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Abstract

A multi-wavelength study of radio and IR emission from themxy galaxy M33 is
presented. We focus on three main topics: 1) energy souifc#® emission and its
correlation with radio continuum emission at different tiglascales, 2) separation of
thermal and nonthermal components of the radio continuursstom without assuming a
constant nonthermal spectral index, and 3) distributiotheflinearly polarized emission
and magnetic fields in M33.

Highly resolved and sensitive Spitzer MIPS images of M334t70, and 16@m
enabled us to study the morphology of different dust compts@nd their role in attenu-
ation of the Hv emission from this galaxy. Radio continuum observatiorth the VLA
and the 100-m Effelsberg telescope led to high sensitivesno@potal and linearly po-
larized radio continuum emission at low (1.42 GHz) and higlgfiencies (8.35 GHz). A
2D-wavelet transformation was used to find dominant scdiesnitting structures, sep-
arate the diffuse emission components from compact souacescompare IR emitting
structures to those at radio andviavelengths.

We found that the IR emission is powered predominantly byngoD/B stars, specifi-
cally at 24 and 7@m. At least up to scales of 0.8 kpc, the cold dust (emittingGdt;am)
is also effectively heated by UV photons from massive iorgzstars, however, the av-
erage radiation field also contributes to heating the cokt dtilarger scales. At scales
smaller than 4 kpc, emission from both the warm and the co#d slubow better correla-
tion with the thermal radio than with the nonthermal radiassion, indicating a more
important role of UV photons from O/B stars than of cosmic esctrons in heating the
dust at these scales. Interestingly, there is a charaatescale range where the nonther-
mal radio—IR correlation is maximum: scales of giant starsfing regions, spiral arms
and the central extended region of M33, 0.8-2 kpc, indicptegions with high-density
cosmic rays and/or stronger (turbulent) magnetic field.

We developed a new thermal/nonthermal separation methsetban a de-reddened
Ha map as a template for the thermal radio emission. For thdifinst we derived a map
of the nonthermal spectral index in a galaxy by means of tlaghod, directly indicating
energy loss of cosmic ray electrons when diffusing away ftlegir origins in star-forming
regions towards interarm regions and the outer parts of #haxyg. Furthermore, this
energy loss is more significant at 8.35 GHz than at 1.42 GHzsu/éng equipartition
between the magnetic field and cosmic ray electrons, weraitdhe scale length of the
cosmic ray electrons and of the magnetic field 2 kpc and 24 kpc, respectively.

The large—scale magnetic field exhibits a well ordered bgiracture with almost the
same orientation as that of the optical spiral arms. Thegenerth-south asymmetry in
the received polarized emission that is frequency-deperaled most probably caused
by Faraday depolarization effects. About 10% of the nomtiakiemission from M33 at
8.35GHz is polarized, mostly due to the strong polarizedssion from a magnetic arm
in the north-west of the galaxy. The average total and reguégnetic field strengths in
M33 are estimated as 6.4 and 2.5:G, respectively.
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1 Introduction

The nonthermal synchrotron emission and the thermal fieedmission are the two main
components of the radio continuum emission. Studies of thgnatic field strength and
orientation are possible using the nonthermal and poldniadio continuum emission.
The distribution of the cosmic ray electrons and their sesiia spiral galaxies can also
be inferred if the magnetic field strengths and the propagatharacteristic of the elec-
trons are known (Beck & Grave 1982). However, there has leetacthnical problem
to distinguish the nonthermal and thermal components.eiifit methods of separation
have been proposed so far, giving different results. Thedstia method requires accurate
absolute measurements of the brightness temperature obtttieuum emission at high
and low frequencies and a priori knowledge of the spectagxrof the nonthermal com-
ponent. This method does not give a precise image of the Higromthermal emission
across a galaxy, as it assumes that the nonthermal spectexl is constant everywhere.

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

1.1 Thermal free-free emission

Electrons and ions interact with each other through theitebstatic charge in an ionized
gas. The most common and least interfering interactionh(tyie atomic structure) is
when a free electron is scattered in the Coulomb field of ankssentially a free electron
is elastically scattered off an ion and escapes as a frega@iewhich is called &ree-free
transition. A photon is emitted with an energy correspogdm the difference of the
outgoing to the incoming kinetic energy of the electron.{i®w = E’' — F), according
to the principle of energy conservation. We provide a briefivéation of the free-free
spectrum in the following, while a more detailed treatmeamnt be found in Jackson (1962,
Sects. 13 and 15) and Lang (1999).

When a nonrelativistic electron with mass, chargee, and velocityv passes the
Coulomb field of an atom, molecule, or ion with charg&e, considered stationary, the
angular deflectiod of the particle is given by (Rutherford, 1911),

y 0 Ze?
an— =

2 mv?b
where the impact parametedesignates the perpendicular distance from the charge

Ze to the original trajectory of the incoming electron. The alag deflection of the elec-

(1.1)

1



2 Introduction

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

2¢% (dv>
=-=|—= 1.2
3c3 (dt) (1.2
(see Larmor 1897; for derivation, see Jackson 1962, Sext. 14
Thus, the total power radiated by such a deflected electrdoyisombining above
equations, using the approximatidnw ~ v x tan (#) ~ v x 2 tan (6/2) that results from
the momentum transfer equation for elastic scattering,

3med 31 \me2 c vb b

9,2 2\ 2 7202 2
W (v)dy ~ —2 |Av|2dyz§< ¢ ) ¢ (i) dv, forv<-  (1.3)

whereAvw is the change in electron velocity caused by the collision.

The total rate of encounters between an electron and a voliemsityr; of ions in
the parameter range 6f.b + db (which is a cylindric tube with radiusaround each ion)
is

d
nw2m bdb = n; v 21 ﬁ sin (0) do (1.4)
where thalifferential scattering crosssection do/dS) can be calculated from Eq. (1.4)
and Rutherford’s expression Eq. (1.1),

do, b‘@_zj 2 \* 1 (L.5)
dQ  sinf'dd' 4 \mw?) sin*(0/2) '

The total free-free power;(v, v)dv radiated by a single electron in the frequency
intervalv, ..., v + dv in collisions withn; ions is

Pi(v, v)dv = niwQ, (v, v)dv, (1.6)
where theradiation cross section ..(v, v) is given by

Qr(v,v) = (cm? erg Hz ™) (1.7)

b

3 m2civ?

The integral in the radiation cross section is also caledomb integral In Lambda,
or Gaunt factor g(v, T,) if multiplied with the constant/3/,

bmaz
g, T,) = \/gln A= ?/ % = ? In (bmax). (1.8)

™

bmin bmln

The upper limit of the impact parametgy,... is the mean distance between the ions or the
Debye length in the plasma, while guantum mechanics detesrthe lower limib,,,;,,.

Oster (1961) arrives at
b <2k‘Te)1'5 m

= 1.9
ym Ty Ze2v’ (1.9)

bmin
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where,y = ¢ = 1.781 and C=0.577, Euler’s constant, which is valid as lond as-
20K andv,,,, > 30 GHz.

The total free-free power radiated from a thermal plasmaupérvolume, unit fre-
quency, and unit solid angle is called tN@ume emissivity €, and is obtained by integrat-
ing the total free-free power of a single electron (Eq. 1grdhe thermal distribution

fw),

Ne

&= Pi(v,v)f(v) dv. (1.10)
We insert the Maxwell-Boltzmann distribution of a plasmahwemperaturd’,
2 1/2 m 3/2 va
dv= | — — 2 — dv. 1.11
J(v)dv (7?) (kBT) ! eXp( QkBT) ! (1.11)

Inserting the total free-free powét (v, v) Eq. (1.6) of a single electron into Eq. (1.10)
and integrating over the MaxwelBoltzmann distributiory (v) in the classical free-free
treatment v = 3mo?) yields then

8 27\ 7265 [ m \? hv
Ele/ = g (?) m (kB—T) T Me g(l/, T) exp <—kB—T)dI/ (112)

(v, T) exp <—l)dl/ (ergs™ em™® Hz ' str!).
kT
(1.13)
The observable energy fluk' at Earth can be derived from the emissivity =
de/(dt dV dv dY) according to Eq. (1.12) by the following dimensional redati

NiNe

T1/2

~ 54 x 107372

B de B de B 1 de B dVv
CdtdA d(hv) Cdt (R2dQY) h dv  R2hdAtdQ dv they

dF (1.14)

whereh = 6.63 x 10727 erg s andR is the distance to the source in cgs units. Thus
the observed free-free flux at Earth can be expressed asraeattegral over the source,

1
dez/dvﬂeydu (1.15)

i/le h — _
~ 8.1 x 10_3922/ ;329(1/, T) exp (_k:B—VT) dV dv (erg s™'em 2) . (1.16)
1%

The absorption coefficient, can be computed according to the Kirchhoff law:

€ c? hv
& g 1.17
BT T U 2ms [eXp <kBT> } (1.17)
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Table 1.1: The: factor for different frequencies and temperatures using EG3).

v (GHz) 7. (K

4000 6000 7000 8000 10000
0.4 0.0972 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 0.0484 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

whereB, (T) is the Planck function. Using the Rayleigh-Jeans approtiandB, (1) =
QCL;kBT), we obtain the

CZ

v — Ey . 1.18
T (1.18)

The optical depth is defined as

!
T, = —/ Kydl, (1.19)
0

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

EM Yee /N, \?
= / - d L : (1.20)
cm~Spc 0 cm—3 pc

If we assume that the plasma is macroscopically neutral lagicthe chemical com-
position is given approximately b¥y : Nue @ Nogher ~ 10 : 1 : 1073, then to high
accuracyN; = N.,. In this case the temperature of the plasma is describectasebtron
temperaturé/,. Then using Eqgs. (1.13), (1.18), (1.19), and (1.20), thécaptlepth of
the free-free emission at radio frequencies is

TN\ /v \2/ EM
L, =3.014 x 1072 == T. 1.21
Ty = 301410 <K) <GHZ> <cm—6pc> 9. To), (1.21)
or equivalently,
TN\ /v \-21/ EM
, = 8.2 1072 == T. 1.22
Ty = 8:235 > 10 <K) (GHz> <cm_6pc) a(v, To), (1.22)
with
a = 0.366v¢, T, ' [In(4.995 x 107vgg,) + 1.5In(T,)] ~ 1, (1.23)

(Altenhoff et al. 1960; Mezger & Henderson 1967). Exact ealof the: factor are given
in Table 1.1 for a number of frequencies between 0.4 GHz aftidGHr 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 emitdyrotron radiation in the radio
regime. Supernova remnants are considered as famous saiirttes kind of emission.
Generally, when an electron with the chargend massn moves at a relativistic velocity
v across a magnetic fiel|, it spirals along the direction &. If the electron has a velocity
component parallel to the magnetic field, it will move in aikelith a pitch angle) given
by
tany = U—l, (1.24)
Y|

wherev, andv are the magnitude of the velocity components perpendiemdmparallel
to B.

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

B
aJ_Ze—UJ_, (125)

ym

with v = (1 — 2—2)‘1/2 the Lorentz factor. The total amount of power radiated by the
accelerated charged particle in the laboratory frame isrgby

2 2
P = 3—; 74 ai, (1.26)

Considering the total energy &f = v m 2, the power emitted by a relativistic particle is

P 2¢t0? B?
3m2c3

E 2
< ) =0T VZCUB, (1.27)

mc?

whereug = B?/4x is the energy density deposited in the magnetic field and=
6.65 x 10~2° cm? the Thomson cross section.

In the electron’s rest frame, because the acceleratiorrestéd perpendicular to the
direction of motion, the power pattern of the emission wélthat of a dipole field with
the dipole oriented along the direction of the acceleratibins powerP’ has an angular
distribution given by

dP'(9, p) 1 e,

o) :Eg(al)z (1 —sin* cos’ ).

In the laboratory frame, this becomes

dP(0,¢) 1 €2 1 sin? 19 cos? ¢

rN2 - _
dQ 47w 3 (a)) (1 =3 cosv)? ! Y2(1—f cosd)? |

In the ultrarelativistic case, wheh ~ 1, no radiation is emitted towards = 0, =. For
these directions, we havg = +c andui| = 0, and in the laboratory frame they subtend

the angle

1
tanf = = = & = 2
u” 4 Y
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Hence, the poweP is confined to a cone with the angle providing a strong beaming
effect.
The total emissivity of an electron of Enerdy with v > 1 (given by Westfold
1959; Pacholczyk 1970) is
e3Bsiny v o0
Py, By = V35S0 Y [T ey, (1.28)

2
mc Ve Jujve

K53 is the modified Bessel function of 5/3 order and the criticedjfiency

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

e(v) = /EP(V, E)N(E)dE, (1.29)

whereN (E) dE is the number of electrons per unit volume and per unit salgleamov-
ing in the direction of the observer and whose energies libérangeF andE + dFE.
According to the cosmic ray datad](F) is well described by a power law spectrum,

N(E)dE = AE~°dE, (1.30)
for 1 < E < E, andA is a constant. Substituting (1.28) and (1.30) in (1.29),
e(v) ~ p170/2 — yman, (1.31)

with a,, = 5 (6 — 1). This means that the nonthermal emission can be describad as
power law with an indexy,. If we assume that the synchrotron emission arises from
a region in which the magnetic field is uniform in strength aniéntation (regular) and
which extends for the depth, along the line of sight, the total intensity (provided a dmal
optical depth, Lang 1999) is

V3 el 3¢ 1™ ait —a
I(I/) :a(an)ALug@ [m] Bu7J_ 1% y (132)
where B, | = B, sin¢, and
_ +5/3 3, +1, _ 3a,+5
,) = 20n—1 dn p(2%n T2y p2dn Ty 1.33
a(a) L D) T (1.33)

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

\/é 63 3e o an+1 . —a
1) = e AL [ ] m .
with 3an+1\ T/ 3an+11 +3
o) =t [ TR w35
" T (an+1)f‘(°‘#+4) ' '
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In realistic situations, the magnetic field is a combinatdroth uniform and random
fields. Hence using (1.32) and (1.34), the total observedh@omal intensity in Jy str*
units is given by

I(v) = A (GZI )_a" (0.933 a(crn) Lo B! + 135 b(a,) L, B ) (6.26 x 10°)°"
Z b

(1.36)

Since the acceleration of the gyrating electron has no compigparallel to the mag-
netic field, the instantaneous emission is ellipticallygoized, but as the position angle
of the polarization ellipse is rotating with the electrone time-averaged polarization is
linear. The average radiation of monoenergetic relato/isectrons is also linearly po-
larized provided the magnetic field is homogeneous. Thaldetee given by Westfold
(1959), Ginzburg et al.(1965), and Pacholczyk (1970). Foemasemble of relativistic
electrons with a power law distribution of energies in a ami magnetic field, the de-
gree of linearly polarization is given by

_ 3o, +3
30,45

p (1.37)

However, due to depolarization effects, the observed @egfepolarization is always

lower than the theoretical degree of polarization. Folluyg, we review the thermal/nonthermal
separation methods mostly used so far. Then we propose #lgossparation 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 radelemgths. The spectral
index of the nonthermal emission,() serves as a free parameter and it is assumed to be
constant with location of the radio continuum emission asrte object. The nonther-
mal spectral index (together with the thermal fractifyp) is found either by fitting the
following model to the mean integrated radio spectra (egldsiet al. 1997),

A Loy () (1.38)
S—ul_ th V_1 "‘( - th) V_l ’ .

or by taking the spectral index of the total radio continuumission from regions where
the nonthermal emission is dominant (like outer parts abtet@amm regions of a galaxy)
asa, (e.g. Klein et al. 1982; Berkhuijsen et al. 2003). This methas been used for
both global and local studies. Separation of thermal andh@smal components in global
studies is done to obtain integrated thermal/nonthermald&nsities for an object (e.g.
Klein et al. 1984; Niklas et al. 1997; Dumke et al. 2000). Ie thcal studies the aim
of separation is usually to find the distribution of thermalithermal emission across an
object (eg. Beck & Grave 1982; Tilanus et al. 1988; Bucz#&inl988). 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 coomty taken to indicate the
rate of recent star formation, one may use it as a tracer fthrmal emission, too,
especially at wavelengths that the IR is powered predontiynby Hil regions. Recently,
the Spitzer 24 and 70m observations of M33 have shown that these bands follow lglose
the structure of the ionized gas. Their distributions amy sémilar to the distribution of
the Hx flux (Hinz et al. 2004; Gordon et al. 2004a).

Broadbent et al. (1989) proposed a separation techniquezlltasthe correlation of
radio continuum with 6@xm IR emission. The problem with this technique is that it uses
the radio-IR correlation to estimate the thermal emissi@n, it neglects probable role
of the nonthermal emission in the radio-IR correlation. dwer, it is possible that star
forming regions as important energy sources of IR emissiom &so strong nonthermal
emission (See Chapter 4) or be influenced by the magnetic flieisl also possible that
the IR emission be stimulated by the nonthermal procesgesg.super massive black
holes in center of galaxies. Therefore, this method may balysed at places where the
radio emission is most probably thermal (like HIl regions).

Hydrogen recombination lines

The thermal free-free emission of electrons emerges froohgpionized gas surrounding

hot stars like HII regions or diffuse ionized medium. As farthere is a balance between
heating (ionization) and cooling (recombination) meckars in these regions, Hydrogen
recombination lines are good tracers for the free-free €ionis Hydrogen lines have a
coverage from the optical wavelengths: Balmer series, éadlio wavelengths: Radio

Recombination Lines (RRLS).

To get images in the optical (Balmer) and near-infrared ¢Rais and Brackett) lines,
observations can be made with an optical telescope equippe@n optical and/or near-
infrared CCD camera. Investigating objects in these wangthes, one needs to be con-
scious about extinction from both the foreground galaxy #edinterior of the external
galaxies, caused by the dust grains.

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

Among the hydrogen lines, the strength of the khe is high enough to map both
diffuse and compact structures. Therefore, regardingegtissible detecting power of
the existing telescopes, thextemission can be used as the only accessible thermal tem-
plate for external galaxies. To correct the observedfldx density it is necessary to
know about emitting and absorbing mechanisms of dust gragsdevelop a separation
method based on the de-extincted fthis 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 equilibriurmmgeeraturel; which is
determined by the condition that it absorbs energy per skasmmuch as it emits. Ac-
cording to Kirchhoff, in local thermodynamic equilibriuaT(E) the ratio of the emission
coefficient €,) to the absorption coefficient() is only a function of temperature and
frequency. Although the interstellar space may not be @alias an LTE environment, a
grain heated in this medium (say by a photon) distributeg xagpidly the excess energy
among its many energy levels. The resulting distributioerérgy states and hence the
grain emission depends only on the dust temperatiyras in LTE e, = x, B, (1y).

As the main source of attenuation, dust grains have beensxédy studied theoret-
ically and experimentally. So far, significant knowledgeuatithe chemical composition
of the dust grains, their sizes and size distribution in titerstellar medium have been
obtained. Mathis et al. (1977) showed that a pure (unmixedjposition of silicate and
amorphous carbon grains with sizes between 0.02 anan®.&nd a power law size distri-
bution (as explained by Biermann & Harwit 1980) fits obsdoral data on interstellar
extinction (this kind of grains is known as MRN that stands ftathis, Rumpl, and
Nordsieck 1977). These grains attain a constant temperatany radiation field. The
absorption coefficient is given by, o v® with 1 < 3 < 2. The relevant range of emis-
sion (and absorption) of these grainais> 10 um. The big grains are mostly responsible
for the extinction as most of the solid matter of the intdlatamedium resides in these
grains.

Besides the big grains, a more realistic dust model incladies very small grains
(vsg) with sizes smaller than 0.@¢dn, and polycyclic aromatic hydrocarbon (PAH) grains.
The temperature of these grains fluctuates violently, soheontal equilibrium condi-
tion can be used. The so called ‘standard’ dust is based othtee dust components,
MRN+vsg+PAH (that is also considered in this work). The ltetdinction coefficient of
the standard dust as a function of wavelength is shown inlFig(which is more or less
identical to that of the MRN, except at far UV wavelengths,ugel 2003). As the vsg
and PAH grains have small contribution in far-IR regimex 40 xm), the dust emission
and absorption can be treated using the Kirchhoff law (iT&e Rssumption).

1.5 Ma33, an ideal laboratory

M33, the Triangulum galaxyl (= 133°.6 andb = —31°.3) is the third brightest Local
Group galaxy with an integrated luminosity 8/, = —18.9. It is a late type spiral,
Scd, with two open spiral arms (and 8 fianter arms) and no eedence of any bulge
component (Bothun & Rogers 1992; Minniti et al. 1993; McLe&arLiu 1996). The
mass to light ratio of its nucleus is small{(/ . < 0.4), ruling out the presence of a
supermassive black hole (Kormendy & McClure 1993; Lauerl.e1298). Like many
nearby spiral galaxies, M33 shows a large-scale warp iruitsrdd | disk. The inclination
of the arms and of the optical disk to the plane of the sky outward from=40Q°
near the center ta-70° at a radius ot~ 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 (McConrechi
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Figure 1.1: Total extinction coefficient (MRN+vsg+PAH) akiaction of wavelength for
the dust model of diffuse medium (see Krigel 2003).

Table 1.2: Positional data on M33.
Nucleus position (J2000) RA ¥ 33m51.0° 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=4pc) 840 kpc Freedman et al. (1991)
Optical extent 60" x 35’

et al. 2006). M33 has been forming stars continuously fortrabgs lifetime with a rate
of ~ 0.5 Mg /yr, with the stellar populations older than 8-10 Gyr in its cantegions,
about 5-7 Gyr in the outer regions, and less than 3-5 Gyr irsi@l arms (Li et al.
2004).

Because of its proximity, favorite inclination and appdreize (not so large as M31
and not so small as other nearby galaxies), M33 is an ideabpegmlaxy to study astro-
physical properties globally and locally. Table 1.2 sumiaes the positional character-
istics of M33. Fig. 1.2 shows total flux densities of M33 atfeliént wavelengths from
archives, and Fig. 1.3 new IR and radio integrated fluxes manrecent observations.

Different components that contribute to the gravitatigmatiential of this galaxy are:
(a) Sellar disk

A thin disk is the main stellar component since the centrdddis very small and
can be completely neglected. For the stellar disk there exaonential scale-length of
Ry ~ 1.4 + 0.2 kpc (Regan & Vogel 1994), as measured in the K-band. M33 is an
extremely blue galaxy havingB — V)% = 0.46 (de Vaucouleurs et al. 1991). The total
blue luminosity in units of blue solar luminosity 6 = 4.2 x 10° L., (Sandage &
Tammann 1981). The total stellar mass estimated fsx 10° M.

(b) Atomic gas

Most of the gaseous mass in M33 is in the form of neutral atdmdrogen. The
results of the detailed survey of the outer disk and of thediking model fitted to the
21-cm line data have shown a radial extent of the 116 kpc, which is more than 13
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Figure 1.2: Integrated flux densities of M33 from archivethda
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Figure 1.3: Integrated flux densities of M33 from new obskove in radio and IR.
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times the exponential scale-length of the stellar disk. diner 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 kejbcity wings. The total
HI mass is estimated to be %x80° M, (Corbelli & Schneider 1997).

