make use of these). The problem then resolves itself into answering the ques-
tion: how accurately can the IRAS (and other) data be used to predict the high
latitude radiation field in the 30 - 100 GHz region? The presence of the FIR ‘cirrus’
at high latitudes, a discovery of IRAS, and the possibility of the existence of grains
with unusual dielectric properties and complex emissivities indicates immediately

that the problem is not a trivial one.

We start by reviewing the properties of dust in various environments, and the

nature of the overall Galactic foreground.

3.2 Dust-grain properties in the Galaxy

In the IR part of the spectrum, we consider that dust radiates as a greybody, that
is, its spectrum is that of a blackbody at temperature T4 modified by a frequency-
dependent emissivity Q,, conventionally represented as Kv®. The determination of
the exact nature of Q, (such as the possible dependence of a on frequency) requires
knowledge of the composition and structure (both atomic and geometric) of the
grain, so that its dielectric properties can be calculated satiéfying the Kramers-
Kronig dispersion relations. Once Q, is calculated, then it is a simple matter to
derive the equilibrium temperature T4 in an interstellar radiation field of energy

density u,, since in the ‘steady-state’ grain heating by photon absorption can be
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equated to cooling by photon emission,

c/om u, Q,dv = 4r /Ooo B.[T4] Q. dv,

where B,[T4] is the Planck function at temperature T4. In practice, we can write
the ISRF as the sum of several dilute blackbodies, each with its’ own characteristic
temperature and dilution factor, plus a UV contribution from early-type stars which
dominates in the region 912 - 25004 (Mathis, Mezger & Panagia, 1983). Since a
mixture of grain types is present, the FIR radiation due to dust must be evaluated
by first determining the temperature Tq which each grain species acquires through
radiative balance with the ISRF.

Table 3.1: Theoretical and laboratory determinations of grain properties. Labora-
tory measures in references 3, 5 and 6, the remainder are theoretical calculations
constrained by observations

Material a Reference Comments
Amorphous Carbon 1.0-1.7 1
2 frequency dependence for a: 1.0 for A = 5. 200 um ,

stecepening further towards 2.0 beyond 1000 um .
3

Graphitic Carbon 2.0 1
2 for long wavelength responase.
Fused Quartz 1.8 4
1.0-1.8 5 Spectra depend on grain size a: a = 400A. 1.8 ym ,
Qu x v2 as for bulk material; a below 400Aa falls
finally to ~ 1.0 for a ~ 60 - TOA.
Amorphous Silicates 1.2-1.5 1
8 for A = 100 - 300 um , 2 compounds showed a = 1.25
and 1.5 respectively.
Crystalline Silicates T 19-22 1
4
Silicate core/iron mantle 2.2-35% 4

References: 1 - Tielens & Allamandola (1987); 2 - Martin & Rogers (1987); 3 - Koike et
al. (1980); 4 - Aannestad (1975); 5 - Koike et al. (1987); 6 - Day (1976).

Table 1 summarises the situation for a variety of grain compositions. Calculations
(Seki & Yamamoto, 1980) and laboratory experiments (Koike et al. , 1987) also
suggest that the observed spectral properties of the dust grains will be a function of
grain size. Seki & Yamamoto (1980) have calculated that, for amorphous silicates,
larger grains demonstrate a v? dependence whilst smaller grains show less steep
spectra, whilst for a fixed grain size, @ changes from 2 to 1 as frequency decreases

(though this cannot be true to arbitrarily low v from elementary Kramers-Kronig
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considerations) with the critical frequency at which the slope changes increasing with
decreasing grain size. For the smallest grains, quantum effects become important,
and the grains do not achieve an equilibrium temperature, instead being transiently
heated to very high temperatures (their contribution to the diffuse Galactic emission
has been evaluated by Draine & Anderson, 1985). The presence of such smaﬂ grains
- is required to explain the excess emission seen at 12 and 25um (and to a lesser
extent at 60 um ) by the IRAS satellite. The presence of a distribution of grain sizes
and compositions obviously leads to a complex frequency dependence for the dust

emission.

The observed spectral emission of a source can be used to attempt to evaluate
grain temperatures, cloud masses and the dust/ ga.s ratio, and to impose constraints
on the grain composition by the derivation of the spectral index of FIR emuissivity.
In this situation, @ and T4 must be fitted together to the continuum emission, since
varying o affects the spectrum significantly. Considerable variation in the observed
spectra among sources is expected as a consequence of the variability of the grain
composition and hence spectral properties of the grain, and the variation in the ra-
diation fields heating the dust from source-to-source. Table 2 indicates the observed
dust parameters for a variety of sources in the Galaxy. The great range of observed
values of « is indicated in Fig. 1. In a recent review, Helou (1989) also derived « for
a number of external galaxies (Fig. 2). With FIR flux uncertainties of the order
of 30 %. he claims that the problem of evaluating « , T4 is quite severe, and that
therefore there is no evidence for a varying with v, or that it lies outside the range
1 - 2. Fig. 1 demonstrates the considerable range of a -values which have been
observed however, and which will complicate any large-scale modelling of Galactic

emission if they are genuine.
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Table 3.2: Dust parameters in the Galaxy inferred from observations. In all cases
a and T4 are determined by empirically fitting a modified blackbody spectrum to
the data.

Source @ - Tgq A Reference Comments
Dust forming stars 1.0 ITSK 50 . 1000 ym Campbell et al. (1976) 1
1.0 (assumed) 250K 35 - 175 um Harvey et al. (1978) 2
1.0 12, 28, 60, 100 ym Rowan-Robinson et al. (1988) 3
Galactic centre 1.0 80K (1pc) - 30, 50, 100 um Gatley et al. (1977) 4
50K (10pe)
M42, OMC-1 1.2 1300 ym 4+ other data Gordon (1987)
3 compact dust 1.8 - 2.0
complexes
Compact HII sources 1.75 £ 0.2 long A 0.35, 0.8, 1.1, 3.3mm Gear et al. (1988) H
0.80 £ .15 short ) [
1.0 FIR Tokunaga et al. (1978) 7
30 HII regions > ~ 26K 1.3mm Chini et al. (1986a)
12 star forming regions 2.0+ .4 . 350, 1300 um | Chini et al. (1986b)
Molecular clouds 2.2.28 mm wnvelength_s. . Schw:uu (1982) 8
1.0 43K 62 . 400 ym Schwartz et al. (1983) 9
1.0 49K 50 um - lmm Richardson et al. (1985) 10
(central cloud)
Kleinmanan-Low nebula 1.0 (A > 150 um ) 85K 100 - 500 um Pipher et al. (1978)
Large-scale Galactic 1.8%.2 17 £2K 200, 400, 620, 3000 um de Bernardis et al. (1984) 11
FIR emission 2.0 28K 227, 323, 1250 um Halpern et al. (1988) 12
2.0 22.1 £.7K 0.44, 0.83, 1.1, 1.8mm Page et al. (1990) 13
~ 1.5 2.5um - lem Hauser et al. (1991) 14

Comments:

1 - Observation of IRC 19218, Errors in flux ~ 30%. Dust emission from molecular cloud heated by compact source at core.

2 - Observations of n Carinae. Q, « v considered most likely from previous observations.

3 . IRAS observations of circumstellar dust shells around late-type stars.Grains likely to have amorphous structure. Some sources
have excess 100 um emission due to a dust-shell or Oort cometary cloud?

4 - Peak of brightness distribution coincides with Sgr A West.

5 - Excess at long A, possibly due to a new cool/cold dust component not associated with dust seen at higher frequencies.

6 - Excess at short A: small grain component.

7 - Observations of S148IR. Good fit to spectrum assuming Qp x v.

8 - Observations of NGC 2264, 5140, NGC 6334N. a > 2 implies the presence of silicate core grains with thin ice mantles.

9 - FIR and sub.mm mapping of S140IRS. Beyond 400 um a approaches 2.

10 - Detailed structure ¢vident in cloud.

11 . Clear evidence for structure in the Galactic emission at high latitudes.

12 - Considerable structure in Galactic emission. Evidence for an excess at v < 18cm™! in the region b = 20° , 40° <[ < 120°,
possibly indicating the presence of a cold dust component with parameters a = 1.1, Ty = 6K .

13 - Structure in the Galsctic plane emission at | = 42° for v < 15 cm™1 suggesting the presence of a cold dust component

(Tg ~ 4K ).
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14 - Galactic emission greater than expected for Qu ~ v2, a ~ 1.§ gives a reasonable fit to preliminary data. Evidence of discrep-
ancies with [RAS data. DIRBE resuits towards the South ecliptic pole substaatially fainter than the IRAS results at 60, 100 um .

More detailed investigation shows errors in the zero point calibration resulting in large overestimates of 100 um fluxes in faint regions.

A more detailed approach to the problem of the total Galactic emission has been
made by Rowan-Robinson (1990, 1986) who has developed a model consisting of
multiple grain types of discrete sizes, each with its own emissivity characteristic of
their composition. When a suitable model of the ISRF is adopted (see, eg., Mathis,
Mezger & Panagia, 1983) which allows for variation in the heating within the Galaxy,
such a procedure provides an excellent fit to high frequency data both in the plane
and at high latitudes. An alternative approach is to assume a mixture of grain types
with a power law distribution of sizes f(a) oc a=35 for 0.005 < a < 0.25 pm (Mathis,
Rumpl & Nordsieck, 1977). In both cases, the effect of small grains is required to
explain the 12, 25 and part of the 60 um IRAS fluxes.

L INOEX OF QUST EMISSIVITY 4
DERIVED FROM GALACTIC OBSERVATIONS
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Figure 3.1: Observed emissivity exponents for Galactic objects, plotted against the
frequencies of observation from which they were derived.
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Figure 3.2: As figure 1, for external galaxes, derived from the review by Helou
(1989).

3.3 Nature of the Galactic Foreground

Diffuse emission from interstellar dust contributes from 10 - 30% of the radiative
output of the Galaxy. The integrated spectral energy distribution shows two peaks -
one at ~ 100 um corresponding to grain temperatures T4 in the range 15- 40K , and
a secondary peak near 10 um indicating a component with Tgq ~ 200 - 300K (see
Fig. 3). Detailed interpretation of the emission requires knowledge of the dust
characteristics, spatial geometry of the dust and sources of energy input, and the
correlation between the dust and sources. However, the FIR peak seems consistent
with thermal emission from grains in equilibrium with the Interstellar Radiation
Field (ISRF), the mid-infrared excess arising from small particles undergoing non-
equilibrium transient heating by absorption of individual energetic photons. The
overall spatial structure of the Galactic IR emission shows a number of strong peaks,
all of which seem to be associated with bright GMC/HII complexes, spiral arms or
the Galactic Centre, superimposed upon a continuous ridge. This diffuse emission

component can be well described by a multi-component dust model, in which a warm

component of dust, Tg ~ 30K , heated by OB stars dominates the 100 um emission
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(Cox & Mezger, 1987, their Fig. 2; see also Broadbent et al. , 1989) in the plane; at
high latitudes the dust being heated by the general ISRF.
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Figure 3.3: Integrated spectral energy distribution for the Galaxy. Derived from
Cox & Mezger (1988).

One of the major discoveries of the IRAS mission was the large-scale filamentary
emission at 60 and 100 um arising not only in the Galactic disk, but also in regions of
intermediate and high latitude. Indeed, Hauser et al. (1984) found that the Galaxy
made an unexpectedly large contribution to the 100 um brightness and showed direct
evidence for smooth Galactic emission for |b| > 30° , superimposed upon which
Low et al. (1984) detected extended sources of FIR emission — the so-called ‘cirrus’
referred to already. The cirrus may also be associated with molecular clouds, from
which emission is also seen in CO (Blitz, Magnani & Mundy, 1984; Weiland et al. ,
1984). The average brightness at 100 um is in good agreement with predictions based
on classical dust models, but emission at 12 um and 25 um requires the presence of
small grains and/or large molecules such as polyaromatic hydrocarbons (PAHs)
as proposed by Leger & d' Hendecourt (1988): The fact that the small grains
are thought to also contribute to the 60 um flux means that the commonly used
technique of determining dust temperatures from the 60 um and 100 um intensities

1s inaccurate. A systematic study of the emission has been carried out by Boulanger
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& Pérault (1988) who find that away from molecular clouds and heating sources there
is generally a good correlation between 100 um emission and HI column density (this
also being the case for the other IRAS wavelengths), and that on scales of ~ 100
pc the ISRF and dust abundance are roughly uniform. The emission also follows a
cosec b law for | b | > 10° up to the poles provided a large enough bin in longitude
is selected. However, there is still some scatter in this distribution corresponding
to variations in the IR emission per H atom by a factor of ~ 3 from one field to
another. The greatest variations occur in the vicinity of OB stars, lower variations
in the direction of the anti-centre: this behaviour is undoubtedly due to changes
in the ISRF. The cosec b law is also found to overestimate the values of the pole
emission, eg. in their version of the 100 yum data with zodiacal light subtraction the
cosecant fit implies at the north Galactic pole an intensity 6?1.7:&: 0.4 MJy sr!
compared to the observed flux of 1.1 +£ 0.5 MJy sr~!. A more recent study by
Rowan-Robinson et al. (1991) uses a physical model to subtract the zodiacal light
background from the IRAS data rather than the empirical fit attempted in Boulanger
& Pérault, and thus should give better résults as it accounts for variations in the
scan profile during observation (this, as mentioned previously, is the data employed
in this chapter). Detailed maps of both 100 um emission and HI column density
are presented. which largely confirm the results of Boulanger & Pérault, and in
particular, a good linear relationship is found between the FIR emission and HI
distribution. In particular, over 90% of the sky there is good agreement with the
relationship derived in Boulanger & Pérault, (100 um )[MJy sr~!] = 0.85 x 107%
N(HI)[cm™?], which holds to about 30%. A similar cosecant slope has been derived
for b > 30° in bins 55° length along bands in longitude, and the result of the fit is that
the intensity at the north Galactic pole is again overestimated, by ~ 30%. The maps
reveal that 100 um emission is present over virtually all of the sky, but that there are
two substantial areas with low 100 um column densities centred at (1,b) = (160°,
53° ) and (83° . 75° ). These may be of use in searches for fluctuations in the CMB
(as well as for galaxy counts etc. where low extinction is desirable). Fig. 4 shows
the 100 um skyv in Galactic coordinates. There are several large loops and filaments
present, which can also be traced on HI maps (see Heiles, 1975; Heiles & Jenkins,
1976). Amongst such features is the north polar spur at 1 = 30° extending up to b =
30° and faintly to higher latitudes. Individual bright sources include the LMC, SMC,
M31 and M33. More details can be found in Rowan-Robinson et al. (1991), and a
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table of extended sources in Boulanger & Pérault. For comparison, Fig. 5 shows
the HI map for declinations above -40° from Stark et al. (1991) from observations
made with the Bell Labs antenna of FWHM ~ 2° . Considerable structure can be
seen at the highest latitudes in the 100 ym map. This is. the IR cirrus which may
be associated with high latitude molecular clouds, which can also be seen in the
map. Désert, Bazell & Boulanger (1988) found that IR-excess clouds have a typical
diameter of order 3pc and are found at a mean distance of 100pc, corresponding to
an angular scale of ~ 1° . Such clouds have a range of intensities, comparable to or
a few times that of the diffuse foreground over these restricted angles. For example,
Weiland et al. (1986) found evidence for a large loop-like structure near the North
ecliptic pole with an intensity about 1.8 times that of the diffuse foreground and

with an angular scale of 1° (the topic of molecular clouds will'be returned to later).

In Fig. 6, a number of measures of the emission at the Galactic poles are given,
together with the CMB spectrum for reference. Some of the most accurate measures
of the Galactic foreground and of anisotropies at the frequencies under consideration
have been made by Lubin, Meinhold & Chingcuanco (1990) (to be referred to as
LMC) at the South Pole on an angular scale of ~ 1° . They have found that the
total emission reaches a minimum in the range 30 - 100 GHz. Measurements at
other frequencies are shown also in Fig. 6. The points at 24.5 and 37 GHz obviously
contain some contribution from GSR, so a single component dust model will not fit
the data at these points. LMC also quote a correlation between their 90 GHz data
and the IRAS 100 pm data such that the signal at 90 GHz is 10 uK per MJysr~! at
100 pm (although a more recent publication - Meinhold & Lubin, 1991 - claims that
calibrating to a Galactic plane crossing gives a correlation 17 — 18 uK per MJysr™!,
although this may be due to thermal bremsstrahlung emission as well as dust).
Purely as an empirical description of the observations at long wavelengths, we shall
follow what seems to be standard practice as far as modelling a dust background to
CMB measures are concerned, and fit the data with a single dust component in the
FIR region (A > 100 um ) with constant emissivity down to 90 GHz (rather than
pursuing a theoretical model since many parameters such as the long wavelength
behaviour of dust grains are uncertain). If « between 1 and 2, then Ty lies between

~ 22K and ~ 13.6 K .

Considering the Lubin, Meinhold & Chingcuanco data at the pole in some detail,
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then if we assume that all of the 24.5 GHz signal is due to synchrotron radiation
(which almost certainly is not the case), the extrapolation of the SGP antenna
temperature at 408 MHz requires a spectral index 8 (T, « v~#) of 2.72, which will
only explain about 60% of the 37 GHz signal. The residual is clearly indicative of an
excess above the assumed dust extrapolation at low frequencies - the low frequency
data would be better fitted by a three comi)onent model: synchrotron radiation with
a spectral index slightly steeper than that derived here, a warm dust component
with « in the range 1 - 1.5 (to fit the higher frequency data), and an additional cold
dust component. Alternatively, the two dust components might be replaced by a
single one with emissivity varying smoothly from 2 to 1 at longer wavelengths. It is
interesting to note that the derived spectral index g for.the syﬁéhrotron component
is significantly flatter than the typical values used in Chapter 2 t‘o explain the Davies
et al. (1987) result. However, local variations are also expected for the synchrotron
emission, and the Davies et al. region was identified as a quiet region where § could
certainly steepen towards the asymptotic value of ~ 3 (from II), so there is no
contradiction. There is also the possibility that the index is flat due to the presence
of some thermal emission. Although at high latitudes the contribution is expected to
be small, the low frequency surveys are not sensitive enough to detect the emission,
so there may be some present. Additionally, since the data are calculated from
cosecant fits to the large-scale anisotropy maps, some thermal emission nearer the
plane may affect the overall extrapolation to the pole. As with other published data,
one must ensure that the use of additional maps from other sources to help spectral
analysis is consistent with the data by convolving to the appropriate FWHM and

averaging the maps in the same way as the data.

The best fit to all the data is given by 2 dust components with parameters
a =1, Tqg =22.1K and a =1, Tq =4 K , and by a synchrotron component extrapo-
lated from the 108 MHz survey with spectral index § of 2.75. This is very flat, as
mentioned above, and may result from the cosec b fit to the data and extrapolation
to the pole. This will undoubtedly overestimate the polar flux since the Galactic
plane data will flatten the predicted spectrum. In future calculations, the cold dust
component is dropped and indeed, fitting by eye to the data in Fig. 6 we find a =

1, T4 = 22.1K to be an excellent fit, as shown in the figure.

Other measurements have been made away from the pole and extrapolations
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Figure 3.6: Derived Galactic emission at b=90° from different sources. Points
marked by circles: de Bernardis et al. (1984); squares: Halpern et al. (1988); di-
amonds: Lubin et al (1990). IRAS points at 100um : point with errors from
Boulanger & Pérault (1988); open square from Rowan-Robinson et al. (1990).

made again utilising the (oversimplified) cosec b law to give the points as shown
(which may be overestimates as in Boulanger & Pérault) Only the IRAS point at
100 um denoted by the square box is an absolute measure of the intensity, and comes
from the IRAS data with a zodiacal light best fit removed, as in Rowan-Robinson et
al. (1990, 1991); all other points being extrapolations from lower latitude data. In
particular, the point at 100 um denoted IRAS is from Boulanger & Pérault (1988):
[(100 ym ) = 1.1 £ 0.5 MJysr~! (consistent with the Rowan-Robinson et al. figure
of 0.8 MJysr™!). The best cosecant fit for b > 20° would give a somewhat higher
value. The other sets of data points from de Bernardis et al. (1984) and from
Halpern et al (1988), should not be contrasted directly since the FWHM of the
experimental beams are different: 5.6° and 17° respectively. The agreement of the
a =1, Ty = 28K curve with the IRAS point is purely fortuitous. The extrapolated
emission could depend quite sensitively on the FWHM of the experiment and on
the latitude and longitude in view of the presence of variations in the dust/gas ratio
from place-to-place and that of the ISRF (large scale variations in the dust/gas

ratio in the Galaxy and for other galaxies have been discussed by Issa et al. , 1990).
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Such variations will be crucial to the success or otherwise of the searches for genuine
CMB fluctuations in the 30 - 100 GHz region. Fig. 7 shows the calculated dust/gas
ratio derived from the 100 um and HI maps in 2° pixels. The maps appear quite
smooth, but there are variations from region to region indicating variations in the
ISRF affecting the dust temperature. There will also be a contribution due to dust

associated with H,.

