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Abstract

A multi-wavelength study of radio and IR emission from the nearby galaxy M33 is
presented. We focus on three main topics: 1) energy sources of IR emission and its
correlation with radio continuum emission at different spatial scales, 2) separation of
thermal and nonthermal components of the radio continuum emission without assuming a
constant nonthermal spectral index, and 3) distribution ofthe linearly polarized emission
and magnetic fields in M33.

Highly resolved and sensitive Spitzer MIPS images of M33 at 24, 70, and 160µm
enabled us to study the morphology of different dust components and their role in attenu-
ation of the Hα emission from this galaxy. Radio continuum observations with the VLA
and the 100-m Effelsberg telescope led to high sensitive maps of total and linearly po-
larized radio continuum emission at low (1.42 GHz) and high frequencies (8.35 GHz). A
2D-wavelet transformation was used to find dominant scales of emitting structures, sep-
arate the diffuse emission components from compact sources, and compare IR emitting
structures to those at radio and Hα wavelengths.

We found that the IR emission is powered predominantly by young O/B stars, specifi-
cally at 24 and 70µm. At least up to scales of 0.8 kpc, the cold dust (emitting at 160µm)
is also effectively heated by UV photons from massive ionizing stars, however, the av-
erage radiation field also contributes to heating the cold dust at larger scales. At scales
smaller than 4 kpc, emission from both the warm and the cold dust show better correla-
tion with the thermal radio than with the nonthermal radio emission, indicating a more
important role of UV photons from O/B stars than of cosmic rayelectrons in heating the
dust at these scales. Interestingly, there is a characteristic scale range where the nonther-
mal radio–IR correlation is maximum: scales of giant star-forming regions, spiral arms
and the central extended region of M33, 0.8-2 kpc, indicating regions with high-density
cosmic rays and/or stronger (turbulent) magnetic field.

We developed a new thermal/nonthermal separation method based on a de-reddened
Hα map as a template for the thermal radio emission. For the firsttime, we derived a map
of the nonthermal spectral index in a galaxy by means of this method, directly indicating
energy loss of cosmic ray electrons when diffusing away fromtheir origins in star-forming
regions towards interarm regions and the outer parts of the galaxy. Furthermore, this
energy loss is more significant at 8.35 GHz than at 1.42 GHz. Assuming equipartition
between the magnetic field and cosmic ray electrons, we obtained the scale length of the
cosmic ray electrons and of the magnetic field≃ 12 kpc and 24 kpc, respectively.

The large–scale magnetic field exhibits a well ordered spiral structure with almost the
same orientation as that of the optical spiral arms. There isa north-south asymmetry in
the received polarized emission that is frequency-dependent and most probably caused
by Faraday depolarization effects. About 10% of the nonthermal emission from M33 at
8.35 GHz is polarized, mostly due to the strong polarized emission from a magnetic arm
in the north-west of the galaxy. The average total and regular magnetic field strengths in
M33 are estimated as≃ 6.4 and 2.5µG, respectively.
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Variation of the radio synchrotron spectral index in the interstellar medium of M33,
Astronomiche Nachrichten, 2007, V. 328, p. 636

4. Tabatabaei, F. S., Beck, R., Krause, M., and Berkhuijsen,E. M.
A Multi-Scale Study of IR and Radio Emission from M33, in Formation and Evolu-
tion of Galaxy Disks, Vatican, October 2007
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1 Introduction

The nonthermal synchrotron emission and the thermal free-free emission are the two main
components of the radio continuum emission. Studies of the magnetic field strength and
orientation are possible using the nonthermal and polarized radio continuum emission.
The distribution of the cosmic ray electrons and their sources in spiral galaxies can also
be inferred if the magnetic field strengths and the propagation characteristic of the elec-
trons are known (Beck & Gräve 1982). However, there has beena technical problem
to distinguish the nonthermal and thermal components. Different methods of separation
have been proposed so far, giving different results. The standard method requires accurate
absolute measurements of the brightness temperature of thecontinuum emission at high
and low frequencies and a priori knowledge of the spectral index of the nonthermal com-
ponent. This method does not give a precise image of the thermal/nonthermal emission
across a galaxy, as it assumes that the nonthermal spectral index is constant everywhere.

In this chapter, we review the physics of the nonthermal and thermal emission along
with the existing separation techniques. We also introduceessentials of a possible sep-
aration method based on templates of the thermal emission. Finally, an overview of the
thesis is presented.

1.1 Thermal free-free emission

Electrons and ions interact with each other through their electrostatic charge in an ionized
gas. The most common and least interfering interaction (with the atomic structure) is
when a free electron is scattered in the Coulomb field of an ion. Essentially a free electron
is elastically scattered off an ion and escapes as a free electron, which is called afree-free
transition. A photon is emitted with an energy corresponding to the difference of the
outgoing to the incoming kinetic energy of the electron (i.e., hν = E ′ − E), according
to the principle of energy conservation. We provide a brief derivation of the free-free
spectrum in the following, while a more detailed treatment can be found in Jackson (1962,
Sects. 13 and 15) and Lang (1999).

When a nonrelativistic electron with massm, chargee, and velocityv passes the
Coulomb field of an atom, molecule, or ion with charge+Ze, considered stationary, the
angular deflectionθ of the particle is given by (Rutherford, 1911),

tan
θ

2
=

Ze2

mv2b
(1.1)

where the impact parameterb designates the perpendicular distance from the charge
Ze to the original trajectory of the incoming electron. The angular deflection of the elec-
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2 Introduction

tron on its hyperbolic trajectory corresponds to an acceleration in a direction perpendic-
ular to its original path by an amount of∆v. The total power of the electromagnetic
radiation (emitted per unit time in all directions) of an accelerated point charge is

P =
2

3

q2

c3

(

dv

dt

)2

(1.2)

(see Larmor 1897; for derivation, see Jackson 1962, Sect. 14).
Thus, the total power radiated by such a deflected electron is, by combining above

equations, using the approximation∆v ≈ v× tan (θ) ≈ v×2 tan (θ/2) that results from
the momentum transfer equation for elastic scattering,

W (ν)dν ≈ 2e2

3πc3
|∆v|2dν ≈ 8

3π

(

e2

mc2

)2
Z2e2

c

( c

vb

)2

dν, for ν <
v

b
(1.3)

where∆v is the change in electron velocity caused by the collision.
The total rate of encounters between an electron and a volumedensityni of ions in

the parameter range ofb...b+ db (which is a cylindric tube with radiusb around each ion)
is

niv2π b db = ni v 2π
dσs

dΩ
sin (θ) dθ (1.4)

where thedifferential scattering cross section dσs/dΩ can be calculated from Eq. (1.4)
and Rutherford’s expression Eq. (1.1),

dσs

dΩ
=

b

sin θ
|db
dθ

| =
Z2

4

(

e2

mv2

)2
1

sin4(θ/2)
. (1.5)

The total free-free powerPi(v, ν)dν radiated by a single electron in the frequency
intervalν, ..., ν + dν in collisions withni ions is

Pi(v, ν)dν = nivQr(v, ν)dν, (1.6)

where theradiation cross section Qr(v, ν) is given by

Qr(v, ν) =
16

3

Z2e6

m2c3v2

∫ bmax

bmin

db

b
(cm2 erg Hz−1) (1.7)

The integral in the radiation cross section is also calledCoulomb integral ln Lambda,
or Gaunt factor g(ν, Te) if multiplied with the constant

√
3/π,

g(ν, Te) =

√
3

π
ln Λ =

√
3

π

∫ bmax

bmin

db

b
=

√
3

π
ln

(

bmax

bmin

)

. (1.8)

The upper limit of the impact parameterbmax is the mean distance between the ions or the
Debye length in the plasma, while quantum mechanics determines the lower limitbmin.
Oster (1961) arrives at

bmax

bmin

=

(

2kTe

γm

)1.5
m

πγZe2ν
, (1.9)
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where,γ = eC = 1.781 and C = 0.577, Euler’s constant, which is valid as long asTe >
20 K andνmax > 30 GHz.

The total free-free power radiated from a thermal plasma perunit volume, unit fre-
quency, and unit solid angle is called thevolume emissivity ǫν and is obtained by integrat-
ing the total free-free power of a single electron (Eq. 1.6) over the thermal distribution
f(v),

ǫν =
ne

4π

∫

Pi(v, ν)f(v) dv. (1.10)

We insert the Maxwell-Boltzmann distribution of a plasma with temperatureT ,

f(v)dv =

(

2

π

)1/2 (

m

kBT

)3/2

v2 exp

(

− mv2

2kBT

)

dv. (1.11)

Inserting the total free-free powerPi(v, ν) Eq. (1.6) of a single electron into Eq. (1.10)
and integrating over the Maxwell−Boltzmann distributionf(v) in the classical free-free
treatment (hν = 1

2
mv2) yields then

ǫνdν =
8

3

(

2π

3

)1/2
Z2e6

m2c3

(

m

kBT

)1/2

nine g(ν, T ) exp

(

− hν

kBT

)

dν (1.12)

≈ 5.4 × 10−39Z2nine

T 1/2
g(ν, T ) exp

(

− hν

kBT

)

dν
(

erg s−1 cm−3 Hz−1 str−1
)

.

(1.13)
The observable energy fluxF at Earth can be derived from the emissivityǫν =

dǫ/(dt dV dν dΩ) according to Eq. (1.12) by the following dimensional relation

dF =
dǫ

dt dA d(hν)
=

dǫ

dt (R2dΩ) h dν
=

1

R2h

dǫ

dt dΩ dν
=

dV

R2h
ǫν (1.14)

whereh = 6.63 × 10−27 erg s andR is the distance to the source in cgs units. Thus
the observed free-free flux at Earth can be expressed as a volume integral over the source,

Fdν =

∫

dV
1

R2h
ǫνdν (1.15)

≈ 8.1 × 10−39Z2

∫

V

nine

T 1/2
g(ν, T ) exp

(

− hν

kBT

)

dV dν
(

erg s−1 cm−2
)

. (1.16)

The absorption coefficientκν can be computed according to the Kirchhoff law:

κν =
ǫν

Bν(T )
= ǫν

c2

2hν3

[

exp

(

hν

kBT

)

− 1

]

, (1.17)
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Table 1.1: Thea factor for different frequencies and temperatures using Eq. (1.23).
ν (GHz) Te (K)

4000 6000 7000 8000 10000
0.4 0.9972 0.9934 0.9912 0.9889 0.9844
1.4 0.9936 0.9974 0.9978 0.9977 0.9967
2.3 0.9872 0.9946 0.9962 0.9972 0.9978
10 0.9484 0.9684 0.9745 0.9792 0.9857
30 0.8957 0.9276 0.9379 0.9461 0.9582
44 0.8717 0.9084 0.9203 0.9299 0.9442
70 0.8382 0.8810 0.8952 0.9066 0.9238
100 0.8090 0.8569 0.8729 0.8858 0.9054

whereBν(T ) is the Planck function. Using the Rayleigh-Jeans approximation (Bν(T ) =
2ν2

c2
kBT ), we obtain the

κν = ǫν
c2

2ν2kBT
. (1.18)

The optical depth is defined as

τν = −
∫ l

0

κνdl, (1.19)

wherel is the line of sight path length through the emitting medium.On the other hand,
theemission measure EM is given by

EM

cm−6pc
=

∫ l/pc

0

(

Ne

cm−3

)2

d

(

l

pc

)

, (1.20)

If we assume that the plasma is macroscopically neutral and that the chemical com-
position is given approximately byNH : NHe : Nother ∼ 10 : 1 : 10−3, then to high
accuracyNi = Ne. In this case the temperature of the plasma is described as the electron
temperatureTe. Then using Eqs. (1.13), (1.18), (1.19), and (1.20), the optical depth of
the free-free emission at radio frequencies is

τν = 3.014 × 10−2

(

Te

K

)−1.5
( ν

GHz

)−2
(

EM

cm−6pc

)

g(ν, Te), (1.21)

or equivalently,

τν = 8.235 × 10−2

(

Te

K

)−1.35
( ν

GHz

)−2.1
(

EM

cm−6pc

)

a(ν, Te), (1.22)

with
a = 0.366ν0.1

GHz T
−0.15
e [ln(4.995 × 10−2ν−1

GHz) + 1.5ln(Te)] ≃ 1, (1.23)

(Altenhoff et al. 1960; Mezger & Henderson 1967). Exact values of thea factor are given
in Table 1.1 for a number of frequencies between 0.4 GHz and 100 GHz and electron
temperatures between 4000 K and 10,000 K.
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1.2 Nonthermal synchrotron emission

Relativistic electrons gyrating in a magnetic field emit synchrotron radiation in the radio
regime. Supernova remnants are considered as famous sources of this kind of emission.
Generally, when an electron with the chargee and massm moves at a relativistic velocity
v across a magnetic fieldB, it spirals along the direction ofB. If the electron has a velocity
component parallel to the magnetic field, it will move in a helix with a pitch angleψ given
by

tanψ =
v⊥
v‖
, (1.24)

wherev⊥ andv‖ are the magnitude of the velocity components perpendicularand parallel
to B.

The direction of the acceleration vector continually changes in the plane perpendicular
to the field lines with a magnitude of

a⊥ =
eB

γm
v⊥, (1.25)

with γ = (1 − v2

c2
)−1/2 the Lorentz factor. The total amount of power radiated by the

accelerated charged particle in the laboratory frame is given by

P =
2e2

3c3
γ4 a2

⊥, (1.26)

Considering the total energy ofE = γ m c2, the power emitted by a relativistic particle is

P =
2e4v2

⊥B
2

3m2c3

(

E

mc2

)2

= σT γ
2c uB, (1.27)

whereuB = B2/4π is the energy density deposited in the magnetic field andσT =
6.65 × 10−25 cm2 the Thomson cross section.

In the electron’s rest frame, because the acceleration is directed perpendicular to the
direction of motion, the power pattern of the emission will be that of a dipole field with
the dipole oriented along the direction of the acceleration. This powerP ′ has an angular
distribution given by

dP ′(ϑ, ϕ)

dΩ
=

1

4π

e2

c3
(a′⊥)2

(

1 − sin2 ϑ cos2 ϕ
)

.

In the laboratory frame, this becomes

dP (ϑ, ϕ)

dΩ
=

1

4π

e2

c3
(a′⊥)2 1

(1 − β cos ϑ)3

[

1 − sin2 ϑ cos2 ϕ

γ2(1 − β cos ϑ)2

]

.

In the ultrarelativistic case, whenβ ≃ 1, no radiation is emitted towardsϑ = 0, π. For
these directions, we haveu′⊥ = ±c andu′‖ = 0, and in the laboratory frame they subtend
the angle

tan θ =
u⊥
u‖

=
c

γv
=

1

γ
.



6 Introduction

Hence, the powerP is confined to a cone with the angleθ, providing a strong beaming
effect.

The total emissivity of an electron of EnergyE with γ ≫ 1 (given by Westfold
1959; Pacholczyk 1970) is

P (ν, E) =
√

3
e3B sinψ

mc2
ν

νc

∫ ∞

ν/νc

K5/3(η)dη. (1.28)

K5/3 is the modified Bessel function of 5/3 order and the critical frequency

νc =
3

4π
γ2 eB

m
sinψ

. Then thevolume emissivity (power per unit frequency interval, per unit volume, and per
unit solid angle) ofN relativistic electrons would be

ǫ(ν) =

∫

E

P (ν, E)N(E) dE, (1.29)

whereN(E) dE is the number of electrons per unit volume and per unit solid angle mov-
ing in the direction of the observer and whose energies lie inthe rangeE andE + dE.

According to the cosmic ray data,N(E) is well described by a power law spectrum,

N(E) dE = AE−δ dE, (1.30)

for E1 < E < E2 andA is a constant. Substituting (1.28) and (1.30) in (1.29),

ǫ(ν) ∼ ν(1−δ)/2 = ν−αn , (1.31)

with αn ≡ 1
2
(δ − 1). This means that the nonthermal emission can be described asa

power law with an indexαn. If we assume that the synchrotron emission arises from
a region in which the magnetic field is uniform in strength andorientation (regular) and
which extends for the depthLu along the line of sight, the total intensity (provided a small
optical depth, Lang 1999) is

I(ν) = a(αn)ALu

√
3

8π

e3

mc2

[

3e

4πm3c5

]αn

Bαn+1
u,⊥ ν−αn , (1.32)

where Bu,⊥ = Bu sinψ, and

a(αn) = 2αn−1 αn + 5/3

αn + 1
Γ(

3αn + 1

6
) Γ(

3αn + 5

6
). (1.33)

If the magnetic field is random which extends for the depthLr along the line of sight, then

I(ν) = b(αn)ALr

√
3

8π

e3

mc2

[

3e

4πm3c5

]αn

Bαn+1
r ν−αn , (1.34)

with

b(αn) = 2αn−4

√

3

π

Γ(3αn+1
6

) Γ(3αn+11
6

)Γ(αn+3
2

)

(αn + 1) Γ(αn+4
2

)
. (1.35)
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In realistic situations, the magnetic field is a combinationof both uniform and random
fields. Hence using (1.32) and (1.34), the total observed nonthermal intensity in Jy str−1

units is given by

I(ν) = A
( ν

GHz

)−αn (

0.933 a(αn)Lu Bαn+1
u,⊥ + 13.5 b(αn)Lr Bαn+1

r

) (

6.26 × 109
)αn

.

(1.36)
Since the acceleration of the gyrating electron has no component parallel to the mag-

netic field, the instantaneous emission is elliptically polarized, but as the position angle
of the polarization ellipse is rotating with the electron, the time-averaged polarization is
linear. The average radiation of monoenergetic relativistic electrons is also linearly po-
larized provided the magnetic field is homogeneous. The details are given by Westfold
(1959), Ginzburg et al.(1965), and Pacholczyk (1970). For an ensemble of relativistic
electrons with a power law distribution of energies in a uniform magnetic field, the de-
gree of linearly polarization is given by

p =
3αn + 3

3αn + 5
. (1.37)

However, due to depolarization effects, the observed degree of polarization is always
lower than the theoretical degree of polarization. Followings, we review the thermal/nonthermal
separation methods mostly used so far. Then we propose a possible separation technique
for the radio continuum emission from external galaxies.

1.3 Thermal/nonthermal separation methods

1.3.1 Standard method

The standard method is based on the continuum data at radio wavelengths. The spectral
index of the nonthermal emission (αn) serves as a free parameter and it is assumed to be
constant with location of the radio continuum emission across the object. The nonther-
mal spectral index (together with the thermal fractionfth) is found either by fitting the
following model to the mean integrated radio spectra (eg. Niklas et al. 1997),

Sν2

Sν1

= f ν1

th

(

ν2

ν1

)−0.1

+ (1 − f ν1

th )

(

ν2

ν1

)−αn

, (1.38)

or by taking the spectral index of the total radio continuum emission from regions where
the nonthermal emission is dominant (like outer parts and interarm regions of a galaxy)
asαn (e.g. Klein et al. 1982; Berkhuijsen et al. 2003). This method has been used for
both global and local studies. Separation of thermal and nonthermal components in global
studies is done to obtain integrated thermal/nonthermal flux densities for an object (e.g.
Klein et al. 1984; Niklas et al. 1997; Dumke et al. 2000). In the local studies the aim
of separation is usually to find the distribution of thermal/nonthermal emission across an
object (eg. Beck & Gräve 1982; Tilanus et al. 1988; Buczilowski 1988). More details
about the standard method can be found in Chapter 4.
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1.3.2 Methods based on thermal emission templates

IR emission

Although Infra-Red (IR) fluxes from normal galaxies are commonly taken to indicate the
rate of recent star formation, one may use it as a tracer for the thermal emission, too,
especially at wavelengths that the IR is powered predominantly by HII regions. Recently,
the Spitzer 24 and 70µm observations of M33 have shown that these bands follow closely
the structure of the ionized gas. Their distributions are very similar to the distribution of
the Hα flux (Hinz et al. 2004; Gordon et al. 2004a).

Broadbent et al. (1989) proposed a separation technique based on the correlation of
radio continuum with 60µm IR emission. The problem with this technique is that it uses
the radio-IR correlation to estimate the thermal emission,i.e. it neglects probable role
of the nonthermal emission in the radio-IR correlation. However, it is possible that star
forming regions as important energy sources of IR emission emit also strong nonthermal
emission (See Chapter 4) or be influenced by the magnetic field. It is also possible that
the IR emission be stimulated by the nonthermal processes e.g. by super massive black
holes in center of galaxies. Therefore, this method may onlybe used at places where the
radio emission is most probably thermal (like HII regions).

Hydrogen recombination lines

The thermal free-free emission of electrons emerges from photo-ionized gas surrounding
hot stars like HII regions or diffuse ionized medium. As far as there is a balance between
heating (ionization) and cooling (recombination) mechanisms in these regions, Hydrogen
recombination lines are good tracers for the free-free emission. Hydrogen lines have a
coverage from the optical wavelengths: Balmer series, to the radio wavelengths: Radio
Recombination Lines (RRLs).

To get images in the optical (Balmer) and near-infrared (Paschen and Brackett) lines,
observations can be made with an optical telescope equippedwith an optical and/or near-
infrared CCD camera. Investigating objects in these wavelengths, one needs to be con-
scious about extinction from both the foreground galaxy andthe interior of the external
galaxies, caused by the dust grains.

The RRLs are extinction-free and can be detected by means of radio telescopes. How-
ever, the weak intensity of the RRLs makes it very difficult todetect them, particularly
from diffuse ionized medium.

Among the hydrogen lines, the strength of the Hα line is high enough to map both
diffuse and compact structures. Therefore, regarding to the possible detecting power of
the existing telescopes, the Hα emission can be used as the only accessible thermal tem-
plate for external galaxies. To correct the observed Hα flux density it is necessary to
know about emitting and absorbing mechanisms of dust grains. We develop a separation
method based on the de-extincted Hα (this method is referred to as the ‘new method’) and
apply it to the nearby galaxy M33.
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1.4 Dust emission and absorption

A dust grain in a radiation field may acquire an equilibrium temperatureTd which is
determined by the condition that it absorbs energy per second as much as it emits. Ac-
cording to Kirchhoff, in local thermodynamic equilibrium (LTE) the ratio of the emission
coefficient (ǫν) to the absorption coefficient (κν) is only a function of temperature and
frequency. Although the interstellar space may not be counted as an LTE environment, a
grain heated in this medium (say by a photon) distributes very rapidly the excess energy
among its many energy levels. The resulting distribution ofenergy states and hence the
grain emission depends only on the dust temperatureTd, as in LTE,ǫν = κν Bν(Td).

As the main source of attenuation, dust grains have been extensively studied theoret-
ically and experimentally. So far, significant knowledge about the chemical composition
of the dust grains, their sizes and size distribution in the interstellar medium have been
obtained. Mathis et al. (1977) showed that a pure (unmixed) composition of silicate and
amorphous carbon grains with sizes between 0.02 and 0.3µm and a power law size distri-
bution (as explained by Biermann & Harwit 1980) fits observational data on interstellar
extinction (this kind of grains is known as MRN that stands for Mathis, Rumpl, and
Nordsieck 1977). These grains attain a constant temperature in any radiation field. The
absorption coefficient is given byκν ∝ νβ with 1 < β < 2. The relevant range of emis-
sion (and absorption) of these grains isλ > 10µm. The big grains are mostly responsible
for the extinction as most of the solid matter of the interstellar medium resides in these
grains.

Besides the big grains, a more realistic dust model includesalso very small grains
(vsg) with sizes smaller than 0.01µm, and polycyclic aromatic hydrocarbon (PAH) grains.
The temperature of these grains fluctuates violently, so no thermal equilibrium condi-
tion can be used. The so called ‘standard’ dust is based on thethree dust components,
MRN+vsg+PAH (that is also considered in this work). The total extinction coefficient of
the standard dust as a function of wavelength is shown in Fig.1.1 (which is more or less
identical to that of the MRN, except at far UV wavelengths, Krügel 2003). As the vsg
and PAH grains have small contribution in far-IR regime (λ > 40µm), the dust emission
and absorption can be treated using the Kirchhoff law (i.e. LTE assumption).

1.5 M33, an ideal laboratory

M33, the Triangulum galaxy (l = 133◦.6 andb = −31◦.3) is the third brightest Local
Group galaxy with an integrated luminosity ofMv = −18.9. It is a late type spiral,
Scd, with two open spiral arms (and 8 fianter arms) and no clearevidence of any bulge
component (Bothun & Rogers 1992; Minniti et al. 1993; McLean& Liu 1996). The
mass to light ratio of its nucleus is small (M/L < 0.4), ruling out the presence of a
supermassive black hole (Kormendy & McClure 1993; Lauer et al. 1998). Like many
nearby spiral galaxies, M33 shows a large-scale warp in its outer H I disk. The inclination
of the arms and of the optical disk to the plane of the sky increases outward from≃40◦

near the center to≃70◦ at a radius of≃ 6 kpc (Sandage & Humphreys 1980). With a
metallicity of [Fe/H]≃ -1.5 in the halo and [Fe/H]≃ -0.9 in the disk, M33 has a lower
metallicity (and is≃10 times less massive) than M31 and the Milky Way (McConnachie
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Figure 1.1: Total extinction coefficient (MRN+vsg+PAH) as afunction of wavelength for
the dust model of diffuse medium (see Krügel 2003).

Table 1.2: Positional data on M33.
Nucleus position (J2000) RA =1h 33m 51.0s de Vaucouleurs & Leach (1981)

DEC =30◦ 39′ 37.0′′

Position angle of major axis 23◦ Deul & van der Hulst (1987)
Inclination 56◦ Regan & Vogel (1994)
Distance (1′′= 4 pc) 840 kpc Freedman et al. (1991)
Optical extent 60′ × 35′

et al. 2006). M33 has been forming stars continuously for most of its lifetime with a rate
of ≃ 0.5 M⊙/yr, with the stellar populations older than 8–10 Gyr in its central regions,
about 5–7 Gyr in the outer regions, and less than 3–5 Gyr in thespiral arms (Li et al.
2004).