(c) Warmionized gas

If the background ionizing radiation accounts for the shdirfall off seen in the outer
disk around3 x 10! cm=2 (Corbelli & Salpeter 1993), a similar amount of ionized gas
is expected to lie above and below the whole HI disk sinceithexposed to the same
background radiation field. Taking a column density of iedigyas equal t8 x 10
cm2 (our=0.26 M., pc2) throughout the HI disk, Corbelli & Salucci (2000) obtained
an HIl mass of 1.910% 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. Mapsefiffuse CO com-
ponent and interferometric studies show that molecules@tra dominant component of
the global gas mass fraction, although individual largeguolar complexes with masses
of order10°~% M., are prominent in the nuclear region (e.g. Young & Scovill@2)9
Within the first kiloparsec the derived;Htolumn density is radially constant and of the
same order of the HI column density, but at larger radii ipdroapidly. At 2.5 kpc the H
mass i$ x 10" M, about half of the HI mass.

Thus, the HI disk accounts for a substantial fraction of titaltbaryonic mass, and
the gas total mass{(3 x 10° M, including helium, molecular hydrogen, atomic neutral
and ionized hydrogen) is of the same order of the stellar mBss 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 mak$>05 x 10'° M.
The observed rotation curve shows thdtR) increases by~ 20 km s~! across the region
3 kpc < R < 8 kpc and by~ 10 km s™! from 8 to 16 kpc. This indicates that the M33
mass distribution is largely dominated by a non-luminousgonent down td? ~ 3 kpc.
Results of the best fit to the mass distribution also showttieadark halo controls the
gravitational potential from 3 kpc outward, with a mattensligy which decreases radially
asR~!3 (Corbelli & Salucci 2000). No obvious correlation has beeuarfd between the
radial distribution of dark matter and the distribution tdrs or gas.

In M33, the predicted supernova rate is one per 140-250 geineral agreement with
the absence of historical supernovae (Duric et al. 1995)s3dellite has been found for
M33, probably due to the strong gravitational force of itgyhbor, 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 thamdaaronthermal compo-
nents of the radio continuum emission from M33. This mettsochipable of producing a
map for the nonthermal spectral index, hence, makes it jplestsi study different phases
of propagation of cosmic ray electrons through the galaxy.

The resulting thermal and nonthermal distributions helfous better understanding
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Figure 1.4: M33 rotation curve (points) compared with thetbi model by Corbelli &
Salucci (2000)(solid line). Also shown are the halo conttitn (dashed-dotted line), the
stellar disk (short dashed line) and the gas contributiongidashed line).

of the origin of the radio—IR correlation in M33. Furtherrapthe nonthermal spectral
index map provide a more precise measurement of the madiedistrength across this
galaxy.

The thesis is organized as follows:

In Chapter 2, new radio continuum survey of M33 at 3.6 cm (&Bf&), 6.2cm

(4.85GHz), and 20cm (1.42 GHz) is presented. Using these dat investigate
distributions of the total power and polarized intensifyeatral index, and radial
scale lengths. Chapter 2 was published\stronomy & Astrophysics (Tabatabaei
et al. 2007c).

Chapter 3 presents a thorough analysis of IR emission frorf8 MRl its correla-
tion with radio emission considering different spatiallssaof emission. We take
wavelet transform of the Spitzer IR maps at 24, 70, and 168 and study their
wavelet spectra and cross-correlations with maps of the 12& and 20cm and
also Hv. This Chapter was published stronomy & Astrophysics (Tabatabaei
et al. 2007a).

Chapter 4 describes the new thermal/nonthermal separagtimod, where the stan-
dard method is also used and the results from the two methedapared. This
Chapter was published istronomy & Astrophysics (Tabatabaei et al. 2007hb).

Chapter 5 gives a high-resolution Faraday rotation measae of M33. Distri-
butions of the nonthermal degree of polarization, Faradgpothrization, and tur-
bulent magnetic field strength are also presented. Furthrernmegular and total
magnetic field strengths are determined in rings in the galpane.

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 kfgc14 pc, Freedman et al. 1991),
M33 (NGC 598) has been extensively studied at radio wavétsngerzian & Pankonin
(1972) detected some diffuse emission at 318 and 606 MHzZywsigular resolutions
of 17 and 10, respectively. Israel & van der Kruit (1974) observed M33.415 MHz
with the Synthesis telescope in Westerbork (WSRT). Howetey did not find any ex-
tended spiral arm emission. This emission was first revelayedbservations with the
100—m Effelsberg dish at 6.2cm (von Kap-Herr et al. 1978) wws extensively stud-
ied by Berkhuijsen (1983). Radio polarization observatiohM33 were first made by
Beck (1979) at 21.1cm and 11.1cm. Buczilowski & Beck (198@3earved this galaxy
at 17.4cm, 6.3cm, and 2.8 cm. They detected polarizatiorilynoshe northern half of
M33 and proposed a bisymmetric magnetic field structure.nex¢interferometer obser-
vations (Duric et al. 1993; Viallefond et al. 1986a; Gordomale 1999) were carried out
in total intensity to study point sources like HIl regionglasupernova remnants (SNRS)
within M33.

Generally, single-dish observations should be carriedmstudy the extended radio
emission. So far, single—dish observations have beergihtiy sensitivity because M33
is relatively weak in radio emission, especially in poladzmission (with an integrated
flux density of~ 83 mJy at 6.2cm, Buczilowski & Beck 1991), and because of MI33’
large extent in the sky.

This paper is the first in a series providing a detailed ingasibn of the radio con-
tinuum emission of M33. We describe new observations ofdldercontinuum emission
at 3.6cm, 6.2cm, and 20 cm with much improved detection $imfttotal and polarized
intensity and with higher spatial resolutions. These dibaa much more detailed study
of polarization and the magnetic field within M33 than wasgpole before. We discuss
the distribution and degree of linear polarization, inéggd flux densities and distribution
of the total spectral index (obtained from total intensitsé the radio continuum emission
including both thermal and nonthermal emission). We alsopare the radial, exponen-
tial scale lengths of the radio emission at different wawgths.

The observations and data reduction are described in S@ct.Results, including
distributions of total intensity and polarization, intaged flux densities, and total spectral
index distribution, are discussed in Sect. 2.3. Discusaimh concluding remarks are
presented in Sect. 2.4.

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

A (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
Ty/S, (KIJy) 262 24

2.2 Observations and data reduction

We performed both single-dish and interferometer obsemat The single-dish observa-
tions at 3.6 cm and 6.2 cm were made with the 100-m Effelsisegtop& The interfer-
ometer observations at 20 cm were carried out with the Vergé array (VLA?).

2.2.1 Effelsberg single-dish observations

We observed M33 at 3.6 cm during several periods from Augd@%20 March 2006 with
the broadband system (bandwidtti 100 MHz) centered at 8350 MHz. The receiver is a
dual-channel correlation radiometer with cooled HEMT afigsk and a cooled polariza-
tion transducer located in the secondary focus of the 108lesd¢ope. The system is set
up for receiving left hand circular (LHC) and right hand citar (RHC) polarization. M33
was scanned along RA and DEC with a scanning velocity 8ftif on a grid of 30. The
scanned area of 4@ 50 was centered on the nucleus of the galaxy. The total obgervin
time was about 100 hours. We obtained 56 coverages with ealygensitivity per scan of
2mJy/beam area in total intensity and 0.4 mJy/beam aredamipation. The half power
beam width (HPBW) at 3.6 cm 3.6” which corresponds to a linear resolution of about
335pc.

The sources 3C 48, 3C 286, and 3C 138 were used for pointindoanding during
the observations. Calibration of the flux density and paktron angle was achieved by
observing 3C 286. We used the flux density scale given by Bais (1977).

The data reduction was performed in the NOD2 data reducyistesn (Haslam 1974).
In order to remove the scanning effects due to ground radiatveather condition, and
receiver instabilities, we applied the scanning removagpam, Presse, of Sofue & Reich
(1979). The r.m.s. noise after combination of the coverdBeserson & Graeve 1988)
is ~ 220pJy/beam in Stokes | (total intensity) map and’0pJy/beam in Stokes U and
Q (polarization) maps. The final maps in U and Q were combingaréduce maps in
polarized intensity and in polarization angle, correctioigthe positive bias in polarized
intensity due to noise (Killeen et al. 1986). Figures. 2.d 2r2 show the resulting maps of
the total and polarized intensities, respectively, smedt an angular resolution of 120

1The 100-m telescope at Effelsberg is operated by the MaxeRimstitut fiir Radioastronomie
(MPIfR) on behalf on the Max—Planck—Gesellschaft.

2The VLA is a facility of the National Radio Astronomy Obsetagy. The NRAO is operated by Asso-
ciated Universities, Inc., under contract with the Natiddeence Foundation.
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Figure 2.1: Total intensity emission from M33 at 3.6 cm obledrwith the Effelsberg
telescope, with apparent B-vectors (E-vectors rotatedbyd polarized intensity super-
imposed. The HPBW is 12(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 rm.isen®0.14 mJy/beam in
total intensity and 0.04 mJy/beam in linear polarizatioime Wectors were plotted start-
ing from 0.1 mJy/beam (2&). A vector length of 1represents a polarized intensity of
0.5mJy/beam. The FITS data of the 3.6 cm total intensity aslable at the CDS.

Observations at 6.2 cm were carried out in the summer of 188®uhe 48350 MHz
HEMT receiver installed in the secondary focus of the 100-+fel&berg telescope. This
is a 4-channel, 2-beam system with cooled HEMT pre-amgifisee Table 2.1 for more
information about this receiver). M33 was scanned alongagr axis and perpendicular
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Figure 2.2: Linearly polarized emission (contours and ggegle) and degree of po-
larization (vector lengths) from M33 at 3.6 cm observed wiith Effelsberg telescope,
smoothed to an angular resolution of 12@Bhe beam area is shown in the left-hand
corner). Position angles of the vectors show the oriematibthe apparent magnetic
field component perpendicular to the line of sight. Contawels are 0.1, 0.2, 0.3,
0.4mJy/beam. The r.m.s. noise is 0.04 mJy/beam. A vectgtheof 1 represents a
degree of polarization of 12%.
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Figure 2.3: A sketch of the optical arms (Sandage & Humphi&@g0) overlayed on the
total (left panel) and linearly polarized (right panel)ansities at 3.6 cm (cover illustra-
tion, Astronomy & Astrophysics, Vol. 472). Grey scales aondtour levels are the same
asin Figs. 2.1 and 2.2.

to it on a grid of 1 with a scanning velocity of 90nin. The field size is 100< 80. The
number of useful coverages is 12 for Stokes | maps and 14 &r @ahe U and Q maps.
The 6.2 cm data reduction was performed similar to that atr®.6The r.m.s. noise after
combination is~ 700uJy/beam in Stokes | (total intensity) map akd.80uJy/beam in
Stokes U and Q (polarization) maps. The final maps of total@oidrized 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 centerd®@6 and 1465
MHz with dual circular polarization in the continuum modetbé VLA D-array. The
observation dates were 06-11-05, 07-11-05, 08-11-05,113@5] and 06-01-06. To cover
the central30’ x 45’ with equal sensitivity, we made a mosaic with 12 pointingghwi
a spacing of half the primary beam widthy’, (3 pointings along RA and 4 pointings
along DEC). The coordinates of the 12 pointings are listethinle 2.2 The observations
were made in cycles with 6 min on each pointing of the mosaikis ®bserving cycle
was repeated 17 times. At the beginning and end of each 4;oyel observed 3C 138
and 3C 48 as the primary flux density calibrators. The antgramas and phases were
calibrated every 43 min with the phase calibrator 0029 + 34@ source 3C 138 was also
used for polarization calibration.

The standard procedures of the Astronomical Image ProggSsistem (AIPS) were
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Figure 2.4: Apparent B-vectors (E-vectors rotated b$) @® 3.6 cm superimposed on an
optical image (B-band, taken from the STScl Digitized Skyv@y) of M33. A vector
length of 1 represents a polarized intensity of 0.3 mJy/beam. The x&etere plotted
starting from 1.%.
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Figure 2.5: Total intensity emission from M33 at 6.2 cm olisdrwith the Effelsberg
telescope, with an angular resolution of 1&the beam area is shown in the left—hand
corner). Apparent B-vectors of the polarized intensityv@ietors rotated by 90 are
superimposed. Contour levels are 2.2, 4.4, 6.6, 8.8, 18.8, 35.2, 70.4 mJy/beam. The
r.m.s. noise is 0.56 mJy/beam in total intensity and 0.12be&m in polarization. The
vectors were plotted starting from 2:5 A vector length of 1.5represents a polarized
intensity of 1 mJy/beam.
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Figure 2.6: Linearly polarized emission (contours and g@jle) and degree of polariza-
tion (vector lengths) from M33 at 6.2 cm observed with theeEstherg 100—m dish, with

an angular resolution of 18(the beam area is shown in the left-hand corner). Position
angles of the vectors show the orientation of the magnetit ¢d@mponent perpendicular

to the line of sight. Contour levels are 0.3, 0.6, 0.9, 1.2,n2)Jy/beam area. The r.m.s.
noise is 0.12 mJy/beam. A vector length of’Ir&presents a degree of polarization of
11.7%.
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Table 2.2: Central positions of the 12 fields observed witA\4tL 20 cm.

Pointing RA () DEC (9) rm.s.() r.m.s.(U,Q) HPBW
# "™ ¢ " ") (wylbeam) fJy/beam) (x”)

1 013501.26 +3016 45.00 26 23 5k 749.5
2 013351.79 +301645.00 23 20 5x26.1
3 013242.31 +301645.00 27 18 5xe3.4
4 013501.26 +303145.00 26 21 4&144.0
5 013351.60 +303145.00 28 20 4%85.4
6 013241.96 +303145.00 32 19 5k42.2
7 013501.26 +3046 45.00 26 21 5k@6.1
8 013351.41 +304645.00 34 21 4%22.4
9 013241.58 +304645.00 23 19 5k44.0
10 013501.26 +310145.00 36 23 48.85.2
11 013351.21 +310145.00 24 21 5%#3.3
12 013241.21 +310145.00 21 19 48.@4.0

used to reduce the data. The data from each day were catllsaparately to ensure
that there were no day—to day amplitude discrepancies. Ti®nwere split into 12
single—source visibility data sets corresponding to tiffei@int pointings. After flagging,
we combined the source visibility data from different dayshe same source. We self—
calibrated the combined visibility data in both phase angléaode& phase. Final images
were made with IMAGR parameter Robust=0. The r.m.s. noig#éff#rent pointings in
both total intensity (I) and polarization (U and Q) are lésta Table 2.2. We convolved
all the single images to the largest clean beam of’5ih4oth RA and DEC, the in-
dividual images were reprojected on a single grid centetdifa= 01" 33™ 51.4F 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 @ignbeam attenuation.
There is a considerable lack of flux density in the VLA maps:ititegrated 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). Th sunprising because of the
missing short spacings in the forms of severe attenuaticangfilar scales larger than
~ 13’ (corresponding to the shortest spacing~o40 m) and the negative bowl artifact
around strong sources. To correct for the missing spaciegsambined the VLA map
with the Effelsberg single-dish 20 cm map (Fletcher 200th&uv plane. To avoid dis-
tortions in the combined total intensity (I) map due to sgy@ources, we first subtracted
these sources from the VLA map. The sources were identifitler:ffelsberg map by
comparing with the VLA map smoothed to the Effelsberg resotu Then they were
also subtracted from the Effelsberg map. The residual VLA Bffelsberg maps were
combined using the task ‘IMERG’ with a maximum spacing of3& R\ for the Effels-
berg map and a minimum spacing of 0.120fkr the VLA map in total intensity. The
corresponding maximum and minimum spacing adopted in galéon (U and Q) are
0.171k\ and 0.150 ki, respectively. These maximum and minimum spacing values we
chosen so that the integrated flux densities of the merged Imegame equal to those of
the Effelsberg maps. After combination, the VLA point seagavere added again. The
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Figure 2.7: The combined VLA + Effelsberg map of the totakmgity emission from
M33 at 20 cm, with apparent B-vectors of polarized intenfiiyvectors rotated by 99
superimposed. The HPBW is5{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.& d@y/beam. The r.m.s. noise
is 0.07 mJy/beam in total intensity and 0.025 mJy/beam ianmtion. The vectors were
plotted starting from 1.6. 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 linegrtjarized emission (con-
tours and grey scale) and degree of polarization (vectgtlex) from M33 at 20cm. The
HPBW is 51’ (the beam area is shown in the left—-hand corner). Contoeidere 0.07,
0.14,0.21,0.28,0.42, 0.56, 0.84 mJy/beam. The r.m.sem®&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 HIl regions at 3.6 cm.
Object RA () DEC (9) Flux density
" e (mJy)
NGC604 134329 304719.6 53:0.4
NGC595 133324 304150.0 2G6£0.7
IC133 13315.3 305319.7 9#40.5
B690 13406.5 304740.0 5:30.3
B61/62 13344.8 304450.0 4490.5
IC132 13317.1 305651.8 4i0.2
IC131 133125 3045215 4+#0.3
NGC588 13244.7 303920.6 450.3
IC142 13356.7 304551.8 440.2
B691 134154 305221.8 440.5
NGC592 13312.6 303851.3 4#0.3

r.m.s. noise in the combined maps ar@0pJy/beam area in Stokes | ard25 1 Jy/beam
area in Stokes U and Q. The resulting total and polarizechgitte 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~ob more sensitive than the 2.8 cm
map of Buczilowski & Beck (1987). The map at 3.6 cm with thegoral angular resolu-
tion of 84" was presented by Tabatabaei et al. (2007a). Even after kingadb 120, the
total intensity map (Figs. 2.1 and 2.3) shows that not ondythe two main optical arms
I S® and I N pronounced, but also the northern arms IIN, Il N, IVAdd V N are (at least
partly) visible at 3.6 cm. The total intensity of the exted@enission is about 4 mJy/beam
in the arm I N which increases to 8 mJy/beam in parts of the &nThe intensity is lower
than 3 mJy/beam in the other arms. The estimated peak fluxtidsnsf 11 brightest HIl
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 &faaf two with respect
to the previous observations by Buczilowski & Beck (1987heThorthern arms and | S
plus parts of the southern arms Il S and Il S are visible instheond contour in Fig. 2.5.

With a linear resolution 0f~200 pc (51.4) and a sensitivity of 7QJy/beam, a large
number of point sources are revealed in the total intensap it 20cm (Fig. 2.7). A
list of the flux densities of the radio point sources at 20 cnT”atesolution was pre-
sented by Gordon et al. (1999)The contour levels shown in Fig. 2.7 starts at the 4

3We refer to the arm notation of Humphreys & Sandage (1980)td NN for the northern and IS to
V S for the southern arms.

4They observed M33 with the VLA and WSRT at 1.4 GHz and measthedlux density of point
sources, but missed the extended emission.
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level. The strongest extended emission is found in the arnwitl$ total intensities of
> 3.6 mJy/beam, followed by parts of the arm IN and the extervgediral region of the
galaxy. At 20 cm, the extended emission is detected up tetaeglii 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 grejesand with contours.
A sketch of the optical spiral arms by Sandage & Humphrey8@1%uperimposed on
the polarized emission is shown in Fig. 2.3. Strong polarizgensities (more than
0.4 mJy/beam) are found in between and parts of the northetinab arms IV N and
IN (see Fig. 2.3) and also in central regions of the galaxyseims that the polarized
emission, as a whole, obeys a spiral pattern structure. Nghehis structure mimics
the optical arm structure or not can be seen in Fig. 2.3, waesleetch of optical arms
(Sandage & Humphreys 1980) is superimposed on the polaintedsity map. The po-
larized emission is found partly in the optical arms andlpart between the arms. In
the other words, there is no clear correlation between thieal@rms and polarization
arm-like structure. The vectors in Fig. 2.1 (and also 2.2wskhe intrinsic orientation
of the ordered magnetic field in the plane of the skyﬁéFB?negL), as Faraday rotation is
not significant at 3.6 cm. A comparison between the orieoradif the ordered magnetic
field and optical structure is shown in Fig. 2.4. Again, itees that the ordered magnetic
field traces out some sort of spiral structure that does niotcite closely with the op-
tical spiral arms, although there is a general similarityhi@ orientations. The strongest
arm-like filament of the magnetic field exists in between thehern optical arms IV N
and V N, but also covers parts of these two arms. Generallgine regions the ordered
magnetic field aligns parts of the optical arms (like partshaf arms IN and V N), is
driven to the optical interarms, or locally distorted inesriation. The last is mostly seen
in the southern part of the galaxy.

The vector lengths in Fig. 2.2 represent the degree of @alaon, P. Apart from the
northern arm IV N, P is high not only where the polarized istgnis strong: the southern
optical arms |S and 1l S also show high P (greater tha%)20The highest degree of
polarization,~ 40%, is found near NGC604 at RA=0B4" 49.67 and DEC=+3047
19.49 (Fig. 2.3). However, it is less tharybwithin the giant HIl regions (e.g. NGC604
and NGC595). This, along with a weaker ordered magnetic(aid low P) in the central
southern arm (IS, the strongest arm in radio, IR, and opkiaals), indicates that high
star-forming activity locally disturbs the regular magodield and causes the patchy
distribution of the degree of polarization within the arms.

At the angular resolution of 180 arcsec at 6.2cm, the magret-like filaments
are smoother and not very distinguishable (Fig. 2.6). Thenst polarized emission
(> 1.2 mJy/beam) again occurs in parts of the arms IV N and I N, bubmirast to the
3.6 cm polarized emission, not in the central regions of thexy (Fig. 2.5). The high
P at 6.2cm £ 20%) has almost the same distribution as at 3.6 cm. In the arm &\,
maximum P is about 38, similar to that at 3.6 cm.

Figure 2.7 shows, at a linear resolution~eR00 pc, how the apparent magnetic field
vectors (E+90) at 20 cm are distributed in the plane of the sky. At this wemgth, the
vectors are strongly Faraday-rotated and therefore nehtad along the optical arms.
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Table 2.4: Integrated flux densities fAr< 8.5 kpc.

) HPBW S Sp; P S,;(180) P(180)
(cm) (arcset) (mJy) mly) % (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 89t4 6.9+0.8
20 (combined) 51 276863 16725 6.0+0.9 123+3 4.44+0.1

The polarized signal is strongest in the northern part ofgdlexy, where the ordering
in a spiral-like pattern is very clear (Fig. 2.8), while tlaek of polarized emission in the
southern part suggests stronger Faraday depolarizatiba southern than in the northern
part of M33 (see Sect. 2.3.6). In the northern arms, the @egfrpolarization P is greater
than 204, with a maximum of 30, on the arm IV N and also in a region close to NGC604
in IN.

2.3.3 Integrated flux densities

After subtraction of the background sources (14 sourceswR0 cm peak flux densities
were>5mJy), we integrated the flux densities in rings in the plarbe galaxy around
the center out to a radius of 8.5 kpc (beyond the area showigs E.1 to 2.8, see Table
1.1). The integrated flux density in total intensity;, &nd in linear polarization, §, at
different wavelengths are given in Table 2.4. The corredpanabsolute total flux density
errors were obtained considering the systematic erroraltletbaselevel uncertainty.