There is in fact also evidence for a longitude dependence; Halpern et al. (1988)
found that their prediction of the Galactic emission was significantly improved by
the inclusion of a cos* (1/2) dependence in their model. The de Bernardis et al. result
suggests that in the region 140° <1< 180° , the Galactic emission can be described
by a near uniform distribution of dust together with a patchy distribution corre-
sponding to ~ 4 cirrus clouds per square degree. Finally, the Halpern et al. points for
v < 500 GHz taken together indicate excess emission, which might be attributable
to a cold dust component (the slope probably being too flat to arise from a change

ina).

Evidence for cold dust, or at least regions of remarkably low « , is borne out by
observations of specific dust complexes and particular regions away from the Galactic
plane, as we discuss below. Whatever the cause, in fact, there is often an excess at
low frequencies such that the spectrum is quite complicated - its shape depending on
the frequency of observation. Fig. 8 presents data from three sets of measurements,
which we have normalised so that the best fit curves claimed by the authors give a
flux of 1 in arbitrary units at 100 um . The Halpern et al. experiment was designed
to measure large angular scale variations in the CMB temperature, but found that
thermal emission from dust was easily seen. In particular, there is evidence that
the Galactic plane is broader at 1 mm. than at shorter wavelengths, and that a low
surface brightness extended object is seen in the low frequency map at b = 20°,
40° <1< 110° . This object was also seen by Cottingham (1987) at 19 GHz, and
coupled with limits from the 240 GHz map, the object is seen to have an emissivity
proportional to »!'! and a temperature Tqg < 6 K , if adoption of}a single temperature
is correct. Fig. 8 shows the best fit Tq = 28K , a = 1 spectrum for the high
frequency points, the large-dashed line indicating the spectrum if the cold component
is included. The Page et al. (1990) experiment has a much smaller beamwidth of 25’

FWHM, but also finds evidence for excess emission in its scan across the Galaxy at |
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= 42° . The best fit curve has grain temperature 22.1 £ 0.7 K with a v2-dependence
for the emissivity which provides a very good fit to the data above 450 GHz. Below
this frequency, there is excess emission which might signify a change in Q, , or may
indicate the presence of another dust component. Such a’component would have a
temperature < 4 K for a v? emissivity. Free-free emission cannot explain this excess.
The final points on the plot are from Andreani et al. (1991 - paper I) and represent
observations of various clouds and cloud complexes. Fitting curves to the highest
frequency data they find @ = 2 and T in the range 22 - 24K , thus the points may
be compared favorably to the solid curve with T4 of 22.1K and o of 2 (all of the

experimental points being scaled according to the actual best fit curve for the cloud
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Figure 3.8: Dust spectra with best fitting curves (solid lines) from observations of dif-
ferent regions of the Galaxy. All points are normalised so that the 100 um intensity
is one in arbitrary units for all curves. There is evidence for cold dust at low fre-
quencies. See text for details of dashed lines.

It is clear that in some directions there are considerable excesses at low frequen-
cies, although the Andreani et al. data are for observations near the plane where
the ISRF is higher which would explain some of the excess. The existence of a cold
dust component, as opposed to a low value of « , whilst not conclusively demon-

strated, cannot be considered too unlikely from an energetics point-of-view. Large
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(= 0.1 um ) silicates or needle-shaped grains can attain a sufficiently low equilib-
rium temperature (Wright, 1981; Wright & Hawkins 1988), whilst non-spherical
grains could show a frequency dependent emissivity (Wright, 1987). Hoyle & Wick-
ramasinghe (1988) have proposed the existence of needle-shaped iron ejecta from
supernovae — these would have a low equilibrium teinferature and a blackbody
emissivity (ie, @ = 0). It should also be noted that recent observations of a cirrus
cloud at 1 = 120° , b = 20° by Myerdierk, Brouillet & Mebold (1990) show that
whilst most of the cloud has a kinetic temperature of ~ 21 K as would be expected,
associated with the centre of the cloud is a clump of high molecular abundance
with a temperature of only ~ 7K . Larger clumps of such material may well ac-
count for the low frequency excess in the IR emission, the low temperatures arising
from paucity of heating by the interstellar radiation field as a ‘éonsequence of dust

shielding in the outer layers of the cloud.

There is no doubt that the nature of the Galactic emission is complex, resulting
from a multicomponent grain medium, the likelihood of a variable dust/gas ratio
and variable ISRF, which could cause considerable variation in both the derived
T4 and a for an empirically fitted curve. Nevertheless, a datum level is needed
and for this we take the LMC spectrum of Fig. 6 (although we keep in mind
that this may not apply over the whole Galaxy). For comparison, Fig. 9 shows
the data again. together with a single component empirical fit reported in Wright
(1991) but attributed to Lubin, and also the physically realistic model of Rowan-
Robinson (1990 - scaled to fit the data at high frequencies). The latter two models
seriously underpredict the intensities for v < 450 GHz. The Rowan-Robinson model
provides an excellent fit above this frequency, however, and since the emissivity is not
well known below 100 um , the excess may be explicable extending the frequency
range for which a Q, x v type emissivity holds (especially for the 0.1 pm grains
considered). Otherwise, the poor fit could be considered further evidence of another

dust component.
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3.4 Fluctuations in the Foreground
3.4.1 Statement of the problem

We now turn to the likely level of fluctuations to be expected in high latitude CMB
observations due to Galactic emission. Such fluctuations are, of course, variations in
the dust emission with longitude due to variations in the ISRF. The problem is to
extrapolate the variations in the IRAS 100 um data down to 90 GHz and below. Such
extrapolation requires knowledge of the dust spectrum at these frequencies, largely
unknown at present. The amplitude of the extrapolated intensity will depend on
the spectrum adopted at any point, which may vary with the ISRF etc. If cold dust
is present too which is not well correlated with the IRAS dust,{t_hen use of the IRAS
data will be inaccurate. Obviously, the fluctuations will be strongly frequency-
dependent compared to genuine CMB anisotropies for which AT/T is essentially
frequency-independent. Before continuing we note that it is not the thermodynamic
temperature which is measured, but rather the antenna temperature T, of the horn
apparatus used for the observations. This quantity relates to the intensity of the
radiation fields, the relation between the fluctuation in antenna temperature and
the equivalent fluctuation AT/T in the CMB being

AT, _ Al zet AT

T. I — e-1T

where z = hy/kT, T being the CMB temperature 2.735K . Thus the observed fluc-
tuations in antenna temperature for genuine CMB anisotropies are also frequency-
dependent. The equation demonstrates how to relate fluctuations in the Galactic
dust emission not recognised as such to an upper limit on CMB anisotropy: if Al
is the excess unsubtracted dust component then relating this to the expected CMB

intensity I at that frequency gives the limit on AT/T from the relation.

A further complication in treating the Galactic subtraction results from the
nature of the CMB observations — that they are by necessityA difference measure-
ments as discussed in Chapter 1. In general, for pbserva.tions at the frequencies in
question here it appears that the experiments adopt a single-subtraction technique
(as opposed to the double-subtraction used by Davies et al. - see Chapter 2). That

is, the signal from two different regions of the sky are compared by switching the
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beam between the two regions, such that the recorded signal

ATa = Ta(el) - Ta(92)

where | 8; — 6, | = 6, the fixed beamthrow angle. The actual way in which the
2-beam pattern is formed on the sky itself varies between different experimental
configurations. One technique is the drift scan method as used in lower frequeﬁcy
radio measurements, whereby the apparatus is fixed in position and the two-beam
pattern formed by switching rapidly between two positions on the sky separated
by 8y in the scanning direction. In a recent experiment, de Bernardis et al. (1990)
switched between two positions on the sky placed symmetrically.at ~ 45° to the scan
direction, so that their sky separation is 6, . Balloon and rock;et- borne experiments
achieve their sky coverage as a consequence of their flight plan. It is obvious from the
previously detailed properties of the Galactic dust emission that switching between
different regions of the sky, particularly if the angle 6y, is large (greater than ~ 1° ),
multiplies the problem of foreground subtraction, since it may be that the two regions
under consideration contain clouds of very different properties (in « say), or regions
of different dust/gas ratio. The scans are also more sensitive to gradients in the
Galactic emission. It is to be hoped that the future multi-frequency observations by
satellites such as COBE will utilise the frequency coverage to enable more accurate
subtraction, but again coupling different regions of sky with different frequency

dependences may still may make the procedure a difficult one.

We have assumed a datum (DC) level - in Fig. 9 - it is now necessary to estimate
the fluctuations around this value, and thereby the expected value of AT/T on a
statistical basis for angular scales of ~ 5° and above, and beamwidths of similar
scale. It is these fluctuations which are truly of importance for observations of
anisotropies in the CMB. Table 3 summarises a number of Galactic fits determined
from anisotropy measurements from a number of sources, together with numerical
factors to scale the fluctuations in antenna temperature at 100 um seen in the IRAS

maps to the COBE frequency channels for each fit.
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spectral parameters | scaling factor from 100 ym to
a T4 90 GHz | 53 GHz | 31.5 GHz Reference
1 22.1 2.829 1.736 1.057 Fit to Fig. 9
2 20 0.151 0.035 0.020 de Bernardis et al. (1990)
1 28 0.923 0.561 0.340 "Halpern et al. (1988)
composite grain model | 0.688 0.292 0.107 | Rowan-Robinson (1990)
2 22.1 Page et al. (1990)
~+ cold dust® 0.428 0.184 0.073
1.5 21.75 0.535 | 0.252 0.118
1.65¢ 23.3 0.219 0.095 0.041 Wright et al. (1991)
24 20.4
+ cold dust® 0.277 0.110 0.042

Table 3.3: Spectral fits from a number of sources. Not_é;s.' a)a=2 Tqg=4K;Db)
average at high latitudes; c) including Galactic plane data; d) as c); e) a =2, Tq =
477K .

3.4.2 Estimates of the ‘AC’ fluctuation level at b ~ 90°

Extrapolations from the 100 um data

The basic idea here is to use the IRAS 100 um data appropriately scaled to the
frequency of observation by assuming an & and T4 to give an estimate of the likely
level of contamination for a given region. This method has been used by Lubin et
al. (1990), and de Bernardis et al. (1990). However, there are likely to be variations
in the scaled amplitudes for the reasons we have already stressed: variations in
T4 with location, variations in cloud composition and hence Q, from point-to-point,
and the possibility of a cold dust component not evident in the 100 um survey which
may or may not be physically associated with the clouds observed in this survey.
Searching for a detailed correlation between the structure expected in difference
calculations using IRAS data and observed first differences at another frequency will
also prove unfruitful in general for the same reasons: whilst there may be regions
where there is a good correlation, there will be others where it is not so strong.
De Bernardis et al. (1990) find a good correlation for the region é§ = 7.46° , R.A.
= 335° - 355° , but a much worse correlation for other neighbouring declinations,
especially around R.A. = 340° , the overall correlation being 0.57 £ 0.07. Andreani

et al. (1991 - paper I) also find correlations lying between 0.58 and 0.83 depending
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Figure 3.9: Lubin et al. data together with three fits: two empirical from large scale
data sets, and the physically motivated model of Rowan-Robinson (1990).

on the cloud under observation. Indeed, detailed correlation should not be expected
if, as suggested by Deul & Burton (1990), cirrus features seen in the IRAS data are
commonly line-of-sight superpositions of kinematically different structures. It seems
likely that the 100 um data will provide a useful estimate on contamination when
other frequency measures are used to determine the appropriate spectrum, unless a
new component of the interstellar medium is found which is not correlated with HI,
in which case it will not be possible to use it as an accurate tracer of the emission at
lower frequencies. Andreani et al. (1991 - paper II) have found that observations of
the CMB at 150 GHz are constrained by the thermal emission from very cold dust,
the contribution from which is, to first order, traceable by the 100 um data scaled
in an appropriate fashion, but the detailed spatial distribution of which remains as

yet unknown.

The fluctuations in the IRAS 100 um maps with zodiacal light subtraction as in
Rowan-Robinson et al. (1990) have been evaluated. The zodiacal light is relatively
unimportant at the frequencies considered here,':énnd since it is modelled by grains
at temperatures of ~ 250K |, would need subtraction and separate extrapolation

even if it were important. In particular, the fluctuations expected for the COBE



CHAPTER 3. GALACTIC DUST EMISSION 92

sate]lite have been evaluated after convolving the data to 7° FWHM, and taking
scans along lines of constant latitude for longitude ranges of ~ 100° in width, and a
beamthrow of 60° real sky angle. Fig. 10 gives some examples. In these regions, the
intrinsic fluctuations in intensity range from ~ 20% at b = 30° to 40% at b = 45° ,
then falling to ~ 20% by b = 70° . However, there is no reason why these statistics
should be reproduced in other sky regions, or in the southern part of the sky (the
fluctuations may be larger here since Malawi, 1989 has shown that the cirrus in this
part of the sky lies closer to the plane. This would also explain why the intensity
at the south Galactic pole is higher than at the north, since the dust is heated by
an ISRF which is on average stronger). Al/I can range from ~ 80% to ~ 20%.
Assuming the LMC spectrum for the dust emission, then typié_al rms variations in
Al at 90 GHz would correspond to variations in antenna teﬁiperature of a few -
10 pK.To determine the corresponding limit in AT/T from fluctuations in antenna
temperature, assuming T = 2.735K the scale factors at 90, 53 and 31.5 GHz are
respectively 0.448, 0.393 and 0.375. So a fluctuation of 10 uK at 90GHz corresponds
to AT/T ~ 4 x 107%, which although not immediately significant compared to the
expected sensitivity per pixel of ~ 1073 is not negligible. When averaging over pixels
to derive the spherical harmonic components of the CMB temperature fluctuations,
the significance of this contribution will increase being comparable to the projected
COBE sensitivity per spherical harmonic component of ~ 3 x 1078, Note also that
cuts at constant declination will inevitably result in larger fluctuations since the

large beamthrow angle ensures that the Galactic plane is crossed in any given scan.

We have also attempted to determine the fluctuations relevant to a number of
other experiments. For the de Bernardis et ol (1990) configuration (25’ FWHM,
6y = 1.8° ), we have verified the level of fluctuations expected as in their ﬁgqre 2.
Fig. 11 also shows the scan appropriate to the UCSB South Pole experiment of
Lubin et al. at declination -73° . The level of fluctuations is in agreement with that
claimed by Lubin et al. | specifically the maximum pixel excursions correspond to
an antenna temperature at 90 GHz of ~ 10 - 20 uK adopting their scaling (which is
in agreement with our fit to the spectral data). This is less than the noise of 60 uK

per pixel, but not negligible.

Dust contamination under these assumptions could be a problem at the limiting

sensitivity of the considered experiments, except possibly at the highest latitudes.
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Figure 3.10: Fluctuations in the IRAS 100 um survey as appropriate for COBE
calculated at a number of latitudes.
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However, as we have repeatedly remarked, such an extrapolation need not be ap-

propriate, and we should find alternative methods to estimate the fluctuations.
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Figure 3.11: Fluctuations in the 100 um survey appropriate for comparison to the
Lubin et al. result.

An alternative method via HI and molecular clouds

One approach to a more realistic estimate of AT/T is to compare the maps of
100 #m and N(HI) at high latitudes and thereby to estimate the variation of 100 um to
N(HI) with position. Most of this will arise from changes in the mean dust/gas ratio
and temperatures rather than from molecular clouds. On angular scales of 3° the
variation appears to be about 10%. The contribution from the dust/gas ratio alone
can be estimated by examining the Copernicus data of Bohlin et al. (1978) con-
cerning the relationship between interstellar HI and colour excess E(B-V) to specific
stars. This is also related to the clumpiness of the ISM having a strong effect on
the ISRF in the UV part of the spectrum. This analysis leads to a median spread of
‘dust-to-gas’ values of ~ 35% for the data presented; we have endeavoured to allow
for random errors in N(HI) and E(B-V) and the undoubted fact that the fluctuations

become smaller as the angle between lines-of-sight diminishes, and estimate that the
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residual uncertainty is only roughly 10% although the derivation of this value makes
an assumption about the magnitude of the observational error. It should be no
surprise that the level of fluctuations is of the order of that due to cirrus, since
Blitz, Bazell & Désert (1988) have shown that the high latitude clouds identified by
Désert, Bazell & Boulanger (1988) from their excess emission above that expected
from the correlation between 100 um emission and the HI column density are present
in number and with column densities similar to those clouds identified by Bohlin,

Savage & Drake; it is likely that they form the same group of objects.

Thus, most of the variation arises from changes in the effective mean temper-
ature. Coupled with the possible changes in o from one line-of-sight to another
the variations predicted at 100 GHz could be bigger than &-_"15%. Only a little
guidance comes from the actual measurements at 100 GHz, of course (this is why
we are extrapolating back from the 100 ym data), and the final value is very im-
precise. We estimate that Ipc has fluctuations on it of ~ 30%. To this variation
must be added a contribution from unresolved molecular clouds. The contribution
from dust associated with molecular gas is clearly potentially important. Having
presumably taken account of the contribution from known molecular clouds, such
as those documented by Désert, Bazell & Boulanger (1988) and as we have likely
done with our analysis of the Bohlin et al. data, then contributions to the noise will
come from unidentified (small) molecular clouds and, again, dust-to-gas variations.
Knapp & Bowers (1988) found a class of very small molecular clouds associated with
Betelgeuse relatively close to the plane, but such clouds must exist at high latitudes,
so far escaping detection because of their small size (~ a few arcminutes). These
small clouds are unlikely to be seen in CO either; as pointed out by Blitz, Bazell &
Désert (1988), for surface brightnesses < 4 MJy sr~!, CO is not self-shielding and
so the clouds have low column density in CO. The clouds in question here will have
lower 100 um brightnesses still. An estimate of the fluctuation level can be made
by examining the likely mass spectrum of the clouds. If the mass spectrum in the
cirrus clouds follows the same ‘law’ as that for GMCs in the.Galactic Plane, and
indeed for the sub-clumps of material within them, namely N(m) x m~'®, and if
clouds below 30 Mg are not recorded efficiently (a figure derived from the CO ob-
servations of Blitz, 1990), the corresponding unidentified material is ~ 5% assuming
Mmax ~ 10° M as locally. The effect of varying « and T4 is presumably not too

different from that for HI. The HII associated dust should be a small component
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and the rare ‘large’ clumps should be recognised by way of their large HII radio

recombination line signal.

The conclusion is that the overall fluctuation is ~ 35 - 40 per cent of the DC

level.

3.5 Discussion and Conclusions

We have estimated the likely range of values of AC signals expected in the frequency
range 30 - 500 GHz for AT/T searches, the condition being that the directions cho-
sen should be away from currently known cirrus cloud corﬁplexgeé_.—' It appears that the
lowest AT/T achievableis ~ (2 - 4) x107° at 90 GHz, a range not sufficiently below
the likely bona-fide signal strength of (5 - 8) X107 in CDM scenarios. The problem
now is to estimate the extent to which one can extract a meaningful CMB signal
from the measurements by invoking an understanding of the origin of the Galactic
signal. In Chapter 2 it was pointed out that at 10 GHz the Galactic synchrotron
signal could not be corrected and a genuine signal extracted as yet. The situation
here appears to be the same at present, that is, sufficiently comprehensive measure-
ments have not yet been made at higher frequencies from which to extrapolate back

to the important 50 - 100 GHz region.

It is clear that detailed allowance for Galactic dust emission is of great importance
if genuine CMB anisotropies are to be detected in the FIR, and that point-by-point
modelling of the emission will be required to achieve this. Since such modelling re-
quires knowledge of o , T4 then detailed multifrequency observations are required.
COBE, observing at 31.5, 53 and 90 GHz — where the the Galactic emission from
both synchrotron radiation and dust is expected to be at a minimum — has a
good chance of identifying this contamination. The likely level from the Galaxy is
expected to be ~ a few times 10 uK for COBE which is on the limits of its sensitiv-
ity. After subtraction of a component correlated with the IRAS 100 um emission de
Bernardis et al. found residual fluctuations at 270 GHz of Al =~ 3.26 x 10~2! MJy
st™! (for FWHM of 25’ on a scale 6y, of 1.8° ). This residual is obviously attributable
to the very subject we have been discussing, variations of dust parameters along a

given line-of-sight. Extrapolation of this residual to 90 GHz is obviously uncertain
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as we have seen, but if we assume it is due to cold dust (for example) then AT ~ 68
pK, assuming a Tq of 4K and « of 2 (as in Page et al. , 1990), and ~ 106 pK, as-
suming a Tq of 6K and a of 1.1 (as in Halpern et al. ). Such signals would certainly
be a problem for COBE, and future more sensitive experiments will undoubtedly
require detailed mappings of the spatial fluctuations of the dust in order to detect
anisotropies on the 10~¢ level even at frequenéies close to the minimum in Galactic

foreground emission.