Because of its proximity, favorite inclination and apparent size (not so large as M31
and not so small as other nearby galaxies), M33 is an ideal nearby galaxy to study astro-
physical properties globally and locally. Table 1.2 summarizes the positional character-
istics of M33. Fig. 1.2 shows total flux densities of M33 at different wavelengths from
archives, and Fig. 1.3 new IR and radio integrated fluxes fromour recent observations.

Different components that contribute to the gravitationalpotential of this galaxy are:
(a) Stellar disk

A thin disk is the main stellar component since the central bulge is very small and
can be completely neglected. For the stellar disk there is anexponential scale-length of
Rd ≃ 1.4 ± 0.2 kpc (Regan & Vogel 1994), as measured in the K-band. M33 is an
extremely blue galaxy having(B − V )0

T = 0.46 (de Vaucouleurs et al. 1991). The total
blue luminosity in units of blue solar luminosity isLB = 4.2 × 109 L⊙ (Sandage &
Tammann 1981). The total stellar mass estimated is≃ 5 × 109 M⊙.
(b) Atomic gas

Most of the gaseous mass in M33 is in the form of neutral atomichydrogen. The
results of the detailed survey of the outer disk and of the tilted-ring model fitted to the
21-cm line data have shown a radial extent of the HI,≃ 16 kpc, which is more than 13
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Figure 1.2: Integrated flux densities of M33 from archived data.

Figure 1.3: Integrated flux densities of M33 from new observations in radio and IR.
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times the exponential scale-length of the stellar disk. Theouter disk of neutral hydrogen
in M33 is warped and oriented at∼ 30◦ with respect to the inner disk and the global H
profile of the outer disk appears symmetric on the low and highvelocity wings. The total
HI mass is estimated to be 1.8×109 M⊙ (Corbelli & Schneider 1997).
(c) Warm ionized gas

If the background ionizing radiation accounts for the sharpHI fall off seen in the outer
disk around3 × 1019 cm−2 (Corbelli & Salpeter 1993), a similar amount of ionized gas
is expected to lie above and below the whole HI disk since thisis exposed to the same
background radiation field. Taking a column density of ionized gas equal to3 × 1019

cm−2 (σHII=0.26 M⊙ pc−2) throughout the HI disk, Corbelli & Salucci (2000) obtained
an HII mass of 1.9×108 M⊙. The detailed radial distribution of the warm ionized gas is
unknown.
(d) Molecular gas

M33 is known to be a galaxy deficient in molecular gas. Maps of the diffuse CO com-
ponent and interferometric studies show that molecules arenot a dominant component of
the global gas mass fraction, although individual large molecular complexes with masses
of order105−6 M⊙ are prominent in the nuclear region (e.g. Young & Scoville 1982).
Within the first kiloparsec the derived H2 column density is radially constant and of the
same order of the HI column density, but at larger radii it drops rapidly. At 2.5 kpc the H2
mass is6 × 107 M⊙, about half of the HI mass.

Thus, the HI disk accounts for a substantial fraction of the total baryonic mass, and
the gas total mass (∼ 3 × 109 M⊙, including helium, molecular hydrogen, atomic neutral
and ionized hydrogen) is of the same order of the stellar mass. This imply that∼ 50 per
cent of the gas has turned into stars in M33.
(d) Dark matter

The rotation curve of M33 (Fig. 1.4) implies a dark halo mass of ≥ 5 × 1010 M⊙.
The observed rotation curve shows thatV (R) increases by∼ 20 km s−1 across the region
3 kpc < R < 8 kpc and by∼ 10 km s−1 from 8 to 16 kpc. This indicates that the M33
mass distribution is largely dominated by a non-luminous component down toR ∼ 3 kpc.
Results of the best fit to the mass distribution also show thatthe dark halo controls the
gravitational potential from 3 kpc outward, with a matter density which decreases radially
asR−1.3 (Corbelli & Salucci 2000). No obvious correlation has been found between the
radial distribution of dark matter and the distribution of stars or gas.

In M33, the predicted supernova rate is one per 140-250 yr, ingeneral agreement with
the absence of historical supernovae (Duric et al. 1995). Nosatellite has been found for
M33, probably due to the strong gravitational force of its neighbor, M31, that is 10-times
more massive than M33.

1.6 Overview of the thesis

In this thesis, we develop a new method to separate the thermal and nonthermal compo-
nents of the radio continuum emission from M33. This method is capable of producing a
map for the nonthermal spectral index, hence, makes it possible to study different phases
of propagation of cosmic ray electrons through the galaxy.

The resulting thermal and nonthermal distributions help usfor a better understanding
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Figure 1.4: M33 rotation curve (points) compared with the best fit model by Corbelli &
Salucci (2000)(solid line). Also shown are the halo contribution (dashed-dotted line), the
stellar disk (short dashed line) and the gas contribution (long dashed line).

of the origin of the radio–IR correlation in M33. Furthermore, the nonthermal spectral
index map provide a more precise measurement of the magneticfield strength across this
galaxy.

The thesis is organized as follows:

• In Chapter 2, new radio continuum survey of M33 at 3.6 cm (8.35GHz), 6.2 cm
(4.85 GHz), and 20 cm (1.42 GHz) is presented. Using these data, we investigate
distributions of the total power and polarized intensity, spectral index, and radial
scale lengths. Chapter 2 was published inAstronomy & Astrophysics (Tabatabaei
et al. 2007c).

• Chapter 3 presents a thorough analysis of IR emission from M33 and its correla-
tion with radio emission considering different spatial scales of emission. We take
wavelet transform of the Spitzer IR maps at 24, 70, and 160µm and study their
wavelet spectra and cross-correlations with maps of the radio 3.6 and 20 cm and
also Hα. This Chapter was published inAstronomy & Astrophysics (Tabatabaei
et al. 2007a).

• Chapter 4 describes the new thermal/nonthermal separationmethod, where the stan-
dard method is also used and the results from the two methods are compared. This
Chapter was published inAstronomy & Astrophysics (Tabatabaei et al. 2007b).

• Chapter 5 gives a high-resolution Faraday rotation measuremap of M33. Distri-
butions of the nonthermal degree of polarization, Faraday depolarization, and tur-
bulent magnetic field strength are also presented. Furthermore, regular and total
magnetic field strengths are determined in rings in the galactic plane.

• In Chapter 6, we summarize the main conclusions of the thesis.





2 High-resolution radio continuum
survey

2.1 Introduction

The nearest Scd galaxy at a distance of 840 kpc (1′′ ≃ 4 pc, Freedman et al. 1991),
M33 (NGC 598) has been extensively studied at radio wavelengths. Terzian & Pankonin
(1972) detected some diffuse emission at 318 and 606 MHz using angular resolutions
of 17′ and 10′, respectively. Israel & van der Kruit (1974) observed M33 at1415 MHz
with the Synthesis telescope in Westerbork (WSRT). However, they did not find any ex-
tended spiral arm emission. This emission was first revealedby observations with the
100–m Effelsberg dish at 6.2 cm (von Kap-Herr et al. 1978) that was extensively stud-
ied by Berkhuijsen (1983). Radio polarization observations of M33 were first made by
Beck (1979) at 21.1 cm and 11.1 cm. Buczilowski & Beck (1987) observed this galaxy
at 17.4 cm, 6.3 cm, and 2.8 cm. They detected polarization mostly in the northern half of
M33 and proposed a bisymmetric magnetic field structure. Thenext interferometer obser-
vations (Duric et al. 1993; Viallefond et al. 1986a; Gordon et al. 1999) were carried out
in total intensity to study point sources like HII regions and supernova remnants (SNRs)
within M33.

Generally, single-dish observations should be carried outto study the extended radio
emission. So far, single–dish observations have been limited by sensitivity because M33
is relatively weak in radio emission, especially in polarized emission (with an integrated
flux density of∼ 83 mJy at 6.2 cm, Buczilowski & Beck 1991), and because of M33’s
large extent in the sky.

This paper is the first in a series providing a detailed investigation of the radio con-
tinuum emission of M33. We describe new observations of the radio continuum emission
at 3.6 cm, 6.2 cm, and 20 cm with much improved detection limits of total and polarized
intensity and with higher spatial resolutions. These data allow a much more detailed study
of polarization and the magnetic field within M33 than was possible before. We discuss
the distribution and degree of linear polarization, integrated flux densities and distribution
of the total spectral index (obtained from total intensities of the radio continuum emission
including both thermal and nonthermal emission). We also compare the radial, exponen-
tial scale lengths of the radio emission at different wavelengths.

The observations and data reduction are described in Sect. 2.2. Results, including
distributions of total intensity and polarization, integrated flux densities, and total spectral
index distribution, are discussed in Sect. 2.3. Discussionand concluding remarks are
presented in Sect. 2.4.

15
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Table 2.1: Characteristics and performances of the receivers of the 100-m Effelsberg
telescope.

λ (cm) 3.6 6.2

Center frequency (GHz) 8.350 4.850
Band width (MHz) 1100 500
HPBW (′′) 83.6 146
Tsys (K) 23-25 25-28
Tb/Sν (K/Jy) 2.62 2.4

2.2 Observations and data reduction

We performed both single-dish and interferometer observations. The single-dish observa-
tions at 3.6 cm and 6.2 cm were made with the 100-m Effelsberg telescope1. The interfer-
ometer observations at 20 cm were carried out with the Very Large Array (VLA2).

2.2.1 Effelsberg single-dish observations

We observed M33 at 3.6 cm during several periods from August 2005 to March 2006 with
the broadband system (bandwidth∼1100 MHz) centered at 8350 MHz. The receiver is a
dual-channel correlation radiometer with cooled HEMT amplifiers and a cooled polariza-
tion transducer located in the secondary focus of the 100-m telescope. The system is set
up for receiving left hand circular (LHC) and right hand circular (RHC) polarization. M33
was scanned along RA and DEC with a scanning velocity of 50′/min on a grid of 30′′. The
scanned area of 40′ ×50′ was centered on the nucleus of the galaxy. The total observing
time was about 100 hours. We obtained 56 coverages with a typical sensitivity per scan of
2 mJy/beam area in total intensity and 0.4 mJy/beam area in polarization. The half power
beam width (HPBW) at 3.6 cm is83.6′′ which corresponds to a linear resolution of about
335 pc.

The sources 3C 48, 3C 286, and 3C 138 were used for pointing andfocusing during
the observations. Calibration of the flux density and polarization angle was achieved by
observing 3C 286. We used the flux density scale given by Baarset al. (1977).

The data reduction was performed in the NOD2 data reduction system (Haslam 1974).
In order to remove the scanning effects due to ground radiation, weather condition, and
receiver instabilities, we applied the scanning removal program,Presse, of Sofue & Reich
(1979). The r.m.s. noise after combination of the coverages(Emerson & Graeve 1988)
is ∼220µJy/beam in Stokes I (total intensity) map and∼70µJy/beam in Stokes U and
Q (polarization) maps. The final maps in U and Q were combined to produce maps in
polarized intensity and in polarization angle, correctingfor the positive bias in polarized
intensity due to noise (Killeen et al. 1986). Figures. 2.1 and 2.2 show the resulting maps of
the total and polarized intensities, respectively, smoothed to an angular resolution of 120′′.

1The 100–m telescope at Effelsberg is operated by the Max-Planck-Institut für Radioastronomie
(MPIfR) on behalf on the Max–Planck–Gesellschaft.

2The VLA is a facility of the National Radio Astronomy Observatory. The NRAO is operated by Asso-
ciated Universities, Inc., under contract with the National Science Foundation.
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Figure 2.1: Total intensity emission from M33 at 3.6 cm observed with the Effelsberg
telescope, with apparent B-vectors (E-vectors rotated by 90◦) of polarized intensity super-
imposed. The HPBW is 120′′ (the beam area is shown in the left–hand corner). Contour
levels are 0.5, 1, 2, 3, 4, 8, 16, 32, 64 mJy/beam. The r.m.s. noise is 0.14 mJy/beam in
total intensity and 0.04 mJy/beam in linear polarization. The vectors were plotted start-
ing from 0.1 mJy/beam (2.5σ). A vector length of 1′ represents a polarized intensity of
0.5 mJy/beam. The FITS data of the 3.6 cm total intensity is available at the CDS.

Observations at 6.2 cm were carried out in the summer of 1996 using the 4850 MHz
HEMT receiver installed in the secondary focus of the 100–m Effelsberg telescope. This
is a 4-channel, 2-beam system with cooled HEMT pre-amplifiers (see Table 2.1 for more
information about this receiver). M33 was scanned along itsmajor axis and perpendicular
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Figure 2.2: Linearly polarized emission (contours and greyscale) and degree of po-
larization (vector lengths) from M33 at 3.6 cm observed withthe Effelsberg telescope,
smoothed to an angular resolution of 120′′ (the beam area is shown in the left–hand
corner). Position angles of the vectors show the orientation of the apparent magnetic
field component perpendicular to the line of sight. Contour levels are 0.1, 0.2, 0.3,
0.4 mJy/beam. The r.m.s. noise is 0.04 mJy/beam. A vector length of 1′ represents a
degree of polarization of 12.6%.
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Figure 2.3: A sketch of the optical arms (Sandage & Humphreys1980) overlayed on the
total (left panel) and linearly polarized (right panel) intensities at 3.6 cm (cover illustra-
tion, Astronomy & Astrophysics, Vol. 472). Grey scales and contour levels are the same
as in Figs. 2.1 and 2.2.

to it on a grid of 1′ with a scanning velocity of 90′/min. The field size is 100′ ×80′. The
number of useful coverages is 12 for Stokes I maps and 14 for each of the U and Q maps.
The 6.2 cm data reduction was performed similar to that at 3.6cm. The r.m.s. noise after
combination is∼700µJy/beam in Stokes I (total intensity) map and∼180µJy/beam in
Stokes U and Q (polarization) maps. The final maps of total andpolarized intensities
(smoothed to 180′′) are shown in Figs. 2.5 and 2.6, respectively.

2.2.2 VLA observations

We observed M33 at 20 cm (L–band) in two 50 MHz bands centered at 1385 and 1465
MHz with dual circular polarization in the continuum mode ofthe VLA D-array. The
observation dates were 06-11-05, 07-11-05, 08-11-05, 13-11-05, and 06-01-06. To cover
the central30′ × 45′ with equal sensitivity, we made a mosaic with 12 pointings with
a spacing of half the primary beam width,15′, (3 pointings along RA and 4 pointings
along DEC). The coordinates of the 12 pointings are listed inTable 2.2 The observations
were made in cycles with 6 min on each pointing of the mosaic. This observing cycle
was repeated 17 times. At the beginning and end of each 4–cycle, we observed 3C 138
and 3C 48 as the primary flux density calibrators. The antennagains and phases were
calibrated every 43 min with the phase calibrator 0029 + 349.The source 3C 138 was also
used for polarization calibration.

The standard procedures of the Astronomical Image Processing System (AIPS) were
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Figure 2.4: Apparent B-vectors (E-vectors rotated by 90◦) at 3.6 cm superimposed on an
optical image (B-band, taken from the STScI Digitized Sky Survey) of M33. A vector
length of 1′ represents a polarized intensity of 0.3 mJy/beam. The vectors were plotted
starting from 1.5σ.
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Figure 2.5: Total intensity emission from M33 at 6.2 cm observed with the Effelsberg
telescope, with an angular resolution of 180′′ (the beam area is shown in the left–hand
corner). Apparent B-vectors of the polarized intensity (E-vectors rotated by 90◦) are
superimposed. Contour levels are 2.2, 4.4, 6.6, 8.8, 17.6, 26.4, 35.2, 70.4 mJy/beam. The
r.m.s. noise is 0.56 mJy/beam in total intensity and 0.12 mJy/beam in polarization. The
vectors were plotted starting from 2.5σ. A vector length of 1.5′ represents a polarized
intensity of 1 mJy/beam.
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Figure 2.6: Linearly polarized emission (contours and greyscale) and degree of polariza-
tion (vector lengths) from M33 at 6.2 cm observed with the Effelsberg 100–m dish, with
an angular resolution of 180′′ (the beam area is shown in the left–hand corner). Position
angles of the vectors show the orientation of the magnetic field component perpendicular
to the line of sight. Contour levels are 0.3, 0.6, 0.9, 1.2, 2.4 mJy/beam area. The r.m.s.
noise is 0.12 mJy/beam. A vector length of 1.5′ represents a degree of polarization of
11.7%.
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Table 2.2: Central positions of the 12 fields observed with VLA at 20 cm.
Pointing RA (α) DEC (δ) r.m.s.(I) r.m.s.(U,Q) HPBW
# (h m s) (◦ ′ ′′) (µJy/beam) (µJy/beam) (′′ × ′′)
1 01 35 01.26 +30 16 45.00 26 23 50.7×49.5
2 01 33 51.79 +30 16 45.00 23 20 50.2×46.1
3 01 32 42.31 +30 16 45.00 27 18 50.6×43.4
4 01 35 01.26 +30 31 45.00 26 21 48.1×44.0
5 01 33 51.60 +30 31 45.00 28 20 47.8×45.4
6 01 32 41.96 +30 31 45.00 32 19 51.4×42.2
7 01 35 01.26 +30 46 45.00 26 21 50.0×46.1
8 01 33 51.41 +30 46 45.00 34 21 49.2×42.4
9 01 32 41.58 +30 46 45.00 23 19 51.1×44.0
10 01 35 01.26 +31 01 45.00 36 23 48.5×45.2
11 01 33 51.21 +31 01 45.00 24 21 51.1×43.3
12 01 32 41.21 +31 01 45.00 21 19 48.0×44.0

used to reduce the data. The data from each day were calibrated separately to ensure
that there were no day–to day amplitude discrepancies. Thenthey were split into 12
single–source visibility data sets corresponding to the different pointings. After flagging,
we combined the source visibility data from different days of the same source. We self–
calibrated the combined visibility data in both phase and amplitude& phase. Final images
were made with IMAGR parameter Robust=0. The r.m.s. noise ofdifferent pointings in
both total intensity (I) and polarization (U and Q) are listed in Table 2.2. We convolved
all the single images to the largest clean beam of 51.4′′ in both RA and DEC, the in-
dividual images were reprojected on a single grid centered at RA = 01h 33m 51.41s and
DEC = +30◦ 46′ 45.00′′. Then, we combined the single images to a mosaic with equal
weights using the task ‘LTESS’, which also corrects for primary beam attenuation.

There is a considerable lack of flux density in the VLA maps: the integrated total flux
is only∼15% in total intensity and∼55% in polarized intensity of those in the Effels-
berg maps (determined as described in Sect. 2.3.3). This is not surprising because of the
missing short spacings in the forms of severe attenuation ofangular scales larger than
∼ 13′ (corresponding to the shortest spacing of∼40 m) and the negative bowl artifact
around strong sources. To correct for the missing spacing, we combined the VLA map
with the Effelsberg single-dish 20 cm map (Fletcher 2001) inthe uv plane. To avoid dis-
tortions in the combined total intensity (I) map due to strong sources, we first subtracted
these sources from the VLA map. The sources were identified inthe Effelsberg map by
comparing with the VLA map smoothed to the Effelsberg resolution. Then they were
also subtracted from the Effelsberg map. The residual VLA and Effelsberg maps were
combined using the task ‘IMERG’ with a maximum spacing of 0.236 kλ for the Effels-
berg map and a minimum spacing of 0.170 kλ for the VLA map in total intensity. The
corresponding maximum and minimum spacing adopted in polarization (U and Q) are
0.171 kλ and 0.150 kλ, respectively. These maximum and minimum spacing values were
chosen so that the integrated flux densities of the merged maps became equal to those of
the Effelsberg maps. After combination, the VLA point sources were added again. The
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Figure 2.7: The combined VLA + Effelsberg map of the total intensity emission from
M33 at 20 cm, with apparent B-vectors of polarized intensity(E-vectors rotated by 90◦)
superimposed. The HPBW is 51′′ (the beam area is shown in the left–hand corner). Con-
tour levels are 0.3, 0.6, 0.9, 1.2, 1.8, 2.4, 3.6, 4.8, 9.6, 19.2 mJy/beam. The r.m.s. noise
is 0.07 mJy/beam in total intensity and 0.025 mJy/beam in polarization. The vectors were
plotted starting from 1.5σ. A vector length of 51′′ represents a polarized intensity of
0.1 mJy/beam.
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Figure 2.8: The combined VLA + Effelsberg map of the linearlypolarized emission (con-
tours and grey scale) and degree of polarization (vector lengths) from M33 at 20 cm. The
HPBW is 51′′ (the beam area is shown in the left–hand corner). Contour levels are 0.07,
0.14, 0.21, 0.28, 0.42, 0.56, 0.84 mJy/beam. The r.m.s. noise is 0.015 mJy/beam. A vector
length of 51′′ represents a degree of polarization of 8.7%.
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Table 2.3: The 11 brightest HII regions at 3.6 cm.
Object RA (α) DEC (δ) Flux density

(h m s) (◦ ′ ′′) (mJy)
NGC604 1 34 32.9 30 47 19.6 53.7±0.4
NGC595 1 33 32.4 30 41 50.0 20.7±0.7
IC133 1 33 15.3 30 53 19.7 9.4±0.5
B690 1 34 06.5 30 47 40.0 5.3±0.3
B61/62 1 33 44.8 30 44 50.0 4.9±0.5
IC132 1 33 17.1 30 56 51.8 4.7±0.2
IC131 1 33 12.5 30 45 21.5 4.7±0.3
NGC588 1 32 44.7 30 39 20.6 4.5±0.3
IC142 1 33 56.7 30 45 51.8 4.1±0.2
B691 1 34 15.4 30 52 21.8 4.1±0.5
NGC592 1 33 12.6 30 38 51.3 4.1±0.3

r.m.s. noise in the combined maps are∼70µJy/beam area in Stokes I and∼25µJy/beam
area in Stokes U and Q. The resulting total and polarized intensity images are shown in
Figs. 2.7 and 2.8, respectively.

2.3 Results

2.3.1 Total intensity

Our total intensity map of M33 at 3.6 cm is a factor of∼6 more sensitive than the 2.8 cm
map of Buczilowski & Beck (1987). The map at 3.6 cm with the original angular resolu-
tion of 84′′ was presented by Tabatabaei et al. (2007a). Even after smoothing to 120′′, the
total intensity map (Figs. 2.1 and 2.3) shows that not only are the two main optical arms
I S3 and I N pronounced, but also the northern arms II N, III N, IV N,and V N are (at least
partly) visible at 3.6 cm. The total intensity of the extended emission is about 4 mJy/beam
in the arm I N which increases to 8 mJy/beam in parts of the arm IS. The intensity is lower
than 3 mJy/beam in the other arms. The estimated peak flux densities of 11 brightest HII
regions at 3.6 cm are presented in Table 2.3.

At 6.2 cm, the r.m.s. noise (0.7 mJy/beam) is improved by a factor of two with respect
to the previous observations by Buczilowski & Beck (1987). The northern arms and I S
plus parts of the southern arms II S and III S are visible in thesecond contour in Fig. 2.5.

With a linear resolution of∼200 pc (51.4′′) and a sensitivity of 70µJy/beam, a large
number of point sources are revealed in the total intensity map at 20 cm (Fig. 2.7). A
list of the flux densities of the radio point sources at 20 cm at7′′ resolution was pre-
sented by Gordon et al. (1999)4. The contour levels shown in Fig. 2.7 starts at the 4σ

3We refer to the arm notation of Humphreys & Sandage (1980); I Nto V N for the northern and I S to
V S for the southern arms.

4They observed M33 with the VLA and WSRT at 1.4 GHz and measuredthe flux density of point
sources, but missed the extended emission.
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level. The strongest extended emission is found in the arm I Swith total intensities of
≥3.6 mJy/beam, followed by parts of the arm I N and the extendedcentral region of the
galaxy. At 20 cm, the extended emission is detected up to larger radii and is more radially
symmetric than at 3.6 cm and 6.2 cm.

2.3.2 Distribution of polarized emission

The polarized emission at 3.6 cm is shown in Fig. 2.2 in grey scale and with contours.
A sketch of the optical spiral arms by Sandage & Humphreys (1980) superimposed on
the polarized emission is shown in Fig. 2.3. Strong polarized intensities (more than
0.4 mJy/beam) are found in between and parts of the northern optical arms IV N and
I N (see Fig. 2.3) and also in central regions of the galaxy. Itseems that the polarized
emission, as a whole, obeys a spiral pattern structure. Whether this structure mimics
the optical arm structure or not can be seen in Fig. 2.3, wherea sketch of optical arms
(Sandage & Humphreys 1980) is superimposed on the polarizedintensity map. The po-
larized emission is found partly in the optical arms and partly in between the arms. In
the other words, there is no clear correlation between the optical arms and polarization
arm-like structure. The vectors in Fig. 2.1 (and also 2.2) show the intrinsic orientation
of the ordered magnetic field in the plane of the sky (PI∼B2

reg⊥), as Faraday rotation is
not significant at 3.6 cm. A comparison between the orientation of the ordered magnetic
field and optical structure is shown in Fig. 2.4. Again, it is seen that the ordered magnetic
field traces out some sort of spiral structure that does not coincide closely with the op-
tical spiral arms, although there is a general similarity inthe orientations. The strongest
arm-like filament of the magnetic field exists in between the northern optical arms IV N
and V N, but also covers parts of these two arms. Generally, insome regions the ordered
magnetic field aligns parts of the optical arms (like parts ofthe arms I N and V N), is
driven to the optical interarms, or locally distorted in orientation. The last is mostly seen
in the southern part of the galaxy.

The vector lengths in Fig. 2.2 represent the degree of polarization, P. Apart from the
northern arm IV N, P is high not only where the polarized intensity is strong: the southern
optical arms I S and II S also show high P (greater than 20%). The highest degree of
polarization,∼40%, is found near NGC604 at RA = 01h 34m 49.67s and DEC = +30◦ 47′

19.49′′ (Fig. 2.3). However, it is less than 5% within the giant HII regions (e.g. NGC604
and NGC595). This, along with a weaker ordered magnetic field(and low P) in the central
southern arm (I S, the strongest arm in radio, IR, and opticalbands), indicates that high
star-forming activity locally disturbs the regular magnetic field and causes the patchy
distribution of the degree of polarization within the arms.