The average degree of polarizatidt) (which is the ratio of the integrated flux density
in polarized intensity and the integrated flux density iratdntensity, is obtained at dif-
ferent wavelengths (Table 2.4). For a consistent comp@arigse also obtained the average
degree of polarization after smoothing the 3.6 cm and 20 cqpsnathe beam width of
180, P(180"). At 3.6cm and 20 cmpP(180") is lower thanP due to beam depolariza-
tion, while P(180") is almost the same at 3.6 cm and 6.2 cm, indicating negégjtibal
Faraday depolarization between these two wavelengths.

The integrated total flux densities in total intensity ob&al by Buczilowski (1988) of
1100+ 167 mJy at 6.3cm and 2999440 mJy at 20 cm out to a radius of 12 kpc agree
with our values of 1308- 140 mJy at 6.3cm and 316488 mJy at 20 cm within the er-
rors. Our obtained value at 6.2cm is even closer to the onairaat by Berkhuijsen
(1983) (130Gt 200 mJy). The integrated total flux density in total intepsdund by
Buczilowski (1988) at 2.8 cm is significantly lower than wiaa found at 3.6 cm because
the galaxy size is much larger than the maximum spacing & #em multibeam system
(Emerson et al. 1979).

2.3.4 Distribution of total spectral index

Because of their wide frequency range, the total interssaie20 cm and 3.6 cm lead to
a reliable spectral index map. After smoothing to the angusolution of 90, the total
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Figure 2.9:Left: total spectral index map of M33 as determined between thentawee-
lengths 3.6 and 20cm. The angular resolution i%. 9or the total intensity maps g3
level was considered to obtain this spectral index nRight: histogram of the spectral
index distribution determined from total intensities.

intensity maps at 20cm and 3.6 cm were restricted to a commzenasd interpolated
onto the same grid. The spectral index] ~ »~%), was only computed for pixels with a
flux density of at least three times the r.m.s. naeis# both frequencies. In the resulting
spectral index map (Fig. 2.9), the spiral arms and stardfogmegions are very visible
as flat spectrum regions. Steeper spectra occur in the agiens and in between arms.
The right panel in Fig. 2.9 shows that the total spectrabirities a mean value of 0.7. The
error in the total spectral index varies from 0.01 in the-fdaming regions to 0.23 in the
outer parts.

The HIl complexes IC 133, NGC 604, and NGC 595 have spectdit@s< 0.1 and
even negative values, indicating optically thick condigon these HIl regions. Johnson
et al. (2001) found several optically thick HIl regions (atr6 and 20 cm) with the two
brightest ones in IC 133.

The most inverted spectrum is due to a source at RA'=3X" 42.06+0.14 and
DEC=+30 54 24.8+1.8’, which has a spectral index 6f0.6+0.1 (ks 6., = 3.64+0.2
and bg.,, = 1.24+0.07). This source, which does not exist in the cataloguesaib
sources and Hll regions of M33 (e.g. in Gordon et al. 1999)¢be a variable radio
source or a giant optically thick HII region behind a high centration of dust. However,
the latter possibility is unlikely, since no IR emission lsserved from that region.

We obtained the radial distribution of the spectral indexsing the integrated total
flux densities calculated in rings with a width of 0.5 kpc ie talactic plane. Figure 2.10
presents the radial profile of the spectral index obtainechfpairs of the integrated flux
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Figure 2.10: Total spectral index averaged in rings of 0GWth in the galactic plane
versus the radial distance from the center of M33. For trad totensity maps, one level
was considered before integration.

densities at 3.6 cm, 6.2 cm, and 20 cm consideringoolegel. There is a general increase
in o from the center to a radius of about 7 kpc in all three profilBsczilowski (1988)
explained this increase as a general decrease in the thigactedn with radius. However,
with our high-resolution study, we detect structures nensey Buczilowski (1988): a
prominant bump aroun® =3 kpc and a steeper increasedrbeyondR =4kpc. This
indicates that the thermal fraction decreases faster inme@tR > 4 kpc than at smaller
radii. The bump is located in the rilgp < R < 3 kpc dominated by interarm regions that
are expected to be weak in thermal emission.

Assuming that the radial increase of the spectral indexlzee to a decrease in the
thermal fraction, and considering that the thermal emissantributes more to the radio
continuum emission at shorter wavelengths, one expects wawiations (or faster radial
increase) of the spectral index obtained at short wavehsngthis is indeed visible in
Fig. 2.10: «(3.6,6.2) increases faster than(6.2,20) and«(3.6,20) at R >4kpc. Itis
also seen that the longer the wavelengths, the smaller gatrapindex (or flatter energy
spectrum at longer wavelengths). This is surprising bexans expects that the spectrum
of the radio continuum emission becomes steeper at longezlaeragths due to the syn-
chrotron emission. This could hint at the nonthermal entygges at longer wavelengths.
The reason may be the same as for the significant flattenirfgeohtegrated spectrum of
M33 at frequencies lower than 900 MHz : free-free absorpbidhe nonthermal emission
by a cool & 1000 K) ionized gas (Israel et al. 1992). The presence of pieally thick
HIl regions (Johnson et al. 2001) could also enhance thisitre

Away from star-forming regions and in the outer parts of takagy, the thermal frac-
tion is negligible and the observed spectral indesan be taken as the nonthermal spectral
index, «,,. From Fig. 2.9, we obtain,, ~ 1.0 + 0.1, which is equal to what is found in
M31 by Berkhuijsen et al. (2003). Assuming that the nonttarspectral index is con-
stant across M33, we find average thermal fraction8.& + 0.15, 0.46 + 0.12, and
0.18 +£ 0.06 at 3.6cm, 6.2cm, and 20 cm, respectively (following the radthy Klein
et al. 1984). How these values change if the nonthermal ipéctiex 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 Effelsbarg/eys R < 50').

A(cm) v (MHz) S(mJy) Ref.

35.6 842 537741217 Buczilowski (1988)

21.1 1420 2996440  Buczilowski (1988)
20(21) 1425 2768& 63 Tabatabaei et al. (2007c¢)
17.4 1720 2714 254  Buczilowski (1988)

11.1 2702 1683168 Buczilowski (1988)

6.3 4750 1106167  Buczilowski (1988)

6.2 4850 130@-135 Tabatabaei et al. (2007c)
3.6 8350 77% 66 Tabatabaei et al. (2007c¢)
2.8 10700 482 150 Buczilowski (1988)
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Figure 2.11: Radio spectrum of the integrated emission 88 using the data listed in
Table 2.5.

2.3.5 Integrated radio continuum spectrum

The integrated flux densities fat < 50 (12 kpc) from Effelsberg surveys at 35.6, 21.1,
17.4,11.1, 6.3, and 2.8 cm were presented by Buczilowsl@&L9They obtained a spec-
trum with a spectral index of 0.9 0.13, steeper than found in many other spiral galaxies.

We rederived the integrated spectrum of M33 using three rdata points from the
new surveys. We calculated the integrated flux densitieg®B.6, 6.2, and 20 cm maps
for the same area dk <50. The 3.6 cm and 2.8 cm maps were integrated ufi to44
andR =22.5, respectively, providing a lower limit to the total flux déiysHowever, ex-
trapolated values up tB8 =50 show that the missing flux densities are within errors. Our
values, together with those of Buczilowski (1988) (see &dbhb), lead to an integrated
spectrum (Fig. 2.11) with a spectral index of 04#.04, which agrees with the mean
spectral index obtained in Sect. 2.3.4 even though usinffexeit method.

2.3.6 Exponential scale lengths

Figure 2.12 shows the radial distributions of the total oaahd IR (Spitzer 24, 70, and
160um) intensities in M33 with galactocentric radius. Therels@ak in the profiles near
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Table 2.6: Exponential scale lengths.
A lr<aipe (KPC)  IR>axpe (KPC)
20cm  5.44+0.27 2.74:0.10
6.2cm 3.73:0.21 2.35+0.14
3.6cm 3.48:0.53 1.29-0.03
24m  2.07+0.23 1.35-0.09
70um  2.04+0.19 1.85+0.16
160pm 2.514+0.19 1.63+0.09

I ( mdy/beam)

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

Table 2.7: Northern and southern integrated flux densitiéstal and polarized intensity
plus degree of polarization.

A S St SISt Ser Sk SpiISh pPY/p°
(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 63163 65370 0.97£0.14 53+4 36+2 1.47+0.14 1.5:0.2
20 1266+ 73 1435-83 0.88+0.07 815 42+3 1.93+£0.18 2.2+0.4
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R=4kpc, which can be seen best at 3.6 cm angdr24 All the profiles can be well-fitted
by two exponential functions of the form

| Lexp(—R/lp<axpe) R < 4kpc
= { Lerp(—R/lpsape) R > 4kpe, (2.1)

where, I, and I, are the intensity ai? = 0 and R = 4kpc, respectively, and the
exponential scale length.

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

Table 2.6 also shows that the scale length increases witbasmg wavelength in the
radio regime. This can be explained by the fact that at longeelengths the nonthermal
emission becomes more dominant, and the influence of radfakidn of cosmic ray
electrons becomes more important, leading to larger seafghs.

2.3.7 North—south asymmetry

Figure 2.8 shows that the polarized emission at 20 cm is muedker in the southern
than in the northern half. To investigate this asymmetrycaleulated the integrated total
flux density in both total and polarized intensities sepdyabver each half (Table 2.7).
The average degrees of polarization are also given in TaBleAt all three radio wave-
lengths, the beam width is 180The ratio of the northern to the southern integrated total
flux density in polarized intensity,’5/S;,;, and also the ratio of the average degree of
polarization,P"¥/ P¥, increases with wavelength. The value ¢f/S} does not change
from 3.6 cmto 6.2 cm and from 6.2 cm to 20 cm within the errous, ibdecreases slightly
from 3.6 cm to 20 cm. A wavelength-dependent asymmetry iptharized intensity and
average degree of polarization was also found in other gedaxg. NGC 6946 (Beck
2007). The interpretation is that there is an asymmetry nadiay 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 magnetid,fidde e.g. a large-scale axisym-
metric helical magnetic field (Urbanik et al. 1997).

We probe this asymmetry in Faraday depolarization effec@hapter 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 sensitivitgl#dad us to obtain much more
information about the distribution of the linearly polatzemission in M33 than in pre-
vious studies, especially at high frequencies where thadagr effects are negligible.
Using the new data at 3.6 cm, we found that the magnetic fiedetisordered in a spiral
structure with the general orientation of the optical d@rans. No clear anti-correlation
between the ordered magnetic field and optical arms, as\@asar other galaxies like
NGC6946 (Beck et al. 1996), M81 (Krause et al. 1989a), anchitspof IC342 (Krause
et al. 1989b; Krause 1993), is found in M33. Detection of hilgigrees of polarization
(higher than 2(), not only in the northern arms but also in the central ex¢enegion
and in parts of the southern arms at 3.6 cm and 6.2 cm (for thtetifine), is another sig-
nificant result of this study. Generally, we found a patchstrébution of the degree of
polarization. The degree of polarization in the directidbthe HIl complexes is less than
5%. We also found a weak degree of polarization and some distart the regular mag-
netic field in the central I S, which could be linked to the hggar-forming activity in this
region.

We derived a spectral index map of M33 with a high angularltgsm (90’) (the
previous spectral index map was derived at’46Buczilowski 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 (®.024) are consistent with the
result of a statistical study of 56 spiral galaxies by Gidiale(1982).

The radial profile of the spectral index (Fig. 2.10) showsaomdy 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. Consideimg2FA 2, at 2 R < 4kpc,
we found opposite fluctuations in total intensity and in $s#dndex. These fluctua-
tions (in Fig. 2.12) are again stronger at wavelengths athviither the thermal emission
is stronger (i.e. 3.6cm) or the emission correlates welhwlite thermal emission (i.e.
24,m, see Tabatabaei et al. 2007a). The area<af?x 3 kpc includes the region be-
tween the main arm | (IN, 1 S) and the central extended regidheogalaxy, correspond-
ing to the small maximum (bump) in the spectral index profild a small minimum in
the total intensity profile. The area ak3R < 4 kpc includes the arm IN and NGC604,
corresponding to the small minimum in Fig. 2.10 and the smakimum in Fig. 2.12.

Like the star formation radial profile (24m radial profile, see Sect. 2.3.6), the mostly
nonthermal 20 cm radial profile is fitted by a larger exporasitale length ak < 4 kpc
than atR >4 kpc. This is a surprising result, indicating that even tbathermal emis-
sion (which is less confined to the star-forming regions tharthermal emission) mimics
the distribution of its parents, the star-forming regioAsspatial coupling between the
nonthermal emission and star-forming regions was alsodoumther late-type galaxies
(Dumke et al. 2000; Chyzy et al. 2007). Therefore, it woutdhighly interesting to de-
rive the distribution of the nonthermal emission for a maalistic 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 thiascorrelation between
the IR and radio continuum luminosities for a sample of galse.g., Helou et al. 1985;
de Jong et al. 1985; Gavazzi et al. 1986). Beck & Golla (198®wed that this cor-
relation also holds within several spiral galaxies inchgdM31 and M33. The radio—IR
correlation was interpretted by Helou et al. (1985) and ag &t al. (1985) as a direct and
linear relationship between star formation and IR emissi@mthe other hand, there was
concern that the cold dust emission, as a component of thmfeared (FIR) emission,
might not be directly linked to the young stellar populatiéior the nearby galaxy M31,
Hoernes etal. (1998), using IRAS data, found a good coroeldietween the emission of
thermal-radio/warm dust and nonthermal—radio/cold dut slightly different slopes.
They explained the latter correlation by a coupling of thgyneic field to the gas mixed
with the cold dust. Such a coupling was also considered biahli& Beck (1997) as the
origin of the global radio—FIR correlation. Hinz et al. (Z20Gound similar behavior in
M33.

The possibility that the relationship between the radio Bh@émission might vary
within galaxies (e.g., Gordon et al. 2004b) due to the rarigedovidual conditions makes
it necessary to repeat these kinds of studies with improagalid the most nearby galax-
ies. Furthermore, it is uncertain what component of a gafaryides the energy that is
absorbed and re—radiated in the IR (Kennicutt 1998). Fomgka, from the close cor-
respondence between hydrogen recombination line emiasionR morphologies, Dev-
ereux et al. (1994); Devereux et al. (1996, 1997) and Jonals €002) argued that the
FIR is powered predominantly by young O/B stars. Deul (198#8)lterbos & Greenawalt
(1996), and Hirashita et al. (2003) argued that about haltheflR emission or more is
due to dust heated by a diffuse interstellar radiation fiekt ts not dominated by any
particular type of star or star cluster. Sauvage & Thuan2})88ggested that the relative
role of young stars compared with the diffuse interstelé&tiation field increases with
later galaxy type.

Another problem that hinders a better understanding ofabi®+IR correlation is the
separation of thermal and nonthermal components of the @mlitinuum emission using
a constant nonthermal spectral index (the standard methathough this assumption
leads to a proper estimation for global studies, it cannotipce a realistic image of the
nonthermal distribution in highly resolved and local sagdwithin a galaxy, because it

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

M33 (NGC 598) is the nearest late—type spiral galaxy, att@dce of 840 kpc (Freed-
man et al. 1991) and is ideal to compare the morphologiedfefeint components of such
a galaxy. With an inclination af=56" (Regan & Vogel 1994), it is seen nearly face on.
The central position of M33 given by de Vaucouleurs & Leadd8(ll) is RA(2000)%"33™
51.0° and DEC(2000)=3039 37.0’. The position angle of the major axis is RA23°
(Deul & van der Hulst 1987).

With the Multiband Imaging Photometer Spitzer (MIPS, Riekal. 2004) data at 24,
70, and 16Q:m, it is possible to interpret the morphology of M33. Hinz &t(2004)
compared the first epoch data of MIPS with Hnages and radio continuum data at 6 cm,
using a Fourier filtering technique to distinguish diffearemission components. We now
have multiple epochs of MIPS data that provide a signifigahiher—quality image of
M33, for example in the suppressing of stripes along thectioe of scan caused by slow
response from the far infrared arrays. In addition, we usexzelet analysis technique
that Frick et al. (2001) have shown to be more robust agawsiserthan Fourier filtering.
Furthermore, the wavelet technique provides more precdeasier analysis of the scale
distribution of emission energy, especially at smallelesc@f the emitting structures.
We apply a 2D—wavelet transformation to separate the diffusission components from
compact sources in MIPS mid— and far—infrared (hereaftgrrirlio (at 3.6 and 20 cm),
and Hy images (Table 3.1).

The classical correlation between IR and radio emissiorbkas at the whole galaxy
level. However, such a correlation can be misleading whenght) extended central
region or an extended disk exists in the galactic image. fHulsnique gives little infor-
mation in the case of an anticorrelation on a specific scaiel(Et al. 2001). The ‘wavelet
cross—correlation’ introduced by Frick et al. (2001) ctdées the correlation coefficient
as a function of the scale of the emitting regions. Hughek €@06) applied this method
to study the radio—FIR correlation in the Large Magellaniou@ (LMC).

Hippelein et al. (2003) found evidence for a local radio—ERrelation in the star
forming regions of M33. In this paper, we investigate thisremtion not only for the
star forming regions but also for other structures withind\3 spatial scales between 0.4
and 4 kpc using the wavelet cross—correlation. Insteadeo$tdndard method to separate
the thermal and nonthermal components of the radio cominamission, we use the
radio continuum data both at high and low frequency (3.6 dhdn2, respectively). We
compare our radio images to thexHmage (which is taken as a tracer of the thermal
free—free emission) to distinguish the components of td@®reontinuum emission.

We study the structural characteristics of the MIPS IR insagging the 2D-wavelet
transformation in Sect. 3.3. The distribution of the enuesenergy at both IR and ra-
dio regimes and the dominant spatial scale at each wavélangtdiscussed in Sect. 3.4.
We show how the different MIPS images are correlated at rdiffescales and how the
radio—IR correlation varies with components of the galaxg( gas clouds, spiral arms,
extended central region and extended diffuse emissiongah. 3.5. In Sect. 3.6, we use
the Hy map to probe the energy sources of IR and radio emission. [iReswd discus-
sion are presented in Sect. 3.7. An overview of the prelingin@sults 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.

20cm 51 VLA Tabatabaei et al. (2007c)
20cm 540 Effelsberg Fletcher (2001)

3.6¢cm 84 Effelsberg Tabatabaei et al. (2007¢)
160um 40 Spitzer Tabatabaei et al. (2007a)
70um 18 Spitzer Tabatabaei et al. (2007a)
24 m 6 Spitzer Tabatabaei et al. (2007a)
65704 (Ha) 2 (pixel size) KPNO Hoopes & Walterbos (2000)
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Figure 3.1: The 3.6 cm radio map of M33 (left panel) observdith ¥he 100—m radio
telescope in Effelsberg, and the combined 20 cm radio mgpt(ganel) from the VLA
and Effelsberg observations. The half power beam widthsB{MdB) of 84’ and 57,
respectively, are shown in the lower left corners.

3.2 Observationsand datareduction

Table 3.1 summarizes the data used in this work. The 3.6 cio mdabervations were
made with the 100-m Effelsberg telescépliring several periods (18 nights) between
August 2005 and March 2006. The reduction was done in the NG@&2 reduction
system (Haslam 1974). The r.m.s. noise after combinatiome(Eon & Graeve 1988)

1The 100-m telescope at Effelsberg is operated by the MaxeRimstitut fiir Radioastronomie
(MPIfR) on behalf on the Max—Planck—Gesellscahft.
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Figure 3.2:Top: the Spitzer MIPS images of M33 at 2 (left panel) and 7@m (right
panel). Bottom: the Spitzer MIPS image at 16t (left panel) and the W map (right
panel) from KPNO Hoopes & Walterbos (2000). The resolutiarsgiven in Table 3.1.
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original images a=383" a=626" a=1024"

N .....

70um

160um

Figure 3.3: MIPS maps of M33 db” resolution (first column) and their wavelet decom-
positions for 4 different scale0” (second column)383” (third column),626” (forth
column), and1024” (fifth column). At the distance of 840 kpdt’ is equivalent to 4 pc.
The maps at 24, 70, and 166 are shown from top to bottom. Before the decomposi-
tion, huge Hill regions like NGC 604 were subtracted from thginal images (Sect. 3.4).
Maps are shown in RA-DEC coordinate system and centeree attiter of the galaxy.
The field size i34’ x 41,

of 36 coverages is- 220 uJy/beam. We also observed M33 at 20 cm with the B—band
VLA?Z D-array during 5 nights in November 2005 and January 20@6n(f06 to 08-11-

05, 13-11-05, and 06-01-06). The reduction, calibratiowl, mozaicing of 12 fields were
accomplished using the standard AIPS programs. The VLAfer@metric data will
miss much of the extended emission of the galaxy. For exagiaalefond et al. (1986b)
showed that the WSRT interferometric map at 1.4 GHz accaouftteonly about 16%

of the total emission. Therefore, we combined the VLA maghwite new Effelsberg
20 cm map (Fletcher 2001) to recover the emission from ex@stiuctures in M33 (see
Chapter 2). Both radio maps are shown in Fig. 3.1 at theiimaigesolutions.

M33 was mapped in the IR by MIPS (Rieke et al. 2004) four time29'30 December
2003, 3 February 2005, 5 September 2005, and 9/10 Januafy Zch observation
consisted of medium-rate scan maps with 1/2 array cross-aitsets and covering the
full extent of M33. The basic data reduction was performadgithe MIPS instrument
team Data Analysis Tool versions 3.02-3.04 (Gordon et @520At 24, m extra steps

2The VLA is a facility of the National Radio Astronomy Obsetagy. The NRAO is operated by Asso-
ciated Universities, Inc., under contract with the Natideience Foundation.
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were carried out to improve the images including readosebiforrection, array averaged
background subtraction (using a low order polynomial fit &aleleg, with the region
including M33 excluded from this fit), and exclusion of thesfifive images in each scan
leg due to boost frame transients. At 70 and A6Q the extra processing step was a pixel
dependent background subtraction for each map (using afder @olynomial fit, with
the region including M33 excluded from this fit). The backgnd subtraction should not
have removed real M33 emission as the scan legs are neadifgbao the minor axis
resulting in the background regions being far above andib®183.

The 24,m image used consisted of just the 9/10 January 2006 obgersas the
depth reached in a single mapping was sufficient for this waitke 70um image used
was a combination of the last three observations as the Z&86mber 2003 70m map
suffered from significant instrumental residuals. Thesériimental residuals were much
reduced when the operating parameters of thermGarray were changed after the first
M33 map was made and before the second. Theub6dmage used consisted of a com-
bination of all four maps. The combination of multiple map$433 taken with different
scan mirror angles results in a significant suppressionsafiv@l instrumental signatures
(seen mainly as low level streaking along the scan mirraatiion). The images used in
this work have exposure timesofL00, 120, and 36 seconds/pixel for 24, 70, and 1180
respectively.

The Hx observations by Hoopes & Walterbos (2000) were carried otihe 0.6 meter
Burrell-Schmidt telescope at the Kitt Peak National Obatmy, providing a68" x 68’
field of view. The MIPS and H images are shown in Fig. 3.2.