What is clear is that COBE is likely to produce at least as much information
about the Galaxy as it does for the CMB. Indeed, the factor of 3 discrepancy with
the IRAS 100 um amplitude at the SGP is already interesting. The preliminary
results (Wright et al. , 1991) suggestive of a < 2 is indicative of either a change in
slope with frequency, or the presence of a cold dust cornponent_. However, the best
fit dust spectra to the COBE FIRAS data imply a lower flux at < 90 GHz than
the Lubin et al. cosecant fits suggest. In fact, they find that the ratio of the 3mm
antenna temperature to 100 um flux is 1.5 £ 0.5 MJy sr™! - a factor of ~ 10 - 13
down from the Lubin et al. correlation. There is also clear evidence that the dust
spectrum does change with position, reinforcing the conclusion of this chapter that
detailed knowledge of the spatial fluctuations in the dust spectrum at a number

of frequencies is required to achieve the sensitivity necessary to test cosmological
models such as CDM.
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Chapter 4

The Overall Galactic Foreground

4.1 Introduction

In the previous two chapters, a detailed study has been made of the Galactic fore-
grounds dominating the contamination signal in searches for CMB anisotropies at
both low frequencies (GSR) and high frequencies (Galactic dust emission). The aim
now, of course, should be to combine the information on these two foregrounds, and
then to estimate a ‘frequency window’ or range of frequencies over which a given
sensitivity in AT/T is achievable. In addition, it would also be useful to identify
quiet sky regions where the foregrounds in such a window correspond to a partic-
ularly low contribution to the measured anisotropy. It should then be possible to
make searches for anisotropies in such regions with a much improved chance of suc-
cess, although the interpretation of the anisotropy limits for these small sky regions
would not be immediately obvious with respect to the imposition of constraints on
various cosmological models, especially those such as CDM where the long-range
nature of the gravitational interactions and the assumed power spectrum implies
that even an all-sky map of the microwave sky from our location in the universe
does not represent a fair sample of the fluctuations (Scaramella & Vittorio, 1990).
Furthermore, deriving constraints on the lower order multipole moments, such as
the quadrupole, requires the sky coverage to be as great as possible, necessarily
covering regions where the foregrounds are significantly higher than in the quiet
regions. Of course, to set the best limits on multipole moments, data for the whole
sky would need to be considered, requiring a model of the Galactic plane emission.

However, in the plane, thermal bremmstrahlung emission from hot electrons makes

103
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a significant contribution to the radio emission at low frequencies, with the bright-
est HII regions dominating the emission. Broadbent, Haslam & Osborne (1989)
estimated that the thermal luminosity corresponds to ~ 2.5% of the non-thermal
luminosity at 408 MHz, and this fraction increases with frequency since the thermal
emission has a power-law frequency dependence which is flatter than that for the
synchrotron emussion. A rough estimate from the work of the previous 2 chapters
would suggest that the foreground emission should be at a minimum between ~ 30 |
and 100 GHz, and extrapolating the luminosity ratio indicates that the thermal
component becomes dominant at a frequency which depends on the spectral index
of the non-thermal emission, but which for reasonable values lying between 0.7 (as
is likely for the plane) and 1.0 (plausible at the highest latitudes) ranges from ~ 195
GHz down to 25 GHz. Thus, it is quite obvious how important the thermal emission
from the plane (which dominates the thermal luminosity as a consequence of the
small scale height of the HII component in the interstellar medium) is to the overall
foreground in the important frequency range. Even at the highest latitudes there
may be low surface brightness regions of thermal emission not obvious in the low
frequency surveys due to their low sensitivity, which are glowing faintly and can

contribute significantly to any observed anisotropy at higher frequencies.

Previous attempts to model the Galactic sky temperature at a given frequency
have been made by groups attempting to measure the CMB sky temperature or
the dipole and quadrupole moments. Fixsen, Cheng & Wilkinson (1983) adopted a
model extrapolating from the 408 MHz all-sky survey to 24.5 GHz with a constant
spectral index of 2.75 and added a thermal component based on 5 GHz surveys of
HII regions in the plane. Similarly, Kogut et al. (1990) utilised the 408 MHz survey
with 8 equal to 2.75 and a compilation of thermal sources at 2.7 GHz, finding
good agreement with the measured signal at 7.5 GHz to within 0.01 K, certainly of
sufficient accuracy for spectral measurements at such a frequency in the absence of
any small spectral distortions (see also Levin et al. , 1988; de Amici et al., 1988,
1990). In what follows, an improved model will be derived using the 408 and 1420
MHz radio maps together with the IRAS 100 um survey, and estimating the thermal
component in the plane by a technique developed by Broadbent, Haslam & Osborne
(1989), and Broadbent (1989) from data kindly provided by Dr A. Broadbent (1991
- private communication). An attempt is also made to estimate the high latitude

thermal emission from the associated He line emission. Sky maps are the generated
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at the COBE frequencies, and quiet regions looked for in the data.

4.2 Thermal Emission in the Galaxy

Thermal emission in the Galaxy is classically with the lovcalised regions of continuum
radiation referred to as ‘compact’ HII regions. Such regions are the ionised remnants
of gas associated with O-type stars, and typically have a radius of a few parsecs,
and electron density ne ~ 10* cm™ (Schraml & Mezger, 1969). However, analysis
of the Westerhout (1958) 1.39 GHz survey at low resolution revealed an underlying
diffuse background which Mezger (1978) associated with extended low demnsity (ELD)
HII regions which have evolved beyond the compact radio ph,a-.sé, but whose gas is
still fully ionised. Most of the interstellar space in the Galaxy appears to be filled
with this extended low density fully ionised gas which extends ~ 13 kpc from the
Galactic centre and ~ 100 pc from the plane with n, ~ 5 - 10 cm™> (Matthewson
et al. , 1962). Observations of compact HII regions imply that they have been
observed at a number of stages of evolution, supporting the hypothesis that compact
HII regions form from the ionised remnants of O stars which subsequently evolve
to less compact regions of lower density when the O stars leave their progenitor
gas clouds and their surrounding spheres of ionisation begin to merge. Gordon
& Cato (1972) concluded that the bulk of the diffuse emission comes from the
inner Galaxy. Matthews et al. (1973) showed that the diffuse recombination line
emission (eg. H 109« , He 109« ) originates in the same ELD gas responsible for
the thermal continuum radiation. This fact, as we shall see later, enables an estimate
of the thermal continuum radiation at high latitudes to be made from the associated

Ha emission.

The thermal emussion itself has its physical origin in the free-free emussion
(bremsstrahlung) of electrons in the region of ionised gas. To derive the frequency
dependence of the brightness temperature in a given direction, consider a homo-
geneous emission nebula of temperature T., and optical depth 7. The brightness
temperature is given by

T = Ta+Tg + Te(l —e™7)

where Ty and Tp are the temperatures due to regions in front of, or behind, the
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nebula. These terms are generally negligible for frequencies above a few hundred
MHz. If the gas is optically thin, as is usually the case for the frequencies considered,

the expression reduces to

T = T.r

The optical depth for free-free emission is (Oster, 1961),

(T v 2 o f v \7! . (T, J nds
=K <—Iz) (GHZ) {Inf4.955 x 10 (GHZ) I+ 15k (f)} (pccm'e)

where K = 3.014 x 1072, This can be written as,

T.\ 138 v \"2! [ [ n’ds
— -2 == .
T 8.235 x 107* a(v, T.) (I\) (GHz) <pccm'6

where the expression without the factor a(v, T.) is the approximation from Altenhoff
et al. (1960) which always deviates no more than 24% from the exact relation, and
a(v, Te) i1s a correction factor as derived and tabulated in Mezger & Henderson
(1967). This is the origin of the power-law nature of the thermal emission with

frequency, which only breaks down if the source is optically thick.

The importance of the thermal contribution lies, of course, in the extrapolation of
low frequency radio data to higher frequencies where the search for CMB anisotropies
is made. The observed radio continuum comprises both thermal and non-thermal
components, and although it is obvious that the thermal component in the plane is
important due to the number of strong HII sources observed, even at high latitudes
the thermal emission may begin to become important at high enough frequencies.
The effect of the thermal emission is to flatten the observed spectral index from the
syvnchrotron value which lies in the range 2.3 - 2.8 between 408 and 1420 MHz. As
an example, consider a region at 408 MHz where the thermal component amounts to
~ 2% of the observed brightness temperature. If the true non-thermal spectral index
is 2.7, then the extrapolated flux at 10 GHz is such that that a naive calculation
assumning that the emission is entirely non-thermal would require § = 2.67. If the
2.7 index was retained, the 10 GHz flux would be underestimated by ~ 9%. Even at
the highest latitudes, where the thermal contribution may still be of order 0.5% of

the non-thermal, and if # = 3 is more appropriate for the non-thermal component
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up to 30 GHz, then a naive extrapolation would require § = 2.93, resulting in about
a 20% flux error if the non-thermal index was assumed. It is thus obviously of

importance to consider the likely thermal contribution at higher frequencies.

4.2.1 Modelling the Thermal Component in the plane

We have seen how important the thermal contribution may be at high frequencies,
and thus the importance of deriving a model for this emission, especially in the
plane where the free-free emission dominates the radio continuum at frequencies
above ~ 2 GHz. Surveys at low frequencies are available, but the use of spectral
index techniques to separate the thermal and non-thermal comﬁ_onents 1s subject to
considerable error, since the non-thermal spectral index needs to be known a prioni,
but does, as has been discussed in Chapter 2, vary from region-to-region on the sky.

Here, an alternative method has been adopted.

In 1987, Haslam & Osborne noted the detailed correlation in the spatial inten-
sity distributions of the emission from the inner Galactic plane as recorded by the
60 um IRAS survey and high frequency (5 GHz) radio surveys at a similar resolution.
The correlation with the thermal emission suggests that the dust responsible for the
diffuse IR emission in the plane is mixed in with the ionised gas in the ELD regions
where it assumes a temperature of 30 - 40 K. Such a model has been developed by
Cox & Mezger (1988) to explain the large-scale infrared emission of the Galaxy. At
high latitudes, the amount of ionised gas is less, and the dust has a lower tempera-
ture of order 20 - 25 K. If the dust were associated with molecular clouds, then the
FIR emission would be preferentially correlated with the >CO line emission, which
was found not to be the case. Broadbent (1989), and Broadbent, Haslam & Osborne
(1989) developed the technique of using the correlation as an independent means of
separating the thermal and non-thermal continuum on a Galactic scale, essentially
by using the 60 um emission as a tracer of the thermal radio component. By quan-
tifving the the IR-radio correlation (after removing the zodiacal light contribution
and that part of the IR emission arising from dust correlated with the general HI
distribution), the thermal contribution could be subtracted from radio surveys at
low frequencies using the appropriately scaled residual 60 pm emission. Since the

free-free emission has a flat spectrum over a range of ~ 100 MHz to tens of GHz,
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once the scaling was established at one high frequency where the thermal emission
i1s dominant, it is then easy to evaluate the component at lower frequencies where
the non-thermal emission is more significant using the power-law frequency depen-
dence of the emission. The subtraction was carried out at 408 MHz after scaling
the thermal contribution from either 2.7 or 5 GHz. In the inner Galaxy, some ob-
vious minima in the resultant non-thermal emission could be discerned which were
located in the vicinity of strong HII complexes. This was found to result from the
assumption that all of the sources were optica.lly. thin down to 408 MHz, producing
an overestimate of the thermal component. Using data on the optically thick regions
from Shaver & Goss (1970), a correction was made. We have used the corrected 408
MHz thermal map to derive the non-thermal component in the plane, and scaled the
uncorrected data to 1420 MHz to produce the non-thermal data at that frequency
(the strong HII sources — W51, W43, M17, RCW127, G333 -0.2, RCWT74, RCW37
and Carina — were first investigated at a number of frequencies to check the optically
thin assumption at 1420 MHz. Oualy Carina is likely to be in error, but since the
source lies outside the range of the 1420 MHz survey no correction has been made).
The resultant components should allow a better estimate of the high frequency emis-
sion than has been achieved so far using just the 408 MHz survey and catalogues of

HII regions, since it should account more fully for the ELD component.

4.2.2 Modelling the High-latitude Thermal emission

At high latitudes, the contribution of the thermal component is rather small, the
brightness temperature at 408 MHz being dominated by the non-thermal emission
due to its greater scale height. In fact, the determination of the thermal component
from low frequency surveys is difficult since the average level of emission may be
of the order of the errors in the surveys. As an alternative method of determin-
ing the high-latitude contribution, one can consider the recombination-line emission
which also traces the warm ionised interstellar medium. Sivan (1974) observed the
general He emission in the plane, noting that it formed an intense diffuse back-
ground connecting the classical compact HII regions. In fact, the diffuse Galactic
Ha emission appears to be present over the whole sky with an intensity ranging
from 3 - 12 R (where 1R is the isotropic intensity emitted by 10® recombinations

per second) near the Galactic equator with a mean of 6 R, to 0.25 - 0.8 R at
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the poles. The emission originates from the low density 2 - 3 kpc thick layer of
warm ionised interstellar gas where the thermal continuum emission is produced.
High resolution Ha photography (see Reymnolds, 1990, for a comprehensive review
and references) reveals a complex morphology ~ filaments and diffuse patches of
enhanced emission are seen on a fainter, more uniform background present in areas
between bright HII regions, and sometimes far from the Galactic plane. Reynolds
(1990), presents a map of this Ha emission synthesised from Fabry-Perot data from
a number of sources down to declination -20° . This map is very undersampled
and only large-scale features are apparent. In order to more accurately estimate
the thermal background, a similar map is required with better sampling and higher
angular resolution, but at this time such a survey is limited by the long integration
times required to reach the desired sensitivity. From the pre§ént data however, it
is apparent that for |b| > 5°, the Ha intensities vary generally as I, sinb =1
R. At a given latitude there are real variations in intensity from one direction to
another by a factor of ~ 3 from peak-to-trough, and for | b | > 60° there is some
evidence that the cscb law from lower latitude measures overpredicts the emission
by a factor of ~ 2. Since no detailed measures of the Ha emission are available,
we have made use of the cscb form of high latitude emission to estimate the likely
thermal continuum radiation. In particular, the observed Ha line intensities yield

estimates of the emission measure (EM) given by

EM = / nfdl = 2.75T%°I,

where T, is the temperature of the ionised medium in units of 10* K, and I, is given
above. Recalling our earlier expression for the thermal brightness temperature in
the optically thin case, T = T. 7 where 7 is given by the approximation to Oster’s

formula, it follows that,

o= -3 0.55 v 1 )
T = 5688 x 10~ a(s, T.) T° (GHZ) (sm,_b

where T, is of order 7000 K (Shaver, 1976). We have put down a rectangular grid
of points in celestial coordinates at high latitudes of the appropriate temperatures.
When convolved to 8.2° as for the original Davies et al. (1987) experiment, we find
that for the region of interest the pixel values lie in the range ~ 20 - 30 uK as

noted in Davies et al. (1989). However, the actual second difference estimate for the
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region is only of order 2 pK, due to the smoothly varying nature of our model. It
is unlikely that this could be increased by more than the factor 3 peak-to-trough
intensity variation as estimated by Reymnolds (1990), so the contribution to the 10

GHz measurement is small compared to the likely GSR signal.

4.2.3 The complete model

The complete model for the Galactic emission at a given frequency has been eval-
uated by combining the model for thermal emission with the derived non-thermal
components at 408 and 1420 MHz, and the IRAS 100 um data. In order to test how
reasonable the model is, the data have been extrapolated in the'..appropriate fashion
(see Chapters 2, 3) to 10.46 GHz and second difference calculations performed to
compare to the plane érossing observations in Watson (1989) for a number of de-
clinations. The crossings at declinations to 40° in the inner Galaxy encounter the
Cygnus complex, which although being a large thermal source, also contains a num-
ber of non-thermal sources. At 408 MHz, Broadbent (1989) remarked how well the
thermal model fitted the emission in this region, even though it lay outside the area
where the radio-FIR correlation had been established. Being such a complex region,
1t might be expected that the fit would show some deviations from the extrapolated
model. Indeed, it is found that the estimate of the second difference amplitude for
the inner Galaxy crossing is ~ 105 mK, compared to the observed amplitude of 82
mK recorded in Watson (1989). This could be explained if the thermal spectral
index near the Cygnus region is a little steeper than the theoretical value of 2.1
(since the Cygnus complex, although containing a number of sources - see Wendker,
1984 - is still predominantly thermal, the discrepancy is likely to be rooted in the
thermal model). In fact, the more recent 15 GHz measurements (Lasenby - private
communication) give a second difference amplitude for this crossing of ~ 34 mK. If
account is made of the steep spectral index non-thermal sources’ contributions to the
10 and 15 GHz data, then the use of a thermal index of ~ 2.2 is found to adequately
reproduce the Jodrell-IAC data. The inclusion of a detailed thermal model is ob-
viously an improvement on using the simple extrapolation from the 408/1420 MHz
spectral indexes directly, which would have predicted a second difference amplitude
at 10 GHz of ~ 40 mK. For the other declinatioﬁs at which comparisons have been

made - namely 43° , 42.1°, 35.2°, 5°, 0°, -2° and -3° - the differences between
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the model features and observations at 10 GHz are smaller, typically being of order
10%, and all of the general features are reproduced (although the observations are
noisier away from the plane crossings, so there appears to be more structure in the
observed fluctuations), especially well in the outer Galaxy (the largest errors are for
the inner Galaxy crossings). It is likely that more deté.iled catalogues of strong HII
sources at a number of frequencies are needed to improve the model. This supports
remarks we have made in previous c‘ha.pters that multi-frequency observations are
essential to help accurately subtract the foreground. Figs la and b give two exam-
ples of the observed and predicted second differences. If simple extrapolations are
made for the plane crossings using the spectral indices calculated directly from the
408 and 1420 MHz surveys, then the amplitudes are in-error by a factor of about
2. A comparison has also been made with the differenée scan ineasurement at 3.7
GHz in de Amici et al. (1988) at declinations 38° and 36° . If account is made for
the atmospheric contribution, then there is reasonable agreement once again (~ 10

- 20% accuracy).

4.3 Sky Maps at the COBE frequencies

We now procede to generate sky maps from the lower and higher frequency surveys.
This is achieved by scaling the thermal map according to a v~%! power-law, the
non-thermal component is evaluated by calculating the spectral index 3 point-by-
point from the 408 and 1420 MHz non-thermal maps as determined above and
scaling the 408 MHz map by a v~® power-law, and finally the dust contribution by
assuming a v® B,[T4] type spectrum for the dust. Of course, such maps themselves
cannot possibly hope to reproduce the exact nature of the Galactic foreground at
a given frequency, but are hopefully some of the better estimates made to date. In
particular, there may be small changes as a consequence of the steepening of the
non-thermal index (which has not been considered here - see Chapter 2) and its
variation on the sky, departures from the theoretical thermal spéctral index of 2.1,
and the assumption of a constant dust temperature and emissivity across the sky
(which is most clearly wrong near the plane where it is expected that the dust is
warmer as a consequence of additional heating in’ fhe ionised HII regions associated

with O stars).
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Figure 4.1: a) second difference scan at declination 40° . Upper figure is experi-
mental data from Watson (1989), lower is model prediction. b) as a) for declination
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Furthermore the use of the 408 and 1420 MHz surveys to provide extrapolations
to higher frequencies has been questioned by Watson & Gutiérrez de la Cruz (1991),
so we reconsider the problem here. As discussed in Chapter 2, the problems with
the low frequency surveys is a consequence of the slight offsets occurring in adjacent
scans as a result of changes in the atmosphere, receiver noise, and ground pick-up.
Corrections for this are attempted by minimisation techniques using overlapping
scans from different directions. However, the residual effects appear as small ver-
tical bands in the 408 MHz survey, and curving ripples at 45° to lines of constant
declination at 1420 MHz. As discussed earlier and in Lawson et al. (1987), the effects
appear most clearly in spectral index maps calculated between the two frequencies
where striations are easily seen for the maps at FWHM 0.85°_',_ but these seem to
be eliminated after convolving to FWHMSs greater than 4° . Watson & Gutiérrez de
la Cruz use the two low frequency maps to evaluate a second difference map at 10
GHz, and claim that the ripples now seen are again a consequence of the baseline
effects. A simple calculation using the likely baselevel errors at the two frequencies
for a 5.6° FWHM beam does indicate that the effect could give rise to structure
at about the level observed in the calculations. However, we have also looked at
second difference maps at the two frequencies for both 0.85° and 5.6° resolution, as
well as at the 10 GHz extrapolations. At 0.83° resolution, there do appear to be
some spurious striping effects in the 1420 MHz data, although these do not persist
over the whole area surveyed (25° < § < 80°; 270° > o« > 90° ), and the pres-
ence of baselevel effects in the 408 MHz survey is not so immediately obvious. On
convolving to 3.6° , as in Fig. 2, the ripples seen by Watson & Gutiérrez de la
Cruz are apparent in both maps, but the question of whether these are artifacts of
baseline errors depends on the coherence of the errors across the 5.6° beamwidth.
Furthermore, although in the 1420 MHz map there is a striping effect in the same
position as seen in the higher resolution map, there are certainly regions showing
similar enhancements or depreciations at the same positions for both frequencies.
Such an effect is unlikely to be a consequence of baseline errors due to the differing
scanning techniques employed in the two surveys, thus it seemns likely that in the
10 GHz extrapolation there remains a considerable amount of genuine structure.
Obviously, any weak false structure present at lower frequencies will be amplified by
the large factor in the ratio of frequency differerices between 408, 1420 and 10,460

MHz, but it seems too soon to entirely reject the low frequency surveys as first order
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approximations of higher frequency structure.