At the angular resolution of 180 arcsec at 6.2 cm, the magnetic arm-like filaments
are smoother and not very distinguishable (Fig. 2.6). The strong polarized emission
(> 1.2 mJy/beam) again occurs in parts of the arms IV N and I N, but in contrast to the
3.6 cm polarized emission, not in the central regions of the galaxy (Fig. 2.5). The high
P at 6.2 cm (> 20%) has almost the same distribution as at 3.6 cm. In the arm IV N,the
maximum P is about 30%, similar to that at 3.6 cm.

Figure 2.7 shows, at a linear resolution of∼200 pc, how the apparent magnetic field
vectors (E+90◦) at 20 cm are distributed in the plane of the sky. At this wavelength, the
vectors are strongly Faraday-rotated and therefore not oriented along the optical arms.
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Table 2.4: Integrated flux densities forR< 8.5 kpc.

λ HPBW ST SPI P̄ SPI(180′′) P̄(180′′)
(cm) (arcsec2) (mJy) (mJy) % (mJy) %
3.6 120 779±66 48± 5 6.1±0.8 40±4 5.1±0.7
6.2 180 1284±135 89± 4 6.9±0.8 89±4 6.9±0.8
20 (combined) 51 2768±63 167±25 6.0±0.9 123±3 4.4±0.1

The polarized signal is strongest in the northern part of thegalaxy, where the ordering
in a spiral-like pattern is very clear (Fig. 2.8), while the lack of polarized emission in the
southern part suggests stronger Faraday depolarization inthe southern than in the northern
part of M33 (see Sect. 2.3.6). In the northern arms, the degree of polarization P is greater
than 20%, with a maximum of 30% on the arm IV N and also in a region close to NGC604
in I N.

2.3.3 Integrated flux densities

After subtraction of the background sources (14 sources whose 20 cm peak flux densities
were≥5 mJy), we integrated the flux densities in rings in the plane of the galaxy around
the center out to a radius of 8.5 kpc (beyond the area shown in Figs. 2.1 to 2.8, see Table
1.1). The integrated flux density in total intensity, ST , and in linear polarization, SPI , at
different wavelengths are given in Table 2.4. The corresponding absolute total flux density
errors were obtained considering the systematic error due to the baselevel uncertainty.

The average degree of polarization (P̄), which is the ratio of the integrated flux density
in polarized intensity and the integrated flux density in total intensity, is obtained at dif-
ferent wavelengths (Table 2.4). For a consistent comparison, we also obtained the average
degree of polarization after smoothing the 3.6 cm and 20 cm maps to the beam width of
180′′, P̄(180′′). At 3.6 cm and 20 cm,̄P(180′′) is lower thanP̄ due to beam depolariza-
tion, while P̄(180′′) is almost the same at 3.6 cm and 6.2 cm, indicating negligible global
Faraday depolarization between these two wavelengths.

The integrated total flux densities in total intensity obtained by Buczilowski (1988) of
1100±167 mJy at 6.3 cm and 2990±440 mJy at 20 cm out to a radius of 12 kpc agree
with our values of 1300±140 mJy at 6.3 cm and 3164±88 mJy at 20 cm within the er-
rors. Our obtained value at 6.2 cm is even closer to the one obtained by Berkhuijsen
(1983) (1300±200 mJy). The integrated total flux density in total intensity found by
Buczilowski (1988) at 2.8 cm is significantly lower than whatwe found at 3.6 cm because
the galaxy size is much larger than the maximum spacing of the2.8 cm multibeam system
(Emerson et al. 1979).

2.3.4 Distribution of total spectral index

Because of their wide frequency range, the total intensities at 20 cm and 3.6 cm lead to
a reliable spectral index map. After smoothing to the angular resolution of 90′′, the total
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Figure 2.9:Left: total spectral index map of M33 as determined between the twowave-
lengths 3.6 and 20 cm. The angular resolution is 90′′. For the total intensity maps, 3σ
level was considered to obtain this spectral index map.Right: histogram of the spectral
index distribution determined from total intensities.

intensity maps at 20 cm and 3.6 cm were restricted to a common size and interpolated
onto the same grid. The spectral index,α (I ∼ ν−α), was only computed for pixels with a
flux density of at least three times the r.m.s. noiseσ at both frequencies. In the resulting
spectral index map (Fig. 2.9), the spiral arms and star-forming regions are very visible
as flat spectrum regions. Steeper spectra occur in the outer regions and in between arms.
The right panel in Fig. 2.9 shows that the total spectral index has a mean value of 0.7. The
error in the total spectral index varies from 0.01 in the star-forming regions to 0.23 in the
outer parts.

The HII complexes IC 133, NGC 604, and NGC 595 have spectral indices< 0.1 and
even negative values, indicating optically thick conditions in these HII regions. Johnson
et al. (2001) found several optically thick HII regions (at 6cm and 20 cm) with the two
brightest ones in IC 133.

The most inverted spectrum is due to a source at RA = 01h 32m 42.06±0.14s and
DEC = +30◦ 54′ 24.8±1.8′′, which has a spectral index of−0.6±0.1 (I3.6cm = 3.6±0.2
and I20cm = 1.24±0.07). This source, which does not exist in the catalogues ofradio
sources and HII regions of M33 (e.g. in Gordon et al. 1999), could be a variable radio
source or a giant optically thick HII region behind a high concentration of dust. However,
the latter possibility is unlikely, since no IR emission is observed from that region.

We obtained the radial distribution of the spectral indexα using the integrated total
flux densities calculated in rings with a width of 0.5 kpc in the galactic plane. Figure 2.10
presents the radial profile of the spectral index obtained from pairs of the integrated flux
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Figure 2.10: Total spectral index averaged in rings of 0.5 kpc width in the galactic plane
versus the radial distance from the center of M33. For the total intensity maps, oneσ level
was considered before integration.

densities at 3.6 cm, 6.2 cm, and 20 cm considering oneσ level. There is a general increase
in α from the center to a radius of about 7 kpc in all three profiles.Buczilowski (1988)
explained this increase as a general decrease in the thermalfraction with radius. However,
with our high-resolution study, we detect structures not seen by Buczilowski (1988) : a
prominant bump aroundR = 3 kpc and a steeper increase inα beyondR= 4 kpc. This
indicates that the thermal fraction decreases faster in regions atR> 4 kpc than at smaller
radii. The bump is located in the ring2.5 <R< 3 kpc dominated by interarm regions that
are expected to be weak in thermal emission.

Assuming that the radial increase of the spectral index is related to a decrease in the
thermal fraction, and considering that the thermal emission contributes more to the radio
continuum emission at shorter wavelengths, one expects more variations (or faster radial
increase) of the spectral index obtained at short wavelengths. This is indeed visible in
Fig. 2.10 :α(3.6, 6.2) increases faster thanα(6.2, 20) andα(3.6, 20) atR>4 kpc. It is
also seen that the longer the wavelengths, the smaller the spectral index (or flatter energy
spectrum at longer wavelengths). This is surprising because one expects that the spectrum
of the radio continuum emission becomes steeper at longer wavelengths due to the syn-
chrotron emission. This could hint at the nonthermal energylosses at longer wavelengths.
The reason may be the same as for the significant flattening of the integrated spectrum of
M33 at frequencies lower than 900 MHz : free-free absorptionof the nonthermal emission
by a cool (< 1000 K) ionized gas (Israel et al. 1992). The presence of the optically thick
HII regions (Johnson et al. 2001) could also enhance this trend.

Away from star-forming regions and in the outer parts of the galaxy, the thermal frac-
tion is negligible and the observed spectral indexα can be taken as the nonthermal spectral
index,αn. From Fig. 2.9, we obtainαn ≃ 1.0 ± 0.1, which is equal to what is found in
M31 by Berkhuijsen et al. (2003). Assuming that the nonthermal spectral index is con-
stant across M33, we find average thermal fractions of0.52 ± 0.15, 0.46 ± 0.12, and
0.18 ± 0.06 at 3.6 cm, 6.2 cm, and 20 cm, respectively (following the method by Klein
et al. 1984). How these values change if the nonthermal spectral index is not assumed to
be constant across the galaxy is discussed in Chapter 4.
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Table 2.5: Integrated total flux densities from Effelsberg surveys (R < 50′).
λ (cm) ν (MHz) S (mJy) Ref.
35.6 842 5377±1217 Buczilowski (1988)
21.1 1420 2990±440 Buczilowski (1988)
20 (21) 1425 2768±63 Tabatabaei et al. (2007c)
17.4 1720 2714±254 Buczilowski (1988)
11.1 2702 1683±168 Buczilowski (1988)
6.3 4750 1100±167 Buczilowski (1988)
6.2 4850 1300±135 Tabatabaei et al. (2007c)
3.6 8350 779±66 Tabatabaei et al. (2007c)
2.8 10700 482±150 Buczilowski (1988)

Figure 2.11: Radio spectrum of the integrated emission fromM33 using the data listed in
Table 2.5.

2.3.5 Integrated radio continuum spectrum

The integrated flux densities forR< 50′ (12 kpc) from Effelsberg surveys at 35.6, 21.1,
17.4, 11.1, 6.3, and 2.8 cm were presented by Buczilowski (1988). They obtained a spec-
trum with a spectral index of 0.91±0.13, steeper than found in many other spiral galaxies.

We rederived the integrated spectrum of M33 using three moredata points from the
new surveys. We calculated the integrated flux densities forthe 3.6, 6.2, and 20 cm maps
for the same area ofR< 50′. The 3.6 cm and 2.8 cm maps were integrated up toR= 44′

andR = 22.5′, respectively, providing a lower limit to the total flux density. However, ex-
trapolated values up toR= 50′ show that the missing flux densities are within errors. Our
values, together with those of Buczilowski (1988) (see Table 2.5), lead to an integrated
spectrum (Fig. 2.11) with a spectral index of 0.72±0.04, which agrees with the mean
spectral index obtained in Sect. 2.3.4 even though using a different method.

2.3.6 Exponential scale lengths

Figure 2.12 shows the radial distributions of the total radio and IR (Spitzer 24, 70, and
160µm) intensities in M33 with galactocentric radius. There is abreak in the profiles near
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Table 2.6: Exponential scale lengths.
λ lR<4kpc (kpc) lR>4kpc (kpc)
20 cm 5.44±0.27 2.74±0.10
6.2 cm 3.73±0.21 2.35±0.14
3.6 cm 3.48±0.53 1.29±0.03
24µm 2.07±0.23 1.35±0.09
70µm 2.04±0.19 1.85±0.16
160µm 2.51±0.19 1.63±0.09

Figure 2.12: Radial profiles of total intensity (surface brightness) at radio and IR wave-
lengths.

Table 2.7: Northern and southern integrated flux densities in total and polarized intensity
plus degree of polarization.

λ SN
T SS

T SN
T /SS

T SN
PI SS

PI SN
PI /S

S
PI P̄N /P̄S

(cm) (mJy) (mJy) (mJy) (mJy)
3.6 412±18 366± 21 1.12±0.08 20±2 20±2 1.00±0.14 0.9±0.1
6.2 631±63 653± 70 0.97±0.14 53±4 36±2 1.47±0.14 1.5±0.2
20 1268±73 1435±83 0.88±0.07 81±5 42±3 1.93±0.18 2.2±0.4
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R= 4 kpc, which can be seen best at 3.6 cm and 24µm. All the profiles can be well-fitted
by two exponential functions of the form

I(R) =

{

I0exp(−R/lR<4kpc) R < 4 kpc
I4exp(−R/lR>4kpc) R ≥ 4 kpc,

(2.1)

where,I0 and I4 are the intensity atR = 0 andR = 4 kpc, respectively, andl the
exponential scale length.

We derived the exponential scale lengths of the radio emission at the three wavelengths
along with those of the IR emission (Table 2.6). Generally, the scale lengths are larger in
regions atR<4 kpc than atR>4 kpc. This indicates that the surface brightness decreases
faster with increasing radius atR> 4 kpc at all wavelengths. Since the 24µm emission
(and also 3.6 cm emission, Tabatabaei et al. 2007a) traces the star-forming regions, this
confirms that the main star-forming regions in M33 are spreadover an area with a radius
of R< 4 kpc without a dominant ‘nuclear concentration’ (different from the situation in
NGC6946, Walsh et al. 2002).

Table 2.6 also shows that the scale length increases with increasing wavelength in the
radio regime. This can be explained by the fact that at longerwavelengths the nonthermal
emission becomes more dominant, and the influence of radial diffusion of cosmic ray
electrons becomes more important, leading to larger scale lengths.

2.3.7 North–south asymmetry

Figure 2.8 shows that the polarized emission at 20 cm is much weaker in the southern
than in the northern half. To investigate this asymmetry, wecalculated the integrated total
flux density in both total and polarized intensities separately over each half (Table 2.7).
The average degrees of polarization are also given in Table 2.7. At all three radio wave-
lengths, the beam width is 180′′. The ratio of the northern to the southern integrated total
flux density in polarized intensity, SNPI /S

S
PI , and also the ratio of the average degree of

polarization,P̄N / P̄S , increases with wavelength. The value of SN
T /SS

T does not change
from 3.6 cm to 6.2 cm and from 6.2 cm to 20 cm within the errors, but, it decreases slightly
from 3.6 cm to 20 cm. A wavelength-dependent asymmetry in thepolarized intensity and
average degree of polarization was also found in other galaxies e.g. NGC 6946 (Beck
2007). The interpretation is that there is an asymmetry in Faraday depolarization along
the line of sight that may be caused in several ways:
- asymmetry in the distribution of the thermal emission,
- asymmetry in the uniformity of the magnetic field strength,
- special large-scale structure of the regular magnetic field, like e.g. a large-scale axisym-
metric helical magnetic field (Urbanik et al. 1997).

We probe this asymmetry in Faraday depolarization effects in Chapter 5, after separa-
tion of the thermal and nonthermal components.
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2.4 Discussion and conclusions

Radio observations with high resolution and sensitivity enabled us to obtain much more
information about the distribution of the linearly polarized emission in M33 than in pre-
vious studies, especially at high frequencies where the Faraday effects are negligible.
Using the new data at 3.6 cm, we found that the magnetic field iswell-ordered in a spiral
structure with the general orientation of the optical spiral arms. No clear anti-correlation
between the ordered magnetic field and optical arms, as observed in other galaxies like
NGC6946 (Beck et al. 1996), M81 (Krause et al. 1989a), and in parts of IC342 (Krause
et al. 1989b; Krause 1993), is found in M33. Detection of highdegrees of polarization
(higher than 20%), not only in the northern arms but also in the central extended region
and in parts of the southern arms at 3.6 cm and 6.2 cm (for the first time), is another sig-
nificant result of this study. Generally, we found a patchy distribution of the degree of
polarization. The degree of polarization in the direction of the HII complexes is less than
5%. We also found a weak degree of polarization and some distortion in the regular mag-
netic field in the central I S, which could be linked to the highstar-forming activity in this
region.

We derived a spectral index map of M33 with a high angular resolution (90′′) (the
previous spectral index map was derived at 462′′, Buczilowski 1988). Both the mean
total spectral index (0.72±0.07, obtained from the 3.6 and 20 cm maps) and the total
spectral index obtained from the integrated spectrum (0.72±0.04) are consistent with the
result of a statistical study of 56 spiral galaxies by Gioia et al. (1982).

The radial profile of the spectral index (Fig. 2.10) shows notonly a general increase
but also fluctuations at 2<R< 4 kpc, confirming that the decrease in the thermal frac-
tion causes an increase in the spectral index. Considering Fig. 2.12, at 2<R< 4 kpc,
we found opposite fluctuations in total intensity and in spectral index. These fluctua-
tions (in Fig. 2.12) are again stronger at wavelengths at which either the thermal emission
is stronger (i.e. 3.6 cm) or the emission correlates well with the thermal emission (i.e.
24µm, see Tabatabaei et al. 2007a). The area at 2<R<3 kpc includes the region be-
tween the main arm I (I N, I S) and the central extended region of the galaxy, correspond-
ing to the small maximum (bump) in the spectral index profile and a small minimum in
the total intensity profile. The area at 3<R< 4 kpc includes the arm I N and NGC604,
corresponding to the small minimum in Fig. 2.10 and the smallmaximum in Fig. 2.12.

Like the star formation radial profile (24µm radial profile, see Sect. 2.3.6), the mostly
nonthermal 20 cm radial profile is fitted by a larger exponential scale length atR< 4 kpc
than atR> 4 kpc. This is a surprising result, indicating that even the nonthermal emis-
sion (which is less confined to the star-forming regions thanthe thermal emission) mimics
the distribution of its parents, the star-forming regions.A spatial coupling between the
nonthermal emission and star-forming regions was also found in other late-type galaxies
(Dumke et al. 2000; Chyży et al. 2007). Therefore, it would be highly interesting to de-
rive the distribution of the nonthermal emission for a more realistic non-constant spectral
index of the nonthermal emission (Chapter 4).



3 Multi-scale study of radio and IR
emission from M33

3.1 Introduction

One of the most important discoveries of the IRAS mission wasthe correlation between
the IR and radio continuum luminosities for a sample of galaxies (e.g., Helou et al. 1985;
de Jong et al. 1985; Gavazzi et al. 1986). Beck & Golla (1988) showed that this cor-
relation also holds within several spiral galaxies including M31 and M33. The radio–IR
correlation was interpretted by Helou et al. (1985) and de Jong et al. (1985) as a direct and
linear relationship between star formation and IR emission. On the other hand, there was
concern that the cold dust emission, as a component of the far–infrared (FIR) emission,
might not be directly linked to the young stellar population. For the nearby galaxy M31,
Hoernes et al. (1998), using IRAS data, found a good correlation between the emission of
thermal–radio/warm dust and nonthermal–radio/cold dust with slightly different slopes.
They explained the latter correlation by a coupling of the magnetic field to the gas mixed
with the cold dust. Such a coupling was also considered by Niklas & Beck (1997) as the
origin of the global radio–FIR correlation. Hinz et al. (2004) found similar behavior in
M33.

The possibility that the relationship between the radio andIR emission might vary
within galaxies (e.g., Gordon et al. 2004b) due to the range of individual conditions makes
it necessary to repeat these kinds of studies with improved data in the most nearby galax-
ies. Furthermore, it is uncertain what component of a galaxyprovides the energy that is
absorbed and re–radiated in the IR (Kennicutt 1998). For example, from the close cor-
respondence between hydrogen recombination line emissionand IR morphologies, Dev-
ereux et al. (1994); Devereux et al. (1996, 1997) and Jones etal. (2002) argued that the
FIR is powered predominantly by young O/B stars. Deul (1989), Walterbos & Greenawalt
(1996), and Hirashita et al. (2003) argued that about half ofthe IR emission or more is
due to dust heated by a diffuse interstellar radiation field that is not dominated by any
particular type of star or star cluster. Sauvage & Thuan (1992) suggested that the relative
role of young stars compared with the diffuse interstellar radiation field increases with
later galaxy type.

Another problem that hinders a better understanding of the radio–IR correlation is the
separation of thermal and nonthermal components of the radio continuum emission using
a constant nonthermal spectral index (the standard method). Although this assumption
leads to a proper estimation for global studies, it cannot produce a realistic image of the
nonthermal distribution in highly resolved and local studies within a galaxy, because it

35
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is unlikely that the nonthermal spectral index remains constant across a galaxy (Fletcher
et al. 2004).

M33 (NGC 598) is the nearest late–type spiral galaxy, at a distance of 840 kpc (Freed-
man et al. 1991) and is ideal to compare the morphologies of different components of such
a galaxy. With an inclination ofi= 56◦ (Regan & Vogel 1994), it is seen nearly face on.
The central position of M33 given by de Vaucouleurs & Leach (1981) is RA(2000)=1h33m

51.0s and DEC(2000) = 30◦ 39′ 37.0′′. The position angle of the major axis is PA∼ 23◦

(Deul & van der Hulst 1987).

With the Multiband Imaging Photometer Spitzer (MIPS, Riekeet al. 2004) data at 24,
70, and 160µm, it is possible to interpret the morphology of M33. Hinz et al. (2004)
compared the first epoch data of MIPS with Hα images and radio continuum data at 6 cm,
using a Fourier filtering technique to distinguish different emission components. We now
have multiple epochs of MIPS data that provide a significantly higher–quality image of
M33, for example in the suppressing of stripes along the direction of scan caused by slow
response from the far infrared arrays. In addition, we use a wavelet analysis technique
that Frick et al. (2001) have shown to be more robust against noise than Fourier filtering.
Furthermore, the wavelet technique provides more precise and easier analysis of the scale
distribution of emission energy, especially at smaller scales of the emitting structures.
We apply a 2D–wavelet transformation to separate the diffuse emission components from
compact sources in MIPS mid– and far–infrared (hereafter IR), radio (at 3.6 and 20 cm),
and Hα images (Table 3.1).

The classical correlation between IR and radio emission hasbeen at the whole galaxy
level. However, such a correlation can be misleading when a bright, extended central
region or an extended disk exists in the galactic image. Thistechnique gives little infor-
mation in the case of an anticorrelation on a specific scale (Frick et al. 2001). The ‘wavelet
cross–correlation’ introduced by Frick et al. (2001) calculates the correlation coefficient
as a function of the scale of the emitting regions. Hughes et al. (2006) applied this method
to study the radio–FIR correlation in the Large Magellanic Cloud (LMC).

Hippelein et al. (2003) found evidence for a local radio–FIRcorrelation in the star
forming regions of M33. In this paper, we investigate this correlation not only for the
star forming regions but also for other structures within M33 at spatial scales between 0.4
and 4 kpc using the wavelet cross–correlation. Instead of the standard method to separate
the thermal and nonthermal components of the radio continuum emission, we use the
radio continuum data both at high and low frequency (3.6 and 20 cm, respectively). We
compare our radio images to the Hα image (which is taken as a tracer of the thermal
free–free emission) to distinguish the components of the radio continuum emission.

We study the structural characteristics of the MIPS IR images using the 2D-wavelet
transformation in Sect. 3.3. The distribution of the emission energy at both IR and ra-
dio regimes and the dominant spatial scale at each wavelength are discussed in Sect. 3.4.
We show how the different MIPS images are correlated at different scales and how the
radio–IR correlation varies with components of the galaxy (e.g. gas clouds, spiral arms,
extended central region and extended diffuse emission) in Sect. 3.5. In Sect. 3.6, we use
the Hα map to probe the energy sources of IR and radio emission. Results and discus-
sion are presented in Sect. 3.7. An overview of the preliminary results was presented in
Tabatabaei et al. (2005).
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Table 3.1: M33 data used in radio-IR correlation study.
Wavelength Resolution (arcsec) Telescope Ref.
20 cm 51 VLA Tabatabaei et al. (2007c)
20 cm 540 Effelsberg Fletcher (2001)
3.6 cm 84 Effelsberg Tabatabaei et al. (2007c)
160µm 40 Spitzer Tabatabaei et al. (2007a)
70µm 18 Spitzer Tabatabaei et al. (2007a)
24µm 6 Spitzer Tabatabaei et al. (2007a)
6570Å (Hα) 2 (pixel size) KPNO Hoopes & Walterbos (2000)
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Figure 3.1: The 3.6 cm radio map of M33 (left panel) observed with the 100–m radio
telescope in Effelsberg, and the combined 20 cm radio map (right panel) from the VLA
and Effelsberg observations. The half power beam widths (HPBWs) of 84′′ and 51′′,
respectively, are shown in the lower left corners.

3.2 Observations and data reduction

Table 3.1 summarizes the data used in this work. The 3.6 cm radio observations were
made with the 100-m Effelsberg telescope1 during several periods (18 nights) between
August 2005 and March 2006. The reduction was done in the NOD2data reduction
system (Haslam 1974). The r.m.s. noise after combination (Emerson & Graeve 1988)

1The 100–m telescope at Effelsberg is operated by the Max-Planck-Institut für Radioastronomie
(MPIfR) on behalf on the Max–Planck–Gesellscahft.
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Figure 3.2:Top: the Spitzer MIPS images of M33 at 24µm (left panel) and 70µm (right
panel). Bottom: the Spitzer MIPS image at 160µm (left panel) and the Hα map (right
panel) from KPNO Hoopes & Walterbos (2000). The resolutionsare given in Table 3.1.
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 original images           a=80"                 a=383"                  a=626"                a=1024"

Figure 3.3: MIPS maps of M33 at40′′ resolution (first column) and their wavelet decom-
positions for 4 different scales:80′′ (second column),383′′ (third column),626′′ (forth
column), and1024′′ (fifth column). At the distance of 840 kpc,1′′ is equivalent to 4 pc.
The maps at 24, 70, and 160µm are shown from top to bottom. Before the decomposi-
tion, huge HII regions like NGC 604 were subtracted from the original images (Sect. 3.4).
Maps are shown in RA–DEC coordinate system and centered at the center of the galaxy.
The field size is34′× 41′.

of 36 coverages is∼220µJy/beam. We also observed M33 at 20 cm with the B–band
VLA 2 D-array during 5 nights in November 2005 and January 2006 (from 06 to 08-11-
05, 13-11-05, and 06-01-06). The reduction, calibration, and mozaicing of 12 fields were
accomplished using the standard AIPS programs. The VLA interferometric data will
miss much of the extended emission of the galaxy. For example, Viallefond et al. (1986b)
showed that the WSRT interferometric map at 1.4 GHz accounted for only about 16%
of the total emission. Therefore, we combined the VLA map with the new Effelsberg
20 cm map (Fletcher 2001) to recover the emission from extended structures in M33 (see
Chapter 2). Both radio maps are shown in Fig. 3.1 at their original resolutions.