To obtain a proper comparison with the 3.6 cm radio map, adiges of M33 were
convolved to the angular resolution®f’. For higher angular resolution studies, maps at
18", 40", and51” were also made. The PSF (point spread function) of the MIR& ida
not Gaussian, in contrast to that of the radio data. Thus/alotions of the MIPS images
were made using custom kernels created using Fast Fouaesfbrms (FFTs) to account
for the detailed structure of the MIPS PSFs. Details of thddecreation can be found
in Gordon et al. (2007, in prep.). After convolution, the rmapere normalized in grid
size, rotation and reference coordinates. Then, they wdreb@ common field of view
(34 x 41" in RA and DEC, respectively).

In the following sections, we discuss the results with antheaut bright compact
sources at each resolution to investigate how these soaffaxs the energy distribu-
tion at each wavelength and the correlations between wagtls. After convolving to
each resolution, the bright sources, common to all imagese wubtracted using Gaus-
sian fits including baselevels (‘Ozmapax’ program in the NXOfata reduction system).
For instance, the giant HIl complexes NGC604 and NGC595 sebtracted at all res-
olutions. We also subtracted strong steep—spectrum baakdrradio sources from the
20 cm image. Detailed descriptions of the source subtnaceti@ach resolution are given
in Sect. 3.4.

3.3 Wavelet analysis of IR emission

Wavelet analysis is based on a spatial-scale decompossiag the convolution of the
data with a family of self—similar basic functions that degen the scale and location
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Table 3.2: Source subtraction thresholds)3(nd number of subtracted sources at differ-
ent spatial resolutions.

HPBW SUbt sources 2$,um S?O pm S160 pm SZO cm S3>.6 cm

asec # plylaset pJdylaset pdylaseé pJdy/b.a. pdy/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 wetvé&ransformation includes
oscillatory functions; however, in the latter case thesecfions rapidly decay towards
infinity. As a result, Frick et al. (2001) show that the wav@hethod is more resistant to
noise and the smoother spectra allow better determinatitiredrue frequency structure.
The cross—correlation of wavelet spectra lets us comparsttactures of differentimages
systematically as a function of scale.

The wavelet coefficients of a 2D continuous wavelet tramsfare given by:

+o0o !/
Wi(a,x) = ai f(x') o* (X X) dx’, (3.1)

K a

where)(x) is the analysing wavelek = (x,y), f(x) is a two—dimensional function
(an image), an@ andx are the scale and normalization parameters, respect{tiedy;
symbol denotes the complex conjugate). The above tranat@mdecomposes an image
into ‘maps’ of different scale. In each map, structures whichosen scale are prominent
as they have larger coefficients than those with smallerrgetascales. To obtain a good
separation of scales and to find the scale of dominant stegtn M33, we use the ‘Pet—
Hat’ wavelet that was introduced by Frick et al. (2001) anpliagl there to NGC 6946. It
is defined in Fourier space by the formula:

[ cos? (%ZOQQ%) r<k<dr
(k) = { 0 7>k or k>4, (32)

wherek is the wavevector ank = |k|.

We decomposed the Spitzer images into 10 different s@lescompare the mor-
phologies at 24, 70, and 16n at each scafe Fig. 3.3 shows the original maps and
the decomposed maps at 4 scales. The original 24 apan7®aps were smoothed to
the MIPS 16Qum PSF with FWHM (full width half maximum) #0” before decomposi-
tion. The maps at scale=80" (0.3 kpc) show the smallest detectable emitting structures
Most of the morphological differences among the MIPS imaayesfound at this scale.
At scalea=383" (1.5kpc), the prominent structures are spiral arms andehtec of the
galaxy. The central extended region is more pronouncedate a& 628" (2.5 kpc). The
emission emerges from a diffuse structure at saal@024” (4 kpc), and it is not possible
to distinguish the arm—structure anymore. This structare lee identified as an under-
lying diffuse disk with a general radial decrease in intgnsThe similarity of the 4 kpc

3To have both physically meaningful results and a sufficielatige number of independent points, the
scalea varies between a minimum of about twice the resolution andeimmum 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 anduf® images before (or.) and after (s.s.)
subtraction of the same sources from the two imagéds’atesolution. The data points

correspond to the scales 0.14, 0.20, 0.29, 0.45, 0.62, 0.8, 1.92, 2.79, 4.06 kpc. The
spectra are shown in arbitrary units.
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Figure 3.5: The wavelet spectra of the 20 cm radio and IR imagfe” resolution before
(left) and after (right) subtraction of the same sources.démparison, the wavelet spec-
trum of the Hyx emission is also plotted. The data points correspond todales 0.45,
0.57,0.73,0.94, 1.20, 1.53, 1.96, 2.50, 3.20, 4.09 kpc.speetra are shown in arbitrary
units.

maps at different wavelengths indicates that the largke sifiuse emission has the same
structure at different mid— and far—infrared wavelengths.

At the smallest scale, the emission emerges from spot-éieifes aligned along fil-
aments with the width of the scale. At 2# the spots corresponding to HIl regions
contain most of the energy at this scale (see Sect. 3.6)uggiffilaments are more pro-
nounced at 160m . As shown in the next section, the fraction of the energhiatdcale
at 160um is less than that at 24m. The situation in the 70m map is in between the 24
and 16Qum maps. It seems that the star forming regions provide mosteoénergy of
the 24 and 7@m emission, if the spots correspond to these regions, asaasBed in the
following sections.
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Figure 3.6: The wavelet spectra of the 3.6 cm radio and IR enadf4” resolution before
(left) and after (right) subtraction of the same sources. démparison, the spectrum of
the Hy emission is also plotted. The data points correspond todhles0.84, 1.00, 1.19,
1.42,1.67,2.02,2.41, 2.87, 3.42, 4.08 kpc. The spectratanen in arbitrary units.

3.4 Spectral characteristics of IR and radio maps

In this section, we demonstrate how the wavelet spectra eamsbd to investigate the
scaling properties of the emission. This spectrum is defasethe energy in the wavelet
coefficients of scala (Frick et al. 2001%:

M(a) = /_ :O /_ :O W (a, x)[2dx. (3.3)

After smoothing the 24m map to the MIPS 70m PSF with FWHM =18", about
40 bright sources (mostly corresponding to HIl regions)ensibtracted from both maps
(equivalent to removing sources with fluxes higher than tweel limits, SQ), given in
Table 3.2.). Fig. 3.4 shows the wavelet spectraa\igf the 24, m and 7Q:m maps before
and after source subtraction. Clearly, the small scaleshealominant scales before
source subtraction. The scale at which the wavelet enemgyismum is~ 70" (280 pc)
at 24um and~ 110" (440 pc) at 7um. After source subtraction, the spectra become
flatter. The larger size of the dominant scale ati#0caused by these sources (by a factor
of ~ 1.6 at this resolution) indicates a slightly more extendstrithution of dust grains
emitting at 7Qum than at 24:m in the vicinity of star forming regions. Moreover, the
ratio of the maximum to minimum energy in the original spectrat 24um is larger (by
a factor of 3) than that at 7@m. This indicates that either star forming regions provide
more energy for the 24m emission, or the large—scale diffuse emission is stroager
70m than 24um.

At the next angular resolutionl”, the HPBW (half power beam width) of the 20 cm
radio map, 15 bright sources (HIl regions) visible at all syagere subtracted from the
20 cm map and the smoothed 24, 70, and A®0R maps. In addition to these sources,
9 background radio sources plus the supernova remnantsShP] ,and SN3 (Viallefond

It is also called ‘wavelet power spectrum’, however follogisome authors (e.g. Frick et al. 2001;
Zhou & Adeli 2003), we refer td/(a) as the ‘wavelet energy’ (see Appendix B).
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et al. 1986a) were subtracted from the 20 cm radio map. Theletspectra of the MIPS
and 20cm radio maps at this resolution are plotted in Fig. 3’Be Hy spectrum is
also given for comparison. The 24 and;#® maps show a smoothed version of their
distributions in Fig. 3.4 (the linear smoothing factor~is3 between Figs. 3.4 and 3.5).
However, the effect of the sources can still be seen by cangpéne left panel with the
source subtracted spectra in the right panel.

The 160um map is hardly influenced by the smoothing, as its originsblion is
40" (the smoothing factor is- 1.3). The 16Q:m spectrum is more similar to the 7Zén
spectrum than to the other spectra. It seems that the corspactes have less effect on
the energy distribution at 16dn, because the smallest scale is not the dominant scale.
Hence, there is no important change in the spectrum aftesdhece subtraction. The
energy shows an increase at the scale of complexes of dugjaandouds + 250" or
1kpc), then a second increase in transition to the largée-stauctures or diffuse dust
emission.

The spectrum of the 20 cm radio image is also dominated bybsigurces. There is
a maximum at the scale al20” (560 pc), then a decrease towards the larger scales with
a slope of -0.9. However, a flat spectrum remains for the sdates 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 @RBW =84")° are
shown in Fig. 3.6 (left panel). The spectra after subtrgctire 11 brightest Hll regions
are plotted in the right panel. Again, because of these ssuthe small scales are dom-
inant at 3.6 cm. As shown in comparing the left and right psynkley also are seen in
all the infrared bands, strongly at 2#n and much more weakly at 16n. Here, the
smoothing effect is seen in all 3 MIPS wavelet spectra.

Before source subtraction, the 20 and 3.6 cm spectra artasitmieach other and to
the Hy spectrum up to the scale of the central extended regigs)0” (2.4 kpc). All
three spectra become steeper betweeer2.4 kpc anda~ 3.4 kpc, which means that the
wavelet energy from structures with scales of about halfiefdize of the galaxy~ 900’
or 3.6 kpc) is not as significant as that from smaller strieguit seems that a minimum
in the wavelet spectra of the radio and ldmission, as was also shown in NGC 6946 (see
Fig. 3.7 in Frick et al. 2001), is a characteristic of thislec&owever, while this decrease
disappears in the 3.6 cm andvHpectra after source subtraction, it remains in the 20 cm
spectrum. This implies that besides the bright Hll regidrese are sources of nonthermal
emission within the spiral arms and central extended regibich emit significantly at
20cm.

To estimate how much of the wavelet enerdjf(a) is provided by the subtracted
sources, we consider the following definition:
Mor. (CL) - Ms.s.(a>

Ala) = =22 o, (3.4)

whereM,, (a) and M ; (a) represent the wavelet energy before and after source subtra
tion. Table 3.3 shows the fraction of energy produced by théill regions in IR and

SGaussian PSFs with FWHM3” and 84" 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 thérghtest Hll regions at
different scales (Eq. 4).
A A(2107)  A(505”)  A(10207)
24 ym 094 0.81 0.35
70 yum  0.80 0.57 0.14
160 yum  0.52 0.33 0.11
3.6 cm 0.86 0.69 0.16

at 3.6 cm for 3 different scales (&” resolution). The corresponding fractions at 20 cm
are not shown in this table, as some nonthermal radio soureesalso subtracted at this
wavelength. The emission at 24n has the largest energy fractidtia) at all scales. The
smallestA(a) occurs at 16@m. This indicates that HIl regions play a more important
role in providing energy for dust emission at 2 than at 16Q:m.

We estimate the uncertainties of the wavelet energies &f e&p by making a noise
map with the distribution and amplitude of the real noisehi@ torresponding observed
map. A linear combination of uniform and Gaussian distidng simulates the real noise
in each observed image. The wavelet spectra of the derivisd ntaps were obtained us-
ing EqQ. 3.3. The resulting wavelet energies of the noise raeptaken as the uncertainties
of the wavelet energies of the observed maps at differetesc@he estimated values are
at least three orders of magnitude less than the wavelegiesesf the observed maps.
Therefore, the results from our wavelet spectrum analysisiat substantially affected
by the noise in the maps.

3.5 Wavelet cross—correlations

A useful method to compare images at different wavelengttiei wavelet cross-correlation.
The wavelet cross-correlation coefficient at seale defined as:

() = [ [ Wi(a,x) W3 (a,x)dx
“ [Mi(a) M(a)]t/2

where the subscripts refer to two images of the same sizeiaedrlresolution. The
value ofr,, varies between -1 (total anticorrelation) and +1 (totatelation). Plotting-,,
against scale shows how well structures at different s@kesorrelated in intensity and
location. The error is estimated by the degree of correladiod the number of indepen-
dent points, n:

(3.5)

Ar(a) = /2= (3.6)

n—2"

where,n = 2.13(%)2 , andL is the size of the maps.

First, we examine the cross—correlations between the 3 Mi&Ss of M33 (Fig. 3.7).
There are significant correlations between each pair of titRSvinaps at different scales
within 0.4< a< 4kpc, asr,, > 0.75 (Frick et al. 2001). These scales include gas clouds,
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Figure 3.7: The cross—correlation between 24 andri@top), 24 and 16@m (middle),
and 70 and 16pm (bottom) images &i1” resolution before (or.) and after (s.s.) source
subtraction.
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Figure 3.8: The cross—correlation between 3.6 cm radio Rriigefore and after subtrac-
tion of the same sources&t” resolution.

spiral arms, and the central extended region. Comparingltits, the 24-160m cor-
relation is weaker than the two other correlations, esfigc scales smaller than the
spiral arms & < 400” or 1.6 kpc). This is due to significantly different contrilmurts of
HIl regions in providing energy for dust emission at 24 an@ 1@ (see Table 3.3), as
the 24-16Q:m correlation coefficients increase after subtractingdlsesirces. This indi-
cates that HIl regions influence the correlations at scalget than their sizes (the width
of the huge HIl region NGC604 is aboui0” or 0.4 kpc).

Second, we study the cross—correlations between theedfeard the radio continuum
emission at 3.6 cm. As shown in Fig. 3.8, the correlations/ben 3.6 cm radio and the
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three infrared emission are strong at all scales. At scateslar than the width of the
spiral arms (1.6 kpc), the correlations are higher betweérer8 and 24m emission
(and also 7um) than between 3.6cm and 166 emission. The source subtraction
reduces the 3.6 cm—24n and 3.6 cm—70m correlations at scales smaller than the spiral
arms. This indicates that young massive stars are the meshoa and important energy
sources of the 3.6 cm, 24 and I emission at these scales.

Third, the cross—correlations with the radio continuumssion at 20cm are pre-
sented in Fig. 3.9. Before the source subtraction, the ledivas between 20 cm radio
and the three IR bands are strong at scales smaller thandlie ofithe spiral arms. After
the source subtraction, the coefficients of the IR-20 crretations decrease dramatically
so that they become less than 0.75 at small scales. The risgsossibly that besides Hll
regions there are other unresolved sources of the 20 cm eawlission like supernova
remnants that are stronger than at 3.6 cm but do not emitfisignily in the infrared.
Studies within our Galaxy have demonstrated that the rdtfaranfrared to radio con-
tinuum emission for supernova remnants is much smallerttietrfor HIl regions (Furst
et al. 1987).

Comparing Fig. 3.8 with Fig. 3.9, a drop in correlation caaéfint at the scale &f00”
(3.2kpc) is more prominent in the MIPS correlations with &0tban with 3.6 cm. This is
due to the strong minimum in the 20cm spectrum at this scade &5) that persists even
after the source subtraction (in contrast to the situatiotiné 3.6 cm spectrum shown in
Fig. 3.6).

3.6 Comparison with Ho

If we take the Hv emission as a tracer of star forming regions that both heawdrm
dust and ionize the gas giving the free—free emission, weax correlation between
Ha emission, IR and thermal radio emission. The cross—caivakinvolving Hvy and IR
images are shown in Fig. 3.10. The significant correlatioH@fwith the 24 and 7@m
images at the smallest scale confirms that most of the conspracttures in the MIPS
decomposed maps at 24 andufd (Fig. 3.3) correspond to the HIl regions. The 160
emission is also correlated withadHemission, although the correlations are weaker than
the correlations at 24 and 7@n. It is deduced that the role of star forming regions in
heating the dust, even the cold dust (emitting mainly at; &} is generally important at
scales smaller than 4 kpc.

Between Hv and 3.6 cm there is perfect correlationfor both small-scale and ex-
tended structuresr,, >0.95 (right panel in Fig. 3.10). This is not surprising as the
wavelet spectra of the ddand 3.6 cm maps are very similar (see Fig. 3.6). Thus, not
only are the star forming regions mostly responsible for3léecm emission, but also the
radio continuum emission is dominated by the thermal free—&mission at 3.6 cm for
a < 4Kkpc.

After smoothing the 20 cm map to the spatial resolution of3lecm map, we ob-
tain the Hv—20 cm correlation (Fig. 3.10). At scales smaller ti6aa” or 2.4 kpc, the
coefficients are the same as for the+3.6 cm correlation. This means that the bright
HIl regions are also important sources of the 20 cm radio gions It seems that the
correlation decreases at larger scales, but it is not cdretause of the large errors.
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Figure 3.10: The correlation of ddwith IR (top) at51” and with 3.6 and 20 cm radio
(bottom) at’4” resolution. The maps include all Hil regions.

3.7 Discussion

We studied the spectral characteristics of the MIPS mid—fardnfrared, radio and &
maps and obtained cross—correlation coefficients betwaien g maps. Here, we discuss
the implications of our results for the understanding oféhergy sources powering the
IR and radio emission from M33. Further, we compare the tesdilour 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 followirgytes are found.

e The 24 and 7@&m emission emerge mostly from the bright sources correspgnd
to star forming and HIl regions. The influence of HIl regionstbe IR emission
is highest at 24m (see Table 3.3). As expected, at small scales thex2fap is
better correlated with the 70n than with the 16(xm map.

e The 160um emission emerges from both compact and extended stractditee
compact structures correspond to star forming and HIl regicAs shown in Ta-
ble 3.3, the fraction of wavelet energy provided by the 1glmest HIl regions at
160um varies between 1/2 and 1/3 of that a4 at different scales. The 16n
map does not show small-scale dominance in its spectrum16®em spectrum
shows an increase when it reaches the scale of complexestamiligas clouds of
~ 1 kpc, and a second increase in transition to the large—straietures or diffuse
dust emission.

While it is clear that the ionizing stars heat the warm dus¢, mechanism heating the
cold dust is still in debate. According to our wavelet analythe direct role of the young
stellar population decreases with increasing IR wavelengts shown in Table 3.3, at
small scales< 200" or 0.8 kpc), the relative contribution of the 11 brightest kgions

to the total emission energy is about®@t 160:m which means that the contribution of
all Hll regions of M33 is much larger than %0 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 photommsrfrmassive ionizing stars.
On the other hand, the 160n—Ha correlation coefficients are smaller than those of the
24 um (or 70pum)—Ha correlation (Fig. 3.10). This means that the number of stines
with a specific scale emitting strongly in both IR and Hecomes less at 166n. This
indicates that besides UV photons from massive ionizing steher heating sources con-
tribute also to heating the cold dust. These could be noiretanUV photons either from
intermediate—mass stars (5—20,) (Xu 1990) or from Hll regions (Popescu et al. 2000,
2002; Misiriotis et al. 2001), or optical photons from sataass stars (Xu & Helou 1996;
Bianchi et al. 2000); they should contribute to an averagétesn field as the 160m
wavelet spectrum is smooth.

Our findings confirm the arguments of e. g. Hinz et al. (2004yédeux et al. (1994);
Devereux etal. (1996, 1997) and Jones et al. (2002) thaRtiseegowered predominantly
by young O/B stars, specifically at 24 and/#@. This is not necessarily at variance or
in accordance with the argument of Xu & Helou (1996) that o2y, of the diffuse
dust emission from M31 can be attributed to the heating by Udtpns, because of two
reasons. First, our wavelet study does not include diffisectsires with scales larger
than 4kpc. Second, the late—type galaxy M33 is more densgiylpted with young
stars than the earlier—type galaxy M31. This may mean tleatdlative role of young
stars in heating the dust increases with later galaxy typav&e & Thuan 1992). For a
more precise comparison, it is necessary to accomplishletzealysis for other nearby
galaxies.

Hoernes et al. (1998) showed that the cold dust emission ih W3 a weaker corre-
lation with the thermal radio than with the nonthermal raeimission. Since the contri-
bution of the thermal emission is higher at 3.6 cm than at 200 may expect a weaker
correlation between the 160n and 3.6 cm emission. In M33, we did not find significant
differences between the 1a—3.6cm and 160m—-20cm correlations (Figs. 3.8 and
9) at scales 0200” (0.8 kpc)< a < 700" (2.8 kpc), even after subtracting strong thermal
sources (bright HIl regions). This could be due to the largkr of UV photons from O/B
stars in heating the cold dust in M33 than in M31, as discusstte previous paragraph.
However, a better 160m correlation with the nonthermal than with the thermal oadi
probable at the scale of the whole galaxy. For instance, eliat (2004) showed that the
morphology of the smoothed 166n 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 thevatlg results for the 3.6
and 20 cm emission from M33.

e The shape of the 3.6 cm wavelet spectrum is very similar todhthe Hx spec-
trum (Fig. 3.6) and, hence, there is a perfect correlatidwéen 3.6 cm and H
at all scales (Fig. 3.10). This indicates that not only tla &rming regions are
mostly responsible for the radio emission at 3.6 cm, butthledhermal (free—free)
emission is significant at this wavelength. But it could ab&othat the nonther-
mal (synchrotron) emission correlates well with the thdremaission. Our recent
estimation of the thermal fraction of the 3.6 cm radio camtim emission gives
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fin ~50% for the whole galaxy including the extended disk emissicab@abaei
et al., in prep.). As a higher percentage of the thermalifyagés expected at scales
< 4kpc, this result is consistent with our wavelet study. Tharty parallel 3.6 cm
and Hy wavelet spectra indicates that extinction is scale—indéeet and has no
significant effect on k4 emitting structures.

e The combined 20 cm (VLA+Effelsberg) wavelet spectrum reprees both compact
and diffuse structures of thermal and nonthermal emissibe. bright HIl regions
(or complexes) give strong contribution to the 20 cm emissidhe strong kK-
20 cm correlation at scales smaller than the width of theraéeitended region
(~ 2.5kpc) also indicates that the nonthermal emission cagelperfectly with the
thermal emission at these scales.

e Generally, there are strong 3.6 cm—IR correlations at allescin the range of 0.8—
4 kpc within M33 (Fig. 3.8). The 3.6 cm correlations with 24af0,m are better
than that with 16@:m before subtracting bright HIl regions. However, these cor
relations become approximately the same after subtrat¢tihgegions. That is
because the 24 and 7@n emission are more influenced by the HIl regions than the
160um emission.

e The strong 20 cm—IR correlations are mainly due to the britjhtegions, as the
correlations fall after source subtraction (Fig. 3.9). éJéhe weakest correlation is
between the 20 cm and the 2c maps. This indicates that the nonthermal sources
which are associated with star forming regions are not asfe as HIl regions in
heating the dust.

In their multi-resolution analysis of the radio—IR corteda in the LMC, Hughes et al.
(2006) found strong correlations in the regions where tleential fraction of the radio
emission is high. This is in agreement with our results thata4 and 7@m-radio cor-
relations are higher before subtracting HIl regions. Etea,160:m—20cm correlation
follows this pattern before subtracting the thermal radigions. For NGC6946, Frick
et al. (2001) also found a better correlation between thentake3.6 cm radio and IR
emission up to scales of the width of spiral arms, althougmttnthermal emission dom-
inates in this galaxy (Ehle & Beck 1993). There are indigaditor 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 asialgf M33 with those obtained
by Frick et al. (2001) for NGC 6946, which is also a late—typd §alaxy.