The conclusion of Watson & Gutiérrez de la Cruz that a simple extrapolation
does not appear to be good enough to establish the likely synchrotron emission at 10
GHz at the required sensitivity may well be an accurate assessment, but we consider
that this is most likely a consequence of the variations in the spectral indexes beyond
1420 MHz and rather less the result of propagated baseline errors. Indeed, the more
recent 15 GHz measurements (Lasenby et al. , 1991) would certainly seem to support
the view that any structure present is most likely the result of non-thermal Galactic
emission. The 10 GHz measurements will be important in aiding the assessment of
the 15 GHz GSR contribution, and in fact it appears that the 10 GHz work is most

readily identified as a high frequency Galactic synchrotron radia;tion survey.

In the following maps, it is considered that any structure resulting from the
extrapolations of low frequency data is genuine and not connected with flaws in
the baseline offsets. Any false structure present will be at a lower level than that
discussed for the Davies et al. experiment since there is no error escalation as tem-

perature second differences are not calculated.

In Figs. 3a to c, sky maps are presented in a rectangular projection of celes-
tial coordinates for the sky at 31.5, 53 and 90 GHz, for a beam of FWHM 7° as
appropriate for the COBE differential microwave radiometers. The maps cover de-
clinations -10° to +90° as a consequence of the incomplete sky coverage of the 1420
MHz survey, and RA runs from 359° to 0° . The dust contribution is estimated from
the 100 um IRAS survey using a preliminary COBE result (Wright et al. , 1991) for
the dust parameters of @ = 1.5, Tq = 21.75 K. This excludes data from the plane,
where the dust is expected to be hotter, so the extrapolation will be slightly low
for that part of the sky. The maps show the general decrease in the Galactic con-
tribution with frequency as seen in the COBE maps of Smoot et al. (1991), and
the dominance of the emission from the plane above that in other sky regions. The
temperature scale is such that white corresponds to all regions brighter than 0.6
mK. As discussed with reference to the 10 GHz sky scans, the thermal contribution
is subject to small corrections near bright HII regions. Clearly, the model whilst
being useful to first order still requires additional input from other frequency chan-

nels, and the foreground subtraction still requires point-by-point modelling of the
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emission.

4.4 Quiet regions on the sky

We have already noted that there may exist quiet regions on the sky where the
Galactic foregrounds are at a minimum and therefore it may be of advantage to
look for CMB anisotropies. Although such regions are likely to be relatively small,
and therefore limits on low order multipole moments unreliable, good limits on
"anisotropies may be achievable as long as careful comparisons of the data obtained
are made with theoretical predictions which account for the limited sky coverage
(as in Vittorio et al. , 1991) - comparison with the theoretical ensemble rms value
for a given cosmological model would clearly be at worst meaningless, and at best
rather difficult to interpret. Another obvious advantage of looking at a quiet region
is that observations may be repeated on a shorter timescale leading to improved
signal-to-noise levels and greater sensitivity in a given time. Whilst all-sky surveys
are certainly desirable for better statistics to compare with CMB predictions, a
sensitive survey over a small sky region could find use as a calibrator for the all-sky

data.

Masi et al. (1991) have considered the problem of finding a good ‘window’ on
the sky for mm. and sub-mm. observations by looking at the IRAS 100 um survey
and recording those regions which constitute the lowest 10% of the sky intensity
distribution. In Fig. 4a, we present our calculation of these regions, seen as black in
the greyscale representation, which is in excellent agreement with Masi et al. . All
of the points in the regions have sky fluxes below 1.67 MJy sr~!. In Fig. 4b, we
show a similar greyscale image for the 408 MHz sky temperature, where all pixels
in the quiet regions have temperatures below 12.2 K. Masi et al. suggested that
the clean sky regions in the 100 um survey were also likely to be clean at radio fre-
quencies on the basis of a statistically significant correlation between the 408 MHz
and 100 ym surveys. However, the two figures indicate that t];is is not necessarily
the case, as would be expected since the two physical components giving rise to the
emission - the dust and cosmic-ray electrons - have quite different scale heights; the
correlation probably arises from the general cscb trend in both sets of data. Never-

theless, there are two regions where the intensities are within 10% of the minimum:
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27° < § < 47°,134° < RA < 170° and -34° < § < -22° , 36° < RA < 60° . These
would be ideal regions in which to make sensitive multifrequency observations. How-
ever, it is still necessary to take into account the effects of beamswitching, which
relates more to the variation of intensities about a mean value in a given region than
to the absolute minimum pixel values, since the DC level is removed by the switch-
ing process. Although the indicated regions are likely to show small variations, it is
worth recalling that in the synchrotron case for the Davies et al. (1987) and Watson
et al. (1988) experimental set-ups with 6, = 8.2° , the region 180° < RA < 250° at
declination 40° appeared to be the quietest on the sky. We have repeated the second
difference scans for strips of size 55° real sky angle at constant declination for the

IRAS survey, with the results in Table 1.

declination (deg.) | Region 1 | Region 2
30 1.63 3.1
35 1.46 4.14
40 - 1.63 2.77
45 1.12 1.96
50 1.42 2.51
35 0.90 4.14
60 1.05 6.26
65 2.05 7.19
70 6.62 8.55

Table 4.1: rms second differences in pK at 100 um for FWHM 35.6° and beamthrow
8.2° . Region 1 centred on R.A. 213° ; region 2 on R.A. 135° . Each region corre-
sponds to a real sky angle of 33° at constant declination.

Although the Davies et al. strip this time is not the lowest in value, it still
corresponds to one of the quietest regions on the sky, and since considerable effort
has already been employed in establishing limits on the anisotropy level at both 10
and 15 GHz (efforts which are still in progress) with plans to extend the investigation
to a third frequency - namely 30 GHz - it may be worth considering additional
work in this region at yet other frequencies, and its use as a calibrator for all-sky
surveys. If a number of neighbouring scans are made at interval in declination of
not more than 2.5° , it will be possible' to reco'n'volve the declination 40° data to
the 7° resolution of the COBE experiment and make use of the 31.5 GHz data, as
well as the 19 GHz work of Boughn et al. (1990). Fig. 5 shows the fluctuations at



CHAPTER 4. THE OVERALL GALACTIC FOREGROUND 120

100 um for the Watson et al. configuration.
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Figure 4.3: Expected second difference measurement at declination 40°

Assuming the COBE preliminary result for the dust parameters, this corresponds
toa AT/T of 3.9 x 107 at 90 GHz, well below the expected CDM signal, although
the peak pixel values reach of order 107%. Future work might like to consider multi-
frequency observations in the common quiet regions with sufficient coverage to allow
good foreground modelling. Figs 6a to ¢ show the sky temperature distribution in
the quiet region of the sky defined as 30° < § < 50° , 250° > « > 180° for the COBE
frequencies and resolution. The temperature scale runs from 1.97 to 6.16 pK. At
the lowest frequency, the sky temperature is greater than 5 pK across the whole
region, at the higher frequencies, the competing effects of the synchrotron and dust
emission can be seen: there is a region of very low temperature, but structure still

exists on the K level over the entire region.

4.5 Discussion and Conclusions

We have derived sky maps at the COBE frequencies and found good general agree-

ment with the sky as seen by COBE. In particular, the sky is very quiet off the
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plane. However, there are a number of difficulties with the extrapolations used, and
it is clear that observations of the sky temperature over a range of frequencies are
needed in order to allow Galactic foreground subtraction. The discussion of the
errors in the low frequency radio surveys suggests that whilst the 408 MHz survey,
after some form of Fourier cleaning to remove residual baseline effects and a check
on the absolute calibration, may remain of some use as a guide to the foreground
emission, the 1420 MHz survey with its limited sky coverage and more obvious base-
line deficiencies needs replacing by a new full sky absolutely calibrated survey at
~ 5 GHz, or better still by several at, say, 2 GHz and 7.5 GHz. Here, improvements
in dc_etector technology may be required in order to achieve the required sensitivity.
Obviously, the data provided by the COBE-DIRBE ex;;er-imex;t.should allow mod-
elling of the dust contribution to sufficient accuracy for the DMRs to achieve their
intended sensitivity at 90 GHz, and the 150 um and 240 gm maps will also trace
the quiet regions for sub-mm measurements more accurately than has been possible
here. Masi et al. have derived a fit to measurements of the Galactic emission over
a number of frequencies and suggested that taking the non-thermal index as 2.91
together with dust parameters o = 1.23 and T4 = 26 K everywhere provides an
excellent description of the high latitude emission. However, although they have
considered the variation in intensities at 100 um in order to estimate the likely con-
tribution to a given measurement of AT/T (see de Bernardis et al., 1991), it is
the fact that the measurements are differential, coupling together different lines-
of-sight, and that the spectral parameters may vary along each lie-of-sight which
will amplify the variations seen at one frequency when an extrapolation is made.
This was particularly evident in Chapter 2, of course, where it was found that the
straightforward extrapolation of the 408 MHz data to 10 GHz did not fit the Davies

et al. data, but that allowing for spectral variations a reasonable fit could be found.

The need for point-by-point spectral modelling will become increasingly impor-
tant as the stage is reached where the topology of CMB fluctuations can begin
to be investigated. Figs. 7a to c show the topology of Galactic anisotropies ex-
pected at the three COBE frequencies in an imaginary experiment of 7° FWHM
and 8° beamthrow forthe region -10° < § < 80°, 270° > R.A. > 90° . The varia-
tions, seen as contours of AT/T (x10%), can be compared to CMB predictions in
various cosmological models (the topology will be sensitive to 6 ). It is interesting

to note the change in the structure of the fluctuations with frequency, and that at
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Figure 4.7: a) AT/T variations for FWHM 7° and second differencing with 6, =
8° at 31.5 GHz in units of 107%; b) at 53 GHgz; c) at 90 GHz.
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~ 50 GHz there appears to be a minimum in the Galactic emission (away from the
plane). At such a frequency, there appears to be a great number of regions away from
the plane where the anisotropy level is ~ 107® or less, although this value depends

on the exact spectral model assumed for the different Galactic components.
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Figure 4.8: The ‘best’ estimate of the Galactic contribution to AT/T at a number
of frequencies. DC corresponds to the situation at b = 90° . AC corresponds to
difference measurements for COBE in quiet regions of the sky away from the Galactic
plane (see text).

To close the section on Galactic foregrounds, Fig. 8 indicates the expected
contribution to the measured AT/T due to the Galaxy in quiet regions of the sky
away from the Galactic plane. The estimate here is a little higher than would be
expected from Fig. 7 since the dust emission is described by the fit to the LMC data
described in Chapter 3, which is towards the upper end of the values employed for
dust emission, and certainly greater than the preliminary COBE result used in this
chapter and in Fig. 7. Since there remains the possibility that there is a component
of cold dust not well correlated with the IRAS dust, then this figure should give
a conservative estimate on the Galactic contribution to the anisotropy measures
in that it may overestimate the foreground (ie.” it preserves some wariness in the
interpretation of fluctuations on the 107% level). The lowest AT/T achievable is

~ 2 %10~ at ~ 60 GHz, rather close to the 5 - 8x10~% expected in CDM models.
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It is clear that detailed Galactic modelling is still required even at the frequency
of lowest Galactic contribution. If the preliminary COBE fit to the dust emission
is assumed, then the minimum AT/T level may fall by a factor of ~ 2 - 3, but
foreground subtraction will still be required for the unequivacol identification of
cosmological fluctuations. Nevertheless, 50 - 70 GHz appears to be the optimum
range of frequencies to reduce the Galactic foregrounds to a minimum, the exact

AT/T values depending on the experimental configuration adopted.
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Chapter 5

Discrete Sources and CMB
Observations

5.1 Introduction

In this chapter, attention is shifted from the foreground contamination emission
due to the Galaxy to that arising from discrete extragalactic sources, such as radio
galaxies. Again, it is important to consider the likely discrete source contribution as
a function of both frequency and angular scale, since by appropriate choices of both it
may be possible to minimise the effects. Although the Galaxy is certainly dominant
on large angular scales, § > 1° | it is still important to determine the extragalactic
foregrounds on such scales, as well as on the smaller scales (~ a few arcminutes)
where they dominate. Indeed, the integrated spectra of all extragalactic sources is
an interesting topic in its own right, providing information on the formation and
evolution of baryonic structures in the universe. Since it is likely that any sources
which do form will demonstrate clustering at some level or other, then the presence
of anisotropies in the foreground radiation is inevitable, and 1t is these anisotropies
which must be understood to avoid confusion with genuine CMB anisotropies. In
this chapter, particular effort will be made on estimating the likely fluctuations on
degree scales, although reference will be made to limits on small-angle anisotropies.
An estimate will be made of the fluctuations in an rms sense from a number of
models; ultimately, of course, the detailed spatial characteristics of the sources will
be required if an attempt is to be made to uncover the detailed topology of the

genuine CMB sky variations, but at the moment such details are only known for
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relatively strong, and thus generally nearby, sources. These sources do contribute
the largest fraction of the anisotropy level (as will be seen later), thus the use of
catalogues to synthesize their contributions is of great importance (this has been
done for strong radio sources at 10 GHz by Watson et al. , 1988). However, the
remaining variations due to faint unresolved sources also needs estimation using

reasonable physical models.

Here, the fluctuations due to emission from dusty galaxies out to high redshifts,
and dust in clusters of galaxies will be considered, and the a review given of the
contribution from radio galaxies, including recent faint source counts and their con-

sequences for anisotropy measures.

5.2 Fluctuations from discrete Infrared Sources

Observations of the extragalactic background light (EBL) are expected to provide
information on the cosmic ‘dark ages’ - the period between recombination and the
epoch of galaxy formation - and many pregalactic sources of radiation have been
proposed. There could be many kinds of astrophysical generators in the infra-red
during the period z = 10 - 103, namely primaeval galaxies, population III stars,
accreting massive black holes, large-scale explosions, or decaying particles. The
resultant radiation would, in general, reside in the near-IR, which is of course of
no consequence for CMB observations; however, if the universe were filled with
dust, the radiation would be reprocessed into the FIR. Such models have been
investigated extensively in the literature, in particular see Bond, Carr & Hogan
(1988, 1991), Negroponte (1986) and McDowell (1986). However, there is no firm
evidence for the existence of either intergalactic dust or pregalactic astrophysical
sources, so the emission from ordinary galaxies remains the most plausible precursor
of extragalactic far-infrared radiation. Recent observations of extinction (Boyle,
Fong & Shanks, 1988) towards distant clusters and groups of galaxies suggests the
presence of dust in the intracluster medium, which is a second plausible source for
FIR radiation. Observations of such foregrounds directly will be difficult due to
the presence of emission from the Galaxy: zodiacal light, starlight, interplanetary
dust and interstellar dust emission, but none-the-less they remain an important

systematic in the search for CMB anisotropies. In what follows, simple models
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for the galactic and cluster radiations are investigated, and anisotropies therein
estimated by considering the clustering properties of the sources. To constrain the

models, a number of recent EBL limits are used; these are summarised in Table 1.

Reference v (102 Hz) | I, (MJysrt)

Lange et o, (1988) 109 | < 2.66
922 | 2.48 (£0.72)
3.00 < 1.07
Hauser et al. (1991) 1.25 5.62 (£3.21)

1.99 6.53 (£3.52)
313 | 3.84 (£1.60)
5.45 | 4.22.(£1.83)
Rowan-Robinson et al. (1990) 3.00 | 2.20 {£0.20)

Table 5.1: Recent extragalactic background light limits.

Upper limits over a wider range of frequencies may be found by consulting the ta-
bles in Negroponte (1986) and McDowell (1986). The results from Lange et al. come
from an analysis of the high frequency observations in Matsumoto et al. (1988). The
experiment was rocket-borne, and thus the sky coverage rather small, leading to pos-
sible errors in the estimation of the Galactic contribution to the flux. It is thus rather
difficult to estimate how accurate these upper limits are. The Hauser et al. results
are from a preliminary analysis of the DIRBE sky maps at the South Ecliptic Pole (a
region of low overall sky brightness in the FIR), and correspond to the total sky flux
(ie. it contains the local contributions from the Galaxy and the solar system). The
Rowan-Robinson et al. value arises from a fit of the zodiacal light emission to the
IRAS 100 pm data, corresponding to an offset in the data which may or may not be
attributable to the EBL. Constraints on the anisotropy level in the FIR region come
from the Kreysa & Chini (1989) observation at 230 GHz of AT/T < 2.6 x 10~*
on a scale of 30 arcseconds using a beam of FWHM 11 arcseconds. Although the
VLA results aze more restrictive concerning genuine CMB anisetropies, this result

will constrain models of the FIR foreground.
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5.2.1 Contribution from dust in ‘normal’ galaxies

Far-infrared radiation is expected from a normal spiral galaxy by a variety of mech-
anisms. Dust associated with hydrogen in the general interstellar medium heated
by the interstellar radiation field radiates predominantly at ~ 100 um , and in the
Galaxy has been referred to as infrared ‘cirrus’ (Low et al. , 1984). It is also seen
at 60 um , and surprisingly strongly at 25, 12 pm requiring the presence of a grain
population hotter than the equilibrium temperature - either very small grains or
very large molecules heated transiently to high temperatures by the incoming pho-
tons. Active ‘starburst’ galaxies may differ from spirals only in the proportions of
the different dust components, whilst Seyferts and quasars are expected to produce
additional radiation in the 1 - 10 um range with a po‘wer-la'w:spectrum. Rowan-
Robinson & Crawford (1989) have used such a 3-component spirals + starbursts +
Seyferts model to account for the variations in galaxy spectra in a sample of IRAS
galaxies. Similarly, Beichman & Helou (1991) have used this model together with
an empirical fit to the IR-luminosity function to predict the foreground due to IR-
luminous galaxies. Since we are predominantly interested in the mean intensity and
anisotropies at wavelengths longer than 100 um , it is the cirrus component which
is of greatest importance. Models of this emission have been constructed for the
Galaxy using a number of grain components of different temperatures (Cox, Krugel
& Mezger, 1986), whilst others employ empirical fits to the observed spectrum.
Rowan-Robinson & Crawford suggest a fit of the form av B,[30 K] + bv B,[210
K] , where B,[T] is the Planck function at temperature T, and a, b are constants
adjusted to fit the data. In the following calculations, it is implicitly assumed that
all galaxies would have similar properties to our own if observed at the present epoch
- that is, no allowance is made for a spread in luminosities, dust emissivities or dust
temperatures. A recent review by Helou (1989) suggests that this may not be such
a bad approximation: IRAS measurements provide no clear evidence for systematic
variations in the emissivity exponent « between Galactic and extragalactic dust,
o always lying between 1 and 2 (see Fig. 3.2). In particular, Ehere is no reason to
believe that the Milky Way is not a typical galaxy in its IR properties. To model the
galactic emission then, an empirical fit to the COBE data up to 100 um has been
employed from Wright et al. (1991). For a galaky spectrum of the form v* B,[T4],
a fit to data including the plane gives a = 1.65, Tq = 23.3 K, which should be
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appropriate for extragalactic sources. However, if recent evidence (see Chapter 3)
for the exastence of excess flux at low frequencies due to a very cold dust component

is confirmed, then the estimates here may be too low.