M33 was mapped in the IR by MIPS (Rieke et al. 2004) four times on 29/30 December
2003, 3 February 2005, 5 September 2005, and 9/10 January 2006. Each observation
consisted of medium-rate scan maps with 1/2 array cross-scan offsets and covering the
full extent of M33. The basic data reduction was performed using the MIPS instrument
team Data Analysis Tool versions 3.02-3.04 (Gordon et al. 2005). At 24µm extra steps

2The VLA is a facility of the National Radio Astronomy Observatory. The NRAO is operated by Asso-
ciated Universities, Inc., under contract with the National Science Foundation.
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were carried out to improve the images including readout offset correction, array averaged
background subtraction (using a low order polynomial fit to each leg, with the region
including M33 excluded from this fit), and exclusion of the first five images in each scan
leg due to boost frame transients. At 70 and 160µm, the extra processing step was a pixel
dependent background subtraction for each map (using a low order polynomial fit, with
the region including M33 excluded from this fit). The background subtraction should not
have removed real M33 emission as the scan legs are nearly parallel to the minor axis
resulting in the background regions being far above and below M33.

The 24µm image used consisted of just the 9/10 January 2006 observations as the
depth reached in a single mapping was sufficient for this work. The 70µm image used
was a combination of the last three observations as the 29/30December 2003 70µm map
suffered from significant instrumental residuals. These instrumental residuals were much
reduced when the operating parameters of the 70µm array were changed after the first
M33 map was made and before the second. The 160µm image used consisted of a com-
bination of all four maps. The combination of multiple maps of M33 taken with different
scan mirror angles results in a significant suppression of residual instrumental signatures
(seen mainly as low level streaking along the scan mirror direction). The images used in
this work have exposure times of∼100, 120, and 36 seconds/pixel for 24, 70, and 160µm,
respectively.

The Hα observations by Hoopes & Walterbos (2000) were carried out on the 0.6 meter
Burrell–Schmidt telescope at the Kitt Peak National Observatory, providing a68′× 68′

field of view. The MIPS and Hα images are shown in Fig. 3.2.
To obtain a proper comparison with the 3.6 cm radio map, all images of M33 were

convolved to the angular resolution of84′′. For higher angular resolution studies, maps at
18′′, 40′′, and51′′ were also made. The PSF (point spread function) of the MIPS data is
not Gaussian, in contrast to that of the radio data. Thus, convolutions of the MIPS images
were made using custom kernels created using Fast Fourier Transforms (FFTs) to account
for the detailed structure of the MIPS PSFs. Details of the kernel creation can be found
in Gordon et al. (2007, in prep.). After convolution, the maps were normalized in grid
size, rotation and reference coordinates. Then, they were cut to a common field of view
(34′× 41′ in RA and DEC, respectively).

In the following sections, we discuss the results with and without bright compact
sources at each resolution to investigate how these sourcesaffect the energy distribu-
tion at each wavelength and the correlations between wavelengths. After convolving to
each resolution, the bright sources, common to all images, were subtracted using Gaus-
sian fits including baselevels (‘Ozmapax’ program in the NOD2 data reduction system).
For instance, the giant HII complexes NGC604 and NGC595 weresubtracted at all res-
olutions. We also subtracted strong steep–spectrum background radio sources from the
20 cm image. Detailed descriptions of the source subtraction at each resolution are given
in Sect. 3.4.

3.3 Wavelet analysis of IR emission

Wavelet analysis is based on a spatial–scale decompositionusing the convolution of the
data with a family of self–similar basic functions that depend on the scale and location



Multi-scale study of radio and IR emission from M33 41

Table 3.2: Source subtraction thresholds S(λ) and number of subtracted sources at differ-
ent spatial resolutions.
HPBW Subt. sources S24 µm S70 µm S160 µm S20 cm S3.6 cm

asec # µJy/asec2 µJy/asec2 µJy/asec2 µJy/b.a. µJy/b.a.
18 40 460 2650 – – –
51 15 115 1570 2865 7190 –
84 11 85 900 2340 8260 5780

of the structure. Like the Fourier transformation, the wavelet transformation includes
oscillatory functions; however, in the latter case these functions rapidly decay towards
infinity. As a result, Frick et al. (2001) show that the wavelet method is more resistant to
noise and the smoother spectra allow better determination of the true frequency structure.
The cross–correlation of wavelet spectra lets us compare the structures of different images
systematically as a function of scale.

The wavelet coefficients of a 2D continuous wavelet transform are given by:

W (a,x) =
1

aκ

∫ +∞

−∞

f(x′) ψ∗

(

x
′ − x

a

)

dx
′, (3.1)

whereψ(x) is the analysing wavelet,x = (x, y), f(x) is a two–dimensional function
(an image), anda andκ are the scale and normalization parameters, respectively,(the ∗

symbol denotes the complex conjugate). The above transformation decomposes an image
into ‘maps’ of different scale. In each map, structures withthe chosen scale are prominent
as they have larger coefficients than those with smaller or larger scales. To obtain a good
separation of scales and to find the scale of dominant structures in M33, we use the ‘Pet–
Hat’ wavelet that was introduced by Frick et al. (2001) and applied there to NGC 6946. It
is defined in Fourier space by the formula:

ψ(k) =

{

cos2
(

π
2
log2

k
2π

)

π ≤ k ≤ 4π
0 π > k or k > 4π,

(3.2)

wherek is the wavevector andk = |k|.
We decomposed the Spitzer images into 10 different scalesa to compare the mor-

phologies at 24, 70, and 160µm at each scale3. Fig. 3.3 shows the original maps and
the decomposed maps at 4 scales. The original 24 and 70µm maps were smoothed to
the MIPS 160µm PSF with FWHM (full width half maximum)=40′′ before decomposi-
tion. The maps at scalea= 80′′ (0.3 kpc) show the smallest detectable emitting structures.
Most of the morphological differences among the MIPS imagesare found at this scale.
At scalea= 383′′ (1.5 kpc), the prominent structures are spiral arms and the center of the
galaxy. The central extended region is more pronounced at scalea= 628′′ (2.5 kpc). The
emission emerges from a diffuse structure at scalea= 1024′′ (4 kpc), and it is not possible
to distinguish the arm–structure anymore. This structure can be identified as an under-
lying diffuse disk with a general radial decrease in intensity. The similarity of the 4 kpc

3To have both physically meaningful results and a sufficiently large number of independent points, the
scalea varies between a minimum of about twice the resolution and a maximum of about half of the image
size,a < 1100′′, for all images studied in this paper.
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Figure 3.4: The wavelet spectra of the 24 and 70µm images before (or.) and after (s.s.)
subtraction of the same sources from the two images at18′′ resolution. The data points
correspond to the scales 0.14, 0.20, 0.29, 0.45, 0.62, 0.90,1.32, 1.92, 2.79, 4.06 kpc. The
spectra are shown in arbitrary units.

Figure 3.5: The wavelet spectra of the 20 cm radio and IR images at51′′ resolution before
(left) and after (right) subtraction of the same sources. For comparison, the wavelet spec-
trum of the Hα emission is also plotted. The data points correspond to the scales 0.45,
0.57, 0.73, 0.94, 1.20, 1.53, 1.96, 2.50, 3.20, 4.09 kpc. Thespectra are shown in arbitrary
units.

maps at different wavelengths indicates that the large-scale diffuse emission has the same
structure at different mid– and far–infrared wavelengths.

At the smallest scale, the emission emerges from spot–like features aligned along fil-
aments with the width of the scale. At 24µm the spots corresponding to HII regions
contain most of the energy at this scale (see Sect. 3.6). Diffuse filaments are more pro-
nounced at 160µm . As shown in the next section, the fraction of the energy at this scale
at 160µm is less than that at 24µm. The situation in the 70µm map is in between the 24
and 160µm maps. It seems that the star forming regions provide most ofthe energy of
the 24 and 70µm emission, if the spots correspond to these regions, as is discussed in the
following sections.
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Figure 3.6: The wavelet spectra of the 3.6 cm radio and IR images at84′′ resolution before
(left) and after (right) subtraction of the same sources. For comparison, the spectrum of
the Hα emission is also plotted. The data points correspond to the scales 0.84, 1.00, 1.19,
1.42, 1.67, 2.02, 2.41, 2.87, 3.42, 4.08 kpc. The spectra areshown in arbitrary units.

3.4 Spectral characteristics of IR and radio maps

In this section, we demonstrate how the wavelet spectra can be used to investigate the
scaling properties of the emission. This spectrum is definedas the energy in the wavelet
coefficients of scalea (Frick et al. 2001)4 :

M(a) =

∫ +∞

−∞

∫ +∞

−∞

|W (a,x)|2dx. (3.3)

After smoothing the 24µm map to the MIPS 70µm PSF with FWHM =18′′, about
40 bright sources (mostly corresponding to HII regions) were subtracted from both maps
(equivalent to removing sources with fluxes higher than the lower limits, S(λ), given in
Table 3.2.). Fig. 3.4 shows the wavelet spectra, M(a), of the 24µm and 70µm maps before
and after source subtraction. Clearly, the small scales arethe dominant scales before
source subtraction. The scale at which the wavelet energy ismaximum is∼ 70′′ (280 pc)
at 24µm and∼ 110′′ (440 pc) at 70µm. After source subtraction, the spectra become
flatter. The larger size of the dominant scale at 70µm caused by these sources (by a factor
of ∼1.6 at this resolution) indicates a slightly more extended distribution of dust grains
emitting at 70µm than at 24µm in the vicinity of star forming regions. Moreover, the
ratio of the maximum to minimum energy in the original spectrum at 24µm is larger (by
a factor of 3) than that at 70µm. This indicates that either star forming regions provide
more energy for the 24µm emission, or the large–scale diffuse emission is strongerat
70µm than 24µm.

At the next angular resolution,51′′, the HPBW (half power beam width) of the 20 cm
radio map, 15 bright sources (HII regions) visible at all maps were subtracted from the
20 cm map and the smoothed 24, 70, and 160µm IR maps. In addition to these sources,
9 background radio sources plus the supernova remnants SN1,SN2, and SN3 (Viallefond

4It is also called ‘wavelet power spectrum’, however following some authors (e.g. Frick et al. 2001;
Zhou & Adeli 2003), we refer toM(a) as the ‘wavelet energy’ (see Appendix B).



44 Multi-scale study of radio and IR emission from M33

et al. 1986a) were subtracted from the 20 cm radio map. The wavelet spectra of the MIPS
and 20 cm radio maps at this resolution are plotted in Fig. 3.5. The Hα spectrum is
also given for comparison. The 24 and 70µm maps show a smoothed version of their
distributions in Fig. 3.4 (the linear smoothing factor is∼3 between Figs. 3.4 and 3.5).
However, the effect of the sources can still be seen by comparing the left panel with the
source subtracted spectra in the right panel.

The 160µm map is hardly influenced by the smoothing, as its original resolution is
40′′ (the smoothing factor is∼1.3). The 160µm spectrum is more similar to the 70µm
spectrum than to the other spectra. It seems that the compactsources have less effect on
the energy distribution at 160µm, because the smallest scale is not the dominant scale.
Hence, there is no important change in the spectrum after thesource subtraction. The
energy shows an increase at the scale of complexes of dust andgas clouds (∼ 250′′ or
1 kpc), then a second increase in transition to the large–scale structures or diffuse dust
emission.

The spectrum of the 20 cm radio image is also dominated by bright sources. There is
a maximum at the scale a =140′′ (560 pc), then a decrease towards the larger scales with
a slope of -0.9. However, a flat spectrum remains for the scales less than the size of the
central extended region (∼600′′ or 2.4 kpc) after the source subtraction.

The spectra of all the maps at the resolution of the 3.6 cm data(HPBW =84′′)5 are
shown in Fig. 3.6 (left panel). The spectra after subtracting the 11 brightest HII regions
are plotted in the right panel. Again, because of these sources, the small scales are dom-
inant at 3.6 cm. As shown in comparing the left and right panels, they also are seen in
all the infrared bands, strongly at 24µm and much more weakly at 160µm. Here, the
smoothing effect is seen in all 3 MIPS wavelet spectra.

Before source subtraction, the 20 and 3.6 cm spectra are similar to each other and to
the Hα spectrum up to the scale of the central extended region,∼ 600′′ (2.4 kpc). All
three spectra become steeper betweena∼ 2.4 kpc anda∼3.4 kpc, which means that the
wavelet energy from structures with scales of about half of the size of the galaxy (∼900′′

or 3.6 kpc) is not as significant as that from smaller structures. It seems that a minimum
in the wavelet spectra of the radio and Hα emission, as was also shown in NGC 6946 (see
Fig. 3.7 in Frick et al. 2001), is a characteristic of this scale. However, while this decrease
disappears in the 3.6 cm and Hα spectra after source subtraction, it remains in the 20 cm
spectrum. This implies that besides the bright HII regions there are sources of nonthermal
emission within the spiral arms and central extended regionwhich emit significantly at
20 cm.

To estimate how much of the wavelet energyM(a) is provided by the subtracted
sources, we consider the following definition:

∆(a) ≡ Mor.(a) −Ms.s.(a)

Mor.(a)
, (3.4)

whereMor.(a) andMs.s.(a) represent the wavelet energy before and after source subtrac-
tion. Table 3.3 shows the fraction of energy produced by the 11 HII regions in IR and

5Gaussian PSFs with FWHM =51′′ and84′′ are considered to convolve the IR maps to the angular
resolutions of the 20 and 3.6 cm radio maps, respectively.
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Table 3.3: Fractions of the wavelet energy provided by the 11brightest HII regions at
different scales (Eq. 4).

λ ∆(210′′) ∆(505′′) ∆(1020′′)
24 µm 0.94 0.81 0.35
70 µm 0.80 0.57 0.14

160 µm 0.52 0.33 0.11
3.6 cm 0.86 0.69 0.16

at 3.6 cm for 3 different scales (at84′′ resolution). The corresponding fractions at 20 cm
are not shown in this table, as some nonthermal radio sourceswere also subtracted at this
wavelength. The emission at 24µm has the largest energy fraction∆(a) at all scales. The
smallest∆(a) occurs at 160µm. This indicates that HII regions play a more important
role in providing energy for dust emission at 24µm than at 160µm.

We estimate the uncertainties of the wavelet energies of each map by making a noise
map with the distribution and amplitude of the real noise in the corresponding observed
map. A linear combination of uniform and Gaussian distributions simulates the real noise
in each observed image. The wavelet spectra of the derived noise maps were obtained us-
ing Eq. 3.3. The resulting wavelet energies of the noise mapsare taken as the uncertainties
of the wavelet energies of the observed maps at different scales. The estimated values are
at least three orders of magnitude less than the wavelet energies of the observed maps.
Therefore, the results from our wavelet spectrum analysis are not substantially affected
by the noise in the maps.

3.5 Wavelet cross–correlations

A useful method to compare images at different wavelengths is the wavelet cross-correlation.
The wavelet cross-correlation coefficient at scalea is defined as:

rw(a) =

∫ ∫

W1(a,x) W ∗
2 (a,x)dx

[M1(a)M2(a)]1/2
, (3.5)

where the subscripts refer to two images of the same size and linear resolution. The
value ofrw varies between -1 (total anticorrelation) and +1 (total correlation). Plottingrw

against scale shows how well structures at different scalesare correlated in intensity and
location. The error is estimated by the degree of correlation and the number of indepen-
dent points, n:

∆rw(a) =

√

1 − r2
w

n− 2
, (3.6)

where,n= 2.13
(

L
a

)2
, andL is the size of the maps.

First, we examine the cross–correlations between the 3 MIPSmaps of M33 (Fig. 3.7).
There are significant correlations between each pair of the MIPS maps at different scales
within 0.4<a<4 kpc, asrw > 0.75 (Frick et al. 2001). These scales include gas clouds,
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Figure 3.7: The cross–correlation between 24 and 70µm (top), 24 and 160µm (middle),
and 70 and 160µm (bottom) images at51′′ resolution before (or.) and after (s.s.) source
subtraction.
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Figure 3.8: The cross–correlation between 3.6 cm radio and IR before and after subtrac-
tion of the same sources at84′′ resolution.

spiral arms, and the central extended region. Comparing theplots, the 24–160µm cor-
relation is weaker than the two other correlations, especially at scales smaller than the
spiral arms (a< 400′′ or 1.6 kpc). This is due to significantly different contributions of
HII regions in providing energy for dust emission at 24 and 160µm (see Table 3.3), as
the 24–160µm correlation coefficients increase after subtracting these sources. This indi-
cates that HII regions influence the correlations at scales larger than their sizes (the width
of the huge HII region NGC604 is about100′′ or 0.4 kpc).

Second, we study the cross–correlations between the infrared and the radio continuum
emission at 3.6 cm. As shown in Fig. 3.8, the correlations between 3.6 cm radio and the
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Figure 3.9: The correlation of the 20 cm radio with IR before and after subtraction of the
same sources at51′′ resolution (please note that this figure starts from 100′′ and not 200′′).
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three infrared emission are strong at all scales. At scales smaller than the width of the
spiral arms (1.6 kpc), the correlations are higher between 3.6 cm and 24µm emission
(and also 70µm) than between 3.6 cm and 160µm emission. The source subtraction
reduces the 3.6 cm–24µm and 3.6 cm–70µm correlations at scales smaller than the spiral
arms. This indicates that young massive stars are the most common and important energy
sources of the 3.6 cm, 24 and 70µm emission at these scales.

Third, the cross–correlations with the radio continuum emission at 20 cm are pre-
sented in Fig. 3.9. Before the source subtraction, the correlations between 20 cm radio
and the three IR bands are strong at scales smaller than the width of the spiral arms. After
the source subtraction, the coefficients of the IR–20 cm correlations decrease dramatically
so that they become less than 0.75 at small scales. The reasonis possibly that besides HII
regions there are other unresolved sources of the 20 cm radioemission like supernova
remnants that are stronger than at 3.6 cm but do not emit significantly in the infrared.
Studies within our Galaxy have demonstrated that the ratio of far-infrared to radio con-
tinuum emission for supernova remnants is much smaller thanthat for HII regions (Fürst
et al. 1987).

Comparing Fig. 3.8 with Fig. 3.9, a drop in correlation coefficient at the scale of800′′

(3.2 kpc) is more prominent in the MIPS correlations with 20 cm than with 3.6 cm. This is
due to the strong minimum in the 20cm spectrum at this scale (Fig. 3.5) that persists even
after the source subtraction (in contrast to the situation in the 3.6 cm spectrum shown in
Fig. 3.6).

3.6 Comparison with Hα

If we take the Hα emission as a tracer of star forming regions that both heat the warm
dust and ionize the gas giving the free–free emission, we expect a correlation between
Hα emission, IR and thermal radio emission. The cross–correlations involving Hα and IR
images are shown in Fig. 3.10. The significant correlation ofHα with the 24 and 70µm
images at the smallest scale confirms that most of the compactstructures in the MIPS
decomposed maps at 24 and 70µm (Fig. 3.3) correspond to the HII regions. The 160µm
emission is also correlated with Hα emission, although the correlations are weaker than
the correlations at 24 and 70µm. It is deduced that the role of star forming regions in
heating the dust, even the cold dust (emitting mainly at 160µm), is generally important at
scales smaller than 4 kpc.

Between Hα and 3.6 cm there is aperfect correlationfor both small–scale and ex-
tended structures:rw ≥0.95 (right panel in Fig. 3.10). This is not surprising as the
wavelet spectra of the Hα and 3.6 cm maps are very similar (see Fig. 3.6). Thus, not
only are the star forming regions mostly responsible for the3.6 cm emission, but also the
radio continuum emission is dominated by the thermal free–free emission at 3.6 cm for
a < 4 kpc.

After smoothing the 20 cm map to the spatial resolution of the3.6 cm map, we ob-
tain the Hα–20 cm correlation (Fig. 3.10). At scales smaller than600′′ or 2.4 kpc, the
coefficients are the same as for the Hα–3.6 cm correlation. This means that the bright
HII regions are also important sources of the 20 cm radio emission. It seems that the
correlation decreases at larger scales, but it is not certain because of the large errors.
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Figure 3.10: The correlation of Hα with IR (top) at51′′ and with 3.6 and 20 cm radio
(bottom) at84′′ resolution. The maps include all HII regions.

3.7 Discussion

We studied the spectral characteristics of the MIPS mid– andfar–infrared, radio and Hα
maps and obtained cross–correlation coefficients between pairs of maps. Here, we discuss
the implications of our results for the understanding of theenergy sources powering the
IR and radio emission from M33. Further, we compare the results of our analysis on M33
with that of Frick et al. (2001) on NGC 6946.

3.7.1 IR emission

From the wavelet analysis of the MIPS IR maps the following results are found.

• The 24 and 70µm emission emerge mostly from the bright sources corresponding
to star forming and HII regions. The influence of HII regions on the IR emission
is highest at 24µm (see Table 3.3). As expected, at small scales the 24µm map is
better correlated with the 70µm than with the 160µm map.

• The 160µm emission emerges from both compact and extended structures. The
compact structures correspond to star forming and HII regions. As shown in Ta-
ble 3.3, the fraction of wavelet energy provided by the 11 brightest HII regions at
160µm varies between 1/2 and 1/3 of that at 24µm at different scales. The 160µm
map does not show small–scale dominance in its spectrum. The160µm spectrum
shows an increase when it reaches the scale of complexes of dust and gas clouds of
∼1 kpc, and a second increase in transition to the large–scalestructures or diffuse
dust emission.

While it is clear that the ionizing stars heat the warm dust, the mechanism heating the
cold dust is still in debate. According to our wavelet analysis, the direct role of the young
stellar population decreases with increasing IR wavelength. As shown in Table 3.3, at
small scales (< 200′′ or 0.8 kpc), the relative contribution of the 11 brightest HII regions
to the total emission energy is about 50% at 160µm which means that the contribution of
all HII regions of M33 is much larger than 50%. Hence, it seems that at least up to scales
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of 0.8 kpc the cold dust is effectively heated by UV photons from massive ionizing stars.
On the other hand, the 160µm–Hα correlation coefficients are smaller than those of the
24µm (or 70µm)–Hα correlation (Fig. 3.10). This means that the number of structures
with a specific scale emitting strongly in both IR and Hα becomes less at 160µm. This
indicates that besides UV photons from massive ionizing stars, other heating sources con-
tribute also to heating the cold dust. These could be non–ionizing UV photons either from
intermediate–mass stars (5–20M⊙) (Xu 1990) or from HII regions (Popescu et al. 2000,
2002; Misiriotis et al. 2001), or optical photons from solarmass stars (Xu & Helou 1996;
Bianchi et al. 2000); they should contribute to an average radiation field as the 160µm
wavelet spectrum is smooth.

Our findings confirm the arguments of e. g. Hinz et al. (2004), Devereux et al. (1994);
Devereux et al. (1996, 1997) and Jones et al. (2002) that the IR is powered predominantly
by young O/B stars, specifically at 24 and 70µm. This is not necessarily at variance or
in accordance with the argument of Xu & Helou (1996) that only27% of the diffuse
dust emission from M31 can be attributed to the heating by UV photons, because of two
reasons. First, our wavelet study does not include diffuse structures with scales larger
than 4 kpc. Second, the late–type galaxy M33 is more densely populated with young
stars than the earlier–type galaxy M31. This may mean that the relative role of young
stars in heating the dust increases with later galaxy type (Sauvage & Thuan 1992). For a
more precise comparison, it is necessary to accomplish wavelet analysis for other nearby
galaxies.

Hoernes et al. (1998) showed that the cold dust emission in M31 has a weaker corre-
lation with the thermal radio than with the nonthermal radioemission. Since the contri-
bution of the thermal emission is higher at 3.6 cm than at 20 cm, one may expect a weaker
correlation between the 160µm and 3.6 cm emission. In M33, we did not find significant
differences between the 160µm–3.6 cm and 160µm–20 cm correlations (Figs. 3.8 and
9) at scales of200′′ (0.8 kpc)<a< 700′′ (2.8 kpc), even after subtracting strong thermal
sources (bright HII regions). This could be due to the largerrole of UV photons from O/B
stars in heating the cold dust in M33 than in M31, as discussedin the previous paragraph.
However, a better 160µm correlation with the nonthermal than with the thermal radio is
probable at the scale of the whole galaxy. For instance, Hinzet al. (2004) showed that the
morphology of the smoothed 160µm emission from M33 is most similar to that of the
radio emission at 17.4 cm.

3.7.2 Radio emission and radio–IR correlation

From the wavelet analysis of the radio maps we obtain the following results for the 3.6
and 20 cm emission from M33.

• The shape of the 3.6 cm wavelet spectrum is very similar to that of the Hα spec-
trum (Fig. 3.6) and, hence, there is a perfect correlation between 3.6 cm and Hα
at all scales (Fig. 3.10). This indicates that not only the star forming regions are
mostly responsible for the radio emission at 3.6 cm, but alsothe thermal (free–free)
emission is significant at this wavelength. But it could alsobe that the nonther-
mal (synchrotron) emission correlates well with the thermal emission. Our recent
estimation of the thermal fraction of the 3.6 cm radio continuum emission gives
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fth ∼50% for the whole galaxy including the extended disk emission (Tabatabaei
et al., in prep.). As a higher percentage of the thermal fraction is expected at scales
≤4 kpc, this result is consistent with our wavelet study. The nearly parallel 3.6 cm
and Hα wavelet spectra indicates that extinction is scale–independent and has no
significant effect on Hα emitting structures.

• The combined 20 cm (VLA+Effelsberg) wavelet spectrum represents both compact
and diffuse structures of thermal and nonthermal emission.The bright HII regions
(or complexes) give strong contribution to the 20 cm emission. The strong Hα–
20 cm correlation at scales smaller than the width of the central extended region
(∼2.5 kpc) also indicates that the nonthermal emission correlates perfectly with the
thermal emission at these scales.

• Generally, there are strong 3.6 cm–IR correlations at all scales in the range of 0.8–
4 kpc within M33 (Fig. 3.8). The 3.6 cm correlations with 24 and 70µm are better
than that with 160µm before subtracting bright HII regions. However, these cor-
relations become approximately the same after subtractingHII regions. That is
because the 24 and 70µm emission are more influenced by the HII regions than the
160µm emission.

• The strong 20 cm–IR correlations are mainly due to the brightHII regions, as the
correlations fall after source subtraction (Fig. 3.9). Here, the weakest correlation is
between the 20 cm and the 24µm maps. This indicates that the nonthermal sources
which are associated with star forming regions are not as effective as HII regions in
heating the dust.