NGC 6946 was studied at a linear resolution of 0.4 kpc coomedimg to our analysis
at 84" HPBW. Comparing Fig. 3.6 (in this paper) to Fig. 3.7 in theckret al. (2001)
paper at scales between 0.8 and 4 kpc, the dominant scale bihtlvavelet spectrum is
at the scale of the width of the spiral arms (1.5 kpc) in NGC&hile in M33 it is at the
smallest scale~ 200" or 0.8 kpc in Fig. 3.6). Even after subtracting the 11 brighté|
regions the scales corresponding to the spiral arm$0()”) are not dominant in M33.
This is because the spiral arms in M33 are not as pronouncéabas in NGC 6946.
Instead, the H emission in M33 has a rather clumpy distribution.
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The spectrum of dust emission from NGC 6946 at 12+H8hown in Fig. 3.7 in the
Frick et al. (2001) paper is more similar to the spectrum aftédumission from M33 at
160um than to that at 24m. 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—dimensionainogorov—type turbu-
lence (Kolmogorov 1941) for the ionized gas«ldnd thermal radio continuum emission
at 3.6 cm) at scales less than 0.6 kpc in NGC 6946. An incrggsant of the spectrum
(logl-loga) with a slope of 5/3 is typical for this type of turbulence &gler 1991). They
obtained this slope considering the first point at the sdade3kpc (the resolution of their
maps was 0.4 kpc), making the slope estimate of 5/3 uncerfstithe same resolution
we cannot investigate this turbulence for M33, as the sisiadieale in Fig. 3.6 is larger
than 0.6 kpc. However, at higher spatial resolutions thetsp®f the radio, IR, and &
emissions from M33 do not show such an increase at scalethiws®.6 kpc (Figs. 3.4
and 3.5). The steepest increasing slope is about 1.1 atsdoateeen 140 and 320 pc
(in the 24m spectrum) (Fig. 3.4). The slopes become lessl 4tresolution (Fig. 3.5).
They vary between 0 and 0.6 at increasing parts of the spanttdbetween 0 and -0.9
at decreasing parts of the spectra. After subtracting Hiores, the slopes become even
flatter.

Comparing Fig. 3.12 in the Frick et al. (2001) paper to Fid03(in this paper), the
3.6 cm—Hy cross—correlation coefficients are less at the small soalBi$C 6946 than
in M33. As the extinction is proportional to the dust densityd because higher dust
densities can be found at smaller scales, one expects monetexn of Ho at smaller
scales. This leads to a weaker correlation with the radie-firee emission at smaller
scales. Hence, it seems that absorption by dust at seale®kpc (Fig. 3.12, Frick
et al. 2001) is less significant in M33 than in NGC 6946. Thestexice of considerable
extinction in NGC 6946 caused by a patchy dust distributastbeen shown by Trewhella
(1998).

3.8 Conclusions

Highly resolved and sensitive Spitzer MIPS images of M334a7®, and 16(xm enabled
us to compare the morphology of different dust componentisisfyalaxy. A 2D-wavelet
transformation was used to find dominant scales of emittinggires and correlations of
the MIPS images with new radio (3.6 and 20 cm) maps as well #sam Hy image of
M33. We compared the results of wavelet analysis with andaut bright HIl regions
at different resolutions (18 517, 84’). We found that at a characteristic scale2af”
or 0.8kpc, 80% or more of the wavelet energy at 24 angmtand 3.6 cm is from the
11 brightest HIl regions. These sources cause better atime$ between pairs of the 24
and 70um and 3.6 cm maps, while they cause a smaller 24+h6@orrelation. Bright
HIl regions improve the correlations between the 20 cm radip and each of the MIPS
IR maps. The 4 emission shows a better correlation with IR emission at 20 701:m
than at 16Q:m. It is perfectly correlated with the 3.6 cm radio emissien @ scales of
4 kpc and also with the 20 cm radio emission out to scales oivttith of the central ex-
tended region~ 2.5 kpc). This is understandable because the radio comtirarission
at 3.6 cm is dominated by thermal emission and that at 20 cmobyhermal emission.
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The most important conclusions of this study are:

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

¢ Hilregions influence the IR emission with a strength inversepending on wave-
length: more influence at 24n and less influence at 16@n (Sect. 3.4).

e The nonthermal radio emission correlates well with therttadiradio and  emis-
sion out to the scale of the central extended regio8,5 kpc (Sect. 3.7).

e The warm dust—-thermal radio correlation is stronger tharctid dust—nonthermal
radio correlation at scales smaller than 4 kpc (about ha&fsize of the galaxy)
(Sects. 3.5 and 3.7).

e The effect of extinction in K 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 nontherm#& @@htinuum 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 raditirmaum emission, free-
free (thermal) and synchrotron (nonthermal) emissioneslétack to the beginnings of
radioastronomy. The mostly applied techniques are baseaitloer assuming a constant
nonthermal spectral index (e.g. Klein et al. 1984) or a dati@n between thermal radio
and infra-red (IR) emission (Broadbent et al. 1989).

Although the assumption of constant nonthermal spectddXxmmay be reasonable
for global studies (Sect. 4.10), it does not lead to a feaditsbrmal/nonthermal distri-
bution in detailed studies. Under this simplification, ithist possible to investigate the
origin and energy loss processes of the electron compomeonsmic rays (CRs) within
a galaxy. Discrete synchrotron emitting sources are maddgtified as supernova rem-
nants. The synchrotron emission from supernova remnantsedescribed as power law
(S, ~ v~*) with a typical spectral index af,, ~ 0.6. Propagating from these sources,
electrons suffer energy losses that steepens the powerpegirsm. In the interstel-
lar medium, the typical spectral index attributed to the s=mmin under the leakage loss
is ~ 0.9, and under synchrotron loss and inverse Compton sicgiterl.1 (Biermann
1995). These electrons further diffuse to the interarmamgiand outer parts of spiral
galaxies within their life time. Hence, variations of thentleermal spectral index should
be distinguishable particularly by comparing arms witkeratm regions and outer parts
of the galaxies.

The thermal/nonthermal separation based on the assunthaothe radio-IR corre-
lation is due to a correlation between the thermal radio &drhission is not generally
correct, as nonthermal phenomena e.g. super massive léak dr energetic CRs may
stimulate the IR emission. For instance, the possibilithedting the diffuse dust (emit-
ting in IR) by CRs was shown by Helou & Bicay (1993) and Bicay &lblu (1990).
Moreover, supernovae, the ultimate sources of most of théheomal emission, explode
close to the star-forming regions in which their progengtars formed. Together with
the increased magnetic field strength in the spiral arms ctises a correlation between
the thermal and nonthermal sources, making a less dirdcbktween the IR and ther-
mal emission. Finally, the slope of the radio-IR correlataepends on the synchrotron
spectral index (Niklas & Beck 1997).

Templates for free-free emission could be provided by a@omsef recombination
lines as they originate from within ionized regions, like tihee-free emission. ThedH

55
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emission, the strongest Balmer line, is observationallgthpoeferred, particularly from
nearby galaxies. Both thedHand free-free emission are linearly proportional to the hum
ber of ionizing photons produced by massive stars. On ther ¢thnd, the k1 emission
suffers from extinction by dust leading to an underestintdtthe free-free emission if
no extinction correction is made. Note that the emissioradfa recombination lines is
extinction free and hence ideal for tracing the free-freéssimn. However, these kinds
of emission are too weak from the diffuse ionized gas in exlegalaxies to be detected
using the present facilities. For example, our attempt tp naaio recombination lines
emission from diffuse regions within IC 342 and M33 using &2 cm receiver of the
Effelsberg Telescope was not successful.

The nearest Scd galaxy, M33 (NGC 598), at a distance of 84QKpe 4 pc, Freed-
man et al. 1991) has been extensively studied at radio andaWlengths. With an
inclination ofi = 56° (Regan & Vogel 1994), its spiral structure is well visibleo far,
extinction studies in M33 have mostly focused on HIl regiossg either the Balmer
(and Paschen) line ratios (e.g. Kwitter & Aller 1981; Mekiet al. 1987; Petersen &
Gammelgaard 1997) or the ratio ohHo radio emission (e.g. Israel & Kennicutt 1980;
Devereux et al. 1997). In the line ratio method the emissiomfthe diffuse ionized
medium can hardly be detected in most of these recombinkties. The method based
on the radio emission only works well when the thermal congpof the radio contin-
uum is independently known. For instance, the radio emismm single HIl regions
(and not HII complexes with a possible nonthermal emissantribution like NGC 604
and NGC 595, Dodorico 1978; Gordon et al. 1993) may be cormidas the thermal
emission.

Using the ISOPHOT 60 and 170n data, Hippelein et al. (2003) found an anti-
correlation between the flux density ratio oftvl60um and 17Qum 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 Wavelength for the
whole M33 (an extinction map) by analysis of dust emissiod absorption using the
high sensitivity and resolution Multiband Imaging Photaenspitzer (MIPS, Rieke et al.
2004) FIR data at 70 and 16fn. This leads to an & map corrected for extinction (de-
extincted Hv map), our free-free template. The thermal and nonthermpbrat3.6 and
20cm are obtained at an angular resolution df @uivalent to a linear resolution of
360 pc) by both the new (using a free-free template) and #relsrd method (assuming a
constant nonthermal spectral index) and the results ar@paed. Further, we determine
variations of the nonthermal spectral index across M33 &ectkd by the new method
and discuss the exponential scale lengths of both therndahanthermal emission.

In Sect. 4.3 we derive distribution of dust color tempematufhis temperature and
the 160um flux density are used to obtain the dust optical depth (etitin) and its dis-
tribution in Sects. 4.4 and 4.5. We correct tha Emission for the extinction and then
convert it to the thermal radio emission, following Dickimset al. (2003) (Sect. 4.6).
The nonthermal intensity and spectral index maps are pestincSects. 4.7 and 4.8. We
discuss and compare the results from the new and standandasah 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 ipt&ia(Tabatabaei et al.
2007c). At 3.6 cm, M33 was observed with the 100-m Effelsbeliescope of the MPIfR
The 20 cm data were obtained from observations with the Vargé Array (VLA) cor-
rected for missing spacing using the Effelsberg data at 20/denalso used the latest com-
bined epoches of MIPS Spitzer data at 70 andi(as presented in Tabatabaei et al.
2007a, 2005). The ddmap is from Kitt Peak National Observatory (KPNO) (Hoopes &
Walterbos 2000).

4.3 Temperature distribution of dust
The intensity/, towards a uniform dust layer of optical thicknegsand temperaturé' is
I,=B,JT) (1—e™), (4.1)
so that an observer receives from a solid arfgtée flux
F,=B,(T) (1-e™) Q. (4.2)
The flux ratio at two frequencies, marked by the subscriptsdl2za becomes

F o Bl(T) [1 —6_7—1] O
F, By(T)[1—e ™ Qy°

(4.3)

It is customary to obtain the dust temperature from (4.3)eurde following condi-
tions:
- The emission is optically thin, which is usually true in fRkR.
- The observational frequencies do not lie in the Rayleig@r3 limit of the Planck func-
tion.
- The dust temperature in the source is uniform.
- The ratio of the dust absorption coefficients/ x., over the frequency interval from
to v», or equivalently the exponentin x, ~ v (Sect. 1.4) is known.

Then Eq. (4.3) simplifies to

Ao B
F, 2 Bu(T)"

(4.4)

We use the Spitzer FIR maps atuf and 16@m and obtain an average dust tem-
perature attributed to each pixel. The power law index ofahsorption efficiency at
the FIR wavelengthsj, is set to 2, which should be appropriate for interstellairgg at
A > 30 um (Krugel 2003; Andriesse 1974; Draine & Lee 1984). The MAR maps

1The 100-m telescope at Effelsberg is operated by the MaxeRimstitut fiir Radioastronomie
(MPIfR) on behalf of the Max—Planck—Gesellschaft.

2The VLA is a facility of the National Radio Astronomy Obsetagy. The NRAO is operated by Asso-
ciated Universities, Inc., under contract with the Natiddeence Foundation.
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Figure 4.1:Left: dust temperature map of M33 obtained frof,}./l 160, ratio (only
pixels with intensity above@level were used). The angular resolution of 49 shown
in the lower left-hand corner of the map. The bar at the topgihe dust temperature in
Kelvin. Right: Histogram of the dust temperature map. It shows the populati pixels
as a function of the temperature intervals. The number af bged for this plot is 80.

at 70 and 16xm have been smoothed to an angular resolution 6fa4@ normalized to
the same grid and center position. The resulting dust teatyoer distribution is shown
in Fig. 4.1, indicating variations between 19 and 28 K. Fid. displays the relative fre-
guency of occurrence of the temperature intervals ihx4Q0” pixels. The maximum is
attained at 21.5 K, close to the mean value of 21.6 K. Warmstwith7 > 25K dom-
inates in star-forming regions and in the center of the gal&@he highest temperatures
are found in the HIl complexes NGC 604, NGC 592, and IC 133.

4.4 Optical depth at 16Q:m

Having determined’, we obtain the optical depth from the equation

T160pum = Il60um/Bl60um(T) ) (4-5)

where/;60,m iS the intensity. The distribution ofi¢,.., over the disk in M33 is plotted in
Fig. 4.2. Because the temperature variations are very ratgle¢he optical depthso,m
usually follows the 160m intensity map quite closely (see Tabatabaei et al. 2007a).
Nevertheless, for a fixed intensity, a warm region (26 K) h#isree times lower optical
depth than a cold one (19 K).
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4.5 Distribution of extinction

To convertryg,m iNto the dust optical depth at the wavelength of the lihe, 7., we
have to multiply it byrs./k160.m, the ratio of the dust extinction coefficient per unit
mass at the corresponding wavelengths. Using the extmctiove given by a standard
dust model for the diffuse medium (see, e.g. Figure 12.8 diigkl 2003), we estimate
Ta =~ 2200 Ti60.m. Therefore, after multiplication with 2200, Fig. 4.2 givalso the
distribution ofry,, across the galaxy at a linear resolution of 360 pc.

T 1S @round one half in the extended central region and in tleenbain arms, IN
and IS, and it is somewhat smaller in other arms (mostly betm@2 and 0.4). In the
center of the galaxy and in massive star forming regions;iipally in the southern arm
IS and the HIl complexes NGC604, NGC595, and B68Q, exceeds 0.7. The highest
dust optical depth one finds in the center of the galaxy and3BI04 where, ~ 0.97
and 0.88, respectively (at the linear resolution of 360 gd)erefore, M33 is generally
almost transparent for photons wikh~ 6560A propagating towards us.

To estimate how much the detected Ifadiation has been attenuated, we note that
Ha photons are usually emitted from soureeighin the galaxy. The optical depthy,
therefore only gives an upper limit. Following Dickinsonaét (2003), we defing,, the
effective dust fraction in the line of sight actually absadthe Hx so that the effective
thickness isws = f4 X 1o With f; < 1 (note thatf; = 1 or the whole thickness is used
for correcting the K emission from background sources); the attenuation fdotahe
Ha flux is thene™ ",

At 360 pc resolution, one may assume that thedtitters, ionized gas in Hll regions
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Figure 4.3: Radial distribution of the mean effective oatidepth at K (7.¢) in rings of
width of 0.5kpc in the galactic plane fgf;=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 \@damply f; ~ 0.5. Dick-
inson et al. (2003) found,; = 0.33 for the Milky Way (because the z-distribution of the
Ha emission is smaller than that of the dust) and we adopt tladirevalso for M33. But,
as will be shown in Sect. 4.9.4, the determination of thertaifraction of the radio
emission is not very sensitive to the particular choicég of

Of course, it would be preferable not to use a uniform vgluéor the whole galaxy,
but one that is adapted to the geometry (well mixed diffusdiora or shell-like in HIl
regions, Witt & Gordon 2000) and the dust column density.sTieeds to specify the
location of the stellar sources and the absorbing dust asdlt@ the radiative transfer
problem with massive numerical computations. Gordon e24100) developed a flux
ratio method to determine the dust attenuation which adsoian different geometries
using a Monte Carlo radiative transfer model together wistedlar evolutionary syn-
thesis model. These models are not used in this study, asmbelgl require additional
assumptions as well as more data to constrain them.

An interesting related question is how the extinction in M3&nges with galactic
radiusR. To investigate this, we integrated Spitzer FIR flux deasiit 70 and 160m
in rings of 0.5 kpc width in the galactic plane (inclinatioh5®°, Regan & Vogel 1994).
We first derived the mean dust temperature of each ring amdttleemean dust optical
depth7.. Fig. 4.3 shows s versus the galactocentric radiis For f; = 0.33, the
dependence can be describedrhy(R) = (—0.009 + 0.002) R + (0.24 £ 0.03). As f
rises, the slope gets steeper. The case 1 (for the full layer), which is appropriate for
pure background sources of M33, is shown for comparisone€adly, a decrease of the
extinction with galactocentric radius is expected as iex#fl the decrease in surface den-
sity towards the periphery. From a comparison of #tata with radio flux densities at 6.3
and 21 cm, Israel & Kennicutt (1980) and Berkhuijsen (19&83) found a rather steep
radial gradient of the extinction: considering 8 bright igions, Berkhuijsen (1982)
derived the relationy, = Ap,/1.086 = (—0.038 £0.003) R + (1.45+0.05), with R in
arcmin. Qualitatively similar results were reported byePsen & Gammelgaard (1997),
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Figure 4.4: Thermalléft) and nonthermalright) maps at 3.6 cm. The grey-scale gives
the flux density in mJy/beam. The angular resolution i @own in the lower left of
the images) with a grid size of 10 The bright HIl complexes NGC604 (RA % 134"
32.9 & DEC=30 47 19.6") and NGC 595 (RA=133" 32.4 & DEC =30 41 50.0")
are clearly visible in both maps, whereas I1C133 (RA=38™ 15.3 and DEC =30 53
19.7') appears stronger in the nonthermal map.

using Balmer and Paschen emission lines, and by Hippelain @003) based on a study
of the Hx to the 60um ISOPHOT flux ratio in Hll regions. The only discrepant resyl
Devereux et al. (1997) who, from their pixel-to-pixel comipan of Hx and 6 cm thermal
radio maps, did not find any systematic declinedip, Hippelein et al. (2003) were able
to explain by assuming that the radial gradient of the colst qi70:m ISOPHQOT) is
stronger in the HIl regions than in the diffuse gas.

4.6 Distribution of free-free emission

From the observed &lintensity,/, and the effective extinction,g, we derive the intrinsic
Ha intensity, Iy, according to

I=1ye ™ (4.6)

Note that using this equation is likely that we solve the atide transfer equation for an
artificial absorbing medium with an effective thicknesg in front of an only emitting
medium. In a more realistic approach, one should solve thiatree transfer equation
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Figure 4.5: Thermall¢ft) and nonthermalkight) maps at 20 cm. The grey-scale gives the
flux density in mJy/beam. The angular resolution i§ @hown in the lower left of the
images) with a grid size of 10

considering a mixed distribution of emitters and absorbgmially, solving the radiative
transfer equation needs massive numerical computatiahaddgitional free parameters.
However, for a homogeneous distribution of emitters andgitally thin condition ¢ <

1) a mixed medium of sources and aborbers is equivalent taaemen effective absorber
medium ofrg (= %T) in front of the emitting medium (see Appendix C).

Integration of the K maps out to a radius of 7.5kpc yields a ratio of corrected to
observed total H flux density of 1.13 forf, = 0.33 and 1.25 forf; = 0.5. Thus only
13% (25%) of the total Hv emission is obscured by dust. The small extinction withirBvi3
was predicted by the wavelet study of 3.6 cm andeéfission (Tabatabaei et al. 2007a).

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

Tt = 941 x 10375207107 7t EM 4.7)

where the electron temperatui,, is in units of10* K, EM in cm~° pc, and it is assumed
that the optical depth of HI resonance lines is large (uguwhoted as case B). Taking
into account the contribution from the fraction of He atomspf which are assumed to
be singly ionized, Eq. (1.22) is written as

7, =8.235 x 10 2a T, ¥ yga! (1+0.08) EM. (4.8)
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Table 4.1: Estimated thermal flux density and thermal fosctit 3.6 cm (; =0.33 and

T.=10,000K).
Object Observed Thermal Thermal
flux density  flux density  fraction
(mJy) (mJy) %o
NGC604 50.44-0.13 38.55+0.08 76.4-0.3
NGC595 17.95-0.18 12.13t0.11 67.6+0.9
IC133 9.08+£0.11 2.66£0.04 29.3-0.5
B690 451+0.11 3.114+0.10 68.9+-2.7
B61/62 3.72:0.11 2.24-0.07 60.2+2.6
IC132 489+ 0.05 3.25t0.02 66.5£0.8
IC131 459+-0.07 3.26:-0.05 71.0+15
NGC588 4.64-0.09 3.24+0.06 69.8:1.8
IC142 3.5+ 0.08 2.73:t0.10 77.8-3.3
B691 4.60+0.13 2.35-0.06 51.1+2.0
NGC592 4.28:0.08 2.76:t0.06 64.5-1.9
M33 (mJy):
R< 7.5kpc 761+63 391+ 74 51.4+10.6

The brightness temperature of the radio continuum emisgjgthen follows from

T,=T, (1—c™). (4.9)

At v = 1.4 GHz, the calculated, is smaller thant x 10~* in M33 (at 360 pc linear
resolution), hence the optically thin condition is valifl; = T, ... Finally, the free-free
brightness temperature in terms of the ktensity is given by

é—i = 3.484 x 10°avgZ! T 107 (14 0.08).

Whereas the electron temperature in the Milky Way is knowim¢oease with galac-
tocentric radius (Shaver et al. 1983) as a result of deergasetallicity (Panagia 1979),
M33 does not show significant variations in metallicity (e.§Villner & Nelson-Patel
2002; Magrini et al. 2007). Crockett et al. (2006) derived &hectron temperature from
forbidden line ratios in 11 HIl regions with galactocenttistances from 1 to 7 kpc. Their
T, values range from 7300 K to 12800 K with a mean value of 10,0@6@& no clear ra-
dial gradient. As there are ri. measurements for the diffuse ionized gas in M33, we
adopt a fixed value df, = 10, 000 K.

The conversion factors from brightness temperature (Kheodbserved radio flux
density (Jy/beam) are 2.6 and 74.5 at 3.6 and 20 cm, respbctithe final free-free
maps are shown in Figs. 4.4 and 4.5. At both wavelengthstihiegest thermal emission
emerges from HII regions, in particular, the HIl complexeSG604 and NGC595, but
the southern arm IS (Chapter 2) and the center of the galaxalso very bright. At both
wavelengths, the thermal fraction of the diffuse emissg#a R5% in interarm regions.
The average error in the thermal fraction obtained usingetha propagation method is
7%.