The sky brightness at a given frequency due to the integrated effect of dusty
galaxies along a line-of-sight is given by

3
L= 2 [0 (g) ilvaofa(t)]
where j[vag/a(t)] is the luminosity density within a given redshift shell, and the
cubic term in the expansion factor a(t) accounts for the dilution of monochromatic
surface brightness by the expansion of the universe. TAhe luriiiﬁosity density thus
depends on the evolution of galaxy luminosity with epoch, and the evolution of the
number of effective IR-luminous galaxies with redshift (which is the convolution

of the galaxy formation rate and the dust forming rate within each galaxy). The

problem now is to quantify the evolution.

Little is known about the evolution of the infrared luminosity with redshift,
but from the 60 um IRAS counts (Saunders et al. , 1990) there is strong evidence
for evolution in either luminosity, number density, or both. However, the IRAS
sample is not particularly deep, and the results on evolution may be dominated
by the starburst galaxies, so it is unclear how the normal galaxy cirrus component
might evolve. Wang (1990a) has developed a model for the time evolution of the
mean luminosity of galaxies by considering several models of star-formation within
the galaxy. It is preferred here to leave the luminosity evolution as a parameter
constrained only by the EBL upper limits, and is given the form L(z) « (1 + z)°.
Since the dust temperature depends on the luminosity of the galaxy by the relation

L « Tj*, with o the emissivity as above, the temperature must clearly evolve as

(1 + 2)3/(4+0)_

To account for the evolution of the number of dusty galaﬁes, Wang (1991b)
has utilised his model of dust formation in a given galaxy together with a particular
model for the galaxy formation rate. Of course, different cosmological models predict
different epochs for galaxy formation. As a compiementary approach, and since the
evolution of dust 1s directly connected with the chemical evolution of the interstellar

medium because the dust is mostly composed of heavy elements (C,N,0,Si ...), it
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is considered that the observed rate of evolution of heavy element absorption lines
is indicative of the overall dust/galaxy evolution problem. In particular, Steidel,
Sargent & Boksenberg (1988) have followed the evolution of the CIV absorption
line towards a large sample of quasars, and found that by representing the number
density of effective absorbers as n(z) = ny (1 + z)(3*% (where § equals zero if there
is no evolution with redshift other than that due to the expansion effect), then § =
-1.5for 1 <z < 4 and 0 for z < 1 (assuming that 2 = 1). The upper redshift limit
of 4 can be considered some kind of ‘switch-on’ epoch, and lies conveniently within

the presently favoured redshift range for galaxy formation.

Substituting for all quantities in the previous equation, and. assuming an 2 =1

universe explicitly, then

Na C Zmax < _
I 47roHo /0 y3Ha (1 + Z)§+a+ﬂ+6 [ehu(1+z) [kTq _ 1" dz
where k = (1 - 4%’) The intensity is normalised to the 60 um local luminosity

density from Saunders et al. (1990). This may result in an overestimate of the
intensity at lower frequencies if there is a significant contribution from small grains

to the 60 um datum.

The next important step is to evaluate the anisotropy in the FIR radiation field
arising from the discrete nature of the sources and clustering therein. The luminosity
density can be represented a the sum of point-like terms j, = ¥, Lié(f —1}), so

that its autocorrelation is given by

(8(1)-8i(3)) = n (L?) 8(5i - 13) + o’ (L)’ &)

with € the galaxy correlation function. The first term corresponds to a shot noise
arising from the light concentration within individual galaxies. This is dominated
by nearby galaxies, but these are hopefully already catalogued and their effect can
be subtracted. The second term results from the clustering of 'it-:he discrete sources.
To evaluate it more specifically, it is useful to rewrite in a form similar to that for

the mean foreground intensity.

@) = = [ ibsosati] (22) s@a

ag
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where §() = (éng/ng)z is the fluctuation in the galaxy number density in the di-

rection 7i. Then, the autocorrelation function is

(t2
ag

L) o [ [ sbaofattlibeofateal (22) (22)" s s aut

The evaluation of this integral is made simpler by replacing the light cone correlation
with an equal time correlation (Bond, Carr & Hogan, 1986). Again, (§(d}).8(x3)) is

recognised as the galaxy autocorrelation function, which may be written as

T

(0 = () s

Io

r is the comoving separation between the galaxies, rq is the'cbmoving correlation
length and the term (1 + z)~ allows for any evolution in the clustering pattern. It
can then be shown (Wang, 1991b) that the fractional intensity autocorrelation C(§)

is given by

where

_ B (1 +2)] (1 +2)78 e x(x/r0) dx

I
o [o% 5lv (1 +2)] (1 +2)-4dx]?

assuming 2 = 1. The parameter x is given by

to ¢ 2¢ 1
X(t) = /; a,—(tj.dt = E;(l_\/m)

Realistically, account must be made of the finite resolution of the beams, of disper-

sion ¢. In the small angle approximation, it follows that

_ oo [} ,'-_ 82402
Cltio) = B IS 10 25 [ ap -y () gy

For a single beam experiment, the observed fluctuation in intensity corresponds to

81, Yoy 3 =7 1 v-1 -
— — _ I 2 (1-v)/2
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so that the rms fluctuation is a power-law as the function of the beam size. In
practise, for o > 8y, where 96 corresponds to the angle subtended by ro, the shot-
noise contribution (which was previously dropped) scales as ¢~!, and can dominate.
However, again if the shot-noise is itself dominated by the effect of nearby catalogued
galaxies, its effects can be accounted for. The residual fluctuations in the beam are

then due to the clustering effects of the sources.

Finally, the observed fluctuations are related to the 2/3 beam geometry of the
differencing experiment and converted to the equivalent thermodynamic fluctuations

for the CMB. Thus,

AT AT I e—1 .
T I Icmp ze*

where x = hv/kTomp and

<_AI_I)2 = 2[C(0;0) — C(b; 7)]

for a single-subtraction experiment,

2
(ATI> = gC(O;a) —2C(by; o) + %C(29b;a)

for a double-subtraction experiment. However, in the calculations which follow, the
quoted results refer to the intrinsic anisotropy C(0; a)%. The anisotropy can then

be shown to be simply proportional to ¢(1-7)/2,

A number of models have been considered. Initially, the luminosity was allowed
to evolve with 3 taking values between 0 and 4 and the resulting spectral distribution
compared to the EBL limits. It is clear that with the assumptions made by the
model, the luminosity evolution is constrained to have a power law dependence
8 < 1.5 to satisfy the Lange et al. upper limits (this allows for some lenience in
the interpretation of the limits). In fact, the best fit corresponds to # = 1. For
the purposes of establishing upper limits on anisotropies, however, 8 = 1.5 will be
retained (this is weaker than the 8 = 3 used in Banday & Wolfendale, 1990, simply
because the upper limits have been reduced), and, compared to calculations for § =
0. This no evolution model is that favoured by de’ép radio source counts, and applies
here if there is a tight correlation between the FIR and radio emission in the sources.

Fig. 1 shows the predicted fluxes for the two models.
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Figure 5.1: Far-infrared spectra for both evolving and non-evolving galaxy models,
and for a non-evolving cluster model. See text for details.

To evaluate the anisotropy level, we need to adopt appropriate values for the
clustering parameters rg, 4. For an optically selected sample, 14 is usually consid-
ered to be of order 5Sh~'Mpc, with v ~ 1.7 - 1.8. recent observations (Shanks et
al. , 1989) have found evidence for a shoulder feature in the correlation function at
about 1.6h~'Mpc and a break to a steeper slope at Th=!Mpc. However, since spiral
galaxies tend to avoid the cores of rich clusters, they demonstrate less clustering
than ellipticals or non-morphologically separated samples, thus it is to be expected
that ro will be smaller for spirals. A simple power-law model is adopted, with rq set
equal to 4h=!Mpc and the slope to 1.7 (Lahav, Nemeroff & Piran, 1990), the effect
of the shoulder feature and break being left for future work. Two possibilities are
considered for the clustering: ¢ = 0 corresponds to the clustering remaining fixed in
proper coordinates, ie. it is dynamically bound and stable at small scales; € = -1.2
describes a clustering pattern which is fixed in comoving coordinates as is roughly

the case for theories such as biassed CDM.

In Table 2, results are recorded for 4 models:
Model 1: No luminosity evolution (8 = 0); no cluster evolution (e = 0)

Model 2: No luminosity evolution (8 = 0); cluster evolution (e = -1.2)
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Model 3: Luminosity evolution (8 = 1.5); no cluster evolution (e = 0)

Model 4: Luminosity evolution (8 = 1.5); cluster evolution (e = -1.2)

The results are applicable to a beam of FWHM 7° as is appropriate to the COBE
satellite.

AT/T (x 10°)
| v (GHz) | Model 1 | Model 2 | Model 3 | Model 4
31.5 0.010 0.015 0.024 0.050
53.0 0.024 0.035 0.055 0.116
90.0 0.062 0.086 0.136 0.284
167.0 0.238 0.318 0.490 1.000
230.0 0.616 0.780 1.195 2.391
417.0 10.06 12.13 1591 | 29.64
750.0 1643 1837 1845 - 2935

Table 5.2: Predicted anisotropy due to dust emission from galaxies back to redshift
of 4. See text for details of models.

The contributions to all of the COBE frequencies are less than 107%, so the ef-
fect of dust emussion from galaxies is effectively negligible. Two other large scale
measures against which the results may be compared are those of Melchiorri, Mel-
chiorri & Ceccarelli (1981), who set an upper limit at 417 GHz of 4 x 1073 for a
FWHM of 5° , and Page, Cheng & Meyer (1990) who at 167 GHz and for a FWHM
of 3.7° found a monochromatic anisotropy limit at 10° of 1 x 10~*; this limit would
be larger still if convolved with the beam resolution function. Using the o{!=7)/2
dependence of the intrinsic anisotropy, the results for 7° at the appropriate frequen-
cies in Table 1 have been scaled to the appropriate resolution. All of the models
are unconstrained by the upper limits, although with AT/T = 3.3 x 10~° model
4 is getting quite close to the Melchiorri, Melchiorri & Ceccarelli upper limit, par-
ticularly when it is realised that there is likely to be some contribution from the
Milky Way’s own dust emission. Once a firm estimate of this contribution can be
made, then it may be possible to further constrain dust evolution models for exter-
nal galaxies. The 230 GHz result can be scaled to the 11 arcsec resolution of the
Kreysa & Chini experiment found an upper limit of 2.6 x 10~*. This limit does not
significantly constrain the models. At sub-mm wavelengths, it can be seen that dust
emission from external galaxies dominates the CMB fluctuations, thus any measured
anisotropies at A < 0.5 mm are most likely due to the extragalactic sources, which

thereby will constrain the FIRB and dust evolution. Finally, using more modest
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luminosity evolution of the form €™ where 8! is the evolution time-scale in units
of the Hubble time, and 7 is the look-back time, then for 8 = 4.3 (as suggested in
Franceschini et al. , 1988, for the rapidly evolving component of the radio source
counts) then models with and without clustering evolution have anisotropy levels

down on the power-law luminosity models by a factor between 3 and 4.

5.2.2 Dust in clusters of galaxies

The existence of dust in the intracluster medium (ICM) has been indicated by
extinction observations. Zwicky (1962) estimated the extinction of light from distant
clusters of galaxies by nearby ones, whilst more recently Bo;%le, Fong & Shanks
(1988) have found a value of Ag = 0™.2 from a deficiency of UV excess ob jects behind
clusters and groups of galaxies. The existence of dust in the ICM implies that it may
be possible to detect its presence through any FIR emission, thus creating another
foreground against which the CMB must be observed. Since the ICM is pervaded
by hot gas with a temperature usually > 107 K, the dust grains are heated by
collisional interactions with the hot plasma. In principle, of course, the intracluster
radiation field due to the emission from galaxies within the cluster could contribute
to the heating of the dust in the same manner as the interstellar radiation field and
dust grains within our Galaxy are in thermal equilibrium. In practice, this effect
is negligible compared to the collisional heating, and is likely to remain so even if
the galaxy luminosities evolved with redshift as discussed in the previous section.
However, such dust grains will be continuously sputtered by the ambient hot gas, so
that if any IR emission is to be detected, there must be a continuous replenishment
of the grains. Ferrini, Barsella & Greenberg (1987) have demonstrated that the
radiation pressure due to the ISRF in a galaxy can result in the ejection of certain
dust grains from the galaxy; alternatively dust may be removed from individual
galaxies as a result of collisional drag by the predominantly gaseous galactic wind.
The actual level of the FIR emission will then depend on the detailed balance of the
the injection and sputtering rates in the hot gas. Based on the study of dust grain
interactions with a hot gas Burke & Silk (1974) found a typical grain temperature of
~ 30 K, as did Pustil'nik (1975). In the early calculations, the dust temperature was
assumned to attain an equilibrium value given by equating the collisional heating rate

of the dust to its cooling rate by IR emission. However, Dwek (1986) demonstrated
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that below a certain grain size, this breaks down and the particle is stochastically
heated by the ambient plasma, so that its temperature will fluctuate. In a detailed
study, Dwek, Rephaeli & Mather (1990) consider the FIR emission from the Coma
cluster of galaxies, considering the spatial distribution of the dust and its resultant
sputtering, and accounting for a variation of grain temperature within the cluster.
This temperature dependence results from the variation of the gas density within
the cluster, since at the high temperatures which prevail in the ICM an analytic
approximation to the dust temperature is given by (Dwek, 1987) Tq ~ 57 n%'8
The consequence of the model is that the dust is more depleted towards the core of
the cluster, so that the observed extinction towards Coma requires a large mass of

gas and dust in the outer regions of the cluster.

To estimate the integrated EBL due to cluster dust, and anisotropies therein, it is
assumed in what follows that, as a first order approximation, the dust temperature is
constant throughout the whole cluster, with a temperature of 20 K which is equal to
the estimated cluster core temperature for Coma (Dwek, Rephaeli & Mather, 1990),
and that the dust emissivity is the same as that observed in the Galaxy by COBE,
namely « = 1.63 (although this might not be the case if the efficiency of expulsion of
grains from the galaxies within the cluster was a function of grain type in which case
the averaged emissivity could depart from the value observed within a given galaxy).
The other factors of importance concern the density and luminosity evolution. Since
there is little evidence for any X-ray luminosity evolution with redshift, and since the
FIR luminosity is connected directly to Lx as both are functions of the properties
of the ICM, then a no evolution model is preferred. This makes the integrated flux
easier to determine, since if there is no evolution in the gas density and temperature,
the dust temperature is the same at all epochs. The density evolution can then be
taken as the same as for the individual galaxies which are the source of the IC
dust. If there were luminosity evolution, the dust evolution would necessarily have
to account for the variation in sputtering rate with redshift, which would modify
the density evolution from the galactic values. The cluster spectrum is calculated
by assuming a local space density of galaxy clusters of 2 x 107*h=3Mpc=3, h =1,
and that the 100 um intensity of a cluster at the present epoch is 0.2 MJy sr™!, in

agreement with the value calculated for the Coma cluster core in Dwek, Rephaeli &

Mather.
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For the anisotropy calculation, the correlation parameters ry and + are required.
Bahcall & Soneira (1984) found from the redshift data for the nearest 100 Abell
clusters that a good fit was given by &.. = (-2-5—;—_-1-)_1'8. This large enhancement
of the cluster correlation function over that for galaxies is rather difficult to rec-
oncile with popular models of structure formation, such as CDM. However, several
authors have found peculiarities in the Abell catalog which might give rise to ex-
cess correlations on large scales. In particular, Sutherland (1988) corrected for large
anisotropies in the clustering pattern in redshift space, leading to the reduction of
the correlation length to ~ 14h~'Mpc. More recent work (Dalton et al. , 1991) using
the APM galaxy cluster catalog finds ry = 12.9 £ 1.4h~*Mpc, v = 2, whilst the cor-
relation function for cD clusters (West & van den Bergh,'1991)_-has ro ~ 22h~'Mpc,
~4 = 1.7. In the calculations which follow, the cluster-cfuster correlation function is
taken as .. = (14—;_1)-1'8. If the Abell determination were correct, the anisotropy

8
amplitude would need to be raised by a factor of (%)1 ~ 2.8.

For the assumed values of the cluster parameters, and allowing no luminosity
evolution, the anisotropy expected due to dust emission in clusters of galaxies is
of the order 107!° at 31.5 GHz and 5 x 10! at 90 GHz. Thus the contribution
to the COBE measurements is entirely negligible. At sub-mm wavelengths, the
contribution may rise to > 1073, but this will still be dominated by the anisotropy
due to the dust emission from galaxies. The increase in anisotropy if the clustering
of clusters evolves as -1.2 (as with the galaxies themselves) is only ~ 30 - 40%,
whilst allowing both luminosity and clustering evolution (ignoring the modifications
to the dust equilibrium temperature and densities which this would imply) increases
the anisotropy by a factor of order 6 - 8. It seems that if the properties of clusters
assumed here is correct (ie. that they are similar to those estimated for Coma)
then cluster dust emission is unimportant for CMB observations. If the amount of
dust in the cluster core is significantly depleted compared to that in the outlying
parts of the cluster, then taking account of the radial temperature profile might
lead to a broader dust spectrum at lower frequencies (contributions from lower
temperature dust components), however it is not likely that this could raise the
predicted anisotropy level by more than an order of magnitude, the cluster dust

contribution to CMB observations thus remaining negligible.
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5.2.3 Summary

Whilst the cluster dust emission is unlikely to be a problem for CMB observation, the
anisotropies resulting from dust in galaxies is certainly of importance at frequencies
of a few hundred GHz. CMB limits in this region will help to constrain the evolution
. of dust in these galaxies as well as primordial anisotropies, and in addition will con-
strain radio source evolution as as consequence of the tight correlation between the
FIR and radio emission from these sources. The integrated radio background itself
provides a background against which CMB observations are to be made, and in the
next section a review is given of the important results concerned with this problem.
Improved calculations concerning the dust contribution to anisotropy measurements
requires a detailed model of all the IR emission features of gale;ﬁes, and the possible
contributions from starburst galaxes (although the effect from such galaxies may
not be too different from regular spirals at the COBE frequencies where the cirrus

emission is likely to be dominant).

5.3 Fluctuations due to discrete radio sources

The presence of discrete radio sources is of great importance from a number of as-
tronomical standpoints. Firstly, the integrated radiation due to the sources gives a
component of the sky brightness which must be removed when attempting to deter-
mine either the temperature of the Galactic Synchrotron Radiation, or indeed, the
CMB brightness temperature. The brightness temperature Tex of the extragalactic

radio emission is well described by

Tex[v (MHz)] = (23 £ 3) [%}—ms&ons)K

where T..(178) was originally estimated by Longair (1966) and remains in good
agreement with the recent analysis of de Zotti & Toffalatti (1989) from which the
above equation is taken. At frequencies of the order of a few hundred MHz, all
three of the above radiations (away from the Galactic plane) have similar brightness
temperatures, and the assumption of two of the values can lead to large errors in the
third. Difficulties in the estimation of both T., and that due to Galactic Synchrotron

Radiation at v ~ 500 MHz has resulted in large error bars on Tcyp, making it
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problematic to assess the existence or otherwise of a spectral distortion in the CMB
(see Sironi, Bonelli & Limon, 1991). Physically, the radio emission results from non-
thermal electrons generating synchrotron radiation. The brightness sources, which
have been cataloged at a number of frequencies for the whole sky, comprise QSOs
and radio galaxies, with the flat spectrum sources corresponding to ‘compact’ self-
absorbed sources. These sources are important in their own right from a cosmological
point of view, since, with the assistance of multi-frequency observations, optical
identifications and the measurements of redshifts, the evolution of astrophysical
sources in the universe has been followed. Such sources were originally studied
in a bid to determine cosmological parameters such as qo and Hy by evaluating
the variation of the number counts on the sky with flux density. These counts
were subsequently found to differ from that expected either for a universe with
2 ‘Euclidean’ geometry or a conventional relativistic cosmology, which led to the
conclusion that the radio sources were evolving either in luminosity, space density, or
both with redshift. Although this leaves the determination of qo and Hy somewhat
intractable, it does leave the possibility of determining a formation redshift for
galaxies. Since the source surface density increases rapidly with decreasing flux,
then a small sky sample may be adequate statistically to determine the properties
of faint sources, provided the overall distribution is uniform. The faint sources
comprise the QSOs and radio galaxies which make up the bright sources, plus at the
faintest flux densities a population of blue galaxies with an as yet uncertain nature.
These blue galaxies are responsible for the flattening of the counts at low densities.
The interpretation of source counts in general is complicated by the fact that that
the sources are an inhomogeneous collection of quasars, radio galaxies, extended and
compact sources, all of which may have different local luminosity functions, lifetimes

and cosmic evolution.