In their multi–resolution analysis of the radio–IR correlation in the LMC, Hughes et al.
(2006) found strong correlations in the regions where the thermal fraction of the radio
emission is high. This is in agreement with our results that the 24 and 70µm–radio cor-
relations are higher before subtracting HII regions. Even,the 160µm–20 cm correlation
follows this pattern before subtracting the thermal radio regions. For NGC6946, Frick
et al. (2001) also found a better correlation between the thermal 3.6 cm radio and IR
emission up to scales of the width of spiral arms, although the nonthermal emission dom-
inates in this galaxy (Ehle & Beck 1993). There are indications for similar trends in other
nearby galaxies (Murphy et al. 2006).

3.7.3 Comparison with NGC 6946

It is instructive to compare the results of the wavelet analysis of M33 with those obtained
by Frick et al. (2001) for NGC 6946, which is also a late–type Scd galaxy.

NGC 6946 was studied at a linear resolution of 0.4 kpc corresponding to our analysis
at 84′′ HPBW. Comparing Fig. 3.6 (in this paper) to Fig. 3.7 in the Frick et al. (2001)
paper at scales between 0.8 and 4 kpc, the dominant scale of the Hα wavelet spectrum is
at the scale of the width of the spiral arms (1.5 kpc) in NGC 6946, while in M33 it is at the
smallest scale (∼ 200′′ or 0.8 kpc in Fig. 3.6). Even after subtracting the 11 brightest HII
regions the scales corresponding to the spiral arms (∼ 400′′) are not dominant in M33.
This is because the spiral arms in M33 are not as pronounced asthose in NGC 6946.
Instead, the Hα emission in M33 has a rather clumpy distribution.
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The spectrum of dust emission from NGC 6946 at 12–18µm shown in Fig. 3.7 in the
Frick et al. (2001) paper is more similar to the spectrum of dust emission from M33 at
160µm than to that at 24µm. So, the excess of hot dust emission near the massive stars
found in M33 is not visible in NGC 6946.

Frick et al. (2001) found signatures of three–dimensional Kolmogorov–type turbu-
lence (Kolmogorov 1941) for the ionized gas (Hα and thermal radio continuum emission
at 3.6 cm) at scales less than 0.6 kpc in NGC 6946. An increasing part of the spectrum
(logI–loga) with a slope of 5/3 is typical for this type of turbulence (Spangler 1991). They
obtained this slope considering the first point at the scale of 0.3 kpc (the resolution of their
maps was 0.4 kpc), making the slope estimate of 5/3 uncertain. At the same resolution
we cannot investigate this turbulence for M33, as the smallest scale in Fig. 3.6 is larger
than 0.6 kpc. However, at higher spatial resolutions the spectra of the radio, IR, and Hα
emissions from M33 do not show such an increase at scales lessthan 0.6 kpc (Figs. 3.4
and 3.5). The steepest increasing slope is about 1.1 at scales between 140 and 320 pc
(in the 24µm spectrum) (Fig. 3.4). The slopes become less at51′′ resolution (Fig. 3.5).
They vary between 0 and 0.6 at increasing parts of the spectraand between 0 and -0.9
at decreasing parts of the spectra. After subtracting HII regions, the slopes become even
flatter.

Comparing Fig. 3.12 in the Frick et al. (2001) paper to Fig. 3.10 (in this paper), the
3.6 cm–Hα cross–correlation coefficients are less at the small scalesin NGC 6946 than
in M33. As the extinction is proportional to the dust densityand because higher dust
densities can be found at smaller scales, one expects more extinction of Hα at smaller
scales. This leads to a weaker correlation with the radio free–free emission at smaller
scales. Hence, it seems that absorption by dust at scales<1.2 kpc (Fig. 3.12, Frick
et al. 2001) is less significant in M33 than in NGC 6946. The existence of considerable
extinction in NGC 6946 caused by a patchy dust distribution has been shown by Trewhella
(1998).

3.8 Conclusions

Highly resolved and sensitive Spitzer MIPS images of M33 at 24, 70, and 160µm enabled
us to compare the morphology of different dust components ofthis galaxy. A 2D-wavelet
transformation was used to find dominant scales of emitting structures and correlations of
the MIPS images with new radio (3.6 and 20 cm) maps as well as with an Hα image of
M33. We compared the results of wavelet analysis with and without bright HII regions
at different resolutions (18′′, 51′′, 84′′). We found that at a characteristic scale of210′′

or 0.8 kpc, 80% or more of the wavelet energy at 24 and 70µm and 3.6 cm is from the
11 brightest HII regions. These sources cause better correlations between pairs of the 24
and 70µm and 3.6 cm maps, while they cause a smaller 24–160µm correlation. Bright
HII regions improve the correlations between the 20 cm radiomap and each of the MIPS
IR maps. The Hα emission shows a better correlation with IR emission at 24 and 70µm
than at 160µm. It is perfectly correlated with the 3.6 cm radio emission out to scales of
4 kpc and also with the 20 cm radio emission out to scales of thewidth of the central ex-
tended region (∼2.5 kpc). This is understandable because the radio continuum emission
at 3.6 cm is dominated by thermal emission and that at 20 cm by nonthermal emission.
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The most important conclusions of this study are:

• The longer the IR wavelength, the more extended is the distribution of dust grains
emitting at that wavelength (Sects. 3.3 and 3.4).

• HII regions influence the IR emission with a strength inversely depending on wave-
length: more influence at 24µm and less influence at 160µm (Sect. 3.4).

• The nonthermal radio emission correlates well with the thermal radio and Hα emis-
sion out to the scale of the central extended region,∼2.5 kpc (Sect. 3.7).

• The warm dust–thermal radio correlation is stronger than the cold dust–nonthermal
radio correlation at scales smaller than 4 kpc (about half the size of the galaxy)
(Sects. 3.5 and 3.7).

• The effect of extinction in Hα is independent of the scale of structures in M33 and
is smaller than in NGC6946.

In Chapter 4, we obtain maps of the thermal and nonthermal radio continuum emission
and compare them with the IR emission, separately.



4 Thermal and nonthermal radio
emission from M33

4.1 Introduction

The problem of separating the two components of the radio continuum emission, free-
free (thermal) and synchrotron (nonthermal) emission, dates back to the beginnings of
radioastronomy. The mostly applied techniques are based oneither assuming a constant
nonthermal spectral index (e.g. Klein et al. 1984) or a correlation between thermal radio
and infra-red (IR) emission (Broadbent et al. 1989).

Although the assumption of constant nonthermal spectral index may be reasonable
for global studies (Sect. 4.10), it does not lead to a feasible thermal/nonthermal distri-
bution in detailed studies. Under this simplification, it isnot possible to investigate the
origin and energy loss processes of the electron component of cosmic rays (CRs) within
a galaxy. Discrete synchrotron emitting sources are mainlyidentified as supernova rem-
nants. The synchrotron emission from supernova remnants can be described as power law
(Sν ∼ ν−αn) with a typical spectral index ofαn ≃ 0.6. Propagating from these sources,
electrons suffer energy losses that steepens the power law spectrum. In the interstel-
lar medium, the typical spectral index attributed to the emission under the leakage loss
is ≃ 0.9, and under synchrotron loss and inverse Compton scattering ≃1.1 (Biermann
1995). These electrons further diffuse to the interarm regions and outer parts of spiral
galaxies within their life time. Hence, variations of the nonthermal spectral index should
be distinguishable particularly by comparing arms with interarm regions and outer parts
of the galaxies.

The thermal/nonthermal separation based on the assumptionthat the radio-IR corre-
lation is due to a correlation between the thermal radio and IR emission is not generally
correct, as nonthermal phenomena e.g. super massive black holes or energetic CRs may
stimulate the IR emission. For instance, the possibility ofheating the diffuse dust (emit-
ting in IR) by CRs was shown by Helou & Bicay (1993) and Bicay & Helou (1990).
Moreover, supernovae, the ultimate sources of most of the nonthermal emission, explode
close to the star-forming regions in which their progenitorstars formed. Together with
the increased magnetic field strength in the spiral arms, this causes a correlation between
the thermal and nonthermal sources, making a less direct link between the IR and ther-
mal emission. Finally, the slope of the radio-IR correlation depends on the synchrotron
spectral index (Niklas & Beck 1997).

Templates for free-free emission could be provided by emission of recombination
lines as they originate from within ionized regions, like the free-free emission. The Hα
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emission, the strongest Balmer line, is observationally most preferred, particularly from
nearby galaxies. Both the Hα and free-free emission are linearly proportional to the num-
ber of ionizing photons produced by massive stars. On the other hand, the Hα emission
suffers from extinction by dust leading to an underestimateof the free-free emission if
no extinction correction is made. Note that the emission of radio recombination lines is
extinction free and hence ideal for tracing the free-free emission. However, these kinds
of emission are too weak from the diffuse ionized gas in external galaxies to be detected
using the present facilities. For example, our attempt to map radio recombination lines
emission from diffuse regions within IC 342 and M33 using the6.2 cm receiver of the
Effelsberg Telescope was not successful.

The nearest Scd galaxy, M33 (NGC 598), at a distance of 840 kpc(1′′ ≃ 4 pc, Freed-
man et al. 1991) has been extensively studied at radio and IR wavelengths. With an
inclination ofi = 56◦ (Regan & Vogel 1994), its spiral structure is well visible. So far,
extinction studies in M33 have mostly focused on HII regionsusing either the Balmer
(and Paschen) line ratios (e.g. Kwitter & Aller 1981; Melnick et al. 1987; Petersen &
Gammelgaard 1997) or the ratio of Hα to radio emission (e.g. Israel & Kennicutt 1980;
Devereux et al. 1997). In the line ratio method the emission from the diffuse ionized
medium can hardly be detected in most of these recombinationlines. The method based
on the radio emission only works well when the thermal component of the radio contin-
uum is independently known. For instance, the radio emission from single HII regions
(and not HII complexes with a possible nonthermal emission contribution like NGC 604
and NGC 595, Dodorico 1978; Gordon et al. 1993) may be considered as the thermal
emission.

Using the ISOPHOT 60 and 170µm data, Hippelein et al. (2003) found an anti-
correlation between the flux density ratio of Hα/60µm and 170µm flux density, sug-
gesting the extinction to be related to the cold dust in M33.

We obtain the distribution of the dust optical depth at the Hα wavelength for the
whole M33 (an extinction map) by analysis of dust emission and absorption using the
high sensitivity and resolution Multiband Imaging Photometer Spitzer (MIPS, Rieke et al.
2004) FIR data at 70 and 160µm. This leads to an Hα map corrected for extinction (de-
extincted Hα map), our free-free template. The thermal and nonthermal maps at 3.6 and
20 cm are obtained at an angular resolution of 90′′ (equivalent to a linear resolution of
360 pc) by both the new (using a free-free template) and the standard method (assuming a
constant nonthermal spectral index) and the results are compared. Further, we determine
variations of the nonthermal spectral index across M33 as detected by the new method
and discuss the exponential scale lengths of both thermal and nonthermal emission.

In Sect. 4.3 we derive distribution of dust color temperature. This temperature and
the 160µm flux density are used to obtain the dust optical depth (extinction) and its dis-
tribution in Sects. 4.4 and 4.5. We correct the Hα emission for the extinction and then
convert it to the thermal radio emission, following Dickinson et al. (2003) (Sect. 4.6).
The nonthermal intensity and spectral index maps are produced in Sects. 4.7 and 4.8. We
discuss and compare the results from the new and standard methods in Sect. 4.9. Finally,
conclusions are presented in Sect. 4.10.
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4.2 Data

The radio continuum data at 3.6 and 20 cm were presented in Chapter 2 (Tabatabaei et al.
2007c). At 3.6 cm, M33 was observed with the 100-m Effelsbergtelescope of the MPIfR1.
The 20 cm data were obtained from observations with the Very Large Array (VLA2) cor-
rected for missing spacing using the Effelsberg data at 20 cm. We also used the latest com-
bined epoches of MIPS Spitzer data at 70 and 160µm (as presented in Tabatabaei et al.
2007a, 2005). The Hα map is from Kitt Peak National Observatory (KPNO) (Hoopes &
Walterbos 2000).

4.3 Temperature distribution of dust

The intensityIν towards a uniform dust layer of optical thicknessτν and temperatureT is

Iν = Bν(T )
(

1 − e−τν

)

, (4.1)

so that an observer receives from a solid angleΩ the flux

Fν = Bν(T )
(

1 − e−τν

)

Ω . (4.2)

The flux ratio at two frequencies, marked by the subscripts 1 and 2, becomes

F1

F2

=
B1(T ) [1 − e−τ1 ] Ω1

B2(T ) [1 − e−τ2 ] Ω2

. (4.3)

It is customary to obtain the dust temperature from (4.3) under the following condi-
tions:
- The emission is optically thin, which is usually true in theFIR.
- The observational frequencies do not lie in the Rayleigh-Jeans limit of the Planck func-
tion.
- The dust temperature in the source is uniform.
- The ratio of the dust absorption coefficients,κ1/κ2, over the frequency interval fromν1

to ν2, or equivalently the exponentβ in κν ∼ νβ (Sect. 1.4) is known.

Then Eq. (4.3) simplifies to

F1

F2

=
νβ

1

νβ
2

.
B1(T )

B2(T )
. (4.4)

We use the Spitzer FIR maps at 70µm and 160µm and obtain an average dust tem-
perature attributed to each pixel. The power law index of theabsorption efficiency at
the FIR wavelengths,β, is set to 2, which should be appropriate for interstellar grains at
λ > 30µm (Krügel 2003; Andriesse 1974; Draine & Lee 1984). The MIPSFIR maps

1The 100–m telescope at Effelsberg is operated by the Max-Planck-Institut für Radioastronomie
(MPIfR) on behalf of the Max–Planck–Gesellschaft.

2The VLA is a facility of the National Radio Astronomy Observatory. The NRAO is operated by Asso-
ciated Universities, Inc., under contract with the National Science Foundation.
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Figure 4.1:Left: dust temperature map of M33 obtained from I70µm/I160µm ratio (only
pixels with intensity above 3σ level were used). The angular resolution of 40′′ is shown
in the lower left-hand corner of the map. The bar at the top gives the dust temperature in
Kelvin. Right: Histogram of the dust temperature map. It shows the population of pixels
as a function of the temperature intervals. The number of bins used for this plot is 80.

at 70 and 160µm have been smoothed to an angular resolution of 40′′ and normalized to
the same grid and center position. The resulting dust temperature distribution is shown
in Fig. 4.1, indicating variations between 19 and 28 K. Fig. 4.1 displays the relative fre-
quency of occurrence of the temperature intervals in 10′′ × 10′′ pixels. The maximum is
attained at 21.5 K, close to the mean value of 21.6 K. Warmer dust withT > 25 K dom-
inates in star-forming regions and in the center of the galaxy. The highest temperatures
are found in the HII complexes NGC 604, NGC 592, and IC 133.

4.4 Optical depth at 160µm

Having determinedT , we obtain the optical depth from the equation

τ160µm = I160µm/B160µm(T ) , (4.5)

whereI160µm is the intensity. The distribution ofτ160µm over the disk in M33 is plotted in
Fig. 4.2. Because the temperature variations are very moderate, the optical depthτ160µm

usually follows the 160µm intensity map quite closely (see Tabatabaei et al. 2007a).
Nevertheless, for a fixed intensity, a warm region (26 K) has athree times lower optical
depth than a cold one (19 K).
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Figure 4.2: Distribution of the
dust optical depth at 160µm
wavelength in M33. The bar at
the top shows106×τ160µm. The
main northern (IN) and south-
ern (IS) spiral arms are indi-
cated. The angular resolution
of 40′′ is shown in the lower
left-hand corner of the map.

4.5 Distribution of extinction

To convertτ160µm into the dust optical depth at the wavelength of the Hα line, τHα, we
have to multiply it byκHα/κ160µm, the ratio of the dust extinction coefficient per unit
mass at the corresponding wavelengths. Using the extinction curve given by a standard
dust model for the diffuse medium (see, e.g. Figure 12.8 of Krügel 2003), we estimate
τHα ≃ 2200 τ160µm. Therefore, after multiplication with 2200, Fig. 4.2 givesalso the
distribution ofτHα across the galaxy at a linear resolution of 360 pc.

τHα is around one half in the extended central region and in the two main arms, IN
and IS, and it is somewhat smaller in other arms (mostly between 0.2 and 0.4). In the
center of the galaxy and in massive star forming regions, specifically in the southern arm
IS and the HII complexes NGC604, NGC595, and B690,τHα exceeds 0.7. The highest
dust optical depth one finds in the center of the galaxy and in NGC604 whereτHα ≃ 0.97
and 0.88, respectively (at the linear resolution of 360 pc).Therefore, M33 is generally
almost transparent for photons withλ ≃ 6560Å propagating towards us.

To estimate how much the detected Hα radiation has been attenuated, we note that
Hα photons are usually emitted from sourceswithin the galaxy. The optical depthτHα

therefore only gives an upper limit. Following Dickinson etal. (2003), we definefd, the
effective dust fraction in the line of sight actually absorbing the Hα so that the effective
thickness isτeff = fd × τHα with fd < 1 (note thatfd = 1 or the whole thickness is used
for correcting the Hα emission from background sources); the attenuation factorfor the
Hα flux is thene−τeff .

At 360 pc resolution, one may assume that the Hα emitters, ionized gas in HII regions
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Figure 4.3: Radial distribution of the mean effective optical depth at Hα (τeff) in rings of
width of 0.5 kpc in the galactic plane forfd = 0.33, 0.5 and 1.0. The errors are smaller
than the size of the symbols.

and diffuse gas, are uniformly mixed with the dust, which would imply fd ≃ 0.5. Dick-
inson et al. (2003) foundfd = 0.33 for the Milky Way (because the z-distribution of the
Hα emission is smaller than that of the dust) and we adopt their value also for M33. But,
as will be shown in Sect. 4.9.4, the determination of the thermal fraction of the radio
emission is not very sensitive to the particular choice offd.

Of course, it would be preferable not to use a uniform valuefd for the whole galaxy,
but one that is adapted to the geometry (well mixed diffuse medium or shell-like in HII
regions, Witt & Gordon 2000) and the dust column density. This needs to specify the
location of the stellar sources and the absorbing dust and tosolve the radiative transfer
problem with massive numerical computations. Gordon et al.(2000) developed a flux
ratio method to determine the dust attenuation which accounts for different geometries
using a Monte Carlo radiative transfer model together with astellar evolutionary syn-
thesis model. These models are not used in this study, as theywould require additional
assumptions as well as more data to constrain them.

An interesting related question is how the extinction in M33changes with galactic
radiusR. To investigate this, we integrated Spitzer FIR flux densities at 70 and 160µm
in rings of 0.5 kpc width in the galactic plane (inclination of 56◦, Regan & Vogel 1994).
We first derived the mean dust temperature of each ring and then the mean dust optical
depthτeff . Fig. 4.3 showsτeff versus the galactocentric radiusR. For fd = 0.33, the
dependence can be described byτHα

(R) = (−0.009 ± 0.002) R + (0.24 ± 0.03). As fd

rises, the slope gets steeper. The casefd = 1 (for the full layer), which is appropriate for
pure background sources of M33, is shown for comparison. Generally, a decrease of the
extinction with galactocentric radius is expected as it reflects the decrease in surface den-
sity towards the periphery. From a comparison of Hα data with radio flux densities at 6.3
and 21 cm, Israel & Kennicutt (1980) and Berkhuijsen (1982, 1983) found a rather steep
radial gradient of the extinction: considering 8 bright HIIregions, Berkhuijsen (1982)
derived the relationτHα = AHα/1.086 = (−0.038± 0.003) R + (1.45± 0.05), withR in
arcmin. Qualitatively similar results were reported by Petersen & Gammelgaard (1997),
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Figure 4.4: Thermal (left) and nonthermal (right) maps at 3.6 cm. The grey-scale gives
the flux density in mJy/beam. The angular resolution is 90′′ (shown in the lower left of
the images) with a grid size of 10′′. The bright HII complexes NGC604 (RA = 1h 34m

32.9s & DEC = 30◦ 47′ 19.6′′) and NGC 595 (RA = 1h 33m 32.4s & DEC = 30◦ 41′ 50.0′′)
are clearly visible in both maps, whereas IC133 (RA = 1h 33m 15.3s and DEC = 30◦ 53′

19.7′′) appears stronger in the nonthermal map.

using Balmer and Paschen emission lines, and by Hippelein etal. (2003) based on a study
of the Hα to the 60µm ISOPHOT flux ratio in HII regions. The only discrepant result by
Devereux et al. (1997) who, from their pixel-to-pixel comparison of Hα and 6 cm thermal
radio maps, did not find any systematic decline inAV, Hippelein et al. (2003) were able
to explain by assuming that the radial gradient of the cold dust (170µm ISOPHOT) is
stronger in the HII regions than in the diffuse gas.

4.6 Distribution of free-free emission

From the observed Hα intensity,I, and the effective extinction,τeff , we derive the intrinsic
Hα intensity,I0, according to

I = I0 e
−τeff . (4.6)

Note that using this equation is likely that we solve the radiative transfer equation for an
artificial absorbing medium with an effective thicknessτeff in front of an only emitting
medium. In a more realistic approach, one should solve the radiative transfer equation
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Figure 4.5: Thermal (left) and nonthermal (right) maps at 20 cm. The grey-scale gives the
flux density in mJy/beam. The angular resolution is 90′′ (shown in the lower left of the
images) with a grid size of 10′′.

considering a mixed distribution of emitters and absorbers. Usually, solving the radiative
transfer equation needs massive numerical computations and additional free parameters.
However, for a homogeneous distribution of emitters and an optically thin condition (τ ≤
1) a mixed medium of sources and aborbers is equivalent to consider an effective absorber
medium ofτeff (= 1

2
τ) in front of the emitting medium (see Appendix C).

Integration of the Hα maps out to a radius of 7.5 kpc yields a ratio of corrected to
observed total Hα flux density of 1.13 forfd = 0.33 and 1.25 forfd = 0.5. Thus only
13% (25%) of the total Hα emission is obscured by dust. The small extinction within M33
was predicted by the wavelet study of 3.6 cm and Hα emission (Tabatabaei et al. 2007a).

The emission measure (EM) follows from the Hα intensity via the expression Valls-
Gabaud (1998)

IHα = 9.41 × 10−8T−1.017
e4 10

− 0.029

Te4 EM , (4.7)

where the electron temperature,Te4, is in units of104 K, EM in cm−6 pc, and it is assumed
that the optical depth of HI resonance lines is large (usually denoted as case B). Taking
into account the contribution from the fraction of He atoms,all of which are assumed to
be singly ionized, Eq. (1.22) is written as

τν = 8.235 × 10−2 a T−1.35
e ν−2.1

GHz (1 + 0.08) EM. (4.8)
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Table 4.1: Estimated thermal flux density and thermal fraction at 3.6 cm (fd = 0.33 and
Te = 10,000 K).

Object Observed Thermal Thermal
flux density flux density fraction
(mJy) (mJy) %

NGC604 50.44±0.13 38.55±0.08 76.4±0.3
NGC595 17.95±0.18 12.13±0.11 67.6±0.9
IC133 9.08±0.11 2.66±0.04 29.3±0.5
B690 4.51±0.11 3.11±0.10 68.9±2.7
B61/62 3.72±0.11 2.24±0.07 60.2±2.6
IC132 4.89±0.05 3.25±0.02 66.5±0.8
IC131 4.59±0.07 3.26±0.05 71.0±1.5
NGC588 4.64±0.09 3.24±0.06 69.8±1.8
IC142 3.51±0.08 2.73±0.10 77.8±3.3
B691 4.60±0.13 2.35±0.06 51.1±2.0
NGC592 4.28±0.08 2.76±0.06 64.5±1.9
M33 (mJy):
R< 7.5 kpc 761±63 391±74 51.4±10.6

The brightness temperature of the radio continuum emission, Tb, then follows from

Tb = Te

(

1 − e−τν

)

. (4.9)

At ν = 1.4 GHz, the calculatedτν is smaller than4 × 10−4 in M33 (at 360 pc linear
resolution), hence the optically thin condition is valid:Tb = Te τν . Finally, the free-free
brightness temperature in terms of the Hα intensity is given by

Tb

IHα

= 3.484 × 104 a ν−2.1
GHz T

0.667
e4 10

0.029

Te4 (1 + 0.08) . (4.10)

Whereas the electron temperature in the Milky Way is known toincrease with galac-
tocentric radius (Shaver et al. 1983) as a result of decreasing metallicity (Panagia 1979),
M33 does not show significant variations in metallicity (e.g. Willner & Nelson-Patel
2002; Magrini et al. 2007). Crockett et al. (2006) derived the electron temperature from
forbidden line ratios in 11 HII regions with galactocentricdistances from 1 to 7 kpc. Their
Te values range from 7300 K to 12800 K with a mean value of 10,000 Kand no clear ra-
dial gradient. As there are noTe measurements for the diffuse ionized gas in M33, we
adopt a fixed value ofTe = 10, 000 K.

The conversion factors from brightness temperature (K) to the observed radio flux
density (Jy/beam) are 2.6 and 74.5 at 3.6 and 20 cm, respectively. The final free-free
maps are shown in Figs. 4.4 and 4.5. At both wavelengths, the strongest thermal emission
emerges from HII regions, in particular, the HII complexes NGC604 and NGC595, but
the southern arm IS (Chapter 2) and the center of the galaxy are also very bright. At both
wavelengths, the thermal fraction of the diffuse emission is< 25% in interarm regions.
The average error in the thermal fraction obtained using theerror propagation method is
7%.
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Table 4.2: Estimated thermal flux density and thermal fraction at 20 cm (fd = 0.33 and
Te = 10,000 K).