(4.10)
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Table 4.2: Estimated thermal flux density and thermal faactt 20cm (,=0.33 and

T.=10,000K).
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 14.310.14 69.8:1.0
IC133 5.35-0.07 3.114+-0.03 58.14+-0.9
B690 5.80+£0.12 3.690.12 63.6-2.5
B61/62 4.00:£0.21 2.69-0.08 67.2t4.1
IC132 5.52+-0.05 3.814+-0.02 69.0+0.7
IC131 4.12£0.07 3.84-0.06 93.2-2.1
NGC588 4.6#0.17 3.74:0.06 80.0+3.2
1C142 4.14£0.08 3.09-0.13 74.6+34
B691 7.40+£0.20 2.43£0.04 32.8:1.0
NGC592 5.43:t0.14 3.240.08 60.2:2.2
M33 (mJy):
R< 7.5kpc 2722+ 60 478+ 85 17.6+£3.1

Integrating the thermal maps in rings around the galaxyereotit to a radius of
7.5kpc, we obtain the total thermal flux densities and théfraations at 3.6 and 20 cm
(see Tables 4.1 and 4.2). These Tables also give the theumaléhsities and thermal
fractions at the position of the 11 brightest HIl regiong(toordinates of these HIl com-
plexes are listed in Chapter 2).

4.7 Distribution of nonthermal emission

Subtracting the maps of the thermal emission from the olesenaps at each wavelength,
maps of the nonthermal emission are obtained (Figs. 4.4 &)d¥he latter maps exhibit
diffuse emission extending to large radii. They also showrgs features in the spiral arms
and central region of the galaxy. The strongest nonthermedston emerges from the Hll
complexes NGC604 and NGC595 at both 3.6 and 20 cm. Typiddllyjcomplexes host
tens of young O/B stars, many of which end as supernovae wkasgants contribute to
a mixed (thermal and nonthermal), flat spectrum of the t@dia emission from these
regions (as discovered in NGC 604 and NGC 595, Dodorico 1&08¢on et al. 1993;
Yang et al. 1996). Supernova remnants with central energsces in the form of young
pulsars (Crab-like remnants) also have flat nonthermaltspeblote that using a lower
electron temperature decreases the thermal fraction @nelaises the nonthermal contri-
bution (see Eq. 4.10). For example, the thermal fractiomedeses from~ 76% to 57%
and from~ 68% to 52% in the position of NGC604 and NGC595, respectively, using
T. = 7000 K.

Another strong feature in the 20 cm nonthermal map belontjetactive star-forming
region in the central southern arm IS. This confirms our néviconclusion about the
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spatial coupling of the nonthermal emission with the staniag regions (Chapter 2).
There are also other point-like sources which are not resblM.ooking at the 3.6 cm
map, the giant HIl region 1C133 (RA 133" 15.3 and DEC =30 53 19.7') is also
strong, but not at 20 cm. Hosting the two strongest optidhligk HIl regions (Johnson
et al. 2001), IC133 has an inverted spectrum. The appeadditiois source in the 3.6 cm
nonthermal map is due to the assumption that the free-fréesem is optically thin
(equivalent to the thermal spectral index of 0.1 when-S v—°1). Furthermore, IC133
probably contains some nonthermal emission as Schulmane§rBan (1995) found it
associated with a bright X-ray source located in a hole inHhéayer of the galaxy,
indicating energetic stellar winds and supernovae fromsiaastars.
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Tabatabaei et al. (2007a) discussed the wavelet spectrtime tdtal radio continuum
maps. Here, we present the wavelet energy of the thermal anithermal emission at
different scales. Fig. 4.6 shows that the wavelet spectriutheononthermal emission is
smoother than that of the thermal emission at both wavehsngturthermore, the dis-
tribution of the nonthermal wavelet energy is smoother atr@@han at 3.6 cm. Scales
smaller than the width of the spiral arms ¢00” 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 ersergiiefact the synchrotron
emission distribution reflects the combined distributidthe interstellar magnetic field
and the cosmic ray electrons. Hence, assuming that thebdistn of the interstellar
magnetic field is the same at both wavelengths, one can ateictbe higher the energy
of CRs, the more dominant the localized structures (whichhzalinked to the cosmic
ray ‘sources’ e.g. supernova remnants). This is expectemhagy losses of CR elec-
trons increase with electron energy and field strength. y@tgdoropagation effects with
self-consistent Galactic wind simulations, Breitschvwetdal. (2002) predicted a similar
energy-dependence for the CR nucleon distribution in odaxga They expect that the
high energy (TeV)y-rays from CR sources dominate the diffuseay emission, while
the Galacticy-ray observations in the GeV range (with EGRET and COS-Bglstnown
a roughly uniform distribution of the-ray emissivity in the Galactic plane.

The dominant scales of the wavelet spectra of the therm&l.§aind 20 cm) and the
3.6 cm nonthermal emission are the same, indicating thakistigbution of the cosmic ray
sources is similar to that of the thermal sources. At scalgel than a214" (0.86 kpc),
the 3.6 cm nonthermal spectrum decreases twice as fast2@ ¢thenonthermal spectrum.
The smaller energy losses of the CR electrons with lowerggee(at 20 cm) than of those
with higher energies (at 3.6 cm) may cause a smoother ditivibof the emission at all
scales. This indicates that besides the CR sources embgdtedstar-forming regions,
there is another component of the synchrotron emissionanfahm of a diffuse disk
or a galactic halo that is better visible at 20 cm than 3.6 crhis Tould be verified by
multiwavelength observations of edge-on galaxies at véigols higher than those of the
existing data.

Fig. 4.7 shows the the supernova remnants from Gordon et398] superimposed
on the nonthermal 20 cm map. There is general coincideneeekatnonthermal features
and supernova remnants, the powerful sources of the riskatielectrons. Gordon et al.
(1999) diagnosed 17 supernova remnants embedded in HinggiThey also found
some 30 HIl regions with nonthermal radio components of witiavas not clear whether
they belong to these regions or were external radio soufidescircle in Fig. 4.7 shows
the position of the strongest 3= 7.0+ 0.2 mJy,a ~ 0.2) HIl region with nonthermal
emission. As this Hll region is not resolved in our thermapsavith 90' resolution, it is
not listed amongst the bright Hll regions in Tables 4.1 ard 4.

4.8 Nonthermal spectral index

From the nonthermal radio fluxes at 3.6 and 20cm, we obtainedpectral index of
the nonthermal emission which was only computed for pixeth Wux densities of at
least three times the rms noiset both frequencies. Fig. 4.8 shows that the nonthermal
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Figure 4.8: Nonthermal spectral index,) map obtained from the nonthermal radio
fluxes at 3.6 and 20cm. The spiral arms are indicated by contoiuthe total radio
emission at 3.6 cm superimposed. Contour levels are 1.5a4d 12 mJy/beam. The
angular resolution is 90with a grid size of 10.
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Figure 4.10: Mean nonthermal spectral index in rings of @& width in the galactic
plane versus galactocentric radius. The total (obseryaebtsal index is also shown for
comparison. The minima a8t<R< 4 kpc is due to the HIl complex NGC604.

spectral indexq,,, has a clumpy distribution. Note that the fainter regiongehsteeper
spectra. The most probable value«f distributed across the galaxy is 0.95 (Fig. 4.9).
This is in perfect agreement with the mean nonthermal spleictilex derived by Klein
(1988) for a sample of galaxies. In the star-forming regidhe nonthermal spectrum
is relatively flat with an average value af, of 0.6t+0.1, the typical spectral index of
supernova remnants, buj, increases td.2 + 0.2 in the interarm regions and outer parts
of the galaxy. This indicates energy losses of the reldttvedectrons while they diffuse
away from their origin in star-forming regions towards the&erarm regions and the outer
parts of the galaxy. For the first time, a nonthermal speatidéx map can be used to
achieve more realistic models for the propagation of CRtedes.

Integration of the nonthermal intensity in rings of 0.5 kpdhe galactic plane yields
the mean nonthermal spectral index in each ring. The radighton of the ring mean
spectral index is shown in Fig. 4.10, where the ring meantsgiendex of the total radio
continuum emission is also plotted for comparison. Up te R kpc, there is no increas-
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ing trend for the nonthermal spectral index with radius asife total spectral index. Here
the ring mean nonthermal spectral index varies betweenah8%.9, indicating that CRs
are injected by sources related to massive stars, and walexde and synchrotron losses
(Biermann 1995). Towards the outer parts of the galaxy tmthsymal and total spectral
indices converge, confirming that the total radio contintemission is mostly nonther-
mal at R> 4.5 kpc. This region corresponds to the synchrotron and in@osepton loss
dominated regime as,, ~ 1 on the average (Biermann 1995). Note that changing the
electron temparature from 10,000K to 7000 K changgfrom ~0.18 to 0.31 and from
~0.01t0 0.03 for NGC604 and NGC595, respectively, and henes dot make their flat
nonthermal spectra much steeper. This may indicate a steerigee energy-loss in these
HIl complexes.

It seems that the nonthermal emission have a steeper spefitomn the southern
than the northern half of the galaxy, indicating a more inignatrrole 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 thafmnd nonthermal emission as-
suming that the nonthermal spectral index is constant athesgalaxy (standard method).
Then we compare the results from the two methods.

Because the thermal emission is weak in the outer parts ajalaxy, one may con-
sider the total spectral index from these parts as the purthaomal spectral indéxa,
(e.g. Berkhuijsen et al. 2003). The total spectral index ofdyi33 givesa,, = 1.0 £ 0.1
(see Fig. 2.9). For a total spectral index,obtained from the observed flux densities at
frequencies; andw, and the constant value of,, the thermal fraction at frequency is

given by
v\ v\ " v\ v\ "
Fi = [(—) -(2) ]/ [(—) -(2) ] @11
(Klein et al. 1984). Then the thermal flux density at frequemg S,;!, is obtained from

SY = S X F (4.12)

and the nonthermal flux density at frequengy S is

Sn= S — S (4.13)

Using the data at 3.6 and 20cm in the above formulae, the soneling thermal and
nonthermal maps are derived; those at 20 cm are shown in Hifj. &'he main differ-
ence between the standard and our new method (Fig. 4.5) renttee distribution of
the nonthermal emission, while the thermal maps show althestame structures. The
nonthermal emission from the standard method is weakerttterirom the new method

3This is confirmed by the new method, as mentioned in Sect. 4.8.
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Figure 4.11: Thermal and nonthermal 20 cm maps obtained fhenstandard method.
The grey-scale gives the flux density in mJy/beam. The angesalution is 90 with a
grid size of 10.

and hardly shows emission from star-forming regions in tihesa Often it is even weaker
in the arms than in between the arms and in the outer parte gfataxy.

In contrast to what is assumed in the standard method, |amggtions of the nonther-
mal spectral index are found across M33 by the new method &8). We interpret this
as clear evidence that CR electrons suffer energy losdesidig 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 Hllioews and of M33 (from the
integrated flux density maps up to R =7.5kpc) at 3.6 cm obtiren both methods. The
thermal fractions of all the sources are larger when obthfrem the standard method
than from the new method. Some even exceed/d0ausing very weak or negative
nonthermal fluxes. The thermal fraction of M33 from the staddnethod is 2% + 14%
higher than that from the new method. In Chapter 2, we usedttdrelard method with
a, = 1.0 £ 0.1 to estimate the thermal fraction from the integrated spettibased on
data at 35.6, 21.1,17.4, 11.1, 6.3, 6.2, 3.6, and 2.8 cm4&std.15 which agrees with
the value 0.5% 0.04 obtained from the new method. This indicates that tearaption
of a constant nonthermal spectral index is reasonable ito&st mean values for global
studies, when the integrated spectrum is used.
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Figure 4.12: Radial profiles of the thermal and nonthermi@nsities at 3 cm (left) and
20 cm (right) obtained from theewseparation method. The thermal intensities show a
bump at3 <R< 4 kpc which is due to the HIl complex NGC604.

Ononthermal 1 F Ononthermal
[ ¥ thermal ] [ ¥ thermal
10.00¢ E 10.00 ?ﬁ 3
£ X% | Lo~ . -
— Foo%e s e ] — PR T e
S k\*’x\* £ b SxT 0 Tx FTrmmg
2 1.00pm KK X E 2 100p e R
a . E BB BB g g o * X~X\¥ E| a . E ~ % E
~ E CEBmp ~ E E
= il >
2 i €
~ o0.0f . ~ 0.10f 4
t  standard 3.6cm [ standard 20cm
0.01 ¢ = 0.01F E!
E | | | 7 E | | | 3
6] 2 4 6 8 0 2 4 6 8
R (Kpc) R (Kpc)

Figure 4.13: Radial profiles of the thermal and nonthermi@nsities at 3 cm (left) and
20 cm (right) obtained from thetandardseparation method. The thermal intensities show
a bump aB <R < 4kpc which is due to the HIl complex NGC604.

4.9.2 Radial scale lengths

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

The same profiles obtained from the standard method are shdvig. 4.13 for com-
parison. The nonthermal radial profiles are slightly smeotkespecially at 3.6 cm) than
those from the new method, caused by the assumption of aatansdnthermal spec-
tral index. Although the thermal radial profiles exhibit th@me variations as those in
Fig. 4.12, the over-estimation of the thermal emission ftomstandard method is obvi-
ous.

The exponential scale length,is obtained by fitting an exponential function of the
form I(R) = I, exp (—R/l), wherel, 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 standard methods. It
is shown that the thermal fraction obtained from the stashdaethod is over-estimated
especially for the HIl complexes.

Object Q(3.6,20) F;, (new method)  F};, (standard method)
% %
NGC604 0.12-0.01 76.4-0.3 99.2+0.4
NGC595 0.0A4-0.03 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 0.0G6:0.05 69.8+-2.6 103.1+2.9
1C142 0.09+-0.04 77.8-4.6 96.9+ 3.6
B691 0.27+0.05 51.14+-2.6 93.0+3.4
NGC592 0.13:0.04 64.5+-2.6 97.9+2.8
M33:
R< 7.5kpc 0.72+0.04 51.4+-10.6 63.2-13.4

exponential scale lengths of the thermal emissignand nonthermal emissiof,, from
both methods. Generally, the scale lengths of the nontHemession are larger than
those of the thermal emission (by a factoreR). In Sect. 4.7, we show that the CR
sources follow the distribution of the thermal sources, s&r-forming regions. Hence,
the radial distribution of the CR sources decreases falktar that of the synchrotron
emission. This is a direct observational result indicatiliffusion of the cosmic rays
from their places of origin to larger distances.

Using the standard method, Buczilowski (1988) determirnexsicale length of the
6.3 cm thermal and nonthermal emission as+ 0.2 kpc and4.2 4+ 0.3 kpc, respectively.
These scale lengths are smaller than those obtained heregmaller than those obtained
from the standard method), although the ratio of the nonthéto thermal scale lengths is
the same« 2). Due to the low signal-to-noise ratio of the old 6.3 cm Elferg receiver
used by Buczilowski (1988) much of the diffuse emission ia dhuter parts of the galaxy
had been missed, leading to steeper radial profiles andesrsalile lengths. For the same
reason also the scale lengths derived by Berkhuijsen & KIE®85) are too small. They
obtained the distribution of the thermal emission at 6.2 @mfa catalogue of Hll regions
in Ha (Boulesteix et al. 1974) where the diffuse emission was aotgetely included.

In case of equipartition between the magnetic field and ORsstale length of the
CR electrons is given b.. = [,,(3 + «,)/2 and that of the magnetic field by = 21,
(e.g. Klein et al. 1982). Taking,, ~ 1, we obtain/., ~ 12kpc andig ~ 24 kpc.

For NGC6946, Walsh et al. (2002) found a nonthermal scalgtlteof [, ~ 4kpc
which gives a smaller CR scale length lpf ~ 8kpc. Although NGC6946 is a Scd-
type galaxy like M33, it is a starburst system and it hostsngier star formation in its
central region than M33. This may cause a steeper radial@uaifthe total intensity and
consequently a smaller nonthermal (and cosmic ray) sca¢ghehan in M33.
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Table 4.4: Exponential scale lengths of the thermg) &nd nonthermall{) components
of the radio continuum emission from M33 at 3.6 and 20 cm. Re$stom both methods
(new and standard) are listed.

A lin (kpe) 1, (kpc)

new

20cm 2.4-0.2 5.8+05

3.6cm 2.6£0.2 6.1+0.7

standard

20cm 3.5-0.5 6.2+0.7

3.6cm 37405 8.9+-0.9

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

Acm) SIS, SNEH SYEH

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 0.6740.07 1.10+0.08
20 1.14£0.06 0.7740.08 0.82+-0.07

4.9.3 North—south asymmetry

From Figs. 4.4 and 4.5 it seems that the thermal emissionasggr in the southern than
in the northern half of M33. To investigate this north-so(RhS) asymmetry, we obtain
the integrated flux density of the thermal, nonthermal, amdl temission in each half
separately. Table 4.5 shows the results from both the newvitenstandard method. The
thermal emission from the new method is slightly strongethiam southern than in the
northern half of the galaxy at both wavelengths. This mayheeréason for the higher
Faraday depolarization found in the southern half than énrtbrthern half (Tabatabaei
et al. 2007c). In Chapter 5, we will discuss whether the asgtryrin the Faraday de-
polarization can be caused by this N-S asymmetry in the thleemission distribution.

Note that, from the standard method, the thermal emissitmeisouthern half is weaker.

The nonthermal emission at 20 cm from the new method in théheouw half is also
stronger than in the northern half (in contrast to the 3.6 omtimermal emission). This is
expected as the stronger supernova remnants are conedritrdhe southern half espe-
cially in the arm IS, which produce stronger nonthermal srois at longer wavelengths.
The existence of the strong optically thick HIl regions (d@133) in the northern half of
the galaxy also causes the different N-S ratios of the nomthleemission at 3.6 cm.
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Figure 4.14: Distribution (histogram) of the thermal fiaotat 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 themaanonthermal emis-
sion influence the results? We take the thermal fraction @.8.6 cm) as the final result
and defindJ as the uncertainty i}, when one of the assumptions changes,

— |Fth_Ft,h|

U
Fun

(4.14)

F,, and F}, are the thermal fractions before and after changing an gstsom) respec-
tively.

One of the assumptions is the choice of effective extinctamtor f;=0.33 (non-
uniform ionization). For a homogeneous distribution of tdarisd ionized gasf,;=0.5,
the average uncertainty in the thermal fraction at 3.6 crmig & = 2% with a standard
deviation of 1%.

ChangingT, from the adopted 10,000K to 8000 K, the most probable unicgéyta
across the galaxy i§ = 17% with a standard deviation of%3. Fig. 4.14 shows that the
thermal fraction decreases with decreasing electron teatyre. Larger differences in
the thermal fraction are found for regions with higher tharemission like HIl regions,
and the influence of changinf. is relatively small in diffuse regions with smaki;,.
Thus, we find that the uncertainty resulting from the new métis mainly determined
by uncertainty of the electron temperature.

Another question is which method, the new method with itstede temperature as-
sumption or the standard method with its constant nonthlespetral index assumption,
faces larger uncertainty in the thermal fraction. For tlumparison, we first obtain the
nonthermal spectral indices for different electron terapees. Forl, =10,000K the
most probable nonthermal spectral index is 0.9, while it&for 7, =8000 K. Then, from
the standard method, we calculate the thermal fractionsnasg o, =0.9 and 0.8, re-
spectively, which leads to an uncertaintylof= 40%, much larger than that determined
from our method (1%). We conclude that the thermal fraction is more sensitiveard
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Table 4.6: Average thermal fraction of M33 at 3.6 cm for diiet assumptions. The
uncertaintyU of each assumption is calculated with respect to the €asd.0,000 K and
fa=0.33.

T. & fq Fi, 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 odethan to variations of the
electron temperature in the new method.

Table 4.6 shows the thermal fractions obtained from thenthéand total flux densi-
ties of M33 (integrated for R 7.5 kpc) for different combinations of the assumptions of
T, andf,.

495 Thermal/nonthermal radio—IR correlation

The correlation between the IR and total radio continuunssian was presented at dif-
ferent scales of emitting structures in Chapter 2. Assuninag the radio emission is
mostly thermal at 3.6 cm and mostly nonthermal at 20 cm, wecloded that the the
warm dust—thermal radio correlation is stronger than thé dost—nonthermal radio cor-
relation. However, a more precise conclusion requires e@isgn with the thermal and
nonthermal radio emission, separately.

We obtained the wavelet cross-correlations between th&SNRAMaps and the 3.6 cm
thermal and nonthermal maps separated from the new methnadreBults not only con-
firm the stronger warm dust-thermal radio than the cold cwstthermal radio correla-
tion, but also show a stronger warm dust—nonthermal ra@io the cold dust—nonthermal
radio correlation at some scales (Fig. 4.15). It is also fbimat the cold dust has a better
correlation with the thermal than the nonthermal emissifimis is in contradiction with
what Hoernes et al. (1998) found in M31. This could be due th@)spatial correlation
of the nonthermal emission with the thermal emission e.gabse of a stronger magnetic
field or cosmic rays with higher density in the location of tar forming regions and b)
the larger role of UV photons from O/B stars in heating thel@hist in M33 than in M31
at least up to the scales of 3.5kpc, as discussed in Chapter 2.

Another interesting point is that the IR correlations witle tnonthermal’ emission is
better at a medium scale ef 200” —500” (or 0.8 kpc-2 kpc, including the size of the giant
molecular clouds and star forming regions, spiral arms,thactcentral extended region
of M33), whilst the IR correlation with the ‘thermal’ radioression increases with scale,
monotonically.
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4.9.6 Spinning dust emission

It was supposed that the radio continuum emission condigiie thermal and nonthermal
components. On the other hand, it is claimed that spinnirsg also emits radio contin-
uum radiation with a peak at around 20 GHz (e.g. Watson ef@bpand with a possible
contamination at 3.6 cm (8.35GHz). Then a question is howmaiiche total emission

from M33 at 3.6 cm is provided by spinning dust. We invesggahe contribution of the
spinning dust emission from M33 by using the nonthermal spkimdex obtained from

the integrated nonthermal flux densities at 20 and 6.2t 0.8). Assuming that this
nonthermal spectral index is constant between 20 and 3.6@mntegrated nonthermal
flux density at 3.6 cms,(8.35), is obtained by:

S,(8.35) = S,(1.42) (8.35/1.42)7°" . (4.15)

The total flux density of the spinning dust emissifi,s; can be obtained by subtract-
ing S,(8.35) from the integrated nonthermal flux density obtained fromriew method,
S’ (8.35):

Siust = S'(8.35) — 5, (8.35) (4.16)

Substituting the corresponding values in (6.1) and (6.2) @king the errors into
account, we derivé,, = (370 + 60) — (463 £+ 73) mJy, indicating an unimportant (if
any) contribution of the spinning dust in the total radio tenum emission from M33
at 3.6 cm. In case of a steeper nonthermal spectrum betw2em@.3.6 cm, e.g. taking
a, = 1, we receiveSy,s; = (370 £ 60) — (296 £ 73) mJy, which is also negligible within
the errors.