However, it is the fluctuations which these discrete radio sources impose on
the CMB which are of interest in this chapter, and which are now reviewed. On
small angular scales, of order a few arcminutes or less, where anisotropy measures
are sensitive to both primordial fluctuations and the fluctuations produced by the
development of structure at intermediate redshifts, the most accurate work has
been performed at the VLA operating at 5 GHz by Martin & Partridge (1988) and
Fomalont et al. (1988). Fomalont et al. have concluded that all of the observed

fluctuations are consistent with extrapolated source counts after the removal of
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known bright sources from the region of interest. Here, we are interested in the
contribution to larger scale anisotropies. A theoretical study of the problem has
been made by Franceschini et al. (1989) who have taken models which reproduce the
observed number counts and convolved the results with a gaussian beam response.
Fig. 2 is taken from their paper, and indicates that for the COBE DMRs, the
contribution to the intrinsic smoothed anisotropy should lie below 10~¢. Similarly,
for the Watson et al. (1988) observations the discrete source contribution is expected
to lie below the 107> level, such that the Galactic Synchrotron Radiation should still
be of the greater importance at 10 GHz.
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Figure 5.2: Discrete source contributions to single beam measures of AT/T as a
function of frequency and angular resolution. Taken from Franceschini et al. (1989).

These calculations do not include the effect of clustering, which decreases the
effective number of objects in randomly placed cells, and consequently enhances
the cell-to-cell fluctuations. An estimate of this effect could-be made using the
same techniques as for IR luminous galaxies. The correlation functions of radio
galaxies are still somewhat uncertain, but recent observations suggest that some
classes must be strongly clustered (Peacock & Nicholson, 1991). This implies that
although models of the point source contribution to the CMB may need revision,

the anisotropic radio background offers the possibility of mapping out large-scale
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structure in the universe.

In larger scale experiments, the actual observed temperature differences due to
the known sources will almost certainly be required to be evaluated, since although
relatively quiet sky regions can be sought, it is unlikely that all bright sources may
be avoided, as may be the case for small angle observations. As an example, Watson
et al. (1988) and Watson (1989) remove all known sources from their survey region
using the 10.7 GHz catalog of Kuhr (1981) and spectral information therein. Fig.
3 taken from Lasenby et al. (1991) shows the overall fluctuations measured at dec.
40° for the 10GHz 5.6° experiment, together with the point source contributions
from Watson et al. (the sources have no effect in the region where a claim was orig-
inally made for a cosmological signal, and so the conclusions ovf"'_C‘hapter 2 regarding

the Galactic Synchrotron contribution remain unaltered).
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Figure 5.3: From Lasenby et al. (1991), the fluctuations seen at 10 GHz using the
Jodrell-TAC 5.6° configuration, and the estimated contrlbutlon to the second differ-
ences from point sources.

Such a procedure will remove bright sources, but fluctuations might also arise
from concentrations of many weaker radio sources. The assessment of this contribu-
tion requires a complete catalog of all radio sources convolved with the beam profile

for observations at a given declination. Unknown strong sources not included in
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existing catalogs are rather unlikely since they would need to have highly inverted
spectra to avoid detection at the lower frequencies, and such objects are expected
to be rare. Again, as in the small-angle anisotropy case, the contribution from weak
sources can be assessed statistically from source counts. Banday et al. (1991) at-
tempted an alternative method to deduce the contribution from both known and
weak unidentified sources. Since for a given catalog, there is a limiting fux below
which identifications cannot be made, the object is to relate this limit to the possible
induced fluctuations. The problem was studied using the 5 GHz catalog of Langston
et al. (1990) which lists sources with fluxes above 40 mJy with 99.9% completeness.
In particular, second differences for a 5.6° FWHM beam with 8, of 8.2° were deter-
mined for the region R.A.: 270° - 170° , dec: 34° - 39.15° for. all sources, and for

4 subdivisions of the sources. The results are reproduced here in Fig. 4 Source by
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Figure 5.4: Predicted second difference values for radio sources at 5 GHz from
the catalog by Langston et al. (1990), assuming a FWHM of 5.6° and 6, = 8.2° .
Different source power ranges are indicated.

source extrapolations were then made using published spectrai indexes, the results
are shown in Fig. 5. To derive the likely contribution from sources below the 40 mlJy
threshold Spa, it was noted that the contribution from the 4 flux bands considered
is comparable (within 20%) to the highest band alone, thus it is not unreasonable

to assume that the contribution from those sources with S < Sp, 1s comparable
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to the first flux band above Sp;,. From Fig. 5 then, the limit set by unidentified
sources with flux densities less than 40 mJy at 5 GHz is ~ 5 x 1078 at 10 GHz and
5° resolution, and ~ 1073 for 2° resolution at the same frequency. These results are
within a factor of 2 of those in Franceschini et al. (which do not include the effects
of clustering which are inherent in the catalog, or the beamswitching effect). As the
frequency increases, the expected contribution will diminish such that by 20 GHz
if all known sources with Ssgy, > 40 mJy are removed, -then the residual discrete
source contribution will be of order 107¢, so that beyond 20 GHz point sources
should be relatively unimportant until the sub-mm region where the integrated dust
emission in galaxies rises rapidly. Some care may need to be taken with time vary-
ing sources and flat spectrum sources, although a compilation of bright sources at
31.4 GHz exists (Witzel et al. , 1978) enabling their ré.mova.l..from high frequency
observations by COBE etc.
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Figure 5.5: rms fluctuation values from the observed 5 GHz point sources and those
predicted by extrapolation to 10 and 20 GHz. The contributions from different
source power ranges are indicated as are the angular scale and the frequency. The
shadowed area indicates the expected cosmological temperature fluctuations.
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5.4 Conclusions

As has been found for Galactic emission, the presence of discrete sources emitting
at both radio and IR frequencies leaves only a small frequency window for which to
make CMB observations without any contamination at greater than the 1076 level.
This window 1is slightly wider than in the Galactic foreground case, here being of
order 30 - 300 GHz (for FWHM ~ 5° ), and does depend a little on the experimental
resolution. More work on cataloging faint sources remains to be done to confirm
these predictions, and the elimination of flat-spectrum and time varying sources is
desirable. Radio sources may yet prove to be one of the greatest stumbling blocks to
the detection of anisotropies on the scale of a few arcmi;iutes,_§r even up to degree

scale, since clustering may enhance the predicted AT/T givéﬂ by Franceschini et
al. .
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Chapter 6

Large Scale Structure and CMB
Observations

6.1 Introduction

Very recently, several large-scale galaxy surveys have become available which probe
to a sufficient depth in the universe to make claims about the existence or otherwise
of large-scale structure. Most conventional observations of, for example, the galaxy
2-point correlation function have shown little evidence for structure on scales greater
than ~ 10 h='Mpc, in contrast to the auto-correlation function of Abell clusters
which remains positive out to scales ~ 100 h=*Mpc. The angular 2-point correlation
function of the APM survey (Maddox et al. , 1990) the counts in cells analysis of the
QDOT IRAS survey (Efstathiou et al. , 1991), observations from the CfA2 survey
(Baumgart & Fry, 1991), the evidence for quasi-periodicity in the galaxy distribution
on scales of ~ 100h~!(Broadhurst et al. , 1990), and the POTENT reconstructions
of galaxy peculiar velocities on scales of up to 60 h=*Mpc (Bertshinger et al. , 1991)
offer support for greater power on large scales than previously demonstrated. The
importance of these observations relates to the presently accepted ‘standard’ model
of galaxy formation and evolution. In ‘standard”"'Cold Dark Matter (CDM) theory,
it is considered that the universe is closed, ie. =1, with the difference between the

dynamical estimates of {1y, from, for example, nucleosynthesis arguments, and the

153
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closure density being accounted for by the existence of fundamental particles which
are non-relativistic at the epoch of decoupling. The subsequent dynamical evolution
of structure in the universe is dominated by these particles. In ‘standard’ CDM (see
Davis et al. , 1985) the predicted galaxy 2-point correlation function seems much
more in accord with traditional measures on scales greater than 10 h='Mpc which

~ show little power (ie. a correlation function consistent with zero correlation).

In this chapter, linear theory is employed to test the predictions of CDM, to-
gether with some alternative models, against the observations with the intention of
matching the observations on the largest scales and determining the consequences
for CMB anisotropies. That is, for a given model, we attempt to determine a consis-
tent normalisation based on the observations, and verify its vaijdity by comparison
with observational microwave background upper limits. In retrospect, the problem
may lie in the area of normalisation of the model power spectra. This is usually
done on scales of ~ 8-10 h='Mpc, where it is assumed that linear theory applies. It
may be (and recent theoretical work demonstrates some support for this viewpoint)
that even on these scales there exist some residual non-linear effects and that con-
sequently the normalisation should be made on a larger scale where linear theory is
more likely to be applicable. This is investigated in some detail. Finally, a discussion
is given of the significance of the large scale observations, and the consequences of
each of the models considered. It is concluded that the observation of fluctuations

in the CMB will provide the cleanest test for the existence of such structure.

6.2 A primer in linear theory: transfer function
formalism

It is generally considered that a spectrum of density perturbations is imprinted on
the contents of the universe during its earliest stages, and that this spectrum is
assumed to be power-law in form, that is, the Fourier components are given by
| 6 |2 k™. In the inflationary scenario, which is currently considered to be very
promising, these fluctuations arise as quantum fluctuations in scalar fields generated
during the inflationary epoch become density fluctuations. A fairly natural outcome
of such a scenario is that the initial power-law fluctuations are scale-invariant (ie.

for adiabatic perturbations n = 1, for isocurvature fluctuations n = -3). The sub-
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sequent evolution of this spectrum then depends critically on the matter content of
the universe, since the associated physical processes modify the initial spectrum to
a non-power law spectrum by the end of the recombination epoch. Using linear per-
turbation theory, the fluctuations can be decomposed into scalar, vector (vorticity)
and tensor (gravitational wave) modes, although only the scalar modes are likely
to be important for structure formation. Numerical integration of the perturbation
equations then allows the evolution of the components to be followed. Since each
Fourier component evolves independently of the others, an immediate outcome of
such calculations is the transfer function for density fluctuations, T(k), which relates
the fluctuations at the present epoch to to the fluctuations at the time t; when they

were generated. For adiabatic fluctuations,

5k(t0) = 5k(t1)T(k)

For isocurvature fluctuations, the transfer function is defined in terms of the initial

spectrum of entropy fluctuations,

Si(to) = 8S,(t;) T(k)

The transfer function thus maps the early universe (post-inflation) power spectrum
into the pre-nonlinear post-recombination one, and is characterised by a set of scales

reflecting the physical processes which occur once the fluctuation wavelength exceeds
the Hubble length.

The form of such a transfer function is given by analytic fits to the linear pertur-
bation calculations. Detailed analysis of such calculations has been performed by
a number of authors, and analytic fits to the transfer function in CDM, HDM and
WDM cosmologies with varying cosmological parameters (Q, b, Qcom, Qu, m,,
A) can be found, for example, in Bond & Efstathiou (1984), Bardeen et al. (1986),
Holtzman (1989) and Efstathiou (1990).

In Fig. 1, an example is given of the power spectra arisin'g from CDM, HDM

and WDM scenarios (the spectra are actually presented as the variance, A%(k) =

2]‘—:2 | & |?, which provides a measure of the density fluctuations (6p/p)% on a scale

A, where k = &), The transfer functions reflect characteristic scales which depend

on the particle content of the universe (see chapter 1 for a relevent discussion).
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The calculation of T(k) is clearly a pre-requisite for N-body simulations of non-
linear gravitational clustering in particular cosmological models. However, if we are
considering observations on sufficiently large scales, then nonlinear evolution should
be negligible, and it is valid to compare a linear calculation using the transfer func-
tion formalism to the observations. In this chapter, this is the procedure adopted.
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Figure 6.1: CDM, HDM and WDM adiabatic post-recombination power spectra.

6.3 Normalisation

Although the combination of the primordial perturbation spectrum and transfer
function fully determines the shape of the pre-nonlinear spectrum, the overall nor-
malisation amplitude still has to be fixed. In principle, this would be determined
from the details of the fluctuation generation mechanism in the early universe —
for example, the inflation potential in an inflationary scenario. In practice, we must
introduce a parameter to characterise the amplitude of the liﬁear spectrum. The
most natural normalisation would be to the mass in this case, but unfortunately,
there is as yet no completely reliable measure of this. If we consider, for example,
the variance of galaxy counts, then an assumption has already been made - that

the distribution of galaxies is the same as the underlying mass distribution. The
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bulk motions of galaxies on large scales would trace the mass distribution, but it
is questionable whether sufficient numbers of observations exist to provide a usable
rms value. Similarly, fluctuations in the CMB, which can be directly related to the
linear theory amplitude, have yet to be detected. To account for the ‘light-traces-
mass’ problem, a biasing factor b, has been introduced, which is unity if mass does
trace the galaxy distribution, and greater than one if galaxies are more clustered

than the mass.

To fix the normalisation, two methods have been widely used. The first is based

on the second moment of the mass correlation function &,

R R -
Js = /0 6, dr = b;z/0 Pégdr

where {;; is the galaxy 2-point autocorrelation function. This turns out to be a
very useful measure of the linear fluctuation amplitude since if R is chosen in the
regime where §, < 1 then the integral grows according to linear theory even if the
fluctuations on scales < R are very nonlinear (Groth & Peebles, 1976). The form
for J;3 in terms of the power spectrum is given in the next section. Normalisation is
then fixed by comparison with J3 estimated from the CfA redshift survey. From an

analysis of the spatial correlation function Davis & Peebles (1983) find,

J3(10h~" Mpc) ~ 270h~3 Mpc?

with 10 h='Mpc being about the largest scale on which J; may be estimated from
this survey. Note that, by using this normalisation, one is assuming consistency
between the shape of the observed correlation function and that predicted by linear

theory. The data may still not be good enough to make such a direct comparison.

The second method involves the variance of the mass distribution when sampled
in randomly placed spheres of radius R. The predicted variance of the density field

is then,

p

o3(R) = Y | &P WHkR) = blol,
k

where W(kR) is the Fourier Transform of the spherical window function (see next

section). The galaxy distribution has unit variance when sampled in spheres of
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radius ~ 8 h~'Mpc. Normalisations performed by both methods generally agree to
~ 10% for non-pathological power spectra.

Unfortunately, 8 h~land 10 h~'Mpc may not be sufficiently large scales for the
normalisation to be reliable - linear theory may not be valid on these scales. Nor-
malisations should more likely be made on larger scales where linear theory is more
nzarly correct. Until recently, observations on large scales have been sufficiently
uncertain to exclude this procedure, but with the advent of the newer deeper sur-
veys it may now be possible to normalise in a more linear regime. In this chapter,
predictions from various models normalised in the standard ¢?(8h~!) fashion are
compared to the new observations allowing the consistency of the normalisation to
be challenged. The effect of normalising on larger scales is also investigated for the

standard CDM model, particularly with respect to CMB uppef limits.

Normalising on larger scales in linear theory will itself result in the overesti-
mation of quantities on smaller scales. However, this can simply be attributed to
non-linear evolution of fluctuations on the scales where it has been recognised that
linear theory may not apply - the theoretical understanding of the complicated
nonlinear gravitational dynamics and possible hydrodynamic processes is still in its
infancy. By use of the Zel’dovich approximation to calculate the evolution of den-
sity perturbations in an Q = 1 universe, Hoffman (1987) has noted that the use
of linear theory on a scale of 8 h™'Mpc overestimates the normalisation amplitude
by a factor of ~ (é)z. This would seem to imply that, if normalised on a larger

3
scale where linear theory is applicable, the linear theory calculation on 8 h=Mpc

should be scaled by a factor of order (g)-z. This will also be investigated. Similar
investigations by Martinez-Gonzéilez & Sanz (1991) reach similar conclusions (they
suggest that the overestimateis ~ 0.55-2 and also demonstrate an Q-dependence for
the correction). The conclusions reached by these methods are themselves subject
to doubt. however, since the Zel’dovich approximation may well be no more accurate
than the linear calculations. The question of normalisation is then still a subject
for debate. Indeed, the normalisations discussed above themselves may not be ap-
propriate for models which are not of the gravitational clustering hierarchy type.
Peebles et al. (1991) have suggested that using the value ¢2(20h~!) = 0.25 would

provide a normalisation more suitable to explain the large-scale structure claimed

1n recent surveys.
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6.4 Quantities in linear theory

From this point unless otherwise stated, reference to the power spectrum will imply
the post-recombination power spectrum - | & |*= A k™ T?(k) where it is assumed
that the primordial spectrum is of power law form, and A is the normalisation
constant. Several quantities will ncw be defined in linear theory in terms of the

power spectrum,

i) J; integral: on a scale R the J3integral is defined as

J; = /OR r?{(r)dr

Since ¢ is the Fourier Transform of the power spectrum, it follows that,

dk

_ (2 2
J3 = < )/0 | & |* (sinkR — kr coskR) — .

27?2

This is to be compared to the values determined from the C{fA survey.

i1) Variance in the mass distribution: The variance in the mass distribution on
a given scale refers to the rms fluctuation on that mass scale. Determination
of this quantity is done as follows: consider a volume Vi which on average
contains a mass M, place it at all points in space, then evaluate the rms
mass fluctuation. The actual volume considered is determined by the window
function which smoothly defines both the boundaries of the volume Vi and

the mean mass 7 Vw such that

R
Vw = 47r/ P W(r)dr
0

The mass fluctuation on the mass scale M = 7 Vwis then given in terms of

the density contrast and window function by,

((8)) = = (( v )

and after a little Fourier algebra this turns out to be,

W
Jz(R)z—l—-/ 2|5I2| kldl\

272
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where Wy is the Fourier Transform of the window function.

Three window functions will be employed in this chapter - spherical, gaussian
and cubic to be compared to measures from the CfA survey and the QDOT
IRAS galaxy redshift survey. The simplest window function is the spherical
which refers to the mass variance in spherical volumes with a sharply defined

surface at radius R. the top hat function as it is also referred to is defined by,
1 r<R
W(r) = { 0 r>R

4
Vw = §7I'R.3

sinkR  coskR

W= 4”R3[(kR)s ~ T

Thus we define the variance in a spherical volume of radius R as,

1 9 fo dk
2Ry = — 2 / 2 (1! 2 95
o*(R) 5 ), { 6 |* [sinkR — kR cos kR] o
The gaussian window function has been used by Saunders et al. (1991) to
analyse the QDOT IRAS survey. The window function is of the form W(r) =
e~"/2R? leading to the result,
ol = L /00 k2 | 61( l2 e—sz2 dk
& 272 Jo
The final window function - the cubic- was employed by Efstathiou et al. (1990)
also to analyse the QDOT IRAS survey. The aim with this function is the

determination of the mass variance in a cubic cell of side L. It can be shown

that,

! , sin? (kyL/2) sin? (k,L/2) sin? (k,L/2)
0=y [/ V6P o Twmimr mier

As usual, if galaxies do not trace the mass distribution, all results should be
scaled by b, ~2. ' '
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ili) Peculiar Velocities: Determination of the peculiar velocity field provides a
direct probe of the underlying mass distribution, since no assumption needs
to be made about the relationship between mass and light - the galaxies in
this case merely act as test particles to measure the local gradient of the
gravitational field. The actual observation of peculiar velocities is difficult
since the relative errors increase with distance,but new techniques may now be
producing some reliable results. In a linear analysis of the evolution of density
perturbations, the peculiar velocity of a particle can be decomposed into an
irrotational and rotational part. The rotational part does not couple to the
density inhomogeneities and can be shown to decay away as the cosmological
scale factor, a(t)~!. The rotational piece does coupIe to; the density field of

the universe as,

a(t) . const

i) = 5 &+ 7

where the constant decays away as with its rotational counterpart. The pecu-

liar velocity is then solved for as,

const 2 dIlné
V(T,t) = = (o Ho)™ 3(f,t
w5t a(t) + 3( o Ho) (d lna) g5Y)

g defining the peculiar acceleration field. It is then possible to compute the

rms peculiar velocity in terms of the power spectrum, but far more convenient
is the rms peculiar velocity averaged over a volume defined by the window
function W(r) and its Fourier Transform Wy,
2 2
vi(r) = % (%) /0 | 6 | it 'W“l dk

where a is the cosmological expansion parameter. A good analytic approxi-
mation to (%) is 296 (Peebles, 1980). Both gaussian and spherical window
functions have been employed, and a combination of the two, the gaussian pro-

viding smoothing of data on small scales so that linear theory is applicable, is

also possible.

iv) Anisotropies in the CMB: In Chapter 1 the theoretical framework for eval-
uating CMB anisotropies has been briefly described. Here, the calculation of
values is related to the transfer function formalism as closely as possible. Re-
call that temperature fluctuations in the CMB arise from 5 distinct physical

effects:
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1. our peculiar velocity with respect to the cosmic rest frame (dipole anisotropy)

2. fluctuations in the gravitational potential on the surface of last scattering
(Sachs-Wolfe effect)

3. fluctuations intrinsic to the radiation field itself on the last scattering

surface
4. the peculiar velocity of the last scattering surface

5. damping of anisotropies during a reionisation epoch after decoupling

The natural angular scale dividing the contributions from the physical effects
is given by the Hubble scale at decoupling which subtends an angle of,

Bace = 0°.87 OF (24ec/1100)"3

Angular scales smaller than this correspond to comoving lengths smaller than
the horizon at decoupling where the last three effects dominate the contribu-
tions to the anisotropy, larger scale anisotropies correspond to super-horizon

scales at decoupling.

o Sachs-Wolfe anisotropies: These arise as stated above from fluctuations in
the gravitational potential on the last scattering surface. Such anisotropies
are simple to evaluate since they probe lengths that are super-horizon
sized at decoupling and are therefore insensitive to microphysical pro-
cesses taking place during the recombination epoch. Thus, for scales
> 1°, we need only consider the primordial perturbation spectrum (ie.

| 8x |2 ¢ k™) in calculations.