Object Observed Thermal Thermal
flux density flux density fraction
(mJy) (mJy) %

NGC604 62.75±0.21 45.46±0.09 72.4±0.2
NGC595 20.50±0.22 14.31±0.14 69.8±1.0
IC133 5.35±0.07 3.11±0.03 58.1±0.9
B690 5.80±0.12 3.69±0.12 63.6±2.5
B61/62 4.00±0.21 2.69±0.08 67.2±4.1
IC132 5.52±0.05 3.81±0.02 69.0±0.7
IC131 4.12±0.07 3.84±0.06 93.2±2.1
NGC588 4.67±0.17 3.74±0.06 80.0±3.2
IC142 4.14±0.08 3.09±0.13 74.6±3.4
B691 7.40±0.20 2.43±0.04 32.8±1.0
NGC592 5.43±0.14 3.27±0.08 60.2±2.2
M33 (mJy):
R< 7.5 kpc 2722±60 478±85 17.6±3.1

Integrating the thermal maps in rings around the galaxy center out to a radius of
7.5 kpc, we obtain the total thermal flux densities and thermal fractions at 3.6 and 20 cm
(see Tables 4.1 and 4.2). These Tables also give the thermal flux densities and thermal
fractions at the position of the 11 brightest HII regions (the coordinates of these HII com-
plexes are listed in Chapter 2).

4.7 Distribution of nonthermal emission

Subtracting the maps of the thermal emission from the observed maps at each wavelength,
maps of the nonthermal emission are obtained (Figs. 4.4 and 4.5). The latter maps exhibit
diffuse emission extending to large radii. They also show strong features in the spiral arms
and central region of the galaxy. The strongest nonthermal emission emerges from the HII
complexes NGC604 and NGC595 at both 3.6 and 20 cm. Typically,HII complexes host
tens of young O/B stars, many of which end as supernovae whoseremnants contribute to
a mixed (thermal and nonthermal), flat spectrum of the total radio emission from these
regions (as discovered in NGC 604 and NGC 595, Dodorico 1978;Gordon et al. 1993;
Yang et al. 1996). Supernova remnants with central energy sources in the form of young
pulsars (Crab-like remnants) also have flat nonthermal spectra. Note that using a lower
electron temperature decreases the thermal fraction and increases the nonthermal contri-
bution (see Eq. 4.10). For example, the thermal fraction decreases from≃ 76% to 57%
and from≃ 68% to 52% in the position of NGC604 and NGC595, respectively, using
Te = 7000 K.

Another strong feature in the 20 cm nonthermal map belongs tothe active star-forming
region in the central southern arm IS. This confirms our previous conclusion about the
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Figure 4.6: The wavelet spectra of the
3.6 and 20 cm thermal and nonthermal
emission at90′′ resolution. The data
points correspond to the scales 0.36,
0.48, 0.64, 0.86, 1.14, 1.52, 2.03, 2.72,
3.63 kpc.
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Figure 4.7: The same 20 cm
nonthermal map as shown in
Fig. 4.5 with supernova rem-
nants (crosses) superimposed.
The supernova remnants with
a signal-to-noise ratio of larger
than 0.7 were selected from
the catalogue of Gordon et al.
(1998). The circle shows an
HII region with nonthermal
spectral index (Gordon et al.
1999).

spatial coupling of the nonthermal emission with the starforming regions (Chapter 2).
There are also other point-like sources which are not resolved. Looking at the 3.6 cm
map, the giant HII region IC133 (RA = 1h 33m 15.3s and DEC = 30◦ 53′ 19.7′′) is also
strong, but not at 20 cm. Hosting the two strongest opticallythick HII regions (Johnson
et al. 2001), IC133 has an inverted spectrum. The appearanceof this source in the 3.6 cm
nonthermal map is due to the assumption that the free-free emission is optically thin
(equivalent to the thermal spectral index of 0.1 when Sth ∼ ν−0.1). Furthermore, IC133
probably contains some nonthermal emission as Schulman & Bregman (1995) found it
associated with a bright X-ray source located in a hole in theHI layer of the galaxy,
indicating energetic stellar winds and supernovae from massive stars.
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Tabatabaei et al. (2007a) discussed the wavelet spectrum ofthe total radio continuum
maps. Here, we present the wavelet energy of the thermal and nonthermal emission at
different scales. Fig. 4.6 shows that the wavelet spectrum of the nonthermal emission is
smoother than that of the thermal emission at both wavelengths. Furthermore, the dis-
tribution of the nonthermal wavelet energy is smoother at 20cm than at 3.6 cm. Scales
smaller than the width of the spiral arms (≃ 400′′ or 1.6 kpc) and larger than the size of
the giant starforming regions (≃ 100′′ or 0.4 kpc) at 20 cm are not as prominent as those
at 3.6 cm, where the synchrotron photons have higher energies. In fact the synchrotron
emission distribution reflects the combined distribution of the interstellar magnetic field
and the cosmic ray electrons. Hence, assuming that the distribution of the interstellar
magnetic field is the same at both wavelengths, one can conclude: the higher the energy
of CRs, the more dominant the localized structures (which can be linked to the cosmic
ray ‘sources’ e.g. supernova remnants). This is expected asenergy losses of CR elec-
trons increase with electron energy and field strength. Studying propagation effects with
self-consistent Galactic wind simulations, Breitschwerdt et al. (2002) predicted a similar
energy-dependence for the CR nucleon distribution in our Galaxy. They expect that the
high energy (TeV)γ-rays from CR sources dominate the diffuseγ-ray emission, while
the Galacticγ-ray observations in the GeV range (with EGRET and COS-B) have shown
a roughly uniform distribution of theγ-ray emissivity in the Galactic plane.

The dominant scales of the wavelet spectra of the thermal (at3.6 and 20 cm) and the
3.6 cm nonthermal emission are the same, indicating that thedistribution of the cosmic ray
sources is similar to that of the thermal sources. At scales larger than a =214 ′′ (0.86 kpc),
the 3.6 cm nonthermal spectrum decreases twice as fast as the20 cm nonthermal spectrum.
The smaller energy losses of the CR electrons with lower energies (at 20 cm) than of those
with higher energies (at 3.6 cm) may cause a smoother distribution of the emission at all
scales. This indicates that besides the CR sources embeddedin the star-forming regions,
there is another component of the synchrotron emission in the form of a diffuse disk
or a galactic halo that is better visible at 20 cm than 3.6 cm. This could be verified by
multiwavelength observations of edge-on galaxies at resolutions higher than those of the
existing data.

Fig. 4.7 shows the the supernova remnants from Gordon et al. (1998) superimposed
on the nonthermal 20 cm map. There is general coincidence between nonthermal features
and supernova remnants, the powerful sources of the relativistic electrons. Gordon et al.
(1999) diagnosed 17 supernova remnants embedded in HII regions. They also found
some 30 HII regions with nonthermal radio components of which it was not clear whether
they belong to these regions or were external radio sources.The circle in Fig. 4.7 shows
the position of the strongest (S20 = 7.0±0.2 mJy,α ≃ 0.2) HII region with nonthermal
emission. As this HII region is not resolved in our thermal maps with 90′′ resolution, it is
not listed amongst the bright HII regions in Tables 4.1 and 4.2.

4.8 Nonthermal spectral index

From the nonthermal radio fluxes at 3.6 and 20 cm, we obtained the spectral index of
the nonthermal emission which was only computed for pixels with flux densities of at
least three times the rms noiseσ at both frequencies. Fig. 4.8 shows that the nonthermal
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Figure 4.8: Nonthermal spectral index (αn) map obtained from the nonthermal radio
fluxes at 3.6 and 20 cm. The spiral arms are indicated by contours of the total radio
emission at 3.6 cm superimposed. Contour levels are 1.5, 4.5, and 12 mJy/beam. The
angular resolution is 90′′ with a grid size of 10′′.
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Figure 4.9: A histogram of the nonthermal spectral index map. The number of bins used
for this plot is 50.

Figure 4.10: Mean nonthermal spectral index in rings of 0.5 kpc width in the galactic
plane versus galactocentric radius. The total (observed) spectral index is also shown for
comparison. The minima at3 <R< 4 kpc is due to the HII complex NGC604.

spectral index,αn, has a clumpy distribution. Note that the fainter regions have steeper
spectra. The most probable value ofαn distributed across the galaxy is 0.95 (Fig. 4.9).
This is in perfect agreement with the mean nonthermal spectral index derived by Klein
(1988) for a sample of galaxies. In the star-forming regions, the nonthermal spectrum
is relatively flat with an average value ofαn of 0.6±0.1, the typical spectral index of
supernova remnants, butαn increases to1.2 ± 0.2 in the interarm regions and outer parts
of the galaxy. This indicates energy losses of the relativistic electrons while they diffuse
away from their origin in star-forming regions towards the interarm regions and the outer
parts of the galaxy. For the first time, a nonthermal spectralindex map can be used to
achieve more realistic models for the propagation of CR electrons.

Integration of the nonthermal intensity in rings of 0.5 kpc in the galactic plane yields
the mean nonthermal spectral index in each ring. The radial variation of the ring mean
spectral index is shown in Fig. 4.10, where the ring mean spectral index of the total radio
continuum emission is also plotted for comparison. Up to R≃ 4 kpc, there is no increas-
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ing trend for the nonthermal spectral index with radius as for the total spectral index. Here
the ring mean nonthermal spectral index varies between 0.65and 0.9, indicating that CRs
are injected by sources related to massive stars, and under leakage and synchrotron losses
(Biermann 1995). Towards the outer parts of the galaxy the nonthermal and total spectral
indices converge, confirming that the total radio continuumemission is mostly nonther-
mal at R> 4.5 kpc. This region corresponds to the synchrotron and inverseCompton loss
dominated regime asαn ≃ 1 on the average (Biermann 1995). Note that changing the
electron temparature from 10,000 K to 7000 K changesαn from ≃0.18 to 0.31 and from
≃0.01 to 0.03 for NGC604 and NGC595, respectively, and hence does not make their flat
nonthermal spectra much steeper. This may indicate a strongfee-free energy-loss in these
HII complexes.

It seems that the nonthermal emission have a steeper spectrum from the southern
than the northern half of the galaxy, indicating a more important role of synchrotron and
leakage losses in the southern half.

4.9 Discussion

4.9.1 Comparison with the standard method

In this section, we first obtain the distribution of the thermal and nonthermal emission as-
suming that the nonthermal spectral index is constant across the galaxy (standard method).
Then we compare the results from the two methods.

Because the thermal emission is weak in the outer parts of thegalaxy, one may con-
sider the total spectral index from these parts as the pure nonthermal spectral index3, αn

(e.g. Berkhuijsen et al. 2003). The total spectral index mapof M33 givesαn = 1.0± 0.1
(see Fig. 2.9). For a total spectral index,α, obtained from the observed flux densities at
frequenciesν1 andν2 and the constant value ofαn, the thermal fraction at frequencyν1 is
given by

F ν1

th =

[

(

ν2

ν1

)−α

−
(

ν2

ν1

)−αn

]

/

[

(

ν2

ν1

)−0.1

−
(

ν2

ν1

)−αn

]

, (4.11)

(Klein et al. 1984). Then the thermal flux density at frequency ν1, S
ν1

th , is obtained from

Sν1

th = Sν1 × F ν1

th , (4.12)

and the nonthermal flux density at frequencyν1, Sν1

n is

Sν1

n = Sν1 − Sν1

th . (4.13)

Using the data at 3.6 and 20 cm in the above formulae, the corresponding thermal and
nonthermal maps are derived; those at 20 cm are shown in Fig. 4.11. The main differ-
ence between the standard and our new method (Fig. 4.5) concerns the distribution of
the nonthermal emission, while the thermal maps show almostthe same structures. The
nonthermal emission from the standard method is weaker thanthat from the new method

3This is confirmed by the new method, as mentioned in Sect. 4.8.



70 Thermal and nonthermal radio emission from M33

M33    1425 MHZ

D
E

C
L

IN
A

T
IO

N
 (

J2
00

0)

RIGHT ASCENSION (J2000)
01 35 00 34 30 00 33 30 00 32 30

31 05

00

30 55

50

45

40

35

30

25

20

15

2 4 6 8 10 12
M33    1425 MHZ

D
E

C
L

IN
A

T
IO

N
 (

J2
00

0)

RIGHT ASCENSION (J2000)
01 35 00 34 30 00 33 30 00 32 30

31 05

00

30 55

50

45

40

35

30

25

20

15

2 4 6 8 10 12

Figure 4.11: Thermal and nonthermal 20 cm maps obtained fromthe standard method.
The grey-scale gives the flux density in mJy/beam. The angular resolution is 90′′ with a
grid size of 10′′.

and hardly shows emission from star-forming regions in the arms. Often it is even weaker
in the arms than in between the arms and in the outer parts of the galaxy.

In contrast to what is assumed in the standard method, large variations of the nonther-
mal spectral index are found across M33 by the new method (Fig. 4.8). We interpret this
as clear evidence that CR electrons suffer energy losses diffusing away from their places
of origin in the arms towards interarm and outer regions.

Table 4.3 lists the thermal fractions of the 11 bright HII regions and of M33 (from the
integrated flux density maps up to R = 7.5 kpc) at 3.6 cm obtained from both methods. The
thermal fractions of all the sources are larger when obtained from the standard method
than from the new method. Some even exceed 100%, causing very weak or negative
nonthermal fluxes. The thermal fraction of M33 from the standard method is 23%±14%
higher than that from the new method. In Chapter 2, we used thestandard method with
αn = 1.0 ± 0.1 to estimate the thermal fraction from the integrated spectrum, based on
data at 35.6, 21.1, 17.4, 11.1, 6.3, 6.2, 3.6, and 2.8 cm, as 0.49±0.15 which agrees with
the value 0.51± 0.04 obtained from the new method. This indicates that the assumption
of a constant nonthermal spectral index is reasonable to estimate mean values for global
studies, when the integrated spectrum is used.
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Figure 4.12: Radial profiles of the thermal and nonthermal intensities at 3 cm (left) and
20 cm (right) obtained from thenewseparation method. The thermal intensities show a
bump at3 <R< 4 kpc which is due to the HII complex NGC604.

Figure 4.13: Radial profiles of the thermal and nonthermal intensities at 3 cm (left) and
20 cm (right) obtained from thestandardseparation method. The thermal intensities show
a bump at3 <R< 4 kpc which is due to the HII complex NGC604.

4.9.2 Radial scale lengths

Fig. 4.12 shows the exponential distributions of the thermal and nonthermal intensities at
3.6 and 20 cm with galactocentric radius. The radial profilesof the nonthermal emission
are smoother and flatter than those of the thermal emission atboth wavelengths. The
fluctuations in the thermal profiles at2 <R< 4 kpc cause similar fluctuations observed
in the profile of the total emission (presented in Tabatabaeiet al. 2007c).

The same profiles obtained from the standard method are shownin Fig. 4.13 for com-
parison. The nonthermal radial profiles are slightly smoother (especially at 3.6 cm) than
those from the new method, caused by the assumption of a constant nonthermal spec-
tral index. Although the thermal radial profiles exhibit thesame variations as those in
Fig. 4.12, the over-estimation of the thermal emission fromthe standard method is obvi-
ous.

The exponential scale length,l, is obtained by fitting an exponential function of the
form I(R) = I0 exp (−R/l), whereI0 is the intensity at R = 0. Table 4.4 shows the
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Table 4.3: Thermal fractions at 3.6 cm obtained from the new and standard methods. It
is shown that the thermal fraction obtained from the standard method is over-estimated
especially for the HII complexes.

Object α(3.6,20) Fth (new method) Fth (standard method)
% %

NGC604 0.12±0.01 76.4±0.3 99.2±0.4
NGC595 0.07±0.03 67.6±1.3 101.6± 1.4
IC133 -0.30±0.03 29.3±0.8 106.5± 1.6
B690 0.14±0.05 68.9±3.9 99.1±3.6
B61/62 0.04±0.08 60.2±3.7 104.3± 4.2
IC132 0.07±0.02 66.5±1.0 101.6± 1.5
IC131 -0.06±0.03 71.0±2.2 107.2± 2.4
NGC588 0.00±0.05 69.8±2.6 103.1± 2.9
IC142 0.09±0.04 77.8±4.6 96.9±3.6
B691 0.27±0.05 51.1±2.6 93.0±3.4
NGC592 0.13±0.04 64.5±2.6 97.9±2.8
M 33 :
R< 7.5 kpc 0.72±0.04 51.4±10.6 63.2±13.4

exponential scale lengths of the thermal emission,lth, and nonthermal emission,ln, from
both methods. Generally, the scale lengths of the nonthermal emission are larger than
those of the thermal emission (by a factor of≃2). In Sect. 4.7, we show that the CR
sources follow the distribution of the thermal sources, i.e. star-forming regions. Hence,
the radial distribution of the CR sources decreases faster than that of the synchrotron
emission. This is a direct observational result indicatingdiffusion of the cosmic rays
from their places of origin to larger distances.

Using the standard method, Buczilowski (1988) determined the scale length of the
6.3 cm thermal and nonthermal emission as1.8± 0.2 kpc and4.2 ± 0.3 kpc, respectively.
These scale lengths are smaller than those obtained here (even smaller than those obtained
from the standard method), although the ratio of the nonthermal to thermal scale lengths is
the same (≃2). Due to the low signal-to-noise ratio of the old 6.3 cm Effelsberg receiver
used by Buczilowski (1988) much of the diffuse emission in the outer parts of the galaxy
had been missed, leading to steeper radial profiles and smaller scale lengths. For the same
reason also the scale lengths derived by Berkhuijsen & Klein(1985) are too small. They
obtained the distribution of the thermal emission at 6.2 cm from a catalogue of HII regions
in Hα (Boulesteix et al. 1974) where the diffuse emission was not completely included.

In case of equipartition between the magnetic field and CRs, the scale length of the
CR electrons is given bylcr = ln(3 + αn)/2 and that of the magnetic field bylB = 2 lcr
(e.g. Klein et al. 1982). Takingαn ≃ 1, we obtainlcr ≃ 12 kpc andlB ≃ 24 kpc.

For NGC6946, Walsh et al. (2002) found a nonthermal scale length of ln ∼ 4 kpc
which gives a smaller CR scale length oflcr ≃ 8 kpc. Although NGC6946 is a Scd-
type galaxy like M33, it is a starburst system and it hosts stronger star formation in its
central region than M33. This may cause a steeper radial profile of the total intensity and
consequently a smaller nonthermal (and cosmic ray) scale length than in M33.
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Table 4.4: Exponential scale lengths of the thermal (lth) and nonthermal (ln) components
of the radio continuum emission from M33 at 3.6 and 20 cm. Results from both methods
(new and standard) are listed.

λ lth (kpc) ln (kpc)
new
20 cm 2.4± 0.2 5.8±0.5
3.6 cm 2.6± 0.2 6.1±0.7
standard
20 cm 3.5± 0.5 6.2±0.7
3.6 cm 3.7± 0.5 8.9±0.9

Table 4.5: North-South ratios of the integrated flux densities of the thermal, nonthermal,
and total radio emission. Results from both methods (new andstandard) are listed.

λ (cm) SN
th/SS

th SN
n /SS

n SN
T /SS

T

new
3.6 0.89±0.05 1.15±0.08 1.10±0.08
20 0.86±0.05 0.75±0.07 0.82±0.07
standard
3.6 1.20±0.07 0.67±0.07 1.10±0.08
20 1.14±0.06 0.77±0.08 0.82±0.07

4.9.3 North–south asymmetry

From Figs. 4.4 and 4.5 it seems that the thermal emission is stronger in the southern than
in the northern half of M33. To investigate this north-south(N-S) asymmetry, we obtain
the integrated flux density of the thermal, nonthermal, and total emission in each half
separately. Table 4.5 shows the results from both the new andthe standard method. The
thermal emission from the new method is slightly stronger inthe southern than in the
northern half of the galaxy at both wavelengths. This may be the reason for the higher
Faraday depolarization found in the southern half than in the northern half (Tabatabaei
et al. 2007c). In Chapter 5, we will discuss whether the asymmetry in the Faraday de-
polarization can be caused by this N-S asymmetry in the thermal emission distribution.
Note that, from the standard method, the thermal emission inthe southern half is weaker.

The nonthermal emission at 20 cm from the new method in the southern half is also
stronger than in the northern half (in contrast to the 3.6 cm nonthermal emission). This is
expected as the stronger supernova remnants are concentrated in the southern half espe-
cially in the arm IS, which produce stronger nonthermal emission at longer wavelengths.
The existence of the strong optically thick HII regions (e.g. IC133) in the northern half of
the galaxy also causes the different N-S ratios of the nonthermal emission at 3.6 cm.
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Figure 4.14: Distribution (histogram) of the thermal fraction at 3.6 cm in M33. The num-
ber of bins used for this histogram is 50.

4.9.4 Uncertainties

How do the assumptions of the new method of separating thermal and nonthermal emis-
sion influence the results? We take the thermal fraction (e.g. at 3.6 cm) as the final result
and defineU as the uncertainty inFth when one of the assumptions changes,

U ≡ |Fth − F ′
th|

Fth

. (4.14)

Fth andF ′
th are the thermal fractions before and after changing an assumption, respec-

tively.
One of the assumptions is the choice of effective extinctionfactor fd = 0.33 (non-

uniform ionization). For a homogeneous distribution of dust and ionized gas,fd= 0.5,
the average uncertainty in the thermal fraction at 3.6 cm is only U = 2% with a standard
deviation of 1%.

ChangingTe from the adopted 10,000 K to 8000 K, the most probable uncertainty
across the galaxy isU = 17% with a standard deviation of 3%. Fig. 4.14 shows that the
thermal fraction decreases with decreasing electron temperature. Larger differences in
the thermal fraction are found for regions with higher thermal emission like HII regions,
and the influence of changingTe is relatively small in diffuse regions with smallFth.
Thus, we find that the uncertainty resulting from the new method is mainly determined
by uncertainty of the electron temperature.

Another question is which method, the new method with its electron temperature as-
sumption or the standard method with its constant nonthermal spectral index assumption,
faces larger uncertainty in the thermal fraction. For this comparison, we first obtain the
nonthermal spectral indices for different electron temperatures. ForTe =10,000 K the
most probable nonthermal spectral index is 0.9, while it is 0.8 forTe =8000 K. Then, from
the standard method, we calculate the thermal fractions assumingαn = 0.9 and 0.8, re-
spectively, which leads to an uncertainty ofU = 40%, much larger than that determined
from our method (17%). We conclude that the thermal fraction is more sensitive tovari-
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Table 4.6: Average thermal fraction of M33 at 3.6 cm for different assumptions. The
uncertaintyU of each assumption is calculated with respect to the caseTe = 10,000 K and
fd = 0.33.

Te & fd Fth U
(K) (%) (%)

10,000 & 0.33 51 (...)
10,000 & 0.50 54 5
8000 & 0.33 41 20
8000 & 0.50 43 16

ations of the nonthermal spectral index in the standard method than to variations of the
electron temperature in the new method.

Table 4.6 shows the thermal fractions obtained from the thermal and total flux densi-
ties of M33 (integrated for R<7.5 kpc) for different combinations of the assumptions of
Te andfd.

4.9.5 Thermal/nonthermal radio–IR correlation

The correlation between the IR and total radio continuum emission was presented at dif-
ferent scales of emitting structures in Chapter 2. Assumingthat the radio emission is
mostly thermal at 3.6 cm and mostly nonthermal at 20 cm, we concluded that the the
warm dust–thermal radio correlation is stronger than the cold dust–nonthermal radio cor-
relation. However, a more precise conclusion requires comparison with the thermal and
nonthermal radio emission, separately.

We obtained the wavelet cross-correlations between the MIPS IR maps and the 3.6 cm
thermal and nonthermal maps separated from the new method. The results not only con-
firm the stronger warm dust–thermal radio than the cold dust–nonthermal radio correla-
tion, but also show a stronger warm dust–nonthermal radio than the cold dust–nonthermal
radio correlation at some scales (Fig. 4.15). It is also found that the cold dust has a better
correlation with the thermal than the nonthermal emission.This is in contradiction with
what Hoernes et al. (1998) found in M31. This could be due to a)the spatial correlation
of the nonthermal emission with the thermal emission e.g. because of a stronger magnetic
field or cosmic rays with higher density in the location of thestar forming regions and b)
the larger role of UV photons from O/B stars in heating the cold dust in M33 than in M31
at least up to the scales of 3.5 kpc, as discussed in Chapter 2.

Another interesting point is that the IR correlations with the ‘nonthermal’ emission is
better at a medium scale of∼ 200′′−500′′ (or 0.8 kpc-2 kpc, including the size of the giant
molecular clouds and star forming regions, spiral arms, andthe central extended region
of M33), whilst the IR correlation with the ‘thermal’ radio emission increases with scale,
monotonically.
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Figure 4.15: The cross–correlation between the thermal/nonthermal components of the
3.6 cm and 24µm (top), 70 (middle), and 160µm (bottom) images at90′′ resolution.
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4.9.6 Spinning dust emission

It was supposed that the radio continuum emission consists of the thermal and nonthermal
components. On the other hand, it is claimed that spinning dust also emits radio contin-
uum radiation with a peak at around 20 GHz (e.g. Watson et al. 2005) and with a possible
contamination at 3.6 cm (8.35 GHz). Then a question is how much of the total emission
from M33 at 3.6 cm is provided by spinning dust. We investigated the contribution of the
spinning dust emission from M33 by using the nonthermal spectral index obtained from
the integrated nonthermal flux densities at 20 and 6.2 cm,αn(≃0.8). Assuming that this
nonthermal spectral index is constant between 20 and 3.6 cm,the integrated nonthermal
flux density at 3.6 cm,Sn(8.35), is obtained by:

Sn(8.35) = Sn(1.42) (8.35/1.42)−αn . (4.15)

The total flux density of the spinning dust emission,Sdust can be obtained by subtract-
ing Sn(8.35) from the integrated nonthermal flux density obtained from the new method,
S ′

n(8.35):

Sdust = S ′
n(8.35) − Sn(8.35) (4.16)

Substituting the corresponding values in (6.1) and (6.2) and taking the errors into
account, we deriveSdust = (370 ± 60) − (463 ± 73) mJy, indicating an unimportant (if
any) contribution of the spinning dust in the total radio continuum emission from M33
at 3.6 cm. In case of a steeper nonthermal spectrum between 6.2 and 3.6 cm, e.g. taking
αn = 1, we receiveSdust = (370± 60)− (296± 73) mJy, which is also negligible within
the errors.