4.9.7 Comparison with the 49 cm data

The HIl complexes NGC604 and NGC595 are strong featuresaamgein our nonther-
mal maps. This seems to contradict to what is known from Hjlaes as ‘thermal neb-
ulae’. Although the fact that these sources are not singlerégfions but a collection
of about 200 O/B stars in different evolutionary phases amswhe question, it would
be interesting to check these sources at longer wavelengtigse the thermal emission
is much weaker than the nonthermal emission. A map of M33 a2z (49 cm) ob-
served with the Westerbork Synthesis Radio Telescope (VWWBRarferometer shows that
not only NGC604 and NGC595 are strongest sources but algo sithilarities with our
nonthermal maps can be confirmed (Fig. 4.16). Note that wielcmi use this data in our
separation because of its lack of diffuse emission (duedartissing spacings problem of
interferometry).

4.10 Summary and conclusions

We have developed a new method to separate the thermal attternmmal radio emission
from a galaxy. We used the highly resolved and sensitivez8pif0 and 16@m data

of M33 to correct the 4 map of Hoopes & Walterbos (2000) for extinction. From this
map, we calculated the thermal (free-free) emission at 80628 cm and obtained maps
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Figure 4.16: The WSRT 49 cm image of M33%t’ resolution.

of the nonthermal emission as well as a map of the nontherpeaitial index in M33.

The distribution of the nonthermal spectral index greatypk to understand the origin
and propagation of cosmic ray electrons in a galaxy. In ptinef results and conclusions

are as follows:

e The distribution of the dust extinction is similar to thattbé 160um emission. The
mean extinction in rings in the galactic plane exhibits dlsheradial gradient.

e With a nonthermal fraction of about 30%—60% at 3.6 cm, theaprms and star-
forming regions have a considerable contribution to thememal emission. This

contribution is negligible in the nonthermal maps obtaifredh the standard sep-
aration method. The radial profiles of the surface brigldessand the wavelet

spectra show that the distribution of the nonthermal emiséiom the standard
method is smoother than that derived from the new methods iSttaused by the
assumption of a constant nonthermal spectral index in #redsid method.

e The nonthermal emission from the new method is still moreatiy distributed
than the thermal emission. The exponential scale lengthiseofionthermal emis-
sion are more than twice as large as those of the thermaliemiss

e The standard method over-estimates the thermal fractspgagally at the position

of giant HIl regions. For galactocentric radiuscR.5 kpc, the thermal fractions at
3.6cm are 51 11% and 63+:13% from the new and standard methods, respec-

tively.
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e For the first time, we derived a map of the nonthermal spettdax. In the star-
forming regions, the nonthermal spectrum is relativelyvldah an average value of
a, 0f 0.6+ 0.1, the typical spectral index of supernova remnantsqhuhcreases
to 1.2 + 0.2 in the interarm regions and outer parts of the galaxy. Thisvshthat
the relativistic electrons lose energy when diffusing friwir origin in star-forming
regions towards interarm regions and the outer parts ofdkexg. The mean spec-
tral index of the nonthermal emission becomes equal to thtteototal emission
at R~4.5kpc. This indicates that the total radio emission is lgasdbnthermal
at R>4.5kpc in M33, where the spectral index is dominated by syotobn and
inverse Compton loss processes.

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

e Assuming equipartition between the magnetic field and Giesstale length of the
CR electrons and of the magnetic field estimated are: 12 kpc andiz ~ 24 kpc
in this galaxy.

e Generally, thentegratedresults from the two methods match with each other within
the errors, indicating that the assumption of a constanth@mal spectral index is
a proper approximation for ‘global’ studies.

e At scales smaller than 4 kpc, not only the warm dust but alecctiid dust emis-
sion is better correlated with the thermal than with the henhal radio emission,
indicating the important role of UV photons in heating thetdat these scales.






5 Magnetic fields in M33

5.1 Introduction

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

M33 with its large angular size and medium inclination of &8ows determination of
the magnetic field components both parallel and perperatitalthe line of sight equally
well. Our high-resolution and -sensitivity polarizatioatd at 3.6, 6.2, and 20 cm enable
us to study rotation measure (RM), magnetic field structacestarength, and depolariza-
tion effects in detail.

Previous RM studies of M33 based on polarization obsematai 11.1 and 21.1cm
(Beck 1979) suggested a bisymmetric large scale magndticsfiricture in the disk of
M33. Buczilowski & Beck (1991) confirmed the presence of thggymmetric field using
two further polarization maps at 6.3 and 17.4 cm. Howevés, rédsult might be affected
by a lack of polarization and RM in the southern half of M33eda the low-sensitivity
observations.

Tabatabaei et al. (2007c) found a north-south asymmetrizenpblarization distri-
bution that is wavelength-dependent, indicating a possiblth-south asymmetry in the
Faraday depolarization. Investigating this possibilgguires 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 tEglthan before (3or
0.7 kpc) and probe its mean value in rings in the galacticelarsect. 5.2. We also deter-
mine the nonthermal degree of polarization using the newhssmal maps (Sect. 5.3).
The magnetic field structure and strengths are discussegtins4. We derive a map for
the observed depolarization and discuss possible depati@m sources in Sect. 5.5.

5.2 Rotation measures

As the linearly polarized radio waves propagate in a magiwgtic medium, their po-
larization vector is systematically rotated. The amounthas rotation depends on the
wavelength of the radio emission, the strength of the magfield along the line of sight

81
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(By), and the number of thermal electrons along the line of ight

Ap A\ [Lre /By e 4
o () [ Ge) G ) o1

with L the path length through the magneto-ionic medium. Henaeptbasured polar-
ization angle ¢ = %tan‘%) differs from the intrinsic polarization angle) as

¢ — ¢ = Ap = N> RM. (5.2)

Practically, RM can be obtained from measurements of tharjzaltion angles at two

wavelengths:
RM  (¢1/rad) — (¢o/rad) (5.3)
radm—2 (%)2 — (%)2 . |

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

Using the linearly polarization data of M33, we first obtairtbe distribution of RM
between 3.6 and 20cm (Fig. 5.1, left panel), showing smoatfatrons in the northern
half of the galaxy. However, lots of RM variations and flipstie direction ofB) exist
in the southern half of the galaxy, which resist by adding 73 rad nT? ambiguity. As
presented in Chapter 2, weak polarized emission in the sauthalf at 20 cm could be
linked to these RM variations. Between 3.6 and 6.2 cm, RMegasimoother than that
between 3.6 and 20 cm in the south of the galaxy (Fig. 5.1t pghel). Usually, only
part of RM is caused in interstellar medium of external gasXRkRM,), the rest is due
to the Galactic foreground mediunk¥l;) andRM = RM; + RMy,. The foreground
rotation measure of M33 is mainly caused by the extendeddBalaagnetic bubble re-
gion A (Simard-Normandin & Kronberg 1980). Assuming that theiigic contributions
of the extragalactic sources 3C41, 3C42, and 3C48 thenssearecel out and the inter-
galactic contribution is negligible, Broten et al. (1988yarabara & Inoue (1980) found
a rotation measure of57 & 10rad nT2. For the polarized sources in the x 2° M33
field, Buczilowski & Beck (1991) found a forground RM ef55 4= 10 rad n2 (about
the same value was obtained by Johnston-Hollitt et al. 200¥})he following we use
this value as it is consistent with our measurements as wWatjure. 5.2 shows Rivbe-
tween 3.6 and 6.2 cm which varies in a range including botltigesaand negative values.
Comparing the RMmap with the overlayed contours of'Pan agreement between the
ordered magnetic field in the plane of the sky and the regugmnatic field in the line
of sight is indicated in the north and along the minor axisisTif better visible in the
magnetic filament in the north-west of M33 (see Chapter. 2)er@ RM shows small
variation within the PI contours. This indicates that thesty ordered magnetic field in
this region is mainly regular. The RMnap also indicates that the magnetic field is di-
rected towards us on the western minor axis, but has an dpmbséction on the eastern
part. Furthermore, large RM values on the minor axis indi¢aat B is strong in these
regions. Sign variations of the RMire more frequent in the southern than the northern

INote that Pl is related td@3, which is a combination of both aniosotropic (compressedheased
random field) and regular fields in the sky plane. R¥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 dmn wit
contours of 3.6 cm polarized intensity. Contour levels ate©.2, 0.4, 0.6, 0.8 mJy/beam.
Right: observed rotation measure map of M33 between 3.6 and 6.2 timcamtours of
6.2 cm polarized intensity. Contour levels are 0.3, 0.4, 0.8, 1.6 mJy/beam.

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

Among the three brightest HIl complexes at 3.6 cm (NGC604(C88b, and IC133,
see Chapter 2), the rotation measure is highest at the @ositiNGC595, RA=1 33"
32.4 & DEC =30 41 50.0'. This means that the electron density and/or the magnetic
field component in the line of sigtt is larger at the position of NGC595 than in the two
other HIl complexes.

Figure. 5.3 shows the azimuthal variations of RiNlrings. Starting from a distance
of 1 kpc from the center, the rotation measure was averagégeimgalactic plane in 6
rings of 1 kpc radial width over sectors of°1@idth. The azimuthal angles shown in this
figure were corrected for inclination of the galaXy, = arctan(tanf/cosi), with 6 the
azimuthal angle on the sky aridhe inclination of the galactic plane against a face-on
view. 6, = 0° and 180 correspond to the northern and southern major axisa@@d 270
to the eastern and western minor axis. As shown, the Rivlations in this galaxy is very
disordered and do not follow a periodic pattern (Sect. :idjeineral. The only periodicity
is found in the ring 2-3 kpc in which RMs 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 6dftemcorrection for the
foreground RM. Overlayed are contours of 6.2 cm polarizéehisity. Contour levels are
0.3,0.4,0.8,1.2,1.6, 3.2, 6.4 mJy/beam. The distributiche estimated error in RM is
shown in the right panel.
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Figure 5.3: Azimuthal behavior of RM in M33 in different riagf 1 kpc width around
the center of the galaxy.
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Table 5.1: Integrated nonthermal flux densities and avemagéhermal degree of polar-

ization at 180.
A Sith Spr Poth
(cm) (mJy) (mly) %
3.6 37060 38+4 10.3+2.0
6.2 696+ 110 79+5 11.3+1.9
20 174065 115+10 6.6+0.6

Figure 5.4: Nonthermal de-
- gree of polarization at 3.6 cm.
Overlayed are contours of the
linearly polarized intensity at
3.6cm with levels of 0.1 and
- 0.3 mJy/beam.
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5.3 Nonthermal degree of polarization

To verify the polarization due to synchrotron emission gbealled nonthermal degree of
polarization By, = PI/1,, is usually studied, where Pl is the linearly polarized eioiss
and I, is the flux density of the nonthermal emission. Using Pl m&isapter 2) and
the nonthermal maps (Chapter 4), we derived the mapspfaP different wavelengths.
Fig. 5.4 shows R, at 3.6 cm. High nonthermal degrees of polarization,(B 30%) are
found in the northern part of the magnetic filament (see @rahtcorresponding to the
second contour at DEE 30° 54’ in Fig. 5.4).

Integrating the polarized and nonthermal intensity maghengalactic plane and for
a galactocentric radius of R 7.5 kpc, the average nonthermal degree of polarization
P = Sp1/Su is calculated. Table 5.1 givéy,,, together with the integrated values of
the nonthermal flux density and polarized intensity at défeé wavelengths. At the same
angular resolution of 180 P, is the same at 3.6 and 6.2 cm, confirming that Faraday
depolarization effects are not significant at these wawgthen generally. However, these
effects are important at 20 cm providing a G,
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5.4 Magnetic field

Correcting the polarization angles for the rotation meagbir= ¢—\? RM,), the intrinsic
direction of the magnetic field component in the plane of tke (§3,) was obtained.
Fig. 5.5 shows the correctd8l, -vectors superimposed on an optical image of M33. The
orientation ofB, shows a spiral magnetic field pattern with open arms with@aprately

the same pitch angle of the optical arms in the north and sbutteven larger in the east
and west of the galaxy.

The regular magnetic fiel®, in the disk of spiral galaxies is generally assumed to be
dynamo-generated. The dynamo single modes of axisymnsgdiial structure (ASS) and
bisymmetric-spiral structure (BSS) can be distinguislmethfthe azimuthal RM variation
(as shown for M51, M81, and IC342 Tosa & Fujimoto 1978; Kraeisal. 1989b,a). This
analysis assumes that the magnetic field resides in the alisk & plane parallel to the
disk),n. is constant, and the field vectors follow spirals with constatch angles. In the
ASS model, the RM variation can be fitted by the periodic figrct

RM(fy) = A cos (6p — 1) + RMjg, (5.4)

with ¢ the pilch angle of the magnetic field vectors. Thus in the ARS8 eh the minimum
and maximum of RM should be found near the northern and southejor axis.
In the BSS model,

RM(6p) = A cos (200 — ¢ — 1) + A cos (11 — ¢) + RMg, (5.5)

with 1 the position angle of the magnetic spiral at a certain ratiuse plane of the
galaxy.

For M33, Beck (1979) and Buczilowski & Beck (1991) found tkta¢ BSS model
can be best-fitted to the azimuthal RM variations. HowevesirtRM information was
only restricted to the northern half of this galaxy as thegdu®w sensitivity polarization
data. Such field structures can not be fitted to the RM vanatabtained from our more
complete and sensitive data (see Fig. 5.3). The least-adu#s failed to decrease the
original standard deviation substantially. Besides td@Nevariations in the south of M33
(Sect. 5.2), this may be other indication to a regular magfietd that is not confined to
the disk or a plane parallel to the disk (particularly in tbaethern half) and hence cannot
be explained by only single modes of the dynamo action.

The strengths of the total magnetic figbdand its regular componeit, can be found
from the total synchrotron intensity and its degree of Imgalarization B;;,. Assuming
equipartition between the energy densities of the magfietecand cosmic rays{r =
ep, = B?/8w, Beck & Krause 2005),

B, = {4720, +1) (K + 1)1, E;7>*" (v/2¢1)™"
/ (200, — 1) ea(ay) Leg |}/ Ot (5.6)
wherel, is the nonthermal intensit¥s the ratio between the number densities of cosmic

ray protons and electronkthe pathlength through the synchrotron emitting mediurd, an
«,, the mean synchrotron spectral indek,, = 938.28 MeV = 1.50 x 10~%erg is the
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Figure 5.5: Optical image of M33 with overlayed vectors o timearly polarized emis-
sion at 3.6 cm corrected for the Faraday rotation. A vectogtie 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 magrietid strengths in rings of
500 pc with galactocentric radius.

proton rest energy and

a1 = 3e/(4mm3c’) =6.26428 - 10" erg? s G,

o) = 36 (@n+5/3) [fan + )T (B + 1)/

x T[(3a, + 5)/6]
(5.7)

For a region where the field is completely regular and has ataahinclination with
respect to the sky plané & 0° is the face-on view)¢s = [cos (7)](@»+1). If the field
is completely turbulent and has an isotropic angle distidiouin three dimensiong; =
(2/3)(e=+1)/2 If the synchrotron intensity is averaged over a large vaynos (7)](@»+1)
has to be replaced by its average over all occurring valués of

The strength of the regular magnetic field in the plane of #yecan be estimated
from the observed nonthermal degree of polarization ($&galet al. 1976):

1

b (37 + 3) [1+ (1—g)mT[(y +5)/4]] (5.8)

3y + 7 2qT[(y + 7) /4] F (4) ’

1

Fli) = 5

21
/ (1 — sin? i sin? 9) (r+1)/4 de,
0
with B, /B, = ¢*/(*7), v = 2a,, + 1, andd the azimuthal angleX, is the turbulent mag-
netic field). This formula assumes that the ordered magfielithas a single orientation,
is parallel to the disk and, taken over the galaxy as a whale,no further preferential
orientation with respect to any fixed direction in space.

The determined average valuedgpfa,,, and B, with the assumed values Kf(~ 100)
andi(~ 1kpc) lead toB; ~ 6.4 uG andB,, ~ 2.5 uG for whole M33 R <7.5kpc). The
strongest ordered magnetic field is found in between the &isand V N (in the mag-
netic filament, see Chapter 2) with), ~ 6.6 uG whereB; ~ 8.3 uG.
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Using the mean synchrotron flux density, spectral index,cagtee of polarization in
rings, we also derive the average field strengths in rings.56 shows some fluctuations
but no systematic increase or decrease of these strengthgalactocentric radius (al-
though B falls considerably in the last ring). The small bumptdt < R < 5.5kpc is
due to the M33’s magnetic filament.

As the polarized intensity (PI) is related to the regular n&y field, and the non-
thermal intensity [,,) to the total magnetic field in the plane of the sky,— Pl gives
the nonthermal emission due to the the turbulent magnetat fie. This intensity with
Egs. (5.6) and (5.7) and assuming a completely turbulent figel to derive the distribu-
tion of B, across the galaxy. Figure 5.7 shows strahg(> 7 1G) 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 eléfas the ratio of the non-
thermal degree of linear polarization;Pand the theoretical valug. Generally, it may

be caused by instrumental effects as the bandwidth and bieliimef the observations
or by the wavelength-dependent Faraday depolarizatiomdBw@lth depolarization oc-
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curs when the polarization angles vary across the frequieaiy, reducing the observed
amount of polarized emission. It is given binc (2RM A? §v/v), wheredv is the band-
width of the observations (e.g. Reich 2006). In our studg,wavelengths, bandwidths
and RM values lead to a negligible bandwidth depolarization

Beam depolarization occurs when polarization vectorsfédint orientation are un-
resolved by the telescope beam. In order to compensateftbes, eéhe ratio of the non-
thermal degree of polarization at two wavelengths and atn@esangular resolution is

used,

DP,, )y, = P (5.9)
)\2/)\1 - P)\l 9 .

nth
where,\; > A;. Then, the observed depolarizatibi®,,,,, , that is wavelength-dependent,
and called Faraday depolarization.

We derived the depolarization ;¢ using the maps of the nonthermal intensity
and polarization at 20 and 3.6 cm at the same angular resolofi 180 (Fig. 5.9, top
panel). Generally, the southern half of the galaxy is higtdpolarized. While D3
changes between [0-0.5] in the south, it varies betweer]Pi3 the north. Considerable
depolarization are found at the positions of NGC604, NGC&®%1C133. However, the
strongest depolarization in the inner galaxy is found in riin southern arm IS. No
depolarization (DP- 1) is seen in the eastern edge of the minor axis and some northe
regions.

According to Burn (1966) Faraday depolarization could hesed by the regular mag-
netic field and thermal electrons along the line of sight (d&pzation due to differen-
tial Faraday rotation): when synchrotron emission origggan a magneto-ionic medium
containing a regular magnetic field, the polarization plah¢éhe radiation produced at
different depths within the source is rotated over différ@mgles by the Faraday effect.
This results in a decrease in the degree of polarizationeoirttegral emission observed.
Faraday depolarization could also be caused by the turbolagnetic field and thermal
electrons along the line of sight (the so-called ‘Faradaypelision’: depolarization due to
dispersion in Faraday RM). When this dispersion is intdnsithe source, it is called in-
ternal Faraday dispersion. In case of a dispersion in amredtscreen it is called external
Faraday dispersién

Generally, dealing with Faraday depolarization effectgeily complicated and needs
several free parameters which practically cannot be caingéd. Here | only discuss
simple models and try to find a qualitative agreement betweermmbserved distribution
of depolarization and results of these models.

Considering the dispersion in RMgy = 0.81(n.) B, \/L.d/ f, the internal Fara-
day dispersion is given by

1— e—QU%M 24
203\ A4
(Sokoloff et al. 1998), withl, the pathlength through the ionized mediufnthe filling

factor of the Faraday-rotating gas along the line of sigh0(5, Beck 2007), and the
turbulent scale+ 50 pc, Ohno & Shibata 1993). Using thexlemission measure{\/ =

DP, = (5.10)

2This depolarization effect cannot be responsible for thehnsouth asymmetry in polarized emission
from M33, as no asymmetry in the foreground distribution&& (from galactic RM data by Johnston-
Hollitt et al. 2004) and K emission (from Wisconsin & mapper) was found.



Magnetic fields in M33 91

mean = 0.046
stddev = 0.029

Frequency (%)

. .
0.00 0.05 0.10 0.15
Thermal electron density

Figure 5.8: Histogram of the thermal electron density) (cm~3) distribution across
M33. A binning number of 70 was used for this plot.

J n?.dl) and a clumping factof, = (n.)?/(n2) describing the variations of the electron
density,(n.) can be determined biy..) = \/ f. EM /L. For the local interstellar medium,
Manchester & Mebold (1977) founfi ~ 0.05. Assuming a thickness af 1 kpc for the
thermal electrons in the disk of the galaxy (the Galactiueal Cordes & Lazio 2002)
and correcting for the inclination of M33, we approximdte~ 1800 pc. Then the K
(EM) map of M33 leads to a distribution df..) across the galaxy with a mean value of
~ 0.05cnT? and a most probable value of 0.03 cnT? (Fig. 5.8), that is in agreement
with the estimated values in our galaxy (Lyne et al. 1985) aedrby galaxies IC382
(Krause et al. 1989b) and NGC5907 (Dumke et al. 2000). Nadé dhmore realistic
approach would consider different filling factors and electdensities for the thin and
thick disk of the galaxy. However, because the only infoioratve have is a superposition
of these components along the line of sight, we are not aldestmguish the role of each
component in this study. The resultifg.) with B, obtained (Fig. 5.7) enable us to
estimate DPat 3.6 and 20 cm. The left-bottom panel in Fig. 5.9 shows B&ween 20
and 3.6 cm.

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

DP,, = sinc (2RM; \?). (5.11)

Using the RM map (Fig. 5.2), DR 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 depoédion seem to be responsi-
ble for the observed depolarization in the galaxy. The dlpbanomenon, the north-south
asymmetry in depolarization, is visible in PPHowever, locally i.e. at the positions of
HIl complexes and the arm IS, the observed depolarizatiarbesexplained by DP The
contribution of each DPand DR varies region by region. A knowledge of how to com-
bine DR, and DR across the galaxy is required for a more quantitative corsgarand
needs detailed modeling. Furthermore, it is necessary da khe distribution of filling
factorsf andf,., pathlengthl, and the turbulent scaléacross the galaxy.

Hence, we conclude that the highly turbulent southern armwitB its chain of star-
forming regions together with a magneto-ionic medium, \whsgprobably not confined to
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Figure 5.9: Top: observed depolarization between 3.6 and 20 dreft-bottom: depo-
larization due to dispersion in Faraday rotation, aigtit-bottom: depolarization due to
differential Faraday rotation as measured between 3.6 @2
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the plane of the galaxy, containing a regular magnetic freldiice the degree of polariza-
tion of the integral emission from the southern half and eahe wavelength-dependent
north-south asymmetry in this galaxy.

The change of the optical spiral structure in M33 begins atdius of about 4 kpc,
where the HI warp begins. The inclination of the disk thets tily about 40. This is
attributed to an external gas accretion, as recent optichHh observations have detected
extensions like a bridge between M33 and M31 (Ibata et al7 2Bfaun & Thilker 2004).
Hence, M33’s warp and/or a tidal force from its massive negghM31 may perturb the
distribution of the ionized gas + regular magnetic field ie thsk of the galaxy.

5.6 Conclusions

The linearly polarized intensity and polarization anglstdbutions at 3.6, 6.2, and 20 cm
along with the nonthermal intensity and spectral index nalosved to determine high-
resolution distributions of RM, nonthermal degrees of pa&tion, and Faraday depolar-
ization in M33. We found a nonthermal degree of polarizabbn- 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,Ro ~ 6%.