The theoretical expectation for the rms value of AT/T can be evaluated
rather simply in terms of the temperature auto-correlation function C(6).
Observationally, however, it is the smoothed correlation function C,(§)
which is important, the smoothing arising from the finite beamwidth
of the antenna (the beam is generally assumed to be gaussian in shape).
This implies that the FWHM of the beam =~ 2.35 o. As noted in Chapter
1, the observed rms temperature fluctuations observed for a two-beam
experiment with beamthrow 8y is,

<ATT)2 = 2[C,(0) — C,(6y)]
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whilst for a three beam experiment,

(ATT) = g C.(0) — 2C,(6b) + % Co(26s)

To calculate anisotropies in the Sachs-Wolfe regime, it is best to construct
the temperature fluctuations on the sky in terms of the spherical harmonic

decomposition of the plane-wave components,

AT 1 -
T =1 DX @+ 1) Ak, to) Pa(p) €<
k 1

where Aj(k,to) is the brightness fluctuation. Writing AT/T in spherical

harmonics

=ZZa1mY1mB ¢
m ]

where 8, ¢ are spherical angles on the sky, the predicted auto-correlation
function for two antennae whose response is well-modelled by a gaussian

of angular width ¢ is given by

_ 5T(X1) 5T(X2 1 & 2 o ~[(1+L)e
C,(8) = < ) = Gg (2 +1) (| am [*) Py(%1.%z) e (037

where X1.X2 = cosf. The coefficients a), can be shown to be given by

(lowm Py = 5= [ 1R 3

with 7 the conformal time, and h the scalar metric perturbation (fluctua-
tion in the gravitational potential) in linear theory (see Efstathiou, 1990,
p.36 for more details). For a power law spectrum of perturbations, | h |2

x k7, the above equation reduces to,

2 —n)/2 T{(2l +a—1)/2]
(lam ?) = (| 2|> [(3+n)/2] T{(2l —n+3)/2]

where a; the rms quadrupole moment. This is a rather convenient form
in which to cast AT/T , since we can relate a, to the amplitude of linear
perturbations at the present epoch. If we write the fractional density

perturbation in the matter at epoch 7'as

6l=80) (Z)’
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(the factors of 7 arising since the metric grows with conformal time as

72) then the amplitude of the quadrupole moment is

=2 [T 1B P k) 15
where 75 = 2¢/Hp (2 = 1), the shape of B(k) being fixed by the initial
perturbation spectrum and the transfer function. The amplitude can
be evaluated by the usual normalisation procedures (though if @ # 1
account must be made for the slower rate of growth of perturbations in

such a universe).

o Small-angle anisotropies: The evaluation of AT/T on angular scales <
1° is a more complex procedure, since cérté.iq physical effects conspire to
modify the photon perturbations on different scales. In particular, one
must consider the ‘washing-out’ of anisotropies due to the finite thickness
of the last scattering surface, the damping of small-scale fluctuations aris-
ing from the imperfect coupling between baryons and photons, and the
generation of temperature fluctuations for those perturbations with wave-
lengths smaller than the Jeans length at recombination by photons scat-
tering off moving electrons. An accurate computation of these processes
requires the numerical solution of the collisional Boltzmann equation for
the photons. The approach to such calculations is described in some
detail in Bond & Efstathiou (1987). From this one obtains the Fourier
transform of the temperature fluctuation on the last scattering surface
61(p.k) (where p is the direction cosine of the propagation direction of
the plane wave); it is then relatively straightforward to calculate the CMB

correlation function. For two antennae,

1 o 1 - —4k2H=2 (1~pu2)o? - - 1
Colt) = [Tk [ | o) [ e TS kG 1 - )]

Suck calculations have been performed by a number of authors, some of
whom have provided analytic fits to the unsmoothed correlation func-
tions for a variety of models (including models with non-closure den-
sity and positive cosmological constants — see Bond & Efstathiou (1984),
Holtzman (1989), Efstathiou (1990) and Fukugita, Sugiyama & Umemura
(1990) for example. Such fits will be employed where appropriate, how-

ever these can only be found for scale-invariant spectra.
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When analytic fits are not available, the method outlined in Fukugita &
Umemura (1989) could be employed to determine the small-scale anisotropy
level. However, this is only accurate to within a factor of 2 - 3 and so
cannot really place particularly stringent constraints on the models, and

is not attempted here.

6.5 Observational Results

In the calculations which follow, results will be compared with the measures of

large-scale structure and CMB anisotropy limits in Tables 1 and 2.

Parameter | Scale R (h~! Mpc) Value Source

8.0 1.0
o2 10.0 0.81
20.0 0.25 Peebles et al. (1991)
J3 10.0 270 h=3Mpc3® | Davis & Peebles (1983)
5.0 0.436% 0.091
ol 10.0 0.184+ 0.050 | Saunders et al. (1991)
15.0 0.0669+ 0.019
10.0 0.68 - 1.10
20.0 0.31 - 0.57
ol 30.0 0.17 - 0.38 | Efstathiou et al. (1990)
40.0 0.14 - 0.32
60.0 0.017-0.11
40.0¢ 388+ 67 kms™!
1
(v2)° 60.0° 327+ 82 kms™! | Bertshinger et al. (1990)

Table 6.1:

Observational constraints on large-scale structure. a: with additional

smoothing on a scale 12 h=! Mpc.

6.6 The CDM model

The currently most popular model for the origin of structures in the universe is the

Cold Dark Matter model. In such a model, dark matter particles (motivated by the

twin desires to reconcile dynamical estimates of €2 in clusters with estimates of the

visible content of the universe, and to make ) equal to the closure density in accord

with the inflationary universe model) are in the form of weakly interacting massive
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Group o 6, | 2/3 beam® | AT/T (x 10°) | Reference

UwW 0.62" | 4.5 3 24.0 Uson & Wilkinson (1984)
OVRO 0.77° | 7.15’ 3 17.0 Readhead et al. (1989)
UCSB 13.0' | 1.0° 2 35.0 Meinhold & Lubin (1991)

Jodrell-IAC | 3.5° | 8.2° 3 37.0% Davies et al. (1987)

Rome 2.2° | 6.0° 2 6.7¢ de Bernardis et al. (1991)
COBE 3.0° | 60.0° 2 40.0 Smoot et al. (1991)

as 30.0

Table 6.2: Upper limits on CMB anisotropies. a: see Chapter 1; b: see Chapter
2; ¢ this limit for n = 1 spectral index, limit becomes 7.3x 10~® for n = 0.2, and
7.28% 1078 for n = 0.

particles with mass > 1 GeV. Such particles, to a good ap’;ﬁ_ioximation, can be
considered to have always had negligible thermal velocities, hence the nomenclature
‘cold’. The formation of structure in such a model is hierarchical, the first objects
to form being of sub-galactic size. These objects then break away from the general
expansion and virialise into gravitationally bound objects. Bigger structures form
later through tidal interaction and mergers of smaller objects. The formation of
structure in a CDM universe has been investigated in some detail in a series of
numerical simulations by Davis et al. (1985). The ‘standard’ model assumes h =

0.3 and b, = 2.

Calculations of the linear transfer function for adiabatic CDM models have been
performed by a number of authors (see section 2 for references).Here, the transfer

function determined by Bond & Efstathiou (1984) is employed.

T(k) = (1 + (ak + (bk)"® + (ck)?)*)™>

wherea = 6.4 (2h?)71, b=3.0 (Rh?)!,c=1.7 (Qh?)"}, and v = 1.13. These pa-
rameters are strictly valid only in the limit Q, < Qcpy. Examining the parameters
a, b, ¢, v in Table 1 of Bond & Efstathiou, a clear dependence on Q4 is observed.
In the calculations which follow, however, the quoted transfer function will be of
sufficient accuracy (that is, only models with low baryon contents are being consid-
ered). When O,becomes comparable to Qcpy, that is, when the baryons become
dynamically important, this simple fit and the (Qh?)~! scaling breaks down and
the transfer function develops oscillations. As Qy>> QcpuM, the oscillatory transfer

function of adiabatic baryon dominated models is recovered (see Efstathiou, 1990).
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In Table 3, calculations are presented for various quantities evaluated from linear
theory for CDM models with Q=1 and h = 0.5, 1 (the h = 1 case is possibly a little
extreme, resulting in some timescale problems for globular clusters). The values

assume 02(8h~!) normalisation.

Quantity | Scale (h='Mpc) h=1 h=105

8.0 10 1.0

o2 10.0 0.589 0.644
20.0 0.093 0.137

J3 10.0 279h—3Mpc—3 | 308 h~3Mpc~3
5.0 0.519 0.578

o2 10.0 0.080 0.121
20.0 0009 | 0019
10.0 1.682 |  1.532
20.0 0.328 0.392

o? 30.0 0.110 0.160
40.0 0.048 0.070
60.0 0.012 0.018
400 1958 kms~' | 316.6 kms™!

1
(v2)* 60.0 149.8 kms=1 | 251.9 kms™?

Table 6.3: Linear theory calculations for a CDM model

For the o2, 02 calculations, nonlinear effects will suppress the calculated values
on the smallest scales from those recorded in the table calculated using the linear
approximation. This explains the discrepancies with values in Saunders et al. (1991)
and Efstathiou et al. (1990) which quote values estimated from averages over a num-
ber of numerical simulations. It should also be noted that since the calculations are
normalised using a value for o2(8h~!) estimated from an optically selected sample,
and since the JRAS galaxdes are mainly spirals which tend to avoid densely clustered
environments. the predictions for o7, ¢? on the smallest scales will be slightly over-
estimated. The difference in the quoted values for the peculiar velocities and those
in Bertshinger et al. (1991) can be traced to their adoption of the linear transfer
function given in Vittorio & Silk (1983). The results assume b, = 1. However, if
we interpret the results as pertaining to measures of the galaxy distribution rather
than in the mass distribution where b2 ¢?(Rh™})mass = 02(Rh™")galaxy, and since
the quantities are normalised using o2(8 h'l)(md;s) = 1/b?, the bias factor is elim-

inated in this interpretation except in the case of peculiar velocities which relate
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1
directly to the mass distribution. For a non-unity value of b,, <vg>zshou.ld be

scaled by 1/b,in order to compare with the observational constraints. The results

for the CMB calculations for the same normalisation and again assuming b, =1 are

provided in Table 4.

AT/T (x 10°)

Experiment | h=1|h = 0.5
uwl 216 | 4.09
ovrot | 4.05 | 7.89
ucsBt | 847 | 15.93
Jodrell-JAC | 2.75 5.30

Rome 3.27 6.31 |

COBE 6.10 11.8°
ag 4.24 8.18 -

Table 6.4: Linear theory calculations of CMB fluctuations for 2 CDM model. t
calculated from the analytic fits to the correlation function provided in Efstathiou
(1990), scaled to the quadrupole calculation quoted here.

If there is biasing, then values of AT/T should be scaled by 1/b,. That the
UCSB South Pole experimental configuration yields the largest predicted values
should not be regarded as surprising since the apparatus was designed to provide

the maximal test for CDM.

Comparing the results with the observational data in Table 2, it is clear that
there is no problem with either model as far as the predicted AT/T is concerned,
although the new Rome figure, if confirmed, indicates that the observation of genuine
anisotropies is very close (the limit is very sensitive to the technique used to remove
foreground dust emission, however). Considering the results on large-scale structure
in Table 3, both models go some way to accounting for the structure observed,
although almost without exception the results lie below the observations. Those
which do not are themselves on a sufficiently small scale that the linear theory

calculation must be called into doubt.

To help the analysis, it is useful to compare the normalisation amplitude required
to reproduce the observational results relative to the usual ¢2(8 h~!) normalisation.
Figs. 2 and 3 show the situation for the h = 1 and 0.5 cases respectively. Note

that the normalisation scale is not the same as the scale quoted in the above tables.
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This is a consequence of the different window functions employed: to make a more
meaningful comparison the normalisation radius R.g is defined by equating the
volume in a spherical of radius R.g to the volume defined by the appropriate window

function. Thus for the gaussian window,

gnRzﬁ = (27)} RS
Reg = 1.555R

whilst for the cubic cell window function

%WR.::H‘ = R3
R.g = R/1.612

A correction also needs to be made when comparing calculation to observation in
that the IRAS results correspond to quantities determined in redshift space. Kaiser
(1987) demonstrated that a density perturbation as measured in redshift space has
an enhanced amplitude over the value that would be determined in real space, the
amplification factor being (1 + 2 %"6 + 3 -%’3) All calculated values in the figures

are corrected appropriately.

Now consider Fig. 2; it is clear that the standard normalisation scheme under-
predicts the observational data on scales > 10 h~'Mpc, the effect in some cases
being greater than 2.50. However, the h = 1 case is rather extreme as already
noted, so instead consider Fig. 3 which represents the standard h = 0.5 model with
no bias. Again, there is some underprediction of the larger scale measures, but now
the results are all consistent with the standard normalisation to better than 1.5¢
(the worst case being for 02(20h~1)). For both figures, the point at ~ 6 h='Mpc lies
below the standard normalisation, that is, the value is overpredicted. This is easily
understood in terms of nonlinear effects - the amplitude predicted by linear theory

is unlikely to be accurate on this scale.
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Figure 6.2: Relative normalisation amplitude for CDM modelh =1, b = 1.

Better agreement with the data is achieved on the largest scales in both cases
if the suggestion of Peebles et al. (1991) is adopted and normalisation is made by
comparison with the value 62(20h~1) ~ 0.25 (this denoted by the dotted line in both
figures). Agreement on large scales in the h = 1 case is now better than 2.5¢, but
there is considerable overprediction on scales smaller than ~ 12h~*Mpc. However,
the new normalisation pushes such scales further into the nonlinear regime, where
the linear calculations are inapplicable. Note that at 8 h=*Mpc, the amplitude is too
large by a factor ~ 0.37, which is close to the value predicted by Hoffman. Scaling
the linear calculation by this amount accounts for the non-linearities rather well. For
the b = 0.5 case, agreement is better than 2¢ for all scales > 12h~'Mpc, the values
at smaller scales again being too large as a result of non-linearities (the scaling is
again close to the Hoffman factor). There is a problem, however, in that with the
new normalisation, the upper limit on the Rome CMB data is exceeded. If we are to
achieve consistency, then a bias factor of order 1.3 or greater is required to correct
the effect, but this has the consequence of increasing the relative normalisation
amplitude for the peculiar velocity data by b, (although the size of the error bars
also increases as this factor). However, even with a bias factor at the top of the

range usually quoted, that is ~ 2 as in the standard biased CDM model, the peculiar
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velocity data remain consistent with both normalisations to better than 2¢.

The ‘standard’ model was rejected by Efstathiou et al. (1990) largely on the
basis of the value 02(40h~!). Here, the CDM prediction from a small number of
simulations indicated a value lower than that from the observations, and with a
dispersion which indicated no agreement. However, it seems that this observational
point may have been affected by spurious gélaxy counts, and an alternate IRAS
galaxy survey by Davis and his colleagues finds much better agreement with CDM.
More simulations show that the result is quite sensitive to the observers location, and
a larger number increases the dispersion in agreement with the standard model, as
linear theory naively suggests. The simulations themselves are also sensitive to bias
because of the redshift space correction (smaller bias iricreases the dispersion since
the peculiar velocity field increases in amplitude). Park (1991) has also concluded
that the 40h~'Mpc cell may be spurious since analytic models suggest that it is

internally inconsistent with the other measures.
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Figure 6.3: Relative normalisation amplitude for CDM model h = 0.5, b = 1.

Thus, it seems that ‘standard’ CDM with h = 0.5 and b,in the range 1.5 - 2
is still consistent with the new data. Normalisation on a larger scale where linear

theory is more reliable, and a better understanding of nonlinear effects on scales
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below 10 h~!Mpc may provide the best minimal solution to the problem of large-scale
structure (such a model will obviously require study in some detail via numerical
simulations to test its overall validity as 2 model for galaxy formation). The most
natural normalisation, to the peculiar velocity data, seems to be consistent with

either normalisation although there is good agreement with the Peebles et al. figure.

6.7 Fits to the APM angular correlation func-
tion

In this section, several power spectra are considered which provide a reasonable fit to
the APM galaxy 2-point angular correlation function w(6). Tixis measure suggests
that there is more power on large scales than the usual spatial correlation function
(¢(r) ~ (r—’o)-l's, with 1o ~ 5h~!Mpc) would give when projected using Limber’s
equation. Several authors have proposed model power spectra to account for this
additional power — the consequences are examined by investigating the expected

level of fluctuations in the CMB.

6.7.1 Analytic fit from Peacock (1991)

This was obtained by seeking a formula for A?(k) which was consistent with scale-
invariance for small k. The resultant spectrum was found to give a good fit to the
APM w(8), to be fairly consistent with the power spectrum analysis of the CfA
survey (Baumgart & Fry, 1991), and with a survey of radio galaxies at redshifts
less than 0.1 (Peacock & Nicholson, 1991). The QDOT IRAS values also show

reasonable consistency. It was found that
|6 | = AK*(1 4+ BK*Y)™!

where A = 1.182 x10° h—*and B = 3.345 x10% h~%4.

Fig. 4 shows the amplitude relative to that derived by the fit to the APM data
required to match the observational data. A correction has been made to the values
associated with optically selected samples (eg. J3 ), since the power spectrum refers

to clustering measured in redshift space. The results for 2 show clearly too much’
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Experiment | AT/T x 10°

UwW -
OVRO -
UCSB -

Jodrell-TAC 9.02

Rome 10.7

COBE 20.0

ag 13.9

Table 6.5: AT/T values for Peacock APM fit.

power on small scales, however, this is a result of the use of linear theory where it
is not applicable. Since the power spectrum analysis is.not v_g::.'y sensitive to small
scales, and is motivated by the requirement to match éhe lafgé scale APM power,
then it should not be too surprising that the agreement is not exceptional on scales

smaller than 10h~'Mpc, and that there should be evidence for nonlinear effects here.
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Figure 6.4: Relative normalisations for the APM fit from Peacock (1991).

The AT/T results are interesting in that they suggest that the detection of a
genuine anisotropy cannot be too far off. The prediction for the Rome group is
within the old Melchiorri et al. upper limit; however, the newer limit suggests a

bias factor of ~ 1.5 is required. This then brings the predictions for the peculiar
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velocities down by 1/b, into good agreement with the POTENT analysis. Including
the bias factor required from CMB measures, good agreement is evident on on all
scales > 10h~'Mpec. If there were no bias (ie. if the Rome group upper limit were
revised upwards), the large scale measures would still be in agreement with the data

to better than lo.

6.7.2 Alternative power spectra fits to the APM data

Sutherland (1991) has, after a thorough investigation of a large number of model
power spectra taken from Efstathiou (1990) and Holtzman (1989), proposed several
spectra which seem to reproduce the APM angular correlétion fnnction satisfactorily
on large scales when the standard ¢?(8 h~1) normalisation is employed. These models

are,

¢ Model 1: low density with Qh~1= 0.2 and a cosmological constant A = 0.8
(see also Efstathiou et al. , 1990)

Model 2: a hybrid model with Q. ~ 0.7, Qupm ~ 0.3, h =1
o Model 3: as above, h = 0.5

e Model 4: CDM with Qh~!= 0.75, white noise initial spectrum (n = 0)

Model 3: Isocurvature CDM, h = 0.5 (Peacock, 1991).