4.9.7 Comparison with the 49 cm data

The HII complexes NGC604 and NGC595 are strong features appearing in our nonther-
mal maps. This seems to contradict to what is known from HII regions as ‘thermal neb-
ulae’. Although the fact that these sources are not single HII regions but a collection
of about 200 O/B stars in different evolutionary phases answers the question, it would
be interesting to check these sources at longer wavelengths, where the thermal emission
is much weaker than the nonthermal emission. A map of M33 at 612 MHz (49 cm) ob-
served with the Westerbork Synthesis Radio Telescope (WSRT) interferometer shows that
not only NGC604 and NGC595 are strongest sources but also other similarities with our
nonthermal maps can be confirmed (Fig. 4.16). Note that we could not use this data in our
separation because of its lack of diffuse emission (due to the missing spacings problem of
interferometry).

4.10 Summary and conclusions

We have developed a new method to separate the thermal and nonthermal radio emission
from a galaxy. We used the highly resolved and sensitive Spitzer 70 and 160µm data
of M33 to correct the Hα map of Hoopes & Walterbos (2000) for extinction. From this
map, we calculated the thermal (free-free) emission at 3.6 and 20 cm and obtained maps
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Figure 4.16: The WSRT 49 cm image of M33 at90′′ resolution.

of the nonthermal emission as well as a map of the nonthermal spectral index in M33.
The distribution of the nonthermal spectral index greatly helps to understand the origin
and propagation of cosmic ray electrons in a galaxy. In brief, the results and conclusions
are as follows:

• The distribution of the dust extinction is similar to that ofthe 160µm emission. The
mean extinction in rings in the galactic plane exhibits a shallow radial gradient.

• With a nonthermal fraction of about 30%–60% at 3.6 cm, the spiral arms and star-
forming regions have a considerable contribution to the nonthermal emission. This
contribution is negligible in the nonthermal maps obtainedfrom the standard sep-
aration method. The radial profiles of the surface brightnesses and the wavelet
spectra show that the distribution of the nonthermal emission from the standard
method is smoother than that derived from the new method. This is caused by the
assumption of a constant nonthermal spectral index in the standard method.

• The nonthermal emission from the new method is still more smoothly distributed
than the thermal emission. The exponential scale lengths ofthe nonthermal emis-
sion are more than twice as large as those of the thermal emission.

• The standard method over-estimates the thermal fraction, especially at the position
of giant HII regions. For galactocentric radius R< 7.5 kpc, the thermal fractions at
3.6 cm are 51±11% and 63±13% from the new and standard methods, respec-
tively.
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• For the first time, we derived a map of the nonthermal spectralindex. In the star-
forming regions, the nonthermal spectrum is relatively flatwith an average value of
αn of 0.6±0.1, the typical spectral index of supernova remnants, butαn increases
to 1.2 ± 0.2 in the interarm regions and outer parts of the galaxy. This shows that
the relativistic electrons lose energy when diffusing fromtheir origin in star-forming
regions towards interarm regions and the outer parts of the galaxy. The mean spec-
tral index of the nonthermal emission becomes equal to that of the total emission
at R≃ 4.5 kpc. This indicates that the total radio emission is mostly nonthermal
at R>4.5 kpc in M33, where the spectral index is dominated by synchrotron and
inverse Compton loss processes.

• The wavelet transform of the nonthermal maps revealed that the nonthermal emis-
sion is smoother at 20 cm than at 3.6 cm, indicating that high energy CR electrons
experience more energy losses, and hence diffuse less than low energy CR elec-
trons.

• Assuming equipartition between the magnetic field and CRs, the scale length of the
CR electrons and of the magnetic field estimated arelcr ≃ 12 kpc andlB ≃ 24 kpc
in this galaxy.

• Generally, theintegratedresults from the two methods match with each other within
the errors, indicating that the assumption of a constant nonthermal spectral index is
a proper approximation for ‘global’ studies.

• At scales smaller than 4 kpc, not only the warm dust but also the cold dust emis-
sion is better correlated with the thermal than with the nonthermal radio emission,
indicating the important role of UV photons in heating the dust at these scales.





5 Magnetic fields in M33

5.1 Introduction

Magnetic fields in galaxies can be traced by radio polarization measurements. Syn-
chrotron radio continuum emission in a uniform magnetic field is about 70% linearly po-
larized intrinsically. Turbulent magnetic fields, depolarization effects and telescope beam
smearing reduce the observable degree of polarization. Thelinearly polarized intensity
gives information about the magnetic field component in the plane of the sky, while Fara-
day rotation measurements enable us to determine the magnetic field component along
the line of sight.

M33 with its large angular size and medium inclination of 56◦ allows determination of
the magnetic field components both parallel and perpendicular to the line of sight equally
well. Our high-resolution and -sensitivity polarization data at 3.6, 6.2, and 20 cm enable
us to study rotation measure (RM), magnetic field structure and strength, and depolariza-
tion effects in detail.

Previous RM studies of M33 based on polarization observations at 11.1 and 21.1 cm
(Beck 1979) suggested a bisymmetric large scale magnetic field structure in the disk of
M33. Buczilowski & Beck (1991) confirmed the presence of thisbisymmetric field using
two further polarization maps at 6.3 and 17.4 cm. However, this result might be affected
by a lack of polarization and RM in the southern half of M33, due to the low-sensitivity
observations.

Tabatabaei et al. (2007c) found a north-south asymmetry in the polarization distri-
bution that is wavelength-dependent, indicating a possible north-south asymmetry in the
Faraday depolarization. Investigating this possibility,requires a knowledge about the dis-
tribution of RM and turbulent magnetic field in the galaxy.

We obtain the intrinsic RM map with a spatial resolution higher than before (3′ or
0.7 kpc) and probe its mean value in rings in the galactic plane in Sect. 5.2. We also deter-
mine the nonthermal degree of polarization using the new nonthermal maps (Sect. 5.3).
The magnetic field structure and strengths are discussed in Sect. 5.4. We derive a map for
the observed depolarization and discuss possible depolarization sources in Sect. 5.5.

5.2 Rotation measures

As the linearly polarized radio waves propagate in a magneto-ionic medium, their po-
larization vector is systematically rotated. The amount ofthis rotation depends on the
wavelength of the radio emission, the strength of the magnetic field along the line of sight

81
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(B‖), and the number of thermal electrons along the line of sight(ne):
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with L the path length through the magneto-ionic medium. Hence, the measured polar-
ization angle (φ = 1

2
tan−1 U

Q
) differs from the intrinsic polarization angle (φi) as

φ− φi = ∆φ ≡ λ2 RM. (5.2)

Practically, RM can be obtained from measurements of the polarization angles at two
wavelengths:

RM

rad m−2
=

(φ1/rad) − (φ2/rad)
(

λ1

m

)2 −
(

λ2

m

)2 . (5.3)

In this definition, the unknown intrinsic polarization angle of the source (or sources along
the line of sight) cancels. Positive RM indicates thatB‖ points towards us.

Using the linearly polarization data of M33, we first obtained the distribution of RM
between 3.6 and 20 cm (Fig. 5.1, left panel), showing smooth variations in the northern
half of the galaxy. However, lots of RM variations and flips inthe direction ofB‖ exist
in the southern half of the galaxy, which resist by adding±n. 73 rad m−2 ambiguity. As
presented in Chapter 2, weak polarized emission in the southern half at 20 cm could be
linked to these RM variations. Between 3.6 and 6.2 cm, RM varies smoother than that
between 3.6 and 20 cm in the south of the galaxy (Fig. 5.1, right panel). Usually, only
part of RM is caused in interstellar medium of external galaxies (RMi), the rest is due
to the Galactic foreground medium (RMfg) andRM = RMi + RMfg. The foreground
rotation measure of M33 is mainly caused by the extended Galactic magnetic bubble re-
gionA (Simard-Normandin & Kronberg 1980). Assuming that the intrinsic contributions
of the extragalactic sources 3C41, 3C42, and 3C48 themselves cancel out and the inter-
galactic contribution is negligible, Broten et al. (1988) and Tabara & Inoue (1980) found
a rotation measure of−57 ± 10 rad m−2. For the polarized sources in the2◦ × 2◦ M33
field, Buczilowski & Beck (1991) found a forground RM of−55 ± 10 rad m−2 (about
the same value was obtained by Johnston-Hollitt et al. 2004). In the following we use
this value as it is consistent with our measurements as well.Figure. 5.2 shows RMi be-
tween 3.6 and 6.2 cm which varies in a range including both positive and negative values.
Comparing the RMi map with the overlayed contours of PI1, an agreement between the
ordered magnetic field in the plane of the sky and the regular magnetic field in the line
of sight is indicated in the north and along the minor axis. This is better visible in the
magnetic filament in the north-west of M33 (see Chapter. 2), where RMi shows small
variation within the PI contours. This indicates that the strong ordered magnetic field in
this region is mainly regular. The RMi map also indicates that the magnetic field is di-
rected towards us on the western minor axis, but has an opposite direction on the eastern
part. Furthermore, large RM values on the minor axis indicate thatB‖ is strong in these
regions. Sign variations of the RMi are more frequent in the southern than the northern

1Note that PI is related toB⊥ which is a combination of both aniosotropic (compressed or sheared
random field) and regular fields in the sky plane. RMi is related toB‖ that is regular field along the line of
sight.
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Figure 5.1: Left: observed rotation measure map of M33 between 3.6 and 20 cm with
contours of 3.6 cm polarized intensity. Contour levels are 0.1, 0.2, 0.4, 0.6, 0.8 mJy/beam.
Right: observed rotation measure map of M33 between 3.6 and 6.2 cm with contours of
6.2 cm polarized intensity. Contour levels are 0.3, 0.4, 0.8, 1.2, 1.6 mJy/beam.

half of the galaxy, where there is no correlation with PI. This indicates that the regular
magnetic field is less confined to the disk in the south than in the north of M33.

Among the three brightest HII complexes at 3.6 cm (NGC604, NGC595, and IC133,
see Chapter 2), the rotation measure is highest at the position of NGC595, RA = 1h 33m

32.4s & DEC = 30◦ 41′ 50.0′′. This means that the electron densityne, and/or the magnetic
field component in the line of sightB‖ is larger at the position of NGC595 than in the two
other HII complexes.

Figure. 5.3 shows the azimuthal variations of RMi in rings. Starting from a distance
of 1 kpc from the center, the rotation measure was averaged inthe galactic plane in 6
rings of 1 kpc radial width over sectors of 10◦ width. The azimuthal angles shown in this
figure were corrected for inclination of the galaxy,θ0 = arctan(tanθ/cosi), with θ the
azimuthal angle on the sky andi the inclination of the galactic plane against a face-on
view. θ0 = 0◦ and 180◦ correspond to the northern and southern major axis, 90◦ and 270◦

to the eastern and western minor axis. As shown, the RMi variations in this galaxy is very
disordered and do not follow a periodic pattern (Sect. 5.4) in general. The only periodicity
is found in the ring 2-3 kpc in which RMi is asymmetric with its minimum and maximum
on the eastern and western minor axis.
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Figure 5.2: Rotation measure map of M33 between 3.6 and 6.2 cmafter correction for the
foreground RM. Overlayed are contours of 6.2 cm polarized intensity. Contour levels are
0.3, 0.4, 0.8, 1.2, 1.6, 3.2, 6.4 mJy/beam. The distributionof the estimated error in RM is
shown in the right panel.

Figure 5.3: Azimuthal behavior of RM in M33 in different rings of 1 kpc width around
the center of the galaxy.
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Table 5.1: Integrated nonthermal flux densities and averagenonthermal degree of polar-
ization at 180′′.

λ Snth SPI P̄nth

(cm) (mJy) (mJy) %

3.6 370±60 38±4 10.3±2.0
6.2 696±110 79±5 11.3±1.9
20 1740±65 115±10 6.6±0.6
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Figure 5.4: Nonthermal de-
gree of polarization at 3.6 cm.
Overlayed are contours of the
linearly polarized intensity at
3.6 cm with levels of 0.1 and
0.3 mJy/beam.

5.3 Nonthermal degree of polarization

To verify the polarization due to synchrotron emission, theso-called nonthermal degree of
polarization Pnth = PI/Inth is usually studied, where PI is the linearly polarized emission
andInth is the flux density of the nonthermal emission. Using PI maps (Chapter 2) and
the nonthermal maps (Chapter 4), we derived the maps of Pnth at different wavelengths.
Fig. 5.4 shows Pnth at 3.6 cm. High nonthermal degrees of polarization (Pnth > 30%) are
found in the northern part of the magnetic filament (see chapter 2, corresponding to the
second contour at DEC> 30◦ 54′ in Fig. 5.4).

Integrating the polarized and nonthermal intensity maps inthe galactic plane and for
a galactocentric radius of R≤ 7.5 kpc, the average nonthermal degree of polarization
P̄nth = SPI/Snth is calculated. Table 5.1 gives̄Pnth together with the integrated values of
the nonthermal flux density and polarized intensity at different wavelengths. At the same
angular resolution of 180′′, P̄nth is the same at 3.6 and 6.2 cm, confirming that Faraday
depolarization effects are not significant at these wavelengths, generally. However, these
effects are important at 20 cm providing a low̄Pnth.
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5.4 Magnetic field

Correcting the polarization angles for the rotation measure (φi = φ−λ2 RMi), the intrinsic
direction of the magnetic field component in the plane of the sky (B⊥) was obtained.
Fig. 5.5 shows the correctedB⊥-vectors superimposed on an optical image of M33. The
orientation ofB⊥ shows a spiral magnetic field pattern with open arms with approximately
the same pitch angle of the optical arms in the north and south, but even larger in the east
and west of the galaxy.

The regular magnetic fieldBu in the disk of spiral galaxies is generally assumed to be
dynamo-generated. The dynamo single modes of axisymmetric-spiral structure (ASS) and
bisymmetric-spiral structure (BSS) can be distinguished from the azimuthal RM variation
(as shown for M51, M81, and IC342 Tosa & Fujimoto 1978; Krauseet al. 1989b,a). This
analysis assumes that the magnetic field resides in the disk (or in a plane parallel to the
disk),ne is constant, and the field vectors follow spirals with constant pitch angles. In the
ASS model, the RM variation can be fitted by the periodic function:

RM(θ0) = A cos (θ0 − ψ) + RMfg, (5.4)

with ψ the pilch angle of the magnetic field vectors. Thus in the ASS model, the minimum
and maximum of RM should be found near the northern and southern major axis.

In the BSS model,

RM(θ0) = A cos (2θ0 − ψ − µ) + A cos (µ− ψ) + RMfg, (5.5)

with µ the position angle of the magnetic spiral at a certain radiusin the plane of the
galaxy.

For M33, Beck (1979) and Buczilowski & Beck (1991) found thatthe BSS model
can be best-fitted to the azimuthal RM variations. However, their RM information was
only restricted to the northern half of this galaxy as they used low sensitivity polarization
data. Such field structures can not be fitted to the RM variations obtained from our more
complete and sensitive data (see Fig. 5.3). The least-squared fits failed to decrease the
original standard deviation substantially. Besides to theRM variations in the south of M33
(Sect. 5.2), this may be other indication to a regular magnetic field that is not confined to
the disk or a plane parallel to the disk (particularly in the southern half) and hence cannot
be explained by only single modes of the dynamo action.

The strengths of the total magnetic fieldBt and its regular componentBu can be found
from the total synchrotron intensity and its degree of linear polarization Pnth. Assuming
equipartition between the energy densities of the magneticfield and cosmic rays (εCR =
εBt

= B2
t /8π, Beck & Krause 2005),

Bt =
{

4π(2αn + 1) (K + 1) In E
1−2αn

p (ν/2c1)
αn

/ [(2αn − 1) c2(αn) l c3 ]}1/(αn+3) (5.6)

whereIn is the nonthermal intensity,K the ratio between the number densities of cosmic
ray protons and electrons,l the pathlength through the synchrotron emitting medium, and
αn the mean synchrotron spectral index.Ep = 938.28 MeV = 1.50 × 10−3 erg is the
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Figure 5.5: Optical image of M33 with overlayed vectors of the linearly polarized emis-
sion at 3.6 cm corrected for the Faraday rotation. A vector length of 1′ represents a polar-
ized intensity of 0.37 mJy/beam.
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Figure 5.6: Variation of the mean total and ordered magneticfield strengths in rings of
500 pc with galactocentric radius.

proton rest energy and

c1 = 3e/(4πme
3c5) = 6.26428 · 1018 erg−2 s−1 G−1,

c2(αn) =
1

4
c3 (αn + 5/3) /(αn + 1) Γ[(3αn + 1)/6]

×Γ[(3αn + 5)/6]

(5.7)

For a region where the field is completely regular and has a constant inclinationi with
respect to the sky plane (i = 0o is the face-on view),c3 = [cos (i)](αn+1). If the field
is completely turbulent and has an isotropic angle distribution in three dimensions,c3 =
(2/3)(αn+1)/2. If the synchrotron intensity is averaged over a large volume, [cos (i)](αn+1)

has to be replaced by its average over all occurring values ofi.
The strength of the regular magnetic field in the plane of the sky can be estimated

from the observed nonthermal degree of polarization (Segalovitz et al. 1976):

Pnth =

(

3γ + 3

3γ + 7

) [

1 +
(1 − q) π1/2 Γ[(γ + 5)/4]

2qΓ[(γ + 7)/4]F (i)

]−1

, (5.8)

F (i) =
1

2π

∫ 2π

0

(

1 − sin2 i sin2 θ
)(γ+1)/4

dθ,

withBu/Br = q2/(1+γ), γ = 2αn +1, andθ the azimuthal angle (Br is the turbulent mag-
netic field). This formula assumes that the ordered magneticfield has a single orientation,
is parallel to the disk and, taken over the galaxy as a whole, has no further preferential
orientation with respect to any fixed direction in space.

The determined average values ofIn,αn, and Pnth with the assumed values ofK(≃100)
andl(≃ 1 kpc) lead toBt ≃ 6.4µG andBu ≃ 2.5µG for whole M33 (R <7.5 kpc). The
strongest ordered magnetic field is found in between the armsIV N and V N (in the mag-
netic filament, see Chapter 2) withBu ≃ 6.6µG whereBt ≃ 8.3µG.
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Figure 5.7: Distribution
of the turbulent magnetic
field strength,Br (µG), in
M33.

Using the mean synchrotron flux density, spectral index, anddegree of polarization in
rings, we also derive the average field strengths in rings. Fig. 5.6 shows some fluctuations
but no systematic increase or decrease of these strengths with galactocentric radius (al-
thoughBt falls considerably in the last ring). The small bump at4.5 < R < 5.5 kpc is
due to the M33’s magnetic filament.

As the polarized intensity (PI) is related to the regular magnetic field, and the non-
thermal intensity (In) to the total magnetic field in the plane of the sky,In −PI gives
the nonthermal emission due to the the turbulent magnetic field Br. This intensity with
Eqs. (5.6) and (5.7) and assuming a completely turbulent field led to derive the distribu-
tion of Br across the galaxy. Figure 5.7 shows strongBr (> 7µG) in the central region
of the galaxy, the arm IS, and parts of the arm IN.

5.5 Depolarization

The observed depolarization at a certain wavelength is defined as the ratio of the non-
thermal degree of linear polarization Pnth and the theoretical valuep0. Generally, it may
be caused by instrumental effects as the bandwidth and beamwidth of the observations
or by the wavelength-dependent Faraday depolarization. Bandwidth depolarization oc-
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curs when the polarization angles vary across the frequencyband, reducing the observed
amount of polarized emission. It is given bysinc (2RMλ2 δν/ν), whereδν is the band-
width of the observations (e.g. Reich 2006). In our study, the wavelengths, bandwidths
and RM values lead to a negligible bandwidth depolarization.

Beam depolarization occurs when polarization vectors of different orientation are un-
resolved by the telescope beam. In order to compensate this effect, the ratio of the non-
thermal degree of polarization at two wavelengths and at a same angular resolution is
used,

DPλ2/λ1
=

Pλ2

nth

Pλ1

nth

, (5.9)

where,λ2 > λ1. Then, the observed depolarizationDPλ2/λ1
, that is wavelength-dependent,

and called Faraday depolarization.
We derived the depolarization DP20/3.6 using the maps of the nonthermal intensity

and polarization at 20 and 3.6 cm at the same angular resolution of 180′′ (Fig. 5.9, top
panel). Generally, the southern half of the galaxy is highlydepolarized. While DP20/3.6

changes between [0-0.5] in the south, it varies between [0.3-1] in the north. Considerable
depolarization are found at the positions of NGC604, NGC595and IC133. However, the
strongest depolarization in the inner galaxy is found in themain southern arm IS. No
depolarization (DP≃1) is seen in the eastern edge of the minor axis and some northern
regions.

According to Burn (1966) Faraday depolarization could be caused by the regular mag-
netic field and thermal electrons along the line of sight (depolarization due to differen-
tial Faraday rotation): when synchrotron emission originates in a magneto-ionic medium
containing a regular magnetic field, the polarization planeof the radiation produced at
different depths within the source is rotated over different angles by the Faraday effect.
This results in a decrease in the degree of polarization of the integral emission observed.
Faraday depolarization could also be caused by the turbulent magnetic field and thermal
electrons along the line of sight (the so-called ‘Faraday dispersion’: depolarization due to
dispersion in Faraday RM). When this dispersion is intrinsic to the source, it is called in-
ternal Faraday dispersion. In case of a dispersion in an external screen it is called external
Faraday dispersion2.

Generally, dealing with Faraday depolarization effects isvery complicated and needs
several free parameters which practically cannot be constrainted. Here I only discuss
simple models and try to find a qualitative agreement betweenthe observed distribution
of depolarization and results of these models.

Considering the dispersion in RM,σRM = 0.81〈ne〉Br

√

L . d/ f , the internal Fara-
day dispersion is given by

DPr =
1 − e−2σ2

RM
λ4

2σ2
RM λ4

(5.10)

(Sokoloff et al. 1998), withL the pathlength through the ionized medium,f the filling
factor of the Faraday-rotating gas along the line of sight (≃0.5, Beck 2007), andd the
turbulent scale (≃ 50 pc, Ohno & Shibata 1993). Using the Hα emission measure (EM =

2This depolarization effect cannot be responsible for the north-south asymmetry in polarized emission
from M33, as no asymmetry in the foreground distributions ofRM (from galactic RM data by Johnston-
Hollitt et al. 2004) and Hα emission (from Wisconsin Hα mapper) was found.
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Figure 5.8: Histogram of the thermal electron density〈ne〉 (cm−3) distribution across
M33. A binning number of 70 was used for this plot.

∫

n2
e. dl) and a clumping factorfc = 〈ne〉2/〈n2

e〉 describing the variations of the electron
density,〈ne〉 can be determined by〈ne〉 =

√

fcEM/L. For the local interstellar medium,
Manchester & Mebold (1977) foundfc ≃ 0.05. Assuming a thickness of≃ 1 kpc for the
thermal electrons in the disk of the galaxy (the Galactic value, Cordes & Lazio 2002)
and correcting for the inclination of M33, we approximateL ≃ 1800 pc. Then the Hα
(EM) map of M33 leads to a distribution of〈ne〉 across the galaxy with a mean value of
≃ 0.05 cm−3 and a most probable value of≃ 0.03 cm−3 (Fig. 5.8), that is in agreement
with the estimated values in our galaxy (Lyne et al. 1985) andnearby galaxies IC382
(Krause et al. 1989b) and NGC5907 (Dumke et al. 2000). Note that a more realistic
approach would consider different filling factors and electron densities for the thin and
thick disk of the galaxy. However, because the only information we have is a superposition
of these components along the line of sight, we are not able todistinguish the role of each
component in this study. The resulting〈ne〉 with Br obtained (Fig. 5.7) enable us to
estimate DPr at 3.6 and 20 cm. The left-bottom panel in Fig. 5.9 shows DPr between 20
and 3.6 cm.

The next Faraday depolarization effect, differential Faraday rotation, for a symmetric
layer is given by Sokoloff et al. (1998),

DPu = sinc (2 RMi λ
2). (5.11)

Using the RMi map (Fig. 5.2), DPu between 20 and 3.6 cm was computed and shown in
the right-bottom panel in Fig. 5.9.

In a qualitative comparison, both kinds of Faraday depolarization seem to be responsi-
ble for the observed depolarization in the galaxy. The global phenomenon, the north-south
asymmetry in depolarization, is visible in DPu. However, locally i.e. at the positions of
HII complexes and the arm IS, the observed depolarization can be explained by DPr. The
contribution of each DPu and DPr varies region by region. A knowledge of how to com-
bine DPu and DPr across the galaxy is required for a more quantitative comparison and
needs detailed modeling. Furthermore, it is necessary to know the distribution of filling
factorsf andfc, pathlengthL, and the turbulent scaled across the galaxy.

Hence, we conclude that the highly turbulent southern arm ISwith its chain of star-
forming regions together with a magneto-ionic medium, which is probably not confined to
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Figure 5.9: Top: observed depolarization between 3.6 and 20 cm.Left-bottom: depo-
larization due to dispersion in Faraday rotation, andright-bottom: depolarization due to
differential Faraday rotation as measured between 3.6 and 20 cm.
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the plane of the galaxy, containing a regular magnetic field,reduce the degree of polariza-
tion of the integral emission from the southern half and cause the wavelength-dependent
north-south asymmetry in this galaxy.

The change of the optical spiral structure in M33 begins at a radius of about 4 kpc,
where the HI warp begins. The inclination of the disk then tilts by about 40◦. This is
attributed to an external gas accretion, as recent optical and HI observations have detected
extensions like a bridge between M33 and M31 (Ibata et al. 2007; Braun & Thilker 2004).
Hence, M33’s warp and/or a tidal force from its massive neighbor M31 may perturb the
distribution of the ionized gas + regular magnetic field in the disk of the galaxy.