We found an average total magnetic field strengttBpt~ 6 uG, stronger than that
obtained by Buczilowski & Beck (19913 4 uG). This is probably due to an under-
estimate of the nonthermal intensity in the separation otethsed by Buczilowski &
Beck (1991). The ordered magnetic field strength is high#riwihe ring att.5 < R <
5.5 kpc, where the magnetic filament exists with a maximum redigéd of ~ 6.6 uG.
Strong turbulent magnetic fields-(7 .G) were found in the extended central region and
the arms IS.

Comparing the south and north of M33, we found an excess ajfldepation due to
differential Faraday rotation in the south of M33. Furtherm the main southern arm
IS is highly depolarized due to dispersion in Faraday rotatiThese may lead to the
wavelength-dependent north-south asymmetry in polaoiador depolarization).

Strong variations in RMin the south of M33, where there is no correlation with PI
and also withw., may indicate that the regular magnetic field in M33 is noffirad to the
disk. This may be linked to the warp in this galaxy. Furtherepohere are indications of
strong magnetic fieldB in the eastern and western edges of the minor axis with ofgosi
directions.

For a better understanding of the magnetic field configunatioVi33, it is required
to synthesis RM at as many wavelengths as possible (Brengethe Bruyn 2005) us-
ing multi-channel polarimeters at future high-sensiyiviadio telescopes, e.g. the low
frequency array (LOFAR).






6 Conclusions

M33’s proximity and favorable inclination make it exceltgnsuited for detailed studies
of various astrophysical aspects. Although several ssudiee been carried out mainly
in the optical regime, great efforts are required to exptbeestructure of the interstellar
medium and different components that shape it, and to utadetthe energy balance
of the interstellar medium as a function of galactic envinemt. These motivates high-
resolution observations using different windows of thegtmagnetic radiation.

A multi-wavelength study of the IR and radio emission from3&sing highly im-
proved data is presented in this thesis. As the main topiesinwestigate the energy
sources of the IR emission and correlation with the radiossian, the variation in the
spectral index of the synchrotron emission across the gatlaa linearly polarized emis-
sion and magnetism. Previously, our knowledge was resttit the poor resolution and
low sensitivity data in both radio and IR regimes. New reeesvof the 100-m Effels-
berg telescope enabled us to achieve high-sensitivity mslution radio maps in total
power and linearly polarized intensity at 3.6 and 6.2 cm.sBE@aps with those at 20 cm
observed with the VLA provided our radio continuum windowM@3. High resolution
and sensitivity IR maps (at 24, 70, and 168) were also achieved using thMultiband
Imaging Photometeon board Spitzer satellite observatory. In this chapteresent a
brief summary of the work and highlight the main results aodatusions.

Radio continuum emission from M33

M33 was observed using the 3.6 cm dual channel and the 6.2unrthannel receivers
of the 100—m Effelsberg telescope along with the L-band VL-Aabay at 20 cm. These
observations allowed to study the exponential scale leoigine total radio emission, the
spectral index distribution, and the linear radio polaiaa

We detected considerable extended radio continuum emissdb only from the main
spiral arms |S and IN, but also from the weaker arms. M33 lgddo those galaxies
showing a sudden drop in their radial surface brightnes§il@rm the optical regime.
This break also exists in our radio profilesfat~ 4 kpc, where the warp starts, resulting
in a larger exponential scale length inside than outgide4 kpc. In contrast, the ring
mean spectral index versus radius increases faster beyertlkpc. We found a mean
total spectral index of 0.7 for the whole M33. The most important conclusions are as
follows.

e At R <4Kkpc, a spatial correlation between cosmic rays, magnelusti and star-
forming regions exists.

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

e The total spectral index becomes slightly flatter at longavelengths that indicates
a free-free absorption of the nonthermal emission in thigxya

More details are presented in Chapter 2, see also Tabaetlae{(2007c¢).

Thermal and nonthermal emission from M33

We developed a new method to separate thermal and nonthesmabnents of the radio
continuum emission from M33 without the assumption of a tamsnonthermal spectral
index. Using the Spitzer FIR data at 70 and L&®and a standard dust model, we de-
reddened the H emission. The extinction correctechHemission served as a template
for the thermal free-free radio emission. Subtracting ftbmobserved 3.6 cm and 20cm
emission this free-free emission, we obtained the nontaemmaps. A constant electron
temperature used to obtain the thermal radio intensity segpropriate for M33 which,
unlike the Milky Way, has a shallow metallicity gradient. @ other hand, the standard
assumption of a constant nonthermal spectral index assumptposes more uncertainty
in the thermal/nonthermal distribution than a constanttebe temperature. It is interest-
ing that the obtained thermal fractions for the whole M33itiecent wavelengths agree
with those obtained from the standard method within thersrr@his indicates that the
assumption of a constant nonthermal spectral index (if kn)asvproper for global studies.
As expected, the nonthermal emission is distributed momoginly than the thermal
emission across M33, showing that the cosmic ray electrofisd to large scales, spi-
ral around magnetic fields, and emit synchrotron emission.thi@ other hand, strong
nonthermal emission is detected from giant star-formimggomes and spiral arms, provid-
ing a spatial correlation between the thermal and nonthieeméssions, confirming our
prediction in (Tabatabaei et al. 2007c). The most significasults are as follows.

e The mean extinction in rings in the galactic plane exhibgkallow radial gradient.

e The wavelet transform of the nonthermal maps revealed tigandnthermal emis-
sion is smoother at 20 cm than at 3.6 cm, indicating that leigérgy cosmic ray
electrons experience more energy losses, and hence diffss¢han low-energy
CR electrons.

e Assuming equipartition between the magnetic field and Giesstale length of the
CR electrons and of the magnetic field estimated are: 12 kpc andig ~ 24 kpc
in this galaxy.

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

Constraints on the origin and propagation of cosmic rayshsaachieved by studying
the variation in the spectral index of the synchrotron emrsacross external galaxies.
For the first time, we determined variations in the nonthérspactral index across a
galaxy, M33. In the spiral armsy, = 0.6 +0.1, the typical spectral index of supernova
remnants. The nonthermal spectrum in the interarm regiodstlae outer parts of the
galaxy is steeper than that within the arms. This indicatesgy-loss of the relativistic
electrons when they diffuse from their origin in star-fongiregions towards interarm
regions and the outer parts of the galaxy. The main conaigsioawn by the nonthermal
spectral index map are as follows.

e At R< 4kpc, the ring-mean nonthermal spectral index varies batwe65 and
0.9, indicating that cosmic ray electrons are injected bhyrses related to mas-
sive stars and diffused suffering a mixture of both leakagg synchrotron (and
inverse-Compton) losses. At:R 4.5kpc, synchrotron (and inverse-Compton) is
the dominant energy loss mechanismgs~ 1 on average.

e The nonthermal spectral index smaller than 0.5, found inesbith complexes like
NGC604 and NGC592, indicates that ionization and free-fseses are dominant
in these regions.

e Globally, the nonthermal emission from the southern halthef galaxy seems to
have a steeper spectrum than that from the northern hail€atidg a more impor-
tant role of synchrotron and leakage losses in the southafn(that is possibly
related to the vertical fields in the halo, see below).

Further details are presented in Chapter 4 (see also Tatmiettal. 2007b).

IR emission: energy sources and correlation with radio
emission

In this study, we used the wavelet transform of the IR andoraakps to a) separate the
diffuse emission components from compact sources, b) cmaripa emission at different
wavelengths, and c) study the radio—IR correlation at vergpatial scales. We also used
the Hx map as a tracer of the star forming regions. We found that ttigextoHII regions
affect the wavelet spectra causing dominant small scalde@®easing trends towards the
larger scales. The dominant scale of theu#®emission is larger than that of the 2¢h
emission, while the 160m emission shows a smooth wavelet spectrum. The radio and
Ha maps are well correlated with all 3 MIPS maps, although tbeirelations with the
160uxm map are weaker. After subtracting the bright HIl regiohe,24 and 7@m maps
show weaker correlations with the 20 cm map than with the 1B.6map at most scales.
We also found a strong correlation between the 3.6 cm anderission at all scales.
The most important conclusions concerning the scales snthtn 4 kpc are listed in the
followings.
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e The role of young, massive stars is more significant in hgdtie dust than that of
a diffuse radiation field. The IR emission is influenced by GtBrs increasingly
with decreasing wavelength from 160 to 2.

e The radio—IR correlations indicate that the warm dust+ttaradio correlation is
stronger than the cold dust—nonthermal radio correlation.

e A perfect 3.6 cm—Id correlation indicates small extinction of thextémission by
dust in M33 (this was also shown in Chapter 47as < 1 everywhere).

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

e There is a characteristic scale range of 0.8 kpc-2 kpc whertR—nonthermal radio
correlation is maximum. This scale range includes the Sifése giant molecular
clouds, giant star forming regions, spiral arms, and thérabaxtended region of
M33.

e The better correlation of the cold dust with the thermal thatin the nonthermal
emission indicates that the role of UV photons from O/B sigtarger than that of
the cosmic ray electrons in heating the cold dust at scalefiemthan 4 kpc.

e The nonthermal 3.6 cm emission is better correlated withwiaiem dust than with
the cold dust emission. This can be explained by the comelaf the nonthermal
emission with the thermal emission e.g. because of strorgnete fields and/or
high densities of cosmic ray electrons in or nearby stamiog regions.

Magnetic fields in M33

We determined the distribution of the Faraday rotation messsacross M33 at an angular
resolution of 3(0.7 kpc), indicating more variations in the south than ia tlorth of the
galaxy. In the south and also eastern and western minorfagis,values of the intrinsic
rotation measure were found, where no dense medium of thetetdrons exists. Hence,
in these regions, the regular magnetic field has strong caerge along the line of sight.
These could be related to the M33's warp making the disk natrgple plane. This
explains why single dynamo modes of ASS and BSS do not fit tazimauthal behavior
of the rotation measure. It is interesting that, in soutndB8, there is a coincidence
between the steeper nonthermal emission and stronger tafakl along the line of
sight which increases the effect of synchrotron lossesthHeowhole galaxy, we estimated
the strengths of the total and regular magnetic fieldsz &4 4G and~ 2.5 uG. Other
highlights are as follows.

e The large-scale magnetic field exhibits a well ordered sptracture with almost
the same orientation as that of the optical spiral arms. Kewéhere is no general
structural correlation or anti-correlation between thgnetic and optical arms.
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e The regular magnetic field in the south is not as confined talibleas that in the
north of the galaxy.

¢ High degree of polarization of the synchrotron emissisr2(%) and strong regular
magnetic field in the sky plane~ 6.6 ©G) are found in the northern magnetic
filament.

e An excess of differential Faraday rotation in the southeifi together with strong
Faraday dispersion in the main southern arm IS seem to berrsifgbe for the north-
south asymmetry in the observed depolarization (which islesgth dependent).

Details are presented in Chapter 5. More studies about tigmetia field structure
and depolarization are in proccess. This work is going touterstted toAstronomy&
Astrophysicgournal.

M33 versus other nearby galaxies

Most of the nearby spiral galaxies host a super massive hidlekin their center that was
made by merging with other galaxies, according to the galastyation scenarios. How-
ever, M33, with its small bulge and no satellite, is a rarevgple of a spiral galaxy that has
not probably experienced merging in its formation hist@w the other hand, it has a ten
times more massive neighbor, M31, only 200 kpc away. Deggit@uch smaller mass,
M33 has a star-formation rate comparable to that of M31. phosides a more efficient
role of UV photons in heating the dust in M33 than in M31. Whhe total magnetic
field strength are about the same in M33 and M3/ (.G), the ordered magnetic field
strength in M33 is about half of that in M31-(4 1.G). M33’s stronger depolarization and
higher turbulence due to star-formation activities canarpghis difference. In M31, the
large-scale magnetic field is confined to the disk (toroidalj follows the ASS dynamo
model (Fletcher et al. 2004), in contrast to M33.

Like M33, spiral structure of the large-scale magnetic fiedd been found in M51,
M81, 1IC342 as well, with different degrees of regularity.el$piral pattern of the mag-
netic field is generally linked to the(2-dynamo action. In these galaxies, but M51, the
regular magnetic field can be explained by a dominant singhewho mode. The mag-
netic field in M51 is not confined to the disk and is extendedh&ottalo (a magneto-ionic
halo) with a structure different from that in the disk (Beuiken et al. 1997). A simi-
larity between M33 and M51 is that their magnetic fields arghee axisymmetric nor
bisymmetric. This situation in M51 is perhaps due to theratgon with its companion,
NGC5195, and in M33 possibly due to the warp in this galaxth(lgh the warp may
also be linked or affected by a tidal interaction with M31).






A lonization and recombination
Processes

Some of absorption, emission, ionization, recombinatextitation, and de-excitation
processes are described below. All these processes canvacen 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 state, = ¢,, + hv. This process occurs with a probability that is
proportional to the occupation numh#f, in statem and the energy density, of
the radiation field, where the transition probabilities specified by the Einstein
coefficientsB,,,,, giving a transition rat& = U, B,,,,, N,,..

2. Stimulated emission : An electron in an excited atom at energy stgtas stim-
ulated by a passing photanfrom the ambient radiation field and falls back into
a lower state:,,,, emitting during this process a second photon with enérgy-
€, —€m. The probability of this process is also proportional tog¢hergy density/,
of the radiation field, as for induced absorption (i.e., vaittate ofR = U, B,,,, N,,).
This process is relevant to laser emission.

3. Spontaneous emissiontn contrast to stimulated emission, no incoming photon is
needed. An electron spontaneously falls from a higher gnetigec,, to a lower
statee,, by emission of a photon withv = ¢, — ¢,,. The probability is given by
the Einstein coefficientd,,,,,, so the rate i = N,,,,, A

4. Photo-ionization: This is abound-free transitionwhere 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 wavelengtie ai¢oming photon
iSA = he/Ae, with Ae = ¢; + gmevg, whereg; is the ionization energy of the atom
from the bound state of the electron, anémevf is the kinetic energy of the free
electron after escape.

5. Radiative (or 2-body) recombination: Recombination (also calleffee-bound
transition) can occur by several processes, suchaaative recombinationcol-
lisional recombinationor dielectronic recombinationin radiative recombination
a free electron is captured by an ion into one of the availabérgy states;, while
the excess energy is removed by emission of a photon witlygher= %mevz —€;,
just as the time-reverse process of photo-ionization. Tiype of bound-free tran-
sition produces series limit continua such as the Balmer (3§4&nd Lyman con-
tinua (912A) of hydrogen. These wavelengths correspond to the icbizanhergies
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lonization and recombination Processes

10.

. Thomson scattering: It is the scattering of photons by free electrons which

of e, = 13.6 eV from the ground state level = 1 ande, = 3.6 eV from the first
excited state, = 2.

. Dielectronic recombination: The termdielectronic recombinatioimdicates that

two electrons are involved in this process. A free electrpis captured by an ion,
resulting in a double excitation of the ion: (1) the origifrale electron lands in an
excited state, and (2) a bound electron of the ion also besenmted. Dielectronic
recombination is accomplished when the highly unstabléotjoexcited configu-

ration subsequently stabilizes, with one or both excitedtebns falling back into
vacancies of the lowest available states.

. Auto-ionization: An ion is initially in a doubly excited stat&” and auto-ionizes

(i.e., it spontaneously ionizes without induced partigi@looton) toZ* + e, thus
leaving an ion and a free electron. If an electron from a loemergy state is
knocked off, an electron from a higher energy level has tbkfatk to the emp-
tied lower state to stabilize the ion. This process is alde@dauto-ionization

is

independent of photon energy. The scattering rate is ptiopat to the electron
density.

. Free-free emission:This process is also calldmemsstrahlungElectrons are non-

elastically scattered off ions and emit photons that haesges corresponding to
the energy difference of the incoming and outcoming electre.,hv = ¢ — ¢).

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



B Wavelets as a tool for scaling
analysis

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

— N

T <
T <

IAIN

0
Way={ -1, 1 (8.1)
€

Iswhere.

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

/_Zh(x)dx:/olh(x)dx:().

So, Haar wavelet has some oscillation but unlike such periodictions as sine and co-
sine it hascompact supportt lives on the interval [0 1) and does not oscillate evergveh
on (—oo, 00).

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

] @

_.1 —

Figure B.1: Haar wavelet.
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AVATAVAVER. &

Sine Wave Wavelet (db10)

Figure B.2: The sinusoids have infinity support but the watgslhere db10) have compact
(or interval) support.
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Signal Constituent sinusoids of different frequencies

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

Transform

/\/\/\f;

Signal Constituent wavelets of different scales and positions

Figure B.4: An input signal decomposed by a wavelet tramsfor



Wavelets as a tool for scaling analysis 105

location. It can be considered as a generalization of theééwansformation, which uses
harmonic functions as a one-parametric functional babiatacterized by frequency, or
in the case of a space function, by the wavevektorhe wavelet transformation also uses
oscillatory functions, but in contrast to the Fourier triams) these functions rapidly decay
towards infinity. The family of functions is generated byatibns and translations of the
mother function, called the analysing wavelet. This pracedrovides self-similarity,
which distinguishes the wavelet technique from the windbweurier transformation,
where the frequency, the width of the window and its posiéicmindependent parameters.

We consider the continuous wavelet transform, which inwedimensional case can
be written in the form

W(a, @) = ai /_ +°° _+°O Fa) <‘” - "") iz, (B.2)

a

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

For later considerations the relation between the wavelétthe Fourier decompo-
sition will be useful. The 2-D Fourier transforif(k) of the functionf(z) is defined
as

~ +OO +OO .
fo= [ [ e teda, ®.3)
wherek = (k,, k,) is the wavevector. Then the inverse Fourier transform is
1 +oo +too "
f@) =g [ [ dweta (B.4)
and the wavelet coefficients (B.2) can be expressed as
a2—n o0 +oo R )
Wi(a,x) = = / f(k)Y* (ak)e™ ™ dk. (B.5)

The choice of the wavelet function depends on the data anteogdals of the anal-
ysis. For spectral analysis wavelets with good spectraluéisn (i.e. well localized in
Fourier space, or having many oscillations) are preferdbolelocal structure recogni-
tion a function, well localized in the physical space, isferable. (Note that the spectral
resolutionAk and the space resolutiazr are strongly related and are restricted by the
uncertainty relatiomzAk > 2x.) An obligatory property of the wavelet is the zero
mean value[ [ (x,y)dzdy = 0. An isotropic wavelet is an axisymmetric function
v=1v(p), p= 2>+ Yy

A simple real isotropic wavelet with a minimal number of distions is known as the
Mexican Hat(MH),

Y(p) = (2= pP)e "2, (B.6)

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

~oo f cos?(Zlog, £) : T < |k| < 4w
k) = { 0 k| < k| > 4 (B.7)
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Figure B.5: Two isotropic wavelet functions: the MH wave(#tin line) and the PH
wavelet (thick line).

The function is localized in Fourier space in a ring with a lmadadiu27 and vanishes
for |k| < m and|k| > 4w. This wavelet definition provides a relatively good spdctra
resolution, it is referred t&et Hat(PH) (Frick et al. 2001). In physical space the PH
wavelet is obtained by numerical integration of (B.7). Bwethvelets MH and PH are
shown in Fig. B.5

The wavelet transform (B.2) is unique and reversible whidans that the analyzed
function f(z,y) can be reconstructed from its wavelet decomposition. Aereded de-
scription of continuum wavelet transform can be found in é¢dglschneider (1995) and
Torresani (1995).

Wavelet energy spectrumin the studies of scaling properties of turbulence a com-
monly used characteristic of a turbulent field is 8pectral energy densiti/ (k) which
includes the energy'(k) = |f(k)|? of all Fourier harmonics with wavenumbeks for
which |k| = k

E(k) = / F(k)dk . (B.8)
k| =k
The spectral energy is related to tetocorrelationfunction
+oo +oo
ca) - [ F(@)f( - z)da (8.9)
by its Fourier transform

A +OO +OO .

F(k)=C(k) = / C(he ™l . (B.10)
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The vector defines the shift of the image in the convolution (B.9) anthésdcale param-
eter. In the important case of isotropic turbulence the @urtelation function depends
only on the distance between two poiidt$l) = C'(I), and the spectral energy depends
only on the modulus of the wavevectél(k) = F'(k). Then these two functions are
related by the Hankel transform

F(k) =2 /0 e o (kD (B.11)

where.J; is the Bessel function anfl(k) = 27k F(k).
Another often used characteristic for scaling studieseéssthucture functiordefined
for arbitrary order; as

So(l) = < (f(@) = fl&=1))" >p=r, (B.12)

where the brackets ... > mean the average value. Calculation of high-order stractur
functions requires a high accuracy of the initial data. la tase of maps of external
galaxies, where a relatively small number of grid pointsvigilable and the noise is sig-
nificant, only the second-order functiéi, corresponding to the energy spectrum (B.8),
can be discussed.

In the wavelet representation the scale distribution ofthergy can be characterized
by thewavelet spectrupdefined as the energy of the wavelet coefficients of scale
the whole physical plane

+oo +o0o
:/ / W (a, ) |*dz . (B.13)
The wavelet spectrum can be related to the Fourier spectdsing (B.5) one can easily
rewrite (B.13) in the form
4 2K 400 +oo
= 161 / / k)20 (ak)|*dE . (B.14)

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

a4—2n

M(a) = /0 h E (k)| (ak)|*dk . (B.15)
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C Effective optical depth

The general radiative transfer equation for a medium in oébeth absorption and emis-

sion can be written as "
— =51, (C.1)
dr

from which the integral form of the transfer equation follbf@rmally,
I=1Ie ™+ / St e =) dr, (C.2)
0

with 7 the optical depth of the mediundy the intensity of an incoming emission from
background, and the so called source function (the ratio of the emissivittheabsorp-
tion factor).

Considering a homogeneous mixing of emitting (sourcesydsdrbing media, (C. 2)
IS converted to

I=S5(1—-eT), (C.3)
(Rybicki & Lightman 1979) withS, the total intrinsic intensity and neglecting the back-
ground emission.

Now, a question is assuming this medium is occupied only byradgeneous distri-
bution of the emitters, what would be the effective thiclsxelsan only absorbing medium
in front of this emission to give the same amount of intensitfC. 3).

For only emitting medium, the radiative transfer gives

I. =Sy, (C.49)
and for only absorbing medium,
I, =17, (C.5)
or using (C. 4)
I, = SyTe ™. (C.6)

1, should be equivalent tbin (C. 3), thus

(1—eT)/T=eT". (C.7)
Expanding both sides as series,
T T2 (Terr)?
1—§+E—...—1—7‘eﬂ+ 9 - (C8)

Neglecting O(2) in the optically thin condition giveg; = %7’. However, values of
7 &~ 1 does not harm the optically thin assumptiornrgs ~ 0.46.
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of the synchrotron emission from this galaxy (Tabatabaeil.etin prep). | plan
to observe radio continuum emission from this galaxy usimgEVLA in order
to reach resolutions comparable to that of the Hershel shatportant for energy
ballance studies in M33’s ISM.

Evolution of galaxies and AGNSs: | investigated the specifigudar momentum
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