Table 6.6: CMB fluctuations for model spectra"&o fit the APM galaxy correlation

function

AT/T x 10°

Experiment | Model 1 | Model 2 | Model 3 | Model 4 | Model 5
tw 3.49 2.92 6.84 - 4.05
OVRO 6.93 5.80 14.2 - 8.37
UCSB 18.10 12.30 39.9 77.94
Jodrell-JAC 5.97 4.66 11.30 28.60 66.40
Rome 6.61 5.16 12.51 34.80 | 73.51
COBE 15.50 12.11 27.04 114.0 | 172.48
a; 8.67 6.77 16.41 111.0 96.41
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Table 6 gives the CMB fluctuations expected for these models. Whilst it is obvi-
ous that the above models will produce large-scale power in the galaxy distribution
to similar levels as they should since all were chosen to match the APM correlation
function on large scales, the CMB limits allow some conclusions to be made about
the models. The values for AT/T were evaluated in the usual fashion where possible
using fits for C(#) from Efstathiou (1990) and Holtzman (1989).

5 Ililll'lilllTlrl‘ll[l‘lll[rlﬁT‘r‘[l

CDM: 0Oh™'=0.2 b=1

|llrllﬁl|llllTllll
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Figure 6.5: Relative normalisation amplitude for CDM model Qh™! = 0.2, b = 1.

Clearly, models 4 and 5 are ruled out by the excessive amplitude of their quadrupole
moments which cannot be reconciled with the COBE upper limit even with the most
extreme biasing allowed. Models 1 and 2 survive all of the tests even without bi-
asing, but the calculations imply that the detection of genuine anisotropies is very
close. Model 3 exceeds the UCSB and Rome group results, but a bias factor of 2
reconciles the values (if the Rome value is refuted, the a more modest amount of
biasing will suffice, b, ~ 1.2). Fig. 5 shows the normalisation'.a.mplitude required
to reproduce the results relative to the ¢2(8h71) normalisation for the Qh~! = 0.2
CDM model. It can be seen that whilst the results are in good agreement with the
observations on the IRAS QDOT scales (as they were chosen to be), there is some
discrepancy with the peculiar velocity results. Thus standard CDM which is more

successful over the whole range of scales may remain a better model.
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Whilst it is easy to choose model power spectra consistent with the claimed

large-scale galaxy distribution, the CMB can provide strong constraints on these

models.

6.7.3 Modification of Standard CDM power spectra

This is discussed at length in the paper by Efstathiou (1991). In this paper, the
initial scale-invariance of the CDM model is modified in order to retain a spatially
flat model with h = 0.5. Recognising that a model with Qh ~ 0.15 fits the APM
data rather well, a function F(k) is evaluated which multiplies the power spectrum
for the standard h = 0.5 CDM model so that it ma.tchés. the.s;pectrum of the low
density model. It is then shown that the power spectrﬁm can 'Be modified further
still, so that there is no power on scales bigger than 100h~'Mpc, but all the power
on scales less than this is reproduced. The resultant fluctuations in the CMB are
then determined, and whilst the fluctuations are very small for all scales > 1° for
the final model, it is very difficult to avoid generating fluctuations smaller than 10-°
if the power on scales of 10h~1- 100h~!Mpc is to be reproduced. Of course, the
model itself is not very natural, requiring the existence of special scalar fields at the

inflationary epoch in order to generate the initial power spectrum k F(k).

6.8 Power Law Inflation and CDM

This model was recently considered by Schaeffer (1991) who noted that it provided
consistency with observations over a large range of scales. In this section, the cal-

culations are extended to account for the most recent observations.

In a power law inflationary model, the cosmological scale factor a(t) expands
as a power in time rather than as the more usual exponent during the inflationary
epoch (Lucchin & Matarrese, 1985). The density fluctuation amplitudes then havea
weak scale dependence, ~ R?*, with a lying in the range -0.5 to 0.5. The primordial
power spectrum is also modified from k™ to k™22, In the calculations which follow,
quantities are evaluated using the standard CDM transfer function for @ =1, h
= 1 with a bias factor of 2. Normalisation is made using the ¢?(8 h~!) formalism.

The linear equations are modified by the scaling factor, for example, consider the
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relation for the variance in a volume defined by the window function W(r),

® = 55 () [ ar B
o (R) = 272 \Rpom o k2 b | Vi, dk

where Rporm is the scale at which the power spectrum is normalised. Table 7 records

the results of calculations where, following Schaeffer, « is taken as 0.4. In the Sachs-

Wolfe calculations, the scale of interest is that defined by the distance to the last

2¢c

scattering surface, thus is taken as R ~ .

Experiment | AT/T x 108
10454 -
OVRO -
UCSB -
Jodrell-IAC 8.6
Rome 10.3
COBE 30.0
az 27.7

Table 6.7: CMB calculations for power law inflation model of CDM

Fig. 6 compares the amplitudes required to reproduce the observational data
assuming that the characteristic scale Ryom is always 8 h=Mpc with the standard
normalisation. The measures are nearly always slightly higher than the observed
quantities (after correction for redshift space effects). The bias parameter is required
to reconcile the velocity dispersion data to the calculations, and the prediction for
AT/T for the Rome experiment to the observational upper limit of 7.3 x 107 for an
n = 0.2 spectrum. It isinteresting that there is much less dispersion amongst the best
fit relative amplitudes than for the other models, suggesting that the powerlaw CDM
spectrum does reproduce the spectral shape required to explain the observations over
a variety of scales. There is no need to invoke non-linear effects on small scales, as
would be expected in a high bias model. Reducing the normalisation amplitude
slightly, or perhaps modifying the power-law inflation expansio,n- parameter « could
improve the fit. The model provides a plausible explanation of large-scale power.
Detailed simulations are required to ensure that the successes of standard CDM are

reproduced by this variation before it can be taken too seriously.
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Figure 6.6: Relative normalisations for the power law inflation CDM model.

6.9 Conclusions

Calculations have indicated that the ‘standard CDM model of galaxy formation is
consistent with the most recent measures of large-scale structure (if the value for
0?(40h~!) is in error), and further that a modest increase in amplitude connected
with normalisation on a larger scale where linear theory is more applicable pro-
duces even better agreement on these scales, the small-scale overpredictions being
accounted for by nonlinear effects, since these scales now certainly lie in the nonlin-
ear regime. Such effects are particularly significant in models with low bias, which
have yet to be fully explored. Couchman & Carlberg (1991) have recently evolved
an h = 0.5 CDM model with a bias factor on small scales ~ 0.8, and incorporat-
ing techniques to account for merging and non-linear dynamical effects. On large
scales, non-linear evolution causes growth of the large scale correlation beyond that
predicted by linear theory, bringing the simulations into agreement with the APM
w(6). Clearly, this is an important area of research. If power on still larger scales
is determined, then it may yet not be possible to rescue the CDM model. If this is

the case, then there is no shortage of models to resolve the excess power problem.
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However, the reliability of the observations on the largest scales has been called
into some doubt. It appears that the error analysis for the QDOT IRAS survey may
be inaccurate in that the errors quoted are too small (this traces to an assumption
about the gaussianity of the fluctuations in the survey). This would, of course,
improve the agreement with standard CDM. Fong, Hale-Sutton & Shanks (1991)
have demonstrated that photometric errors may have produced the large-scale power
in the APM galaxy correlation function, the removal of an appropriate zero-point
error reducing the spatial break scale to ~ 10h~!Mpc, in better agreement with the

standard model.

€(0:0)/C(0;a)

0 50 100 150
6 (degrees)

Figure 6.7: The temperature auto-correlation function for a number of spectral
indices. The function is normalised to the value at zero lag. All calculations are for
a beam of FWHM 1° .

Whatever the origin of the observed large-scale power, it is clear that the obser-
vation of anisotropies in the CMB will provide serious constraints on any theoretical
model. The South Pole and Rome results (if confirmed) are very important in
restricting the number of cosmological models. The nature of the primordial spec-
trum will also be most evident in observations of anisotropies on angular scales >
5° , where microphysical processes play no role 'and the ‘virgin’ fluctuation spec-
trum is observed. The determination of the initial spectral index should be possible

since the correlation function of the CMB temperature fluctuations has a different
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shape dependent on the primordial spectral index (see Fig. 7). Figs. 8a and b show
the variation in the measured AT /T expected from a 3-beam experiment with o =
1° for a number of beamthrows for n = 1 and 0 respectively. It might be hoped that
when measures are available of sufficient accuracy, then the variations with 6, will

be discernable enabling the index to be determined.
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Figure 6.8: The variation of the observed fluctuations in temperature vs. beamthrow
for initial spectral indices of n = 1 and 0.

Care should always be exercised when comparing theoretical AT/T values with
experimental limits extracted from limited sky coverage observations, detailed com-
parisons requiring simulations of the expected AT/T for a given cosmological model

including sky coverage, sampling strategy etc.
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Chapter 7

Conclusions

In this thesis, we have investigated a number of effects which can complicate searches
for fluctuations in the Cosmic Microwave Background. In particular, a detailed in-
vestigation has been made of the foreground emission from the Galaxy, and the ex-
pected contribution from discrete sources, ie. the radio and FIR emission from other
galaxies. These foregrounds have frequency dependencies which differ from that of
the primordial CMB fluctuations which (aside from the conversion from brightness
to thermodynamic temperature) are frequency independent, thus it should be pos-
sible to observe the microwave sky at a frequency which minimises the foreground
emission. The accurate subtraction of all foregrounds is obviously of great impor-
tance since oversubtraction leaves residual sky fluctuations which impose excessively
strong and unrealistic constraints on cosmological models as well as the possibility
of subtracting away genuine signals, whilst undersubtraction ascribes cosmological
importance to non-cosmological fluctuations. Particular attention has been paid
to the problem of removing the Galactic foreground on large angular scales, viz
greater than ~ 1° (where the CMB fluctuations are expected to be primordial and

unaffected by the relonisation history of the universe).

In Chapter 2, it was demonstrated that the Galactic Synchrotron emission could
reproduce the observed fluctuations at 10 GHz from the Davies et al. (1987) exper-
iment. The region in question actually corresponds to a quiet region of the sky, so
that non-cosmological fluctuations away from this region will be higher and the un-
ambiguous detection of anisotropies requires moﬁng to higher frequencies. Oaly for

frequencies above 20 GHz in this quiet region is there the possibility of the detection

184
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of a genuine signal. Since the Jodrell-IAC group plan to extend their observations
to 30 GHz, use of the 10 GHz and 15 GHz survey now in progress to eliminate any
residual Galactic signal will lead to either the detection of anisotropies or much im-
proved upper limits on the likely cosmological signal, provided that the experimental
noise and atmospheric contribution can be reduced sufficiently. In this chapter, we
also investigated the possibility of distinguishing between CMB and GSR fluctua-
tions from the corresponding temperature auto-correlation functions, but found that
the coherence length of GSR effects was similar to that expected in CDM scenarios,
even demonstrating a similar dispersion for limited sky regions. Only by reducing
the amplitude of GSR fluctuations by moving to higher frequencies and using mod-
els and extrapolations from lower frequencies to understand the residual effects can

observations be made attainable.

In Chapter 3, the effects of Galactic dust emission at higher frequencies was
considered. Use of the IRAS 100 um data along with a number of fits to the fre-
quency dependence of the emission again suggested that even at the highest latitudes
the Galactic contribution could be significant. However, the possible existence of
cold dust and spectral variations of the emission with Galactic position implies that
the IRAS data by itself is unlikely to yield an accurate enough prediction of the

foreground.

Chapter 4 used a fit to the thermal emission from the plane originally derived
by Broadbent (1989) together with an estimate of the thermal emission at high
latitudes from Ha data in combination with maps of the GSR and dust emission
to generate maps of the sky at the COBE DMR frequencies of 31.5, 53, and 90
GHz. The accuracy of extrapolation, and in particular of the thermal emission, was
estimated from comparisons of sky maps generated at 10 GHz with a number of
Galactic plane crossings at different declinations from Watson (1989). The results
are in agreement to better than 20% for the regions considered. The COBE type
maps show similar features to those published in Smoot et al. (1991) - the sky
temperature is dominated by the Galactic plane emission, al’izhough this falls off
quite rapidly with increasing frequency. Improvements to the model could be made
by comparison with the 19 GHz map of Boughn et ¢l (1990) and the 24.5 GHz
map of Fixsen, Cheng & Wilkinson (1983) to check the thermal emission from HII

regions in the plane. A quiet region on the sky was also identified using the 408
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MHz radio survey and the IRAS 100 zm survey as indicators - this would be an
excellent region in which to plan more sensitive searches for CMB anisotropies to
push down existing limits, and to use as a calibrator for all-sky surveys. The nature
of the Galactic emission and its frequency dependence implies that the foreground
emission should reach a minimum at ~ 60 GHz (although there is some variation

with sky position).

Chapter 5 summarises the contribution from known discrete sources - the radio
and FIR emission from galaxies. At the largest scales, the contribution is small
at the COBE frequencies, but at ~ 10 GHz, and in the sub-mm region, the fluc-
tuations remain important (for a beam of FWHM 7° ). On the smallest scales,
the radio emission from galaxies may remain the limiting factor in the detection of

anisotropies.

The work in this thesis reinforces the notion that for the CMB, everything else
1s foreground, and whilst we have considered a number of the potentially important
foreground effects, there are a number of other plausible astrophysical sources lying
between us as observers and the source of the CMB. These have been discussed
elsewhere (see Bond, Carr & Hogan; 1986, 1991) and such sources are also expected
to emit at a level which becomes increasingly significant as observational upper
limits on anisotropies fall. It is important to realise is that the observation and
interpretation of anisotropies is now a field of astrophysics requiring multi-frequency
maps, since when AT/T < 107° there will inevitably be structure in the observed
sky brightness distribution. The use of existing surveys to estimate the likely level
of Galactic contamination is open to question (see Chapter 4 for a discussion) since
these are quite often not absolutely calibrated and are subject to problems with
baseline errors. New more sensitive surveys are certainly required to aid the Galactic
foreground modelling. The COBE project will undoubtedly provide the best results
on degree scales to date, and with its wide spectral coverage will certainly generate
some complete models of the all-sky dust emission, which will help the analysis of
ongoing anisotropy measurements and plans for future projects. However, the likely
contribution to the lowest frequency DMR band centred on 31.5 GHz from GSR
still remains somewhat uncertain, and it may be that lower frequency radio surveys
will have to be specially undertaken to enable better modelling of this component

(an absolutely calibrated 408 MHz survey with baseline errors removed by some
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Fourier cleaning technique would also be of assistance). The large scale distribution
of radio sources and the extension of number counts to the faintest flux levels is of

importance on both large and small angular scales.

Another possible technique to reduce foreground effects is to optimise the experi-
mental configuration to avoid any characteristic scales in the foregrounds. Efstathiou
~ (1990) describes how to compare the filter function of a given experiment with the
likely power on that scale for a given cosmological scenario, allowing the design of
the experiment to be adjusted to match any peaks in the CMB power spectrum.
Whilst optimising the observational strategy towards a given theoretical model may
not be advisable (how realistic is the model ?), the adoption of a similar technique
to allow the configuration to avoid any power in the foregrg@ﬁds might be help-
ful. Theoretical work towards understanding the correlation functions of GSR or
dust in the interstellar medium is thus needed (Banday, Giller & Wolfendale; 1991
have attempted a number of models to explain the GSR correlation function at low

frequencies).

One approach to improve observational constraints on the CMB might be to
make a number of all-sky surveys at intermediate resolution over a number of fre-
quencies (to help foreground subtraction), together with higher resolution observa-
tions at those same frequencies on smaller regions which are either quiet in terms of
the total sky temperature or contain a number of interesting features. The smaller
regions might then help to calibrate the all-sky surveys, as well as aiding the fore-
ground modelling, since the instrumental noise can be reduced considerably over the
integration times available in comparison to an all-sky survey. The interpretation
of the limits set by small sky area observations is open to some question, however,
particularly with respect to those models such as CDM where even the angular av-
erage over the whole of our observable sky does not coincide with the theoretically
determined ensemble average; that is, our own microwave sky is not a fair sample
for large scale CMB anisotropy as a consequence of the long range nature of the
gravitational interactions and the assumed power spectrum. Fig. 1 demonstrates
the variations expected for different observers in a CDM model for the observed cor-
relation function Watson (1989) compared to the theoretically expected average for
an all-sky survey. There is considerable variatioﬁ, and since the observed rms sec-

ond difference measure is proportional to this correlation function, some dispersion
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is expected in the calculated average result for different observers (see Scaramella &
Vittorio; 1990).The investigation of a limited sky region is only likely to increase the
dispersion further. In baryonic models, our microwave skjr is virtually indistinguish-
able from the ensemble average, but again limited sky observations will create some
dispersion about the theoretically predicted AT/T . An unambiguous approach for
comparing theory and observaticn in a statistically significant sense is to perform
Monte Carlo simulations of the sky as expected in a givén scenario and analyse them
as is done in the actual experiment. Numerical methods of this kind provide perhaps
the only direct means of including effects such as differencing strategy, instrumental
noise, sky coverage and data sampling. Simulations will also become increasingly
important once CMB fluctuations are actually detected to corﬁpare the topological
variations in small regions with theoretical expectatioﬁs, as'é}.)posed to using the
peak theory (Bond & Efstathiou; 1987) which merely predicts the numbers of peaks

above/below a given threshold in an average sense.

N ' 4

n=1 —
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Figure 7.1: The calculated all-sky CDM correlation function for 5 different observers
compared to the ensemble average (solid line).

Finally, new techniques of both a statistical and observational nature, plus the
adoption of sites to reduce atmospheric effects should allow an increase in sensitivity

by a factor of 2 or 3, which is just at the point where, if the large-scale structure
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discussed in Chapter 6 is verified, CMB anisotropies can be expected to be seen.
Detailed models of the astrophysical foregrounds should then allow some important

constraints on cosmological models to be made through the unambiguous detection

of CMB anisotropies.
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Appendix A

Monte Carlo Techniques

In Chapter 2, extensive use is made of Monte Carlo techniques to simulate on a
computer random behaviour which is either too difficult to evaluate analytically,
or for which insufficient information is available to allow better than a statistical

approximation to be made to the data.

Such calculations are based on pseudorandom numbers, a reproducible set of
numbers generated on the unit interval (0,1) which satisfy certain statistical tests
for independence. In those calculations which utilise Monte Carlo techniques, these
random numbers have been generated using the internal machine specific function
provided by Digital Electronic Corporation’s VAX 3400 machines which form part
of the Durham Starlink cluster. A commercial random number generator such as
this often sacrifices accuracy for speed, and it is not uncommon for errors to creep
into a calculation as a consequence of unforeseen correlations. To improve upon the

performance, the Bays-Durham algorithm may be employed.

The Bays-Durham Algorithm:

1. Initialize by generating a large odd number N (N=97, say) of random numbers
in an array v using the available generator. Generate a new random number

u and save it.

2. On the next call, use the number u as an address j = 1+ (integer part of Nu)

to choose v; as the random number to be returned. Save v; as u for the next

191
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call. Replace v; in the array with a new random number from the available

generator. On the next call, go to b).

Monte Carlo techniques evaluate the outcome of a process from a set of possibil-
ities according to a particular probability density function. In Chapter 2, a random
spectral index component was chosen according to a gaussian distribution of spec-
tral indices. The following algorithm provides a relatively accurate and fast way of
selecting a random variable according to a gaussian distribution of zero mean and

unit dispersion.

Gaussian distribution: Generate two uniformly distributed variables u; and u,.
then v; = 2u; - 1 and v; =2u; - 1 are uniform on (-1,1). Calculate S = v? + vi. If

S > 1, start again, otherwise

-2 1nS
S

for 1 = 1,2 are independent and gaussian distributed. For another mean g and

Z; = v

2

dispersion o? use z! = oz; + u.

Later on in Chapter 7, random sampling from a chi-square distribution is per-

formed (whilst evaluating the variation of the temperature auto-correlation function

in a CDM model for different observers).

x*(np) distribution: If np is the number of degrees of freedom, then for np even,

generate np/2 random numbers u;, y from the chi-square distribution is given by:

y = —2In (H?fl/zu,-)

If np is odd, generate (np-1)/2 random numbers, and one gaussién z as before, then
y = —2In (Hf;’f'l)/z u,-,) + 2?

For more details of all these techniques, see ‘Review of Particle Properties’, Phys.
Lett B239, April 1990.