5.6 Conclusions

The linearly polarized intensity and polarization angle distributions at 3.6, 6.2, and 20 cm
along with the nonthermal intensity and spectral index mapsallowed to determine high-
resolution distributions of RM, nonthermal degrees of polarization, and Faraday depolar-
ization in M33. We found a nonthermal degree of polarizationof ≃10% (at 3.6 cm) for
the whole galaxy which is> 30% in the northern parts of the magnetic filament. Faraday
depolarization is strong at 20 cm with reducing Pnth to ≃6%.

We found an average total magnetic field strength ofBt ≃ 6µG, stronger than that
obtained by Buczilowski & Beck (1991) (≃ 4µG). This is probably due to an under-
estimate of the nonthermal intensity in the separation method used by Buczilowski &
Beck (1991). The ordered magnetic field strength is higher within the ring at4.5 < R <
5.5 kpc, where the magnetic filament exists with a maximum regular field of ≃ 6.6µG.
Strong turbulent magnetic fields (> 7µG) were found in the extended central region and
the arms IS.

Comparing the south and north of M33, we found an excess of depolarization due to
differential Faraday rotation in the south of M33. Furthermore, the main southern arm
IS is highly depolarized due to dispersion in Faraday rotation. These may lead to the
wavelength-dependent north-south asymmetry in polarization (or depolarization).

Strong variations in RMi in the south of M33, where there is no correlation with PI
and also withne, may indicate that the regular magnetic field in M33 is not confined to the
disk. This may be linked to the warp in this galaxy. Furthermore, there are indications of
strong magnetic fieldsB‖ in the eastern and western edges of the minor axis with opposite
directions.

For a better understanding of the magnetic field configuration in M33, it is required
to synthesis RM at as many wavelengths as possible (Brentjens & de Bruyn 2005) us-
ing multi-channel polarimeters at future high-sensitivity radio telescopes, e.g. the low
frequency array (LOFAR).





6 Conclusions

M33’s proximity and favorable inclination make it excellently suited for detailed studies
of various astrophysical aspects. Although several studies have been carried out mainly
in the optical regime, great efforts are required to explorethe structure of the interstellar
medium and different components that shape it, and to understand the energy balance
of the interstellar medium as a function of galactic environment. These motivates high-
resolution observations using different windows of the electromagnetic radiation.

A multi-wavelength study of the IR and radio emission from M33 using highly im-
proved data is presented in this thesis. As the main topics, we investigate the energy
sources of the IR emission and correlation with the radio emission, the variation in the
spectral index of the synchrotron emission across the galaxy, the linearly polarized emis-
sion and magnetism. Previously, our knowledge was restricted to the poor resolution and
low sensitivity data in both radio and IR regimes. New receivers of the 100-m Effels-
berg telescope enabled us to achieve high-sensitivity and -resolution radio maps in total
power and linearly polarized intensity at 3.6 and 6.2 cm. These maps with those at 20 cm
observed with the VLA provided our radio continuum window toM33. High resolution
and sensitivity IR maps (at 24, 70, and 160µm) were also achieved using theMultiband
Imaging Photometeron board Spitzer satellite observatory. In this chapter, I present a
brief summary of the work and highlight the main results and conclusions.

Radio continuum emission from M33

M33 was observed using the 3.6 cm dual channel and the 6.2 cm four-channel receivers
of the 100–m Effelsberg telescope along with the L-band VLA D–array at 20 cm. These
observations allowed to study the exponential scale lengthof the total radio emission, the
spectral index distribution, and the linear radio polarization.

We detected considerable extended radio continuum emission, not only from the main
spiral arms I S and I N, but also from the weaker arms. M33 belongs to those galaxies
showing a sudden drop in their radial surface brightness profile in the optical regime.
This break also exists in our radio profiles atR ≃ 4 kpc, where the warp starts, resulting
in a larger exponential scale length inside than outsideR = 4 kpc. In contrast, the ring
mean spectral index versus radius increases faster beyondR = 4 kpc. We found a mean
total spectral index of≃0.7 for the whole M33. The most important conclusions are as
follows.

• At R< 4 kpc, a spatial correlation between cosmic rays, magnetic fields, and star-
forming regions exists.

95
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• There is a north-south asymmetry in polarization that is frequency-dependent, indi-
cating an asymmetry in Faraday depolarization.

• The total spectral index becomes slightly flatter at longer wavelengths that indicates
a free-free absorption of the nonthermal emission in this galaxy.

More details are presented in Chapter 2, see also Tabatabaeiet al. (2007c).

Thermal and nonthermal emission from M33

We developed a new method to separate thermal and nonthermalcomponents of the radio
continuum emission from M33 without the assumption of a constant nonthermal spectral
index. Using the Spitzer FIR data at 70 and 160µm and a standard dust model, we de-
reddened the Hα emission. The extinction corrected Hα emission served as a template
for the thermal free-free radio emission. Subtracting fromthe observed 3.6 cm and 20 cm
emission this free-free emission, we obtained the nonthermal maps. A constant electron
temperature used to obtain the thermal radio intensity seems appropriate for M33 which,
unlike the Milky Way, has a shallow metallicity gradient. Onthe other hand, the standard
assumption of a constant nonthermal spectral index assumption imposes more uncertainty
in the thermal/nonthermal distribution than a constant electron temperature. It is interest-
ing that the obtained thermal fractions for the whole M33 at different wavelengths agree
with those obtained from the standard method within the errors. This indicates that the
assumption of a constant nonthermal spectral index (if known) is proper for global studies.

As expected, the nonthermal emission is distributed more smoothly than the thermal
emission across M33, showing that the cosmic ray electrons diffuse to large scales, spi-
ral around magnetic fields, and emit synchrotron emission. On the other hand, strong
nonthermal emission is detected from giant star-forming regions and spiral arms, provid-
ing a spatial correlation between the thermal and nonthermal emissions, confirming our
prediction in (Tabatabaei et al. 2007c). The most significant results are as follows.

• The mean extinction in rings in the galactic plane exhibits ashallow radial gradient.

• The wavelet transform of the nonthermal maps revealed that the nonthermal emis-
sion is smoother at 20 cm than at 3.6 cm, indicating that high-energy cosmic ray
electrons experience more energy losses, and hence diffuseless than low-energy
CR electrons.

• Assuming equipartition between the magnetic field and CRs, the scale length of the
CR electrons and of the magnetic field estimated arelcr ≃ 12 kpc andlB ≃ 24 kpc
in this galaxy.

In Chapter 4, we explain this method and compare it with the standard method in
different aspects, see also Tabatabaei et al. (2007b).
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Variations in the synchrotron spectral index across M33

Constraints on the origin and propagation of cosmic rays canbe achieved by studying
the variation in the spectral index of the synchrotron emission across external galaxies.
For the first time, we determined variations in the nonthermal spectral index across a
galaxy, M33. In the spiral arms,αn = 0.6±0.1, the typical spectral index of supernova
remnants. The nonthermal spectrum in the interarm regions and the outer parts of the
galaxy is steeper than that within the arms. This indicates energy-loss of the relativistic
electrons when they diffuse from their origin in star-forming regions towards interarm
regions and the outer parts of the galaxy. The main conclusions drawn by the nonthermal
spectral index map are as follows.

• At R< 4 kpc, the ring-mean nonthermal spectral index varies between 0.65 and
0.9, indicating that cosmic ray electrons are injected by sources related to mas-
sive stars and diffused suffering a mixture of both leakage and synchrotron (and
inverse-Compton) losses. At R> 4.5 kpc, synchrotron (and inverse-Compton) is
the dominant energy loss mechanism asαn ≃ 1 on average.

• The nonthermal spectral index smaller than 0.5, found in some HII complexes like
NGC604 and NGC592, indicates that ionization and free-freelosses are dominant
in these regions.

• Globally, the nonthermal emission from the southern half ofthe galaxy seems to
have a steeper spectrum than that from the northern half, indicating a more impor-
tant role of synchrotron and leakage losses in the southern half (that is possibly
related to the vertical fields in the halo, see below).

Further details are presented in Chapter 4 (see also Tabatabaei et al. 2007b).

IR emission: energy sources and correlation with radio
emission

In this study, we used the wavelet transform of the IR and radio maps to a) separate the
diffuse emission components from compact sources, b) compare the emission at different
wavelengths, and c) study the radio–IR correlation at various spatial scales. We also used
the Hα map as a tracer of the star forming regions. We found that the bright HII regions
affect the wavelet spectra causing dominant small scales ordecreasing trends towards the
larger scales. The dominant scale of the 70µm emission is larger than that of the 24µm
emission, while the 160µm emission shows a smooth wavelet spectrum. The radio and
Hα maps are well correlated with all 3 MIPS maps, although theircorrelations with the
160µm map are weaker. After subtracting the bright HII regions, the 24 and 70µm maps
show weaker correlations with the 20 cm map than with the 3.6 cm map at most scales.
We also found a strong correlation between the 3.6 cm and Hα emission at all scales.
The most important conclusions concerning the scales smaller than 4 kpc are listed in the
followings.
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• The role of young, massive stars is more significant in heating the dust than that of
a diffuse radiation field. The IR emission is influenced by O/Bstars increasingly
with decreasing wavelength from 160 to 24µm.

• The radio–IR correlations indicate that the warm dust–thermal radio correlation is
stronger than the cold dust–nonthermal radio correlation.

• A perfect 3.6 cm–Hα correlation indicates small extinction of the Hα emission by
dust in M33 (this was also shown in Chapter 4, asτHα < 1 everywhere).

The radio–IR correlation described in Chapter 3 and published in Tabatabaei et al. (2007a),
was re-investigated after the thermal/nonthermal separation (in Chapter 4), confirming a
stronger warm dust–thermal than the cold dust–nonthermal radio correlation, and giving
more results as follows.

• There is a characteristic scale range of 0.8 kpc-2 kpc where the IR–nonthermal radio
correlation is maximum. This scale range includes the sizesof the giant molecular
clouds, giant star forming regions, spiral arms, and the central extended region of
M33.

• The better correlation of the cold dust with the thermal thanwith the nonthermal
emission indicates that the role of UV photons from O/B starsis larger than that of
the cosmic ray electrons in heating the cold dust at scales smaller than 4 kpc.

• The nonthermal 3.6 cm emission is better correlated with thewarm dust than with
the cold dust emission. This can be explained by the correlation of the nonthermal
emission with the thermal emission e.g. because of strong magnetic fields and/or
high densities of cosmic ray electrons in or nearby star-forming regions.

Magnetic fields in M33

We determined the distribution of the Faraday rotation measures across M33 at an angular
resolution of 3′ (0.7 kpc), indicating more variations in the south than in the north of the
galaxy. In the south and also eastern and western minor axis,high values of the intrinsic
rotation measure were found, where no dense medium of thermal electrons exists. Hence,
in these regions, the regular magnetic field has strong components along the line of sight.
These could be related to the M33’s warp making the disk not a simple plane. This
explains why single dynamo modes of ASS and BSS do not fit to theazimuthal behavior
of the rotation measure. It is interesting that, in southernM33, there is a coincidence
between the steeper nonthermal emission and stronger magnetic field along the line of
sight which increases the effect of synchrotron losses. Forthe whole galaxy, we estimated
the strengths of the total and regular magnetic fields as≃ 6.4µG and≃ 2.5µG. Other
highlights are as follows.

• The large-scale magnetic field exhibits a well ordered spiral structure with almost
the same orientation as that of the optical spiral arms. However, there is no general
structural correlation or anti-correlation between the magnetic and optical arms.
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• The regular magnetic field in the south is not as confined to thedisk as that in the
north of the galaxy.

• High degree of polarization of the synchrotron emission (> 20%) and strong regular
magnetic field in the sky plane (≃ 6.6µG) are found in the northern magnetic
filament.

• An excess of differential Faraday rotation in the southern half together with strong
Faraday dispersion in the main southern arm IS seem to be responsible for the north-
south asymmetry in the observed depolarization (which is wavelength dependent).

Details are presented in Chapter 5. More studies about the magnetic field structure
and depolarization are in proccess. This work is going to be submitted toAstronomy&
Astrophysicsjournal.

M33 versus other nearby galaxies

Most of the nearby spiral galaxies host a super massive blackhole in their center that was
made by merging with other galaxies, according to the galaxyformation scenarios. How-
ever, M33, with its small bulge and no satellite, is a rare example of a spiral galaxy that has
not probably experienced merging in its formation history.On the other hand, it has a ten
times more massive neighbor, M31, only 200 kpc away. Despiteits much smaller mass,
M33 has a star-formation rate comparable to that of M31. Thisprovides a more efficient
role of UV photons in heating the dust in M33 than in M31. Whilethe total magnetic
field strength are about the same in M33 and M31 (≃7µG), the ordered magnetic field
strength in M33 is about half of that in M31 (≃4µG). M33’s stronger depolarization and
higher turbulence due to star-formation activities can explain this difference. In M31, the
large-scale magnetic field is confined to the disk (toroidal)and follows the ASS dynamo
model (Fletcher et al. 2004), in contrast to M33.

Like M33, spiral structure of the large-scale magnetic fieldhas been found in M51,
M81, IC342 as well, with different degrees of regularity. The spiral pattern of the mag-
netic field is generally linked to theαΩ-dynamo action. In these galaxies, but M51, the
regular magnetic field can be explained by a dominant single dynamo mode. The mag-
netic field in M51 is not confined to the disk and is extended to the halo (a magneto-ionic
halo) with a structure different from that in the disk (Berkhuijsen et al. 1997). A simi-
larity between M33 and M51 is that their magnetic fields are neither axisymmetric nor
bisymmetric. This situation in M51 is perhaps due to the interaction with its companion,
NGC5195, and in M33 possibly due to the warp in this galaxy (although the warp may
also be linked or affected by a tidal interaction with M31).





A Ionization and recombination
Processes

Some of absorption, emission, ionization, recombination,excitation, and de-excitation
processes are described below. All these processes can occur when an incoming photon
or electron interacts with an atom or ion.

1. Induced absorption : An incoming photon can excite an electron in an atom to a
higher energy stateǫn = ǫm + hν. This process occurs with a probability that is
proportional to the occupation numberNm in statem and the energy densityUν of
the radiation field, where the transition probabilities arespecified by the Einstein
coefficientsBmn, giving a transition rateR = UνBmnNm.

2. Stimulated emission : An electron in an excited atom at energy stateǫn is stim-
ulated by a passing photonν from the ambient radiation field and falls back into
a lower stateǫm, emitting during this process a second photon with energyhν =
ǫn−ǫm. The probability of this process is also proportional to theenergy densityUν

of the radiation field, as for induced absorption (i.e., witha rate ofR = UνBnmNn).
This process is relevant to laser emission.

3. Spontaneous emission:In contrast to stimulated emission, no incoming photon is
needed. An electron spontaneously falls from a higher energy stateǫn to a lower
stateǫm by emission of a photon withhν = ǫn − ǫm. The probability is given by
the Einstein coefficientsAnm, so the rate isR = NnmAnm.

4. Photo-ionization: This is abound-free transition, where the incoming photon has
a higher energy than the ionization energy (i.e.,> 13.6 eV for hydrogen), so that
the bound electron escapes from the atom. The wavelength of the incoming photon
isλ = hc/∆ǫ, with ∆ǫ = ǫi +

1
2
mev

2
e , whereǫi is the ionization energy of the atom

from the bound stateǫi of the electron, and1
2
mev

2
e is the kinetic energy of the free

electron after escape.

5. Radiative (or 2-body) recombination: Recombination (also calledfree-bound
transition) can occur by several processes, such asradiative recombination, col-
lisional recombination, or dielectronic recombination. In radiative recombination
a free electron is captured by an ion into one of the availableenergy statesǫi, while
the excess energy is removed by emission of a photon with energyhν = 1

2
mev

2−ǫi,
just as the time-reverse process of photo-ionization. Thistype ofbound-free tran-
sitionproduces series limit continua such as the Balmer (3646Å) and Lyman con-
tinua (912Å) of hydrogen. These wavelengths correspond to the ionization energies
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of ǫ1 = 13.6 eV from the ground state leveln = 1 andǫ2 = 3.6 eV from the first
excited staten = 2.

6. Dielectronic recombination: The termdielectronic recombinationindicates that
two electrons are involved in this process. A free electrone−1 is captured by an ion,
resulting in a double excitation of the ion: (1) the originalfree electron lands in an
excited state, and (2) a bound electron of the ion also becomes excited. Dielectronic
recombination is accomplished when the highly unstable doubly excited configu-
ration subsequently stabilizes, with one or both excited electrons falling back into
vacancies of the lowest available states.

7. Auto-ionization: An ion is initially in a doubly excited stateZ ′′ and auto-ionizes
(i.e., it spontaneously ionizes without induced particle or photon) toZ+ + e−, thus
leaving an ion and a free electron. If an electron from a lowerenergy state is
knocked off, an electron from a higher energy level has to fall back to the emp-
tied lower state to stabilize the ion. This process is also called auto-ionization.

8. Thomson scattering: It is the scattering of photons by free electrons which is
independent of photon energy. The scattering rate is proportional to the electron
density.

9. Free-free emission:This process is also calledbremsstrahlung. Electrons are non-
elastically scattered off ions and emit photons that have energies corresponding to
the energy difference of the incoming and outcoming electron (i.e.,hν = ǫ′ − ǫ).

10. Collisional ionization: This occurs by collisions of ions with free electrons, when
an orbiting electron of the ion (generally the outermost) isremoved, and the ion is
left in the next higher ionization state. This process is much more important than
photo-ionization (when a photon incident on an ion results in removal of an orbiting
electron).



B Wavelets as a tool for scaling
analysis

The term wavelet means literally ‘little wave’, originatedin the early 1980’s in its French
version ‘ondelette’ in the work of Morlet and some seismologists. As an prototypical
example, we consider Haar wavelet

h(x) =







1, 0 ≤ x < 1
2

−1, 1
2
≤ x < 1

0, elswhere.
(B.1)

Here, the ‘wavelet’ property is simply shown by the fact thath has average zero i.e,

∫ ∞

−∞

h(x) dx =

∫ 1

0

h(x) dx = 0.

So, Haar wavelet has some oscillation but unlike such periodic functions as sine and co-
sine it hascompact support: it lives on the interval [0 1) and does not oscillate everywhere
on (−∞,∞).

Wavelet analysis is based on a space-scale decomposition using the convolution of the
data with a family of self-similar basic functions that depend on two parameters, scale and

Figure B.1: Haar wavelet.
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Figure B.2: The sinusoids have infinity support but the wavelets (here db10) have compact
(or interval) support.

Figure B.3: An input signal decomposed by the fourier transform.

Figure B.4: An input signal decomposed by a wavelet transform.
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location. It can be considered as a generalization of the Fourier transformation, which uses
harmonic functions as a one-parametric functional basis, characterized by frequency, or
in the case of a space function, by the wavevectork. The wavelet transformation also uses
oscillatory functions, but in contrast to the Fourier transform these functions rapidly decay
towards infinity. The family of functions is generated by dilations and translations of the
mother function, called the analysing wavelet. This procedure provides self-similarity,
which distinguishes the wavelet technique from the windowed Fourier transformation,
where the frequency, the width of the window and its positionare independent parameters.

We consider the continuous wavelet transform, which in the two-dimensional case can
be written in the form

W (a,x) =
1

aκ

∫ +∞

−∞

∫ +∞

−∞

f(x′)ψ∗

(

x
′ − x

a

)

dx′. (B.2)

Herex = (x, y), f(x) is a two-dimensional function, for which the Fourier transform
exists (i.e. square integrated),ψ(x) is the analysing wavelet (real or complex,∗ indicates
the complex conjugation),a is the scale parameter, andκ is a normalization parameter
which will be discussed below.

For later considerations the relation between the wavelet and the Fourier decompo-
sition will be useful. The 2-D Fourier transform̂f(k) of the functionf(x) is defined
as

f̂(k) =

∫ +∞

−∞

∫ +∞

−∞

f(x)e−ikxdx, (B.3)

wherek = (kx, ky) is the wavevector. Then the inverse Fourier transform is

f(x) =
1

4π2

∫ +∞

−∞

∫ +∞

−∞

f̂(k)eikxdk (B.4)

and the wavelet coefficients (B.2) can be expressed as

W (a,x) =
a2−κ

4π2

∫ +∞

−∞

∫ +∞

−∞

f̂(k)ψ̂∗(ak)eikxdk. (B.5)

The choice of the wavelet function depends on the data and on the goals of the anal-
ysis. For spectral analysis wavelets with good spectral resolution (i.e. well localized in
Fourier space, or having many oscillations) are preferable, for local structure recogni-
tion a function, well localized in the physical space, is preferable. (Note that the spectral
resolution∆k and the space resolution∆x are strongly related and are restricted by the
uncertainty relation∆x∆k ≥ 2π.) An obligatory property of the wavelet is the zero
mean value

∫ ∫

ψ(x, y)dxdy = 0. An isotropic wavelet is an axisymmetric function
ψ = ψ(ρ), ρ =

√

x2 + y2.
A simple real isotropic wavelet with a minimal number of oscillations is known as the

Mexican Hat(MH),
ψ(ρ) = (2 − ρ2)e−ρ2/2. (B.6)

For a better separation of scales (to analyse spectra and to find the scale of dominant
structures) another isotropic wavelet is used which is defined in Fourier space by the
formula

ψ̂(k) =

{

cos2(π
2

log2
k
2π

) : π < |k| < 4π
0 : |k| < π, |k| > 4π .

(B.7)
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Figure B.5: Two isotropic wavelet functions: the MH wavelet(thin line) and the PH
wavelet (thick line).

The function is localized in Fourier space in a ring with a median radius2π and vanishes
for |k| < π and |k| > 4π. This wavelet definition provides a relatively good spectral
resolution, it is referred toPet Hat (PH) (Frick et al. 2001). In physical space the PH
wavelet is obtained by numerical integration of (B.7). Bothwavelets MH and PH are
shown in Fig. B.5

The wavelet transform (B.2) is unique and reversible which means that the analyzed
functionf(x, y) can be reconstructed from its wavelet decomposition. An extended de-
scription of continuum wavelet transform can be found in e.g. Holschneider (1995) and
Torresani (1995).

Wavelet energy spectrumIn the studies of scaling properties of turbulence a com-
monly used characteristic of a turbulent field is thespectral energy densityE(k) which
includes the energyF (k) = |f̂(k)|2 of all Fourier harmonics with wavenumbersk, for
which |k| = k

E(k) =

∫

|k|=k

F (k)dk . (B.8)

The spectral energy is related to theautocorrelationfunction

C(l) =

∫ +∞

−∞

∫ +∞

−∞

f(x)f(l − x)dx (B.9)

by its Fourier transform

F (k) = Ĉ(k) =

∫ +∞

−∞

∫ +∞

−∞

C(l)e−ikldl . (B.10)
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The vectorl defines the shift of the image in the convolution (B.9) and is the scale param-
eter. In the important case of isotropic turbulence the autocorrelation function depends
only on the distance between two pointsC(l) = C(l), and the spectral energy depends
only on the modulus of the wavevectorF (k) = F (k). Then these two functions are
related by the Hankel transform

F (k) = 2π

∫ ∞

0

C(l)J0(kl)ldl , (B.11)

whereJ0 is the Bessel function andE(k) = 2πkF (k).
Another often used characteristic for scaling studies is the structure functiondefined

for arbitrary orderq as

Sq(l) = < (f(x) − f(x − l))q >|l|=l , (B.12)

where the brackets< ... > mean the average value. Calculation of high-order structure
functions requires a high accuracy of the initial data. In the case of maps of external
galaxies, where a relatively small number of grid points is available and the noise is sig-
nificant, only the second-order functionS2, corresponding to the energy spectrum (B.8),
can be discussed.

In the wavelet representation the scale distribution of theenergy can be characterized
by thewavelet spectrum, defined as the energy of the wavelet coefficients of scalea of
the whole physical plane

M(a) =

∫ +∞

−∞

∫ +∞

−∞

|W (a,x)|2dx . (B.13)

The wavelet spectrum can be related to the Fourier spectrum.Using (B.5) one can easily
rewrite (B.13) in the form

M(a) =
a4−2κ

16π4

∫ +∞

−∞

∫ +∞

−∞

|f̂(k)|2|ψ̂(ak)|2dk . (B.14)

This relation shows that the wavelet spectrum is a smoothed version of the Fourier spec-
trum. In the isotropic case (B.14) has a more simple form

M(a) =
a4−2κ

8π3

∫ ∞

0

E(k)|ψ̂(ak)|2dk . (B.15)





C Effective optical depth

The general radiative transfer equation for a medium in caseof both absorption and emis-
sion can be written as

dI

dτ
= S − I, (C.1)

from which the integral form of the transfer equation follows formally,

I = I0 e
−τ +

∫ τ

0

S(τ ′) e−(τ−τ ′) dτ ′, (C.2)

with τ the optical depth of the medium,I0 the intensity of an incoming emission from
background, andS the so called source function (the ratio of the emissivity tothe absorp-
tion factor).

Considering a homogeneous mixing of emitting (sources) andabsorbing media, (C. 2)
is converted to

I = S0 (1 − e−τ ), (C.3)

(Rybicki & Lightman 1979) withS0 the total intrinsic intensity and neglecting the back-
ground emission.

Now, a question is assuming this medium is occupied only by a homogeneous distri-
bution of the emitters, what would be the effective thickness of an only absorbing medium
in front of this emission to give the same amount of intensityin (C. 3).

For only emitting medium, the radiative transfer gives

Ie = S0 τ, (C.4)

and for only absorbing medium,
Ia = Ie e

−τeff , (C.5)

or using (C. 4)

Ia = S0 τ e
−τeff . (C.6)

Ia should be equivalent toI in (C. 3), thus

(1 − e−τ )/τ = e−τeff . (C.7)

Expanding both sides as series,

1 − τ

2
+
τ 2

6
− ... = 1 − τeff +

(τeff)2

2
− .... (C.8)

Neglecting O(2) in the optically thin condition givesτeff = 1
2
τ . However, values of

τ ≈ 1 does not harm the optically thin assumption asτeff ≈ 0.46.
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